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Abstract

ABSTRACT

Continentalmarginsaredynamicsystemswherethe flux andaccumulationof

sedimentarycomponentsvaries over space and time. Along passive continental

margins, relative changesin sea level and sedimentsupply to the shelf are the

predominantinfluenceson sedimentfluxes to slopesandbasinsandare incorporated

in genericmodelsof continentalmarginevolution.Genericdepositionalmodelsdiffer

dependingon the compositionof sedimentsdepositedwithin the system,and canbe

classified as siliciclastic, carbonate, mixed siliciclastic-carbonate,or evaporite

models. The principles governing generic models for end-membersiliciclastic and

carbonatesystemshavebeentestedwidely in modernenvironments,resultingin the

general acceptanceof 'lowstand shedding' to the slope and basin for siliciclastic

systems,and 'highstandshedding' to the slope and basin for carbonatesystems.

Conversely,relatively little attentionhas beenafforded modernexamplesof mixed

siliciclastic-carbonatesystems.Nevertheless,generic models for the evolution of

mixed siliciclastic-carbonatemargins, developedmostly via the study of ancient

examplesin the geologicalrecord,areacceptedwidely, andincorporatethe combined

paradigmsfor end-membersiliciclastic and carbonatemargins to model off-shelf

sedimentaccumulationsin responseto relative sea-levelchange.Thus, along mixed

siliciclastic-carbonatemargins, siliciclastic fluxes to slopes and basins should be

highestduring sea-levellowstands,when rivers can incise acrossexposedshelves,

and carbonate fluxes to slopes and basins should be highest during sea-level

highstands,when flooded shelves provide greatestneritic accommodationspace.

Lowestfluxes of both componentsshouldoccurduring sea-leveltransgressionswhen

rivers retreat landward and carbonateproduction is inhibited by proximal fluvial

inputs.

The passivecontinentalmargin of northeasternAustralia, extendingfrom -7

to 25°S, is the largest extant mixed siliciclastic-carbonatesystem. Significant

quantities of siliciclastic sediment from rivers draining tropical and subtropical

watershedsin Australia and Papua New Guinea are dischargedonto a highly

productivecarbonateshelf that includesthe GreatBarrier Reef (GBR). Sedimentary

successionson slopeseastof the GBR are characterisedby alternatingsiliciclastic­

rich and carbonate-richintervals,originally interpretedas forming during lowstands

and highstands,respectively.However, recentinvestigationshavedemonstratedthat
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Abstract

the uppermostsiliciclastic-rich interval offshore the central GBR province around

17°5 formed during the last postglacialtransgression.Despitethesefindings, the late

Pleistocene-Holocenedepositionof mixedsiliciclastic-carbonatesedimentseastof the

GBR remainsequivocal,becauseit is unclearif: (1) siliciclastic fluxes to slopesall

alongthecentralGBR provincewerehighestduring transgression,(2) off-shelf fluxes

of carbonatesedimentwere highestduring highstand,lowstand,or transgression,and

(3) the depositionalresponseto relative sea-levelchangeis consistentall along the

northeastAustralia margin, especiallyin areaswhere physiographyand climate are

different.

This thesisaims to resolvetheseissuesand to thus developa morecomplete

understandingof the latestQuaternaryevolution of the mixed siliciclastic-carbonate

margin of northeastern Australia. High-resolution chronostratigraphies were

developedfor multiple sedimentcoresfrom repositorieseastof the modernGBR via

the determinationof thirty-one acceleratormassspectrometryradiocarbonagesand

stable isotope stratigraphy.Bulk carbonatecontent, and carbonatemineralogy and

geochemistry,were examined in each of these cores and in other cores with

previouslydevelopedagemodels.Thesedatasetsenabledthe determinationof mass

accumulationratesfor siliciclastic and carbonatecomponentsof the bulk sediment,

and for individual carbonateminerals down each core. Mass accumulationrates

unequivocallydemonstratethat all along the northeastAustralianmarginfrom -15 to

21°S, fluxes of bothsiliciclastic andcarbonatesedimentto repositoriesin Queensland

Trough and on Marion Plateauwere lowest during the last glacial lowstand,highest

during the postglacial transgression,and moderateto high during the Holocene

highstand,regardlessof moderndifferencesin physiography,climate and sediment

supply. The history of off-shelf sedimentfluxes on the northeastAustralian margin

during the latest Quaternarycould be affected by climate change over glacial­

interglacial cycles, but is probably heavily influencedby fluvial aggradationon the

shelf during lowstand, and basin-wardremobilisationof siliciclastic sedimentand

subaeriallyerodedcarbonateduring transgression.The northeastAustralianmargin is

an outstandingexampleof the strong influence margin physiographyand physical

processes,in conjunctionwith relative sealevel andclimatechange,canhaveon the

developmentof sedimentarysequenceson slopes of mixed siliciclastic-carbonate

margins,andmayserveasan analoguefor othermixedsiliciclastic-carbonatesystems

throughoutthegeologicalrecord,especiallytropicalplatformsrimmedby reefs.

PhD Thesis- M. C. Page
iv



STATEMENT OF THE CONTRIBUTION BY OTHERS

This thesis has benefited greatly from the contribution by others to the

formulation of ideas,the developmentof researchapproaches,and the interpretation

andcritical review of data.Acknowledgementof manyof thesecontributorsis made

at the conclusion of relevant chapters,but is due here to several individuals in

particular:

GeraldDickens and Gavin Dunbarwere instrumentalin providing the initial

impetusto investigatethedevelopmentof mixedsiliciclastic-carbonatesequenceseast

of the Great Barrier Reef. Many of the fundamental questions that have been

addressedin this thesisstemmedfrom previouswork undertakenby theseindividuals

and from ideasand hypothesesthat were generatedfrom the same.GeraldDickens

acquiredthe initial funding and supportnecessaryto begin this work basedon the

recognition of important researchavenues.Both of these individuals have also

contributedmuchto the acquisitionandinterpretationof datageneratedherein,andin

the presentationof results.The importanceof their contribution to this researchis

apparentin their statusas co-authorsto publishedpapers,or manuscriptssubmitted

for publication, however,both recognisethis author'srole as chief investigatorin

thesestudies,andashavingacquiredthe majority of the data,formulating the bulk of

the interpretations,preparingdrafts,andrefining of themanuscripts.

Paul Hearty, Michael O'Leary, and Darrell Kaufman set the foundationsfor

investigationsinvolving amino-acid racemizationin single foraminifera from the

northeastAustralian margin. Many of the primary hypothesesand groundworkfor

initiating this researchis dueto PaulHearty,while Michael O'Learyprovidedthe first

systematictest of the technique(the resultsof which form the basisof his Honours

thesis), and Darrell Kaufman provided analytical and interpretativeexpertise.The

researchpresentedhereforms patt of a pilot programfurther evaluatingthe utility of

the methodand is inherently collaborative.The contribution of theseindividuals is

recognisedby their statusas co-authorson the manuscriptpresentedherein,however,

all recognisethis author'srole as chief investigatorin this particular avenueof the

research.

PhD Thesis- M.e. Page
v



ACKNOWLEDGEMENTS

I wish to extendmy deepestthanksto all the individualsandorganisationsthat

havemadethis researchpossibleandthat havesupportedme throughoutthe courseof

my doctoral studies.Firstly, to the staff of the School of Earth Sciencesat James

Cook University, both academicand administrative,who have had the foresight to

fosterpostgraduateprogramsandto providetheopportunityto undertakethis research

in a vibrant, productive atmosphere.Special thanks go to my primary supervisor,

Jerry Dickens, who was always extremelyencouragingfrom the day I was lobbed

onto his desk with little or no warning, and who has continued to provide

irreplaceablefeedbacksinceUncle Samstolehim back. To Bob Hendersonwho has

ensuredthat after Jerry'sdepartureI somehowalwaysmanagedto stayenrolled,and

to my surrogatesupervisor,RaphaelWtist, who continuouslywent beyondthe call of

duty to provide me with supporteven though I was not one of his official students.

Thanksalso to PeterCrosdale,Paul Hearty, and GrahamShields,who were always

ready to listen, offer their opinion, and to give advice, and to Gavin Dunbar who

somehowmanagesto email back within five minutesevery time. Many thanks are

extended to Rachel Mahon and Melissa Thomson, for providing the best

administrativesupport in completely underratedand often thanklessroles, and to

Kevin Hooper and Don Battersbyfor facilitating great researchon the Kirby and

keepingus entertainedat the sametime. Therearealso manypeopleoutsideJCU who

deservethanksfor helping me out for no gain on their part. Thanks to you all and

especiallyto Chris Fielding, Darrell Kaufman,Flavio Anselmetti,Alex Isern,Philipp

RezaHeck, the ODP Leg 194 scientistsand crew of the JOIDESResolution.Special

thanks go to all the funding agenciesthat have sponsoredmy doctoral research,

specifically Australian Institute of Nuclear Scienceand Engineeringfor providing

radiocarbonanalyses,American Associationof PetroleumGeologistsfor providing

US dollars under the Grants-In-Aid scheme,CRC Reef (thanks especially to Tim

Harvey) for not only funding geologistsresearchingcorals,OceanDrilling Program

(AustralianDivision), andJamesCookUniversity. Lastbut definitely not least,thanks

to my family for alwayssupportingme in whateverI chooseto do, evenif they can't

work out why, especiallyNadinefor nevergiving up on me no matterhow stretched

herpatience,andfriendsold andnew for providingenjoyabledistractionsandexcuses

for procrastinations.

PhD Thesis- M.e. Page
vi



TableofContents

TABLE OF CONTENTS

Statementof access , .i

Statementof sources .ii

Abstract iii

Statementof thecontributionby others v

Acknowledgements vi

Tableof Contents.•.......•.••.••..•••••.••.•.••.••....•.-._.......•...················_······vii

List of Tables xi

List of Figures xiii

Chapter1 - Introduction..••..................•.•.....••.•.........•...•.....•··············-1

1.1. Genericcontinentalmarginstratigraphy 2

1.2. Mixed siliciclastic-carbonatedepositionalsystems 3

1.3.NortheastAustralianMargin .4

1.4. Recentsedimentationeastof theGreatBarrierReef.. 8

1.5. Sedimentationeastof the GreatBarrierReefthroughtime 9

1.6.Thesisoverview 11

Chapter2 •.•......•.•.••.•...•..•..•••.........•...•.••••....•.································-20

Tropical view of Quaternarysequencestratigraphy:Siliciclasticaccumulationon

slopeseastof theGreatBarrierReefsincetheLastGlacialMaximum

Abstract. 21

2.1. Introduction 22

2.2. Location,samplesandmethods 23

2.3. Results 25

2.3.1. Carbonateprofiles 25

2.3.2.Radiocarbonages 25

2.3.3.Timing andaccumulationof siliciclastic-richintervals 26

2.4. Discussion 27

PhD Thesis- M.e. Page
vii



TableofContents

Acknowledgements 30

<:Ilal?ter 3 ································-38

Peril?latform carbonateaccumulation on slol?eseastof tile Great Barrier Reef

sincetile Last Glacial Maximum: Toward a collerentmodel for sedimentationin

a trol?ical mixed siliciclastic·carbonatesystem

Abstract. 39

3.1. Introduction '" 41

3.2.Background 43

3.3. Samplesandanalyticalmethods .46

3A. Compositionalvariation .48

304.1. Carbonatemineralogy(XRD) 048

3.4.2.Strontiumconcentrations 50

3.4.3.Carbonategrains 52

3.5. Massaccumulationrates 53

3.6.Discussion 56

3.6.1.Origin andproblemof carbonateabundanceandaccumulation

patterns 56

3.6.2.Changeson the shelfanda solutionto slopeaccumulation 59

3.6.3.Lowstandca. 25-12ka 60

3.604. Transgressionca. 12-7ka 61

3.6.5.Highstandca.7 ka-present 62

3.6.6.Discrepancies 63

3.7. Conclusions 64

Acknowledgements , 67

<:Ilal?ter 4 ·································85

Sedimentfluxes to Marion Plateau (southern Great Barrier ReefProvince) over

tile last 130ky: New constraints on 'transgressive·slledding'off nortlleastern

Australia

PhD Thesis- M.e. Page
viii



TableofContents

Abstract. 86

4.1. Introduction 88

4.2. Location,samplesandmethods 90

4.2.1.ThenortheastAustralianmargin 90

4.2.2.CoreGCIO 92

4.2.3.Analytical methods 92

4.3. Results 95

4.3.1.Bulk carbonatecontent. 95

4.3.2.Carbonatemineralogy 96

4.3.3.Strontiumcontent. 96

4.3.4.Chronostratigraphy 97

4.4. Massaccumulationrates 98

4.4.1.Calculation 98

4.4.2.LastGlacial Maximum(-25 ka) to mid Holocene(-6 ka) 99

4.4.3.Last Interglacial(-130ka) to LastGlacial Maximum(-25 ka) 100

4.5. Discussion 101

4.6. Conclusion 107

Acknowledgements 109

Chapter 5 - Conclusion -------------------------------------------.--....-...·······-··----124

ReferencesCited .--.- --.-..-.-------------..-.- -······-·-···--------·132

Appendix A -- ····-··------------------····140

High·resolution amino·stratigraphy of coresfrom QueenslandTrough and

Marion Plateau: insights into AAR kinetics in the western Coral Seasincethe

Last Glacial Maximum

Abstract. 141

A.l. Introduction 143

A.2. Approachandmethods 144

A.2.1. Coreselection 144

A.2.2. TheAAR method 146

PhD Thesis- M. C. Page
ix



TableofContents

A.2.3. Age models 147

A.2.4. Stableisotopes 148

A.3. Results 149

A.3.1. D/L ratios 149

A.3.2. 8180 151

A.4. Modelling racemizationrates 152

A.5. Summary,conclusionsandfuture work 153

Acknowledgements 155

References 168

Appendix B -------- - -···-·-··--···········-·······170

DATA REPORT: Variations in bulk carbonatecontent in ODP Hole 1198A,0­

23.69mbsf

Abstract. 171

B.l. Introduction 172

B.2. Methods 173

B.3. Results 174

Acknowledgements 175

References 182

PhD Thesis-M.e.Page
x



List ofTables

LIST OF TABLES

Chapter2

Table2.1: Measuredbulk carbonatecontentin cores5lGC43,FR4/92PCll, FR4/92

PC12,FR4/92PC13,FR4/92PC14,andFR5/90PC27a 31·33

Table 2.2: Results of acceleratormass spectrometryradiocarbon analysesand

calibration of conventionalages for cores 5lGC43, FR4/92 PCll, FR4/92 PC12,

FR4/92 PC13, FR4/92 PC14, and FR5/90 PC27a. (N.A.-Beyond the range of

calibration) 34

Chapter3

Table 3.1: Location and other information pertaining to sedimentcores FR5/90

PC27a, ODP Hole 820A, FR4/92 PC13, FR4/92 PC16, FR4/92 PCIl, and

5lGC43 69

Table 3.2: Bulk carbonatecontent and carbonatemineral abundancesin sediment

coresFR5/90PC27a,ODP Hole 820A (lH to 2H-l), FR4/92 PC13, FR4/92 PC16,

FR4/92PCll, and5lGC43 70·71

Table3.3: Measuredandcorrected(for siliciclastic dilution) strontiumconcentration

down sedimentcoresFR5/90PC27a,ODP Hole 820A (lH to 2H-l), FR4/92PC13,

FR4/92PC11, and51GC43 72·73

Chapter4

Table4.1: Bulk carbonatecontentof coreFR03/99GC10 111

Table 4.2: Carbonatemineral abundancesand Sr concentrationsin core FR03/99

GClO 112

Table4.3: 0180 andol3C in planktonicforaminifers fromcoreFR03/99GC1O.....113

PhD Thesis- M.e. Page
xi



List afTables

Table4.4: Resultsof AMS radiocarbonanalysisof planktonicforaminifersfrom core

FR03/99GCIO 114

Table 4.5: Mass accumulationrates of sedimentarycomponentsin core FR03/99

GCIO 115

AppendixA

Table A.l: Location and other information for sedimentcores FR03/99 GClO,

51GC43,FR4/92 PC16, FR4/92 PC11, FR4/92 PC12, and FR5/90 PC27a.Bottom

watertemperaturesin QueenslandTroughweremeasuredon CSIROcruises1985/05,

1990/06, 1991107, 1992/09 and 1997/01 and are available at

www.marine.csiro.au/datacentre.*Temperature estimated from same depth ill

QueenslandTrough. SPCW - South Pacific Central Water; AAIW - Antarctic

IntermediateWater. '" '" 156

Table A.2: Sampleinformation,extrapolatedages,and resultsof RP-HPLCanalysis

(D/L ratios) for coresFR03/99GC10,51GC43,FR4/92PC16,FR4/92PC11,FR4/92

PC12, and FR5/90PC27a.n - numberof tests includedin average.ex - numberof

testsexcludedfrom average 157-158

Table A.3: Results of stable isotope analysis of benthic foraminifera from core

5IGC43 159

AppendixB

TableB.l: Bulk carbonatecontent,ODP Hole 1198A,0 - 23.69mbsf.. 176-179

PhD Thesis- M.e. Page
xii



List ofFigures

LIST OF FIGURES

Chapter 1

Figure 1.1: Global map showingthe location of somemodernandancientexamples

of mixed siliciclastic-carbonatedepositional systems. The location of modern

examples is indicated, as is the age of examples in the geological

record 17

Figure 1.2: (A) Eustatic changesince 25 ka. (B) Generic depositionalmodel for

sedimentdepositionon slopesof tropical mixed siliciclastic-carbonatesystems.(C)

Schematic representationof observed sedimentationpatterns on slopes of the

northeastAustralian margin. H/stand- sea-levelhighstand.Trans - transgression.

Lowstand- sea-levellowstand.MAR - massaccumulationrate 18

Figure 1.3: The northeastcontinentalmargin of Australia, including mean annual

rainfall, the location of major rivers draining the hinterland,distribution of modern

reefsof theGreatBarrierReef,andbathymetricfeaturesof the westernCoralSea...19

Chapter 2

Figure 2.1: The northeastAustralianmargin between-15 and200S, including mean

annual rainfall, location of major rivers, distribution of modern reefs on the shelf,

bathymetry(m) of the westernCoral Sea,and locationof coresFR5/90PC27a,ODP

Hole 819, 820, 821, FR4/92 PCI4, FR4/92 PC13, FR4/92 PC12, FR4/92 PCI6,

FR4/92PCIl, and5IGC43 35

Figure 2.2: Downcoreprofiles of bulk carbonatecontentfor cores51GC43,FR4/92

PCll, FR4/92 PCI2, FR4/92 PCl3, FR4/92 PCI4, and FR5/90 PC27a, and

radiocarbonages(calibratedyearsbeforepresent)of planktonicforaminifera........36

Figure 2.3: Mass-accumulationratesof siliciclastic andcarbonatesedimentin cores

51GC43, FR4/92 PCll, FR4/92 PCl2, FR4/92 PC13, FR4/92 PCI4, and FR5/90

PhD Thesis- M.e. Page
xiii



List ofFigures

PC27a.Dashedline approximatesthe time whensealevel reachedthe shelfedge(ca.

12 ka). H/stand- sea-levelhighstand;Trans - sea-leveltransgression;Lowstand-

sea-levellowstand 37

Chapter 3

Figure 3.1: Thecentralportionof thenortheastAustralianmargin,bathymetry(m) of

the Coral Sea, and mean annual rainfall on the continent. Circles indicate cores

examinedfrom QueenslandTrough. Triangles indicate cores through reefs on the

shelf (BRR - Britomart Reef, Johnsonet aI., 1984; RBR5 - RibbonReef5, BOR ­

Boulder Reef, International Consortium for Great Barrier Reef Drilling, 2001).

TransectsA-A', B-B' andC-C' appearascross-sectionson Fig. 3.10 74

Figure 3.2: Mass accumulation rates of bulk siliciclastic and bulk carbonate

componentsin cores from ODP 820A, 5lGC43, FR5/90 PC27a, FR4/92 PC16,

FR4/92 PCl3, and FR4/92 PCll (modified after: Peerdemanand Davies, 1993;

Dunbar et aI., 2000; Page et aI., 2003). H/stand - sea-levelhighstand.Trans ­

transgression.Lowstand- sea-levellowstand. WD - water depth. Dist - distance

offshoreof the 120m isobath.Note thedifferentY-scalefor ODP 820A 75

Figure 3.3: Downcore profiles of carbonatemineralogy and radiocarbon ages

(modified from PeerdemanandDavies, 1993;Dunbaret aI., 2000; Pageet aI., 2003)

for ODP Hole 820A, 51GC43, FR5/90 PC27a,FR4/92 PC16, FR4/92 PCl3, and

FR4/92PCll. Original agemodelsfor ODP 820A andPC16(basedon conventional

radiocarbonages)havebeencalibratedwith the CALIB 4.3 freeware(Stuiveret aI.,

1998) to maintainconsistencywith the agemodelsof Pageet ai. (2003). H/stand­

sea-levelhighstand.Trans - transgression.Lowstand- sea-levellowstand. WD -

waterdepth.Dist - distanceoffshoreof the 120m isobath 76

Figure 3.4: The sand-sizedfraction of sedimentdepositedin core 51GC43 during:

(A-B) The last glacial lowstand,-21 ka (209 cmbsf), planktonic (PF) and benthic

(BF) foraminifers are the dominantcomponents,pteropods(PT) are also common;

(C-E) Thepostglacialtransgression,-11 ka (120 cmbsf)and(F-H) -9 ka (90 cmbsf),

foraminiferaare abundant,shell fragments(SF) and LMC clastsare common,LMC

PhD Thesis- M.e. Page
xiv



List ofFigures

clastsoccur as both cementedaggregates(LMC-A) and recrystallisedgrains (LMC­

R); (I-J) The Holocenehighstand,-2.5 ka (5 cmbsf), foraminifers are abundantand

shell fragmentsarecommon,LMC clastsarepresentin minor quantities 77·78

Figure 3.5: Relative abundances(A) and massaccumulationrates (B) of low-Mg

calcite,aragonite,andhigh-Mg calciteduring lowstand,transgression,andhighstand,

in cores from ODP Hole 820A, 51GC43, FR5/90 PC27a,FR4/92 PC16, FR4/92

PCl3, and FR4/92 PCll, plotted againstdistancefrom the 120 m isobath. With

increasing distance from the shelf, the relative abundanceof LMC generally

increases,and the relative abundancesof aragoniteand HMC generally decrease.

Note, however,that with increasingdistancefrom the shelf, the massaccumulation

ratesof all carbonatemineralsgenerallydecrease 79

Figure 3.6: Strontiumconcentrationversusthe percentageof aragonitein the bulk

carbonatefraction of sedimentfrom coresFR5/90PC27a,ODP 820A (lH to 2H-1),

FR4/92PC13,FR4/92PC11,and51GC43.Circles representsamplesdepositedprior

to 12 ka; squaresrepresentsamplesdepositedafter 12 ka. Assuming that Sr-rich

aragonitecontains7500 ppm Sr, and that Sr-poor aragonitecontains 1500 ppm Sr,

samplesin which the aragonitepresentin the bulk carbonatefraction is composed

entirelyof Sr-rich aragoniteshouldplot alongthe solid line markedSr-rich aragonite,

andsamplesin which the aragonitepresentin the bulk carbonatefraction is composed

entirely of Sr-poor aragonite should plot along the solid line marked Sr-poor

aragonite.Samplesin which the aragonitepresentin the bulk carbonatefraction is

composedof equalpartsSr-richaragoniteandSr-poar-aragoniteshouldplot alongthe

solid line marked50/50.The linear trendline(y =45.5x + 1391; r2 =0.74) indicates

that more than 50% of the aragonitepresentin most samplesis composedof Sr-rich

aragonite 80

Figure 3.7: Mass accumulationrates of low-Mg calcite, aragoniteand high-Mg

calcite in cores from ODP Hole 820A, 51GC43, FR5/90 PC27a, FR4/92 PC16,

FR4/92 PC13, and FR4/92 PC11. H/stand - sea-level highstand. Trans ­

transgression.Lowstand - sea-levellowstand. WD - water depth. Dist - distance

offshoreof the 120m isobath 81

PhD Thesis- M. C. Page
xv



List ofFigures

Figure 3.8: General stratigraphyof cores through individual reefs on the Great

BarrierReef(modified from: Johnsonet al., 1984;InternationalConsortiumfor Great

Barrier Reef Drilling, 2001; Websterand Davies, 2001) the location of which are

shownon Fig. 3.1. Holocenereefsare foundedupon Pleistocenesubstratesthat have

beensubaeriallyexposedandalteredfrom aragonite(andhigh-Mg calcite) to low-Mg

calcite,andareseparatedby erosional('solution')unconformities.The lowermostage

for BRR2 is estimatedbasedon the distancebetweenthe lowermostradiocarbonage

and the underlyingsolution unconformity, and publishedgrowth ratesfor Britomart

Reef(Johnsonet al., 1984) 82

Figure 3.9: Schematicmodel of sedimentaryprocessesand off-shelf fluxes on the

northeastAustralianmarginsincethe LastGlacialMaximum 83

Figure 3.10: Bathymetric profiles across the shelf-slopebreak of the northeast

Australian margin (location of transectsshownon Figure 3.1) and the approximate

position of cores in QueenslandTrough and on the shelf. Note that the areasof

seafloor within 120 m of the sea surface during lowstand ('LGM productivity

window') increaseby up to an orderof magnitudealmostimmediatelyuponsealevel

rising abovetheshelfbreakduring transgression 84

Chapter 4

Figure 4.1: The central and southernnortheastAustralian margin showing major

physiographicfeatures, the location of core FR03/99 GClO on Marion Plateau,

previous study areas in QueenslandTrough (Harris et al., 1990; Peerdemanand

Davies, 1993; Dunbaret al., 2000; Dunbarand Dickens,2003b; Pageet al., 2003),

and the locations of four previously studied cores mentionedspecifically in the

text. 116
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bulk carbonatecontent,relativeabundanceof carbonateminerals,Sr concentrationin

the carbonatefraction, and8180 stratigraphy.Note the position of AMS radiocarbon

ages(x 1000years)andthe last occurrenceof pink Globigerinoidesruber (*) on the

right side of the core photograph.Marine isotopestages(MIS) as interpretedfrom
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Figure 4.6: Mass accumulation rates of bulk siliciclastic and bulk carbonate

componentsof core FR03/99GClO (shaded)and selectedcores from Queensland
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sedimentationrate (Fig. 4.3) to maintain consistencywith data from Queensland
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1. INTRODUCTION

1.1. Generic continental margin stratigraphy

Patternsof sedimentdepositionon slopesof passivecontinentalmargins are

influencedprimarily by variations in sealevel and sedimentsupply (e.g., Vail et aI.,

1977; van Wagoner et aI., 1988; Walker, 1992; Miall, 1997). These factors are

generally viewed within the context of idealisedsiliciclastic or carbonatesystems,

whereinrivers or shallowmarinesources,respectively,dominatesedimentsupply. For

bothcases,widely acceptedparadigmsdescribetheeffectsof relativesea-levelchanges

on cross-shelfsedimentfluxes andaccumulationrateson slopes(e.g.,Vail et aI., 1977;

PosamentierandVail, 1988;ShanmuganandMoiola, 1988; van Wagoneret aI., 1988;

JamesandKendall, 1992;;Schlageret aI., 1994).

Thesemodels predict that along siliciclastic margins sedimentfluxes to slopes

should be greatestduring sea-levellowstands.Rivers are expectedto incise across

exposedshelvesto equilibratewith lower depositionalbaselevels (e.g., Miall, 1991;

van Heijst and Postma,2001) and dischargedirectly on upper slopes. Siliciclastic

fluxes to slopesshouldbe minimal during the latter part of transgressionswhen rising

sealevel forcesrivers to retreatlandward,andfluxes shouldbe low to moderateduring

sea-level highstandswhen sedimentsprograde basinward across the shelf. Thus,

generic models for siliciclastic systems (e.g., Shanmuganand Moiola, 1988) are

characterisedby 'lowstandshedding'of sedimentsto the slopeandbasin.

In direct contrast,widely acceptedmodelsfor carbonatemargins(e.g. Sarg, 1988;

Handford and Loucks, 1993) predict that sedimentfluxes to slopesshouldbe lowest

during sea-levellowstands.Exposureof shelvesreducesthe areaof seafloor within the

photic zone, and shallow marine accommodationspaceand carbonateproduction is

restrictedto narrow fringes along upperslopes(e.g., Jamesand Bourge, 1992; Jones
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and Desrochers,1992). Off-shelf fluxes of carbonatesedimentshould increasewhen

sea level rises above shelvesduring transgressions,thereby expandingthe area of

seafloorwithin the photic zoneandallowing for increasedvolumesof shallow marine

carbonateproduction.Carbonatefluxes shouldbe largestduring sea-levelhighstands

when shallow marineaccommodationspaceis greateston flooded shelves,a situation

that promotes high volumes of carbonateproduction. Thus, generic models for

carbonate systems (e.g., Schlager et al., 1994) are characterisedby 'highstand

shedding'of sedimentsto the slopeandbasin.

1.2.Mixed siliciclastic-carbonatedepositionalsystems

As opposedto idealisedend-membersiliciclastic or carbonatesystems,some

continental margins receive substantialinfluxes of both terrestrial siliciclastic and

biogenic carbonatesediments.Theseare referred to as mixed siliciclastic-carbonate

depositionalsystems(e.g.,Mount, 1984;Dolan, 1989).Modernexamples(Fig. 1.1) can

be found along the continentalmarginsof northeasternAustralia (Davieset al., 1991)

andBelize (JonesandDesrochers,1992).Mixed siliciclastic-carbonatesystemsarealso

widely representedthroughoutthe geologicalrecord, and include amongstnumerous

otherexamples(Fig 1.1), Precambriansequencesin easternGreenland(e.g.,Tirsgaard,

1996), Permianstrata in the central-westernUnited States(e.g., Borer and Harris,

1991),andTertiary sedimentsoffshoreof the westerncontinentalmarginof India (e.g.,

Whitmarshet al., 1974).

Most workers discussing the developmentof mixed siliciclastic-carbonate

marginshaveconcludedthat variationsin relative sealevel affect sedimentdeposition

on slopesaccordingto widely acceptedparadigmsfor end-membersiliciclastic and

carbonatesystems(e.g., Wilson, 1967; Sarg, 1988; Dolan, 1989; Jamesand Kendall,
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1992). Thus, generic models for mixed siliciclastic-carbonatedepositionalsystems

predict lowstandsheddingof siliciclastics and highstandsheddingof carbonates.The

resulting depositionof alternatesiliciclastic-rich and carbonate-richsedimentson the

slopehasbeendubbed'cyclic-reciprocalsedimentation'(Wilson, 1967).

Accordingto the principlesof cyclic-reciprocalsedimentation,highestfluxes of

siliciclastic andcarbonatesedimentsto slopesof mixed depositionalsystemsshouldbe

completelyout-of-phase(Fig. 1.2B). Highestfluxes of siliciclasticsshouldoccurduring

lowstands, and highest fluxes of carbonates should occur during highstands.

Importantly, however, and equally entrenchedin key geological tenets, models of

cyclic-reciprocalsedimentationprovide that lowest fluxes of both componentsto the

slope should occur contemporaneouslyduring the latter part of transgressions,when

sea level first rises above the shelf. During this time, the potential for increased

volumes of carbonateproduction in shallow outer shelf environmentsshould be

suppressedby proximal riverine inputs (e.g., Dolan, 1989; Jamesand Bourge, 1992;

JonesandDesrochers,1992),resultingin very low off-shelf fluxes of both components,

andthe formationof condensedsections(cf. Loutit et al., 1988)on the slope.

1.3.NortheastAustralian Margin

The northeastAustralianmargin (Fig. 1.3) is the largestextantmixed siliciclastic­

carbonatedepositionalsystem(Maxwell and Swinchatt, 1970; Davies et al., 1991),

extendingfrom - rs latitude in the Gulf of Papuato -25°S latitude in the southern

Coral Sea.The margin receivessubstantialinput of terrigenoussedimentfrom rivers

draining tropical and subtropicalwatershedsin Australia and PapuaNew Guinea,and

vast quantitiesof carbonatesedimentproducedby a shallow marineenvironmentthat

includes the largest active coral reef system, the Great Barrier Reef (GBR).

PhD Thesis- M. C. Page
4



Introduction

Accordingly, the northeastAustralian margin is an example of a type of mixed

siliciclastic-carbonatedepositionalsystemthat is commonly referred to as a tropical

mixed siliciclastic-carbonatemargin (cf. Mount, 1984). Tropical mixed siliciclastic­

carbonatemargins are characterisedby the developmentof large bioherms,such as

reefs, on the shelf, and are relatively commonthroughoutthe low latitudes,such as

offshoreof Belize (e.g. Jonesand Desrochers,1992), PuertoRico (e.g. Bush, 1991),

andotherlocationsin CentralAmerica.

Below -1OoS, the northeastAustralianmargin canbe divided rathersimplistically

into three physiographicregions: (1) a continentalhinterlandof steepmountainsand

broad coastalplains dissectedby both ephemeraland perennialriver systems,(2) a

shallow, low-gradientshelfbetween-50 and200 km wide that hoststhe GBR, and(3)

adjacentdeeperplateauxandbasinsof the Coral Sea.Theseregionscanbe subdivided

further basedon othergeneralcharacteristicssuchasclimate,ecology,geomorphology,

andsedimentology.

NortheasternAustralia experiencesa quasi-monsoonalclimate (Suppiah, 1992)

that together with topographic differences causes spatially variable rainfall and

vegetation(Fig. 1.3). The terrestrialwet tropics, above-19°S, receivehigher ratesof

rainfall (mostly 1500-5000mmlyr) and include abundantthick rainforestvegetation.

The terrestrialdry tropics, below -19°S, receivelower ratesof rainfall (mostly <1500

mmlyr) andmainly includeopenwQodlandandsavannah.Coupledwith differencesin

the sizeof individual catchments,thesecharacteristicshaveimportantconsequencesfor

siliciclastic supplyto the margin (Belperio, 1983;Neil andYu, 1995;Neil et al., 2002).

Relativelysmall catchmentsanddensevegetativecoveroffset high runoff from rivers

draining the wet tropics. Collectivepre-colonisationsedimentyields from wet tropical

rivers areestimatedat lessthan 1.0Mt/yr (Neil et aI., 2002).On thecontrary,lessdense
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vegetationand largercatchmentsoffset low runoff from rivers draining the dry tropics.

Collective pre-colonisationsedimentyields are estimatedat close to 5.0 Mt/yr, over

90% of which is sourcedfrom the combineddischargesof BurdekinandFitzroy rivers

alone(Neil et aI., 2002).

