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Abstract
This study is a geochemicalinvestigationofthe evolutionof theKerguelenplume,on the
basisofuppermantleandlower crustalxenoliths.Ultramafic xenolithsincludeharzburgites
predominant,a lherzolite,dunitesandpyroxenites,whereaslower crustalxenolithsare
cumulategabbrosrecrystallizedundergranulitefaciesconditions.On the basisof thewhole
rock majorelementcharacteristicsandtraceelementabundancepatternsin clinopyroxenes,
the harzburgiteswere foundto beresiduesof extensivemeltingathigh pressureswithin the
Kerguelenplume.Thesewerethen recrystallizedat low pressuresandmetasomatizedby
plumegeneratedmelts. Detailsofthemetasomaticprocessweredeterminedfrom trace
elementvariationsin clinopyroxenein connectionto texture.This demonstratedthatmelt-
rock reactionandtheprecipitationofnewclinopyroxenesoccurredby metasomatic
carbonatiticmelts.

It wasalsofoundthat someofthe harzburgiteshaddistinctly unradiogenicOs isotopic
compositionsandwereidentified as originatingfrom the sub-Gondwanalandlithosphere.
On thebasisof majorandtraceelementcompositions,thegranulitexenolithswerefoundto
be originally gabbroiccumulatesformedfrom plume-derivedbasalticmelts emplacedat the
baseof the crustby underplatingandsubsequentlyrecrystallizedisobaricallyunder
granuliteconditions.TheSr, Nd andOs isotopic compositionsof theperidotiteand
granulitexenoliths demonstratethat the Kerguelenplumeis isotopicallyheterogeneousand
displaysa temporalprogressiontowardmoreenrichedSr andNd isotopic compositions
from theNinetyeastRidgeto granulitexenolithsto KerguelenbasaltsandHeardIsland
basalts.
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Chapter 1 Introduction

Mantle plumesarea significantmeansof heatandmasstransferfrom theearth’sdeep

interior andresultin hotspotvolcanismon theearthssurface.Sincethe recognitionof their

importancein understandingplatetectonicse.g.Wilson, 1963; Morgan,1972,

geochemicalstudiesof plume-derivedoceanislandbasaltsOIB haveestablished

importantinsightsinto mechanismsfor creatinggeochemicalheterogeneitiesin themantle

via recyclinge.g.White andHofmann,1982;Allègre, 1982;Zindlerand Hart, 1986 and

spatial andtemporalscalesofmantleconvectione.g.Stein andHofmann,1994;

Hofmann,1997 andmanyothers.Radiogenicisotopesin OIB reflecttime-integrated

parentldaughterelementalratiosandcharacterizethegeochemicalhistory oftheplume

mantlesource.On thebasisofthe isotopic compositionsof Sr, Nd andPbin oceanic

basalts,Hart andcolleaguesidentifiedfour "endmember’mantlecomponentsandshowed

that individual plumesystemsasmanifestedby individual islandsor islandchainsform

quasi-linearmixing arraysinvolving someof thecomponentse.g.Zindler andHart, 1986;

Hart andZindler, 1989;Hart etal., 1992.Thattheasthenosphericmantleis not implicated

asa commonmixing endmemberfor theplumemixing arraysledHart et al. 1992 to

postulatethatentrainmentof the lowermantlecouldbe an importantprocessin determining

the isotopicvariationsof OIB.

As a plumerisesto thebaseoftheoceaniclithosphereandplume-derivedmelts

migratethroughthe lithosphere,interactionsbetweenthe two couldoccur andmodify the

geochemicalandisotopiccompositionsof both themelts andthe lithosphere.Theprecise

natureandextentof the interactioncanvary on spatialandtemporalscales,dependingon

physicalandchemicalconditions.
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In thecaseof plume-derivedmelt interactingwith lithosphericperidotites,the isotopic

compositionsof incompatibletraceelementssuchasSr, Nd andPbof themelt would not

generallybe modifiedsignificantly. This is becauseofthe low mineral-meltpartition

coefficientsfor theseelementsandthecontrastin their concentrationsbetweenmelt and

mantlei.e. high in the melt relativeto themantle.In contrast,the isotopiccompositionsof

compatibleelementssuchasOs in a plume-derivedmelt couldeasilyandsignificantlybe

modifiedevenin interactionsthatoccurover a short length scalefor theoretical

discussions,seeHauri, 1997.It follows thenthat isotopicheterogeneitiesfor Sr,Nd and

