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1.ABSTRACT

Along active margittee combination of predominant tectonic actigitallameharinemixed
siliciclasticarbonate source systems develaopmy andaroundactively growing structures
challengetraditional sourttesink models. This study aims to investigate the implications of mixed
siliciclasticarbonatshelfal domaihscated icontrasting geotectonic settihgssforelimb and
backlimifor the development otcthrecomitagravitydriven systems beyond the shelf edges. Here,
wedocumerthe vertical and lateral stratigraphic variabilities ofitresretletbidites and mass
transport deposits (MEDsutcropcale through the integrated interpretation of photogrammetry, field
and taphonomic d&tamthe emergesbuthern portion of the Hikurangi subductiorResugs.

highlight the role and importance of varying saithgalthe sediment sourceherebyhe

different morphologies of the source (egramerdttached forelingdontinerdetached backlimb)
controthedevelopment of highly vatetiderived grawtlyiven depositiosgistemshat interact

with the structures across the same confirsbobmtibasinthedepositaretens to aefv hundred

of meter@ thicknesandhave a lateral extenseferal kilometeighe depositional systems are
characterized byrationsf 1 to 2 Mandwee primarily controlled by the geometries and tectonic
motion of the underlying structures at the shedhedidesved massasting systerascurred on

both sides of the actively growing thrust structures and were dadinsbdlfaboomaingathvere

attachedr detached fraime continental domain. When sourced from the backlimbs however, the
subsequent MTDs exhibit more complex internal architectures, ultimately recordiraptiesdynamic ¢
in slope gradient, and can therefore be used as proxies for unraveling the tectonicidctlity of an indi\
structureOurstudy provides new insights to better predict mixed -s#idcliastec depositional
settingalong active margswurcedrom thrust forelimb and bacHlimabe resultsay leimportant

for deeymarine exploratiemd tectonostratigraphic reconstructiomaoétiofdst belts

Keywords:active margin, confined slope channel systemastiagssystem, mixed silicielastic
carbonate systems, confined basinsstopebass, thrust forelimb, thrust backlimb

2.INTRODUCTION

Understanding sedimeahsfer and distributb@yond the shelf edge and in the outboard part of
continental margins has been at the heart of numerous studiegOyehespastBouma 1962,
PosamentiendVail 1988; Richards et al. 1998; Posamahiketia 2003; Sgmme et al. 2009;
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Paumard et al. 20ZL)mmonly, the pathways taken by sediments across the shelf margins are believe
to some exterwntrotlifferent types of sediment gravity flowkmtewtlepositional systefRsather

2003; Gong et al. 2016; Paumard et alSaba@rine canyons and slope channels are more likely

to funnekurbidity etents(Peakall and Sumner 20t&hsferringontinental and siteHderived

material downslof@uenen 1964; Mulder et al. 20formallyendingheir coursas weakly

confined to unconfined lobe sygegm8runt et al. 2018hereas unconfined shelf edge failures
typically generatbeHlderivediebris flowthat aresither captured on the slope or deposited on the
basin flode.g. Moscardelli aidood 2008)

58 Along active margihg, combination of predominant tectonic activity and mixeetarmolatstic

59
60
61
62
63

sourcesystemslevelpingupon androundactively growing structereslengesaditionaource-
tosinkmodelgChiarella et al. 2012; Chiarella et al. R&s1indeep marine sedimentation styles
are highly variable, intricate and not readily pré@dctatiier et al. 20M'hilsthe underlying
structural d8s andmotios fundamentalljnpacthe morphology aintinentahevesand their

marginghey alscndue dynamic changes in slope grachefinememaind connectiom sediment

64 sourcegSgmme et al. 200 allow maringjixed shelfal systeanscommon iactive tectonic

66
67
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séttinggPuigdefabregas et al. 1986; Chiarella et aly3ifiepyrepeated terrigenous sediment
input(Chiarella et al. 2Qiffg¢shallow marine, mixed shelfal systemsonly result in intrishedf
sedimentati@ndsediment routing systé@Gisarella et al. 2019; Moscardelli et al. 2019; Cumberpatch
et al. 2021Allthese parametamsntrol the dynamics of the fiom the shelf to the basindtwbr

can be expected to have a signifiqzatbnthe development of the coevalagpe systems,
influening (1) the types of sedimeravgyflow,(2) thepatterns of sediment dispe(8althe
morphologigsize, extent) of the systant{4) therelated sedimentdagiese.qg.,Fisher 1983;

Pirmez et al. 2000; MudaheiAlexander 2001; Spreagtial. 2005; Sgmme et al. 2009; Mulder et al.
2012; Moscardelli et al. 2019; Paumard et.al. 2020)

Although previostsidies looked at the depositional framewbedbwharinanixed siliciclastic

carbonate systems along tectonicallynaatgiage.g., EDURQ HW DO ORVRYLU
Chiarella et al. 2Q18)e stratigraphic implications for the subsequeetialgravidyiven

systems remain uncléaw studiesaveproposed generic depositional models linkirsthatiowed

systems with their potential coevaindese counterpattbwever, they mostly rely on subsurface
data(e.g, Moscardelli et al. 28 onlyarelydiscuss the impact of changssuicturadetting of
thesedimensourced.g.,thrust forelimb and backsgtbngspn the deposigs.g., URVRYLU HW D (
2018)
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82 Herewe investigate thipeand distribution of stelived sediments, sourced from mixed sHiciclastic
83 carboate systenfse.,compositional systgeensiChiarella et al. (201fAat developed above the
84 asymmetrical babmunding structuregythruss and or fauffrowing folds)an actively deforming,
85 confined intisdope basilie examinte vertical and lateral stratignegoiabiltof theshelderived
86 gravitydriven depositat outcregcale, from the Whareama tsdaopk basin, in tleenerged
87 southern portion of the Hikurangi subduction margin, North Island of Neavdépaisitel avé
88 Middle Miocene age mmbrporatsimilar material (nature and size of the alasitshnsported
89 through a variety of sediment gravityhitoelsguggestindifferent sourogelivergnd geotectonic

90 settingsicross theameconfined intsdope basin

91 Ourstudy aimi determin@ow variations in the structural style (thrust forelimb andabacklimb)
92 tectonic activity (renewal or quiescence) influence the genendtastinghixed siliciclastic

93 carbonate shelérivedjravitydriven systems and deposits across a conifasddpe basi(.g.,

94 trenckslope basjn

95 Specific objectives are to:

96 x Document the natanehitecturand size of the different styles oeflehedid sedimentation
97 that can occur in aonfined intsdope basjnthroughan integrated interpretation of
98 photogrammetry, fieldwork and taphonomic data.

99 X Gain new understandings on the controls on sadsferdrdistribution beyahe edges
100 of mixed siliciclastiarbonate shelslocatedipon androundhe forelimb and backlimb of
101 actively growiagymmetricsiructures
102 x Develogeneridepositional modetghedistributioand styles sheHderivegystems and
103 subsequent depositeectonically active settings
104 x Determinthe implications fleestratigraphic predictiodegpmaringsheHderived grawity
105 driven systems antsheHderived masgasting systems along active margins.

106 3.GEOLOGICAL SETTING

107 3.1.Regional setting

108 The study aredasatedn the eastern Ndsiland of New Zealamdtheectonically actiMéurangi
109 Margir(Figure X1 The Hikurangi subduction wsegswBalilleul et al. 20I8)med in response to
110 theUppermost Oligocéo&ecentvestward subductiorthefPacific Plate beneath the Australian
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117

Plate(Ballance 1976; Sporli 1980; Pettinga 1982; Chanier and Ferriere 1991; Field et al. 1997; Nict
al. 2007Bounded by the Hikurdmgnclto the east and therear@asintothe westhe Hikurangi
subduction wedgemprises a succession of elaitgantekparallel sedimentary basiastiench

slope basiéhseparated by tectonically active structurglGidgesr and Ferriére 1991; Lewis and
Pettinga 1993; Bailleul et al. 2013; McArthur et al. 2019)

Since the onset of subduction, the Hikurangi subduction wedge underwent a polyjptaage tectoni
comprisinghree main tectonic periddgufte 2and references within). Complex stratigraphic

118 architectures and geometries, such as diachronous sedimentation {satt@mentasyn

119
120
121
122
123
124
125
126
127
128

deformations and discontinuities, are characteristic of theR&oestmenckslope basiiils and

attest of the close interplay between tectonics and sediNexnfta80R; Neef 1999; Bailleul et al.

2007; Bailleul et al. 2013; Burgreen and Graham 2014; McArthur et al. 2019; MtADepet al. 202
marine sedimentation dominates their fill and incldraesspassdeposiMTDs)turbidites and

extensive hemipelagic mudstones; yet carbonate, biogenic-aradisédtioge deposits can also

be foundporadicallfrigure P(Field et al. 1997; Lee and Begg 2002; Bailleul et al. 2007; Bland et al.
2015; McArthur and McCaffrey. 20E3e basin fills either conformably or unconformably overlie the
Cretaceous t@lRrogene pibduction basement, mainly composed of the Lower Cretaceous Torlesse
greywackes and the Upper Cretaceous to Oligocene detrital to p@agiti 4&88s Bradshaw

1989; Chanier and Ferriére 1991; Field et al. 1997; Lee and Begg 2002)
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3.2.Southern Coastal Ranges

The study area lies withiretteimedhner portion thfesubduction wed(geg.,emergent trench

slope break) that forms the southern CoastabRitwegesstern North Island of New Zésdapd

we focus on the tectonic settings at the end of the first compressional pihiselg-\gioeche,
Clifdenias LillburniarL&nghiatoearly Serravalljd®.9-13.05 Mg, where botheinception and
development of thenckslope bassoccurredChanier and Ferriere 1991; Bailleul et al. 2013; Malie
et al. 2017)

During thismeperiodcompressional tectonics resulted in uplift of some of the folbasid thrust
bounding structures and more generally of th€nmairell 1987; Bailleul et al.. ZBiEBihduced
changes in depositional environneegisnéitic conditiongtop the structuresntrolled the
development of shelfal environmentsn guatticulamixed siliciclastiarbonate systergs.,
compositional systefesnsuChiaella et al. (20)7at shallower wateshilst gravigystems
dominated elsewhere at deeper \@atensvell 1987; Chanier and Ferriere 1991; Neef 1992; Lee and
Begg 2002; Bailleul et al. 2007; Bailleul et al. 2013; McArthur et al. 2019; Mefiregyw28Hh8;McC
Crisostombigueroa et al. 2020; McArthur et al. 2021)

Numerous mixed siliciclastitonate systems-existing during this period formed a regional shelf
domain throughdbe soutlwestermportion of Hikurangi Ma(Gimundwell 1987; Chanier 1991;
Bailleul et al. 2007; Bailleul et al. 2013; Bailleul et al. 2015; Claussmanile¢ sheho2q)
developedbove substantially different substrata inherited from local tectonics, and they eithe
unconformably overlie Lower to Middle Mioerrmlggtion sedimentary rocks or Cretaceous to
Paleogene pseibduction basement. Their depositional settings preferentially suggest narrow
continerdittached shelfal systems receiving regular terrigesfvamitipeihinterlaiihilleul et al.

2015; Claussmann et al. 26&Mever, isolated, contaetaiched platform systemsatsaljave

locally occurred on some of the actively growing &as{tDaesn et al. 2004; Caron et al. 2021)

for examples along the same mggat different geological Yimes

Claussmann dt @021 prevously demonstrated that $iked periodsacl to 2 Ma) sfistained

(with or withoplhases of quiescencempressional tectonics favor the propagatitoidst amel

thrustsand thus the expansion of abrupt, unstable ardastlosesstructuraligontrolled shelf

margins. Repeated uplift and slope oversteepening of these areas eventually lead to recurrent ¢
collapses, sourcing stlelived sediments.g(, masswasting products) into deep water. The

associated deposésult from sediment gravity flows, such as cohesive debris flowsamdnudflows,
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160 rework a substantial amount ofdghekd material, incorporating sedandfuassils from neritic

161 shelfal environments. Several occurrences of sdehiveltelinassasting events and related

162 deposit®f Middle Miocene age were identified in the southern Coastal Ranges cropping out acro
163 severafrenckslope basinf.e.,Whareama, Te Wharau and Bagis) Eigurel; Figure2; Figure

164 3).
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Figure2: Chronostratigraphic chart for the southern, emerged portion of the Hikurangi subduction wedge adapted fi
Claussmann et @021) Lithostratigraphy details adapte@liammer et {1990, Chanie(199), Chanier and Ferriére

(199), Field et a(1997, Lee and Bedg002 andBland tal.(2015and detailing the qaed sysHikurangi subduction
seriesRegional tectonism adaptedGimanier et gl1999, Bailleul et g2013 andMalie et a(2017)New Zealand

stages aftétaine et a2015xhowing the equivalence with the international stages.

3.3.The Whaream@asin

The Whareangasiris narrowwo to six kilometesigle), elongated (d0rketerbong) and trench
parallel (NEW)Johnston 1980; Chanier 1894 bounded by {Mecene basement ridgatare
controlled by the AdarmiFault complex and Pukdrardto the westé,landward basin margins,
Figured) and the Flat Péifihakataki Faatimplex to the east,6eaward basin margigures).

The basin’s development bagdre onset of subduction and thus recordsigvavitgeposits
datingfrom thesarlymosMiocene. formedon the back of the GleniNappe a trenchward
advancing thrusheetcomposed of Cretaceous to Eoceselbphection seridéisatare either
unconformably or conformably ovedgirsbigduction deposgihanier 1991; Chanier and Ferriere
1991)

Thestudy area is located on the eastern limb of the Whareama Basin, with beds stn@rdly dipping t
the west (ca. 40°). Nearbyewptised Middle Miocene-dbelfed T3 were previously described

and attributed to result from the collapsesvajf developing narrow, contagathed shelf
margins located to the neett Figure3; Sefton Hillslsand £ sectiongClaussmann et al. 2021)

4. DATA AND METHODS

This outcrdpased study integrates traditional and digital field data acquired during three field campai
(2018, 2019, 2020) in the southern portion of the Hikurangi subduction wedge (€aststal Ranges,
North Island of New Zealand), and foctlsesloslflerived grawitlyiven deposits of the Waikaraka

and Homewood localities (Figukea®id hw sections).