The continentalshelf adjacentto northeasternAustralia, sometimesreferredto

as the GBR platform, canbe looselydivided into threeshore-parallelzones(Maxwell,

1968;Maxwell andSwinchatt,1970;Belperio, 1983;LarcombeandCarter,2004).The

inner shelf is consideredgenerally to extendfrom the coastlineto around the 20 m

isobathand is mostly less than 5 km wide. A few near-shorereefsoccur on the inner

shelf, but terrigenoussedimentscomposedmainly of sand and mud sized quartz,

feldspar,andclay mineralsare the dominantsedimentarycomponent.Thesesediments

constitutethe bulk (>70%) of a coastalsedimentprism (Belperio, 1983; Carteret aI.,

1993; Larcombe and Carter, 1988; Lambeck and Woolfe, 2000) that accumulates

preferentially near river sources,in northward-facingembayments,and in the lee of

headlands.The middleshelfis consideredgenerallyto occurbetweenthe 20 and40 m

isobaths.Carbonatecontentsarehigher(30 to 80%) becausemost terrigenoussediment

is trappedon the inner shelf (Belperio, 1983; Belperio and Searle, 1988). Reefs are

more prevalenton the middle shelfbut commonlyoccuras isolatedpatchreefs.Relict

pre-Holocenematerial constitutesa significant proportion of middle shelf sediments

(JohnsonandSearle,1984).The outershelfis generallyconsideredto extendfrom the

40 m isobathto theshelf-slopebreak,which usuallyis locatedbetweenthe70 and80 m

isobaths(Maxwell, 1968;Larcombeet aI., 1995;Fieldinget aI., 2003).The outershelf

hosts a high-density network of reefs that comprise the main GBR complex and

commonlyform a relatively continuousshelfedgebarrier.Carbonatecontentsarehigh

and commonly approach100% near reefs, but siliciclastic content can exceed30%
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within deeperinter-reefpassagesandchannels(Maxwell andSwinchatt,1970;Belperio

andSearle,1988;Flood andOrme, 1988).

Shelf characteristicsalso vary significantly along the margin, providing the

basis for subdivision of the region into the southern,central, and northern GBR

provinces of Maxwell (1968). In the southern GBR province, below -18°S, shelf

widths approach200 km. Reefsaregenerallydistal to the coastandareseparatedby an

expansivemiddle shelf, dissectedby a shore-parallel,southwarddeepeningdepression

known as the Capricorn Channel. In the central GBR province, between-15-18°S,

shelfwidths decreasefrom approximately150km in the southto lessthan50 km in the

north. Densityof the reef networkalso increasesto the north andapproachesthe coast

as the width of the gently dipping middle shelf decreases.In northern parts of the

central GBR province, elongated 'ribbon reefs' form an almost continuous barrier

along the outermostshelf. In the northernGBR province, above-15°S, shelf widths

increasefrom less than 50 km to around 100 km offshore the northernmosttip of

Australia. Density of the reef network generallyremainshigh and ribbon reefs along

theoutershelfextendnorth from thecentralGBR province.

Seawardof the GBR platform, three main bathymetricfeaturesin the western

Coral Sea act as the main repositoriesfor sedimentsshed from the adjacentshelf:

Marion Plateauand the Townsville andQueenslandtroughs(Fig. 1.3). Offshoreof the

southern GBR province, a poorly developed, shallow-dipping continental slope

terminatesabruptlyon Marion Plateau,a block of subsidedcontinentalcrust (Ewing et

aI., 1970) that dips gently away from the shelf. Water depthsover the plateau are

generallybetween300 and500m, but a few isolatedreefsrise to nearsealevel. Marion

Plateauterminatesin the eastalong a steepslope into Cato Trough, and in the north

along a steep slope into Townsville Trough, an east-westtrending rift basin that
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separatesthe Marion and Queenslandplateaux(Ewing et ai., 1970; Symondset ai.,

1983).Townsville Trough occursnearthe boundarybetweenthe southernand central

GBR provinces.The shelf break is not well defined and relatively gentle gradients

characterisethe slope.Water depthsincreasefrom around900 m in the west to more

than2500m in the east.Offshoreof the centralandnorthernGBR provinces,the shelf

breakis well definedand the slopedips steeplyinto QueenslandTrough,a north-south

trending rift basin that the separatesthe GBR platform from the QueenslandPlateau

(Symondset ai., 1983;Scott, 1993).Waterdepthsin QueenslandTroughincreasefrom

around900 m in the south,wherea sill separatesit from TownsvilleTrough, to greater

than2500m in the north, whereit opensinto the Coral SeaBasin.QueenslandTrough

also widens to the north and the westerncontinentalslopesteepensmarkedly.To the

east, isolated reef platforms on QueenslandPlateau, a shallow block of detached

continentalcrust(Symondset ai., 1983;Scott, 1993), alsoserveaslesssignificantpoint

sourcesof carbonatesedimentshedto QueenslandandTownsville troughs.

1.4.Recentsedimentationeastof the Great Barrier Reef

The compositionof seafloorsedimentseastof the GBR reflects the admixing of

material from disparatesources,including the overlying water column, the adjacent

shelfandcontinent,and to a lesserextentisolatedneritic environmentson Queensland

and Marion plateaux(Harris et ai., 1990; Davies and McKenzie, 1993; Dunbaret ai.,

2000). Consequently,sedimentson Marion Plateauand in Townsville and Queensland

Troughsare invariably characterisedby hemipelagicdrapeanddrift deposits,although

the absoluteabundanceof terrigenousandneritic componentsis highly variable.

The surfacedistribution of individual sedimentarycomponentseastof the GBR is

relatively well constrained in QueenslandTrough offshore of the central GBR
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province, (Sutherland, 2000; Dunbar and Dickens, 2003b), but remains poorly

constrained over Marion Plateau and in Townsville Trough. However, within

QueenslandTrough surface distribution patterns partly reflect differences in the

transport processesaffecting individual sedimentarycomponents,and partly reflect

proximity to sedimentsources.

The carbonate content of smface sediment in QueenslandTrough steadily

decreasestowards the north (Sutherland,2000; Dunbar and Dickens, 2003b). This

patternprimarily representsincreasedsiliciclastic accumulationrates in the northern

QueenslandTrough, ratherthandiminishedcarbonateaccumulationrates,althoughthe

sourceto sink pathwayof terrigenoussedimentsremainsunclear(DunbarandDickens,

2003b; Francis et al., 2003). Surfacedistribution patternsof carbonateminerals are

better understoodand are consistentwith partitioning betweenneritic and pelagic

sourcesof biogenic carbonate(Dunbar and Dickens, 2003b). Towards the axis of

QueenslandTrough,andhencewith increasingdistancefrom neritic point sourcessuch

as reefs on the GBR platform and QueenslandPlateau,the relative abundancesof

aragoniteandhigh-Mg calcite,andbulk sedimentSr concentrations,all decrease,while

the relativeabundanceof low-Mg calciteincreases.

1.5.Sedimentationeastof the Great Barrier Reefthrough time

Precursorsto the modernGBR haveexistedon the shelfof thenortheastAustralian

marginsinceat least500ka (DaviesandMcKenzie, 1993; InternationalConsortiumfor

GreatBarrierReefDrilling, 2001),experiencingcyclesof growth anddecayin concert

with glacio-eustaticvariationsof the late Quaternary.For the durationof this time, and

indeed since the Miocene (Davies and McKenzie, 1993; Pigram, 1993), both

siliciclastic andcarbonatesedimentshavebeenaccumulatingin repositorieseastof the
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GBR platform. All along the margin,sedimentcoresfrom slopesandbasinsrecordthis

depositional history as a series of alternating dark-coloured and light-coloured

intervals, corresponding to sections of relatively siliciclastic-rich and relatively

carbonate-richsediment, respectively (Harris et aI., 1990; Glenn et aI., 1993b;

PeerdemanandDavies,1993;Dunbaret aI., 2000; DunbarandDickens,2003a).

Patternsof mixed siliciclastic-carbonatesedimentdepositionon slopeseastof the

GBR was initially consideredto be consistentwith conventionalprinciplessurrounding

continentalmargin evolution (Harris et aI., 1990). On the slope offshoreTownsville,

darker-coloured,siliciclastic-rich intervals were interpreted to have been deposited

during sea-levellowstands,when terrigenousfluxes to the slopepresumablyincreased

and carbonateproduction decreased,lighter-coloured,carbonate-richintervals were

interpretedto havebeendepositeddllring sea-levelhighstands,whenterrigenousfluxes

were presumablyrestrictedto the inner shelfandcarbonateproductionmaximised,and

sediment accumulation rates on the slope were consideredto be nominal during

transgression.

Subsequently,extensivecoring associatedwith OceanDrilling ProgramLeg 133

recoveredhigh-resolutionsuccesionsof late Pleistocene-Holocenemixed siliciclastic­

carbonatesedimentson the slope offshore Cairns (Davies et aI., 1991). Contrary to

initial interpretations,andcompletelyoppositeto genericmodelsof continentalmargin

evolution, siliciclastic-rich intervals on the upper slope were interpreted as being

deposited during transgression. Furthermore, lowest abundancesof siliciclastic

sedimenton the upper slope were interpretedas being depositedduring the last sea­

level lowstand.Glenn et a1. (1993a) and Kronen and Glenn (2000) circumventedthe

latter issue,but suggestedthat the transgressiverecord resultedfrom either carbonate

starvation,or from increasedrainfall andamplified fluvial dischargefrom the continent
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during deglaciation. Theirformer explanation, however, is inconsistent with the

findings of Peerdemanand Davies (1993), who demonstratedthat both the abundance

and flux of siliciclastic sediment was lowest during lowstand and highest during

transgression.This record was attributed to sedimentbypassingof the upper slope

during the last lowstand, but no mechanismwas proposedto account for amplified

siliciclastic accumulationratesduring transgression.

More recently, comprehensive studies involving almost forty cored sites

throughollt the slope and basin of QueenslandTrough have suggestedthat minimum

and maximum fluxes of siliciclastic sedimentoccurredduring the last lowstandand

transgression,respectively,regardlessof location (Dunbar et aI., 2000; Dunbar and

Dickens,2003a).Furthermore,while recognisingthat widespreadclimate changeover

glacial-interglacialcyclesmay havesignificantly affectedfluvial dischargeto the coast

over time, these workers proposed an alternative model to explain siliciclastic

deposition east of the GBR: Low fluxes of terrigenous sediment during the last

lowstandmight have resultedfrom fluvial aggradationand siliciclastic depositionon

the subaeriallyexposedshelf, and high terrigenousfluxes during transgressionmay

have resulted from reworking and seawardtransport of shelf deposits due to the

coastlineshifting landward.

1.6.Thesisoverview

Recent researchconcerning patterns of mixed siliciclastic-carbonatesediment

depositionon slopesof the northeastAustralianmarginclearly suggeststhat the system

behavesdifferently thanexpectedfrom genericmodelsof continentalmarginevolution

(Fig. 1.2C). Most notably, minimull1 and ll1aximum siliciclastic fluxes to slopes of

QueenslandTrough appear to coincide with the last lowstand and postglacial
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transgression,respectively, rather than the opposite, as predicted by conventional

models. However, variations In the flux of siliciclastic and carbonatesedimentsto

repositories east of the GBR remaIns somewhat enigmatic because of several

outstanding key issues, including wether previously noted patterns of siliciclastic

deposition are consistentthrough both spacetime, and how carbonatedeposition is

affectedby sealevel and climate changesduring the late Quaternary.The subsequent

three chaptersof this thesis* aim to elucidatesomeof theseissuesand to develop a

more thorough understandingof the evolution of the northeastAustralian margin

during the late PleistoceneandHolocene.

Firstly, only two cores that were examinedin previous studies had appropriate

radiocarbonagecontrol to allow the quantificationof siliciclastic fluxes to slopesof the

northeastAustralian margin since the last glacial lowstand. Moreover, both of these

coreswere takenfrom the upperslopein the northernpartof the centralGBR province,

where the shelf is narrow and rainfall is high, but sedimentdischargeis low. As a

consequence,the significanceof these results for regional interpretationsof margin

evolution is equivocal, especially in areas where the shelf is wide and sediment

dischargeis high. Chapter2 presentsthe resultsof an investigationintendedto develop

a more thoroughunderstandingof siliciclastic sedimentationoffshore the centralGBR

province, by examining cores from areaswith disparatemorphology, climate, and

sedimentarysources,to thosepreviouslystudied.The chapteris derived from a paper

published in the journal Geology (v. 31, pp. 1013-1016)entitled: Tropical view of

Quaternary sequen,cestratigraphy: siliciclastic accumulation on slopes east of the

Great Barrier Reefsince the Last Glacial Maximum, by Michael C. Page,GeraldR.

DickensandGavin B. Dunbar.

* Thereadershouldnotethat tablesandfigures in this thesisarenumberedaccordingto thechapterin
which theyarefirst referredto, andappearin sequenceat theendof thatchapter.
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In the study presentedin Chapter2, bulk carbonatecontent and a total of 27

radiocarbonageswere determinedin six cores from the upper to lower slope of the

westernQueenslandTrough,situatedbetween�~ 15 and 18°5.Depositionin this suiteof

coreshasbeeninfluencedby a wide rangeof potentialcontrolson off-shelf terrigenous

fluxes, including varying shelf width, rainfall, and sedimentdischarge.The datasets

that were generatedenabled the quantification of siliciclastic and carbonatemass

accumulationratesfor eachcoresincethe last glacial maximum.Variationsin sediment

fluxes to slopesof QueenslandTrough are discussed,with particularemphasison the

siliciclastic component,and the implications for terrigenoussedimenttransport and

depositionon the n011heastAustralian margin in responseto late Quaternarysea-level

changes.

Secondly,previousstudieshavesuggestedthat carbonatefluxes to slopesoffshore

the centralGBR provincewere highestduring the last postglacialtransgression,at the

sametime ashighestfluxes of siliciclastic sediment.Similarly to patternsof siliciclastic

deposition during the latest Quaternary, this responseis also not consistent with

conventionalmodels for continentalmargin evolution, and is confirmed by the mass

accumulationrate recordsdiscussedin Chapter2. Most previousliteratureconcerning

carbonate sedimentation on the slope of the northeast Australian margin has

circumventedthis issue, with the notable exceptionof Dunbar and Dickens (2003b),

who concludedthat althoughbulk carbonatefluxes to the slope were highestduring

transgression,highest fluxes of neritic componentsoccurred during the Holocene

highstand. This conclusion in itself fails to account for the unexpectedrecord of

carbonateaccumulationrates on slopeseast of the GBR during the last postglacial

transgression.Chapter 3 presents the results of a study intended to address the

anomalous history of carbonate deposition on slopes offshore the central GBR

PhD Thesis- M. C. Page
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province, and is derived from a manuscriptintendedfor submissionto the journal

Se(linlel'ltolgy entitled: Periplatforln carbonate accU111ulatiorl on slopes east of the

Great Barrier Reefsince the Last Glacial Maximum: Toyvard a coherentmo{lel for

se{limellfation in a tropical mixe(l siliciclastic-carbonatesystem,by Michael C. Page

andGeraldR. Dickens.

In this studypresentedin Chapter3, six well-datedcoresfrom the upperto lower

slope of the western QueenslandTrough, situated between -15 and 18°5, were

examinedfor downcorevariationsin carbonatemineralogyand Sf concentration.One

core was also examinedfor variationsin macroscopicsedimentarycomponents.These

datasets,coupledwith previously determinedrecordsof bulk sedimentaccumulation

rates,enabledthe quantificationof massaccumulationrates for individual carbonate

componentsin each core since the last glacial maximum. Mechanismsfor observed

carbonateaccumulationrate recordsare discussedin relation to sea-levelchangesover

the last glacial-interglacialcycle, and a model is proposedfor the latest Quaternary

evolutionof the centralGBR provincethat accountsfor both siliciclastic andcarbonate

componentsof slopesediments.

Thirdly, previouslymostresearchconcerningsedimentdepositionon slopesof the

northeastAustralianmarginhasfocusedon QueenslandTrollgh, offshoreof thecentral

GBR province.Accordingly, the depositionof mixed siliciclastic-carbonatesediments

offshoreof otherregionsof the northeastAustralianmarginduring the LatePleistocene

and Holocene remains largely unconstrained.The significanceof previous work is

particularlyunclearwith respectto the southernGBR province,becausethis region is

fundamentallydifferent than the area to the north: the hinterland is located wholly

within the dry tropics, the GBR platform is two to four times wider, and off-shelf

sedimentationtakes place on the shallowly submergedMarion Plateau. Chapter4

PhD Thesis-lvI, C. Page
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presents the results of a study intended to investigate sedimentationoffshore the

southernGBR province, and is derived from a manuscriptpublished in the journal

Marine Geology (v. 219 pp. 27-45) entitled: Sedimentfluxes to Marion Plateau

(southern Great Barrier Reefprovil1,ce) over the last 130 ky: Ne'tv constrainJson

'tral1,sgressive-shedclirzg'offnortheasternAustralia, by Michael C. Pageand GeraldR.

Dickens.

In this study presentedin Chapter4, one core from the westernedgeof Marion

Plateau,immediatelyseawardand down-slopeof the presentGBR, was examinedfor

downcore variations in bulk carbonate content, carbonate mineralogy, and bulk

carbonateSr concentration.Age models were developedbasedon three radiocarbon

dates and high-resolutionstable isotope stratigraphythroughout the core length. The

combinationof thesedatasetsenabledthe quantificationof massaccumulationratesfor

siliciclastic and bulk carbonate components,as well as for individual carbonate

minerals, fromthe last interglacial(marineisotopesubstage5e), throughthe last glacial

cycle and into the Holocenehighstand. Variationsin siliciclastic and carbonatefluxes

to Marion Plateauare discussedwith respectto over 130 ky of sea-levelchanges,and

arecomparedto the observedrecordfrom QueenslandTrollgh. A modelis proposedfor

the observedpatternsof mixed siliciclastic-carbonatesedimentdepositionoffshoreof

the southernGBR province.

Appendedafter the main body of the thesis are two associatedresearchpapers.

Appendix A contains a manuscript concerning the amino-stratigraphy of late

Pleistocene-Holocenesedimentseast of the GBR, and stems from a manuscript

preparedfor submissionto the journal QuaternaryResearchentitled: High-resolution

amino-stratigraphyof coresfrom Queenslan{lTrough ancl Marion Plateau: insights

into AAR kinetics i11 the �~�v�e�s�t�e�r�l�1 Coral Sea since the Last Glacial Maximum, by

PhD Thesis- M. C. Page
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Michael C. Page,Michael J. O'Leary, Paul J. Hearty, and Darrell S. Kaufman. This

studyforms part of a pilot programevaluatingthe utility of amino acid racemizationin

single foraminifers as a geoscientific tool for investigations involving Quaternary

marinesediments.Amino-stratigraphiesweredevelopedfor five coresfrom the western

slope of QueenslandTrough, and for one core from the western edge of Marion

Plateau.Downcoreprogressionsin the D-alloisoleucine/L-isoleucineratios of aspartic

acid arediscussed,andthe kinetic pathwayof racemizationis modelledover the last20

to 25 ky. The effects of different bottom water temperatureson racemizationrates at

the cored sites are investigated, and paleoceanographicimplications of the study

presented.

Appendix B contains a data report on the bulk carbonatecontent of sediments

recoveredfrom OceanDrilling Program(ODP) Hole 1198A, drilled during ODP Leg

194 on Marion Plateau.The appendix is derived from a manuscriptpublished in:

Anselmetti, F.S., Isern, A.R., Blum, P., and Betzler, C. (Eds.), Proceeditzgsof the

Ocean,Drilling Prograln, Scierltific Results,Leg 194 (Online), available frOITI World

Wide Web: http://www-odp.tamu.edu/publications/194SRl004/004.htm.entitled:

Data Report: Variations itz bulk carbon,atecontent, Hole 1198A, 0-23.69 nIbs/, by

Michael C. Page.The data report presentsbaselineinformation on the depositionof

mixed siliciclastic-carbonatesediments on Marion Plateau, and discussescyclic

variations in bulk carbonatecontent and their potential relationship with sea-level

changessincethe mid-Pleistocene.
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Figure 1.1: Global mapshowingthe locationof somemodernandancientexamplesof

mixedsiliciclastic-carbonatedepositionalsystems.The regionalnameof modern

examplesis indicated,as is the ageof examplesin the geologicalrecord.
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CHAPTER2

Tropical view of Quaternarysequencestratigraphy:

Siliciclasticaccumulationon slopeseastof theGreat

BarrierReefsincetheLastGlacialMaximum
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Schoolof EarthSciences,JamesCookUniversity,Townsville, QLD 4811,Australia

GeraldR. Dickens

Departmentof EarthSciences,Rice University,Houston,Texas77005,USA
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ABSTRACT

Genericmodelsof continental-marginevolution predict that siliciclastic fluxes

to slopes should be maximal and minimal during major sea-level lowstands and

transgressions,respectively. Here we document the opposite for the northeast

Australianmargin, the largestextantmixed siliciclastic-carbonatedepositionalsystem.

Coresfrom slopesof this margin consistentlycontainsiliciclastic-rich intervals,-0.3­

I-m-thick, in the upperfew meters.Radiocarbondatesof planktonicforaminiferashow

that this interval was depositedbetween12 and 7 ka and representsgreatly increased

siliciclastic fluxes during transgression.This massiveterrigenousdischargeto slopes

occurredalong at least 450 km of the margin, irrespectiveof modern variations in

bathymetry or climate. Although we cannot dismiss a significantly different early

Holocene climate with greatly enhancedsedimentdischarge,available data instead

suggestthat rivers aggradedon the shelf during lowstand becauseof an extensive

subaeriallyexposedreef systemthat formed a barrier to off-shelf sedimenttransport.

This phenomenonmay occur on other margins rimmed by reefs, requiring a major

revisionof conceptsusedto interpretmixedsiliciclastic-carbonatesystems.

PhD Thesis- NI. c. Page
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2.1. INTRODUCTION

According to widely acceptedparadigms(Vail et aI., 1977; Walker, 1992),

majoreustaticfluctuationspredictablychangethe compositionandpatternsof sediment

depositionon slopesof passivecontinentalmargins.Siliciclastic accumulationshould

be (1) high during lowstandwhen rivers flow acrossexposedshelvesand discharge

directly onto the slope, (2) very low during transgressionwhen river mouths rapidly

retreatlandwardwith flooding of the shelf, and (3) low to moderateduring highstand

when sedimentsprogradeacrossthe shelf (Fig. 1.2B). Implicit in this conventional

wisdom is that rivers incise acrossexposedshelvesduring lowstandsin an attemptto

equilibratewith depositionalbaselevel (Miall, 1991; van Heijst andPostma,2001).But

what happenson tropical marginswhererivers flow onto shelvesrimmedby extensive

carbonate reefs? During lowstands, subaerially exposed reefs would produce

topographichighpoints, which might inhibit flu vial incision and result in sediment

deposition on the shelf (Miall, 1991; Woolfe et aI., 1998). Most literature has

circumventedthis issue. In particular, studiesof slopeenvironmentsin ancientmixed

systems (e.g., Wilson, 1967; Dolan, 1989; Yang and Kominz, 2003) commonly

interpret that highs in siliciclastic abundancecorrespond to sea-level lowstands.

However,theseinterpretationsusuallystemfrom conventionalmodels,which might be

refinedby examiningin detail the relationshipbetweensealevel andsedimentationthat

is affordedby well-datedQuaternarysuccessions.

The northeastAustralian margin (Fig. 2.1) is the largestextant tropical mixed

siliciclastic-carbonatedepositionalsystem.For >500 ky (e.g., Davies and McKenzie,

1993; International Consortiumfor Great Barrier Reef Drilling, 2001), rivers have

dischargedlarge massesof clay, quartz, and other weatheredresidueonto a shelf that

hostsnumerouscarbonatereefs. Presently,thesereefs collectively comprisethe Great

PhD Thesis-M.e.Page
22



SiliciclasticaccUlllulatioll Oil slopeso.fQueenslandTrough

Barrier Reef (GBR). East of the GBR, cores from the slope and basin and

interpretationsof seismicprofiles show alternatingsiliciclastic-rich and carbonate-rich

horizonsin late Quaternarysediment(Harris et a1., 1990;DaviesandMcKenzie, 1993;

Glenn et aI., 1993a; Dunbar et aI., 2000; Dunbar and Dickens, 2003a). Following

conventionalmodels (Fig. 1.2B), siliciclastic-rich intervals on the slope have been

interpreted as representinghigh siliciclastic accumulation rates during lowstands

(Harris et aI., 1990) or condensedsectionsformed during transgressions(Kronen and

Glenn, 2000). Conversely,in the two cores with good age control (OceanDrilling

Program [ODP] Site 820, FR4/92 [RV Franklil1, cruise 4/92] PC16, Fig. 2.1), the

uppermostsiliciclastic-rich interval clearly reflects increasedsiliciclastic accumulation

ratesduring tra11sgressionbetweenca. 12 and7 ka, whereascondensedsectionsformed

during lowstand (Peerdemanand Davies, 1993; Dunbar et aI., 2000, Fig. 1.2C).

However, both cores come from the upper slope off a coastal region currently

characterizedby an unusuallywet climate,but with minimal riverine inputs (Neil et aI.,

2002).Herewe presentanddiscussresultsfrom six additionalcoresthat form a450km

transectalong the slope of the northeastAustralian margin (Fig. 2.1), and show that

regardlessof location, terrigenoussedimentfluxes werehighestduring transgression.

2.2.LOCATION, SAMPLES,AND �~�I�E�T�H�O�D�S

NortheastAustralia (Fig. 2.1) hasdistinct topographicdifferencesthat produce

spatially variable rainfall and riverine discharge(Belperio, 1983; Neil et aI., 2002).

Between-15° and 18°5, consistent,high rainfall resultsin relativelysteadyfluvial flow

throughoutthe year, althoughwith small sedimentyields. By contrast,between�~ 18°

and ZOoS, sporadicrainfall leadsto ephemeralfluvial systemsbut with relatively large

annualsedimentloads.The latter region includesthe Burdekin River (Fig. 2.1), which
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discharges>50% of the siliciclastic material to the margin (Belperio, 1983; Neil et aL,

2002). Similar variability is evident in bathymetry.From south to north, shelf width

progressivelydecreasesandthe slopesteepens(Fig. 2.1).

Six coreswereexaminedin this study(Fig. 2.1). Thesecores,from 1.8 to 4.5 ill

long and collectedbetween1985 and 1992 (Harris et al., 1990; Dunbaret aI., 2000),

were selectedbecausethey delineate a transectencompassinga range of potential

controlson off-shelf siliciclastic fluxes (e.g.,climate,bathymetry,sedimentdischarge).

The southernmostcore, 51GC43(RVRig Seisn'lic,cruise051), is locatedon the middle

slope, 901 m below sealevel (mbsl) and slightly northeastof the lowstandBurdekin

system(Fielding et aI., 2003).The northernmostcore,FRS/90 PC27a,is locatedon the

lower slope,2163 mbsl, adjacentto an exceptionallynarrow shelf. The remainingfour

cores,FR4/92PCII, pel2,PCI3, andPC14,are locatedon the middle slope,between

1320and 1574mbsl.

Sedimenton the northeastAustralianmargin includestwo basiccomponents­

terrigenoussiliciclastics and biogenic carbonate-withonly trace amountsof other

material (Dunbaret aI., 2000; Heapet aI., 2001). Consequently,quantificationof bulk

carbonatecontent allows determinationof siliciclastic abundance.Nominally 10 cm3

sampleswere takenevery5-10cm down eachcorefor determinationof bulk carbonate

content via the carbonate-bombtechnique (Mueller and Gastner, 1971). Duplicate

sampleanalysesandstandardcomparisonsplacethe accuracyandprecisionof reported

carbonatecontentsat ±3%.

Ages were determinedat 27 depths in the cores by radiocarbonanalysesof

pelagicplanktonicforaminifera.Bulk sampleswerewet-sievedat 125 11m, and �~�2�0 mg

of Globigerinoiclessacculiferand white G. ruber were picked from the coarsefraction

after inspectingtheir preservationand rejectingspecimenswith secondarycementsor
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chamberinfilling. Foraminiferawere sonicatedin Milli-Q ultrapure water to dislodge

any remainingnon-primaryparticles and collectedby removing water and suspended

fines with a pipette.Sampleswereanalyzedby acceleratormassspectrometry(AMS) at

the Australian Nuclear Science and Technology Organization (ANSTO). ANSTO

reportedagesasconventional14C yearsbeforepresent.

2.3.RESULTS

2.3.1.CarbonateProfiles

Bulk carbonateprofiles (Fig. 2.2) aresimilar in all six cores.Carbonatecontents

(Table 2.1) are high at the sllrface, decreaseacrossdistinct dark grey intervals, and

increase again at depth. Transitions between carbonate-rich and siliciclastic-rich

intervalsaregradational,apartfrom thin intervalsat 1.01 m and 1.16 m in PC14, which

have sharp lower boundaries,graded bedding, and abundantcoarse-grainedquartz,

consistentwith an interpretationthat they are turbidites.Excludingturbidites,carbonate

contentsrange from 83% to 290/0, with maximum and minimum variation in PC13

(44%) andPC11 (390/0). Thus, the darkgrey intervalsrepresenta nominal40% increase

in siliciclastic abundance.The siliciclastic-richinterval is thickestanddeepestat PC27a

and GC43, and thinnestand shallowestat PCl1 and PC12. Theseobservationsagree

with the generaltrend that siliciclastic-rich intervals thin away from the shelf (Dunbar

et aI., 2000).

2.3.2.RadiocarbonAges

Extracted planktonic foraminifera gIve conventional t4C ages (Table 2.2)

between22,100± 140 yr B.P. and 1680± 40 yr B.P. After correctionsfor atmospheric

and marine reservoir effects using the CALm 4.0 freeware program (Stuiver et aI.,
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1998), the dates of thesesamplesare between23,750 cal. yr B.P. (calibratedyears

beforepresent)and 1250caL yr B.P. (Fig. 2.2). It is importantto note that radiocarbon

agesin eachcore increasewith depth,as expectedfor primary pelagic material,but a

trend not expectedfor reworked sediment.Eqllally important, radiocarbonages in

PC14 agree with age estimates from the oxygen isotope record of planktonic

foraminiferaat this site (Dunbaret aI., 2000).

2.3.3.Timing and Accumulation of Siliciclastic-Rich Intervals

A dark grey, siliciclastic-rich horizon is evident in the upper2 ill of all cores.

Across all sites, this horizon is datedbetweenca. 12 and 7 ka (Fig. 2.2). Given that

sedimentin thesecores is essentiallya two-componentsystem,this horizon reflects a

relative increasein the siliciclastic flux. An enhancedflux can be demonstratedby

quantifying the mass-accumulationrate (r,na) of eachcomponent:rIua,a = U eone X Pdb X

rbis, where Cleone is the amount (wt%) of componentex, Pdb is the dry bulk density

including pore space,and rbls is the bulk linear sedimentationrate, defined as the

thicknessof an interval divided by the time it represents.GC43, PC13, PC14 and

PC27awere dated within the top 3 em at 2460, 1250, 1940 and 1520 caL yr B.P.,

respectively (Fig. 2.2). These "old surface ages" may reflect poor recovery of

unconsolidatedsedimentat the seafloor. For cores without radiocarbonages in the

llpper few centimeters,we assumedan averageageof 1780caL yr B.P. for calculating

the valuesof rbls. The Pdb was assumedto be 1.0 g·cm-3, typical for shallow seafloor

sedimentson the continentalslopeof northeasternAustralia(Davieset aI., 1991).

Mass-accumulationrates were determined for siliciclastic and carbonate

componentsdown each core (Fig. 2.3), and consistentlyshow that the uppermost

siliciclastic-rich intervals resultedfrom increasedsiliciclastic fluxes, up to six times
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greater than before 12 ka. Notably, the maxima coincide with increasedcarbonate

mass-accumulationrates,a responseoppositeto that predictedby genericmodels(e.g.,

Walker, 1992). As suspectedby others (Peerdemanand Davies, 1993; Dunbaret aI.,

2000), siliciclastic-rich intervals represent periods of enhanced siliciclastic and

carbonatefluxes, but with much larger increasesin the former. A markedincreasein

the absoluteabundanceof high-Mg calcite within siliciclastic-rich intervals strongly

suggestsa neritic origin for thecarbonate(DunbarandDickens,2003b).

2.4.DISCUSSION

All coresstudiedhavea prominenthigh in siliciclastic abundancein the upper2

ffi, possiblycorrespondingto the first sllbsurfacereflector on shallow seismicprofiles

and the uppermost siliciclastic-rich horizon in other sediment cores. Applying

conventional concepts, this interval has been interpreted as representingthe Last

Glacial (Harris et aI., 1990). However,our resultsunequivocallyshow that regardless

of location, it wasdepositedduring transgression(LambeckandChappell,2001),when

sealevel relative to the northeastAustralian margin rose abovethe shelf-slopebreak

(Figs. 1.2A, 2.3).

Although recognizing that siliciclastic-rich intervals coincide with

transgression,Glenn et a1. (1993a)and Kronen and Glenn (2000) suggestedthat they

representsequencecondensation.Their primary argumentwas that at ODP Site 821

these intervals contain "pristine" verdine, a mineral formed near the seafloor when

sedimentslowly accumulatesin shallow, tropical waters(Odin and SenGupta, 1988).

The data presentedhere and elsewhere(Peerdemanand Davies, 1993; Dunbaret aI.,

2000) are inconsistentwith their interpretation.Possiblythe verdineoccursjust below

the siliciclastic-rich intervals or is reworkedfrom condensedsectionsupslope,which
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would support work indicating condensedlowstand sections on the upper slope

(PeerdemanandDavies,1993;Dunbaret aI., 2000).

The northeastAustralianmarginclearlybehavesdifferently thanpredictedfrom

generic models for continental-margin evolution. Tectonism and climate have

increasingly been invoked as explanationsfor significant deviations from model

expectations(e.g.,Rankey, 1997; Galloway, 1998;Goodbredand Kuehl, 2000).There

is no evidenceor reasonto suspectregionaluplift on this passivemarginat ca. 11-7ka.

However, increasedrainfall appearsto characterizelow-latitude regionsof the

EasternHemisphereduring this time (ThomasandThorp, 1995).Palynologicalrecords

suggestthat the precipitation rate west of Cairns (Fig. 2.1) rose from .-..;600 to 3000

mm/yr since 18 ka, with the majority of increaseoccurring between 11 and 7 ka

(Kershaw, 1985). This increasemay have dramaticallyescalatedfluvial dischargeto

the coast,as arguedto explain increasedsiliciclastic accumulationrateson shelvesof

otherlow-latitude marginsin the early Holocene(ThomasandThorp, 1995;Goodbred

and Kuehl, 2000). For the northeastAustralian margin, however, we note that (1)

enhancedprecipitationcould haveincreasedvegetation,consequentlyreducingriverine

sediment loads (Neil et aI., 2002), (2) the lowstand Burdekin River had channel

characteristicssimilar to thoseof the modernsystem(Fielding et aI., 2003),suggesting

similar discharges,and (3) evidencefor elevatedearly Holocenesedimentdeposition

on the shelf is not apparent(JohnsonandSearle,1984; HalTis et aI., 1990; Heapet aI.,

2001).