Pbobservedin coevalbasaltsof a givenplumesystemcanbe attributedto time-integrated

heterogeneitieswith respectto parent/daughterelementalratiosof theplume,but that theOs

isotopiccompositioncould representthat ofthe lithosphere.When a plumeis consideredto

havebeenpositionedbeneatha mid-oceanridgeatsometime in its evolutionarypast,the

interpretationsof isotopicheterogeneitiesin plume-relatedbasaltstendto focuson the

mixing of plumeandMORB sourcecomponents.Isotopicheterogeneitiesthatmay be

‘indigenous"to theplume itself may thus be overlooked.It is well establishedthata plume

can affectthe geochemicalandisotopiccompositionsofnearbyridgemelts becausethe

plumemantleflows towardridgesasa resultof thermalandrheologicalgradients

Schilling, 1991; Small, 1995; Ribe, 1996;Yale andPhippsMorgan,1998.However,

whenoneinvokestheeffectsof theMORB sourceon plume-relatedmelts,somephysical

justification is needed,especiallyfor a distal plume-ridgeinteraction.

A differentaspectof theplume-lithosphereinteractioncanbe studiedwith lithospheric

xenolithsthat arebroughtto the surfaceby plume-derivedmagmas.Plume-derivedmelts

reactwith the lithosphereduring melt migration,andmodify thegeochemistryand

mineralogyof thelithosphericperidotites.Themechanismsfor this processcanbe diverse:

1. themineralogythemineralsandtheir modal abundancesremainsunchanged,but the
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mineralchemistryis modifiedthroughelementalchangeat the interface,andthrough

subsequentdiffusion; 2. newmineralphasescrystallizedirectly from the infiltrating melt;

or 3. themineralogyandchemistryoftheperidotitearemodified throughdissolutionof

pre-existingmineralsandtheprecipitationof newones.Theseprocessesrepresentwhat is

generallytermedmantlemetasomatismandhavebeena subjectof study for manyyears.A

book was dedicatedto the topic MenziesandHawkesworth,1987.A generalterminology

of "cryptic" and"modal" metasomatisme.g.DawsonandKornprobst,1984;Erlanket al.,

1987;Harte et al., 1983 is inadequatein caseswhereanewly-precipitatedmineralis one

of thepre-existingspeciesfor instance,theprecipitationof diopsidein lherzolite.The

petrographicappearanceof a rock thathasbeencryptically metasomatizedmaybe the same

asa rock that hasnot beenmetasomatizedat all. If in factnewclinopyroxenewas addedto

the rock,microbeam-basedobservationscouldplay crucial rolesin discerningthis.

Theunderstandingof mantlemetasomatismhasimprovedconsiderablyover thepast

decadethroughtheoreticalwork andby themodelingof traceelementvariationsin rocks

andmineralsNavonand Stolper,1987; Bodinieret al., 1990;Takazawaetal., 1992; Sen

etal., 1993; Bedini et al., 1997;Yang et al., 1998b. It is commonlyobservedthat melt

peridotiteinteractionmodifies traceelementabundancepatternsof mineralsnotably

clinopyroxene,an importantrepositoryofmanytraceelementsin peridotitic systemsto

variousextentsin a given lithosphere-meltsystem.For instance,Takazawaetal. 1992

andYanget al. 1998bdemonstratedthatsmoothly light REE-depletedoriginal patternsin

clinopyroxenesweregraduallymodified towardlight REE-enriched"equilibrium" patterns,

with sharply inflectedat Nd or "spoon-shaped"patternsas intermediatestagesof

interaction.As discussedby NavonandStolper1987 andothers,modificationof REE

patternsin peridotitic clinopyroxenesproceedsin a chromatographicmanner,beginning