Fieldwork consisted of logging sedimentological profiles (toteter§e812:50 bedcale),
measuring structuralg(, ductiledeformation analysis) and stratigraphic featurégdding,
paleocurrent) as well as describing eadeshedf flow deposit in a standardized naaneseal(id

geometries).
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194
195
196
197
198
199
200

201

202
203
204

Owing to the abundant macrofossils contained in the deposits, occurring both as whole skeletons
fragmented remains, five taphonomic analyses were performed on approximately one square n
areas for both the outcrops fou at Waikaraka and one at Homewood). These analyses were
restricted to the coarsest fraction (largiveahailimetgref death assemblages contained in the
deposits. Three categories of skeleton damages, namely fragmentation, abrasiorwane bioerosion,
described visually using the graded classification scale gkppentdill complemented®gron
(2011pndCaron et aR019)

Figures: Satellite mdmm World Imagery (EZRU onshore geological mayamier (1994f)the Whareama Basin.
Location of the drone acquisition and related 3D outcrop models presented in this study = wk = Waikaraka section anc

Homewood section. S&ussmann et @021for the 4 and £: Sefton Hills section and 3D outcrop model.
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217
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219
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224
225
226
227
228
229
230

Seven samples were collected to supplement the Fossil Record Electrdnip Ditietnase(nz/

since both arearecurrentlynapped as Quaternaagch deposits the 1:250 000 Geological Map
of New Zealand (QMAP) of Wairatgpa/fvww.gns.crl.nZhe micrand macropaleontological

analyss were conducted by GNS New Zealand and allowed to determine the age of the sediment
units and relatddpositional paleobathyméimsendi®; Appendi).

Digital fieldwork involved the acquisitioreddligion aerial imade300atWaikarakand 690 at
HomewoqQdising a DJI Phantom 4drooe supplemented by a number of Groural Eoiniis

(GCP) collected with a Trimble GeoExplorer 2008 differential global positmeliiDGPs) and

a Trimble Tempest antenna positioned at twabmetettse measured point. Two georeferenced 3D
outcrop models were then created in the formesbhitin triangulated mesh textured with the

photographs.

5.FACIES AND ARCHITECTURAL ELEMENIS

5.1.Facies and architectural 'sechemes

Integration tfiedataallovedananalysis and*eomparison of the stratigraphic architectures and facies

organization within both outcrops.

A total of 14 lithofacies werexecognized across the two outcrops (stamehanedlistrated
inFiguret, Figures, Figured and Figuré and classified according to their dominant lithology, primary
sedimentary features,and interpreted in terms of flow processes usin@madeld 862, Nardin

et al. 1979; Lowe 1982; Postma 1986; Kneller 1995; Mulder and Alexander 2001)

These g£omprise massivemillystoneMDST; tabular, very thio mediusheddedLDTCa) or
mediumto thicbeddedLDTEb) sandstones with mudstone caps; lenticular, medidhidio very
bedded sandstonE®{T ¢, structure@EFa) or structurele &Fh) sandstones; pebblydstones
(sHDTE&a); bioclastic grisHDTEh); lenticular, medium to-treck bedded gravel sandstones with
mudstone capgsHDT({ organized to disorganizedstipported (respectigDTC, QFand
matrixsupport §H conglomerates; as well as defo®hed) ¢r undeforme&L{b) mass of

sediments.
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231

232 Tablel:Lithofacies encountered at the Waikaraka (WKS) and Homewood (HMD Fayicebasd Fegursfor representative photographs of each lithofacies at Waikégaie®; saardlFiguréat Homewood. Note that the ‘Classification’ colum(Brediens th962)
233 and(Lowe 19823and that extraformational clasts inchatedpsgsubduction lithoclasts, aneslduction bioclasts. Intraformational clasts insluloidéusyion lithoclasts.
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234

235  Figurek Representative photographs of the lithofacies sumfsigeahidrecognizeat Waikaraka. Scales: human
236 size (~1.720.75 meters); Jacob’s staff (1.5 meter); hammer (33 centimeters); card (8.6nggntiiatdes3l
237  centimeters)

238
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239

240 Figurés: Representative photographs of the lithofacies sumsnigleahia recognizetl Waikaraka. Scales: human
241  size (~1.70 meters); Jacob’s staff (1.5 meter); hammer (33 centimeters); card (BrigLertimé2es centimeters)
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242

243  Figures: Representative photographs of the lithofacies sumiiadnfidethith recognizatlHomewood. Scales: human
244  size (~1.70 meters); Jacob’s staff (1.5 meter); hammer (33 centimeters); card (BrigLertimé2ed centimeters)
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245

246  Figure: Representative photographs of the lithofacies sumfsdulideshitirecognizeat Homewood. Scales: human
247  size (~1.70 meters); Jacob’s staff (1.5 meter); hammer (33 centimeters); card (Brigecuimé2ed centimeters)

248 They were then grouped into three main facies associations, which are related to main depositi
249 systemsHalg, Fa2c, Fadpigures; Figurd). Thenomenclatureeadopted followse onelefined
250 byBailleul et al. (200Balleul et al2013)andClaussmann et @021)in whiclalgrefers to
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depositional lobe settii@cto confined slope channel settingsad@ptb shelflerived mass

wastingystems

Each facies association is described and interpreted in sequence belowexireictheiowmndp

where they were recorégglre 1,(FigurellandrFigure 1Rlustrate the geometric relationships that
exist between the differémbféicies and their associations as well as some of the sedimentary
structures at different scales. The nature of tren@xtmraformational clasts reworked in the
conglomeratic and coarse sandstone intervals is described se[smetielg)(aad summarized
inFigure 1and Figure 14

5.2.Confined slope system

The Waikaraka section arafisre kilometers sloof the Uruti Peintand exeards®ne kilometer

along the coastidure3). Deposition occurredhia MiddlesMiecene, Lillburnian to Waiauan (Late
Langhian to Serravallian, 451163 Ma&ppendi®) andfeaturesitha2adepositional system, which

can be dividedto two main depositional tae¢, Fazd)yhereafter described and interpreted in
sequenceélhese unitare bounddaly major erosionssurfaces. These prominent surfaces can laterally
be traced over several hundreds ofgmeters, (3600 meters), exhibit a relief of upatedtwo meters,
characteristically separate contrasting depositiofirad) taeds

5.2.1Confined_slope.channekis to offaxis,earlystagefills (Fa2ee)

Observations

Fa2eceis characterizeddmyde finingnd thinniagpwarderiesgominated by coaggained facies.
Here, this associatmwaps outvermore thaB00 metsrlaterallgndis generally between 10 to 50

metes in thickneg§igures).

Fa2ee mesthcomprises amalgamated, verybiicledoneto >twometes), diorganizeCH to
organize@®@HDTQ, polymi@ndclastsupported conglomerdEagured; Figure I0Figurell; Table

1). The conglomerates commonly form continuous, broadly lenticular and fairly ®gmwatétrical bodi
lowrelief erosional bases, thereby indicatingsectiosarather than longitudimewofthem.

Their upper topograph@&s uneven and they are occasionally overlaim toy tthickbedded,
structured or structuretesglstoneSST), themselvaesfterincisedy the overlying conglomerates

thus formgcomposite conglomeratic b@elgsel Figures; Figurel1; Tablel). The conglomerates

essentially evolve f{@jbeing internatlisorganiz€@h, only comprising local internal stratifications,
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280 marked by subtle variations in clast grade and atignnmeatrix concentratibf) {o (2) being
281 internally organized, displaying inteersemaHlyronly normalfgraded patterrgHDT(¢ (Figure
282 4 Figures; Figurell; Tablel).

283 Theconglomerates agenerallpverlain bgeries ofaterally continupusostly mediurto fine

284 grained, thito very thidkedded sandstones, which are either amalgamated or capped by bioturbatec
285 mudstone@iDTC to LD @Figured; Figured; Figure JjlTablel). The thicker beds show frequent

286 graimsize breaks, indicateglamalgamatiorlDTCto LDTGDb). Their basal, coarser intervals are

287 discontinuous, erosive and typically composed of gravehmiatertalat of the.conglomerates,

288 whicloccasionaligcludes aligned mud clasts, plant debris and some shelfFigueehf3TE

289 Db) The sandstones frequently contasediofent deformatfeaturege.g.,flame, load) in their

290 structured intervaldgUre 1K), whereas, the mudstone caps, wresengcommonly include

291 Phycosiph@p. andChondritesp. bioturbatians

292 Fouroccurrences Ba2ecewere observed at Waikarfakgu(e3; Figure 1)1

293 The first occurrence is exposed at the base.of the outcrop. Itseimsalt susfale as it lies below
294 the sea level. The conglomerates are disorGanEegli(eS; Figurel; Figure Dlwith an average
295 clast sizeangingrom granand pebbigradesto.pebbl@and cobbigrads toward the southward
296 wavecut platform. Boulders and.outsized clasisi@bzsnetric) drequentigure 1) particularly
297 tothe south and in the disorganized inBHv&sifounded clasts dominbtg subangulaclasts
298 are commoand sometimes restricted to specific infaguaisy;( seeSectiort). The overlying
299 sandstonach series generdilheand thiupward, evolving from tticknediusnedded, concave
300 up sandstones pinching out to the north inttahbattpmed, thinhedded sandstones with very
301 thinto thibeddedmudstone capBTQoLDTQ (Figures; Figurel(, k;Figure 1)1 To the south,
302 amalgamation dominates throudigurie( iDFigure 1)1 This first occurrence ends with a couple of
303 laterally continuous, very-tioickediurfnedded sandstoneBTCb) thatare overlain by few thinner
304 bedded.intervald)TCGa) and characteitstly comprise laspale fluid escape and-sadiment
305 deformation featuregy(re J0k).

306 The second occurrence directly overlies the first, separated by a basalaswdaomthaing
307 sharp to erosional (> two mietessonto the soutkiqure; Figurel(d; Figure 1)1 The associated
308 conglomerates are organgeBD( mostlghowing normatdisaded patterns, amalgamated
309 capping sandstone) and smaller (~one to one aneterbalfickyiured; Figured; Figure 1)1
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310
311
312
313

314

315

316  Figures: 3D outcrop model (top) and interpretation (bottom) of the Waikaraka coastal outcrop that exqgusesancahiystbsi (Fa2c). This system comprises two distinct channel comihediesjexs satotieatgge confined channel fills aded latstage
317 confined channel fills (FpZthe letters refer to remarkable architectural elements that characterize the Waildetkiledyammand explanation of each of them is avigilabl&fihe colors used in the stereoplots correspond to the location circlestheesented

318  outcrop model (top). Stereoplots (Schmidt, lower hemisphere) highlight the paleocurrents ¢akgstemtaéa¢utirditng of bedding planes to initial horizontal position (assuming cylindrical folding).

Accepted Manuscripersion.Published Journal Article versiemailable online, published by Elsevier in Marine and Petrc 19
Geology Journalhttps://doi.org/10.1016/j.marpetgeo.2021.105252



319

320
321
322
323

Figured: (A): 3D outcrop model (top) and interpretation (bottom) of the Homewood coastal outcrop. Thigeawisimekgasdigven systems, from the bottom to the top, a slope channel system {#fa2@darssaasting system (Fa3p) and a distal depositional
lobe system (Falg). The letters refer to remarkable architectural elements that charawtmrsythiem: a detailed view and explanation of each ailabémiRsgawe 12The colors used in the stereoplots correspond to the location circles presented in the outcrop mod
(top). Stereoplots (Schmidt, lower hemisphere) highlight the paleocurrents taken irethéFatidite gyestn) and the fold axis of thelsliedfolds taken in the massing system (Fa3p, in purple) aftéitivackf bedding planes to initial horizontal position (assuming

cylindrical folding). Bhesnumbers U1 to U6 highlights six units, corresponding to six distinct episedtia@f (BasSedimentary section-01)(8forded at Homewood. This section provides an overview of the three facies assar@dtions encou
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Figure I(previous papPetailed views of the dimlived grawityiven deposit main architectural and sedimentary
elements supporting the interpretation of the Waikaraka 3D outigopshdeR¢ corresponds to the confined slope
channel system facies association, wherebynke#its eartyage fills and Fd2atestage fills. CF, DF, gHDTC,
gsHDTC, SST, HDTC, LDTCspord to the lithofacies summarizadlei. (a): Discontinu$fromBailleul et al.

(2007 andBailleul et gr013)marking the transition from-&&@¢the uppermost senl deposits; (b, E32d fining

and thinniagpward conglomerate (gHDTC, gsHDTC) to sandstone series (HDTC, LDTC) -eventaily am &2t
conglomerates (CF and gHDTC) then followed by sandstones (HDTC, LBTo)ldepgr&d@alast imbrication
(base of gsHDTC); (d): fFé2ee successive channel storey fills characterized by camngfidrases¢gsDHTC) with
upwardg.g.,flame) and downwaedy(load) so&ediment features, overlain by sandstofithafacies (HDTC to
LDTC); (f, h): Fd2zamalgmated, broadly lenticular channel storey fills (gsHDTC, HDTC; LRI Qpwandkalc
flame) sofiediment features and trough cross stratificationsg (ffjafsifoning to F#2@): Fa2e amalgamated
sandstones (HDTC) pinching out to the north overlaid by toadta@erates (DFy CF); (K):Sleagefluid escape
structures and downwarg. {oad) sofediment features in the a2andstonessseries (HDI.C, LDTC) that underlies

the next Fazcconglomerate events (DF, CF); (B Badgamated conglomerates withyoutsized clasts (CF).

The deposits are moderataied and in average compriseosoted granul® pebblgrade

clasts with a few scattered boulders and outsiz&tigatedisséeSectiord). To the north, these
conglomerates are matpported-{gured) andocallynelude a very thin, etagiported basal layer
(shearedDH (Figurel). The overlying sandstones eharacteristically presestapat], southward

oriented sefediment deformation features\in,their structured intervals and their beds are frequen
contorted, presenting apparent seuttenging) recumbent foligured). To the south, these folds
appeato eventually evolve into ripgorted conglomerates containing both folded sandstones and
extraformational pelpigde ClastS(-atoDF Figure; Figurell).