Alternatively, we suggest that the mixed nature of the margin strongly

influencessiliciclastic transportanddeposition.Specifically,during lowstands,reefson

the outer GBR shelf were subaerially exposed (Marshall and Davies, 1984;

InternationalConsortiumfor GreatBarrier ReefDrilling, 2001), forming an extensive
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chainof hills that would force rivers to aggradeon the outershelf (Woolfe et aI., 1998).

Seismicprofiles indicatethat the BurdekinRiver failed to incise the outer 10 km of the

GBR shelf, and thusdid not gradeto depositionalbaselevel whensealevel wasbelow

the shelfedgeduring the Last Glacial (Fielding et aI., 2003).Consequently,siliciclastic

material might have "ponded" behind carbonatehighs on the outer shelf during

lowstand(Rankeyet aI., 1999), dischargingto slopesand basinsonly after sealevel

rose abovethe shelf-slopebreak and waves, tidal currents,and cyclonescould erode

and remobilizesediment(Steckleret aI., 1999; Dunbaret al., 2000). Notably, a major

pulse in mangrove pollen marks the siliciclastic-rich interval at ODP Site 820

(Grindrodet aI., 1999). The co-accumulationof terrigenousmaterial,high-Mg calcite,

and mangrovepollen on the slope during transgressionmay collectively signal the

releaseof nearshoresedimentwhensealevel on the shelfsurpassesacritical depth.

The northeastAustralian margin representsan excellentmodernexampleof a

tropical mixed siliciclastic-carbonatedepositional system. Over the past 25 ky,

maximum and minimum siliciclastic fluxes to slopesof this margin occurredduring

transgressionand lowstand, respectively (Fig. 2.3). Although we do not fully

understandthe causeof this depositionalbehaviour, it diverges significantly from

generic modelsof continental-marginevolution, as well as the record inferred from

many ancient mixed systems.Furthermore,key hypothesesproposedto explain the

latestQuaternaryevolution of the northeastAustralianmargin, including the effect of

subaeriallyexposedtopographichighs on siliciclastic transportand deposition,have

been identified on other mixed siliciclastic-carbonatemargins in both the modern

(Ferroet aI., 1999)andancient(Rankeyet aI., 1999)geologicalrecord.The patternsof

slope sedimentationidentified on the northeastAustralian margin may also occur on

othermarginswhererivers andreefsinteractover spaceand time, andmay constitutea
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fundamentalresponseof passivecontinentalmarginsto sea-levelchanges.In particular,

the role of transgressionsin the developmentof continentalslopesequences, especially

alongtropical mixedsiliciclastic-carbonatemargins,warrantsfurther investigation.
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Core Coredepth Carbonatecontent Core Coredepth Carbonatecontent
(em) (wt %) (em) (wt 0/0)

51GC43 5.5 72 FR4/92-PC11 12.0 78
11\ ..:- 7i 23.0 771 ";J.J

37.0 67 28.0 76

55.0 55 34.0 70
66.0 54 39.0 68
75.0 44 44.0 65
84.0 44 52.0 51
96.0 38 59.0 53
106.0 30 67.0 72
122.0 31 74.0 74
134.0 34 83.0 76
154.0 40 89.0 79
171.0 44 93.0 78
177.5 44 98.0 81
182.5 40 102.0 83
190.0 31 109.0 81
193.5 33 1.16.0 78
201.5 30 123.0 76
207.5 35 129.0 74
212.0 42 136.0 68
220.5 29 142.0 75
223.5 37 151.0 81
232.5 47 159.0 82
239.0 46 168.0 77
253.5 70 177.0 68

185.0 67
193.0 69
203.0 75
212.0 76
220.0 67
228.0 66
235.0 65
242.0 65
252.0 68
262.0 74

273.0 77
285.0 73
294.0 71
303.0 72
310.0 54
317.0 59
327.0 45
335.0 65
344.0 45
352.0 51
361.0 66
373.0 77
378.0 77
382.0 62
389.0 54
397.0 45
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Core Coredepth Carbonatecontent Core Coredepth Carbonatecontent
(em) (wt %) (em) (wt %)

FR4/92-PCI.2 10.0 70 FR4/92-PC13 8.0 71

17.0 69 22.0 57
28.0 57 34.0 66
38.0 49 45.0 64
46.0 46 55.0 59
53.0 44 66.0 47
60.0 49 76.0 45
67.0 61 83.0 59
75.0 57 87.0 69
85.0 64 95.0 71
94.0 63 105.0 77
102.0 65 115.0 82
112.0 74 124.0 82
120.0 73 132.0 76
130.0 77 143.0 75
137.0 69 153.0 71
146.0 68 163.0 77
154.0 67 172.0 78
163.0 70 183.0 68
170.0 64 193.0 66
178.0 66 203.0 69
184.0 75 213.0 73
195.0 80 223.0 73
207.0 83 233.0 70
219.0 78 243.0 63
225.0 72 253.0 62
236.0 66 262.0 60
247.0 72 273.0 64
257.0 69 282.0 68

265.0 74 292.0 74
274.0 70 302.0 76
285.0 57 312.0 69
295.0 60 322.0 64
305.0 68 332.0 69
315.0 63 342.0 63
325.0 60 353.0 55
335.0 59 363.0 38
345.0 70 369.0 39

373.0 49
381.0 50
391.0 61
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Core Coredepth Carbonatecontent Core Coredepth Carbonatecontent
(em) (wt %) (em) (wt %)

FR4/92-PCi 4 21.0 67 FR5/90-PC27a i8.0 57
30.0 64 30.0 61
35.0 56 41.0 61
41.0 61 53.0 61
48.0 61 64.0 62
56.0 56 76.0 49
63.0 51 87.0 54
71.0 41 98.0 52
78.0 36 109.0 43
86.0 45 119.0 44
92.0 59 143.0 39
98.0 45 154.0 47
101.0 24 165.0 40
102.5 58 176.0 48
108.0 58 187.0 58
110.5 64 198.0 59
116.0 31 209.0 67
119.0 69 220.0 59
123.0 64 23l.0 49
131.0 71 242.0 48
139.0 76 253.0 52
146.0 74 264.0 54
154.0 76 273.0 57
161.0 73 294.0 57
167.0 69 305.0 62

175.0 67 316.0 67
182.0 68 327.0 68

338.0 76
349.0 74
360.0 65
371.0 75
382.0 78
393.0 71

Table2.1: Measuredbulk carbonatecontentin cores51GC43,FR4/92PCII, FR4/92

PC12,FR4/92PCI3,FR4/92PCI4,andFR5/90PC27a.
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Lab code Coredepth Conventional14Cage Error Calibrated14Cage 1 SIGlVIA error
(em) (yrs BP) (yrs +/-) (yrs BP) (yrs +/-)

51GC43
OZF296 5 2760 40 2460 80
OZ0452 31 5570 50 5930 40
OZ0453 48 7810 60 8290 80
OZE893 75 8600 50 9010 160
OZE894 152 10370 50 11120 370
OZ0454 17J 12680 80 14130 420
OZF297 211 18230 140 21080 360

FR4/92-PCL1
OZF724 36 6490 50 6980 60
aZE875 60 9530 50 10280 90
OZF725 79 16180 90 18720 300

FR4/92-PCI2
OZF723 30 6660 50 7200 40
aZE876 59 9750 50 10460 150

FR4/92-PCL3
OZG455 5 1680 40 1250 30
OZF299 55 7690 50 8150 40
OZE874 79 10300 50 10990 380
OZF722 104 20550 140 23750 440

FR4/92-PC14
OZF298 24 2330 40 1940 50
OZE808 75 9180 60 9820 150
OZE809 88 10980 60 12490 330
OZE810 109 14370 80 16640 250

FR5/90-PC27a
OZ0450 7 1960 40 1520 40
OZG451 52 4760 50 4990 70
OZ0814 82 7160 90 7620 60
OZD815 156 9320 90 9910 230
OZ0816 200 11250 160 12870 170
OZD817 224 12900 150 14340 580
OZ0449 318 22100 140 N.A. N.A.

Table2.2: Resultsof acceleratormassspectrometryradiocarbonanalysesand

calibrationof conventionalagesfor cores51GC43,FR4/92PC11, FR4/92PC12,

FR4/92PCI3,FR4/92PC14,andFR5/90PC27a.(N.A.-Beyondthe rangeof

calibration)
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Figure2.1: The northeastAustralianmarginbetween...... 15 and200S, including mean

annualrainfall, locationof major rivers, distributionof modernreefson the shelf,

bathymetry(m) of the westernCoral Sea,andlocationof coresFR5/90PC27a,aDP

Holes819,820and821, FR4/92PC14,FR4/92PC13,FR4/92PCI2, FR4/92PC16,

FR4/92PC11, and51GC43.
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Figure 2.2: Downcoreprofiles of bulk carbonatecontentfor coresSlGC43,FR4/92

PCII, FR4/92PCl2, FR4/92PCI3, FR4/92PC14,andFRS/90PC27a,and

radiocarbonages(calibratedyearsbeforepresent)of planktonicforaminifera.

PhD Thesis- lvl.C. Page
36



SiliciclasticaccuJ1lulatiollOil slopesofQueenslandTrough

SQu1h...CIIIII-------------------tl...�~ NQrth

en
c
ro
t=

"'C
C

JY
(/)

�~o
..J

5 0 20
-- Siliciclastic

100 a

PC11 PC12 PC13
60 60 60
Mass accumulation rate (g/cm2/ky)

Siliciclastic content (010)

100 0 100 a 100 a 100 0
,.-.------, ,...-------w �.�,�.�.�-�-�-�-�-�~

GC43 �~ro
1i)
I

o
o

20

25 a 30 0
Carbonate ---,-'"

Figure2.3: Mass-accumulationratesof siliciclasticandcarbonatesedimentin cores
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pe2?a. Dashedline approximatesthe time whensealevel reachedtheshelfedge(ca.

12 ka). H/stand-sea-levelhighstand;Trans-sea-leveltransgression;Lowstand-sea­

level lowstand.
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CHAPTER3
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Towarda coherentmodelfor sedimentationin a tropical

mixedsiliciclastic-carbonatesystem
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ABSTRACT

The northeastAustralianmargin, including the GreatBarrierReef, is the largest

modernexampleof a tropical mixed siliciclastic-carbonatedepositionalsystem,where

both rivers and reefs contribute large quantities of sediment In contrast to generic

modelsfor thesesystems,during the late Quaternarymaximumaccumulationratesof

siliciclastic andcarbonatesedimentson the slopeoccurredduring transgressionca. 12­

7 ka, ratherthanduring the last glacial lowstandandHolocenehighstand,respectively.

Here we documentchangesin the relative abundanceand mass accumulationrates

(MARs) of low-Mg calcite (LMC), aragonite,and high-Mg calcite (HMC) in six well­

datedcoresfrom the upperto lower slope to investigatebulk carbonateaccumulation

ratepatterns.In general,as a percentof total carbonatethe relative abundanceof LMC

is highestawayfrom the shelfandduring lowstand,whereasthe relativeabundancesof

aragonite and HMC are highest close to the shelf and during highstand. Mostly,

however, the MARs of individual carbonateminerals are in-phasewith the MARs of

both the bulk siliciclastic and carbonatecomponents.ACcllffiulation rates of LMC,

aragonite, and HMC were low during lowstand, increased significantly during

transgression,and taperedto moderatelevels during highstand.The MARs of eachof

the carbonatecomponentsgenerallydecreaseaway from the shelf, especiallyduring

transgressionandhighstand.Bulk carbonatestrontiumconcentrationsalso suggestthat

most aragonitecomesfrom neritic organisms.Thus, the high fluxes of aragoniteand

HMC to the slope during transgressionare attributed to elevatedneritic productivity

when sea level began to flood the shelf. Analyses of sieved grains show that a

significant fraction of LMC, particularly during transgression,is weatheredreefal

debris.The amplified MAR of LMC during transgressionis thereforeexplainedby the

remobilisation of neritic carbonatefrom the outer shelf that had been subaerially
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exposed and diagenetically altered during lowstand. Our work demonstratesthat

initiation andrapid expansionof shallow watercoralgalcommunitieswas synchronous

with massiveoff-shelf fluxes of siliciclastic sediment,and indicatesthat mostnew reef

growth eitheroccurredon bathymetrichighs abovemuddywater,or wasunaffectedby

high turbidity and high suspendedsedimentconcentrationsin the water column. The

establisheddepositionalparadigmfor tropical mixed systems,which has the highest

accumulationrates of siliciclastic and carbonatesedimenton slopesduring sea-level

highstand.and lowstand, respectively, is not consistent with Late Quaternary

sedimentationon slopes of the northeasternAustralian margin, becauseimportant

concepts(e.g., antecedenttopography,shallow water sedimentremobilisation)are not

emphasized.
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3.1. INTRODUCTION

The sedimentologyof continentalmargins traditionally has beenstudiedwithin

the framework of idealized siliciclastic or carbonatesystems,dependingon whether

rivers or shallow marineecosystemsdominatesedimentsupply (e.g., Posamentierand

Vail, 1988; Jamesand Kendall, 1992; Handford and Loucks, 1993; Schlageret aI.,

1994).For bothcases,widely acceptedparadigmspredicthow majorfluctuationsin sea

level could affect sedimentaccumulationrates on continentalslopes.Thesemodels

suggestthat siliciclastic accumulationratesshouldbe: (1) high during lowstand,when

rivers flow acrossexposedshelvesand dischargedirectly onto the slope, (2) very low

during transgression,when rivers rapidly retreat landwardwith flooding of the shelf,

and(3) low to moderateduring highstand,whensedimentsprogradeacrossthe shelf. In

contrast, carbonateaccumulation rates should be: (1) low during lowstand, when

shallow marineaccommodationspaceis restrictedto a narrowzoneon the upperslope,

(2) moderateto high during transgression,when shallow marineaccommodationspace

expandson to the shelf, and (3) high during highstand,when accommodationspaceis

maximisedon the floodedshelf.

Many continentalmargins at low latitudes receive significant amountsof both

siliciclastic sedimentfrom rivers and carbonatesedimentfrom shallow marinesources

suchas reefs (cf. Mount, 1984). Sedimentologistscommonlyrefer to thesemarginsas

tropical mixed siliciclastic-carbonatesystems,and examplescan be found off the

moderncoastsof northeastAustralia (e.g., Davieset aI., 1991) and Belize (e.g., Jones

and Desrochers,1992), or in the rock record (e.g., Permianstratain west Texas and

New Mexico: Borer and Harris, 1991). Most literature discussing tropical mixed

systemssuggeststhat continental slopes record major eustaticchangesin a manner

predictedby depositionalmodels for end-membersiliciclastic and carbonatesystems
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(e.g.,Wilson, 1967;Dolan, 1989; Harris et aI., 1990;Foremanet ai., 1991;Tuckerand

Chalcraft, 1991; Jamesand Kendall, 1992; Kronen and Glenn, 2000). Accordingly,

highs in siliciclastic accumulationrateson the slopeshouldmark lowstands,highs in

carbonateaccumulationrates should mark highstands,and condensedintervals with

low accumulationrates of both componentsshould mark major transgressions(Fig.

1.2B). Crucially, much of this work has beenbasedon stratigraphicsectionsin the

ancientrock record,whereaccumulationratesaredifficult to quantify.

The northeastcontinental margin of Australia (Fig. 3.1), including the Great

Barrier Reef(GBR), representsthe largestextant tropical mixed siliciclastic-carbonate

system(Belperio and Searle,1988; Neil et aI., 2002). Recentinvestigationsof well­

dated late Quaternarysedimentcores from slopes east of the GBR have revealed

fundamentalinconsistencieswith widely acceptedmodelsfor mixed systemevolution

(Figs. 1.2C, 3.2). Most notably, over the last 25 ky, both siliciclastic and carbonate

accumulationrateson the slope were lowest during lowstandca. 25-12 ka, when the

shelfwasexposed,highestduring transgressionca. 12-7 ka, whensealevel roseabove

the shelf, and moderateduring highstandca. 7 ka to present,when the shelf was

flooded (Peerdemanand Davies, 1993; Dunbar et aI., 2000; Dunbar and Dickens,

2003a;Pageet aI., 2003;PageandDickens,2005).

Two end-membermodels,emphasizingeitherantecedenttopographyor climate,

havebeenproposedto accountfor the unexpectedpatternsof siliciclastic depositionon

slopesof the northeastAustralian margin (Dunbar and Dickens, �2�0�0�3�a�~ Pageet aI.,

2003; Page and Dickens, 2005). The anornalolls history of carbonatedeposition,

however,lacksa sufficientexplanation(DunbarandDickens,2003b;Pageet aI., 2003).

In this paper,we quantify variationsin the relative abundanceand accumulationrates

of low-Mg calcite (LMC), aragonite,high-Mg calcite (HMC), andbulk Sf in six cores
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from the slope of the northeastAustralian margin. This work establishesa clear

baseline for understandingthe distribution and flux of carbonateminerals on this

margin over spaceand time. We demonstratethat the high carbonateaccumulation

rateson the continentalslopeduring transgressionweremostpronouncednearthe shelf

and resulted from increasedfluxes of all carbonateminerals. We explain these

observations,as well as the changesin accumulationrates of siliciclastic material,

throughchangesin sedimentproductionandthe remobilisationof sedimenton the shelf

during transgression.The results of this study illustrate a new model for sediment

dynamicson a tropical mixed siliciclastic-carbonatemargin, which may be applicable

to the study of other mixed siliciclastic-carbonatesystemsthroughout the geological

record.

3.2.BACKGROUND

The continentalmargin of northeastAustralia between 15 and 18.5° S latitude

(Fig. 3.1) can be divided into four large physiographicregions (Scott, 1993): (1) a

hinterlandof steepmountainsandbroadcoastalplains, (2) a broad, low-gradientshelf

rimmed by the extensivechain of barrier reefs and bathymetrichighs of the GBR, (3)

the QueenslandTrough (QT), a north-south trending rift-basin with water depths

exceeding2100 ill, and (4) the QueenslandPlateau,a detachedcarbonateplatform with

isolatedreefs. Distinct variations in bathymetryare evident froill south to north: shelf

width decreases,reef density increases,the continental slope steepens,and the QT

deepens.

Sedimentson the northeastAustralian margin comprise two basic components

(e.g., Harris et aI., 1990; Dunbar et aI., 2000; Heap et aI., 2001): (1) terrigenous

siliciclasticssuchas quartz,clays andotherweatheredresidue,and (2) marinebiogenic
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carbonatescomposedof LMC, aragonite,andHMC. As such,the carbonatecontentof

bulk sedimentreflects the relative abundanceof both components(Heapet aI., 2001).

Carbonatecontents of surface sediment vary across the margin, reflecting in part

proximity to sedimentsources.Carbonatecontentsare loweston the inner-shelf,where

a siliciclastic sedimentprism occursbetweenthe 5 and 25 ill isobaths,increaseacross

the middle shelf, and reach nearly 100% adjacentto coral reefs on the outer shelf

(Belperio, 1983; DunbarandDickens,2003b).Eastof the GBR, carbonatecontentsof

surfacesedimentsteadilydecline toward the north along the axis of QT, dropping to

below 50% about 100 km northeastof Cooktown (Dunbar et aI., 2000; Sutherland,

2000; Dunbar and Dickens, 2003b). This pattern primarily representselevated

terrigenousaccumulationrates in the northern QT (rather than diminishedcarbonate

accumulationrates),althoughthe sourceto sink pathwayfor the siliciclastic material

remainsenigmatic(Dunbaret aI., 2000;Franciset aI., 2003).

Surfacedistributionsof carbonatemineralsalso displayclearspatialtrendsacross

the outerGBR shelfand within QT (DunbarandDickens,2003b).As a precentat total

carbonate,aragoniteandHMC contentsdecreasesteadilywith increasingdistancefrom

the GBR (and scatteredreefson the QueenslandPlateau),whereasLMC contentdoes

the opposite.Additionally, bulk sedimentSr concentrationsstrongly co-vary with the

relative abundance of aragonite, systematically decreasing away from reefs

(Sutherland,2000; Dunbarand Dickens,2003b).Thesesurfacepatternsare consistent

with partitioningbetweenneritic andpelagiccarbonate(Sutherland,2000; Dunbarand

Dickens,2003b),similar to that in sedimentaroundthe Bahamas(e.g.,Boardmanand

Neumann,1984;HeathandMullins, 1984;Boardmanet aI., 1986;Droxler et aI., 1988;

Milliman et aI., 1993).Closeto reefs,carbonateis dominatedby debrisfrom coralsand

algae, which generallyprecipitateSr-rich aragonite,and benthic foraminifera, which
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precipitateHMC. Away from areasof neritic production,carbonateis dominatedby

testsof planktonicforaminiferaandcoccolithophorids,which precipitateSf-poorLMC,

andpteropods,which precipitateSr-pooraragonite(e.g.,Milliman, 1974).

Sedimentcoresfrom QT showthat carbonatecontentchangesin accordancewith

the last glacial-interglacialoscillation in sealevel (e.g., PeerdemanandDavies, 1993;

Dunbaret aI., 2000;DunbarandDickens,2003a;Pageet aI., 2003).Thebulk carbonate

contentof sedimentis moderateto high during lowstand,low during transgression,and

moderateto high during highstand.This patternreflectsvariationsin the fluxes of both

siliciclastic andcarbonatecomponentsover time (Fig. 3.2). Crucially, both siliciclastic

and carbonateaccumulationratesin QT were lowest during lowstand,highestdllring

transgression,and moderate during highstand (Dunbar et aI., 2000; Dunbar and

Dickens,2003a;Pageet aI., 2003).

Most studiesof late Quaternarysedimentcores from QT have focussedon the

unexpectedbehaviourof the siliciclastic component,ratherthan the anomalouspatterns

of carbonatesedimentation.As a notable exception, Dunbar and Dickens (2003b)

examinedvariations in the relative abundancesof carbonatemineral phasesdown a

series of QT cores (Fig. 3.1) and found that as a percent of total carbonatethe

abundancesof aragoniteand HMC were generally lowest during lowstand,moderate

during transgression,and highest during highstand.Similar records in the Bahamas

havebeenexplainedby 'highstandshedding'(e.g., Kier and Pilkey, 1971; Boardman

and Neumann, 1984; Boardman et aI., 1986; Schlager et aI., 1994), where the

production and dischargeof neritic carbonateincreaseswith flooding of the shelf,

becausea greaterproportionof seaflooris within the photic zone(Fig. l.2B). Suchan

explanationis problematicfor late Quaternarysedimentin QT, however,becausenet

carbonateaccumulationrates on the slope were highest immediately after sea level
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crossedthe shelf-slopebreak (i.e., transgression)rather than during highstandwhen

neritic carbonatewasmostabundant(Figs. 1.2C,3.2; Pageet aI., 2003).Unfortunately,

mostcoresexaminedby DunbarandDickens(2003b)wereinsufficiently datedandtoo

far from the GBR platform to fully constrainthe flllX of carbonatecomponentsto QT

over time, and critical assumptionsregarding the uniformity of LMC accumulation

rates on the slope may have been incorrect. Thus, the late Quaternaryrecord of

carbonatesedimentationon the northeast Australianmargin remainsunclear. It is this

recordthat we examinefurtherherein.

3.3.SAMPLESAND ANALYTICAL METHODS

Sedimentcoresfrom six siteson the westernslopeof QT between15 and 18.5°S

were examinedin this study (Fig. 3.1). They include OceanDrilling Program(ODP)

Hole 820A (cores IH through2H-l), RVFranklin pistoncores5/90 PC27a,4/92 PCll,

4/92 PCl3 and4/92 PC16,andRVRig Seismicgravity core051 GC43. The locations

of thesecores lie between5 and 57 km eastof the modern 120 m isobath, range in

water depth from 280 to 2163 m below sea level (mbsl), and encompassmajor

physiographicalvariations along the margin (Fig. 3.1). Importantly, all cores except

PC27alie well abovethe regionalaragonitecompensationdepthof .....1750ill (Correge,

1993), and none of the cores contain calcareousturbidites (Peerdemanand Davies,

1993; Dunbar et aI., 2000; Pageet aI., 2003). Further documentationof the cores is

providedelsewhere(Table3.1).

Other than wide spatialcoverage,the coreswere selectedbecausethey had been

studiedpreviously (Peerdermanand Davies, 1993; Dunbar et aI., 2000; Dunbar and

Dickens, 2003a, b; Page et aI., 2003). Bulk carbonatecontentshave already been

determinedat nominally 10 to 20 em intervals down cores at aDP Hole 820A
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(Peerdemanand Davies, 1993), PCl6 (Dunbaret aI., 2000), and GC43, PCll, PCl3

and PC27a (Page et a1., 2003). Between three and nine samples of planktonic

foraminifera also have beendatedby acceleratormassspectrometry(AMS) at all six

sites (Fig. 3.3). After converting radiocarbonages to calibratedyears before present

(cal BP), the combination of these data enabled the construction of carbonate

accumulationraterecordsalongslopesof QT (Fig. 3.2).

Carbonatemineralogy(Fig. 3.3,Table3.2) wasdeterminedon 51 samplesof bulk

sediment from cores at ODP 820A, GC43, PC27a, PCI3, and PCII by X-ray

diffraction (XRD) using a SiemensD5000X-ray diffractometer at the JamesCook

University AdvancedAnalytical Centre (JCU-AAC). Nominally 10 em3 of sediment

were freeze-driedto removepore fluids and crushedby hand using a ceramicmortar

and pestle.Sub-samplesof the powder were then placedinto cavity mOllnts on glass

smearslidesand analysedby XRD using the eu Ka line at 30kV and 20mA. Samples

were rotatedduring analysisto minimize preferredorientationand examinedbetween

1.30 28 and65° 28 at a rateof 0.50 2e-min-i . For eachsamplethe absoluteabundances

of all mineralsincluding LMC, aragonite,and HMC werequantifiedwith Siroquantv.

2.0, which quantifies mineral abundancesby iteratively adjusting multiple synthetic

XRD profiles to matchthe measuredXRD patterns(Taylor, 1991).Errors in individual

mineral abundancesare difficult to assess,in part becausethe sum of all quantified

phasesmust total 100%, regardlessof the numberof phasesconsidered.However, the

SLIm of LMC, aragonite,and HMC is consistentlywithin ± 15% of the measuredbulk

carbonatecontent (Table 3.2), which is consistentwith previous studies that have

utilised these methods (e.g. Dunbar and Dickens 2003b), and suggeststhat most

primary siliciclastic phaseswere accountedfor during mineral quantification,and that

errors are small «50/0) for eachcarbonatemineraL The abovesamplepreparationand
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analysisare the sanleas thosedescribedby Dunbar (2000) and Dunbar and Dickens

(2003b).Consequently,10 samplesfrom PCl6, and 1 sampleeachfrom PC27a,PCl3,

andPCIl wereincorporatedinto this study(Table3.2).

CarbonateSr concentrationwas determinedfor 51 samplesof crushed bulk

sediment(Table 3.3) using a Varian Liberty SeriesII sequentialinductively coupled

plasma atomic emission spectrometer(ICPAES) at the JCU-AAC. Sub-samplesof

materialusedfor XRD analyseswere weighedanddigestedwith 5 mL of 10% HN03,

which dissolvescarbonatephasesbut not siliciclastic minerals. The solute was then

analysedusing a wavelengthof 407.77111m andSf concentrationsweredeterminedby

standardcomparisonto laboratory solutions of known Sr concentration.Repeated

analysisof laboratorySr soilitions placesthe accuracyof reportedvaluesat ±lO%.

To gain a betterunderstandingof carbonategrains,bulk sedimentsampleswere

taken every 10 to 20 cm down core GC43 and wet-sievedat 250 11m. The coarse

fraction was examined under binocular microscopeand representativesamplesof

sedimentswere photographed(Fig. 3.4). Samplesdepositedduring transgressionand

highstandcontain large (>1000 !lm) irregular clastsof carbonate.Nine of theseclasts

were extractedfrom the samplesusing an insectbrushand tweezersand examinedfor

their mineralogy using a Bruker-AXS General Area Detector Diffraction System

(GADDS) at the JCU-AAC. Instrumentconditionswere40 kV and52 rnA andsamples

wereanalysedfor oneminuteat 28 between23 and58°. Mineralogywasdeterminedby

assessingthe diffraction patterns against the commercially available International

Centrefor Diffraction Datadatabase.

3.4.COMPOSITIONALVARIATION

3.4.1.CarbonateMineralogy(XRD)
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The samples exhibit a wide range in the absolute abundanceof individual

carbonateminerals.Somevariability reflectsdifferencesin siliciclastic dilution because

the total carbonatecontentvariesbetween30 and82% (Table3.2). Siliciclastic dilution

canbe accountedfor by recalculatingcarbonatemineralabundances relativeto the total

carbonatecontentThe simplestnormalizationis:

raM =qaM/(qaLMC + qaaragonite+ qaHMC)

where raM is the relative abundanceof carbonatephaseM (LMC, aragoniteor HMC),

andqa is the quantifiedabundanceof eachcarbonatephase.Evenafter "removing" the

siliciclastic component,the ra of the threeprimary carbonatephasesvary significantly

acrossthe samplesuite (Table3.2): LMC (16 - 94%), aragonite(6 - 47%) andHMC (0

- 450(0). In general,thesevariationscorrespondto distinct patternsover spaceand time

(Figs. 3.3, 3.5A).

The shelf-slopebreakon the northeastAustralianmargin typically is placedat 70

to 80 m below presentsea level (Maxwell, 1968; Larcombeet aI., 1995). For the

purposesof this paper, the definition of the shelf includes all subaqueousareas

shallowerthan the 120 ill isobath,becausethis nominal depth approximatesthe extent

of the photic zoneandhenceof neritic productivity (JamesandKendall, 1992;Jackson,

1997), and presumablythe limit of aragoniteand HMC precipitation. The distances

betweenthe 120 ill isobathand individual coreshave changedover the last 25 ky in

responseto variations in global ice volume and sea level (Fig. 1.2A; Table 3.1).

Nonetheless,the relativeabundanceof carbonatemineralshasadheredto a basicspatial

pattern: raLivlC generallyincreaseswith distancefrom the shelf, whereasraaragonite and

raHMC generally decreasewith distance from the shelf (Fig. 3.5A). The notable

exceptions(which are discussedin greaterdetail in section 3.6.6) are PC16, which

consistentlyhas a depressedraLivlC and an elevatedraHMC given its distancefrom the
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shelf, and PC27a, which has depressedraaragonite and raHMC during lowstand.

Notwithstandingtheseexceptions,and directly relating to the overall spatial trends,

LMC is usually the most prevalent carbonatemineral in the studied cores, with

aragoniteandHMC in successivelylower amounts.Somesedimentintervalsfrom ODP

820A, PC16,andGC43,all within 25 km of the modern120m isobath,areexceptions

(Figs. 3.3, 3.5A). In particular,most sedimentsexaminedfrom ODP 820A have>40%

raaraaoniteand>35% raHMC, so thatLMC is the leastabundantcarbonatemineraLo

Apart from the spatial trends, the relative abundanceof carbonateminerals

changestemporallyin generalcorrespondencewith the lastglacial-interglacialsealevel

cycle (Figs. 3.3, 3.5A). In all cores, raLiVIC is highest during lowstand, decreases

throughoutthe transgression,andis lowestduring highstand.The relativeabundanceof

aragoniteis essentiallythe opposite,being lowest during lowstand,andpeakingduring

the Holocenehighstand.Temporal trendsin raHl'vIC are less distinct. Most coresshow

peaksin raHNIC during transgression(as alsonotedby DunbarandDickens,2003b),but

thesearerelatively minor andno consistentpatternis evident.

The magnitudesof downcorevariations in carbonatemineralogy are related to

physiography(Figs. 3.3, 3.5A). Cores far from the shelf have greaterchangesin the

relative abundanceof mineralsover time comparedto coresproximal to the shelf. For

example,between-21 and2.5 ka, raLtvlC, raaragonite,and raHMC vary by 30, 20, and 10%,

respectively,in PCII (57 km eastof the modern120ill isobath),but only by 3, 10, and

130/0, respectively,in GC43 (12 km eastof the 120ill isobath).

3.4.2.Strontiumconcentrations

Marine organismscan precipitatearagonitewith a wide rangeof Sr. In general,

however,neritic organisms(e.g., coralsand algae)producearagonitewith �~�7�5�0�0 ppm
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Sf, whereaspelagicorganisms(e.g., pteropods)producearagonitewith �~�1�5�0�0 ppm Sf,

similar to Sr concentrationsin HMC and LMC (Milliman, 1974; Bathurst, 1975;

BoardmanandNeumann,1984;Droxler et aI., 1988).

The samples examined in this study exhibit considerable variation in the

extractableSr contentof bulk sediment,which rangesfrom 620 to 2630 ppm (Table

3.3). The extractableSr contentof individual samplesis calculatedrelative to the initial

mass of bulk sediment. However, becauseof the sample preparation techniques

employedin this study (i.e. only carbonatemineralswere in solution), the extractable

Srcontentrelatesonly to the bulk carbonatefraction of the sample.Consequently,these

valuesneedto be correctedto accountfor differencesin the abundanceof siliciclastic

andbulk carbonatecomponents(Table3.3), accordingto:

Srcarbonate= Srextractablex (100 -:- Wcarboante)

where Srcarbonateis t11e correctedSf contentof the bllik carbonatefraction, Srextractableis

the extractableS1' contentrelative to the initial bulk mass,and Wcarbonateis the weight

percentof bulk carbonatein the sample.

CorrectedSr content of the samples(Table 3.3) rangesfrom 1610 ppm (1.24

mbsf, PCI3) to 3900ppm (6.36 mbsf, ODP 820A). The relationshipbetweenSrcarbonate

and raaragonite can be examinedby plotting these variableson an aragonite-Srmixing

diagram(Fig. 3.6). When all data are consideredtogether,a linear best fit indicatesa

strong correlation betweenSrcarhonateand raaragonite (r2 = 0.74), suggestingthat most

aragoniteaccumulatingon slopesof QT is Sr-rich aragonite.Independentof the linear

best fit, the relationshipbetweenSrcarbonateand raaragonitein almost80% of the samples

plots above the theoretical mixing line for samplesthat contain equal parts Sr-rich

aragoniteand Sr-pooraragonite(50/50 line; Fig. 3.6). Notably, of the 13 samplesthat

plot on, or below, the 50/50 mixing line, and thereforecontain the most significant
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quantitiesof Sr-pooraragonite,mostarefrom sedimentdepositedduring the lastglacial

lowstand,whentheshelfwasexposedandneritic accommodationspacewas lowest.

3.4.3.CarbonateGrains

Some downcoremineralogicalchangesin GC43 can be linked to macroscopic

compositionalchanges.Within lowstandintervals (Figs. 3.4A-B), the carbonatesand

fraction is dominated by clean, well-preserved tests of planktonic and benthic

foraminifers. Pteropodsare also relatively abundant,but coralline algaeare relatively

uncommon.Theseobservationsareconsistentwith the observationthat LMC was most

abundantduring lowstand, and Sr-poor aragonitewas most significant before 12 ka.