with an increasein more incompatibleLREE andmoving towardsless incompatibleHREE.
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Thereare manyinstanceswhererockse.g. a suiteof peridotitexenoliths from a single

locality display awiderangeof "degrees"of metasomatism,indicating largelocal-scale

variationsin melt-rockratios andperhapsshortdurationsof interaction.Becauseof low

clinopyroxene-meltpartitioncoefficients,Sr andNd abundancesin highly depleted

peridotiteclinopyroxenesaresusceptibleto evenincipientmetasomatism.Hence,the

original SrandNd isotopiccompositionsof theclinopyroxenecaneasilybe erased.

1.1 The Kerguelen plume and the scopeof the
thesis

TheKerguelenplumeis uniqueamongmantleplumesbecauseit is knownto be especially

long-lived.It becameactiveat least115 Ma ago,andpossiblyas long as 130 Ma ago-

coincidentwith thebreakupof GondwanalandWhitechurchet al., 1992; Storeyet al.,

1989.This plumeis responsiblefor enormousamountsof volcanismin theeasternIndian

Ocean,including the NinetyeastRidge,BrokenRidge,andthe KerguelenPlateau,the

secondlargestof theoceanicplateausafterthe OntongJavaPlateauCoffin andEldholm,

1994.TheKerguelenplumemay be a carrierof theDUPAL isotopicanomaliesthat are

characteristicof thebasaltsthat areeruptedin thesouthernhemisphereHart, 1984,and

the interactionof thisplumewith the IndianOceanlithospherehaspotentiallyaffectedthe

geochemistryof theentire southeasternIndianOceanDavieset al., 1989; Storeyet al.,

1989;Mahoneyet al., 1989.

TheKerguelenPlateau,locatedin thesouthernIndianOceanFigure 1-1,is oneof

the largeigneousprovincesdescribedby Coffin andEldholmCoffin andEldholm,1994.

It is the secondlargestof the oceanicplateaus,coveringan areagreaterthan2x106 2

andextendingover2000km in a northwest-southeastdirection.Theplateauis divided into

two structuralunits on thebasisof their separatetectonicandvolcanichistoriesat
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approximately
540

S Houtz et al., 1977;Coffin etal., 1986.In the northernprovince,the

plateauis 4 km abovethe surroundingoceanfloor, is submergedunderlessthan 1 km of

water.It decreasesto 2 km of relief and2.5 km waterdepthsouthward.SeveralOcean

Drilling ProgramODP drill-holes legs 119, 120 andmostrecently183; Barronet al.,

1991; Wiseetal., 1992anddredgesrecoveredtholeiitic to transitionalbasementbasalts

from thePlateauLeclaire etal., 1987.TheKerguelenPlateauwasemplacedin a subaerial

to shallowwater environmentCoffin, 1992;Schlich, 1982,but little is knownof the

rocksthat makeup its volume.

Platetectonicreconstructionse.g.McKenzieandSclater,1971; Royerand Sandwell,

1989indicatethe BunburybasaltsandRajmahalTraps,theNaturalistePlateauandthe

southernKerguelenPlateauall formed duringthe initial phaseofmagmatismattributedto

theKerguelenplume,andmay havebeen coincidentwith thebreakupofGondwanaland

Royer andSandwell,1989.From 115 Ma to 43 Ma,the northernKerguelenPlateau,

BrokenRidgeandthe NinetyeastRidge formedwhile sea-floorspreadingbetweenIndia

andAntarctica-AustraliabeganandIndiamovednorthward.At approximately43 Ma,

BrokenRidgerifted from theKerguelenPlateauatthe southeastIndianRidge.Sinceas

long as43 Mauntil the present,thenorthernKerguelenPlateauandthe KerguelenIslands

formed.Themostrecentknownactivity of theplumewas40 kaat RossVolcano,in the

southernKerguelenIslandsNougieret al., 1983.