Finally, the third occurrengadsentoward the topf the Waikaraka outcaog alternatively
comprisedisorganize@f and organizegHD T conglomeratesometimes overlain by structured
to structureless sandstor®@STY (Figure8; Figurel(e; Figurell). The deposits are generally
moderatelgorted anan averageomprise stounded pebbte cobblgrade clasiFiguret; see
Sectior), although some occurrences carry boulders and outsiEeguta®}. (The overlying

352sandstone series is only arfetes thick, interruptedampthecouple aheteithickconglomeratic

353

354

355
356

episodégfourth occurrencegelthara@rized by a sharp upper sufagerelCa).

Interpretatien

Fa2eceis interpreted ¢baracterizbeaxis to ofixisgarlystaggStage | dfneller et gR020)fills
ofconfinegdlope channebmplexesensiSprague et al. 2005)
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357 The laterally extensjvcoarsgrainedand clastupported conglomeraaésts baseepresent
358 deposition from gravelly gravity(flows 198R1, R2, Ra@ivisios) Upslope failusenay have
359 triggered all or part of these flows, whibagheritransform from cohesive to cohesionless debris
360 flows downslofleowe 1982; Postma 1986; Sohn et alTRed@hpundant amalgamation surfaces,
361 clastsupported texturésg.,disorganized, inverse, norarma)ery coarse grain sizedicate

362 significant bed load transport and rapid deposition of the gravels underneattegsatyelly high
363 turbidity currenisan environment dominatedigienergylowsersionandbypasgLowe 1982)
364 The abundant scoured basmsbinewith tk other textural and sedimentary features thaggest
365 these flomwere funneld@droughHow sinuositpraidike chanrglasrecurrentljoundin base of
366 confinedlope channel compke.g.Galloway 1998; Di Celma et al,2010;"Gamberi et al. 2013; Li et
367 al. 2018; McArtramd McCaffrey 2019; Kneller et al..Zl0#0)southward inerease in clast size
368 observed in the first occurremggesta southwamlolution from-aKis t@xis setting€ampion
369 etal. 2000)

370 The general upward internal organatzsg@medh the eonglomerates and the overlying sandstone
371 series likelesuledfromgravelly to santigh to, lowdensity,turbidity curréraasn multipleather

372 than single fle{Lowe 1982)vithflows initigtg fron@ shallow marine environment connected to a

373 vegetatetinterland sourcing the abune@igienoumaterialKuenen 1964)he resultirdgposits

374 suggedbwer energy environmentSileadingyto both the progressive abandonameres pé e

375 andpassivarfilling of theelief(Galloway 1998; McHargue et al. 20%1p offixis abandonment

376 facies argypically santthdfairlydthicle.g.,mediunbeddedandhighly to moderately amalgamated

377 (Campion et al. 2000;"McHargue et al. 2011; Hubbard.et al. 2014)

378 As previously descritbedidistinct occurrencgthese axis to-@xisearlystagdillswere observed
379 at Waikaraka, therehy'indicating the pressswratflope channel complexétiingone larger
380 channel cond(gensiSprague et al. 20050weveFa2eceonlyprovides informatiom the deposits

381 that.form,the lower part of these channel complexes.

382 The textural changes observed in the second occurrence here suggest transformation from cohesi
383 cohesionless flows, resulting from progressive dilution of a parent@llevod/flrayirfto a high

384 concentration gravelly dispersion overlain bycanlosverated and turbulent suspegidiom

385 (Sohn et al. 2002, ,bipartite or stratified floW#)en taken in consideration with the recurrent soft

386 sediment deformations, these elements suggest that this second occurrenceamag\aiginate

387 smaliscaldailureevents, either at or near the shelf drdedctly from the channel \{ail€elma

388 et al. 2010; Janockoakt2013; Janocko and Basilici.Zl0# yesulting masasting products
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389 deposited in the channel conduit and the southward component observed in théndimate features
390 a potential northwéodatiorof the source regidthetheit isregional docal is here a matter of

391 speculationhe largscale fluid escape structpresenin the underlying sandstones would result

392 from sudden loading of the-masBng products onto the sandstone strata, increasing pore pressure
393 and promoting dewatefingurel (k) (Browne et al. 2020)

394 Despite the changes observed in the second osdextmeeand clasts (Sactior6.3, the

395 absence of shutdown mud difapenly weakly erosional basal surface separating the first and second
396 occurrencesand theigeneral crude finiramd thinniagpward trend aliggestithahese two

397 occurrences belongetheosame channel complex, rather than two distincté¢kmgdlexes al.

398 2020)The same reasoning applied to the third and fourth occurrarmesdeiontgathese two

399 belongdto another confined channel complex.

400 Overallhe lateral and vertical facies evolution observed tRefiegsogfgests a general evolution
401 from oféxis to axis settings towards the south. Notwithstamdrgjtithterop conditions (no 3D
402 controland othe orientatiarf the outcrdp withhald,their exposures, the abseacegsfizable
403 laterahccretion packages (LAS=suAbreu et al., 2008pyalsoinfornthat tlke slope channel
404 systemHa2g was likelppw to moderately siniougyandrally erosian@ich channel belts usually
405 occur in the uppeo midle-pars of the“continental slgqdanocko et al. 2Q1Bjnally, he

406 micropaleontological aealgaggeshatdepositiotook placatouter bathyal paleods@ippendix
407 2).

408 5.2¢2 Confined slope channekis to offaxis, latestagefills (Fa2d)

409 Observations

410 Fa2el presents contrastsgglimentary faceasd architectural stylethéseof the underlyirg2e
411 e, characteristically comprising-mdghinniagpward series, dominated byraneed facigsnly
412 punctuated by coarser intervals. This association isarexssatie entire outcrop laterally (>900

413 metes) and can hadderd0metes in thickness.
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Figure I1Sedimentary sections recorded at the Waikaraka outcrop. This system comprises twandigtierct shaspelctively divided into tiséagarlyonfined channel fills {Fa2c

e) and latstage confined channel fills {lraltee letters in dark red refer to remarkable architectural elements that characterizgsteenWadeta kel sview and explanation of each
of them is availablé-igure 10The letters and numbers in blue give the location of the clast analyses BigureatBetails on the sample data are availbppendil. The

red surface nami@8at he top of the Waikaraka fill corresponds to the didedmomggsilleul et 2007 andBailleul et §2013)which marks the transition to the period of generalized
subsidence that affected the Hikurangiddanginhe Middle Miocene, Waiauan.

25
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Fa2el comprises eighiccessive chans@rey fillsensiuSprague etl. 2005(Figures; Figurel ).

Each storey commonly starts with amalgamatéd, viliigkthidkeddedapeto one and a half

meters), organized, polymict angwbgsirted conglomeratg#T¢Cdepositedbove a brdéy

erosional, concawe baseHRigured; Figure D1 Theseare overlain by a finewgd thinniAgpward
conglomerate to sandstone series, capped by bioturbated galBDfewHich is, in turn,

overlai by another finingnd thinniagpward series of ne#dly bottomed, thitl thifbedded

sardstones and mudstone®TCto LDTQ (Figure5; Figurel, h;Figurell). .The basal
conglomerate to sandstone series shows repeated bed amalgamation, “thus forming compo
stratigraphicdfills Figure 1QFigurell). Conglomerates are concentrated within the“basal intervals;
sandstones quickly become dominant, generally representing a third, ofithe, clf@igouetstorey fill
Figurell). The conglomeratic intervals are broadly lenticular daterally pinching out, amalgamated ¢
ofteninclude clast imbrications and subtlstcatifisationBigure,l€).f, h). Interestingly, their matrix

seems primarily made of bioclast cerdesté€ll fragments) teward,the teq2cf.

The bases of the conglomerates commonly displaydss@metric seédiment deformation
structurese(g.,flames) and large sole maalkg,flutes)Kigures; Figure 1d) g). Boulders and
outsized clasts usually mark the transition fromstheoimarsaHlgraded patternand their
proportion generally increasesdhe south-{gured; gsHDTC to HDTC). Clasts are sometimes of
larger size than the conglomeratésbed itself, thus protruding into the overlyifggsagigstones (
gsHDTC to HDTC). On averagepsntied pebbjeade clasts dominateF&2el, theHDTC
sandstones that directly overlie the conglomerates are commgrainesbanseheir traction
intervalsshow troughrerestsatifications and include plant debris, numerous shell Figgneents (
10Qg) and abundant aligned mud clasts at their base. These sandstones form broadly lenticular bo
with locally eresive bases characterized by veryp cmaensagrained materigiqure 14) f). They
eventially reach mediimfinggrain sizes in the remaining intervals and in the subsegaedt fining
thinningippward seriedDTQoLDTQ. The paleocurremeasureth the sandstone intervals indicate

a general 'southward trémgues), which igonsistent with measurements from imbrications within
the coarsgrained basal fills.

Two occurrenced=alcl were observed at Waikarakgu(e3; Figure 1)1

The first occurrence corresponds to the above description. It is about 4hdhebenptisiek eight
channel storeggensuSprague et al. 2008 basal surface is sharp, conpaaed broadly insise
Fa2ee with up to 2 meters rek&dure8). The second occurrence is observed at the top of the
Waikaraka outcrop and only crops out for about 15 meters laterally and veotves#y lneing
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guaternary beach deposits afteltgHzdsal surface is sharp above the un&egmgccurrence
anditisonly comprideofsandstone$lDTC to LD)@igure 18 e;Figure 1)1

Interpretations

Fa2el is interpreted to represent the axisxispfatstage (Stage Illkaieller et gR020)fills of
confined slope channel comp{esesuSprague et al. 200Gharacterized by multiple episodes of

erosional bypass and sedimentation, these form tilsofiddénnel complexes

The conglomerate sandstorgominated basal successgiiBDTGindgsHD T that broadly fill

the erosion surface result from stratified gravelly gravity flows tteat @aithepofiann@lewe

1982; Campion et al. 2000; Sohn et al.T2@0Basal dewatering features suggest rapid deposition
and loading of the channeWfiereathe fequent amalgamation observed in both the conglomerates
and sandstones implies that erosion and\bgmasomingin thesbasal interfabwe 1982)

Transport of largeg( outsized) clasts can be explained by flow confinements such as the ones founc
in confined slope channels, where the flow size, veloeity andacatyyang ceximizZgwbstma

et al. 1988)rhe high degree of preservation of mud=clasts in both the conglomenigieg and ov
sandstones, scattered as lag material indicateshighté&iPostma 198&hereas the increas

incontent afoarse and fine skeletal fraetion teward the top of the series rather suggest deposition
calciturbiditge.g.,Haakand Schlager,1989, Reijmer et al. 20h8) gravelly gravity flows then
decelerattand beameless confined. The overlying tabular, gmdnthinnirgpward series of
sandstones and mudstod®TC to LDT)Cmark the transition to lower energy degosition
environmentesultingsin,passive filling and progressive abandonment of the chi@elwgagtem

1998; McHargue‘et al.208d JriFa2ee, such sandch abandonment facies here suggest axis to off

axis setting@ampio et al. 2000Dverall, these broadly lenticular and laterally extensive channel
storey fills are dominated by sandyohigkdensity turbidites, scouring arictudubstrate during
downslope transport and or at hydraulici.guabsiidant mudasts{Fonnesu et al. 201B)e

vertically aggrading, semalgamated style of the channel storey fills confirms a generally confined
slope‘channel complex set{fBgsague et al. 2Q0a)tless steep and confined to those of the

previously descrildeaRece.

Although most likely belonging to the same slope channel system, the uppermost occurrel
characteristics anitnmpaleontological analyses both suggest contrasting depositional settings. No
only the micropaleontological study indicatealémslepths of depositieni¢wer bathyal), it also
indicatethatthis latter series was restricted to the Middle Miocene, Waiauan (Serratallgt, 13.05

Ma) Figure LJAppendif).
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65 Overallwe interpret the Waikaraka outcrop to represent theaaiss swadifraphitills of two

66 distinct channel complexes, essentially capturing thdadestiyge fills of a larger, yet confined
67 slope channel systieansiSprague et al. 2008% further discuss the controls oasystem and

68 the implications of its uppermost depBsitHory.

69 5.3.Weaklyconfined slope and depositional Islgstems

70 The Homewosdction cpsoutone kilmetenorth of the Kaiwhata river raodéxtends ovéi0

71 metes along the codBigured). Itfeatures three distinct Middle Miocene, Lillburniani(Late Langhian to
72 Serravallian, 15:13.05 Ma\ppendi®) gravitydriven systems described and interpreted below as
73 three separate facies associdiial@s Fa3pFalg Figure).

74 5.3.1Sope channglFa2c)

75 Observations

76 AtHomewoqé#a2cis characterized by crude fiantgthinniAagpward series, evolving from eoarse
77 to finggrained facies. Owing to outcrop ‘cenditions; it is intermittently exposedrfeteabout 80
78 laterally anmhlyrepresents a temuodteithick'successiohsubwertical beds. Its basal surface does
79 not croputand it is overlain by the erési8e(Figure).

80 HereFa2cis characterized by a series of tabular, continuous (djontieidibedded10 to 50

81 centimetersjiorganizedCHto organizedHDTclastsupported conglomerates aittissone

82 caps$ST), followed hy (2) thinmediusnedded3 to 15 centimeters) pebbly sandsbies)

83 or bioclastic grieH@TED);, either interbedded with mudsthi2S{ or structureless sandstones
84 (SSTh) and mudston@ddST, finally overlain by (3) medwrthickheddededded (10 to 50
85 centimeterspndstones with mudstone t&pPR3Eb) Figures; Figurer; Figured; Figure 1@, h)

86 Overallja,greater internal organization is obserna®cto the nortbast of the outcrop

87 Conglamerates ayenerallyngradedCH to the soutlvestof the outcroprhereashey gradually
88 show internal organizagetd(T(; displaying inversenormaHyr only normatiyaded pattertes
89 the nortleast(Figured). The conglomerates mostly consistarigulbr to subunded granute
90 pebblgrade clastsdeSectio®). @bbles and boulders are locally obstinagarlyhe bioclastic
91 grits(sHDTEh) become normajiaded, and include mudscéast or bioclastic fractions aligned
92 along horizomswards the noghst of the outcrjigurer).In both cases, the basal surtddes

93 conglomerates and bioclastic grits are slightly erosive and commonly digplay. load struct
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94 Finallythe sandston@<DTCb) to the soutliestpresent rare, discontinuoagimeteithickyery

95 coarse basal interv@la) whereas to the nestist, these basal intervals arelevelloped, fairly

96 continuous and include frequent mud clasts and bioclastic fractions aligned atowglhaszons
97 load structurgfigure7). The related sandstones also commonly shovgrdissizet breaks,

98 indicating amalgamation of beds.