Within transgressiveintervals (Figs. 3.4C-H), the percentcarbonatesand is visually

less comparedto lowstand intervals, partly reflecting vastly increasedabundanceof

terrigenousmud (Pageet aI., 2003). Nevertheless,planktonic and benthicforaminifers

remain abundantwithin the carbonatesandfraction. Pteropodsappearless comnl0n,

but coralline algaeare more common,and coarseshell fragments(possibly molluscan

in origin) are numerous.Most notably, however, a conspicuouscomponentof the

carbonatesand fraction within sedimentsdepositedduring transgressioncomprises

carbonateclasts up to >1000 �~�l�m (Figs. 3.4C-H). Within highstandintervals (Figs.

3.41-J), the carbonatesand fraction is generally similar to that depositedduring

transgression.Planktonic and benthic foraminifers are abundant,coralline algae and

shell fragments are common, and pteropods are present in varying abundance.

Highstandintervalsalso containsubstantial,albeit lesserquantitiesof carbonateclasts.

With the notable exception of the carbonateclasts, macroscopicchanges in the

carbonatesedimentsdepositedwithin GC43 are similar to those describedat ODP
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820A (Peerdemanand Davies, 1993), suggestingthat these observationsmight be

consistentwith otherlocationson the slope.

The anomalouscarbonateclastshave two distinct types: (1) aggregatesof small

cementedparticles,someof which incillde a recognisablenucleus(Figs. 3.4C & H), or

(2) clasts of recrystallisedcarbonate(Fig. 3.4F-J). The two types can also occur

together,for example,whererecrystallisedgrainsarecoatedby aggregatesof cemented

particles(Fig. 3.4D, 3.4E).Nevertheless,mineralogicalanalysisrevealsthat regardless

of texture the clastsare composedexclusivelyof LMC. The sedimentarytexturesand

mineralogyof the carbonateclastsare not consistentwith primary biogeniccarbonate,

but do appearto be consistentwith secondaryalterationof biogenic carbonateunder

sllbaerialand/ormeteoricconditions(e.g.,JamesandChoquette,1990;Bathurst,1993).

Pre-Holocenecarbonatesedimentswith similar diagenetic characteristicshave also

beenrecordedpreviouslyon the GBR shelf (Grme et aI., 1978; Johnsonet aI., 1984).

These observationssuggest that the carbonate clasts were probably formed by

diagenesisanderosionof neritic carbonateon the shelfduring lowstand.

3.5.MASS ACCUMULATION RATES

Mass accumulationrates (MARs) are a measureof the quantities of a given

sedimentarycomponent accumulating over discrete intervals of time. Calculating

MARs is fundamentalto understandingthe patternsof sedimentdepositionon slopes

eastof the GBR, becauseMARsenablevariationsin the flux of individual components

to be assessedquantitatively and independentlyof co-occurring components.Mass

accumulationrates(g/cm2/ky) canbecalculatedaccordingto:

MARx=Wx x LSRx DBD
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where Wx is the fractional weight percentof cOlnponentX, LSR is the bulk linear

sedimentationrate (cm/ky), definedas the net thicknessof sedimentaccumulatedover

a given interval of time, andDBD is the dry bulk density(g/cm3
) including porespace.

Bulk siliciclastic and carbonateMARs have beendeterminedpreviously for late

Quaternarysedimentat GC43, PC27a,PCI3, and PCll (Pageet al., 2003). For these

cores,LSRswere calculatedbetweensuccessiveradiocarbondates,and a DBD of 1.0

g/cm3 wasassumedbecausethis is typical for shallowslopesedimentsin QT (Davieset

aI., 1991). The sameapproachwas usedto calculatesiliciclastic and carbonateMARs

down coresfrom PC16 and ODP 820A (Fig. 3.2). Late QuaternaryMAR recordsfrom

QT (including at PC16 and ODP 820A) consistentlyshow highs for both siliciclastic

and carbonatecomponentsduring transgressionca. 12-7 ka (Figs. 1.2C, 3.2). This is

not an artefactof misplacedagedatumsbecauseall coresexaminedfrom QT showthis

generalrecorddespitethe useof different radiocarbonagedatums,and the radiocarbon

ageshave beenconfirmed with other dating techniques,most notably oxygen isotope

stratigraphy(Dunbar and Dickens, 2003a; Pageand Dickens, 2005). In the simplest

sense, the time interval between similarly spaced samples decreasessignificantly

during transgression(Fig. 3.3).

In a similar way, MARsof individual carbonatemineralscanbe determineddown

eachcoreaccordingto:

MARM = raM x MARcarbonate

whereMARM is the massaccumulationrate of carbonatemineral M (LMC, aragonite,

or HMC), andothertermsare as definedabove.Massaccumulationratesof individual

carbonatemineralsvary significantly down individual cores,andan10ngdifferent cores

(Fig. 3.7). In general,however,thesevariationsconformto distinct patternsover space

andtime (Figs. 3.5B, 3.7).
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Similar to spatialvariationsin their relative abundance,MARaragoniteandMARHMC

generally decreasewith increasing distance from the shelf, even during sea-level

lowstand(Fig. 3.5B). In this regard,it is noteworthythat MARaragoniteand MARHMC at

the deepestlocation,PC27a,alwayslie on the trendsdelineatedby the shallowercores,

suggesting that dissolution is not significantly affecting carbonate mineralogical

recordsin late Quaternarysedimenton the slopeof QT. Thus, sedimentnearthe shelf

has high relative abundancesof aragonite and HMC becausethese phases are

accumulatingrelatively fast. By contrast,the spatialpatternsof raLMC andMARLMC are

dissimilar,with the lattereitherfairly uniform acrossthe margin,or highercloserto the

shelf(Fig. 3.5B).Thus,sedimentdistal to the shelfin QT hasa high relativeabundance

of LMC becauseotherphasesareaccumulatingrelativelyslowly.

In all cores, the MAR of all carbonatemineralschangedmarkedly over time in

concert with variations in sea level (Fig. 3.7). However, the magnitudesof these

changesamongcoreswerealsolargelydependanton distancefrom theshelf.

During sea-levellowstand,MARaragoniteandMARHMC werelowest in all cores,and

amongcoresthe MARs of eachcarbonatemineral were most similar during this time

(Fig. 3.5B). For example,dllring lowstand, the MARaragonite at ODP 820A (the core

closestto the shelf) was about7 times higher than at PCll (the core farthestfrom the

shelf), whereasduring transgressionand highstand,MARaragonite at ODP 820A was

about 14 times higher than at PCIl. These observationsare consistent with an

interpretationof reducedsupplyof neritic carbonatefrom the shelf. Generally,MARLMC

was also lowestduring lowstandan'dearly transgression,but was fairly uniform across

QT, suggestingcarbonatedeposition from pelagic sources.The only exceptionwas

PC27a,which recordselevatedMARLMC during lowstand.
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During transgression,MARsfor all threecarbonatephasesincreasedsignificantly

in all coresexamined(Fig. 3.7). AragoniteandHMC MARsduring transgressionwere

typically 2 to 6 times greaterthan during lowstand, with peaksover some intervals

including order-of-magnitudeincreases.The averageMARLMC also roseby a factor of

--2 to 7.5, except at PC27a, where it at a similar level from lo\vstand through

transgression.Aragonite MARs generally increasedthe most betweenlowstand and

transgression,and the increasesin all carbonatemineral MARs were generallymost

pronouncedin coresproximal to the shelf. For example,MARaragonite increasedby 6

timesat ODP 820A,but by only 3 timesat PCll.

The MAR of bulk carbonatedropsin all slopecoresof QT from the transgression

to present(Fig. 3.7). In general, this correspondsto a decreasein the MARs of all

carbonatephases,althoughthere are a few exceptions(e.g., MARuragonite and MARLMC

are highestduring highstandin PC13). Decreasesin the MARs of carbonateminerals

were generally greater in cores closer to the shelf (Fig. 3.5B). Hence, the spatial

differences in carbonateaccumulationrates observedon the modern seafloor were

morepronouncedduring transgression.

3.6.DISCUSSION

3.6.1.Origin andproblemof carbonateabundanceandaccumulationpatterns

Prominent changes in bulk carbonate content characterize late Quaternary

sedimentsectionsdepositedon the upperto lower slopeof QT. In particular,a distinct

dark-grey siliciclastic-rich interval occurs within the upper few metres of all cores

examinedfrom this region (e.g., Harris et aI., 1990; Peerdemanand Davies, 1993;

Dunbaret aI., 2000; Kronen andGlenn,2000; DunbarandDickens,2003a;Pageet aI.,

2003). Applying conventional concepts for tropical mixed siliciclastic-carbonate

PhD Thesis- M.e. Page
56



CarbonateaCCLllnlllatioll on slopeso.fQueenslandTrough

depositionalsystems,this interval hasbeeninterpretedas representinghigh siliciclastic

accumulation rates and low carbonateaccumulation rates during the last glacial

lowstandand early transgressionca. 25-12 ka (e.g., Harris et aI., 1990; Kronen and

Glenn, 2000). Recentstudiesusing radiocarbondating (Dunbar et aI., 2000; Dunbar

andDickens,2003a;Pageet aI., 2003)haveconfirmedthat the siliciclastic-richinterval

is time correlativealong the margin, and indeedrepresents anomalouslyhigh ratesof

siliciclastic accumulationon the slope. However, this horizon unequivocallyformed

during transgressionca. 12-7 ka, and coincided with periods of peak carbonate

accumulationrates(Figs. 1.2C, 3.2). The bulk carbonatecontentof this interval is low

only becausethe depositionalflux of siliciclastic material increasedmore than that of

carbonate(DunbarandDickens,2003a;Pageet aI., 2003).

The relative abundancesof different carbonatemineralsalso changemarkedlyin

late Quaternarysediment of QT. These changesgenerally correspondin time to

variationsin siliciclastic andbulk carbonateaccumulationrates,aswell as variationsin

sealevel (Fig. 3.3). With few exceptions,LMC is most abundantduring lowstand,and

aragoniteand HMC becomemore abundantwith rising sealevel, especiallynear the

shelf (Fig. 3.5A). This result is consistent with, but amplifies, previous findings

(Dunbar et aI., 2000; Dunbar and Dickens, 2003b) that showed that the relative

abundanceof neritic carbonateon the slope is lowest during lowstand and higher

during transgressionand highstand.The generallyhigh Sr contentof sedimentand the

strongdown-corecorrelationsbetweenSr contentand aragonitecontent(Fig. 3.6) are

alsoconsistentwith previouswork (Dunbaret aI., 2000; Sutherland,2000; Dunbarand

Dickens,2003b), and suggestthat the aragonitechiefly comesfrom neritic organisms

on theshelf.
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Downcore changesin carbonatemineralogy might be interpretedaccording to

conventionalconceptsfor carbonatedepositionalsystems(e.g., Boardmanet aI., 1986;

PosamentierandVail, 1988;JamesandKendall, 1992;Schlageret aI., 1994)where(1)

low relative abundanceof neritic componentsreflectsdecreasedcarbonateproductivity

when the shelf was exposed,and (2) high relative abundanceof neritic components

reflects increasedcarbonateproductivity when the shelf was flooded. Indeed, this

concept of 'highstand shedding' (cf. Schlager et aI., 1994) has been proffered

previously for patternsof late Quaternarycarbonatedeposition in QT (Dunbar and

Dickens,2003b).

Mass accumulationrates,however,show that temporal variationsin the relative

abundanceof carbonaten1ineralshave a more complicatedorigin. Apart from a few

exceptions,MARs of all carbonateminerals were (1) lowest during lowstand, (2)

highest during transgression,and (3) moderateto high during highstand(Fig. 3.7).

Furthermore,peak MARs of all carbonateminerals during transgressionwere most

pronouncedin coresclosestto the shelf (Fig. 3.5B). Thus, the shelf appearsto supply

aragonite,HMC, anc! LMC, especiallyduring transgression.Somewhatanalogousto

the aforementionedsiliciclastic dilution of bulk carbonate,the absoluteabundanceof

LMC is low during transgressiononly becausethe depositionalfluxes of aragoniteand

HMC rosemorethanthe depositionalflux of LMC.

Conventional models for sediment deposition on tropical mixed siliciclastic­

carbonatemarginsarenot consistentwith the late Quaternaryevolutionof the northeast

Australian margin, becausethey do not predict the high accumulation rates of

siliciclastic andcarbonatecomponents,including LMC, to slopesduring transgression.

We suggest,however,that the slope recordscan be explainedfairly simply when two

factsconcerningthe adjacentshelfarestressed.
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3.6.2.Changeson theshelfanda solutionto slopeaccumulation

Drill coresthroughreefsof the GBR (Fig. 3.8) showthat Holocenecarbonateand

active coral reefsconstituterelatively thin strataat the top of reefprofiles. Underlying

theseHolocenesections,much of the reef structuresconsistof a seriesof dissolution

horizons,formed when the reefsweresubaeriallyexposedduring lowstands,andolder

carbonatedeposits representingreef growth during past highstands.The "solution

unconformities"betweenPleistoceneand Holocenestratacommonly lie between10

and 25 m below modernreef tops (Davies and Hopley, 1983; Johnsonet aI., 1984;

Marshall and Davies, 1984; InternationalConsortiumfor GreatBarrier ReefDrilling,

2001;WebsterandDavies,2003),which representsa palaeoreliefof at least35 to 50 m

above the adjacent coastal plain, and demonstratesthat the GBR comprised an

extensivebathymetrichigh on the shelfduring the last lowstand.Although active reefs

and the Holocenesection consist mostly of aragonite,the older sectionshave been

extensivelyrecrystallisedto LMC, probablywhen they wereexposedto meteoricwater

during lowstand (Johnsonet aI., 1984; Marshall and Davies, 1984; International

Consortiumfor GreatBarrierReefDrilling, 2001).

Seismic profiles across the shelf show numerouschannelsthat formed when

rivers traversedthe shelfduring the last lowstand(JohnsonandSearle,1984;Fielding

et aI., 2003). �~�o�w�e�v�e�r�, even the biggest of these paleo-channelsystems (that of

Burdekin River) did not traverseall the way to the shelf-slopebreak (Fielding et aI.,

2003).Evidently, rivers lackedsufficient streampowerto crossthebroad,low gradient,

reef-silled shelf of northeasternAustralia during the last lowstand (Fielding et aI.,

2003). Nevertheless,there is very little siliciclastic material on the modernmiddle to

outershelf (JohnsonandSearle,1984;Harris et aI., 1990).Sedimentloadsof lowstand
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fIver systems were probably depositedon the shelf and subsequentlyeroded and

removedduring transgression(Dunbaret aI., 2000; Dunbarand Dickens,2003a;Page

et aI., 2003).

Theseobservationsfrom the shelf are crucial to understandingthe accumulation

raterecordson the slopebecausethey imply:

(1) Erosion and weatheringof reefs during lowstand,creatingan abllndantsourceof

diageneticLMC thatcouldbemobilizedduring transgression,

(2) An absenceof riverinedeliveryof sedimentto slopesduring lowstand,and,

(3) Prominenttopographichighs on the outer shelf that could be colonizedby corals

during transgression.

Taking theseinterpretations,we proposethe following basicevoilltion for the northeast

Australianmarginover the last25 ky (Fig. 3.9).

3.6.3.Lowstandca.25-12ka

Deposition of all sedimentarycomponentswas slowest in QT before sea level

crossedthe shelf-slopebreakca. 12 ka (Fig. 3.7). Reducedstreampowerand low shelf

gradientscausedfluvial avulsion behind subaeriallyexposedreefs and depositionof

siliciclastic sedimenton the shelf (e.g., Dunbar et aI., 2000; Dunbar and Dickens,

2003a;Pageet aI., 2003). Becausereefscomprisingthe main GBR were inactive, the

production and sheddingof neritic carbonatewas at a minimum and aragoniteand

HMC accumulationratesin QT were low. We note, though, that aragoniteand HMC

accumulationratesdid not drop to zero and still displayeda slight increasetoward the

shelf (Fig. 3.5B), suggestingthat some neritic productionexisted,presumablyon the

upperslope (Fig. 3.9). During this time the raLMC and the numberof pelagic testsin
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sedimentwere most pronounced(Figs. 3.3, 3.4) becausethe accumulationratesof all

othercomponentswere low.

3.6.4.Transgressionca. 12-7ka

Sealevel rose abovethe shelfedgeof the northeastAustralian margin ca. 12 ka

(Fig. 3.7; Larcombeet aI., 1995; Lambeckand Chappell,2001). Around this time, all

sedimentarycomponentsaccumulatedat greaterrates on slopesof QT, especiallyin

areasclose to the shelf. Siliciclastic fluxes peakedbecauseof either vastly increased

precipitationon the continent(Kershaw,1985, 1994;Wyrwoll andMiller, 2001),which

increasedfluvial runoff and overall terrestrialsedimentsupply to the margin (Thomas

et aI., 2001; Thomas,2003), or shallow water on the shelf (with accompanyingwaves

and currents)erodedand remobilisedfluvial siliciclastic sedimentsdepositedon the

shelf during lowstand (Dunbar et aI., 2000; Dunbar and Dickens 2003; Pageet aI.,

2003; Fig. 3.9). The immenseinflux of LMC to the slopeduring transgressionwasalso

most pronouncednearthe shelf (Fig. 3.5B) and includederodedcarbonateclasts(Fig.

3.4), most likely representingweatheredand diagenetically alteredreefal material that

was remobilisedin shallow water (along with siliciclastic sediment)and transportedto

slopesof QT.

The accumulationrates of aragonite and HMC escalateddramatically during

transgressionall alongslopesof QT (Fig. 3.7). We suggestthat this representsa sudden

increasein neritic productionassociatedwith a major increasein accommodationspace

(Jones and Desrochers, 1992). Using bathymetric cross sections (Fig. 3.10),

straightforwardreconstructionsof sea level rise show that almost immediately upon

flooding of the shelf ca. 12 ka, the areaof seafloorwithin 120 m of the seasurface

increasedseveralfold, and continuedto expanduntil sealevel stoppedrising ca. 6 ka

PhD Thesis-M.e.Page
61



Carbonateaccul11ulationon slopesofQueenslandTrough

(Larcombe et aI., 1995; Lambeck and Chappell, 2001). Certainly, an increase in

shallow marineaccommodationspaceof this magnitudecan lead to major reef growth

and/orthe developmentof vastHalime{la bioherms(JamesandBourge, 1992; Hallock,

2001).

Somewhat surprisingly, however, initial reef building and/or bioherm

developmenton the northeastAustralian margin was synchronouswith immenseoff­

shelf fluxes of siliciclastic sediment (Figs. 1.2e, 3.2). Suspended sediment

concentrationsand turbidity on the shelf must have been high. Theseconditions are

purportedly the least suitable for the developmentof both coral reefs and algal

bioherms(Jamesand Bourge, 1992; Hallock, 2001), but seeminglydid not affect the

rapid expansionof these organismson the northeastAustralian margin during the

earliestHolocene.Perhapsthe simplestexplanationis that theseorganismsdeveloped

on top of pre-existinghighs and were physically separatedin the water column from

siliciclastic sedimentsthat were being transportedin intermediateor bottom nepheloid

layers(e.g. Paket aI., 1980; Walsh and Nittrouer, 1999).Alternatively, the detrimental

effectsof high terrigenousinputs and turbidity on sustainedreefgrowth may generally

beoverestimated(e.g.,LarcombeandWoolfe, 1999;SmithersandLarcombe,2003).

3.6.5.Highstandca.7 ka-present

The accumulationratesof all sedimentarycomponentsin QT have moderated

during the Holocenehighstand(Fig. 3.7). Siliciclastic fluxes havedroppedsignificantly

toward the present,probably for two reasons(Fig. 3.9). First, riverine sourceshave

moved landwardso that newly delivered terrestrial sedimentis trappedon the inner

shelf (Belperio, 1983; Larcombe and Carter, 2004). Secondly,however, siliciclastic

repositorieson the outer and middle shelf were depletedduring the transgressionand
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now lie below normal wave-basereworking. Fluxes of LMC also have decreased

becausealteredreef detritus on the shelf is depletedand isolatedfrom normal wave­

base. A similar rate of LMC accumulationin all but the most shelf-proximal cores

suggestsLMC accumulatingon the slope during highstandis predominantlysourced

from pelagic organisms.Decreasedfluxes of aragoniteand HMC suggestthat neritic

productivity has dropped, arguably becauseaccommodationspace hasceasedto

increase,or more likely diminished, as reefs and associatedsedimentscontinue to

expandand sealevel remainsrelatively stable.This is evidencedby the cessationof

vertical reefgrowthon the GBR between4 and6 ka, with lateralgrowth predominating

since (Fig. 3.8: Davies and Hopley, 1983; Johnsonet aI., 1984; Ryan et aI., 2001;

Websterand Davies, 2003). This changein reef growth, and the decreasedflux of

neritic carbonateto the slope of QT, may be related to a drop in overall global

carbonateproductionin the lateHolocene(Ryanet aI., 2001).

3.6.6.Discrepancies

The observedsedimentaccumulationrate records in our cores form a mostly

cohesivedatasetandwe havehighlightedthe generalities.We note,however,that there

are some discrepanciesin the details. The most striking is the record of LMC

depositionat PC27a(Figs. 3.5B, 3.7), where MARLMC was very high during the last

lowstand, rather than at lowest levels similar to the other sites. Notably, the

accumulationratesof neritic carbonateat PC27aareconsistentwith thoseat othersites,

and with the proximity of pe27a to the shelf, suggestingthat this is not the result of

misplacedagedatumsor erroneousmineralogicaldata. A possibleexplanationlies in

the fact that the slopeadjacentto PC27ais amongstthe steepestwithin QT (Fig. 3.10).

Perhaps high gradients on the upper and middle slope were not conducive to
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sedimentationand promoteddown-slopetransportand sedimentdepositionat the toe­

of-slope,especiallyduring lowstandwhen sealevel (and thus a shallow, high-energy

environment)was below the shelf edge. Unfortunately, no sedimentologicevidence

was observedin PC27ato either supportor refute this possibility, and thus, barring

further investigation,theMARLMc at PC27aduring the lowstandremainsenigmatic.

Otherdiscrepancieswithin the datasetconcernthe MARsof LMC andaragonite

at PC13,which, unlike the othersites,areslightly higherduring highstandcomparedto

transgression(Fig. 3.7). However, the significanceof thesedeparturesfrom the trends

displayedby the other coresappearsnominal. For example,at PC11 the MARs of all

carbonateminerals are also very similar during transgression andhighstand,and like

PC13,PCII is also distal to the shelf. During transgressionand highstand,MARLMC at

PCl3 and PCIl were around2 to 3 g/cm2/ky, and during highstand,similar MARLMC

also occur at most other sites (apart from at the most shelf-proximalcore, i.e. ODP

820A). The uniformity of theseresultsis consistentwith predominantlypelagic-driven

deposition of LMC during highstand,and suggeststhis was also the case at distal

locations in QT during transgression.Similarly to how the grain size of neritic

carbonateis likely to influencerecordsof aragoniteandHMC depositionat sitesdistal

to the shelf, it is possible thatfluxes of LMC did not increaseas much at distal sites

becausethe bulk of LMC clasts sourced from the shelf were too coarse to be

transportedlong distances.

3.7.CONCLUSIONS

1. The depositionof sedimentarysuccessionson slopesof QT sincethe LGM does

not conform with generic models for the evolution of tropical mixed

siliciclastic-carbonatesystems(Fig. 1.2B) because(i) minimum and maximum
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siliciclastic fluxes occurredduring lowstandandtransgression,respectively,and

(ii) carbonatefluxes werein-phasewith siliciclastic fluxes (Figs. l.2C, 3.2)e

2e The distribution of carbonateminerals across QT is mostly consistentwith

partitioningof materialsOllrcedfrom neritic andpelagicorganismseThe relative

abundanceof aragoniteand HMC decreaseswith increasingdistancefrom the

shelf(Fig. 3e5A), and therelativeabundanceof LMC is essentiallythe oppositee

In general, the relative abundanceof LMC is low near the shelf because

aragoniteandHMC accumulaterelatively fast, and is high away from the shelf

becausearagoniteandHMC accumulaterelatively slowly.

3e The distribution of carbonatemineralsdown coresfrom QT (Fig. 3.3) appears

consistent with conventional models for carbonate systems. The relative

abundanceof aragoniteand HMC was lowest during lowstand and increased

progressivelywith increasingsealevel, reachinga peak in the late Holocene.

The relativeabundanceof LMC wasessentiallythe oppositeanddecreasedwith

rising sealevel.

4e The accumulationrates of carbonatemineralsdown coresfrom QT (Fig. 3e7)

are not consistentwith conventionalmodels for carbonatesedimentationon

slopes(i.e. 'highstandshedding').During lowstand, the accumulationratesof

aragoniteandHMC were low, but slightly highercloserto the shelf(Fige 3.5B),

and the accumulationratesof LMC were uniform acrossmost of QT. During

transgression,accumulationratesof all carbonatemineralsreachedtheir highest

levels, and accumulationratesof all carbonatemineralswere higher closer to

the shelfe Notably, this included numerousLMC clasts (Fig. 3e4), but the

relative abundanceof LMC decreasedbecausethe accumulation rates of

aragoniteand HMC increasedby more. During highstand, the accumulation
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rates of aragoniteand HMC taperedto more moderatelevels, but remained

higher in cores closer to the shelf. The accumulation rates of LMC also

decreasedand weregenerallysimilar throllghoutQT, but the relativeabundance

of LMC was lowest becausethe accumulationrates of aragoniteand HMC

decreasedby less.

5. Conventional models are not consistentwith the evolution of the northeast

Australianmarginduring the Late PleistoceneandHolocene,becauseimportant

factors such as antecedenttopographic profiles, carbonatediagenesis,and

shallow-water sediment remobilisation are not emphasised.Taking these

factors, we proposea coherentmodel (Fig. 3.9) for the observedpatternsof

mixed siliciclastic-carbonatesedimentdepositionin QT sincetheLGM:

(i) During lowstandca. 25-12 ka, rivers aggradedbehindtopographicbarriers

(e.g., exposedreefs), depositingsedimentonto the shelf and starving the

slope.Coevally, subaerialexposureand erosionof Pleistocenereefs altered

neritic carbonateand producedLMC clasts.,Neritic accommodationspace

and productionof aragoniteand HMC was severelyrestricted(Fig. 3.10).

Sedimentationin QT wasdominatedby pelagicLMC.

(ii) During transgressionca. 12-7 ka, sealevel flooded the shelf and 'lowstand'

siliciclastic depositsand LMC clasts where remobilisedin shallow, high­

energy environments,and transported to the slope. Rapid increasesin

accommodationspace (Fig. 3.10) maximised neritic productivity and

shedding of aragonite and HMC. Holocene reef and/or bioherm

development was initiated (and indeed flourished) regardless of high

turbidity andsuspendedsedimentconcentrations.

PhD Thesis- M. c. Page
66



Carbonateaccul11ulatiollon slopes�(�~�f QueenslandTrough

(iii) During highstandca. 7 ka to present,new fluvial inputs were restrictedto

an inner shelf sedimentwedge. Remnantdepositsof terrigenousmaterial

and LMC clastson the middle and outer shelf were depletedand isolated

from normal wave base reworking. Accommodationspacestabilisedand

then diminishedas deglaciationceasedand reefs caughtup with sealevel.

Productionandsheddingof aragoniteandHMC reducedtowardthepresent.

Althoughdivergingfrom conventionalmodelsfor sedimentdepositionon tropical

mixedsiliciclastic-carbonatemarginsin severalkey aspects,the aboveevolutionfor the

northeastAustralianmarginover the latestQuaternaryis consistentwith generaltrends

in all datafrom QT, anda growing amountof datafrom the adjacentshelf (for a review

see Larcombe and �C�a�r�t�e�r�~ 2004). One might suggestthat the northeastAustralian

margin is, for whateverreason,a specialcase,and that other tropical mixed systems,

both modern and ancient, might behave according to conventional paradigms.

However,similar relationshipsbetweenphysiography,fluvial evolution, and sediment

transportand depositionhave beenidentified on shelvesof other mixed siliciclastic­

carbonatesystems(e.g., Ferro et aI., 1999; Rankeyet aI., 1999). Consequently,our

results may equally apply, in whole or in part, to the evolution of other passive

continental margins throughout the geological record, especially tropical mixed

siliciclastic-carbonatesystemswith barrierreefs.
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Distanceto 120m isobath
Core Latitude Longitude WaterDepth Present �L�G�~�I

(m) (km) (km)

FR5/90-PC27a 150 17.4'S 1450 56.8'E 2163 16 15

ODP 820A 16° 38.2'S 1460 18.2'E 280 5 I

FR4/92-PC13 16° 57.1'5 1460 55.2'E 1507 35 31

FR4/92-PC16 17° 25.9'S 146°53.5'E 1043 24 18

FR4/92-PCll 17° 34.3'S 147°20.9'E 1320 57 51

51GC43 18° 07.9'S 1470 28.6'E 901 12 6

Table3.1: Locationandotherinformationpertainingto sedimentcoresFR5/90PC27a,

ODP820A, FR4/92PC13,FR4/92PCI6,FR4/92PCII, and51GC43.
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Bulk CO) LlVIC Aragonite Hl\tIC
Core Sampiecode Coredepth Depth ... -- __ __ "- ___ LA A I' _._'\ .• _ (qa) ra I' �~�,�.�'�\ .4'"

�f�\�.�g�~ �l�:�U�U�l�~�l�U .. - - - - \CILl} ,Lt \LfLl) 1(,£

(em) (em bsf) (cal BP) (%) (%) (%) (%)

FR5/90-PC27a2656- 24/\ 0 0 980 n.d. (31) 46 (26) 38 (11) 16
5343- 17 20 20 2520 57 (38) 54 (24) 34 (9) 13

5343-18 52 52 4990 61 (42) 57 (22) 30 (10) 14

5343- 19 82 82 7620 52 (37) 57 (21) 32 (7) 11
5343- 20 150 L50 9910 45 (34) 61 (15) 27 (7) 13
5343- 21 194 194 12870 59 (52) 67 (11) 14 (15) 19
5343- 22 218 2L8 14340 59 (54) 79 (6) 9 (8) 12

5343- 23 294 294 20240 57 (67) 94 (4) 6 (0) 0

5343- 24 347 347 24350 74 (67) 77 (15) 17 (5) 6

5343- 25 400 400 28470 77 (67) 85 (11)14 (1) 1
5343- 26 450 450 32360 61 (67) 86 (10) 13 (1) 1

OOP820A 5675-17 6 6 1030 69 (16) 2 I (34) 44 (27) 35
5675- 18 206 206 4610 65 (17) 24 (30) 43 (23) 33
5675 - 19 326 326 6760 57 (12) 22 (22) 41 (20) 37
5675- 20 406 406 7870 54 (13) 22 (25) 42 (21) 36
5676- 21 576 576 9680 39 (10) 22 (19) 41 (17) 37

5675- 22 616 616 10910 43 (8) 20 (17) 41, (16) 39
5675- 23 636 636 12500 40 (7) 16 (20) 47 (16) 37

5675- 24 656 656 14090 42 (9) 17 (23) 44 (20) 38
5675- 25 686 686 16470 48 (14) 22 (27) 42 (24) 37

5675- 26 725 725 31750 78 (17) 29 (19) 32 (23) 39
5675 - 27 746 746 41200 77 (16) 28 (19) 33 (23) 40

FR4/92-PC13 2656- 27" 0 0 560 n.d. (38) 59 (19) 30 (7) 11

4675 - 07 8 8 1660 71 (41) 55 (26) 35 (8) 11
5309- 15 34 34 5250 66 (40) 58 (19) 28 (10) 14

5309- 10 55 55 8150 58 (35) 56 (15) 24 (13) 21
4675- 08 76 76 10640 45 (32) 62 (13) 25 (7) 13

5309- II 83 83 13030 59 (48) 65 (16) 22 (10) 14
5309- 12 87 87 15070 69 (54) 74 (9) 12 (10) 14

4675- 09 95 95 19160 71 (66) 81 (7) 9 (8) 10

5309- 13 105 105 24260 77 (74) 86 (6) 7 (6) 7

5309- 14 124 124 33950 82 (74) 87 (7) 8 (4) 5

FR4/92-PC16 2612- 36* 13 0 30 n.d. (26) 33 (29) 36 (25) 31

2126- at * 34 21 1740 76 (28) 35 (29) 36 (24) 30

2126- 02* 60 47 3930 73 (26) 37 (23) 33 (21) 30
2173- 10* 106 86 6960 65 (24) 34 (21) 30 (25) 36

2126- 03* 146 126 8530 53 (17) 31 (17) 31 (20) 37
2126- 04* 191 171 10330 42 (14) 28 (15) 30 (21) 42

3083- 01* 231 208 12020 30 (15) 36 (14) 33 (13) 31

2173- 11* 251 228 12930 55 (21) 36 (15) 25 (23) 39

3083- 02* 271 248 15750 49 (30) 52 (11) t9 (17) 29
2612- 28* 284 261 17720 56 (19) 27 (22) 31 (30) 42
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Bulk COJ LlVIC Aragonite HlVIC

Core Samplecode Coredepth Depth Age content"" (qa) ra (qa) ra (qa) ra

(em) (em bst) (cal BP) (%) (%) (%) (%)

FR4/92-PCI 1 2384- 31A 10 0 1780 n.d. (49) 59 (23) 28 (11) 13

4675-01 12 2 2180 78 (43) 51 (25) 30 (16) L9

5343-01 23 13 4380 77 (61) 66 (21) 23 (10) 11

5343- 02 34 24 6580 70 (59) 66 (21) 23 (10) 11

5343- 03 44 34 8080 65 (51) 62 (20) 24 (11) 13

4675- 02 59 49 10140 53 (37) 58 (17) 27 (10) 16

5675- 16 67 57 13390 72 (61) 73 (12) 14 (11) 13

5343- 04 74 64 16500 74 (57) 66 (20) 23 (9) 10

5343- 05 83 73 20500 76 (73) 81 (9) 10 (8) 9

4675 - 03 98 88 27160 81 (66) 78 (9) 11 (10) 12

5343- 06 109 99 32050 81 (70) 83 (8) 10 (6) 7

5lGC43 4675 - 16 5.5 5.5 2530 72 (32) 39 (31) 38 (19) 23

5343- 07 37 37 6760 67 (36) 43 (28) 34 (19) 23

5343- 08 55 55 8480 55 (28) 39 (24) 33 (20) 28

4675 - 17 84 84 9260 44 (19) 37 (19) 37 (14) 27

4675 - 18 134 134 10630 34 (14) 33 (15) 36 (13) 31

5343- 09 154 154 11440 40 (18) 34 (16) 30 (19) 36

5343- 10 171 171 14130 44 (22) 37 (19) 32 (19) 32

5343- 11 182.5 182.5 16130 40 (25) 43 (17) 29 (16) 28

4675 - 19 193.5 193.5 18040 33 (25) 53 (12) 26 (10) 21.