Hypothesesfor the origin of theKerguelenPlateauhaveincludeda continental

fragment,excessivemid-oceanridgemagmatism,an uplifted block of oceaniccrust,or a

hotspotcf. Recqand Charvis,1986.Themostcontroversialof thesehasbeenthe

suggestionthat theplateauis a continentalfragmentleft behindafterthebreakupof

Gondwanaland.Geologicalandgeochemicalstudiese.g.Watkinset al., 1974; Dossoet

al., 1979; Gautieret al., 1990; Yangetal., 1998afoundno evidenceof continentalcrust

19



in rocksfrom theKerguelenIslands,and seismicstudiesin thenorthernKerguelenPlateau

indicateda thickenedoceaniccrust approximately17 km ; RecqandCharvis,1986.

However,basaltsfrom the southernKerguelenPlateauexhibit geochemicalcharacteristics

of continentalaffinity Alibert, 1991;Mahoneyet al., 1994,and thispartof theplateauhas

a seismicstructurethat is similar to thatof a volcanicpassivemarginwith a thinned

continentalcrustoverlainby basalticlavaflows RecqandCharvis,1986; Opertoand

Charvis,1995.Moreover,Coffin etal. 1994 arguedthat thesouthernplateauis a

mixtureof structuralelements,includingcrustaluplifts andcontinentalfragments.

TheKerguelenIslands,locatedon thenorthernKerguelenPlateau,arean archipelago

consistingof 400 islandsacrossan areaof 4000km2 Watkinset al., 1974.More than

80% of theexposedrocksaretransitionalto highly alkalineplateaubasaltsGiret and

Lameyre,1983;Gautieret a!., 1990. Theremaining20%are intrusiverocks: a tholeiitic to

transitionalseries,andtwo alkalinedifferentiationseries,including gabbro-syenite-alkaline

granite,andgabbro-nephelinesyenite.Therocksof this study arefrom two Lac Superieur

andMt. Trapezeoffour xenolith localitieson theCourbetPeninsulaFigure 1-1 that

werediscoveredduring the 1992-93australfield season.Thexenoliths areincluded in

relativelyyoungalkalinedikesthat cross-cutthe24.5 MaplateaubasaltsNicolaysenet a!.,

1999 thatmakeup the CourbetPeninsula.TheLacSuperieurxenolith suitecontains

harzburgites,rarelherzolites,dunites,pyroxenitesandmafic granulites,but theMt.

Trapezelocality hasonly harzburgiticperidotitexenoliths.

The main purposeof this study is to investigatethegeochemicalevolution and

interactionbetweenthe Kerguelenplumeandthe lithosphericmantle.As mentionedabove,

theKerguelenplumeis uniquein that it hasencounteredvariousgeodynamicconditions,

from continentalbreakupto oceanicrift, andto thepresent-dayintra-plateconditions.This
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thesisattemptsto decipherhow thediversegeodynamicenvironmentshaveaffectedthe

geochemicalevolutionofthe plume.

An approachtakenhereis an integratedpetrologicalandgeochemicalstudyoflower

crustalanduppermantlexenolithsbroughtto thesurfaceby Kerguelenplume magmas.As

discussedabove,geochemicalsignaturesof plume-lithosphereinteractionprocesseswere

varied,anddetailsof the interactioncanbe investigatedbasedon characteristictrace

elementsignaturesof themechanismsand the typesof melt involved.Texturesofrocks

underwhich melt-rockinteractionis recognizedare alsoimportantin distinguishing

betweennewly-formedmetasomaticmineralsandthosethat werepresentwhenthe

interactionoccurred.

Given that theKerguelenplumehasencountereddiversegeodynamicenvironments,

theuppermantlexenoliths in this study canbe any oneof the following: 1. piecesof

youngoceaniclithosphereuponwhich the Kerguelenplumeimpinged;2. piecesof the

plumemantleitself, eitheras unmeltedsourcemantleor asresiduesof melting; 3. pieces

of lithospherethat delaminatedfrom the Gondwanalandsubcontinentallithospherewhen

the Kerguelenplumebeganits activity. All of thesevarietiescouldhavepristine

geochemistryor be in modified formsdueto interactionwith plume-derivedmelts.