99 Interpretations

100 We interpret this basal succession to reshditfiftow processes and depositional environments
101 (Fa2¢similatothosedescribed &Vaikaraka. While outcrop expbsutersecognition of specific
102 architectural elements, such as chaamgklef particular depositional &ai2es|, Fa24d), the
103 stratigraphiafilloutline comparable crude fingugd thinnirgpward-.conglomerate to sandstone
104 series, resulting from gravelly to sandip haylensity turbidity curréhtsve 1982The main
105 difference resides in the scale of the individusibgsignificantiymalleat Homewood, which

106 could eithgroint toward4d)smaller source reg@mrslopechannesystemandor (2)contrasting

107 locations alotige slope or laterally within the channel
108 5.3.2Mixed seltderivedmasstransport depositéa3p

109 Observations

110 Fa3pmostly compriseterbeddedrcoaigmined facielsere exposextrossnore than 120etes
111 laterally and aboutié&tes thickRigure).

112 Fa3ps characterized'by a succession dfthielky thidkedded<one to >two metedijorganized,

113 polymict, mati@oR@and clastupportedCf conglomerates, that laterally becomes entirely deformed
114 and contorte®l(-a), to the norast of the outcrofpalflel; Figure6; Figure7; Figure9). The

115 conglomerates arecurrentlgapped byhin to thickbeddedgither structureless or structured
116 sandsteneSST) (Tablel; Figures; Figurer; Figured; Figure 12 the lagrofwhich can sometimes

117 evolve to a few interbedded structusethiméo mediurhedded sandstones with mudstone caps
118 commonly bioturbaleldTCGa) (Tablel; Figurer; Figured; Figure 12 e).
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120
121
122
123
124
125
126
127
128
129
130
131

132
133
134
135
136
137

Figure 1previous papPetailed views of the dimlived gravityiven deposit main architectural and sedimentary
elements supporting the interpretation of the Homewood 3D oufgaped)ofel2¢ corresponds to the confined
slope channel system facies association, Fa3p talérevetiatiasgasting system and Falg to the distal depositional
lobe system. SL, CF, DF, gHDTC, SST, sHDTC, HDTC, LDTC corresponiédcstmarntitrafadTiablel. (a, b):

Fa3p succession of interbedded conglomerates (&darr€flgapped by sandstones (SSTpweadain by the
onlapping Falg sandstones (HDTC, LDTC); (b): Fa3p varying bepbdipsoatarted unit; (c, d, e, g, h): Fa3p
conglomerates showing local variation in clast concentrations at their base, edge and or top (SlaSgretiddg), (d, h):
surface at the base of the succeeding conglomerate, which holds contortée) sea8stacesrrence of-plast
conglomerate (DF) and upper contorted unit; (f, i, j): Fa3p contorted conglomadated (51, CF and SST); (g, h):
Fa2c crude finirand thinniagpward conglomerate to sandstones (gHDTC, sHDTC, LDTI®) Faam]airhich is
characterized by erosion as well as local substrate entrainment and deformation aiSjshizesse efiofeé thioug

Fa2c towards the neist.

The basal surface is highly erosiveter8 tawards theortheast Figured, red surface at the base

of Fa3pkigure 1¢, i,j), and both local entrainment and defornneatppdrent northwanetging

contorted sandstones) of the substrate are dbisemeégd-(gure 1. In contrast, the upper surface

is highly irregular, with overlying beds onlapping ndeedaaietric scafegred; Figurel2a, b).

Laterally, the upper surface can appear rather flat. and overlain by relativelgriabulEreséirsts
overlying sandstone beds are generally internally chaotic; they sometimes incorpoFa8pnaterial from

138(e.g., pebbles and cobblesnd can form ‘widleloped, decametdale sofedimentation

139

140
141
142
143

144
145
146
147
148
149
150
151

152
153

deformation structures.

Five additional internal surfaces weideal#eedvhich all@division ¢fa3pinto six unitEigure

9, blue surfaces within Fa3p). Commonly observed at the top of the structureless or structured [
(SST), these surfaces are sharp and characterizedoonduiurbedded silty mudstondd )

thatcan be traced across the outéigyr®, blue surfacdsigurel A, h).

In the southern and central parts of the é@Bpopmprises fairly tabular beds. Their thicknesses
tend to increase nazdtstward, thus generally formintikiestapes opening towards theeastth

(Figure®). The bedorientation chandesm NO55 to NO35 and the dip measusdroeatsabrupt

evolution from 90° (selhtical) to ~60° towards the west in only 15 meters. Thigrsliffonirtheits
(separated by the internal surfaces described above) changes from 90° to 78°, whegeas the rema
two directly onlap onto the prgcedéesvith a dip starting around 70° and evolving towards 60°. To
the norteastFa3pis completely disorganized and shoiN& $viented recumbent félidsi(e,

slump measuremefigure 12

Three different scales of internal contortion are olfsE8pexVaiving both vertically and kateral
(1) atclastscale; (2) at usttale and (3) at the scale of several units. First, the entrained sandstones
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154 display both apparenmidigingHigure®) and NESWoriented recumbent fdfigurel X). Second,
155 the fifth unit, previously observed to onlap on the underlying béabeappeaifolded, with a
156 NESW main axi&igured, unit 5Figurelz, e). Third, the uppa3punits become remobilized
157 laterallyfolding following an appareveifing trenéigure 1f2 To the northast of the outcrop,
158 this remobilization involves the entire facies assecjmtierbéddeDF, CFandSST) (Tablel,

159 Figure; Figures; Figurel#, i, j).

160 The matrix of the interbedded polymict conglomeratesegeeszat§0 to 70% of tBE-deposits
161 with two occurrencesprisingp to 80% of matkig(res; Figure 12 eFigure 3and<5.to 15%
162 inCFE DFcan display slight upward increase in matrix content. ADdtoatmvedy shows vertical
163 and or lateral variations in both clast concentration and size at'its base,top and or edges that ap
164 akin to the clamipported lithofaci€s)(Figure; Figures; Figure 12 d, e, g,'h). These concentrated
165 intervals are characterized by ofamtser grade.e.,granuleto pebblgradejhan thosef the
166 general matsxupported intervdle.,pebbleto cobblgrade)Rigures). Overallhe average clast
167 size is of pebbte cobblgrade iIDF, whereas granuie.pebblgrade dominat€s: InDF, larger
168 clasts are frequent and can be outsizetb(decametric); conversely, they are rare and-of cobble
169 grade il€F In botibFandCF, clast edges typicadyybetween sedngular to subunded shapes.
170 The highest proportions eaaghlar clasts-are.found in the largesedapptsuders). Subunded
171 to rounded clasts are mostly present in the concentrated pedbldgade intervalsiFor in

172 someareoccurrences 6F

173 Interpretations

174 We interpréia3pto represent deposifien,massransport deposMIDY from successiveass

175 wastingventghattriggeedrecurrendebris flow®FandCH (Postma 1986; Mulder and Cochonat

176 1996) The clastupported debris flows) (are inferred to result from cohesitioles@ostma

177 1986)Even ifnatrix strength dominat&Hinherebguggestgcohesive flowllardin et al. 1979;

178 Lowe":982Nemec and St€&d84demonstrated that the predominance of matrix in conglomerates
179 was not always criterion to discriminate cohesive and cohesionless debris flowlse Although t
180 ungraded, disorganized and maeltrigccurrencesDFresult frornohesive flowdohnson 1984;

181 Postma 198@he210-3 phaseccurrencesh{eared DFshow internatganizatidhatindicatefully

182 sheared flowsithadditional support mechanisms, sughiagollisiormd dispersive pressure

183 characteristic of cohesionless debrid_fiowes1982; Nemec and Steel 1984; Postma 1986)

184 Multiphase debris flows require stpe(Bostma 1986)he lenbke shapes observed in some of
185 their deposits may suggest channelization, characteristic of steep glmpieksaiingsal. 2017;
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186 Calhoun and Clague 2018 higlamplitude variations recordée idip dbeds -40°) indicage
187 that they were skimematiwiththe rise of a structure to theieagjrowth strat&€hanges in slope
188 gradient chiefly impactiblemaviofe.g. velocity) andaypromote flow transformatmgsdilution,
189 shearing)Fisher 1983Whichn turn control the nature and geometry of the resultant deposits. Hence,
190 slope angle changes could partly explain the variety of debris flow deposta3pAdsddtein
191 considerable amounts of graadepebblgrade clas{Sohn et al. 2008 well atherecurrent
192 presence of mudstone layers and fine san@@®Hherespectively undand overlying the
193 conglomeratesl point toward fasbvinglebris flows that hydropeeresuMohrig et ak, 1998)e
194 multiphase debris floscribed here would thus result from efficient dilution dfyctrbptaneng
195 debris flondohrig et al., 199@)utionvhich caariseonly a few kitetes from,theource areas
196 (Sohn et al. 20G2)d which can lead to the generation ohslomgrsuspended sediment clouds
197 eventually depositing above tB8ih(Mohrig et al. 1998; Sohn'et al. 200y kwh Marr 2003;
198 Talling et al. 200@he first debris fltwwever strongly eresj@u@gestboth an abrupt change in
199 the depositional settingbdtf the underlyirg2cdepesits andyan‘initially different mecf@njsm
200 substrate erosjorsponsible for flow mofimpiesiak.et'@aD18)

201 The internal surfaces allow to distiage@st smasswastingventsThedifferent scales of internal
202 contortion and deformatimerved in tR@3pdeposithkowever complicates their depositional history,
203thereby questionitige hypothesis#ofssimple, deposition of one mass flow amotbproBasal
204 deformation of the substrate'linked to the passage of an ovesratingritpihvowever the flow
205 mobility mechanisms proposedileefgy({iroplaningjverges from such a scenario, promoting little
206 to no interaction between the moving flow and underlying deposits for fi\Bobfasiakupitsl.
207 2018)Notwithstanditfue’possibility for the contorted strata to shear and deform in the direction of the
208 flowand thusseapture triedeslope directiontheclast-scal@-onnesu et al. 2018¢ here suggest
209 a different mechanisnexplain the deformation recorttezliattscale angropose thatchange
210 slope gradieoénboth trigger development of a mass flow upslopevahdemobilization
211 (translation=artkformatigrof the previously deposiiedionly poorlithifiednassflowdeposits
212 downslop&vhen combined with bed dips, the analysis of the fold hirdetaes akiboth clast
213 and uniscales consistently indicates-dipiWig paleoslagred transport direc{idisop et al. 2019;
214 Alsop and Weinberger 2@2®)erent with a rising structure to the east.

215 The largescale remobilizationestied to the nodhsthatinvolesthe entire facies associ&adp
216 couldalso bassociatediththis growing structud&suchweinterpreatto result frolocal failure of
217 the entire seridae tdherecurrent loading of sedinwetashisrising slopévo mechanisms known
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218 to greatly affect slope stability and encourage it$Héailueed Gorsline 19&1pally the
219 micropaleontoiogl studigspy an uppeto miebathyal depositional environppéndif).

220 5.3.3Distal cepositional lobe syste(Ralg

221 Observations

222 Falgischaracterized by laterally contimuoagerage meditbedded (~1eentimeteyandfine
223 grained sandstartbat show decreasing bed dips uf®@artb32°) This associatims exposed
224 along ~one kilomeaiécoastlinendis over 20@netes in thickneg8ppendi®). Onlthe lowermost
225 part of this systendléscribed in contexthefoutcrop model presentedimithisEsguosd(Falg.

226Falg mostlycomprisesnterbedded tabular, meditomthictbedded, frequentiynalgamated

227 sandstoned. DTCh) and very thinto mediurhedded LOTEa), oftendewateredargillaceous
228 sandstonedéblel; Figure7). Mosbeds include shell. fragments and plant debris in the structured
229 intervis, and are capped by silty mudstbagegularlynelude bioturbatiqiggure7) such as
230 Phycosiphap.,Zoophycosp.,Skolithosp. andcoli@ spEpisodes of tHiedded bioclastic grits
231 (sHDTGD) are recurre(itigurer). Verythicksandstonesbegsanctually occur; they tehavesole
232 maks, several grasize breaksand sometimes, show decametrgedftentation deformation
233 structuredA fewdnticular, mediutovery thidkedded sandstonelDT ¢ are alsobservediheir
234 incision rarely exceeds 50/uet# and can comprise codrgelastic materi@igure?).

235 Palecurrent measurements from sale marks and traction structures generally ‘astaseré north
236 directioat the ase of this, systerigure®). Finally, disorganized, contsita#(SL-a) and coherent,
237 remobilizestratadisplaying sharp internal truncations in the same |Bhdfp@esiently interrupt
238 the stratar@blel; Figures).

239 Interpretatien

240 Falgsuinterpreted to record the emplacement and siestaiopohent otistadepositional lobe
241 systen{Bailleul et al. 2007; Prélat et al. 2009; McArthur etrata®@dlabove and subsequently
242 pinnedat its baseavithinthe rugose topograplejt by theinderlying MT@esg.,Bull et al. 2009;
243 Armitage et al. 2009yure; Figure 12 b)These laterally extensive, tabular, santstateposits
244 are interpted as the depositsdoiminantljowdensityturbidity curren@sDTQ (Bouma 1962)
245 commonlgeposited in @ikisto fringe positioiiBrélat et al. 2009he punctubioclastic grigs

246 well aghe locally erosianalgamateahd very thidccurences, are however attributed &rhigh

247 density turbidity currébtsve 182)resultinfrom larger flow evemtse onlapping and growth strata

Accepted Manuscripersion.Published Journal Article versiamailable online, published by Elsevier in Marine and Petrc 34
Geology Journalhttps://doi.org/10.1016/j.marpetgeo.2021.105252



248

geometrieas well as the recurrent yet localized remobilizat@abothsuggest raunstable

249%epositional environmekelydue toa continued rise of the eastern strutheealeocurrent

250
251
252
253

directions to the NE indicate that the flow at the start of this depositespbsgbetho whe rising
NESWoriented structure to the aadtthudothpoint towards different sourcisigstem to the
underlyingITDgsee Sectidn3.2and an axial routing of the turbidity ciBregteen and Graham
2014)The abundance of laedived material suggest that these turbidity currents likely initiated from

254 a shallow marine environment connected to a Hidtenteemd 1964 hilehe micqmaleontology

255
256

257

258
259
260
261
262
263

264

265

266
267
268
269
270

analyss indicatthatdepositioof the turbiditescurred atid bathyal depths or deeper. (>33 m
(AppendiR).