5343 - 12 212 212 21250 42 (21) 36 (16) 28 (2l) 36

4675 - 20 239 239 25940 46 (22) 37 (19) 32 (18) 31

qa - quantifiedabundance;ra - relativeabundance
n.d. - no data

A Datafrom Dunbar(2000)

* Datafrom DunbarandDickens(2003b)
A/\ Bulk carbonatedatafrom Pageet al. (2003),exceptdatafor ODP 820A (PeerdemanandDavies,

1993)anddatafor FR4/92PC 16 (Dunbaret aI., 2000)

Table3.2: Bulk carbonatecontentandcarbonatemineralabundancesin sedimentcores

FR5/90PC27a,ODP 820A (IH, 2H-l), FR4/92PCl3,FR4/92PC16,FR4/92PCIl,

and51GC43.
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Core Sample Core Depth Age Bulk CO) Srcontent Srcontent Aragonite
code depth content-"- measured* co['rected* ra

(em) (cmbst) (cal BP) (0/0) (ppm) (ppm) (%)
FR5/90-PC27a5516-001 20 20 2520 57 1700 2930 34

5516-002 52 52 4990 61 1705 2840 30

5516-003 82 82 7620 52 1790 3510 32
5516-004 150 150 9910 45 940 2140 27
5516-005 194 194 12870 59 1480 2510 14
5516-006 218 218 14340 59 1020 1700 9
5516-007 294 294 20240 57 1100 1930 6
5516-008 347 347 24350 74 1800 2430 17
5516-009 400 400 28470 77 1650 2200 14
5516-010 450 450 32360 61 1440 2360 13

ODP820A 5675-017 6 6 1030 69 2630 3870 44
5675-018 206 206 4610 65 2380 3660 43
5675-019 326 326 6760 57 2140 3750 41
5675-020 406 406 7870 54 1890 3500 42
5675-021 576 576 9680 39 1240 3180 41
5675-022 616 616 10910 43 1250 2910 41
5675-023 636 636 12500 40 1520 3900 47
5675-024 656 656 14090 42 1360 3090 44
5675-025 686 686 16470 48 1780 3710 42
5675-026 725 725 31750 78 1910 2450 32
5675-027 746 746 41200 77 2090 2710 33

FR4/92-PCI3 4675- 07 8 8 1660 71 2020 2850 35
5309-15 34 34 5250 66 1830 2770 28
5309- 10 55 55 8150 58 1580 2680 24
4675- 08 76 76 10640 45 980 2180 25
5309- 11 83 83 13030 59 1440 2400 22
5309- 12 87 87 15070 69 1260 1830 12
4675- 09 95 95 19160 71 1160 1630 9
5309- 13 L05 105 24260 77 1360 1770 7
5309- 14 124 124 33950 82 1320 1610 8

FR4/92-PCL1 5516-011 12 2 2180 78 2240 2870 30
5516-012 23 13 4380 77 2350 3050 23

5516-013 34 24 6580 70 1920 2740 23

5516-014 44 34 8080 65 1580 2430 24
5516-015 59 49 10140 53 1260 2380 27
5675-016 67 57 13390 72 1670 2320 14

5516-016 74 64 16500 74 1400 1890 23
5516-017 83 73 20500 76 1260 1660 10
5516-018 98 88 27160 81 1450 1790 II

5516-019 109 99 32050 81 1500 1850 10
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Core Sample Core Depth Age Bulk C03 Sr Sr Aragonite
code depth contentA Srextractable* Srcarbonate :1: ra

(em) (cmbst) (cal BP) (%) (ppm) (ppm) (%)
51GC43 5516-037 5.5 5.5 2530 72 2140 2970 38

5516-038 37 37 6760 67 1860 2780 34
5516-039 55 55 8480 55 1580 2870 33
5516-040 84 84 9260 44 1180 2680 37
5516-041 134 134 10630 34 850 2500 36
5516-042 154 154 11440 40 1240 3100 30
551.6-043 171 171 14130 44 1100 2500 32
5516-044 182.5 182.5 16130 40 1040 2600 29
5516-045 193.5 193.5 18040 33 620 1880 26
5516-046 212 212 21250 42 940 2240 28
5516-047 239 239 25940 46 1220 2650 32

/\ Bulk carbonatedatafrom Pageet al. (2003),exceptdatafor ODP 820A (PeerdemanandDavies, 1993)
* Srextractable- relativeto the total bulk massof the sample;Srcarbonate- relative to the massof thebulk
carbonatefraction of the sample
ra - relativeabundanceasa percentageof total carbonate

Table3.3: Measuredandcorrected(for siliciclasticdilution) strontiumconcentration

downsedimentcoresFR5/90PC27a,ODPHole 820A (lH to 2H-l), FR4/92PC13,

FR4/92PCII, and51GC43.
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/

Figure 3.1: Thecentralportion of the northeastAustralianmargin, bathymetry(m) of

the Coral Sea,andmeanannualrainfall on thecontinent.Circles indicatecores

examinedfrom QueenslandTrough.Trianglesindicatecoresthroughreefson the shelf

(BRR - Britomart Reef,Johnsonet aI., 1984;RBR5 - Ribbon Reef5, BOR - Boulder

Reef, InternationalConsortiumfor GreatBarrier ReefDrilling, 2001).TransectsA-A' ,

B-B' andC-C' appearascross-sectionson Fig. 3.10.
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Figure3.2: Massaccumulationratesof bulk siliciclastic andbulk carbonate

componentsin coresfrom aDP 820A, 51GC43,FRS/90PC27a,FR4/92PC16,FR4/92

PCI3, andFR4/92PCll (modified after: PeerdemanandDavies, 1993;Dunbaret aI.,

2000; Pageet aI., 2003). H/stand- sea-levelhighstand.Trans- transgression.

Lowstand- sea-levellowstand.WD - waterdepth.Dist - distanceoffshoreof the 120

m isobath.Note the different Y-scalefor aDP 820A.
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Figure3.3. Downcoreprofiles of carbonatemineralogyandradiocarbonages

(modified from PeerdemanandDavies, 1993;Dunbaret aI., 2000; Pageet al., 2003) for

OOPHole 820A, 51GC43,FRS/90 PC27a,FR4/92PC16,FR4/92PCl3, andFR4/92

PCIl. Original agemodelsforODP 820A andPC16(basedon conventional

radiocarbonages)havebeencalibratedwith the CALIB 4.3 freeware(Stuiveret aI.,

1998)to maintainconsistencywith the agemodelsof Pageet al. (2003).H/stand- sea­

level highstand.Trans- transgression.Lowstand- sea-levellowstand.WD - water

depth.Dist - distanceoffshoreof the 120m isobath.
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Figure 3.4: Thesand-sizedfractionof sedimentdepositedin core51GC43during:

(A-B) Thelastglacial lowstand,-21 ka (209cmbsf),planktonic(PF) andbenthic(BF)

foraminifersarethe dominantcomponents,pteropods(PT) arealsocommon;

(C-E) Thepostglacialtransgression,-11 ka (120cmbsf)and(F-H) -9 ka (90 cmbsf),

foraminiferaareabundant,shell fragments(SF) andLMC clastsarecommon,LMC

clastsoccurasbothcementedaggregates(LMC-A) andrecrystallisedgrains(LMC-R);

(I-J) TheHolocenehighstand,-2.5 ka (5 cmbsf),foraminifersareabundantandshell

fragmentsarecommon,LMC clastsarepresentin minor quantities.
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Figure3.5: Relativeabundances(A) andmassaccumulationrates(B) of low-Mg

calcite,aragonite,andhigh-Mg calciteduring lowstand,transgression,and highstand,

in coresfrom aDPHole 820A, 51GC43,FRS/90 PC27a,FR4/92PC16,FR4/92PCI3,

andFR4/92PCII, plottedagainstdistancefrom the 120 m isobath.With increasing

distancefrom the shelf, the relative abundanceof LMC generallyincreases,and the

relativeabundancesof aragoniteandHMC generallydecrease.Note, however,that

with increasingdistancefrom the shelf, the massaccumulationratesof all carbonate

mineralsgenerallydecrease.
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Figure 3.6: Strontiumconcentrationversusthe percentageof aragonitein the bulk

carbonatefraction of sedimentfrom coresFR5/90PC27a,ODP 820A (lH to 2H-l),

FR4/92PC13, FR4/92PC11, and51GC43.Circlesrepresentsamplesdepositedprior to

l2 ka; squaresrepresentsamplesdepositedafter 12 ka. AssumingthatSf-rich aragonite

contains7500ppmSr, andthatSf-pooraragonitecontains1500ppmSf, samplesin

which the aragonitepresentin the bulk carbonatefraction is composedentirelyof Sr-

rich aragoniteshouldplot alongthe solid line n1arkedSr-richaragonite,andsamplesin

which the aragonitepresentin the bulk carbonatefraction is composedentirelyof Sr­

pooraragoniteshouldplot alongthe solid line markedSr-pooraragonite.Samplesin

which the aragonitepresentin the bulk carbonatefraction is composedof equalparts

Sr-rich aragoniteandSr-poor-aragoniteshouldplot alongthesolid line marked50/50.

The linear trendline(y =45.5x+ 1391;r2 =0.74) indicatesthat morethan50%of the

aragonitepresentin mostsamplesis composedof Sr-richaragonite.
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Figure3.7: Massaccumulationratesof low-Mg calcite,aragoniteandhigh-Mg calcite

in coresfronl aDPHole 820A, 51GC43,FR5/90PC27a,FR4/92PC16,FR4/92PCI3,

andFR4/92PC11. H/stand- sea-levelhighstand.Trans- transgression.Lowstand­

sea-levellowstand.WD - waterdepth.Dist - distanceoffshoreof the 120 m isobath.
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Figure 3.8: Generalstratigraphyof coresthroughindividual reefson the GreatBarrier

Reef(n1odifiedfrom: Johnsonet aI., 1984; InternationalConsortiumfor GreatBarrier

ReefDrilling, 2001;WebsterandDavies,2001) the locationof which areshownon

Fig. 3.1. HolocenereefsarefoundeduponPleistocenesubstratesthat havebeen

subaeriallyexposedandalteredfrom aragonite(andhigh-Mg calcite) to low-Mg

calcite,andareseparatedby erosional('solution')unconformities.The lowermostage

for BRR2 is estimatedbasedon the distancebetweenthe lowermostradiocarbonage

andthe underlyingsolutionunconformity,andpublishedgrowth ratesfor Britomart

Reef(Johnsonet aI., 1984).
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Figure3.10: Bathymetricprofiles acrossthe shelf-slopebreakof the northeast

Australianmargin (locationof transectsshownon Figure3.1) andthe approximate

positionof coresin QueenslandTroughandon the shelf. Note that the areasof seafloor

within 120 m of the seasurfaceduring lowstand('LGM productivity window')

increaseby up to an orderof magnitudealmostimmediatelyuponsealevel rising

abovethe shelfbreakduring transgression.
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ABSTRACT

Genericmodelspredictsiliciclastic andcarbonatefluxes to continentalslopesof

tropical mixed systems will be out-of-phase over cycles of sea-level change.

Siliciclastic and carbonatefluxes shouldbe highestduring lowstandsand highstands,

respectively,andcondensedsectionsshouldform during transgressions.Recentstudies

havedocumentedthe oppositeresponsefor slopesalongportionsof the largestmodern

tropical mixed system, the northeastAustralian margin; siliciclastic and carbonate

fluxes arein-phaseandhighestduring transgressions.An outstandingissueis theextent

of this responsethroughspaceand time, becausestudiesto datehavemostly focussed

on sedimentationover the last 40 ky in QueenslandTrough, offshore from a narrow

shelf and a wet tropical hinterlandin the central GBR province. Here we investigate

il1ixed sedimentdepositionover the last 130 ky in a corefrom Marion Plateau,offshore

from a wide shelf and a dry tropical hinterland in the southernGBR province. Bulk

carbonate content and carbonate mineralogy were determined downcore, and

foraminiferal oxygen isotopesand radiocarbonageswere used to constrainagesand

accumulationrates.Carbonatecontentandmineralogyvary predictablywith changesin

sealevel over the last 130 ky; bulk carbonateand aragoniteare more abundantduring

highstands and less abundant during lowstands. However, component mass

accumulationratesrevealthat highestoff-shelf fluxes of all material (siliciclastic, low­

Mg calcite, aragonite, and high-Mg calcite) occurred during transgressions.

Sedimentationconsistentlydivergesfrom conventionalmodelsin all coresexaminedto

date from slopesof the northeastAustralian margin, regardlessof core location and

moderndifferencesin climateandphysiographybetweenthe southernandcentralGBR

provinces. These unconventionalpatternsof sedimentdeposition could result from

changesin climate, particularly increasedprecipitationduring deglaciations,although
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this doesnot explainelevatedfluxes of low-Mg calcite.Alternatively, fluvial sediments

anddiageneticallyalteredcarbonateaggradedon the shelf during lowstands,and were

erodedandtransportedto the slopeduring transgressions.
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4.1. INTRODUCTION

The northeastAustraliancontinentalmargin,extendingfrom southernPapuaNew

Guineato central Queensland(Fig. 4.1), representsthe largestmodernexampleof a

tropical mixed siliciclastic-carbonatedepositionalsystem(cf. Mount, 1984). Unlike

most extantand well-studiedmarginssurroundingEuropeand North America, rivers

dischargesignificantquantitiesof terrigenoussiliciclastic materialonto a shelfhosting

an extensivenumberof carbonateproducing reefs, known collectively as the Great

Barrier Reef(GBR). This systemhasbeenbroadlysimilar for at least500 kyr (Davies

et aI., 1991; InternationalConsortiumfor GreatBarrier ReefDrilling, 2001), although

the location and magnitude of riverine discharge and carbonateproduction have

undoubtedlyvariedwith changesin late Quaternaryclimateandsealevel.

The depositionof siliciclastic and carbonatesedimenton slopesof the northeast

Australian margin presents an intriguing problem for marine geoscientists.Late

Quaternarysedimentarysuccessionseastof the GBR are characterisedby alternating

siliciclastic-rich and carbonate-richhorizons (e.g., Harris et aI., 1990; Glenn et aI.,

1993a),which reflect changesin the sheddingof various componentsfrom the shelf.

Followi11g acceptedsedimentdepositionmodelsfor tropical mixedsystems(Fig. 1.2B),

which are largely basedon inference (e.g., Wilson, 1967; Dolan, 1989; Jamesand

Kendall, 1992), these horizons were originally interpreted as representing low

carbonate/highsiliciclastic accumulation rates during sea-level lowstands, high

carbonate/low siliciclastic accumulation rates during sea-level highstands, and

condensedintervals during sea-leveltransgressions(Harris et aI., 1990; Glenn et aI.,

1993a;KronenandGlenn,2000).

Recentinvestigationson well-datedsedimentcores,however,clearlydemonstrate

that this is not the casefor slopesof the central portion of the northeastAustralian
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margin,at leastover the last40 kyr (PeerdemanandDavies,1993;Dunbaret aI., 2000;

DunbarandDickens,2003a;Pageet aI., 2003, PageandDickens,2005). Along slopes

of QueenslandTrough (Fig. 4.1) siliciclastic and carbonateaccumulationrates have

beenin-phasesincebeforethe last glacial maximum(LGM; Fig. 1.2C). Accumulation

ratesof both componentswere lowest during the last glacial lowstandca. 25-12 ka,

highest during transgressionca. 12-7 ka, and at relatively moderatelevels during

highstandca. 7 ka to present(Pageet aI., 2003). Resultsfrom OceanDrilling Program

(ODP) Site 820 suggesta similar depositionalresponsealso accompaniedsea-level

changeduring the penultimateglacial-interglacialtransition (Peerdemanand Davies,

1993), or marine isotope stage (MIS) 6 to MIS 5e. These results represent a

fundamentaldeparturefrom conventionalwisdom for the evolution of tropical mixed

siliciclastic-carbonatedepositionalsystems.

All cores from slopes off northeasternAustralia that have been examined

previously for late Quaternarysedimentfluxes have come from QueenslandTrough

between-150 and 18°S (Fig. 4.1). Thesecoreslie offshoreof thecentralGBR province,

wherea relatively narrow to moderatelywide «100 km) shelf is flanked by a mostly

wet tropical hinterland. As such, thesecores may not be representativeof the entire

northeast Australian margin, becauseit is possible that exceptions to previously

documentedsedimentationpatternsmight exist due to different boundaryconditions

elsewhereon the margin.

In this study, we examinelate Quaternarysiliciclastic and carbonatesediment

fluxes on Marion Plateau,eastof the southernGBR provinceat -20.8°S,wherea very

broad(-200 km) reef-rimmedshelfextendsfrom a dry tropical hinterland.The purpose

of this studywas to investigatesedimentdepositioneastof the GBR at a locationwhere

climatic and physiographicboundaryconditionsare different to thosethat exist in the
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central GBR province. However, despite modern differences in climate and

physiography,patterns of late Quaternarysediment deposition on Marion Plateau

parallelsthat in QueenslandTrough: maximumsiliciclastic andcarbonatefluxes to the

slopeoccurredduring sea-leveltransgressionca. 11 to 8 ka. Theseresultssuggestthat

sedimentationall along slopesof the northeastAustralian margin deviatesfrom that

predicted by conventional models, probably because of climate or antecedent

topography.Increasedprecipitationduring the last postglacialtransgressionmay have

increasedsedimentdelivery to slopeseastof the GBR, and/or exposureof the GBR

during the last glacial lowstandmay haveresultedin fluvial aggradationand sediment

depositionbehindtopographichighs on the outer shelf, which could be reworkedand

transportedto theslopeduring transgression.

4.2.LOCATION, SAMPLESAND METHODS

4.2.1.ThenortheastAustralianmargin

The continentalmargin of northeastAustralia between-150 and 23°8 latitude

(Fig. 4.1) can be divided into four generalbut distinct physiographicregions: (1) a

continentalhinterland variously dissectedby ephemeraland entrenchedrivers, (2) a

low-gradientshelf rimmedby an extensivebarrierreefsystem,the GBR, (3) relatively

steepslopesseawardof the GBR, and (4) basinsand plateauxof the openocean.The

dimensions and characteristicsof these regions, however, vary significantly with

latitude,asdoesclimate.

The central GBR province, from nominally 15 to 19°8, is flanked by a wet

tropical hinterlandwherenumerous,relatively small rivers flow steadilythroughoutthe

year, albeit with low sedimentyields (Neil et aI., 2002). This areaalso receiveslarge

quantities of terrestrial siliciclastic sediment from the highly ephemeralBurdekin

PhD Thesis-lvl. C. Page
90



DepositionofI1zixedsiliciclastic-carbonatesedinzentson i'v/arion Plateau

River, which drainsa dry tropical interior and dischargesto the coastat -19.5°S(Fig.

4.1). Theserivers debouchonto a shelf that narrowsin width from -100 km at 19°5 to

-50 km at 15°5. Reefdensityalso increasesto the north (Maxwell, 1968).Beyondthe

shelf, water depths increaserapidly down a steepslope into QueenslandTrough, a

north-southtrendingrift basinup to 2800ill deep(Scott, 1993).

Patternsof late Quaternarysedimentdeposition in QueenslandTrough have

been fairly well documented(Peerdemanand Davies, 1993; Dunbar et aI., 2000;

Dunbar and Dickens, 2003b, 2003a; Page et aI., 2003, Page and Dickens, 2005).

Importantly and in contrast to expectations from widely accepted sequence

stratigraphicparadigms(e.g.,Vail et aI., 1977;van Wagoneret aI., 1988), thesestudies

clearly demonstratethat siliciclastic and carbonateaccumulationrateson slopeswere

muchhigherwhensealevel transgressedthe shelfthanwhensealevel was at lowstand

or highstand.An outstandingissueis whetherthis unexpectedrecordof sedimentation

occursto the north andsouthwheremodernphysiographyandclimatearedifferent

The southernGBR province, from nominally 19 to 24°8, lies offshorethe dry

tropics and predominantlyreceives terrestrial siliciclastic sedimentfrom ephemeral

fluvial systems,the mostsignificantbeingFitzroy River (Neil et al., 2002).The shelf is

very broad, up to 200 km wide, and reefs are generallypatchierand less continuous

thanthoseto the north (Fig. 4.1), defining a wide, expansivenetworkon the outershelf

(Maxwell, 1968). Further offshore, the upper slope is gradual and less steep than

offshoreof the centralGBR province,terminatingat 300-500ill waterdepthon Marion

Plateau,a shallow block of subsidedcontinentalcrust (Ewing et aI., 1970). Although

Marion Plateau is the focus of OOP Leg 194 research,late Quaternarysediment

deposition on the slope offshore of the southern GBR province remains poorly

PhD Thesis-ll1.C. Page
91



Depositionofnlixedsiliciclastic-carbonatesedinlents0/1 i'v/arioll Plateau

documented,generally due to poor recovery of surfacesedimentsand low temporal

resolutionin availablecores.

4.2.2.CoreGCIO

Core GCIO was collectedby gravity coreron RVFranklin, cfilise 03/99during

site surveyoperationsfor ODPLeg 194.Thecore is located320metresbelow sealevel

(mbsl) at approximately20.8°Slatitude and l52.3°E longitude,or about22 km eastof

the seawardedgeof the modernGBR (Fig. 4.1). Otherthan an apparentlyunrecovered

top, the core contains one of the most complete records of late Quaternary

sedimentationon slopeseast of the southernGBR province. Similar to cores from

slopesof QueenslandTrough, the sedimentarysuccessionconsistsmostly of pelagic

and neritic biogenic carbonates,and lesser quantities of hemipelagic siliciclastic

material(Hecket aL, 2004).

Forty-eightsamplesof nominally 10 cm3 volume were extractedfrom GCI0 at

5-6 cm resolution between0 and 1.1 mbsf (metres below sea floor), and 10 cm

resolutionbetween1.1 and 3.7 mbsf. All analyseswere performedon aliquots of this

samplesuite, exceptingradiocarbonanalysesfor which separatesamplesof �~ 10 cm3

wererequired.

4.2.3.Analytical methods

Biogenic carbonateand terrigenollssiliciclastic material accountfor nearly all

massof bulk sedimentalong the northeastAustralianmargin (Harris et al., 1990;Heap

et aL, 2001). Quantification of bulk carbonate thus renders accurate values for

siliciclastic abundance(Heapet aL, 2001).Carbonatecontentin GelO was determined

using the 'Karbonate-Bombe'technique(Mlleller and Gastner,1971). Bulk samples
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were freeze-driedto removewaterandcrushedwith a mortar andpestle.Between200

and300mg of powderedsedimentwereweighedandreactedwith excess100/0 Hel in a

closed vessel attachedto a water-filled, volumetrically calibratedtitration tube. The

quantityof evolvedCO2 was thendeterminedvia displacementof the liquid. Duplicate

analysesandcomparisonswith commercialstandardcarbonateplacethe precisionand

accuracyof reportedcarbonatecontentsat ±3%. Bulk carbonatecontentsmeasured

here also compare favourably with data obtained from GCIO using coulometric

techniques(Hecket aI., 2004).

Periplatform carbonatesedimentscontain neritic and pelagic componentsthat

can be distinguishedby their mineralogyand Sr content(Milliman, 1974; Boardman

andNeumann,1984;Milliman et aI., 1993).Neritic carbonateis typically dominatedby

Sr-rich aragonite(>7500ppmSr) andhigh-magnesiumcalcite (HMC) «2000ppmSr),

whereaspelagiccarbonateis dominatedby Sr-pooraragonite«1500ppm Sr) andlow­

magnesiumcalcite (LMC) «2000 ppm Sr). To determinethe origin of carbonatein

Gel0 the mineralogyof 45 sampleswas determinedby X-ray diffraction (XRD) of

cnlshedbulk sedimentusinga SiemensD5000X-ray diffractometerat the JamesCook

University Advanced Analytical Centre (JCU-AAC). All sampleswere analysedat

30kV and 20mA between1.3° and 65° at 0.5° min-l. Sampleswere rotated dllring

analysis to minimize preferredorientation. Relative abundanceof the three primary

phasesof biogenic carbonatewere quantified with Siroquant v2.0 (Taylor, 1991).

Comparisonof the quantifiedabundanceof carbonatemineralswith the bulk carbonate

contentof eachsampleindicatesa maximumerror of ±5% for eachphase.

Strontium content of 41 sampleswas determinedat the JCU-AAC using a

Varian Liberty Series II inductively coupled plasma atomic emISSIon spectrometer

(ICP-AES). Bulk samplesaveraging200 mg were weighed,digestedin 5 ml of 10%
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HN03 to dissolvethe carbonatefraction, andanalysedat a wavelengthof 407.771nrn.

Strontiumconcentrationsin solution were determinedby comparisonto known values

in laboratorypreparedstandards.Repeatedanalysisof standardSr solutionsplacesthe

accuracyof reported solid phaseSr content at ±10%. Strontium values were then

correctedto accountfor siliciclastic dilution.

Planktonic foraminifera from late Quaternary sediment of the northeast

Australian margin display variations in oxygen isotope composition that primarily

reflect changesin seawaterchemistryassociatedwith well-datedchangesin global ice

volume(PeerdemanandDavies,1993;Dunbaret aI., 2000).Oxygenisotopeswere thus

analysedon 48 multi-specimensamplesof the white form of the pelagic planktonic

foran1iniferaGiobigeriT1oiclesruber to constructa stratigraphicrecordfor GClD. Bulk

sedimentsampleswere wet sievedat 350 and250 Jlm anddried at 50GC for 2-3 hOllI'S.

Fifteen to twenty-five tests were hand-picked from the sieved fraction after

examinationunder binocular microscopeand rejection of specimenswith secondary

cementsor chamberinfilling. The speciesand size fraction was chosento maintain

consistencywith stableisotopedata publishedfor other sedimentcores in the region

(Peerdemanand Davies, 1993; Dunbar et aI., 2000; Dunbar and Dickens, 2003a).

Isotopic ratios were determinedat the University of Wollongong using a Micromass

multi-preparationunit attachedto a PrismIII massspectrometercalibratedagainstNBS

18 and NBS 19 standards.All isotopic ratios are reportedin standarddelta notation

with respectto PeeDee Belemnite (PDB). Repeatedanalysisof standardsindicated

internal reproducibility of <0.1%0. Sievedsampleswere also examinedfor the pink

form of G. ruber using a binocular microscope.In the Pacific Oceanpink G. ruber

disappeared-120 ka (Thompsonet aI., 1979),so its last occurrenceprovidesa robust

chronostratigraphicdatumoff northeastAustralia(e.g.,Dunbaret aI., 2000).
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Primary chronologicalcontrol within GCIO was providedby acceleratormass

spectrometry(AMS) radiocarbonanalysisof pelagicplanktonicforaminiferafrom four

discretedepths,0.01, 0.28, 0.68 and 0.99 mbsf. Bulk sampleswere wet sievedat 125

llffi in Milli-Q ultrapurewater anddried at 50°C for �~�2�4 hours.Approximately 15 mg

of Globigerinoiclessacculiferandwhite G. ruber werepickedfrom the coarsefraction

after inspecting preservation quality under binocular microscope and rejecting

specimenswith secondarycementsor chamberinfilling. Foraminiferawere sonicated

to dislodgeany remainingnon-primaryparticlesandcollectedby removingwater and

suspendedfines with a pipette.This procedurewas repeateduntil the water remained

clearuponsonication.The foraminiferaweresubsequentlydried at 50°Cfor �~�2�4 hours.

Sampleswere analysedby AMS at the Australian Nuclear Scienceand Technology

Organisation(ANSTO) and ages were reported as conventional 14C years before

present.TheseageswerecalibratedusingCALlB v4.3 (Stuiveret aI., 1998) to correct

for both atmosphericandmarinereservoireffects.

4.3.RESULTS

4.3.1.Bulk carbonatecontent

Bllik carbonatecontentin GelO rangesbetween92% at 2.13 mbsf and81% at

0.49mbsf(Fig.4.2;Table4.1). In general,carbonatecontentis high (>85%) above0.25

mbsf, from 0.65 to 1.39 mbsf, and from 1.78 to 3.58 mbsf. Therefore,given the two­

componentnature of the sediment, the absoluteabundanceof siliciclastic material

varies betweenapproximately8 and 19%, and is relatively high (>15%) from 0.25 to

0.65 mbsf, from 1.39 to 1.78 mbsf, and below 3.58 mbsf. Bulk carbonatecontentin

GC10 is also partly reflectedin sedimentcolour (Fig. 4.2). Intervalsof high carbonate

contentare generallylight whereasintervalsof high siliciclastic contentare generally
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dark. The exception is at the top of the core where carbonate-richsedimenthas a

reddishhue, presumablybecausesurroundingporewatersand the traceamountsof Fe­

bearingmineralshavebecomeoxidized.

4.3.2.Carbonate mineralogy

To account for siliciclastic dilution, the absolute abundanceof carbonate

mineralsin bulk sedimentcan be normalizedso that their sum equals100% (Fig. 4.2;

Table4.2). NormalizedLMC variesfrom 56% at 0.78 mbsfto 38% at 2.22mbsf, andis

generally highest between 0.3 and �~�.�O mbsf, and below 3.5 mbsf. Conversely,

normalized aragonite varies from 38% at 1.92 mbsf to 20% at 0.78 mbsf, and is

generallyhighest above 0.3 mbsf, and between1.0 and 3.0 mbsf. In fact, LMC and

aragonitedisplaya strongnegativerelationshipwhenall dataareconsidered(1"2 =0.78).

This inverse relationship downcore is consistent with changes in the source of

carbonate from neritic (aragonite) to pelagic (LMC) organisms (Boardman and

Neumann,1984;DunbarandDickens,2003b).

NormalizedHMC rangesfrom 31% at 0.28 mbsf to 19% at 2.02 mbsf. Thus,

HMC varies less down the core comparedto the other carbonatephases.Moreover,

variationsin HMC showlittle correlationto LMC (r2 = 0.11) or aragonite(r2 =0.02).A

poor relationshipbetweenthe relative abundancesof HMC and othercarbonatephases

alsooccursin sedimentcoresfrom QueenslandTrough(DunbarandDickens,2003b).

4.3.3.Strontium content

Strontium concentrationsof the carbonatefraction (Fig.4.2; Table 4.2) range

from 3465 ppm at 2.42 mbsf to 2294 ppm at 0.54 mbsf. Throughout the core, Sr

concentrationsin carbonatedisplay a strong positive relationship with normalized
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aragoniteabundance(r2 =0.70). Indeed,all samplesplot alonga mixing line definedby

Sr-poorcalcite andSf-rich aragoniteend-members,the latter characterizedby coralgal

material. We conclude, therefore, that the majority of aragonitewithin GCIO is of

neritic origin (cf. Milliman, 1974; Boardmanand Neumann, 1984; Milliman et aI.,

1993),consistentwith similar findings from slopesof QueenslandTrough (Dunbarand

Dickens,2003b,PageandDickens,2005).

4.3.4.Chronostratigraphy

An age model for GC10 was constructedby aligning variationsin the measured

foraminiferal 8180 record(Table4.3) to thosein the well-datedSPECMAP0180 record

(Martinsonet aI., 1987); Figs. 4.2, 4.3). Although the magnitudeof isotopevariations

differ in the two records(perhapsbecauseof changesin surfacewater temperature),a

good correlationcan be madellsing Analyseriesvl.l software(Paillard et a1.,,1996).

Accordingto this correlation,GC10 representssedimentdepositionfrom -130 to 6 ka.

The 'old surfaceage'at the top ofGClO likely reflectspoorrecoveryof lIneonsolidated

sedimentat the seafloor,which is commonfor pistonand gravity coresfrom slopesof

the northeastAustralianmargin(e.g.,Dunbaret al., 2000;Pageet aI., 2003).

The age model for GCIO can be validatedthrough three independentmeans.

First, the four AMS radiocarbon dates (Figs. 4.2, 4.3; Table 4.4) provide ages

consistent(±O.07 to ±3.2 ky) with those derived from oxygen isotope stratigraphy.

Second,0180 decreasesby -1.8%0 between0.65 mbsf and the core top. This drop is

close to that observedbetweenthe LGM and Holocene at other locations on the

northeastAustralianmargin(PeerdemanandDavies,1993;Dunbaret aI., 2000;Dunbar

andDickens,2003a).Similarly, 8180 increasesby --2.1%0between3.13 and0.65 mbsf.

This rise is similar to that occurringbetweenMIS 5e andMIS 2 (LGM) at locationsin
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QueenslandTrough (Peerdemanand Davies, 1993; Dunbaret aI., 2000). Further, the

relatively heavy el8a value (-0.8%0) at the baseof the core (3.64 mbsf) is consistent

with a return to full glacial conditions(MIS 6), as also suggestedby Heck et aI. (2004).

Third, the pink form of Globigerinoidesruber is absentin GelO above 3.03 mbsf

(Figs. 4.2, 4.3), indicating that sedimentsat the baseof GelO were depositedprior to

120ka (MIS 5e).

4.4.MASS ACCUMULATION RATES

4.4.1.Calculation

Mass accumulationrates (rrna) of siliciclastic and carbonatecomponentswere

determinedaccording to: rlna-a = <leone X Pdb X rs, where <leone is the amount (%) of

componentCt, Pdb is the dry bulk density including pore space,and rs is the bulk

sedimentationrate. Values of (leone for siliciclastic and bulk carbonatecomefrom this

study (Table 4.1). The Pdb was assumedto be 1.0 g'cm�~�3�, typical of shallow sediments

on Marion Plateau (ShipboardScientific Party, 2002) and the slope of Queensland

Trough (Davieset aI., 1991). The rs was calculatedas a continuoussedimentationrate

(Fig. 4.3) usingAnalyseriesv 1.1 (Paillardet aI., 1996) by applyingan 'increasingcubic

spline' function to the el8a age model. For calClllating rrna of LMC, aragonite,and

HMC, the normalized abundanceof each mineral (Table 4.2) was used for CXcone in

conjunctionwith the r s of bulk carbonate.

A calculatedrrna dependsstronglyon r sso it is importantto considerthe validity

of the chosenage-depthmodel (e.g., Grant and Dickens, 2002). In the presentcase,

where rs is determinedusing the Ol8a curve, rs is highestduring transgressions(Figs,

4.4, 4.5; Table 5). As an end-memberalternative, linear sedimentationrates can be

derivedfrom the radiocarbonages,at leastfor the last 41 kyr (Fig. 4.3). This approach
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also gives maximum rs during transgression.Since the last lowstand, sedimentation

ratesat GC-IO, andall alongslopesof the QueenslandTrough(Pageet ai., 2003),were

highestduring transgressionirrespectiveof the age-depthcurvesused.