In their pristineform, piecesof theoceaniclithospherecanbe depletedharzburgites

with clinopyroxenetraceelementcharacteristicslike thosein abyssalperidotitese.g.

Johnsoneta!., 1990andwith Sr andNd isotopiccompositionssimilar to that of the

IndianOceanMORB. However,theseperidotitesare extremelysusceptibleto interaction

with plume-derivedmelts with respectto incompatibletraceelements,andSrandNd

isotopes,and thechancesfor samplingpristineoceaniclithospherecouldbe slim.
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In thecaseofplumemantleresidues,theendproductscouldbe diverse.If melting

proceedsbeyondthegarnet-outor the clinopyroxene-outphaseboundariesdueto high

temperatures,theplumeresiduecould alsobe highly depletedharzburgite.Sincethe

meltingofmantleplumesbegin in thepresenceofgarnet,garnet-bearingresiduescouldbe

produced.However,they maywell be recrystallizedto a lowerpressureassemblageduring

the adiabaticupwelling. In plume meltingatpressuresgreaterthan 3 GPa,the

clinopyroxenesaresubcalcic.Uponrecrystallizationat lower pressures,high-Ca

clinopyroxenesareformed,andthedirect applicationof high-Capyroxenemeltpartition

coefficientsin sucha casecannotbe madeto producemeaningfulresults.However,these

rockscould still containhigh-Caclinopyroxenesuponrecrystallizationdueto the relative

largeCaOcontentsof high-temperatureorthopyroxenes.

In theirpristine form, thesetypeof harzburgitesmay notbe distinguishablefrom an

unmetasomatizedoceaniclithosphere,butSr andNd isotopiccharacteristicscanbe usedto

identify them.If thesehigh pressureresidualharzburgiteswerelater metasomatized,they

couldbe very similar geochemicallyto metasomatizedoceanicmantlelithosphere.The Os

isotopiccompositionscouldbe the only criterionby which theirprovenancecanbe

distinguished,providedthatOs isotopesin peridotitesare insensitiveto metasomatic

reactions.TheOs isotopic compositionswould alsorevealperidotitesderivedfrom sub

Gondwanalandlithosphereby theirunradiogenic87O5/188O5 This is because

subcontinentallithosphericrootsareknown to possessunradiogenicOs compositionsdue

to ancientmelt extractionRedepletioneventse.g.Walker et al., 1989;Pearsonetal.,

1995; CarlsonandIrving, 1994.

Fromthepoint ofview of mantlemetasomatism,theperidotitexenolith suitesof this

study provideopportunitiesfor carryingout detailedgeochemicalstudiesusing in-situ trace

elementcompositionsandisotopicdataobtainedfor mineralsandwhole-rocks.Diversity in
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plume-derivedmelt compositionsin termsof theirtraceelementsandisotopeswould be

imprintedin peridotitexenolithsduring melt-lithosphereinteraction,andwould be revealed.

The lower crustalxenolithsstudiedhereare granulitefaciesrockswith gabbroic

precursors.As notedbefore,theoccurrenceof granulitefaciesxenolithsin OIB was

documentedfor the first time in theKerguelensamplesGregoireet a!., 1994including

thefirst occurrenceof sapphirinefrom theoceanicenvironment.However,their

provenancecontinentalv. oceanicmustbe carefullyevaluatedbecauseof thecomplex

evolutionaryhistoryof theKerguelenplume.This history involvesthepossibility that

delaminatedlower crustfrom Gondwanalandmaybe presentwithin theKerguelenPlateau.