6. SOURCE REGIONS

Despite lithofacigisnilarities, the sediment gravity flows‘obs@ve@diraka artdbomewoodre
lithologicalljifferenfFigure 1)3and thus indicate different,sediment sbiareageuse the nature

of the reworked material in the congloni#ates,(gHDTC, gsHRebbly sandstongldDTE

a), bioclastic gritsHDT&) andcoarser intervalstbé sandstonedHDT( as a tool for better
understanding and characterizing their, _provenance and source areas as watll lasatlecipher
paletransport directiqesy. Nemegrand Steel, 1984)

6.1.Extrabasinal.sources

Clast observations

Acrosdoth Waikaraka efidmewoqdhe conglomeratic uis CF gHDTCgsHDTCsHDTC
HDTGQ essentiallyeworlextraformational clastsn preand syssubduction strata95%)Figure
13. Ressubductiomaerialdominates (> 80%) aanhprises lithoclastsntheEarlyCretaceousp
to thePaleocenat Waikarakend from tHeateCretaceous up to the EoceHermewood he syn

subduction matergadivided into Miocene lithoclasts and bioclasts.
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271

272  Figure IRuantitativenalyses of thiastcontent recogniz#tdVaikaraka and Homewood outcrops. The analyses looked
273 at both the lithoclast and bioclast content. Theslithazassified according to the tectonostratigraphey unit
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274
275

276
277
278

279

280
281

belonged to and the bicglastesubdivided into two main tyjpethe preserved skeletons and the shell fraDments.
CF, gHDT@sHDT@ndHDTC correspond to the lithofacies summaiabés in

Intraformational clasts are virtually absent €E%utnare more frequent in the conglomerates
deposits resulting from matrix strBiphg(,poorly lithified turbidites) and fluid turbglDE€
gsHDTCsHDTCHDTCGe.g.,mud clasts).

Clast interpretations

The dominance of extraformational clasts implies that the flows responsible fordahiessmitenglomer
initiated outsidétbeir final depositional environment and incorporated material belonging to structur

282 units and or paleogeographic domains different to that of the intrabasinel setiabasiagl)

283
284
285
286
287

288

289

290
291
292
293
294
295
296
297
298
299
300

301
302
303

(e.g.,0Ogata et al. 2019he abundance of-gubduction material indicates that during the Middle
Miocengthe exposed extrabasinal paleogeography was deminated by Cretaceous to Eocene strate
compressional settings, uplift ofréslaist] structures is kKnown todevelop bathymetric highs and or
steep slopes, which can in turn, expose rocks fronstisstoidem €., presubduction), ready to

be reworked and incorporated into the subsequeniMldgeagdOgata et al. 2019)

6.2.Mixed siliciclasticarbonate 'shelves

Bioclast observations

A substantial amount (20 to40%)snfbslrction bioclasts is present in all the deposits, either as
shell fragments or as=ielparthpreserved skeletoRrg(re 13 Molluscan specieg(,bivalves

and gastropods)fdominates; yet, corals gulitagjonial) and red algae are also locally present
(Appendi®). At Homewoed, the preserved forms of macrofossésweac5 and 25% of the
bioclasts_cantained‘in the debris flow d&€geaitdCH whereas they are virtually absent in the
turbiditesgdD.-I'C*and HD) Qvhich are dominated by shell fragments. At Waikaraka however, the
presernvedsferms represent a considerably larger proportion of the bioclaksingdsttyesni

25 and 40%, even at the base of the tuditité€ (@and HD)Y @lthough the content in both the
coarse (macrofossils) and fine (shell fragments) skeletal fractionsegrseli@iaiddhe top of

the Waikaraka deposits, this upward evolution is particularly remarkablage fitledigposits
(Fa2el) Figurel3 cf. c2¢3, d, e).

Overall, the taphonomic analyses shows that destructive processes dominatergwotdpdfonomic
the deposits, constructive taphonomic processes such as encrustation besng Figua ébs

At Homewood, the deposits are characterized by bioclasts being: (1) moderagghetdduighly fr
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305
306
307

308

309
310
311

(2) moderately abraded and, (3) poorly bioeroded. At Waikaraka, the finetidnsctastipdre

markedly in both debris fIDRSOF and higdensity turbidite flogldDTCgsHDTQE By contrast,

the coarser skeletal material in the former exhibit higher degrees of abrasion and llwerosion than i
latterEigure 14

Bioclast interpretations

The nature and amount of reworked molluscan species indicate that the sediment gravity flows origi
from shallow marine middienesshelf neritic environments before being transportadadrieep
outer to mid bathyal degtppéndiZ; Appendif).

312The contemporaneously developing mixddssdiarbonate environme(s., compositional

313 systemgésensiChiarella et al. (20previously identified and desanilieel Coastal Rangessent

314
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317
318
319

320
321
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323
324
325
326

327
328
329
330
331
332
333

markedly similar faunal assemifl@gesiwell 1987; Chanier 1991; Bailleul et al. 2007; Bailleul et al.
2013; Bailleul et al. 2@I@)are thus great candidébeproviding both the presekeldtonand

shell fragments. The depositional system ererstmpsgisourcessone of eegionalcontinent
attacheashelf domain, recurrently supplied withterrigenous fedmikatexpos€utetaceous
basement located to the (@sindwell 198%; Chanier 1991; Bailleul et al. 2007; Bailleul et al. 2013;
Bailleul et .a2015; Claussmann et al. 2021)

The substantial amount of gravels transported beyond the shelf and captured witegethe deposits
Section$ and6.3 requires farrow shelf settings to easily connect to the sl¢Nerbegaa

Steel 1984)which typify the shelfal systems along active (Bamyims et al. 2008p lateral

contnuity has yet been proven between the mixed sdanbtasdie environments and therefore,
isolated, continggtached shelfal systems likely also developee.tpa@bilieul et al. 2013)
Fingerpost/shelf) uponamdndctively growing folds and {&@dren et al. 20@d¢e Sectich3

and?).

In factpat Waikaraka, the fairly constant proportion of shelfal macrdfiassilsdotitiebto0 meter
thicksuccession points to paleophysiographies allawatigsosn communities to thrive above
stormwvave baséPomar 2001At Homewood however, the macrofossils are mostly found in the
conglomerateBK, CIof the masgasting systerRa@[) and their quantity tends to be generally
smaller to that of Waikaraka. This could indifferently indicagzadssmiterea slightly different
paleoenvironmental conditions at the source as well as different transportdistemesses Tdred
paleotransport directions recorded in theasisg systefa@p of Homewood also inform that the
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334 shelfal source was located to the east and thus-ikedyndesached from the main regional shelf
335 domain located to the west.

336
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Figure 4Taphonomic characterization of fossil remabesidesimne square meter area of outcrop at Waikaraka and
Homewood, using frequency histograms of the degree of gtpyatiomoderate, high, very high) for each category of
skeleton damagee (fragmentation, abrasion, bioerosion) and encrustation. Lithofacies CF, DF, gHDT@ and gsHDTC al
described in detail§ @blel andfacies associations Fa2c and F&gptiorb.

Conversely, the profuse shell fragments found in the ovedgiredoped|l noghstward
prograding turbidite systeaid indicate a change of source region, likely beldhgingato
westward continatiached shelf domain.

The regular detrital sand and pebble seepgcions and6.3 likelyestricted.the development of
carbonate factories dominated by susiieeding organisrfiSaron et al. 200éereby promoting
molluscan communities (Bimol assembaytonf et g1.995) often associated with relatively turbid
waters due to fine material in suspension. The occurrence infthe depesits of occasaigal coralline red
branches and srsfledhodoliths indicate sources within the phatiRoreae2001; Nebelsick et

al. 2005)

Differencesihe degrees of taphonomic alteration,observed in skeletal remains relate to their resider
time in the taphonomic active zone (Oa\Zgs.eth, 1989) Typically, taphonomic alteration
consistently increases with increasing residence time in the TAZ where sletttzhdyare
destructive processes, such as disarticulation, fragmentation, abrasion and barvapsjdawfor ex

net sedimentation rates and repeatedyexhumation of buried skeletal remains by waard and currents
by seaflodvurrowers favor inechanical destruction and bioinfestation. By contrast, rapid and defin
burial prevents such alteraigogsBestandKidwell 2000; Best et al. 260a@ymentation of skeletal

remains over threelCentimet@ige is moderate to high, both at Waikaraka and Homewood in debris
flows and turbidite flows (Figure 14). Although it cannot be ruled out that skdyefi@usnveategart

in their source area through hydraulic and biological (fasebse®t al. 2008)should be

expected thatfragmentation also occurred, as a result of mechanical crushing nbegeatedy were i

in their host clestpported grawvitsiverflows Abrasion of the coarser skeletal fractisiatitrg in

the lass of ornamentation and rounding of bioclast edges, is: (1) higher in debris flogvs than in turk
flows, and (2) overall higher than fragmentation in debris flows compared to turbidite flows. Abrasi
caused by physical erosion, through friction and at a lesser degree through waterborne collision,
reworking leading to mobilization and redeposition of bioclasts. Moderate to highsaegrees of abr
along with the abundance of-siaedl skeletal debris, are indicative of tiyegeastabilized
substrates by wave action, storms and, potentighgvitggayen flome.g.,Kowalewski 1996)

Further, suaimstable substrates may have inhibited colonization of dead shells by encrusters, and th
infestation by borers, thereby explaining the low degrees of taphonomic alteraicmssesthese pr
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370 (Figure 14). However, possible causes for the observed differences in biogdigiatigltegtiem (

371 in Waikaraka debris flow deposits for example) are multifarious, Hseldidapthighn rates

372 leading to rapid burial, unsugbblesubstrates and/or ecological conditions for infester communities
373 (Caron et al. 2019)

374 Results of the taphonomic evaluation suggest that the alteration state of skeletalugiedins in the st
375 deposits not only reflects depositional and ecological conditions at the site of cabarate product
376 the shelf, but has also potential to record conditions of transport during their reendtyilization in gr
377 driven systems. In particular, the taphonomy of skeletal contents, asfa“compientbrtary tool t
378 analytical approaches, may provide clues on thei.lpmuahriq flows)wersus turbuient (

379 turbidites) character of flow, and whether deposition by traction sedimentagoisyspeasezhov

380 sedimentatighowe 1982)

381 6.3.Distinct substratmandcontinental eonnection

382 Lithoclast observations

383 AtHomewoqdhe extrand intraformationallitheclasts tend to oscillate betvepitasub sub
384 rounded shapend are in average of gratmufgebblgrades in the confined channdétdiflg &énd

385 granuletocobblegrades in the masasting systea3)). Converselyt &Vaikarakaubrounded
386 clasts dominaamdsubangular shapeslypreferentialyccuiin theearlystages confined channel
387 fills(Fa2ee). At Waikaraka, the clast-gratietargely depermhthe style of channel fills, and are
388 prefererdlly of pebbld outsizedradesn the earstages fill§-&2ce) and opebblegradesn the

389 latestage fill&-a2¢€l) See Sectios).

390 Presubduction extraformationas tdagely dominate representing 95 to 99% of the overall lithoclast
391 contentt Homeweodnd 84% to 97%\Vatikaraké&igure 13 TheymostlyeworkK>80%)Jpper

392 Cretaceous stragag. mainly siliceous aralcareous mudstones, rare lamdsyequently include
393 (~4 t6'10%) Paleocene clasgs,l{mestones). Conversely, Lower Cretaceous.glabtsl¢sse

394 greywackes) are only observed, sporéc2€ajbt Waikaraka, wherBasene clases.g. smectitic

395 mudstones) are virtually absent and only rarely found (~1%) affitpmew8od

396 At Waikaraka, the eathge fills of the first channel conkjai2gel deviate from this model,

397 remobilizing sabgular to subunded, pebblestdsized clasts (déasidecametric) from the entire

398 Lower Cretaceous to Paleocensulpdection series at their base. Interestinghynded to
399 rounded, granute pebblgrade Lower Cretaceous clasts are also occasionallyhwbaghmat
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400 the confined slope channel sys@?g (Figureld. They arpreferentially restricted to particular
401 conglomerate interv@ls gHDT(of the confined chalfillsgenerallpcated dhe top of the early
402 stage fill&@2¢ce).

403 The syssubductioextraformationghoclastsnost commonhclude pebbl® bouldegradeclasts

404 oflithifieghell besl They are frequent in the confined slope channefl Wateaaraka. Thexght

405 distinct varieties of shell bed clasts are offsepesdli%) which areftenof cobbleto boulder

406 gradsin the earstage fillS=@2ce). Thickshelled Molluscan remains are frequent in the shell bed
407 clasts Appendi®, A+, H), along with welinded lithic pebbles commonly‘bearing, thedilace fo
408 Gastrochaenolitésppendids, BD). The overall faunal assemblages, “in8rdthglariap.,

409 Polinicesp., Oysters, Turritellids, Serpulids and zooxaoctneld@pendi%),and moderate
410 degrees of pharial taphonomic alteration collectively point to rapid depositiengy figkimal
411 innesshelf to middéhelf environmer@snversely, shell bed claststare only punctugky fourd
412 in the confined slope chaffi@¢ and maswasting systema3p of Homewoodheyhowever

413 only comprise peblite cobblgrade skeletal and bioclastigfaieed sandstones dominated by
414  turritellid gastropods (cf. facies Fa@aitteul et gR00 7))

415 The remaining ssubduction extraformational lithoclasts corbpiegrgoe wood fragments and
416 disseminated plant debris. A few-tolimealdegrade clasts of fossil tubular cons(dtadie et al.
417 2017were also observed in the-s@mieifilld-a2¢ce) at Waikaraka.