4.4.2.LastGlacialMaximum(-25 ka) to mid Holocene(-6 ka)

Mass accumulationrates of siliciclastic and carbonatecomponentsin GClO

haveco-variedsincethe LGM (Fig. 4.4A). Massaccumulationrateswerelowestduring

lowstand and early transgression(MIS 2) ca. 25-11 ka, averaging0.4 g·cm-2ky-l for

siliciclastic material, and 2.1 g·cm-2ky-l for carbonate.During transgression,ca. 11-8

ka, rma-siliciclasticand rlna-carbonateaveraged1.3 and6.9 g·cm-2ky-l, respectively,andreached

maximaof 2.0 and 10.4 �g�'�c�m�~�2�k�y�-�l at ",9 ka. Theseratesrepresenta 4-5 fold increase

for eachcomponentand occurredwhen rising sealevel reached....,60 m below present

(Larcombeet aI., 1995) and flooded the shelf of the southernGBR province (Figure

4.4; Maxwell, 1968).From ",8 ka until the mid-Holocenehighstand....,6 ka (MIS 1), r tna­

siliciclastic and rtna-carbonate dropped, averaging 1.1 g·cm-2ky-l and 7.5 g·cm-2ky-l,

respectively.

Massaccumulationratesof LMC, aragonite,and HMC were in-phasewith,n1a­

carbonateover the last 25 ky (Fig. 4.4B). For all carbonateminerals,r tna were lowest ca.

25-11 ka, at a peak ca. 11-8 ka, and moderateca. 8-6 ka. Of the three carbonate

mineralsfma-LMC was always the highest,averaging1.1, 3.8, and 3.2 g·cm-2ky-1 during

lowstand, transgression,and highstand, respectively. Mass accumulation rates of

aragoniteand HMC were very similar to eachother, averaging0.4, 2.3, and 2.2 g·cm­

2ky-l for aragonite and 0.5, 2.3, and 2.0 g·cm-2ky-1 for HMC, during lowstand,

transgression,and highstand, respectively.Thus, aragonite accumulationrates were

slightly lower than those of HMC during the lowstand and early transgression,and
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slightly greaterthan thoseof HMC during transgressionand highstand4Peakrma-aragonite

(340 g"cm-2ky-l) and rma-HfvlC (342 g"cm-2ky-l) occur ....,941 ka, and, within the limitations

of the agemodel, lag peakrlna-LMC (4.3 g"cm-2ky-l) by ....,045ky.

4.4.3.LastInterglacial(-130 ka) to LastGlacialMaximum(-25 ka)

The interval of time spanningthe Last Interglacial (MIS 5/6 boundary)ca. 130

ka to the LGM (MIS 2) ca4 25 ka is definedhereas the penultimateglacial-interglacial

cycle (PG-IC). Without radiocarbondates,agecontrol down Ge10is lessconstrained

for this cycle. Nevertheless,rma-siliciclastic and rnla-carbonatealso appearto have co-varied

throughoutthe PG-IC (Fig. 4.5A), with prominentpeaksin both componentsca4 130-

127 ka during the transgressionfollowing MIS 6 (Lambeck and Chappell, 2001)4

Average rlna-siliciclastic and rma-carbonateduring this time were 146 and 1047 g"cm-2ky-l,

respectively,which are broadly similar to thoseduring the transgressionfollowing the

LGM and4-5 timeshigherthanduring the highstandthat follows in MIS Se.

Throughoutthe remainderof the PO-IC, flna-siliciclastic andrrna-carbonatedisplaythree

small peaks at ....,86 ka near the MIS 5aJ5b boundary, at ....,59 ka near the MIS 3/4

boundary, and at ....,26 ka near the end of MIS 3. Accumulation rates during these

periodsrepresent40 to 60% increasesoverbackgroundlevelsduring the PG-IC. On the

whole, however, rma-siliciclastic was very low throughoutthe PO-Ie, averagingonly 0.4

g'cm-2ky-l during MIS 5 and4, and0.2 g"cm-2ky-l during MIS 34 Thesevariationswere

again in-phasewith rma-carbonate,which averaged248 g"cm-2ky-l during MIS 5, 245 g'cm­

2ky-1 duringMIS 4, and 1.5 g"cm-2ky-l during MIS 34

Similar to the last glacial-interglacialcycle, massaccumulationratesof LMC,

aragonite,and HMC, were also in-phasewith eachother throughoutthe entire PO-Ie

(Fig. 4.5B) and generallyfollow the accumulationrate patternsof bulk sediment.All
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carbonatephaseshavehighestfluxes during MIS 5, moderatefluxes duringMIS 4, and

lowest fluxes during MIS 3, and LMC consistentlyhasthe highestaccumulationrates.

However, during periodsof relatively high rma-carbonatethe massaccumulationrate of

aragoniteapproachesthatof LMC.

4.5. DISCUSSION

Core GC1D is locatedin a periplatformsetting offshore of the southernGBR

province (Fig. 4.1) and records the variable depositionof siliciclastic and carbonate

material since 130 ka (Fig. �4�.�2�)�~ In general, there are three carbonate-richhorizons

(CaCO] >85%), which correlatewith interglacialperiods(MIS 5 and 1), as well as the

MIS 3 interstadialperiod, and three siliciclastic-rich horizons (Cae03 <850/0), which

correlatewith glacial periods(MIS 2, 4 and6). According to conventionaldepositional

models for tropical mixed siliciclastic-carbonatemargins (Fig. l.2B) this should be

interpretedas representinghigh carbonatefluxes to the slope during highstand,high

siliciclastic fluxes to the slope during lowstand, and limited deposition during

transgression.Our resultsdo not supportsuchan interpretation.Instead,carbonateand

siliciclastic accumulationrates have been in-phasethroughout the last 130 ky, and

deposition of both componentswas highest during sea-leveltransgressions,lowest

duringsea-levellowstands,andmoderateduringsea-levelhighstands(Figs. 1.2C,4.5).

The relative abundanceof carbonatemineralsandSf alsochangesdown GCIO.

In particular, relative �~�a�b�u�n�d�a�n�c�e of aragonite and Sf content co-vary with bulk

carbonatecontentand antithetically with relative abundanceof LMC; both aragonite

and Sf are generally more abundantduring interglacial periods and less abundant

during glacial periods. These results might be interpretedaccordingto conventional

facies models for carbonatemargins �(�e�~�g�.�, Boardmanet aI., 1986; Posamentierand
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Vail, 1988;JamesandKendall, 1992;Schlageret aI., 1994),especiallyconsideringthat

the most recent phaseof reef growth on the outer GBR beganca. 9 ka (Davies and

Hopley, 1983; Johnsonet aI., 1984). During flooding of the shelf, the areaof neritic

productivity within the photic zone increasesand greateramountsof Sr-rich aragonite

debouchfrom the shelf; during exposureof the shelf, however, the areaof shallow

marine carbonateproductivity decreasesand less Sr-rich aragonitereachesthe slope.

Indeed,thereis only oneproblemwith suchan interpretationof GClD: the highs in the

relativeabllndanceof aragoniteandaccumulationratesof aragonitealsocoincidedwith

elevatedLMC accumulationrates.Fluxesof both aragoniteand LMC increasedwhen

the shelf was flooded, but the latter by a lesseramount. Thus, along with increased

productionof neritic carbonateduring transgression,therewasan accompanyingsource

of LMC, which is not to be expectedconsideringLMC is sourcedpredominantlyfrom

pelagicenvironments.

The accumulationrates of siliciclastic and carbonatematerial in GC10 on

Marion Plateau cannot be explained by conventional models for the deposition of

sedimentarysuccessionson passivecontinentalmargins. In termsof timing, however,

the observedpatternsof sedimentdepositionare the sameas thosefound on slopesof

QueenslandTrough (e.g., Peerdemanand Davies, 1993; Dunbaret aI., 2000; Dunbar

and Dickens, 2003a, b; Pageet aI., 2003). Despite the modern differencesin local

physiographyand climate between the central al1d southern GBR provinces, both

regionsbehavedifferently thanexpectedfrom conventionalmodels,with minimumand

maximum off-shelf fluxes of all components occurring during lowstand and

transgression,respectively. These results suggest that the similarities between the

regions, such as the presenceof a barrier reef systemon the outer shelf, are greater

influenceson the recentevolutionof the marginthanclimateandlocal physiography.

PhD Thesis-lVl.C. Page
102



Depositiono.fnzixed�s�i�l�i�c�i�c�l�a�s�t�i�c�~�c�a�r�b�o�l�l�a�t�e sedbnentson ivlarion Plateau

When comparIng the sedimentary succeSSIonson Marion Plateau and

QueenslandTrough, however, it is important to stresstwo obvious differencesin the

respectivepatternsof sedimentdepositionduring the late Quaternary.First, although

coresfrom both areasrecord lows in bulk carbonatecontentduring transgression,the

magnitudevaries substantially.Bulk carbonatecontentdecreasesfrom ......80 to 40% in

coresfrom slopesof QueenslandTrough (Pageet aI., 2003),but only from -92 to 81%

in GelD (Fig. 4.2). Second,there is a differencein the proportionof siliciclastic and

carbonatematerial accumulatingon the seafloor. In QueenslandTrough, sediment

fluxes within uppermostsedimentgenerally decreasewith distancefrom the shelf

(Dunbar et aI., 2000; Pageet aI., 2003), so that at 24 km from the outer GBR, �f�m�a�~

siliciclastic and fIna-carbonatereachmaximaof -13 and 14 g'cm-2ky-l, respectively(Fig. 4.6).

Thus, at a similar �d�~�s�t�a�n�c�e from the shelf, frna-siliciclastic in GelD is 6 to 10 times lower

than in coresfrom Queensla11dTrough,but �f�I�n�a�~�c�a�r�b�o�n�a�t�e is broadlycomparable(Figs.4.6,

4.7; Table 4.5). Throughoutthe late Quaternary,sedimentationon Marion Plateauhas

been influenced by lower fma-siliciclastic, but similar f rna-carbonate, when compared to

sedimentationon slopesof QueenslandTrough.

Two hypotheseshave been proposed to explain patterns of siliciclastic

depositionin QueenslandTrough. We refer to theseas the 'climate model' and the

'physiographymodel', although they are not mutually exclusive. In the 'climate

model', fluvial dischargeto thecoastchangedmarkedlyover time becauseof variations

in precipitation and vegetation. Coincident with northern hemisphereglaciations,

northern Australia becameexceptionallyarid (Kershaw, 1985; Wyrwoll and Miller,

2001).This would havereducedstreampower,as suggestedin the wet tropics of north

Queenslandby pre-Holocenealluvial fan depositionat the baseof mountain scarps

(Thomaset aL, 2001; Thomas,2003).Presumably,therefore,wet tropical rivers carried
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very little siliciclastic material to the coast during sea-level lowstands. Increased

precipitation in northern Australia during the early Holocene (Wyrwoll and Miller,

2001), as perhapsevidencedin the wet tropics of north Queenslandby palynological

changes(Kershaw, 1985, 1994) and incision of the alluvial fan complexes(Thomaset

aI., 2001; Thomas, 2003), then significantly increasedsiliciclastic delivery to the

margin. Cllriously, however, no significant early Holocene deposits have been

identified on the GBR shelf (JohnsonandSearle,1984; Harris et aI., 1990;Heapet aI.,

2001) asareevidenton otherlow-latitudeshelvesfrom this time.

According to the alternative 'physiographicmodel' the mixed nature of the

margin strongly influencedsiliciclastic transportand deposition.Specifically, during

sea-levellowstands,the GBR was subaeriallyexposed(Marshall and Davies, 1984;

International Consortium for Great Barrier Reef Drilling, 2001) and represented

topographic highpoints across the outer shelf that forced rivers to aggradebefore

reachingthe LGM shoreline(Woolfe et ai., 1998;Fieldinget ai., 2003),andsiliciclastic

material to 'pond' behind karstified reefs (e.g., Rankeyet ai., 1999). When sealevel

rose above the shelf edgeduring transgressions,waves,currents,and cyclonescould

remobilisethis sedimentandreleaseit to the slope(Steckleret aI., 1999;Dunbaret aI.,

2000;DunbarandDickens,2003a;Pageet aI., 2003).

Compellingevidencefor major shifts in late Qllaternaryprecipitationhavenot

yet beensuggestedfor the dry tropics adjacentto the southernGBR province,thus we

cannot fully evaluate themerits of the 'climate model' to explain the observed

sedimentationin GC10 on Marion Plateau.However,if intensifiedrainfall occurredin

the dry tropics ca. 11-7 ka, fluvial sedimentyields might have increasedsubstantially

becauseof greater erosion in this region of relatively low vegetative cover. For

example, sediment yields from north Queensland rivers have increased
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disproportionatelyin the dry tropics in responseto modernland usepractices(Neil and

Yu, 1995; Neil et aI., 2002). With availableinformation, however,our resultsare not

consistentwith the 'climate model' becausesiliciclastic fluxes increasedless during

transgressionin GCIO thanin coresoffshore thewet tropics (Fig. 4.6).

There are, however, good reasonsto suggestthat the 'physiographicmodel'

applies to the southern GBR province (Fig. 4.8). First, the very broad shelf and

expansivereef networkmay havepreventedrivers from reachingthe continentalslope

during lowstands,especiallyconsideringthe generallyephemeralnatureof dry tropical

rivers, and the increasedaridity (Wyrwoll andMiller, 2001) andreducedstreampower

during the last glacial. Second, the Capricorn Channel, an elongated depression

beginningon the middle shelf at .....21oS, and deepeningto the south (Figs. 4.1, 4.8),

may havepromotedfluvial incision parallel to the coastin the southernGBR province

during lowstands(Maxwell, 1968). Third, the relatively con1plexcombinationof sea­

level changesover the last 130 ky (Fig. 4.5) and bathymetric profiles across the

southernGBR province (viz. the middle shelf is deeperthan the outer shelf; Fig. 4.8)

would haveresultedin large partsof the middle shelf remainingflooded when fluvial

systemswere attempting to progradeacrossthe shelf. Therefore,it is probable that

rivers enteringthe southernGBR provincedischargedsedimenton to the middle shelf

during lowstands,effectively providing a siliciclastic source that could be reworked

andmobilisedoffshoreduring transgressions.

The 'physiographicmodel' alsoexplainsthe relatively low siliciclastic fluxes at

GCIO comparedto similarly locatedcoresin the QueenslandTrough(Fig. 4.6). Smaller

fluxes of siliciclastic material reachedMarion Plateaubecause(1) fluvial aggradation

occurredfurther from the slope, and (2) some siliciclastic sedimentwas transported

southvia theCapricornChannel.
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Increasedaccumulationrates of aragoniteand HMC all along slopes of the

northeastAustralian margin during transgressions(Fig. 4.7) is consistentwith generic

models for stratal evolution of tropical carbonatesystems (e.g., Boardman and

Neumann,1984; Boardmanet al., 1986; Coniglio and Dix, 1992; Jamesand Bourge,

1992; Schlageret aI., 1994). However, the coincidentrise in LMC accumulationrates

are not expectedfrom thesemodelsbecauseneritic organismsproducevery little LMC

(Milliman, 1974; Hallock, 2001), so flooding of the shelf should not escalateLMC

production. We suspectthat the influx of LMC to the slope dllring transgression

reflects off-shelf transport of altered neritic carbonate (Fig. 4.8), analogous to

siliciclastic reworking in the 'physiographicmodel'. During sea-levellowstands,the

GBR was subaeriallyexposed:reefal aragoniteon the outer shelf was diagenetically

alteredto LMC anderosionreducedthe elevationof Pleistocenereefsby at least 15 to

20 ill (Johnsonet aI., 1984; Marshall and Davies, 1984; InternationalConsortiumfor

GreatBarrier ReefDrilling, 2001). Theseprocessesmay havesuppliedLMC claststo

an outer shelf coastal plain. When sea level initially flooded the shelf during

transgression,high-energy,shallow water conditions on the outer shelf reworked the

coastalplain, as well as perhapserodingmore LMC clastsfrom Pleistocenereefs,and

transportedthis material to the slope. To bolster this idea, clasts of LMC might be

identified in sedimentsdepositeddllring transgressionon Marion Plateau,as havebeen

found on the slopeof QueenslandTrough(Fig. 3.4).

All cores examinedto date from slopes off northeasternAustralia display a

remarkablyconsistentpatternof late Quaternarysedimentationthat supportsmassive

shedding of siliciclastic and carbonatecomponentsduring transgressions.These

sedimentationpatterns,as well as the processeswhich influence them, may also be

relevantfor otherpassivecontinentalmargins.Nonetheless,someuncertaintiesremain
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in the details. Within the inherentlimitations of the current age models for available

cores,a time lag existsbetweenthe onsetof shelf flooding --13 to 11 ka (Larcombeet

aI., 1995; LambeckandChappell,2001) andincreasedsedimentdelivery to slopes--11

to 8 ka (e.g. Fig. 4.4). This makessensefor shallow marinecarbonate(aragoniteand

HMC), given that reefdevelopmentalong the modernGBR began--10 to 8 ka (Davies

and Hopley, 1983;Johnsonet aI., 1984;WebsterandDavies,2003; Braithwaiteet aI.,

2004), after initial flooding of the shelf. However, a similar time lag for fluxes of

siliciclastic andLMC materialis lessreadilyexplained.

According to a basic 'physiographicmodel' (e.g. DunbarandDickens,2003b),

siliciclastic and LMC material accumulatedon the shelf during glacial lowstands.

Theoretically, this sedimentcould have beenremobilisedimmediatelyafter sealevel

transgressedthe shelf/slope break,currently at 70-80 mbs!. However, significant

sedimentremobilisationmight have laggedsealevel rise for two reasons.First, inter­

reefal areas on the outer GBR shelf generally lie -60 ill below presentsea level

(Maxwell, 1968).Thus,sedimentsdepositedin andbehindreefsduring lowstandsmay

not have been remobilised until well after sea level crossedthe shelf/slopebreak.

Second,a critical waterdepthandenergy,suchas that to sustaincycloneson the shelf

(e.g. Larcornbeand Carter,2004), may havebeenrequiredto mobilise shelf sediment

depositedduring lowstands.

4.6. CONCLUSION

The northeastAustralian margin, including the GBR, representsthe largest

modern tropical mixed siliciclastic-carbonatesystem, where the shelf receives

substantial inputs of terrestrial siliciclastic sediment from rivers, and biogenic

carbonatefrom neritic organisms.A current researchavenueis how sedimenton the
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shelf sheds to surroundingslopes and basins in conjunction with late Quaternary

changesin sealeveL Almost all work addressingthis issue,however,has focusedon

the last glacial-interglacialcycle (MIS 2 and 1) andthe centralGBR provincebetween

15 and 18°8, a region with a relatively narrow shelf «100 km) flanked by a wet

tropical hinterland,anda deepbasin,the QueenslandTrough.

CoreGelOcomesfrom the slopeoffshorethe southernGBR province(20.8°S)

where a wide shelf (200 krn) is flanked by a dry tropical hinterland and a shallow

platform, the Marion Plateau.This core providesa recordof sedimentdepositionon

Marion Plateau since MIS 6, and our results demonstratethat variations in the

accumulationrates of siliciclastic and carbonatesedimentswere in-phasethroughout

this time. Over the last 130 ky, fluxes of both componentsacrossthe southernGBR

shelf to Marion Plateauwere highestduring postglacialtransgressions,lowest during

sea-level lowstands, and moderate during sea-level highstands. Furthermore,

accumulationratesof all carbonateminerals- LMC, aragonite,and HMC - haveco­

variedwith bulk sediment.This recordis similar to that found on slopesof Queensland

Trough to the north, the only significant differencesbeing that siliciclastic fluxes in

GC10 aremuchlessover time.

Clearly, late Quaternarysedimentdepositionall alongslopesoffshorenortheast

Australia does not conform to conventional models for the evolution of passive

continentalmargins.The high siliciclastic fluxes during sea-leveltransgressionsmay

have resulted from intensified monsoons and higher rainfalL This explanation,

however,does not accountfor the coincident input of LMC. Alternatively, sediment

fluxes to the slope were controlled by regional physiography (Fig. 4.8). During

lowstands,rivers could not crossthebroad,reef-rimmed,andsubaeriallyexposedshelf,

anddischargedsiliciclasticsedimenton the middle to outershelf. Concurrenterosionof
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reefs led to an outer shelf with abundantclasts of LMC (e.g. Fig. 3.4). During

transgressions,when the shelf was being flooded, both siliciclastic and carbonate

sediments were reworked from the middle and outer shelf to the slope. The

regenerationof the GBR contributeda coeval flux of aragoniteand HMC. During

highstands, lower-energy, deeper waters on the outer shelf lessenedwave-base

reworking and off-shelf sedimenttransport,while the stabilisationof accommodation

spacereducedneritic carbonateproduction.

It is not clear whether the patterns of stratal evolution on the northeast

Australian margin through the late Quaternaryare similar to that on slopesof other

tropical mixed systems,modernor in the ancientgeologicalrecord. However,similar

relationshipsbetween physiography,fluvial evolution, and sediment transport and

deposition have been identified on shelves of other mixed siliciclastic-carbonate

systems(e.g., FetTO et aI., 1999; Rankeyet aI., 1999). Consequently,our resultsmay

apply, in whole or in part, to the evolution of other passivecontinental margins

throughout the geological record, especially tropical mixed siliciclastic-carbonate

systemswith barrier reefs. Fllrthermore, our work adds to an expanding body of

evidence that challenges conventional paradigms concerning continental margin

evolution(e.g.,Dunbaret aI., 2000;Brachertet al., 2003; DunbarandDickens,2003a;

Fielding et aI., 2003; Pageet aI., 2003; Walsh and Nittrouer, 2003; Larcombe and

Carter,2004)andhighlight the needfor cautionin interpretingsedimentarysuccessions

basedon genericmodels.
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Core

GC 10 section1

GCIO section2

GC 10 section3

GC 10 section4

Samplecode

10-1-1

10-1-2
10-1-3

10-1-4

10-1-5

10-1-6

10-1-7

10- 1-8

10-1-9

10-1-10

10-1-11

10-1-12

10-1.-13

10-1-14

10-2-1

10-2-2

10-2-3
10-2-4
10-2-5
10-2-6
10-2-7

10-2-8

10-2-9

10-2-10

10-2-11

10-2-12

10-2-13
10-2-14

LO-3-1

10-3-2
10-3-3

10-3-4
10-3-5

10-3-6

10-3-7

10-3-8

10-3-9

10-3-10

10-4-1

10-4-2
10-4-3

10-4-4

10-4-5

10-4-6

10-4-7

10-4-8

10-4-9

10-4-10

Depth(mbsl)

0.01

0.07
0.12

0.17
0.22
0.28

0.34

0.38
0.44

0.49
0.54

0.59

0.65

0.70
0.74

0.79
0.85

0.90
0.95

1.01
1.04

l.09
1.19
1.29

1.39

1.49

1.59

1.69

1.73

1.83

1.93

2.03

2.13

2.23
2.33

2.43
2.53

2.63
2.73

2.83
2.93

3.03

3.13

3.23

3.33

3.43

3.53

3.64

Carbonatecontent(%)

89

87

85
85
86

83

83
82

83
81

83

83

85
86

85

87
87

86
86

87
86

86

86

86

85

83

85

85

83
88
86

90

91

87
87

88
87

87
86

86

86

86

87

87
90
89
86
84

Table4.1: Bulk carbonatecontentof coreFR03/99GCIO
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Core Samplecode Depth JCU..AAC code LMC Aragonite HIVIC Sr

(mbsf) (%) (0/0) (%) (ppm)

GCIO section1 10-1-1 0.01 5675-01 40 33 27 3209
10-1-2 0.07 5675-02 48 28 24 2885
10-1-3 0.1.2 5675-03 40 31 29 2925
10-1-4 0.17 5675-04 48 26 27 2822
10-1-5 0.22 5675-05 44 33 24 2804

10-1-6 0.28 5675-06 41 29 31 2946
10-1-7 0.34 5675-07 51 23 26 2475
10-1-8 0.38 5675-08 48 25 27 2417
10-1-9 0.44 5675-09 52 22 26 2443
10-1-10 0.49 5675-10 49 23 29 2381
10-1-11 0.54 5675-11 51 25 24 2294

10-1-12 0.59 5675-12 54 21 25 2301
10-1-13 0.65 5675-13 54 21 25 2316
10-1-14 0.70 5675-14 51 24 26 2437

GClO section2 10-2-1 0.74 5860-01 52 24 24 2393
10-2-2 0.79 5675-15 56 21 23 2391
10-2-3 0.85 5860-02 55 25 20 2551
10-2-5 0.95 5860-03 53 24 23 2559
10-2-6 1.01 5860-04 49 27 24 2621
10-2-7 1.04 5860-05 46 30 25 2819
10-2-8 1.09 5860-06 39 36 25 2923

10-2-9 1.19 5860-07 40 34 26 3135
10-2-10 1.29 5860-08 39 32 29 3176
10-2-11 1.39 5860-09 45 34 22 2998
10-2-12 1.49 5946-01 41 35 24 *
10-2-13 1.59 5860-10 47 31 22 3061
10-2-14 1.69 5860-11 46 33 22 3262

GelD section3 10-3-1 1.73 5860-12 48 29 23 3144
10-3-2 1.83 5942-02 44 32 24 *
10-3-3 1.93 5942-03 40 38 23 *
10-3-4 2.03 5860-13 48 33 19 3418

10-3-5 2.13 5942-04 43 35 22 -to

10-3-6 2.23 5860-14 39 37 24 3186

10-3-7 2.33 5860-15 46 31 23 3157
10-3-8 2.43 5860-16 39 33 27 3465

10-3-9 2.53 5860-17 41 33 25 3266
10-3-10 2.63 5860-L8 44 30 26 3291

GC10 section4 10-4-1 2.73 5860-19 40 35 25 3052
10-4-2 2.83 5860-20 45 31 23 3150

10-4-3 2.93 5860-21 44 32 23 3099

LO-4-4 3.03 5860-22 42 30 28 3044

10-4-5 3.13 5860-23 49 26 25 2982
10-4-6 3.23 5860-24 45 32 23 2811
10-4-8 3.43 5860-25 46 31 24 2847

10-4-10 3.64 5860-26 51 28 22 2380

* not measured

Table4.2: CarbonatemineralabundancesandSrconcentrationsin coreFR03/99GCIO
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Core Samplecode Depth a180 a180 oUe
(mbsf) (POB) (SMOW) (PDB)

GC10 section1 MP 10-1-1 0.01 -1.5 29.3 1.1
MP 10-1-2 0.07 -1.2 29.7 1.0
MP 10-1-3 0.12 -1.4 29.5 1.2

MP 10-1-4* 0.17 -1.7 29.0 0.7
MP 10-1-5* 0.22 -1.8 29.4 1.1

MP 10-1-6 0.28 -1.4 29.5 1.0
MP 10-1-7 0.34 -1.3 29.6 0.8

MP 10-1-8 0.38 -1.1 29.8 0.6
MP 10-1-9 0.44 -1.1 29.8 0.4
MP 10-1-10 0.49 0.1 31.0 1.4

MP 10-1-11 0.54 0.0 30.9 1.0

MP 10-1-13 0.65 0.3 31.3 1.4
MP 10-1-14 0.70 -0.5 30.4 1.3

GC10 section2 MP 10-2-1 0.74 -1.1 29.8 0.9
MP 10-2-2 0.79 -0.9 30.0 0.6
MP 10-2-3 0.85 -1.0 29.9 1.0
MP 10-2-4* 0.90 -0.9 30.1 0.8

MP 10-2-5 0.95 -1.0 29.9 0.5
MP 10-2-6 1.01 -1.0 29.9 0.9

MP 10-2-7 1.04 -1.0 29.9 0.9

MP 10-2-8 1.09 -1.6 29.3 0.5

MP 10-2-9 1.19 -1.6 29.2 0.8
MP 10-2-10 1.29 -1.3 29.6 1.3

MP 10-2-11 1.39 -1.5 29.3 1.1

MP 10-2-12 1.49�~ -1.4 29.5 0.8

MP 10-2-13 1.59 -1.4 29.5 1.2

MP 10-2-14 1.69 -1.3 29.6 1.2

GC10 section3 MP 10-3-1 1.73 -1.6 29.2 1.1

MP 10-3-2 1.83 -1.9 28.9 1.0
MP 10-3-3* 1.93 -1.6 29.1 0.7

MP 10-3-4* 2.03 -1.5 29.3 0.9
MP 10-3-5 2.13 -1.5 29.4 0.8
MP 10-3-6* 2.23 -1.4 29.6 0.5

MP 10-3-7 2.33 -1.6 29.3 0.8
MP 10-3-8 2.43 -t.5 29.3 0.6
MP 10-3-9 2.53 -1.4 29.5 0.5
MP 10-3-10 2.63 -1.6 29.3 0.7

GCI0 section4 MP 10-4-1 2.73 -1.3 29.6 0.7

MP 10-4-2 2.83 -1.0 29.9 0.8
MP 10-4-3* 2.93 -1.5 29.2 0.6

MP 10-4-4 3.03 -1.5 29.3 0.5

MP 10-4-6 3.13 -1.8 29.1 0.8

MP 10-4-5 3.23 -1..5 29.4 0.7

MP 10-4-7 3.33 -1.6 29.3 0.7
MP 10-4-8 3.43 -1.1 29.8 0.8

MP 10-4-9 3.53 -1.6 29.2 0.5

MP 10-4-10 3.64 -0.8 30.1 0.8
* Averageisotopic ratio aftermultiple analysesof samesample

Table4.3: Ol80 and(5l3C in planktonicforaminifersfrom core FR03/99GelO
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Conventional Calibrated lVIultiple cal BP
Sample Depth Lab code age Error age I-sigma ages Range
Code (mbsf) (I-tC yrs BP) (yrs +/-) (cal BP) (yrs +/-) (cal BP) (yrs)

MPRCI 0.01 OZG354 5560 40 5920 40

MPRC2 0.28 OZG355 8730 60 9210 270 9280,9260,9080 200

MPRC3 0.68 OZG356 23080 150 *
MPRC4 0.99 OZG357 4L700 750 *

* Beyondthe rangeof calibration

Table4.4: Resultsof AMS radiocarbonanalysisof planktonicforaminifersfrom core

FR03/99GC10
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MIS Timei' Bulk rs Siliciclasticr ma Carbonater ma LMCrma Aragoniter ma HlYle rma

boundary (cm.ky-') (g.cm-2ky-') (g.cm-2ky-l) (g.cm-2ky-l) (g.cm-2ky-l) (g.cm-2ky-')

6270 8.4 1.0 7.4 3.0 2.4 2.0
6981 8.5 1.1 7.4 3.6 2.1 1.7
7557 8.9 1.3 7.5 3.0 2.3 2.2
8105 9.5 1.3 8.2 3.9 2.1 2.2
8609 10.4 1.4 9.0 3.9 2.9 2.2
9140 12.4 2.1 10.4 4.2 3.0 3.2

9644 10.0 1.7 8.3 4.3 1.9 2.2
10139 6.5 1.2 5.4 2.6 1.3 1.5

1/2 11440 3.4 0.6 2.8 1.5 0.6 0.7
13233 2.4 0.4 2.0 0.9 0.4 0.6
15522 2.0 0.3 1.7 0.9 0.4 0.4
21109 2.1 0.3 1.7 0.9 0.4 0.4
23360 2.5 0.3 2.1 1.1 0.5 0.5

2/3 24678 2.8 0.4 2.4 1.3 0.6 0.6
26388 2.9 0.4 2.5 1.4 0.5 0.6
28674 2.3 0.3 2.0 1.1 0.5 0.4
31235 1.7 0.3 1.4 * *

.!>

34812 1.2 0.1 1.0 0.6 0.2 0.2
41000 0.8 0.1 0.7 0.3 0.2 0.2
44820 0.8 0.1 0.7 0.3 0.2 0.2
50039 1.1 0.2 1..0 0.4 0.4 0.2
56081 2.6 0.4 2.2 0.9 0.7 0.6

3/4 58960 4.2 0.6 3.6 1.4 1.2 1.0
61420 3.9 0.5 3.3 1.5 1.1 0.7

64220 3.3 0.5 2.8 1.1 1.0 0.7
67625 2.6 0.4 2.2 1.0 0.7 0.5
71898 2.1 0.3 1.8 0.8 0.6 0.4

4/5 73910 l.9 0.3 1.6 0.8 0.5 0.4

79250 2.1 0.3 1.7 0.8 0.5 0.4
83207 3.1 0.4 2.7 1.1 1.0 0.6
85846 4.5 0.6 3.9 1.9 1.3 0.8
87898 5.0 0.5 4.5 1.9 1.6 1.0
90100 4.0 0.4 3.6 1.4 1.3 0.9
93000 3.1 0.4 2.7 1.2 0.8 0.6
96411 2.8 0.4 2.5 1.0 0.8 0.7
99960 2.9 0.3 2.5 1.0 0.8 0.6

103377 3.0 0.4 2.6 1.1 0.8 0.7
107084 2.8 0.4 2.5 1.0 0.9 0.6
110790 2.6 0.3 2.2 1.0 0.7 0.5
ll4882 2.4 0.3 2.0 0.9 0.7 0.5

ll8975 2.5 0.4 2.2 0.9 0.7 0.6
122560 3.2 0.4 2.7 1.3 0.7 0.7
L25244 4.5 0.6 3.9 1.8 1.2 0.9
127108 6.6 0.9 5.7 :I: :r:. :I:

l28353 lO.O 1.3 8.7 4.0 2.6 2.0
L29L78 14.7 1.7 12.9 * * :!:

5/6 129840 L7.8 2.9 15.0 7.6 4.L 3.2
.,. in comparisonto theSPECMAPreferencecurve :I: no mineralogicaldata

Table4.5: Massaccumulationratesof sedimentarycomponentsin coreFR03/99GelD
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Figure4.1: The centralandsouthernnortheastAustralianmarginshowingmajor

physiographicfeatures,the locationof coreFR03/99GC10 on Marion Plateau,

previousstudyareasin QueenslandTrough (Harris et aI., 1990;PeerdemanandDavies,

1993;Dunbaret aI., 2000; DunbarandDickens,2003b;Pageet aI., 2003),and the

locationsof four previouslystudiedcoresmentionedspecifically in the text.
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Figure 4.2: Photographandphysicalpropertiesof coreFR03/99GC10, includingbulk

carbonatecontent,relativeabundanceof carbonateminerals,Sr concentrationin the

carbonatefraction, and(5
180 stratigraphy.Note the positionof AMS radiocarbonages

(x 1000years)andthe lastoccurrenceof pink Globigerinoidesruber (*) on the right

sideof thecorephotograph.Marine isotopestages(MIS) as interpretedfrom

correlationof isotopestratigraphywith theSPECMAPrecord(Martinsonet al., 1987)

appearon the far right.
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Figure4.3: Age modelfor coreFR03/99GC10, producedby correlationof 8180

stratigraphywith the SPECMAPrecordof Martinsonet aL (1987).The positionsof

four AMS radiocarbonagesand the last occurrenceof pink G. ruber arealso noted

relative to the isotopedata.The bulk continuoussedimentationratewas formulated

basedon the isotopecorrelationandcalculatedby Analyseriesv1.1 (Pail1ardet aI.,

1996).The bulk linearsedimentationrate wascalculatedusingthe AMS radiocarbon

agesonly. Note that both bulk continuousandbulk linearsedimentationratesincrease

abruptlyduring the last postglacialtransgression.
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Figure4.4: Massaccull1ulationratesof (A) bulk sediment,bulk carbonate,andbulk

siliciclastic material,and(B) low-Mg calcite,aragonite, andhigh-Mg calcite,over the

last 25 ky in coreFR03/99GClO, calculatedusing the continuoussedimentationrate

(Fig. 4.3). Massaccumulationratesof all componentswere lowestduring lowstand,

highestduring transgression,andmoderateduring highstand.
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Figure4.5: Massaccumulationratesof (A) bulle sedinlent,bulk carbollate,andbulk

siliciclastic nlaterial,and(B) low-Mg calcite,aragonite,andhigh-Mg calcite, in core

FR03/99GC10,relativeto (C) sea-levelchangesoverthe last 130ky (adaptedfrom

LambeckandChappell,2001),calculatedllsing the continuoussedimentationrate(Fig.