If thegranulitexenolithsareidentifiedas partofthe Kerguelenplume magmatism,they

alsoprovidean importantopportunityfor obtaininggeochemicaldataon a partofthe

magmatismthatmaynot haveeruptedasbasaltson thesurface.Theorigin of thegranulites

is alsoconnectedto thegeodynamicevolutionof theKerguelenplume.If their precursors

wereto be identifiedastypical ocean-ridgegabbros,thenthey musthavebeenincorporated

into the Kerguelenplume systemwhenthe plumewasridge-centered.However,the

recrystallizationundergranulitefaciesconditionswould requiresignificantthickeningof

crustGregoireeta!., 1998,which maynot be plausible.Alternatively, if their

provenancewas foundto be theKerguelenplume,the gabbroicprecursorscouldrepresent

piecesof lower crustformedby underplating,providingmaterialevidencein supportof

geophysicalinferencebasedon thickenedcrustfor manyoceanicislandse.g.tenBrink

andBrocher,1987; Caresset al., 1995.

TheKerguelenIslandsprovidean ideal settingto examineplume interactionwith the

lithosphereof differenttectonicenvironments.This researchpresentedan opportunityto

usea diversepopulationof xenolithsto attemptto unravelthe complexitiesof materialsand

processesassociatedwith a mantleplumethathad a variedtectonichistory.
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1.3 Figures
Figure 1-1. Mapof theIndian OceanafterCoffin, 1992.Submarineridgesandplateaus
relatedto theKerguelenplumearehighlightedin light gray shading.Major plateboundaries
arelabeledSWIR, SEIR,CIR. Filled circlesmarkODP andDSDPdrill sites.Theagesor
rangeof agesDuncan,1978; Duncan,1991; Duncanand Storey,1992; Whitechurchet
al., 1992;Storeyet al., 1996;Pringleeta!.,1997 of recoveredbasalticbasementor oldest
fossilsmarkedwith "greaterthan" symbolareadjacentto the symbols.Ages of dredged
samplesare markedwith the suffix Dr. TheKerguelenIslandsinset arelocatedat the
northernendof the KerguelenPlateauandrangefrom 39-0Ma Giret andLameyre,1983;
Nougier, 1972;Nicolaysenet aT., 1999.Xenolith localities are shownasfilled stars.The
samplesfrom this study arefrom theLac Superieursite on the CourbetPeninsula.
SoutheastProvincelocalities arelabeled1: Pointede l’Espérance,2:Val Phonolite,3: Dome
Rouge,and4: Mont Tizard.
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Chapter 2 The Geochemistryof Peridotite
Xenoliths from the Courbet Peninsula,
Northern Kerguelen Islands

2.1 Introduction
Peridotitexenoliths broughtto the earth’ssurfaceby eruptingmagmasarea window

throughwhich the lithosphericmantlecanbe studieddirectly andin detail.Indeed,much of

thepresentknowledgeaboutthematerialsthatmakeup the continentallithospherehasbeen

derivedfrom studiesofkimberlite-borneperidotitexenoliths.Forinstance,Boyd 1973

determinedthepressureandtemperatureconditionsthat werefrozenin peridotiteminerals

andestablishedthat suitesof peridotitexenolithsfrom theKaapvaalcratondefined

geothermalgradientsat the time of kimberlite eruption.This wasthe first quantitative

informationextractedfrom peridotitexenolithsandmuchprogresshasbeenmadesincein

theunderstandingof evolutionarypathwaysof continentallithospheres.Applicationsof the

Re-Osisotopicsystemto thesub-cratonicperidotiteshaveconfirmedtheir antiquity and

their long termstabilizatione.g.Walkeret a!., 1989; CarlsonandIrving, 1994; Pearsonet

al., 1995.

Peridotitexenoliths havealsoprovideddirect accessto geochemicalprocesses

involved in theformationandevolution of themantlelithosphere.Studiesofmantle

metasomatismseefor instancearticlesin MantleMetasomatismMenziesand

Hawkesworth,1987andreferencesthereinandthe recognitionthatperidotitesfrom the

KaapvaalandSiberiancratonsareenrichedin orthopyroxeneto the extentthat theycannot

be simple residuesof melt extractionat any pressuree.g.Boyd, 1989;Kelemenetal.,

1998furtherstimulatedthefield in thedirectionofinvestigatinginteractionsbetween
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lithosphericperidotitesandinfiltrating melts and fluids. As discussedin Chapter1,