418 Finally,the synsubduction intraformational litho@estsharacterized bwtsized, contorted

419 sandstones and pebltebouldegrade musdoneclasts. The outsized, contorted sandstones are
420 generally restrictedt® particulargt Homewood; whereas the mudstone clasts, although present in
421 some of the.eanglomerates, are dominantly found ingnaicedrsasal intervals of the sandstones
422 at both Waikaraka and Homewood

423 Lithoclashierpretations

424  As previously observed elsewhere in the CoastdNeand892; Bailleul et al. 2013; Claussmann
425 et al. 2021}he nature of the extraformational lithoclasts informs that the mizedrbitineiast

426 shelal domaisourcing the Waikaraka deposits developepabdgay. Oretaceous to Paleogene

427 series) and sgoabductione(g., Miocene sediments) substratum, wheéreapaucity of

428 extraformational subduction clasésd..a couple ahell bed claseHomewoosliggests a pre

429 subductiedominated substratum.
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430
431
432
433
434
435
436

437

At Waikaraka, the variety encountered in both the proportion and -sahdecbbmprmaterial

informs that the basal deposits of the confined slope chanRaRgystaobilized the entire pre
subduction series down to the Lower Cretaceous, whenesiadbaeostlycapturedemobilized
UppeCretaceous strgfagureld. The absence of Lower Cretaceous greywackes and predominance
of Upper Cretacsatrata aiomewooloth suggest a slightly different substratum and or exhumed
palebathymetric high sourcing the deposits. The implications for both ttesediscatsed

Sectiorn.

At Walikarakahe syrsubductiomaterial, mosttpmprisinghell bed clastikely reswgltfrom

438lestabilization of previously depasitdithifiestratd|i.e. ,substratunnqither thacontemporaneous

439
440
441
442
443
444
445
446
447
448

449
450
451
452
453

454
455
456
457
458
459
460
461

sedimentsTheir diversity captures different mixed sHocdmstate Shelfal environments, which

either (1) belonged to the same shelfal gystemggesting different phases of shelf development or
local variations in depositional séBiaidjsul et al. 201&)d or (2)wresulted from distinct shelfal
systems that formed in the area since the onset of {Baallenicet al. 2007; Bailleul et al. 2013;
Caron et al. 2021¢onversely,t aHomewoqgdthe occasionakandy shell bedsould be
contemporaneowghthe developmearitthe shelfahvironment. Early lithification of the deposits at

or near the seafloor may have been triggered by, increased saturation of seawaters with respet
CaCQ folbwing partial dissolution ofaragonitic turritellid shells, though such process has bee
documented to predominantly résult from, burial disgenmesssdiagenesi@yicolaides 1995;

Haywick 2004; Caamd Nelson 2009)

The abundant pebptade te outsizeédbangulaclasts founid the confined slope chafia)(

and maswasting systerka@p ‘of Homewoodndmore sporadicaity the earstage confined

channel fill&8&2ee) ofWaikarakdoth indicate that despite clast interactions, not only the sediment
sources were nearby but alsthdmaaterial was “freshly” eroded to allow preservation of such features
(Postma et ak,1988)

Notwithstanding rigal remobilization of the shelf and slope substratum through submarine
destahilizatioa.g. masswasting failure) and or erosional proeegsesgnnkcutting through the

slope substratutoprovidéormost of the lithoclast corfeegt,Semme et al. 2009; Janocko et al.

2013; Paumard et al. 20#8jnantlement and erosion of extpatedxhthymetric highsobably
contributed as wellg.,Ogata et al. 201B) factthe presence of wood fragments and plant debris in
both settings informs that the source areas were connected to a terrest(ialecesysi&h)
whichindicate the nearby presencea@muectiowith exhumed laidso, e occurrence stib

rounded lithoclasensuggest a fluvatdor shall-marine origin with extraformational clasts that
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463
464
465

466
467
468
469
470
471
472

473
474
475
476

ar7

478
479

480
481
482

483

resided for at least some time in a littoral zone, before being transferred to(DatGgahdegiths
al. 2010)Where grain collig®inferred as a dominant eggagport mechanigrg.,in most of the
Fa2candFa3pdepositsit analsobeexpected to hafevoredhe quick abrasion and rounding of the
harder, coarggainecalasts.

Thelarge voluma& wood fragments and plant debris recorded throwgimdunethiope channel

deposits of Waikardka2g and the weleveloped turbidite systddoofewooFalg both support

source connections to mature hinte@amdStanley 1986; McArthur et albR0l& discrete
occurrences observed imtasswasting systemtkdmewoo(Fa3y) rather points,toward a small

and or isolated source system, such as an island developed abovestdobdieitatpography
(McArthur et al. 28)@hence reinforcing the hypothesis of a source system detached from the mair

shelf domain.

Finally, the nature of intraformational clasts, such asanudsclasts thefengsatvint flows were
erosive and ploughed throughprond substrates as they moved downslope oulit juydps
(Posamentier and Martinsen.28HOmewat) the €entortedssandstones also indicate of the varying
nature of the ploughed substrate, locally supperted,by the underlying saRdi). deposits (

7.DISCUSSION

7.1.Gravitydriven” systems fronfiorelimb, continerdttached shelfal

source

Thedepositienal ‘systpnoposedor Waikarake one of a confined slope channel $Z3€I8)
(sensuCampion &t al. 20G#ptributing lastkrived shallowand deemarine bedroderived
sediments togtrenckslope basin

Asinterprete(seeSections 5nal 6), this systenwaslikelysourced from the regional, narrow and

484ontinerdttachd mixed siliciclastiarbonateshelal domain whichwas contemporaneously

485
486
487

488
489

developing the westuringhe Middle Mioceatpseawarderging thrusbred anticlinésigure
15A; Figurel6) (Crundwell 1987; Chanier 1991; Bailleul et al. 2007; Bailleul et al. 2013; Bailleul et «
2015; Claussmann et al. 2021)

Precisgeometry of the slope upon which the CSCS developed is here aqulatiengtt she
forelimb settings rather suggest a steep, probablyectgutatiyontrollegradient close to the
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490 shelf edge and across the gkigare 14; Figure 1Ge.g.,Naranj¢/esga et al. 202The large
491 volume of terrigenouesteriads well as the nature of the rewadalsts.g. wellpreservebioclasts
492 shell fragmentsresubduction strata) recorded through@8@&elepositsHa2¢ both indicate
493 persistent connectatha shelfal domairecurrently suppliediymaturevegetated hinterland
494 the wesexhumed since the onset of the Hikurangi subduction and mostly exposing Cretaceous str
495 (Figure DdChanier and Ferriere 1991)

496 Along active margi@§CSommonly represebnglived transport raater sedimesacross the

497 shelf and slopbat are typicalhsusceptible $ealevel changes and directlys€connect,the hinterland

498 (Type |, sheticising and rivessociated systemHafrris and Whitew@911) and or shoreface

499 depositional systefype Il, sheifcising system taérris and Whitew@911) to,the deep sea

500 (Semme et al. 2009%¢re however, althotggionaiectonicd.€. margimupliftjargelgoverned the

501 initial emplacementtios mixed siliciclastiarbonate shelfal domain/installed atogdfedst

502 anticline@Bailleul et al. 2018)static processgzpear to then chiefly controbhettopmeand

503 stratigraphic architect{Bailleul eal. 2015)Notwithstanding the reworking of Upper Cretaceous

504 conglomerates characteristidgallyinalreadyeworked“lower Cretaceous Torlesse greywackes

505 (Chanier and Ferriere 1893 potential sodrce for previding gravels readily available to be transferred

506 across the narrow shiedf,punctual input.of-reelhded pebbles of Torlesse greywackegedt

507 thetop of thearlystages fills of tRESESsea\Sectiod) couldalsobe attributed &mintermittent

508 connectionf the shelfithriver(s) The successiveRl sequencethat characterize these shelfal
509 environment@ailleul et al. 201&)puld” explaisuchperiodic communication withexhemed

510 Cretaceous hinterlamdhwould in turn suggestesustaticontrol here, eventually captured in the

511 CSCsinfill

512 The broad finkand'thinniagpwards trends observed in the E&&%arecommon in many other
513 slope channel systems, indicdtargnel bypass and backfilling pes¢ess,Mutti 1985; Deptuck
514 etal. 2003; Beaubouef 2004; Sylvester et al. 2011; Kneller .eTha. r2P2@jing series of
515 architecture and facies associations inform that this CSl{i®Iglysteaed in a cyclic manner
516 through time that magllhave been in phase with théeseachangeget likelglsoresulted from
517 external forcing factersh as pulses tifrust fault actiigyg.,uplift and or related seismatitie

518 edge of the shedhjown tperiodically renew erosion and active sediment transportaltiogCSCS
519 active margis.g. Mountjoy et al. 2009; Mountjoy2&X18; Watson et al. 2020)

520 Interestingly, the reworked material contradicts the traditional unroofing modedlastofifmorati
521 the entire Lower Cretaceous to Paleogsnbduetion strata only within its lowermosamdcord
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522 being otherwideminated by Upper Cretaceous statddctiod 3. Althoughirect erosion of the
523 exhumed Cretaceous baselikehtacteds an additionabuce we attributheformer clast content
524 tochieflyesult from CSCS forming processes, such as initial s{epe Jaihaeko et al. 2048y
525 orslope erosi@g. Semme et al. 200R)ese processesposed the underlying submarine bedrock
526 of the thrusbred anticlirfee.,forelimb setting) upon which the shelfal deelopednaking it
527 ready to be included into the subsequent gravigtievss; Figure 1§e.g.,Ogata et al. 2019)
528 For helattercontrastingast content, we here infeatagenic evolutionhidshelincisingoSCS

529 (Type I, shaticising and rivessociated systenHafris and Whitew2911)during late lestand
530 conditionswhereby retrogressive erosion hedldef the systesensuDaly 1936)ould have
531 favoredthe failure, storage and reworking of the marginal /Sdmiblasiie sediments,
532 contemporaneouédyg.,living ofreshly deceased macrofateragenous debprand previously
533 depositede(g.,shell bed lithoclastdpng with their underlying.substregtetiominated by Upper
534 Cretaceous strafgurel B; Figurel6). The upward increasesof hioclastic material recorded in the
535 channdill maylsopartially illustragach progressivpslope vatiatisnsource regionhereas the
536 dominance of skeletairgs gvemonskeletak.g. 00ids;, pellets)typically atetung suctealevel
537 lowstandgReijmer et al. 2015)

538 Here, regional tectonics appear to have ‘chiefly governed both the birth (emplacement) and de
539 (drowning) of (1) the conteitathed mixed siliCiclastroonate shelfal domain installed atep thrust
540 coredanticline@ailleul et al. 2013;\Bailleul et al.a2@b5)2) its related skdfived, deeparine
541 systemsWhilst the shelfal domain development then beegnesistatjcattpntrolleBailleul et
542 al. 2015xhe combination of'steep slope gradient, high sediment supply and narrow shelf width resu
543 in tle development ofa/CIER2§ that efficiently transferred thedehiekd sediments to the-deep

544 marine envirenmelesy.,Naranjd/esga et al. 2028Jthough punctually capturing tHevsta
545 changes, the ovetall evolutiogemmetry infill of the CSCS seemed essentially controlled by local
546 tectonig¢ activity at the mixed silicictabtimate shelf edge, which, in turn, determined its stratigraphic
547 irfill(Sediment distribution and architdeiguedl§ Figurel6).

548 The abrupt changes in sedimentationigtykesd-dominated) and paleodepth of depostjon (

549 lower bathyal) recorded in the uppermost CSCS degesitoEegpendi®) could be attributed

550 to the major change in tectonic ragmege(ieralized subsidence) that was recorded along the
551 Hikurangi margin at the time, which in turn resulted in rapid bathymetric deepenegighthe area (
552 stand conditior{§hanier et al. 198&discontinuity atibunit of Bailleul et al. 2(ERjure 18

553 e). Direct coargeained sediment supply stopped; yet, sest@ntigittivity was maintained along
554 the CSC&.g.Mountjoy et al. 2009)
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556
557
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560

561
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563
564
565

Figure 15A): Schematic NBE crossection through the subduriated, compressive Whareamsalopebasin

(i.e. trenckslope basin) during the Middle Miocene. The depositional settings for the forelimb and bacikdétyb settings of act
growing thrusbred structures are highlighted. (B): Schematic representation of thedef®eddgshetyiven

systems and processes related to the forelimb and backlimb settings.

7.2.Gravitydriven systems frorbacklimb,continentdetached shelfal

source

The source and depositional system envisteewabocbntrast with tbeeval continesitached
shelfal environment and slope channel delivery system of Méajkanakasly szibed (see

Section® and6), he nature of thdeposit§Fa2candFa3p indicates shelfal environmést
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566 developedpon androundh structuralgontrolled riddmcatedo the east bfomewogavhich was
567 detached from the regionalamelfiinterlar{@igure 14)

568 Isolated platformmaydevelop above fegribwing folds afal/orbiogenic carbonate production as

569 they lackontinenterivediliciclastic ingut& DURQ HW DO ORVRYLU.HW DO
570 AtHomewoddowever, anasgsof the reworked matésed Sectidf) inform that mixed siliciclastic

571 carbonate sedimedtsninated, thereby suggesting both emergence and subsequent erosion of the
572 uplifted ridgérigurel5A; Figurel6). Previous work highlighted that islands developed above
573 tectonicalgontrolled topography can supply terrigenougerteicalrthur etal."28)&nd result

574 in mixed siliciclastazbonate sedimentagog. Chiarella et al. 2012; Chéeaald konghitano 2012;

575 ORVRYLU HW DO

576 More particulgrihenature of the depodits.,Fa2candFa3pslope depositahd their clastsee

577 Part 5suggestthat the ridge wasarbyandexhumed for same.time,to @lmedismantlement of

578 the presubduction series down to the Upper Cretaceo(@)gieusibsequent reworking in the

579 littoral domain a8l the formation of sandy shell béotsvithstandirsgibmarine erosjahe

580 abundancefsubroundedlasts ofJppeCretacequs, strataplieshat these strata likely outcropped
581 at the timé.g.,Di Celma et al. 2Q1Bgrebynferring initial rise and emergence of the ridge prior to
582 theMiddle Miocene, Upper Clifdenian tosLower L{llaumgtigem, 15-9.4 MaAppendif).