4.3). Note the in-phaserelatiollshipbetweenall components,alld thathighest

accumulationratescoincidewith majorsea-leveltransgressionsfollowing MIS 6 alld 2.
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Figure 4.6: Massaccumulatiollratesof bulk siliciclastic andbulk carbonate

componentsof coreFR03/99Gel 0 (shaded)andselectedcoresfrom Queensland

Trough(modified from; PeerdemanandDavies,1993;Dunbaret aI., 2000;Pageet aI.,

2003)sincetheLast Glacial Maximum, calculatedusingthe bull( linearsedimentation

rate(Fig. 4.3) to maintainconsistencywith datafrom QueenslandTrougll. Mass

accumulationratesofbothcomponentswerehighestin all coresdurillg transgression,

however,the magllitudegenerallydecreaseswith distancefrom the shelf.Note that in

GC10, carbonatemassaccumulationrateswereconlparableto thoseill coresat a

similar distancefrom the shelfin QueenslandTrough,but massaccumulationratesof

siliciclastic materialwerelower. WD-waterdepth.Dist-distancefrom the 120 m

isobath.Lat-latitudinalpositioll in degreessouth.
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in coreFR03/99GCIO (shaded)comparedto coresfrom QueenslandTrough(modified

from Fig. 3.7) sincetheLast Glacial Maximum, calculatedusingthe bulk linear

sedilnentationrate(Fig. 4.3) to nlailltain consistencywitll datafrom Queenslalld

Trough.Note thatmassaccumulationratesof all componentsarelowestandhighest

during lowstandandtrallsgression,respectively,andgenerallydecreasewith distance

from the sllelf. WD-waterdepth.Dist-distancefrom the 120 ill isobath.Lat-latitlldinal

positionill degreessoUtll.
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Figure 4.8: Conceptualmodelfor the evolutionof the southernGBR provinceover the

last 130 kyo Bathymetricinformationmodified from ShipboardScientific Party(2002).

Sea-levelreconstructionsbasedon the eustaticcurveof LambeckandChappell(2001).

Courseof the paleo-FitzroyRiver andcross-sectionsof the shelfadaptedfrom Maxwell

(1968). Dark shadedareason the shelf indicateareasof possiblesiliciclastic deposition.
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Conclusion

5.0. CONCLUSION

Generic models of continentalmargin evolution (e.g., Fig. 1.2B; Vail et aI.,

1977; van Wagoner et aI., 1988; Posamentierand Vail, 1988) predict lowstand

sheddingof siliciclastics and highstandsheddingof carbonatesto slopesand basins.

Theseconceptsarebasedon the premisethat rivers will incise acrossexposedshelves

during lowstands(e.g. Miall et aI., 1991),andthatcarbonateproductionwill be highest

when shelvesare completely flooded during highstands(e.g. Schlageret aI., 1994).

Equally, alongmixed siliciclastic-carbonatemargins,a condensedsectionwith lows in

the accumulation rates of both components should form on the slope during

transgressions(e.g. Glenn et aI., 1993a). During this time, the locus of siliciclastic

depositionfrom rivers should backstepup the slope and acrossthe shelf with early

flooding, but carbonateproductionshouldbe inhibitedby proximal fluvial inputs.

The northeastAustralianmargin (Fig. 1.3) is the largestand arguablythe most

spectacularexample of an extant tropical mixed siliciclastic-carbonatedepositional

system. During the Holocene, over 6.0 Mt/yr of terrigenous sediment has been

dischargedfrom the Australiancontinent(Neil et aI., 2002) onto a shallow shelf that

hoststhe GBR and producesin excessof 50 Mt/yr of carbonatesediment(Kinsey and

Hopley, 1991). A similar depositional system has existed offshore northeastern

Australia for at least the last 500 ky (Davies and McKenzie, 1993; International

Consortiumfor Great Barrier Reef Drilling, 2001), althoughthe sources,production,

and sheddingof sedimentto surroundingslopesand basinsundoubtedlyhas varied in

concertwith sea-levelfluctuationsandclimatic changesof the lateQuaternary.

As expectedfor mixed siliciclastic-carbonatesystems(e.g., Fig. 1.2B; Wilson,

1967; Dolan, 1989; Coniglio and Dix, 1992) late Quaternarysedimentarysuccessions

on continentalslopesandin basinsoffshorenortheasternAustraliaarecharacterisedby
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alternatingdark and light colouredhorizons,correspondingto intervals of relatively

siliciclastic-rich and relatively carbonate-richsediment, respectively. However, the

timing and magnitudeof off-shelf sedimentfluxes on the northeastAustralianmargin

during the latestPleistoceneand Holoceneare not consistentwith genericmodelsfor

theevolutionof mixedsiliciclastic-carbonatesystems(Fig. 1.2C).

Radiocarbonagesof planktonicforaminiferafrom sedimentcoresbetween�~ 15

and21oS (Figs. 2.2, 4.2), offshorethecentralandsouthernGBR provinces,consistently

reveal that the uppermostsiliciclastic-rich horizons are time-correlative along the

margin, and unequivocallyformed through vastly increasedsiliciclastic fluxes during

the last postglacial transgressionca. 12-7 ka (Figs. 2.3, 4.6). Furthermore,lowest

fluxes of siliciclastic sedimentto slopesand basinsoccurredduring the last glacial

lowstandca. 25-12 ka. All along the upperto lower slopeof QueenslandTrough and

on Marion Plateau,siliciclastic accumulationrates were lowest when sea level was

below the shelfedge,andwereby far greatestwhensealevel first roseabovethe shelf­

slope break, regardlessof modern differencesin physiography,climate, and fluvial

dischargealongthe northeastAustralianmargin.

Siliciclastic transportand depositionon the northeastAustralianmargin during

the latest Quaternarycould be controlled largely by climatic changesover glacial­

interglacialcycles. Increasedaridity and reducedfluvial dischargemay have lessened

siliciclastic delivery to slopesduring lowstands(Thomasand Thorp, 1995; Thomas,

2003) and vastly increasedrainfall and runoff (Wyrwoll and Miller, 2001) may have

supplied enormous quantities of terrigenous sediment to the margin during

transgression(Thomas,2003).

Alternatively, key paradigms regarding the response of rIvers to lower

depositionalbase levels may not be applicable to Late Quaternaryfluvial evolution
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across the GBR shelf (e.g., WGolfe et aI, 1998). During lowstand on the northeast

Australian margin, reefs of the GBR were subaeriallyexposed(Johnsonet al 1984;

Marshall andDavies, 1984) as topographichighpointsacrossthe shelf, which hindered

the seawardadvanceof rivers and preventedfluvial connectionwith the slope. For

example,during the last glacial, the Burdekin River failed to incise the outermost10

km of the shelf (Fig. 2.1; Fielding et aI., 2003) and avulsed and aggradedbefore

reachingthe slope,and the Fitzroy River is likely to haveflowed parallel to the coast

andshelfedgereefs(Fig. 4.8; Maxwell, 1968)beforepossiblyreachingthe slopeat the

southernendof CapricornChanneLFluvial bypassingof the upperslope,andsediment

depositiononly on themiddle to lower slopeandbasin,is alsoextremelyunlikely given

that all cores, including those located on the lower slope in over 2000 m of water

(PC27a),and those located in over 1300 km of water over 50 km east of the shelf

(PC11), all record lows in siliciclastic accumulation rates during the last glacial

lowstand. Other rivers o'n the northeastAustralian margin may have experienceda

similar fate. The majority of siliciclastic supply to the margin during sea-level

lowstandswas thereforeprobably limited to, and depositedon, the shelf, rather than

delivereddirectly to the upperslope.Subsequently,during transgressionsthis material

could be remobilisedin shallow, high-energywaters,and consequentlybe transported

to the slopein largequantities.

In further contrast with conventionalwisdom regarding the developmentof

mixed siliciclastic-carbonatestrata,carbonatefluxes to slopesof QueenslandTrough

and Marion Plateauhave been in-phasewith siliciclastic fluxes throughoutthe latest

Pleistoceneand Holocene (Figs. 2.3, 3.2, 4.6). This relationship has resulted in a

complex pattern of deposition on the slope reflecting variations in siliciclastic and

carbonatefluxes that cannot be resolvedbasedpurely on sedimentarytextures and
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composition: (1) during the last glacial lowstand, carbonateaccumulationrates on

slopeswere lowest, but lowstandsedimentarysuccessionsare relatively carbonate-rich

becausesiliciclastic fluxes were minimal, (2) during the last postglacialtransgression,

carbonateaccumulationrates on slopes were highest, but transgressivesedimentary

successionsare relatively siliciclastic-rich becausesiliciclastic accumulation rates

increasedmore than carbonateaccumulation rates, and (3) during the Holocene

highstand, carbonate accumulation rates on slopes moderated, but highstand

sedimentarysuccessionsarerelativelycarbonate-richbecausesiliciclastic accumulation

ratesdecreasedmorethancarbonateaccllmulationrates.

Aside from the unconventionalrelationshipwith siliciclastic sediment,patterns

of carbonatedepositionoffshoreof the central and southernportions of the northeast

Australian margin during the latest Quaternaryare generallyconsistentwith existing

paradigmsfor sedimentationon carbonateslopes. Indeed,the progressiveaddition of

accommodationspace afforded by rising sea level may facilitate highest rates of

carbonateproductionon theshelf(e.g.,JonesandDesrochers,1992;JamesandBourge,

1992), which is evident on the northeastAustralian margin by highest fluxes of

aragonite and HMC to slopes of QueenslandTrough and Marion Plateau during

transgression(Figs. 3.7, 4.5). The magnitudeof thesefluxes decreaseswith increasing

distancefrom the shelf (Figs. 3.5, 4.7) and co-varieswith Sr concentrationin the bulk

carbonatefraction (Fig. 3.6), clearly indicating neritic organismson the shelf are the

sourceof this sediment.Thus,rapidly expandingshallowmarineaccommodationspace

during early flooding of the shelf (Fig. 3.10) facilitated huge increasesin carbonate

productivity and sheddingassociatedwith the reinitiation of reefsystemson the outer

shelf. Importantly, carbonateproductivity during transgressionmostly was unaffected

by coincident increases in off-shelf siliciclastic fluxes, which must have been
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associatedwith increasedturbidity andsuspendedsedimentconcentrationsin the water

column.

However,carbonatesedimentationon slopeseastof the GBR during the latest

Quaternary cannot be explained based purely on productivity-driven cycles of

periplatform carbonatedeposition. Accumulation rates of LMC were also highest

during transgressionand moderateduring highstand(Figs. 3.7, 4.5), and, during these

periods,LMC accumulationratesalso decreasewith increasingdistancefrom the shelf

(Figs. 3.5, 4.7). However, increasedneritic accommodationspaceshould not increase

production and accumulationrates of LMC, becauseLMC is sourcedpredominantly

from pelagic organisms (Milliman, 1974; Jones and Desrochers,1992). Notably,

sedimentsdepositedon slopes offshore northeasternAustralia during both the last

postglacialtransgressionand Holocenehighstandcontain numerousLMC clasts (Fig.

3.4). This componentof the bulk carbonatefraction exhibits recrystallisationand

cementationtexturesconsistentwith subaerialexposureand meteoricdiagenesis,and

most likely representerodedandalteredneritic carbonatesourcedfrom Pleistocenereef

systemsexposedduring the last glacial lowstand (Johnsonet aI., 1984; Marshall and

Davies, 1984; International Consortium for Great Barrier Reef Drilling, 2001). In

common with siliciclastic sediments, LMC clasts on the shelf were probably

remobilisedby waves,currentsand cyclonesand transportedto the slope, especially

during transgressionwhen shallow, high-energy environmentsexisted on the outer

shelf.

Nevertheless,patternsof mixed siliciclastic-carbonatesedimentdepositionon

slopeseastof the GBR during the latest Pleistoceneand Holoceneare not consistent

with generic models of continental margin evolution (Fig. 1.2). Variations in the

accumulationratesof all sedimentarycomponentshavebeenin-phasesincethe LGM,
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and were lowest during the last glacial lowstand, highest during the postglacial

transgression,and moderateto high during the Holocenehighstand.Furthermore,in

two cores that record slope depositionprior to 130 ka, namely FR03/99 GelO from

offshore of the southernGBR province, and ODP Hole 820A from offshore of the

centralGBR province, the samepatternof sedimentdepositionaccompaniedsea-level

changesduring thepenultimateglacial (MIS 6) to Last Interglacial(MIS 5e).

Generic models for mixed siliciclastic-carbonatesystemsare inadequateto

describeslope sedimentationoffshore of the northeastAustralian margin during the

Late Pleistoceneand Holocene,becausethey can rely on key paradigmsthat are not

alwayscorrect,suchas notionsthat (1) rivers will inciseacrossexposedshelvesto the

continentalslope dllring lowstands,(2) shallow marine carbonateproductivity on the

outershelfwill be inhibited by proximal riverine inputs whensealevel initially floods

the shelf during transgression,and (3) carbonateclasts, specifically non-pelagicand

non-biogenicLMC, are generally an insignificant componentof carbonatesediment

budgets.

It is presentlyunclearif patternsof sedimentdepositionon slopeseastof the

GBR have occurred on other passive margins throughout the geological record.

However, similar relationshipsbetweenphysiography,fluvial evolution, and sediment

transport and deposition have been identified in other mixed siliciclastic-carbonate

systems,for example, the depositionof siliciclastic material in front of topographic

highs on the shelf dllring lowstands(Holder Formation,New Mexico; Rankeyet. al.,

1999),and fluvial incision parallel to the shelfedgedue to the presenceof subaerially

exposedreefs (Belize Margin; Ferro et aI., 1999). The patternsof sedimentdeposition

evidenton the northeastAustralianmarginduring the latestQuaternarymay constitute

a fundamentalsedimentaryresponseof passivecontinentalmarginsto relativesea-level
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changes,especially tropical shallow platforms rimmed by reefs, and may provide a

useful analoguefor the interpretation of strata throughout the global stratigraphic

record.
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Allzino-stratigraphyofcoreseastofthe GRR

ABSTRACT

Recentstudieson sedimentcoresfrom QueenslandTrough(QT) in the western

Coral Seainvestigatedamino-acidracemization(AAR) in single testsof the pelagic,

planktonicforaminifera,Pulleniatirla obliquiloculata (Po), andfound that racemization

occurred systematicallywith time over several hundred thousand years. Here we

investigatethe high-resolutionamino-stratigraphyof five of thesecoresfrom QT over

the last 25 ky, and introduce new results from a core from Marion Plateau(MP), a

shallow setting southof QT. Multiple amino-acidswere separatedfrom 268 individual

Po from 49 horizons using reverse-phasehigh-performanceliquid chromatography.

Age control was provided by 29 acceleratormassspectrometryradiocarbonages.D­

alloisoleucine/L-isoleucine(D/L) ratios increaseprogressivelydown each core and

with increasingage of the sediments.DIL ratios also increasefaster in cores that are

shallower,reflecting apparentsensitivity to modernbottom-watertemperaturesin the

Coral Sea.The kinetic pathwayof racemizationfor asparticacid in eachcore is best

modelled using power functions becausethe resulting models satisfy several basic

criteria that other modelsdo not: (1) modelledinitial D/L ratios in eachcore are very

similar, (2) AAR is fasterin coresbathedby warmerwater,and(3) kinetic pathwaysof

different coresrarely intersectThe power function modelsalso imply that AAR in all

coreshasprogressivelyslowedover the last 25 ky, which is to be expectedconsidering

the racemizationreaction of amino acids inevitably reachesequilibrium. However,

AAR may havealso beenslowerduring the Last Glacial Maximum (LGM) becauseof

cooler bottom water temperaturesin the western Coral Sea. This possibility is

consistent with records deduced from independentpaleotemperatureproxies, but

remainsequivocal pending the results of laboratory heating experimentson modern

tests of Po. Nevertheless,our results demonstratethe integrity of high-resolution
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amino-stratigraphyin sedimentcoresfrom QT and MP, and suggestAAR in Po tests

may be a useful paleo-temperatureand geochronologicaltool for future studies of

Quaternarymarinesediments.

PhD Thesis- M. c. Page
142



A/nino-stratigraphyofcoreseastofthe GRR

A.I. INTRODUCTION

The process of amino-acid racemization (AAR) from L-isoleucine to D­

alloisoleucineover time hasbeenfirmly established(HareandMitterer, 1967) andhas

beenusedas the basis for establishingan effective stratigraphictool for sedimentary

correlations(e.g., HeartyandAharon, 1988; Heartyet aI., 1992;RutterandBlackwell,

1995; Hearty et al., 2000). AAR in fossil foraminifera has also been widely

investigated:being used to estimatethe ages of Quaternarymarine sediment (e.g.,

Muller, 1984; Macko andAksu, 1986; KnudsenandSejrup, 1993; Haradaand Handa,

1995; Haradaet aI., 1996) and to reconstructpaleo-temperaturehistories (e.g., Bada

and Man, 1980; Lehmanet aI., 1988; Johnsonet aI., 1990). The degreeto which L­

isoleucinehasracemizedto D-alloisoleucinein biogenicmatteris commonlyexpressed

as a D/L ratio. The specific rates at which this reaction proceedsin the natural

environment,however, is dependanton several factors, including time, temperature,

andthe taxonof the organismscontainingthe aminoacids.

Recently,Heartyet a1. (submitted)demonstratedthe utility of the AAR method

for establishing amino-stratigraphy(cf. Miller and Hare, 1980) in deep marine

sedimentsoffshorenortheasternAustralia.D/L ratiosof multiple amino-acidsincluding

Aspartic (Asp), Glutamic(Glu), andSerine(Ser), wereseparatedfrom individual fossil

foraminifera,Pulleniatinaobliquiloculata (Po), in coresfrom QueenslandTrough(QT;

Fig. A.l), whose chronologieshad been independentlydeterminedby radiocarbon

dating and oxygenisotopestratigraphy.A systematicincreasein D/L ratios over time

was demonstratedin all coresand modelling of the racemizationkinetics enabledage

estimationfor sedimentsin QT to at least500ka.

Here we focus on the kinetics of the AAR reactionover the last 25 ky in five

coresfrom QT, first presentedby Hearty et a1. (submitted),and in a new core from
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Marion Plateau(MP; Fig. A.I ). We model the kinetics of Asp racemizationsince the

Last Glacial Maximum (LGM) usingpower functions, and demonstratethe sensitivity

of racemizationratesto temperaturedifferencesbetweensitesin the westernCoral Sea.

The kinetic modelsalsoeffectively modelthe slowingof racemizationover time, which

is inherentto biogeochemicalreactionsthat inevitably reachequilibrium. However,the

extent to which the modelledkinetic pathwayof racemizationreflects (1) the natural

decayof amino acids over time, and (2) changesin the ratesof racemizationdue to

bottom-watertemperaturevariations,remainsequivocal.This is becausethe modelled

kinetic pathway is consistentwith independentpaleotemperatureproxies, including

Mg/Ca ratios in deep seaostracodes(Correge, 1993b), and the stable isotope record

from benthicforaminiferapresentedherein, that suggestbottom watersin the western

Coral Seawerecoolerduring the lastglacial thanat present.

A.2. APPROACHAND METHODS

A.2.1. Coreselection

Five of the coresusedin this study have beendiscussedpreviously in a more

generalsense(Hearty et al. submitted).Thesecoreswere collectedduring cruises5/90

(core PC27a)and4/97 (coresPCII, PCI3, and PC16) of the RVFrankliJ1, and cruise

051 (coreGC43) of the RVRig Seismic.The coresare locatedbetween15 and 19°5 in

QT (Fig. A.l), a north-southtrendingrift basin offshore northeasternAustralia in the

westernCoral Sea(Scott, 1993), and come from between901 and 2163 ill below sea

level (mbsl). Antarctic IntermediateWater (AAIW) has influenced the temperature

histories for all thesecores (Fig. A.2), except PC27a,which is located in a deeper,

undefinedwatermass(Pickardet aI., 1977;Correge,1993a).Furtherdocumentationof

the coresis availableelsewhere(TableA.I; Heartyet a1.,submitted).
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The sixth core in our study (GCIO) was taken-20.8°Son MP, a shallowblock

of subsidedcontinental crust (Ewing et aI., 1970) immediately south of QT and

adjacentto the moderncontinentalshelf (Fig. A.I). GC10 was collectedduring cruise

03/99 of the RV Franklin and is located 320 mbsl. The uppermost thermocline

(regionallyknown as SouthPacific CentralWater; Correge,1993a)hasinfluencedthe

temperaturehistoryof sedimentsin aClO(Fig. A.2).

The coresusedin this studywerechosenbecausethey all havewell-developed,

previouslydeterminedchrono-stratigraphies(PCI6, Dunbaret aI., 2000;PC27a,PCIl,

PCI3, GC43,Pageet aI., 2003;GelD, PageandDickens,submitted)basedon between

3 and 7 acceleratormassspectrometry(AMS) radiocarbonagesof pelagicplanktonic

foraminifera,which when calibrated(CALIB v4.3: Stuiveret aI., 1998) fall within the

range0 to 25,000cal BP. This periodof time was consideredappropriateto testboth

the integrity of the single foraminifera methodat high-resolution,and the kinetics of

the AAR reaction,for two main reasons,(1) this timeframeis well within the limit of

detectability for radiocarbon dating (<40 ky BP), thus providing robust

chronostratigraphicdatums with which to correlate D/L data, and (2) this period

encompassessignificantenvironmentalchanges,incillding >100 m of relative sealevel

change (Fig. l.2A) on the northeast Australian margin (Larcombe et aI., 1995;

Lambeckand Chappell,2001), which may have resultedin temperaturevariations at

the coredsites (Correge,1993b). In addition to thesereasons,GClO was specifically

chosento complementthe existingdatasetfrom QT becausethis corehasbeensubject

to vastly different environmentalparameters.In particular, GelD is significantly

shallowerthan the coresfrom QT, lies in a different watermass,and hasbeensubject

to a warmer temperaturehistory. GC10 thus provides the opportunity to assessthe

utility of the AAR methodin thesedisparateconditions.
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A.2.2. TheAAR method

Samplesfrom GelD were subject to the same methods of collection, pre­

treatment,and AAR analysisas the samplesfrom QT cores.A detaileddescriptionof

the methodsspecific to this study is availablein Heartyet a1. (submitted),with further

detail on the techniquesof AAR analysisavailablein KaufmanandManley (1998)and

Kaufman(2000).Briefly, samplesfor AAR analysiswere collectedat the JamesCook

University SedimentologyLaboratoryby extractingnominally 4 cm3 of bulk sediment

from horizonsadjacentto thosepreviouslyanalysedfor AMS radiocarbonages,aswell

as at intermittent levels to increasesample resolution with respect to time. Bulk

sedimentsampleswerewet-sievedat 125 �~�L�m�, rinsedwith deionisedwater,anddried at

low temperature.The coarsefraction was inspectedunder binocular microscopeand

between6 and 12 pristine testsof the pelagic,planktonicforaminifera,Po, werepicked

from eachsample.All sampleswererestrictedto a singletaxonto negatetaxon-specific

effects on racemization rates. Po was chosen becauseits physical and chemical

propertiesare apparentlywell suitedto AAR studies(for discussionseeHearty et aI.,

submittedandrefs therein).

Pre-treatment and AAR analysis were performed at Northern Arizona

University. Pre-treatmentinvolved cleaningof the testsin an ultrasonicbath for 2 min

andsoakingin 3% HzOzfor 2 hr. AAR analysiswasperformedvia reverse-phasehigh­

pelforrnance liquid chromatography(RP-HPLC) using a Hewlett-PackardHPIIOO

liqllid chromatographand HP Chemstationsoftware.This techniqueallows OIL ratios

to be measuredin sub-milligramquantitiesof shell (and thus in individual Po tests)

with an internal reproducibility of 2 to 5%, dependingon the specific amino acid

measured(KaufmanandManley, 1998;Heartyet aI., submitted).
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A.2.3. Age models

Independentagecontrol was availablefor eachcore in the form of between3

and 7 AMS radiocarbonages,calibratedto accountfor both variableatmospheric14C

levelsandmarinereservoireffects.OneAMS radiocarbonagefrom pe27a (22,100 l4C

yrs BP) could not be calibratedbecauseit was beyond the range of the calibration

program(20,750 14C yrs BP; Stuiver et aI., 1998). Age models were basedon least

squarespolynomialfits to the agedata(Fig. A.3). For QT cores,third-orderpolynomial

trendsbestfit the agedata(Heartyet aI., submitted)andcorrectlymodel that maximum

sedimentationratesoccurredduring late transgressionalong slopesof QT (Dunbaret

aI., 2000; Dunbar and Dickens, 2003; Page et aI., 2003). Here we make a slight

modification to the original age model for PC13 (Hearty et aI., submitted), which

predictedthe age for the top of this core as -1327 yrs BP, even though a calibrated

radiocarbonage of 1250 cal BP occurs within 5 em of the core top. Given further

consideration,and the fact that the age modelsfor all othercoresreturn positive ages

for the core tops, this result (althoughobviously impossible)seemedbeyondthe scope

of error within the data. Thus, similar to the approachtaken for PC11 becauseof a

comparableissue (Hearty et aI., submitted),we assumedthat the top of PCl3 was

equivalentto 0 yrs BP for the purposeof developinga more appropriateage model.

The resultingmodel yields a core top agefor PC13 of -384 yrs BP, which while still

naturally impossibleis probablywithin thecombinederrorof the datingtechniquesand

modellingapproach.

A least-squarespolynomial equationwas also usedto constructan age model

for GCIO. However, a second-orderpolynomial trend fits the agedatafrom this core

better,mostlybecausethe latestHolocenesedimentationwasapparentlyunrecoveredin
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this core (Page and Dickens, submitted). Nonetheless,the second-orderpolynomial

trend providesan excellentfit to the agedatafor GClD and correctly modelshighest

sedimentationrates on MP during late transgression(Pageand Dickens, submitted).

Derivedagemodelsfor eachcoreweresubsequentlyusedto estimatethe ageof eachof

the49 intervalsin which D/L ratiosweredetermined.

A.2.4. StableIsotopes

Foraminifera fromthe northeastAustralianmargindisplayvariationsin oxygen

isotope composition that primarily reflect changesin seawaterchemistry associated

with changesin global ice volume (PeerdemanandDavies, 1993;Dunbaret aI., 2000).

Deviations from the global ice volume record are mostly attributableto temperature

variations over time, but becausepelagic species of benthic foraminifera live at

considerabledepththey aregenerallyisolatedfrom surfaceheatingeffectsoverglacial­

interglacialcycles.Oxygenisotopeswere thus analysedon 19 multi-specimensamples

from GC43 of the pelagic benthic foraminifera Cibicidoicles n1lt11{lulus, to identify

anomaliesin oxygen isotope compositionthat may reflect changesin bottom-water

temperaturesincethe LGM.

CoreGC43 was chosenfor investigationsof stableisotopesbecauseit contains

one of the most expanded records of Late Pleistocene-Holocene sedimentation

recoveredfrom QT (Pageet a1., 2003) and has beenlocatedboth (1) well below the

influenceof surfaceheatingeffects,and (2) well within the influenceof AAIW, for the

durationof the last 25 ky. Nominally 5 cm3 sampleswere takenfrom GC43 every7 to

20 em (average10 em) between3 and210 em below seafloor. Bulk sedimentsamples

were wet sievedat 250 llffi anddried at 50°C for 2-3 hours.Threeto seventestsof C.

munduluswerepickedfrom the sievedfraction of eachsampleafterexaminationunder
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binocularmicroscopeand rejectionof specimenswith secondarycementsor chamber

infilling. This specieswas chosenbecause(1) it is bathyal,epifaunal,and commonin

sedimentsfrom GC43, and (2) the Cibicidoicles genus has been demonstratedas a

reliablespeciesfor usein stableisotopestudiesandprecipitatesits testin nearisotopic

equilibrium with seawater(Sen Gupta, 1999 and refs therein). Isotopic ratios were

determinedat the University of Wollongongusing a Micromassmulti-preparationunit

attachedto a Prism III mass spectrometercalibrated against NBS 18 and NBS 19

standards.All isotopic ratios are reportedin standarddeltanotationwith respectto Pee

DeeBelemnite(PDB). Repeatedanalysisof standardsindicatedinternalreproducibility

of <0.1%0.

A.3. RESULTS

A.3.1. DIL ratios

Between4 and9 Po testswere analysedfrom eachof the 49 levelsacrossthe 6

coresin this study for a total of 268 analyses.On average,5 to 6 testswere analysed

from eachhorizon,andeachcorehadan averageof 8 sampledhorizonsover the period

o to 25 ka (Table A.2). Of the 268 individual Po tests analysedthe results from 51

(19%) were rejected as being unreliable for determination of amino-stratigraphy

becausethey returnedanomalousDIL ratios. Notably, however,22 of thesewere from

GC10 alone,while the other29 rejectedresultswere spreadfairly evenly amongstthe

other 5 cores. In effect, 36% of the testsmeasuredfrom Ge10 were rejected,while

only 14% wererejectedfrom QT cores.

The first criterion for rejecting individual results was D/L ratios that were

significantly higher, or significantly lower, than the rest of the group within an

individual horizon.For QT cores,resultsfrom individual testswereconsideredaberrant
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if they were greaterthan twice the standarddeviation (± 2cr) from the mean of the

group(Heartyet aI., submitted).For GCIO from MP, this wasreducedto ± la, because

when comparedto QT cores the faster rates of racemizationand greater range in

measuredD/L ratios resultedin a disproportionatelylarger standarddeviation within

individual horizons.

A secondcriterion for screeningaberrantresultswas the covariancerelationship

betweenthe D/L ratios of Asp and Glu (Fig. A.4). In GCIO, the results from 2 tests

(3w3%) wererejectedbecausethe D/L ratios of Asp andGiu wereconsideredto be well

outsidethe covariancetrend exhibitedby the rest of the samples.This result is almost

identical to the numberrejectedfrom QT cores(3.4%; Heartyet aI., Sllbmitted)because

of spuriouscovariancedata.

It is unclearwhy the covariancebetweenD/L ratios of Asp and Glu in a small

numberof testsare clearly different than the rest of a measuredpopulation.This could

perhapsindicatesmall errorsin the measurementof D/L ratios,or minor contamination

of individual Po tests, however, this seems unlikely given the reproducibility of

analyticalstandardsandthe not unexpectedresultsassociated withthe secondaryamino

acid Ser. It is more likely that these results reflect poorly understoodprocesses

associatedwith complex bio-geochemicalreactions in the natural environment, the

significanceof which is probablylimited. Conversely,testswith typical covariancebut

which were excludedbecauseof valuesthat were significantly different than the mean

of the groupmostlikely representteststhat were introducedfrom adjacentstratigraphic

levels by bioturbation or slumping. These results are probably very important for

understandingthe magnitudeand extent of biological mixing in sedimentsfrom the

shelfandslope,andperhapsthe identificationof regionalslumpingevents,althoughwe

do not pursuethis line of investigationin this paper.
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Excluding the rejectedtests,overall meanD/L ratios for Asp rangefrom 0.054

± 0.011 (PC16) to 0.434± 0.025 (GC10). Asp D/L ratios and inter-shell variability in

QT coresare lower than thosefrom the MP coreGClO. In QT, Asp D/L ratios reacha

maximumof 0.222 ± 0.030: a total rangeof 0.168. Total rangein Asp D/L ratios on

MP is 0.291.

Importantly, apart from a few exceptions, mean Asp D/L ratios increase

progressivelywith depth in all cores (Fig. A.5). Of the 49 intervals analysedin this

study, Asp D/L ratios in 45 abideby the principlesof superposition(i.e. the ratios are

greater than the ratios in sedimentaryhorizons above them). However, all of the

stratigraphicallyreversedD/L ratios are statisticallyinsignificantbecausethey overlap

within a ± 1a error with the D/L ratios immediatelyabove them. In fact, 3 of the 4

reversedAsp D/L ratios are especiallyinsignificantbecausethe meansthemselvesare

within a ± Ie> error of the meanD/L ratios above them. Thus the overlap in only 1

reversedratio is constrainedpurelyby overlappingerrorbars.

A.3.2. 0180

Measured8180 in C. mutl{lulus tests from GC43 (Fig. A.6; Table A.3) varies

from 3.3 to 1.8%0in samplesdepositedbetween-21 and 2 ka, a total decreaseof least

1.5%0. During this time, 0180 decreasedrelatively steadilybetween-21 and 8 ka, and

generally stabilised after -8 ka. These results are generally in-phase with glacio­

eustaticsealevel variationsrelative to the northeastAustralianmarginover the last 20

to 25 ky (Fig. A.6; Larcombeet aI., 1995; LambeckandChappell2001): sealevel rose

steadily and fairly rapidly between-20 and 8 ka, with transgressionslowing and sea

level stabilising between-8 ka and present.However, theseresults also representa

positive 0.2%0 deviation from the global ice volume record over the last glacial-
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interglacial cycle, and suggestAAIW at a depthof approximately800 to 900 mbsl in

QT mayhavebeen-l.DoC coolerduring the lastglacial comparedto the Holocene.

A.4. Modelling racemizationrates

The D/L ratios of Asp in all cores increaseprogressivelywith increasingage.

The specific ratesat which racemizationproceedsin eachcore over time, however,is

not exactly clear, and in some casesthe time-D/L relationshipsin different cores

appearquite dissimilar (e.g. PC27a andPC13; Fig. 5.5). Previousstudies (O'Leary,

2001: Hearty et aI., submitted)have concludedthat the long-term racen1izationrates

(up to >500 ka) of Po testsin QT coresmay conform to modelsderived from power

functions,but theseprovidefew constraintson the kineticsof racemizationover the last

25 ky, savefor the fact that the reactionwas muchfasterin the initial stages.Hence,in

order to evaluatethe dominant trends in downcoreAsp D/L progressionsamong the

suiteof cores,and to betterdefine the kinetic pathwayof racemizationover the last 25

ky in the westernCoral Sea, we evaluatedthe fit of severaldifferent mathematical

models.For GClOwe also re-evaluatedthe fit with oneratio removedfrom the dataset

(the ,..,.19,000cal BP Asp D/L ratio). Although this reversalof the meanAsp D/L ratio

in GClOis statisticallyinsignificant, it is the only reversedratio in the datasetin which

the mean itself does not overlap within a ± 1cr error with the overlying ratio, and

thereforegenuinelyappearsto bea possibleoutlier.