peridotitescanbe a sensitivesubstrateuponwhich recordsof melt rock-reactionsare

imprinted.Thecombinationof traceelementabundancesandSr, Nd,and Os isotopic

compositionsis a usefultool to decipherprocessesresponsiblefor cratonicmantle

formation andevolution.In contrastto peridotitexenolithsfrom continentallocalities,

wherethe majorobjectiveof study is the continentallithosphereitself, thosefrom ocean

islandsbasaltsOIB havenot attractedas muchattention.As thesourceof OIB is getting

bettercharacterizedhowever,geochemicalstudiesof OIB peridotitexenolithscouldhelp to

understandthe sourcemantle,meltingprocessandperhapsmoreimportantly,interaction

betweenaplumeandthe lithosphere.For instance,Senet al. 1993,Hauri et al. 1993,

Hauri andHart 1994 andYang etal. 1998busedtraceelementabundancepatternsin

clinopyroxenesfrom peridotitexenolithsfrom Hawaii,the Austral Islands,andSamoato

demonstratethatplumemantlemelts moreextensivelythanridges,andnotedcomplex

plume-lithosphereinteractionsinvolving basalticandcarbonatitemelts.Moreover,Schiano

etal. 1994 discoveredthatcarbonate-richmelts arepresentasmelt inclusionsin oceanic

peridotites,includingwithin xenoliths from theKerguelenIslands.

Peridotitesconstitutea significantmemberof theKerguelenIslandsxenolith suites;all

knownxenolith localities thusfar producesignificantproportionsof peridotites.As

discussedin Chapter1, theKerguelenplumehasevolvedunderdifferentgeodynamic

environmentsandhaspossiblyinteractedwith different typesoflithosphere.If piecesof

the differenttypesof mantlelithosphere,suchas oceanicmantlelithosphere,continental

mantlelithosphererelatedto Gondwanaland,or recrystallizedplumemantle,wereto be

presentasxenoliths,theywouldpresenta complexgeochemicalspectrum.This is

especiallytruesincegeochemicalandisotopicmodificationof original geochemical

signaturesby Kerguelenplume-derivedmelts would be expectedduringplume-lithosphere
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interaction.Conversely,if any ofperidotitexenolithscouldbe identifiedaspiecesof

specific lithospherictypes,thedynamicsofplume-lithosphereinteractioncouldbe

constrained.

Themajorpurposeof this study is to presentadetaileddescriptionof two suitesof

peridotitexenolithsfrom theCourbetPeninsulaLacSuperieurandMont Trapeze,to

constraintheirprovenance,andto examinethegeochemicalaspectsof plume-lithosphere

interactionasrecordedby thegeochemistryof thesexenoliths.This study expandson the

previouswork of Grègoire1994 on petrographyandmajorandtraceelement

compositions,andon the isotopic studiesof Mattielli 1996,and Mattielli at al. 1996.

Thesestudiesweremadeon peridotitesfrom the SoutheastProvinceof theArchipelago,

whereassamplesfor thepresentstudy are from theCourbetPeninsula,to thenortheast

Figurel-b.

2.2 Sampledescription
Thirty ultramaficxenoliths from theLac Superieurlocality samplesOB93-51 to OB93-

102 andtwenty-fivefrom Mt. TrapezesamplesOB93-280to OB93-318will be

describedin this chapter.TheLac Superieursuitecomprisesmostly spinelharzburgites,

but alsoincludesonespinellherzolite,severalwehrlitic dunitesandpyroxenites.TheMt.

Trapezesuitecontainsonly spinelharzburgites.In situ traceelementanalysesweremade

on clinopyroxenesfrom all of thesexenoliths.Representativesamplesof thevariousrock

typeswerechosenfor furtherstudy that includedwhole rock geochemistry,majorelement

compositionsof minerals,andisotopic compositionsSr, Nd,andOs.As discussed

below, theperidotitesfall into distinct geochemicalgroupsdefinedby theirpetrographyand

traceelementgeochemistry.
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Thexenolithsfrom Lac Superieuraregenerallylarger>6-7 cm, often>10cmin the

largestdimensionthan thosefrom Mt. Trapeze4-5 cm diameteror less. All of the

harzburgitescompriseolivine, orthopyroxene,lessthan 5% clinopyroxeneandchromite.