583 When combined, theqarieduction Paleogene cover, about 600 meters thick in th@\&ndiearea
584 Heuvel 1960; Chanier 1991;"C€hanier and Ferriczadlg8dgeneral exhumation rate of up to 0.3
585 kilometémillion yearaleulated hjiao et al2014)along the eastern North Island of New Zealand
586 indicate that thegidge emergeacsland setting) and subsequent erosion startedaa® lbast

587 prior to thatstimes This ridge likely corresponded to the seawarthen&ffitaneama Basin,

588 structurally'controlled by the undsdgimgradergindrlat PoiatVhakataki Fault complex and located
589 to the east of,Homew@ed Glenburn Napge)g.,Chanier 199@igure JFigure 14) The set of

590 morphemetric relationship equations calcuMtstdoyglelli and Wd@a@15)predicts &engthof

591 abouttwokilometers for the MTBspendi®), which may or may not include the evacuation area
592 (senswMoscardetindWood 201%ktprovides a broad insight as fmoteatiadistancéotheridge

593 at the tim@ess thatwokilometers)

594 The envisaged shelystemvasnarrowand located dhe western sidetbéislandupon the

595 backlimb of the underlgmgnmetrictirusiFigure 14;Figurel6). Similarly, the mixed siliciclastic

596 carbonate Fingerpost shelf developed further north during the Early to MiddiasMigcene; it w
597 positioned to the west of an emergent landmalse Cape Turnagain Structural Hegt),
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599

600
601
602
603
604
605

606
607
608
609

controlled by an underlying seawayithg thrugte. backlimb settin@ailleul et al. 2013, tingire
12)

At Homewood, the shvaHlikelycut by a networlsofalslope chanrsaonnectinidpe island through
the shelfo the WharearBasin(Fa2¢ Figure 16The transition from slope chdra@g} (oshel
derivednasswvasting-a3y) systemis attributeddperiod dectonic activ(g.g. upliftat the basin
bounding structmesulting in growth stdetaositioon the eastwamthrgin of the bag@ee Section
5.3 (e.g.,MooreandKarig 1976; StevearsdMoore 198%ndtypically lasgl to 2 Man these
settinggNicol et al. 2002; Bailleul et al.. 2013)

Structure growtbth (1) promotdte repeatedistabilizatiaf the isolated shelf and generation of
theFa3pmasswasting flovas well as (Zpntrolled thexial routingfand $gnematic development
of the overlyifi@lgturbidite lobe systeaurced from the maturethinterland to tifeguestl)e

The associatdTDgFa3p, only ~1%netes thickrecordda, differencef ~40°in bed dip§.e.,

610 growth stratadhereby indicating complex interplay “between the growing steedurerdnd

61MepositionThe slope gradient acted as a dyoamiolstriggerirfd)) massvasting processes

612
613
614
615

616
617
618
619
620
621
622
623
624

upslopgeas well adowrtheslope(2a) rapidlow transtermation and efficient ddwgigiisher 1983;
Strachan 200@sultingto fastmovingnuitiphase debris flgsvg. Postma 1986; Mohrig et al. 1998;
Sohn et al. 2002hd (2b coevakemobilizatiosoftsedimentranslation and deformation) of the
previously depositadlithifiechassflowdepost (e.g. Maltmai994)Figure 15;Figure 16

The MTDs’ successionfand the vafiations in slope gradient recorded throughout aaadherefore be
as a proxy for the dectonic activity of an individual structure. Here httegt@dstraix main

tectonic pulses” with“uplift affected the stroontralled shefargin(s), each respectively
generating @one to.several coalescing debris flows. Towards the top of the MTDs’ succession, the
amountref,sheared debris flow deposttated strata, and the increasing bed dip vai@iiens (

9) suggest both steep slope gra@eniBostma 198&hd an acceleration of the ridge activity. Steep,
rising slepes, recurrently loaded with sediments, aréHaistabte Gorsline 19810 thus likely

provided the right settings for locally triggering the failure of the entire MTDs’ seyies as previo
observed at Homewdadyre; Figure 156
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7.3.Generic implications

7.3.1For sheklderived gravitgriven systems sourced from thrust forelimb
and backlimb

In this study, the high variability encountered withirslope inasin in terofssediment delivery
systems as well as transport and depositional processes higidigirid theportancevaxfying
structural settings of the sediment source for controlling the subseguieet deppsitional
settings. Despite similar source environeegnisgd siliciclastiarbonate shelves) develapmul

the basHbounding structures.(thrustplong with comparable sediment delivery systslogg
channel and remobilization) and nature of flow precgsaeyriven), thefresulting slielfived
deposits downslope are characterized by contrasting lithofacies assemblagemetizes.and ge

Notwithstanding the size and extent of the catchment area jor continent@ttacheecton
detachedas critical caonts(Semme et al. 2008k here,suggest that along active margins, the
geometry and activity of the underlying structuress(thrust forelimb andnigaikdithie sett

edges also greatly influence the resulting,sediment'distribution and architecture.

The sheldges on the forelimbs of underlying thrusts are abrupt, generally associated with stee
irregular and tectonieadiytrolled slope, prof(larangvesgeaet al. 2020Erosion and transport
capacities proportionally in€rease with slope gradient and thus favor signiflogrdssethnthe

deeper settingSomme €et'al. 2009;/Crisoskigueroa et al. 2029¢re, the tectoractivity at the

shelf edges generally favored,the development of systems that dynamically interadhand rejuvenat
slopesd.g.,Waikaraka retrogressive system or Sefton Hills repeated coll@plseismatm et

al. 202))and the resulting gradityen systems are generally hundreds of meters thick and several
kilometers wide, grehtially transporting sediments through sediment gravity flows.

Converselygthrust backlimb commonly provide longer and gentler slope gradientearpon which
gradual shelf edge transition may be expected and may facilitate the develogdimient of less ef
depositional syste(@@mme et al. 2008) this study however, these settings were connected to
limited catchment aremag.(isolated island), thereby preventidguwblepment of particularly large
systems that typically occur on gentler slopes. Therefore, despite similar detiovéinpssystem
associated to foreliralated slopes.g.,slope channels and destabilization), their sizes were largely

smaller (tens of meters thick).
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654
655

656

657

658  Figure L6Contrasting depositional systems for mixed siti@iblastite shelérived gravitlyiven flows along tectonically active margins, using the southern portion of the Hikurangi subduciiople@iia@saradresiope basin). Fadeers to depositional lobe
659  system; Fa2ao confined slope channel system:-Ea8peltierived masgastingystemsDepositional settings from the Sefton Hills localities were a@éptesihfimm et @021)
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660 Destabilization and collapses ofilee siliciclastiarbonatshelfal sourcescurredn both sides
661 of the basibounding structures and thus indicate thfahasghebes either attached to the main
662 continental domain or detached feognjgdlated island) can be subjecsbelfderived sediment

663 masgnovement and mobilizgtensuverson 1997)

664 \When sourced from the backlirab actively growing strugterghrusthowever, thmasswasting
665 depositexhibit more complex internal architedaadgecording the slope gradient vasatid
666 resulting in intricate interactions betweenovassents and méews, such as the.ones observed
667 at Homewoodhe changes in slope gradietynémicallyontroboth(1)the generation, of mass
668 movements and flows upslop€2ihd coevaémobilizatioe.§. sliding) amgbftdeformatioe.q.,

669 slumping) of the previously depositedlififeety sedimengsg(.,debrites) downslogenversely,
670 athough massovemeng(g.slide, slumpanundoubtedly occur as well, the 86Tibed fronthe
671 forelimbof an actively growing strudgigrethrust)seem primatrily ‘eharacterized by a series of
672 coalescingasdlow deposits.§. debris flow$).g. Festa et al. 2010 and references thdesa)
673 movements either seem preferentially recorded closeto the source regiorobtlad & Dsise
674 sequencavhere they often refuolin softediment deformati@ng. slide, slumpf the unlithified
675 sedimenthat werpreviously deposited at the front ofithe rising (gtgigtasta et al. 2010; Lackey
676 etd. 2020)

677 Overall, the shelf morphologyn@rrow); exterd.q.,regional or isolated), continental connection
678 (e.g.attached or detached)\sediment.g/prixed siliciclastiarbonate sedimentation) as well as
679 the respective geotectoettingseig.,upon androundhe forelimb or backlimb of the underlying
680 thrusts and fagitewingfolds)*all chiefly controlled the architecture and subselguieed shelf
681 deposits. Howevalgnhg tectonicadlgtive margins, when sourced from nickeldssicarbonate
682 systemdhe deepnaring, shaterived depos#isem characterized by tens to a few hunurts of
683 of thicknesmdseveral kioetes of lateral extent. The durations of the associated depositional systems
684 arefromto 2/Ma, being controlled by the structural styles and local tectonic actigitatitethe sourc

685 than regionatale variations.
686 7.3.2For masgransport deposit nomenclature

687 Moscardelli and W@ad15havepropose differentiatingasswvasting products iatachedand
688 detachedystems, respectively sitting in a proximal and a distal position from aapdlediidreak
689 sourced from thegionahrea €.g. shelf) olocalstructuregttachedMTDsommonlgepresent the

690 largest occurrences, besgipnally extensive, and are essentially triggersl/bl\saemtions and
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691
692
693
694
695
696
697
698
699
700
701
702

703
704

orhigh sedimentation rékésscardelli and Wood 2008; Posamentier and Martinsen 2011; Moscardelli
and Wood 201%s discussed here however, along active margins, shelfal environments not onl
develop in the submerged prolongation of the main hinterlandcootsétitagched shelves,

which can source lasgalesheHderived masgasting produgsg. Claussmann et al. 203hglfal
environments can also form episodically upmouadstructurally controlled and active,ridges
resultingn shelves that are detached from the main shelfedgm@iR VR Y LU H ThefeO

isolated settingwith a virtually absent to licéwtimerdrea Whetheunderwater @mergey

feature reducethelfal source systems, which will, in turn, produce significesttigtdaraltzt
masswasting products such as the ones desctive@abodhesize of the, resulting deposits best
compares to those commonly fodathahe®TDgsensuMoscardelli and, Weod, 204mendix

6)whereas thenternal characteristics inform that tectonic acted-as the main triggeriagadnechanism

that the source was nearby

Notwithstanding sleael changes and high sedimentation catesahsechanisms for shiefived
masswasting even{PosamentiemdWalker 2006; Moseardelti\Wood 2008; Moscaraeitl

705 Wood 2015; and references whBaiul et al(2018)andClaussmann et &021)previously

706
707
708
709
710
711
712
713
714
715

716

demonstratatiatalong active margins, periods of‘tenttivityca. 1 to 2 Majonstitutanother
mechanism to consider for botleteéopmentiandisubsegglezifailure. The MTDs described in

this study not only provide angther, example of sdehvskethasgasting products, whgre

tectonic activity controlled the repeated destabilization and collapses @iutice(Sheltdss
Romerétero et al. 2010; Okiarpf et al. 2018t also indicate that sihaiived massgasting

eventglo not alwayssresult in lesgale systen{dppendis) (see alscClaussmann et al. 2021)
SimilarlyNaranjg/egaet al(2020)observed that owing to the complex relationships that exist
between thesshelf"width; slope profile and sediment supply in an analogous conwrgent setting
southern, Caribbefatdandthrust belt), battachednddetache®TDs could be sourced from the
regional shelfidslope regions.

Thereforepweerepropose to slighdatpendhe MTD nomenclature MascardeindWood2008

717 and Mosardelliand Wood (2015)by using theelated‘attachedand detacheédmorphometry

718
719

720
721
122

characteristiasdependently from the @gmeshelf, slope, local bathymetric highs) and distance from
source areds better account for the variety of geotectonicesgtitogsérgent)

As a result, we introduce the shatderivedystems’ which refers to aMifi& that result from
the destabilization and collapses of shelfal environments, whether indueeddnjoegi@aaisal

mechanismsealevel changes, high sedimentation rates, periods of repeated tectonic activity, etc.
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723
724
725
726

727
728
729
730
731
732
733
734
735
736
737

and which can either source-tagjeattachegheHderivedsystemsdr smalleddetachedhek
derivesystemgsensuMoscardelli avdood 2008; Moscardekd\Wood 201%frigure 16Similar
reasoning can be applied tMifi@ghat result from failures of the regionai.slggleffederived

systems’).

Notwithstanding the slope profile, here inherently linked to the geometry of the undgylgisig structural
at thesourced.g.,forelimb or backlimb) #resediment supply as other critical paraf@eters
Naranj/esga et al. 2020k present studgmonstratéisat the geomorphology of source area, and
moreparticularly its connection to the contegratt¢hment area) is also crifleaé thenarrow
shelvesppeato sourceboth'attache@nddetachegdheHderivedsystemsivhen ‘ednnected to the

main hinterland (narrow contitteiched shelf) addtachedheHderivedystemsivhen isolated

and disconnected from it (narrow cettitaeted sheffigure 1)6Further werk is however required

to generalize such an obseryatnmh more particulattiygimpact ofithe forelimb settimgthe
resultingshek and slopederivednasswasting systents.g.,size, internal characteristics, causal
mechanismspurcedrom continedetachedhixed siliciclastiarbonatshelfalomainsemains to

be investigated
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739
740
741
742
743
744

745
746
747
748

8. CONCLUSICEN

In this study, we used-+tggblution outcrop datenvestigatthe implications of mixed siliciclastic
carbonate source systdmselopedpon androundhe forelinstand backlirslof actively growing
asymmetrical structures fatdtielopment thie subsequegravitydriven systems beyond the shelf
edgesParticularlythis studyighliglstthe role and importance of varying strsettiimgl of the
sediment sourde controlling the morphologies of the delivery gysatieyns of sediment

dispersal, and the related sedimentarglfawgesctive margins

First, we demonstrated tiné@ng the Middle Miocdrepdleogeography efthe'southern, inner portion
of the Hikurangi Margin was diversified, comprising a matureshinterlaad, toethassisstated
islands to the east, developing atop the actively growingesgagdhiusts of the subduction

wedge. Medcompositionsiliciclasticarbonate sedimentationsdominated at shallow depths and the

749 different morphologies of the source regions (atiatthedi, forelimb and contilegached,

750
751
752

753

backlimb) resulted indbeelopment of highly varieddsreled gravitlyiven systems downslope
within veryhsrt distances (less thiae kilometejsthat interacted with the structures and were
eventually captured both on their margins,and teithaklope basn

Then, we showed thateah siliciclasttarbonate gravitsivensystemsn active settingppear

754 preferentially characterizedepysition oéns to a few hundred of meters adirtitgc#tisplaying

755
756
757
758
759
760
761
762
763
764
765

766
767
768

several kilometers of lateral'gfdeshiration afa.1 to 2 MaSuch systenase primarily controlled

by the geometries and teetoni€ motion of the underlying structures at theD#feénédges
morphologies ofthe‘source regmrtbé aforementioned contiatathed forelimb and continent
detached backlimb’of thrust settings) resditveltigment of didtpaieoenvironmental conditions

at the shedind contrasting shifived grawtlyiven systems along and downslope. Tadgdself

on the'forelimbs“of actively growing émaaisupt and commonly associated with irregular steep
slopeskerestheyappear thhavefavoredhe development of systems that dynamically rejuvenate the
slopesd.g. Waikaraka retrogressive systems). On the backlimbs howexsstgdsesshbajenerally
associated to gentler slopes; yet, pulses in tectonic autiedgeslitipe gradient variatiomss
promangthe development of sedimentary systems that directly interact wétly thiosiep®6d

masswasting system).