Similar to modelling of AAR over longer time frames(O'Leary, 2001; Hearty

et aI., submitted),power functions appearto model the downcoreDIL progressionsof

Asp the mosteffectively over shortperiodsof time (Fig. A.7), especiallywhen all the

resulting kinetic models are consideredtogether(Fig A.8). Power functions provide

varying levels of fit with the Asp DIL data in eachcore, ranging from very good for
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? ?
PC27a,PCI6,PCII andGC43 (averager- = 0.94), to averagefor PC13(r- = 0.74).The

level of fit to the Asp D/L datain GCIO is poorwhenall dataareconsidered(r2 = 0.59)

but improvesconsiderablywhenthe 'outlier' is removed(r2 = 0.76).

Notwithstanding these levels of correlation, it is noteworthy that power

functionsdo not alwaysprovide the bestfit to the Asp DIL ratios in eachcore. In some

cases linear models or polynomial models provide better fits to the downcore

progressionsin Asp DIL ratios. However, the kinetic modelsresultingfrom the useof

powerfunctions(Fig. A.8) are the only modelsthat satisfyseveralfundamentalcriteria

for AAR in fossil shells (e.g., Kaufmanand Manley, 1998; Kaufman,2000; Heartyet

aI., submitted): (1) projected initial D/L ratios should be very similar in each core

regardlessof modernenvironmentaldifferencesbetweencoredsites(e.g. temperature),

(2) racemizationshould proceedfaster in cores bathed by warmer water, and (3)

assumingmoderndifferencesin water temperaturebetweensiteswas maintainedover

time (i.e. shallowercoreswere always bathedby warmerwater), kinetic pathwaysof

different coresshouldnot intersect.

A.5. SUMMARY, CONCLUSIONSAND FUTURE WORK

Pullerliatina obliquiloculata testsin sedimentcoresfrom the westernCoral Sea

display a systematicincreasein the D/L ratios of Asp and Giu over the last 25 ky

(Table A.2). D/L ratiqs in all cores increaseprogressivelywith depth, and of the 49

intervals analysedfrom the six cores in this study the meanAsp D/L ratios in 92%

comply with the laws of superposition.Nevertheless,none of the stratigraphically

reversedmean Asp D/L ratios are statistically significant because eachhas a ± lcr

overlapwith the D/L ratios from overlying horizons.Oneanomalousratio from GCIO,
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however,might beconsidereda genuineoutlier, althoughpresentlythereis no physical

evidenceto supportthis conclusion.

Specific rates of racemizationover the last glacial-interglacial cycle differ

amongthe cores. In QT racemizationratesof Asp over the last 20-25 ky rangefrom

0.0047to 0.0089ky-l. On MP racemizationratesof Asp in GClO were0.0180ky-l over

the last 20-25 ky. Thus,Asp racemizationover the last glacial-interglacialcycle on MP

proceededapproximately2 to 4 times faster in comparisonto coresfrom greaterthan

900 m depth in QT. This result is to be expected giventhat modern bottom water

temperatureson MP are 10 to 15°C higherthan temperatureswithin or below AAIW in

QT (Fig. A.2). Notably, however,our results also demonstratethe sensitivity of Asp

racemizationrates to relatively minor temperaturedifferences,such as those between

coredsitesin QT, wheremodernbottomwatertemperaturesaredifferent by only a few

degreesor less(Fig. A.8).

Powerfunctions model the downcoreprogressionsin Asp DIL ratios the most

successfully,providing good to reasonablecorrelationswith the datain eachcore and

satisfying four basic principles of AAR for which other modelling approachesfail in

one or more respects:(I) predictedinitial Asp DIL ratios are very similar in eachcore

(2) D/L ratios increaseprogressivelyover time, (3) racemizationrates are faster in

coresbathedby warmerwater,and (4) kinetic pathwaysdo not intersectanddescribea

similar historyof racemizationat all coredsites.

The kinetic pathway of racemizationas modelled by the power functions

describesa history qf racemizationin QT and on MP that is faster in progressively

younger sediments. These models are consistent with the natural slowing of

racemization over time as the reaction approachesequilibrium. However, slower

racemizationratesduring the last glacial may also indicate that bottom waters in QT
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and on MP were cooler during the last glacial than at present.This possibility is

consistentwith the benthicisotoperecordfrom GC43, which displaysa positive0.2%0

deviation from the global ice volume record since the LGM (equivalentto a -I.Ooe

increasein bottom water temperature),as well as Mg/Ca ratios measuredin deepsea

ostracodesat OceanDrilling ProgramSite 822 in QT (Correge, 1993b). Our results

remain eqtlivocal, but experimentalwork in progressat Northern Arizona University

addressingthe kinetics of racemizationat various temperaturesand under different

chemicalconditionsshouldhelp resolvesomeof thesekey issues.

Nonetheless,our resultsstrengthenthe integrity of the singleforaminiferaRPC

method(Heartyet aI., submitted),anddemonstratethe utility of high-resolutionamino­

stratigraphyfor geochronologyand paleotemperaturereconstnlctionsover relatively

short intervals of time. Furthermore,our resultsdemonstratethat the techniqueis not

only useful in deepmarine settingssuchas QT, wherebottom water temperaturesare

lessthan --5°C and racemizationratesare relatively slow, but is also robustin shallow

settingssuchas MP, wherebottomwatersare substantiallywarmer(up to --20°C) and

the rate of racemizationis relatively fast. AAR in single Po tests appearsto be an

effectivegeoscientifictool for investigationsof Quaternarymarinesediments.
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Bottom,vater
Core Latitude Longitude WaterDepth temperature Watermass

(OS) (DE) (m) (OC)

FR03/99-GC10 20.8 152.3 320 16.5* spew
5 LGC43 18.1 147.5 901 5.4 AAIW

FR4/92-PC16 17.4 146.9 1043 4.3 AAIW

FR4/92-PCll 17.6 147.4 1320 3.5 AAIW
FR4/92-PC13 17.0 146.9 1507 3.0 AAIW

FR5/90-PC27a 15.3 146.0 2163 2.4 Undefined

TableA.I: Locationandotherinformationfor sedimentcoresFR03/99GCIO,

51GC43,FR4/92PC16,FR4/92PCII, FR4/92PC12,andFRS/90PC27a.Bottom

watertemperaturesin QueenslandTroughweremeasuredon CSIROcruises1985/05,

1990/06,1991/07,1992/09and 1997/01andareavailableat

www.marine.csiro.au/datacentre.*Temperatureestimatedfrom samedepthin

QueenslandTrough.SPCW- SouthPacific CentralWater;AAIW - Antarctic

IntermediateWater.
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Lab ID Sample# Age Depth DIL Asp stdev DIL Glu stdev DIL Ser stdev
(UA..L) �(�r�~�l vr RP) (rm h.d) n ex,-_& J �~ -- / ,_••• �~�~�.�/

4090 MPRC-IOOI 5920 1 4 4 0.143 0.022 0.052 0.009 0.264 0.037
4091 MPRC-2012 6670 12 3 4 0.261 0.057 0.096 0.016 0.215 0.101
4092 MPRC-3022 8056 22 7 2 0.210 0.067 0.075 0.027 0.269 0.033
4093 MPRC-4028 9210 28 5 2 0.347 0.019 0.140 0.008 0.371 0.050
4094 MPRC-5038 11670 38 6 1 0.371 0.02 0.154 0.010 0.373 0.036
4095 MPRC-6049 15152 49 5 3 0.405 0.077 0.169 0.052 0.326 0.082
4096 MPRC-7059 19023 59 3 5 0.301 0.033 0.112 0.023 0.316 0.106
4097 MPRC-8066 22131 66 5 2 0.434 0.025 0.190 0.023 0.402 0.065

3936 GC43-005 2460 5 3 2 0.115 0.010 0.044 0.000 0.186 0.020
3935 GC43-031 5930 31 5 0 0.139 0.010 0.048 0.007 0.220 0.019
3949 GC43-051 8290 51 5 0 0.149 0.010 0.053 0.007 0.255 0.018
3934 GC43-071 9010 77 3 1 0.171 0.010 0.062 0.010 0.288 0.030
3933 GC43-153 11120 153 5 0 0.178 0.014 0.059 0.010 0.235 0.074
3937 GC43-171 14130 171 4 I 0.181 0.003 0.068 0.000 2.660 0.040
3950 GC43-189 16250 189 5 0 0.191 0.010 0.066 0.008 0.298 0.041
3932 GC43-209 21080 209 4 1 0.222 0.030 0.085 0.010 0.300 0.030

3733 PC16-015 258 2 4 1 0.054 0.011 0.027 0.007 0.052 0.021
3627 PC16-034 1740 21 6 0 0.076 0.006 0.028 0.003 0.136 0.008
3979 PCL6-056 4361 43 4 1 0.097 0.003 0.038 0.003 0.166 0.003
3977 PC16-078 5392 58 3 2 0.129 0.008 0.058 0.010 0.199 0.017
3621 PC16-100 6720 80 5 1 0.134 0.010 0.046 0.013 0.206 0.046
3978 PC16-118 7331 98 3 2 0.153 0.004 0.062 0.009 0.257 0.026
3625 PC16-185 10060 165 5 1 0.162 0.022 0.061 0.013 0.245 0.043
3628 PC16-253 13020 230 4 1 0.172 0.009 0.053 0.005 0.271 0.016
3975 PC16-263 14767 240 4 1 0.174 0.014 0.064 0.004 0.271 0.045
3976 PC16-272 15781 249 5 0 0.200 0.013 0.075 0.009 0.317 0.032
3624 PC16-282 17420 259 3 3 0.207 0.010 0.072 0.100 0.251 0.040

3987 PCII-023 4816 13 3 2 0.101 0.005 0.043 0.007 0.172 0.028
3990 PCI1-036 6980 26 5 0 0.125 0.009 0.041 0.004 0.249 0.031
3988 PCII-048 8232 38 5 0 0.141 0.020 0.049 0.005 0.261 0.039
3986 PCII-060 10280 50 3 2 0.160 0.010 0.058 0.004 0.243 0.012
3991 PC11-070 13639 60 4 0 0.173 0.009 0.064 0.005 0.278 0.007
3983 PCI1-079 18720 69 5 0 0.190 0.008 0.069 0.008 0.322 0.024
3989 PCII-090 28459 80 5 0 0.197 0.019 0.067 0.009 0.322 0.031

3971 pel3-00S 1250 5 3 2 0.101 0.006 0.047 0.004 0.139 0.028
3967 PC13-020 5668 20 4 1 0.103 0.002 0.043 0.007 0.176 0.025
3974 PC13-040 7379 40 4 1 0.115 0.005 0.042 0.004 0.207 0.024
3969 PC13-055 8150 55 4 L 0.131 0.011 0.044 0.005 0.230 0.017
3968 PC13-079 10990 79 5 0 0.150 0.012 0.054 0.005 0.275 0.022
3970 PC13-086 13512 86 5 0 0.149 0.007 0.051 0.007 0.256 0.049
3966 PC13-095 17725 95 5 0 0.189 0.007 0.068 0.006 0.304 0.015
3972 PC13-104 23750 104 4 1 0.206 0.013 0.074 0.008 0.327 0.046
3973 PC13-121 40703 121 5 0 0.204 0.008 0.071 0.005 0.307 0.047
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3942 PC27a-007 1520 7 5 0 0.079 0.008 0.035 0.006 0.143 0.028
3943 PC27a-052 4990 52 5 a 0.112 0.009 0.045 0.008 0.212 0.019
3944 PC27a-084 7620 84 5 0 0.132 0.004 0.047 0.006 0.240 0.018
3945 Pe27a-iSi 9910 iSi 4 0.131 0.006 0.045 0.004 0.222 0.025
3946 PC27a-193 12870 193 5 a 0.140 0.006 0.049 0.003 0.243 0.033
3947 Pe27a-218 14340 218 5 a 0.148 0.013 0.056 0.008 0.262 0.045
3948 PC27a-318 22100 318 5 0 0.184 0.009 0.063 0.006 0.293 0.031

TableA.2: Sampleinformation,extrapolatedages,andresultsof RP-HPLCanalysis

(D/L ratios)for coresFR03/99GC10, 51GC43,FR4/92PC16,FR4/92PCIl, FR4/92

PC12,andFR5/90PC27a.n - numberof testsincludedin average.ex - numberof tests

excludedfrom average.
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Sample Depth Age a180 oUe 0180
{rm' �(�l�c�~ , (pnR) (pnR, r."MnW'\ ........ aa... ./ ,........./ ,.... ....-.- / ,.... ----/ ,.............- .. /

MP GC43-3* 3 1996 l.9 1.4 32.9
MP GC43-IO 10 3314 1.8 1.3 32.8
MPGC43-20 20 4893 2.0 1.3 32.9
MP GC43-30* 30 6152 1.9 1.3 32.9
MP GC43-40 40 7130 1.9 1.3 32.9
MP GC43-50 50 7871 1.9 1.2 32.9
MP GC43-60 60 8416 2.0 1.2 33
MP GC43-76 76 8981 2.1 1.1 33.1
MP GC43-90 90 9283 2.2 1.0 33.2
MP GC43-110 110 9638 2.3 0.8 33.3
MP GC43-120 120 9873 2.2 0.8 33.2
MP GC43-130 130 10200 2.0 0.7 33
MP GC43-150 150 11301 2.3 1.0 33.2
MP GC43-160 160 12157 2.3 1.1 33.3
MP GC43-170 170 13271 2.3 1.0 33.3
MP GC43-180 180 14686 2.7 0.9 33.7
MP GC43-190 190 16442 2.8 1.0 33.8
MP GC43-200 200 18582 3.1 1.1 34.1
MP GC43-210 210 21146 3.3 1.2 34.4
* Averageresultafter multiple analysesof testsfrom samesample

TableA.3: Resultsof stableisotopeanalysisof benthicforaminiferafrom core
51GC43.
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Figure A.I: The continentalmarginof northeasternAustralia.Circles indicatethe

positionof coresFR03/99GClO, 5lGC43,FR4/92PC16,FR4/92PCIl, FR4/92PC12,

andFRS/90 PC27a.Bathymetryof the westernCoral Seais indicatedin metres.
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FigureA.2: Generalisedtemperatureprofile andwatermassboundariesin the western

Coral Sea(modifedafter: Correge,1993a;Heartyet aI., submitted).Circles indicatethe

moderndepthbelow sealevel of coresFR03/99GC10, 51GC43,FR4/92PC16, FR4/92

PCll, FR4/92pe12, andFR5/90PC27a.SLW - SubtropicalLower Water;SPCW­

SouthPacific CentralWater; AAIW - Antarctic IntermediateWater; UDWM ­
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FigureA.3: Age/depthrelationshipsin coresFR03/99GCIO, 51GC43,FR4/92PCI6,

FR4/92PCII, FR4/92pel2, andFRS/90 PC27a,basedon calibratedradiocarbon
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FigureA.S: The relationshipbetweentime andthe OIL ratiosof Asparticacid in
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Figure A.7: The relationshipbetweentime andthe O/L ratiosof Asparticacid in

foraminiferafrom coresFR03/99OCIO, 510C43,FR4/92PC16, FR4/92PC11,

FR4/92PCI2,andFRS/90PC27a,modelledusingpowerfunctions.Correlation

coefficientandequationshownin bracketsindicatemodellingresultsfor FR03/99
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APPENDIXB

DATA REPORT:VARIATIONS IN BULK

CARBONATE CONTENTIN ODPHOLE 1198A,0­

23.69MBSF

Nlichaelc. Page

Schoolof EarthSciences,JamesCook University, Townsville, QLD 4811 Australia

Adaptedfrom a datareportpublishedonline at:

http://www-odp.tamu.edufpublicationsf194_5R1004/004.htm
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ABSTRACT

Upper Quaternary sediment sequenceseast of the Great Barrier Reef are

characterisedby alternating siliciclastic-rich and carbonate-richhorizons causedby

changesin the input of various sedimentarycomponentsand reflected in cores by

variations in bulk carbonatecontent. A total of 153 measurementsof bulk carbonate

content were determinedusing the carbonate-bombtechnique for late Pleistocene

sedimentsbetween 0 and 23.69 mbsf (metres below sea floor) in Ocean Drilling

ProgramHole 1198A. Average sample resolution was 15 em and multiple analyses

wereperformedon eachsample.Bulk carbonatecontentrangesfrom a maximumof 94

wt% at 13.63 mbsf to a minimum of 73 wt% at 14.54 mbsf. Five cyclic trends are

observedthat may relate to five major glacial events during the last 500 ky of the

Quaternary.
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B.l. INTRODUCTION

The northeastAustralianmargin is the largestextanttropical mixed siliciclastic­

carbonatedepositionalsystem. For more than 500 ky (Davies and McKenzie, 1993;

InternationalConsortiumfor GreatBarrier ReefDrilling, 2001), ri vers havedischarged

largemassesof clay, quartz,andotherweatheredresiduefrom the Australiancontinent

into a regionwith an extensivenetworkof carbonatereefson the outershelf, the Great

Barrier Reef (GBR). The Marion Plateau(Fig. B.l) lies eastwardof the main GBR

system,acting as a repositoryfor carbonatematerial shedfrom the GBR platform as

well as siliciclastic sediments sourced from the Australian landmass (Shipboard

Scientific Party, 2002a). The plateau also accumulatescarbonatesedimentssourcecl

from pelagic rain and local reef systemsdetachedfrom the high-densityreef net\vork

on the adjoiningGBR shelf.

Eustaticfluctuationsare widely believedto be the primary control on off-shelf

fluxes of siliciclastic and carbonatesedimentsalong passivecontinentalmargins(e.g.,

Vail et aI., 1977; Walker, 1992). The northeastAustralian rnargin is no exception,

although considerableconjectllre surroundsthe specific processesaffecting sediment

transport and the timing of off-shelf sedimentfluxes in relation to specific eustatic

phases(e.g., Harris et aI., 1990; Peerdemanand Davies, 1993; Dunbar et aI., 2000;

KronenandGlenn, 2000; Pageet aI., 2003). OceanDrilling ProgramHole 1198A (Fig.

B.1) provides an expandedrecord of mixed siliciclastic-carbonatedepositionon the

Marion Plateau from the late Pliocene to Pleistocene(Shipboard Scientific Party,

2002b). The site contrasts with the more heavily investigated Queenslandand

Townsville troughsnorth of the plateaubecausea significantly wider shelf separatesit

further from fluvial sourcesof siliciclastic sediment.
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This datareport doesnot attemptto quantify the ratesof sedimentaccumulation

at Site 1198A, or to resolvethe questionof off-shelf sedilnentfluxes and their relation

to eustaticvariations(cf. Pageet aI., 2003). The high-resolutionrecordof variationsin

bulk carbonatecontent, however, should prove useful for future stlldies that may

addressthesequestions,as well as otherproblemsrelating to the evolutionof the mixed

siliciclastic-carbonatemarginof northeasternAustralia.

B.2. METHODS

A total of 153 samplesfrom the upperpart of Subunit lA of MegasequenceD

were takenat an average15 cm resolutionbetween0 and23.69mbsf (metresbelow sea

floor) in Hole 1198A (Table B.l). Based on shipboard biostratigraphic datun1S

(ShipboardScientific Party, 2002b), this interval approximatelyrepresentsthe last 500

ky of deposition on the Marion Plateau.This period is also thought to be roughly

congruouswith the presenceof large barrier reef systems,analogousto the present

GBR, on the adjacent continental shelf during sea level highstands (International

Consortiumfor GreatBarrierReefDrilling, 2001).

Approximately 3 em) of sedimentwas subsampledfrom nominally 10 cm) of

bulk sampleand freeze-driedto removepore fluids. Subsampleswere crushedusing a

ceramichandmortarand pestleand groundinto a fine powder.From eachsample,150

to 250 mg of powderwas weighedand utilised for the determinationof bulk carbonate

content following the principles of the carbonate-bombtechnique (Mueller and

Gastner,1971). Duplicatesampleanalysesand comparisonswith laboratorystandards

placethe accuracyandprecisionof reportedcarbonatecontentswithin a maximumof ±

2.6%,with an averagereproducibilityof ± 0.90/0 (TableB.l).

PhD Thesis- IW.C. Page
173



Bulk carbollatecontent,aDP Hole /9981\

Sedilnenton the northeastAustralian margincOluprisestwo basiccomponents,

terrigenoussiliciclastic sedimentand biogenic carbonate,with only trace an10untsof

other material (Harris et aI., 1990; Dunbar et aI., 2000; Heap et aI., 2001).

Consequently,within the precisionof the technique,quantificationof bulk carbonate

contentalso rendersaccuratevaluesfor siliciclastic abundance.

B.3. RESULTS

Bulk carbonatecontentsin the upperpart of Subunit lA of Megasequence0 in

Hole 1198A aregenerallyvery high (TableB.l, FigureB.2). More than95% of the 153

intervalssampledbetween0 and 23.69 mbsfhad bulk carbonateconcentrationsgreater

than 80 wt%, with over 7690 of thesesamplesbeing greaterthan 85 wt% carbonate.

Maximumbulk carbonatecontentof 94.1 wt% occursat 13.63 mbsfand minimum bulk

carbonatecontentof 72.7 wt% occursat 14.54 mbsf. The interval between14.54 anel

14.35 mbsf shows the highest short-term range in bulk carbonatecontent with a

variationof approximately20 wt% occurringin adjacentsamplesseparatedby lessthan

20 em.

Variations in bulk carbonatecontentoccur with a generalcyclicity that has a

period of between3 and 7 m and amplitudeof between10 and 20 wt%. Overall, five

cyclic trendsareobserved.Peaksoccurat 3.35,6.85,13.63, 17.00,and22.04mbsf, and

troughsoccur at 0.35, 5.04, 7.50, 14.54, and 20.69 tnbsf. The five cyclic variations in

bulk carbonatecontentin Hole 1198A are potentially relatedto the five major glacial

events that have occurred in the last 500 ky of the Qllaternary. Basedon shipboard

biostratigraphicdatums, including the fact that it is likely that the Holocenesediment

sectionis missingfrom Hole 1198A (ShipboardScientific Party, 2002b), peaksin the
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bulk carbonatecontent may loosely correlatewith highs in �f�i�f�t�h�~�o�r�d�e�r sea level and

rnarineisotopestages3, 5,7,9,and 11.
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ODPHole 1198A

Interval (em) Depth Carbonate(\\'t% )

Core Section Top Bottom (mbsf) AnalysisJ Analysis2 Analysis3 Average Std.Dev.

IH 3 5 0.04 86.0 85.9 86.0 0.1

IH 18 20 0.19 89.5 89.4 90.2 89.7 0.4

IH 34 36 0.35 84.9 84.6 84.8 0.2

IH 51 53 0.52 88.5 86.1 87.3 1.7
IH 66 68 0.67 87.2 88.5 87.7 87.8 0.7

IH 83 85 0.84 87.9 87.9 86.8 87.5 0.6

IH 99 101 1.00 89.2 90.4 89.0 89.5 0.8

IH 112 114 1.13 90.7 87.6 89.2 2.2

IH 130 132 1.31 90.5 90.1 91.7 90.8 0.8

IH 144 146 1.45 90.8 92.4 91.8 91.7 0.8

IH 2 153 155 1.54 85.7 89.6 90.2 88.5 2.4

IH 2 168 170 1.69 85.3 88.9 88.0 87.4 1.9

IH 2 184 186 1.85 90.3 89.7 90.0 0.4

IH 2 201 203 2.02 90.5 90.5 87.9 89.6 1.5

IH 2 216 218 2.17 89.1 88.1 88.6 0.7
IH 2 233 235 2.34 88.8 89.5 91.1 89.8 1.2
IH 2 249 251 2.50 89.8 89.3 89.6 0.4

IH 2 262 264 2.63 89.8 91.3 92.8 91.3 1.5

IH 2 280 282 2.81 91.0 91.3 91.2 0.2

IH 3 303 305 3.04 91. I 91.6 91.4 0.4

IH 3 318 320 3.19 90.5 90.2 90.4 0.2

IH 3 334 336 3.35 91.5 94.7 92.3 92.8 1.7
IH 3 351 353 3.52 90.6 91.5 91.1 0.6
IH 3 366 368 3.67 90.0 90.0 88.3 89.4 1.0

IH 3 383 385 3.84 87.8 90.1 90.2 89.4 1.4

IH 3 399 401 4.00 87.2 87.2 87.2 0.0

IH 3 412 414 4.13 83.2 85.1 84.2 1.3

IH 3 430 432 4.31 81.6 82.7 82.2 0.8

IH 3 444 446 4.45 82.9 85.1 85.8 84.6 1.5

IH 4 453 455 4.54 87.2 87.2 88.4 87.6 0.7

IH 4 468 470 4.69 84.0 83.4 84.9 84.1 0.8

IH 4 484 486 4.85 85.2 83.6 86.7 85.2 1.6

2H I 503 505 5.04 81.7 80.5 81.1 0.8

2H I 518 520 5.19 85.7 83.7 84.7 1.4

2H I 534 536 5.35 81.2 81.5 83.8 82.2 1.4

2H I 551 553 5.52 83.5 84.3 86.2 84.7 1.4

2H 1 566 568 5.67 83.8 84.1 85.4 84.4 0.9

2H I 583 585 5.84 85.8 83.6 85.6 85.0 1.2

2H I 599 601 6.00 85.7 86.1 85.1 85.6 0.5

2H 1 612 614 6.13 86.5 88.9 87.7 1.7

2H 1 630 632 6.31 89.4 88.6 93.4 90.5 2.6

2H 1 644 646 6.45 89.1 92.4 90.7 90.7 1.7

2H 2 653 655 6.54 91.1 91.1 87.9 90.0 1.8

2H 2 668 670 6.69 89.3 88.9 89.1 0.3

2H 2 684 686 6.85 90.7 91.7 90.0 90.8 0.9
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2H 2 701 703 7.02 88.2 89.5 88.8 88.8 0.7

2H 2 716 718 7.17 83.8 85.5 85.8 85.0 1.1

2H 2 733 735 7.34 79.6 79.9 79.8 0.2

2H 2 749 751 7.50 78.4 78.6 78.5 0.1

2H 2 762 764 7.63 80.0 80.9 80.5 0.6

2H 2 780 782 7.81 82.5 84.0 84.0 83.5 0.9

2H 2 794 796 7.95 81.8 82.4 82.1 0.4

2H 3 803 805 8.04 83.0 83.0 79.3 81.8 2.1

2H 3 818 820 8.19 87.4 89.2 86.2 87.6 l.5

2H 3 834 836 8.35 88.1 88.6 88.4 0.4

2H 3 851 853 8.52 88.3 90.2 87.2 88.6 1.5

2H 3 866 868 8.67 87.3 87.4 87.4 0.1

2H 3 883 885 8.84 85.5 84.4 85.0 0.8

2H 3 899 901 9.00 85.5 83.2 84.4 1.6

2H 3 912 914 9.13 84.9 84.9 81.3 83.7 2.1

2H 3 930 932 9.31 87.0 87.6 87.4 87.3 0.3

2H 3 944 946 9.45 83.6 82.4 83.0 0.8

2H 4 953 955 9.54 83.9 85.8 84.9 1.3

2H 4 968 970 9.69 85.7 86.5 86.1 0.6

2H 4 984 986 9.85 86.1 86.6 86.4 0.4

2H 4 1001 1003 10.02 89.2 89.2 88.3 88.9 0.5

2H 4 1016 1018 10.17 89.3 86.0 87.7 2.3

2H 4 1033 1035 10.34 88.4 85.5 87.0 2.1
2H 4 1049 1051 10.50 88.5 88.8 89.9 89.1 0.7

2H 4 1062 1064 10.63 85.7 86.3 86.0 0.4

2H 4 1080 1082 10.81 88.1 86.9 87.5 0.8

2H 5 1103 1105 11.04 89.9 91.4 89.8 90.4 0.9

2H 5 I I 18 1120 11.19 86.5 87.4 85.8 86.6 0.8

2H 5 1134 1136 11.35 91.1 91.1 87.4 89.9 2.1

2H 5 1151 1153 11.52 90.7 92.2 93.4 92.1 1.4

2H 5 1166 1168 11.67 90.3 91.3 91.6 91.1 0.7

2H 5 I 183 1185 11.84 89.3 91.0 90.2 1.2

2H 5 1199 1201 12.00 90.0 88.5 92.8 90.4 2.2
2H 5 1212 1214 12.13 89.7 89.0 92.1 90.3 1.6

2H 5 1230 1232 12.31 89.7 88.4 91.6 89.9 1.6
2H 5 1244 1246 12.45 89.3 88.7 91.7 89.9 1.6

2H 6 1253 1255 12.54 89.7 90.8 90.8 90.4 0.6

2H 6 1268 1270 12.69 89.4 89.0 89.2 0.3

2H 6 1284 1286 12.85 90.0 90.0 87.9 89.3 1.2

2H 6 1301 1303 13.02 88.7 89.3 88.8 88.9 0.3

2H 6 1316 1318 13.17 90.6 89.0 89.8 1.1

2H 6 1333 1335 13.34 90.8 88.6 89.7 1.6

2H 6 1349 1351 13.50 92.2 90.5 91.4 1.2

2H 6 1362 1364 13.63 93.3 93.6 95.5 94.1 1.2

2H 6 1380 1382 13.81 92.1 90.8 91.5 0.9

2H 6 1394 1396 13.95 92.1 90.2 91.2 1.3

2H 7 1403 1405 14.04 91.7 9l. I 91.4 0.4

2H 7 1418 1420 14.19 91.3 91.3 87.3 90.0 2.3

2H 7 1434 1436 14.35 91.4 91.0 91.2 0.3

3H 1 1453 1455 14.54 72.6 72.6 72.9 72.7 0.2

3H 1 1468 1470 14.69 78.4 76.2 77.3 1.6

PhD Thesis- lvl. C. Page
177



Bulk carbonatecontent,aDP Hole /998A

3H 1484 1486 14.85 80.1 78.1 79.1 1.4

3H 1501 1503 15.02 79.1 79.2 79.2 0.1
3H 1516 1518 15.17 8I.I 79.6 80.4 1.1

3H 1533 1535 15.34 82.7 80.0 80.2 81.0 1.5

3H 1549 1551 15.50 83.0 81.3 82.2 1.2
3H 1562 1564 15.63 87.5 85.8 86.7 1.2
3H 1580 1582 15.81 85.8 84.7 85.3 0.8
3H 1594 1596 15.95 88.6 87.0 87.8 1.1
3H 2 1603 1605 16.04 88.9 89.2 89.1 0.2
3H 2 1618 1620 16.19 88.0 88.1 88.1 0.1
3H 2 1634 1636 16.35 90.3 90.3 87.3 89.3 1.7
3H 2 1651 1653 16.52 88.9 89.4 89.2 0.4

3H 2 1666 1668 16.67 89.7 90.6 90.2 0.6
3H 2 1683 1685 16.84 92.0 90.2 91.1 1.3
3H 2 1699 1701 17.00 91.6 90.6 91.1 0.7
3H 2 1712 1714 17.13 89.2 88.5 88.9 0.5

3H 2 1730 1732 17.31 89.8 9l.2 90.5 l.0
3H 2 1744 1746 17.45 90.2 90.4 90.3 0.1
3H 3 1753 1755 17.54 89.4 87.5 88.5 1.3
3H .3 1768 1770 17.69 88.7 88.7 87.7 88.4 0.6
3H 3 1784 1786 17.85 88.5 87.8 88.2 0.5
3H 3 1801 1803 18.02 90.9 89.2 90.1 1.2

3H 3 1816 1818 18.17 90.9 89.6 90.3 0.9

3H 3 1833 1835 18.34 91.4 90.0 90.7 1.0
3H 3 1849 1851 18.50 90.0 90.9 90.5 0.6

3H 3 1862 1864 18.63 90.3 90.8 90.6 0.4

3H 3 1880 1882 18.81 88.2 89.1 88.7 0.6
3H 3 1894 1896 18.95 87.6 87.3 87.5 0.2
3H 4 1903 1905 19.04 89.6 90.2 89.9 0.4
3H 4 1918 1920 19.19 89.0 89.0 89.0 0.0

3H 4 1934 1936 19.35 88.0 89.1 88.6 0.8

3H 4 1951 1953 19.52 87.3 89.0 88.2 1.2

3H 4 1966 1968 19.67 86.7 87.6 87.2 0.6

3H 4 1983 1985 19.84 88.0 88.1 88.1 0.1
3H 4 1999 2001 20.00 87.3 87.7 87.5 0.3

3H 4 2012 2014 20.13 87.5 87.7 87.6 0.1
3H 4 2030 2032 20.31 84.1 84.6 84.4 0.4

3H 5 2053 2055 20.54 82.3 85.2 83.8 2.1
3H 5 2068 2070 20.69 75.4 79.0 77.0 77.1 1.8

3H 5 2084 2086 20.85 89.4 90.4 89.9 0.7
3H 5 2101 2103 21.02 88.6 91.0 89.8 1.7
3H 5 2116 2118 21.17 89.5 90.5 90.0 0.7

3H 5 2133 2135 21.34 89.5 89.5 89.0 89.3 0.3
3H 5 2149 2151 21.50 88.7 92.2 90.5 2.5
3H 5 2162 2164 21.63 89.8 92.9 91.4 2.2
3H 5 2180 2182 21.81 89.8 93.1 91.5 2.3

3H 5 2194 2196 21.95 92.4 92.7 92.6 0.2
3H 6 2203 2205 22.04 92.4 93.1 92.8 0.5
3H 6 2218 2220 22.19 92.1 91.7 91.9 0.3
3H 6 2234 2236 22.35 91.7 92.0 91.9 0.2
3H 6 2251 2253 22.52 90.8 90.6 90.7 0.1
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3H 6 2266 2268 22.67 90.3 90.3 90.1 90.2 0.1
3H 6 2283 2285 22.84 87.4 87.0 87.2 0.3

3H 6 2299 2301 23.00 90.7 90.7 90.7 0.0

3H 6 2312 2314 23.13 87.4 88.7 88.1 0.9
3H 6 2330 2332 23.31 86.2 86.5 86.4 0.2
3H 7 2353 2355 23.54 85.8 85.8 87.1 86.2 0.8
3H 7 2368 2370 23.69 83.9 83.7 83.8 0.1

0.9
Average
Std.Dev.

Table B.I: Bulk carbonatecontent,ODP Hole 1198A,0 - 23.69mbsf
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FigureB.1: Major physiographicandbathymetricfeaturesof Marion Plateauandthe

locationof ODP Site 1198A
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Figure B.2: Variationsin bulk carbonatecontentfrom 0 to 23.69mbsf in ODP Hole

1198A
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