Finally, this study highlights that, whether they are caused by regional g&hgy heeahaiigsms,
thedestabilization and collapses of ghelfiednmensource Ielfderivednasswasting systems’
characterized twotypes (1)argescaleregiondhttached shealerivedysemsand(2) smailcale
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770
771
772
773
774
775
776
7

778

779
780
781
782
783
784
785
786
787

localize@etached shelérivedystemsAlong active margisg particularly the Hikurangi Margin,
the‘shelfderivednasswasting systenasesourced from shesdthat areithemattached to the main
continental domaindetached from &.d.,isolated islandsihe associateshelfderivednass

wasting deposits can be found on both sides of actively growing asymmetricalaiwests. When s
from the backlimbs however, the subsequelerishdlf MTDs exhibit more complex internal
architectures, ultimately recording the dynamic clstoegyriadient, which can both trigger the
generation of mdagures and ma#sws upslope as well as the coeval remobilization (translation and
deformation) of the previously deposited MTDs downslope. As a result, theudt' baskiiorhs

can be used as proxies for unraveling the tectonic activity of an individual structure.
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11.SUPPLEMENTARY MATERIAL

AppendiX: Taphonomic methodology used on the macrofossils observed in the Waikaraka and Homewood localiti
Qualitative taphonomic grading system established for the two dominant categories otifassil treenstindidd

deposits, namely Gastropods and Bivalves. The scales of alteration features were establishegk tpdwelp tharacter

very highly damaged grains at outcrop. The particle contours displayed derive from field observationsoifhe degree of ab
was determined using the visual cfRotveirs 1953)he scale of skeletorrfestation is modified f{l@enry 1998)

The photographs provide field examples.
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. . indicates a fully oceanic water mass.
Stratigraphically located below sample 18_05_01.
Crundwell. M P Restricted to Lillburnian age (Middle Miocene; Late Lan Upper bathyal. Planktic abundance is 20%. Margit
T27/f0493 DF Watson'.] """ Crundwell,M.P. 01/1992 Sl Serravalian; 15.1 - 13.05 Ma). Stratigraphically located z oceanic slightly anoxic bottom conditions. Abunda 175.99248°E  41.1905°
) sample 18_05_01 and 18_05_06. Thalmannammina-like taxa (turbidite fauna?).
No planktics were recovered. The benthics indicate an i
Runangan to Waipipian (Late Eocene to Pliocene; 34.6 The presence@ibicides molestirglicates deep oute
T27/f0625 Claussmann, B. Morgans, H.E.C . R . . i
18 03 02a DF/CF Mahieux. G Gard. HJL 02/2018 SI-Tt Associated mollus8sifthiolaria callgggive a Lillburnian to bathyal paleodepth (>150 m). The presence of mc 176,03276700 -41,15014
- T T Tongaporutuan age (Middle to Late Miocene; Late Lan¢indicates shallow waters.
Tortonian; 15.1 - 7.2 Ma).
Only benthic recovered has a range of Waitakian to Wai -~
T27/f0626 Claussmann, B. Morgans, H.E.C . X . i . No real data. The molluscs indicate shallow water
DF/CF ) 02/2018 Lw - Sw Oligocene to Middle Miocene; Late Chattian - Serravalic . . . . ) 176,03276700 -41,15014
18_03_02b Mahieux, G. Gard, HJ.L. . . originate from mid to inner shelf environment.
11.04 Ma). No age diagnostic molluscs were present.
Avery poor foraminiferal fauna suggests Runangan to R
) T27/f0627 Claussmann, B. Morgans, H.E.C Eocene - Recent; 36.7 - 0 Ma). Molluscs give a Lillburni No real data. The molluscs indicate shallow wate
Waikaraka DF/CF uss 9 02/2018  SI-Tt 0 Ma). Molluscs give a Lillburni No r © mofluses Indicale Shallow Waler , ;¢ 13526700 -41,15014
section 18_03_02c Mahieux, G. Gard, HJ.L. Tongaporutuan'age (Middle to Late Miocene; Late Lan¢originate from mid to inner shelf environment.
Tortonian; 15.1 - 7.2 Ma):
T27/f0628 Claussmann, B. Morgans, H.E.C Only some possible agglutinated taxa and a nodosariid .
DF/CF K 02/2018 NA Marine. 176,03276700 -41,1501
18_03_02e Mahieux, G. Gard, HJ.L. observed.
The presenceTitaxilina zealandiS&gmoilopsis
schlumbergeKarreriella cylindricalicates paleodep
Agood planktic fauna was recoveredincluding a sinistrz at 1500 metres or deeper (lower bathyal). Abundar
T27/0644 Claussmann, B. population &floborotalia miotumida, Globoquadrina dehi Amphisteginaand less commdeaflorilus, Florilus,
LDTC . Morgans, HE.G. 12/2020 Sw " . . . . . . - 176,02902333 -41,15342
20_16_17 Mahieux, G. andParagloborotalia mayElie age is Waiauan (Middle  EhrenberginandCibicideperforatus indicate shalla
Miocene; Serravallian. 13.05 - 11.63). middle shelf reworking across the shelf into deepe
Planktic abundance is about 40% indicating a mic
watermass.
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(A) Macropaleontology list

Fossil record Nb. T27/10631 T27/f0634 T27/f0625 T27/f0626 T27/f0627
Field Nb. 18_05_01 18_05_06 18_03_02a 18_03_02b 18_03_02c
Identifier Gard, H.J.L. Gard, H.J.L. Gard, H.J.L. Gard, H.J.L. Gard, H.J.L.
Identification data 11/2018 11/2018 General observatid 11/2018 11/2018 11/2018 General observatid
Stage - Start (older) Sc sl throughout entire| sl Lw sl throughout entire|
Stage - Start (younger) S| Tt Tt Sw Tt
outcrop deposits| outcrop deposits|
Lithofacies code MDST DF DF/CF DF/CF DFICF
Locality Homewood Homewood Waikaraka Waikaraka Waikaraka
Trench-slope basin Whareama Whareama
Laboratory GNS Science GNS Science GNS Science GNS Science GNS Science
Macrofauna
Molluscs (gastropodAustrofusussp. (?) X
Molluscs (gastropodNaticidae X
Molluscs (gastropodPolicinesp. X X X
Molluscs (gastropodBtruthiolaria (Callusaria) callosa X common X X
Molluscs (gastropodBtruthiolaria aff. spinosa X
Molluscs (gastropodBtruthiolariap. X X
Molluscs (gastropod)Turritellap. X X X
Molluscs (gastropod)/olutidae X
Molluscs (bivalvia) Cardiunsp. X X
Molluscs (bivalvia) Glycymerididae X X
Molluscs (bivalvia) Glycymerisp. X X X
Molluscs (bivalvia) Glycymeritap. (?) x
Molluscs (bivalvia) Ostreasp. X X
Corals Oculinasp. (?) X X
Corals Colonial corals X X
Corals Solitary corals X
Marine mammals  Undifferentiated (bones) X
Rhodolith / X X
(B) Micropaleontology list
Fossil record Nb. T27/10631 T27/f0634 T27/0493 T27/f0625 T27/f0626 T27/f0627 T27/f0628 T27/0644
Field Nb. 1805 01 18_05_06 ! 18_03_02a 18_03_02b 18_03_02¢ 18_03 02 20194
Identifier Morgans, H.E.G Morgans, H.E.G. Crundwell, M.P.  Morgans, H.E.G. Morgans, H.E.G. Morgans, H.E.G. Morgans, HE.G. , H.EMarg
Identification data 11/2018 11/2018 01/1992 11/2018 11/2018 11/2018 11/2018 12/
Stage - Start (older) Sc Ell sl Ell Lw. Ell NA Sw
Stage - Start (younger) sl Tt sl Tt sw Tt NA sw
Lithofacies code MDST DF DF DFICF DF/CF DF/CF DF/CF LDTC
Locality Waikaraka Waikaraka. Waikaraka Waikaraka Waikal
Trench-slope basin
Laboratory GNS Science GNS Science GNS Science GNS Science GNS ScienddS Sciencé GNS Science GNS Scien
Microfauna
Foraminifera Amphisteginsp. X X
Foraminifera Anomalinoides orbiculus x
Foraminifera Anomalinoidesp. X
Foraminifera Baggina ampla x
Foraminifera Biloculinap x
Foraminifera Boliviniasp. x
Foraminifera Buliminzsp. x
Foraminifera Bulimina striata x x
Foraminifera Chilostomella ovoidea x X
Foraminifera Chilostomellsp. x x
Cl x
Foraminifera Cibicides molestus X x X
Foraminifera Cibicides novozelandicus x x
Foraminifera Cibicides perforatus X X
Foraminifera Cibicides truncanus reworked
Foraminifera Cibicidespp. X X X
Foraminifera Discorbinella sp. x x
F i D x
Foraminifera Dorothizsp. x
Foraminifera Ehrenbergina sp. x
Foraminifera Euuvigerina miozea group x
Foraminifera Euuvigerinap. x x
Foraminifera Evolvocassidulina orientalis X
Foraminifera Florilus stachei x
Foraminifera Florilussp. X
Foraminifera Fohsella peripheronda x
x
Foraminifera Globigerinapp. x x
Foraminifera Globigerina woodi x x
Foraminifera Globobulimina pacifica x x
x
Foraminifera Globoguadrina dehiscens X X
Foraminifera Globorotalia miotumida sinistral x sinistral
Foraminifera Globorotalia miozea X
Foraminifera Globorotalia panda x
x
Foraminifera Gyroidina zelandica x
F i idinoi x x x
x
Foraminifera Haplophragmoidep. x
Foraminifera Hoeglundina elegans X x
Foraminifera Karreriella cylindfica x x
Foraminifera Karreriellap. X
Foraminifera Laticarinina pauperata x
Foraminifera Lenticulina echinatus X
Lenticulina gyroscalprus x
Lenticulinap X x
Lingulina avellanoides X
Foraminifera, Marinottiella communis X
Foraminifera Melonis zeabesus x
Foraminifera Nodosaria callosa X
Foraminifera Nodosaria longiscata x X
Foraminifera Nodosariap. x x x x x
Foraminifera Notorotalia taranakia X
Foraminifera Notorotalia spp. x
Foraminifera Orbulinasp. X
Foraminifera Orbulina suturalis x x
Foraminifera Orbulina universa x
Foraminifera Oridorsalis umbonatus x x
Foraminifera Osangularia culter x
Foraminifera Parafissurinap. X
Foraminifera Paragloborotalia mayeri x x
Foraminifera Pararotalia mackayi X
x
Foraminifera Pleurostomelkp. X X
Foraminifera Praeorbulinsp. x
Foraminifera Pullenia bulloides X X
Foraminifera Quinqueloculirpp. x x x
F i igmoi X x x
Foraminifera Siphouvigerina plebeja x x x
Foraminifera Sphaeroidina bulloides X X x
Foraminifera Sphaeroidina dehiscens X
x
Foraminifera Textularia gladizea X
Foraminifera Textularia miozea x
Foraminifera Tritaxilina zealandica X
Foraminifera Trochamminoide. x
Foraminifera Vaginulinap X
Foraminifera Vaginulinopsispp. x
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Appendi# Enlarged view of the Homewood outcrop, mostly comprising a several huthicddistainddpositional

lobe system (Falg). This study particularly focuses ondheegrayisyems present at the base of this series and which
are presented in the detailed view of the outcrog-igad®l in
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Appendi& Clasts of the innter mieshelf shell beds clasts encountered at Waikaraka. (A): Siliciclastic floatstone dominated
by gastropods (Struthiolaria sp. and turritellids)-sinellgidiivalves in a sandstone matrix. (B): Pebbly molluscan

rudstone. Sandstone clasts includewwded to rounded gravels and pebbigs. Kifdiversity clastipported
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rudstone containing tkludlled oysters (Oy, C2), zooxanthellate branching corals (Co, C2), brachiopods, turritellids,
serpulids and subsidiary bryozoans. (D)séttedlypebbly rudstone containing abundant bemdded|l sandy

pebbles, and highly fragmented and abraded molluscan remains. (E): Mollusgdstdimtstbnia thitlelled

gastropods and bivalves2jFMolluscan rudstamdudes both thand thickhelled molluscs commonly encrusted by

coralline red algae (arrow, F2). (G): Turritellid floatstone. (H): Denselhshatikddntiiakcan rudstone.

Appendig Morphometric parameter calculations using the equations from (Moscardelli dodtiéoddraéhs)od
masstransport deposits. The outcrop conditions prevented the recognition of most of the morphometric parameters
therefore the calculations were estimated using the assumption of a relative uniform thickikescafclbatietsrs.

were done using the general set of equations as well as the dedicated set for “detached systems”.
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