Two typesof harzburgitesarepresentin both of the localitiesandaregroupedon the basis

of their clinopyroxenetexture.In onetype theREEdepletedgroup,definedbelow,

clinopyroxenesoccurpredominantlyin symplectiteintergrowthswith chromiteanddiscrete

or individual clinopyroxenegrainsarerarelypresent.In theothertype found in all of the

otherharzburgiteREEgroups,clinopyroxeneandspineloccuras two textural

populations,of which the majority arediscretegrains,butwhich alsooccurtogetherin

symplectiteintergrowths.Theclinopyroxeneandspinel grainsizesarevariable;thosein

symplectitesare 1 mm to 3 mm, butdiscretegrainsareaslargeas5 mm. Olivine and

orthopyroxenecanbe aslargeas 1 cm, andoftenare strainedas exhibitedby deformation

bandsandsubgrainboundaries.Orthopyroxeneoccursin poikilitic texturein oneofthe

samples0B93-306.Exsolutionof clinopyroxenefrom orthopyroxeneis commonin all of

theharzburgites.Exsolutionof orthopyroxeneandspinelfrom clinopyroxeneis presentin

someof theharzburgites.Symplectitetexturesvary from vermicularspinelcontained

entirelywithin -1-2mm clinopyroxenegrains,to coarsenedintergrowths>2-3mm.

Someof theMt. Trapezeharzburgiteshavediscretespinelswith an octahedralhabit, in

additionto the chromiteswith symplectitetexturee.g.0B93-287,OB93-291,OB93-297,

OB93-309.SomesamplescontainaccessoryphlogopiteOB93-83,OB93-299and

apatiteOB93-83,a relativelyrare assemblagein rocksfrom oceanicenvironments.To

date,only Hauri etal. 1993 havedescribedapatite-bearingharzburgitexenolithsfrom an

OIB in Samoa.

Of the remainingLac Superieurxenolith types,sample0B93-52is a very rarepieceof

fertile spinellherzolitethat comprisesolivine, orthopyroxene,chromite,andnearly10%
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clinopyroxene.Theclinopyroxenein this rock occursonly in thediscreteform andthe

spinelis euhedral.Wehrlitic dunites0B93-61c,OB93-64,0B93-82,arefiner-grained

thanthe restof the suite<2-3mm,andcompriseolivine, euhedralspinelsandless than

10% discreteclinopyroxene.Pyroxenitesaremegacrystic-8 cm to coarse-grained2-3

cm, andtwo ofthesamplesOB93-94,0B93-81b,containphlogopiteandoctahedral

spinel.Exsolutionlamellaeof orthopyroxeneareup to 0.5mmwide in the phlogopite

bearingpyroxenites.Thepyroxenites0B93-75,0B93-87,OB93-l00, OB93-102,also

havemacroscopicexsolvedorthopyroxene,but arelacking phlogopiteandspinel and

containa small amount<1% of partly alteredplagioclase.

Sometypical petrographicfeaturesof theserocksare shownin Figure2-1,anda list

of the samplesof this study in Table 2-1.

2.3 Analytical Methods
Surfaceswerecut from thexenoliths and sawmarkswerepolishedoff with 120 and240

grit silicon-carbidepaper.Thepolishedpieceswerecrushedto smallerfragmentsbetween

plasticwith a hammer.Piecesthat did not haveany basaltveinsor visible alterationwere

selectedundera binocularmicroscopefor grinding.All sampleswerepowderedin an agate

shatterboxvial except0B93-52,OB93-56,OB93-80,0B93-83,OB93-85,0B93-99,

0B93-299,0B93-305,0B93-306,0B93-310,andOB93-317,which were groundin a

tungstencarbidevial at theGeoAnalyticalLaboratoryat WashingtonStateUniversity

WSU. Thesamplespowderedat WSUmay haveW, Co, Nb andTacontaminationfrom

thegrindingvessel.Wholerockmajorandtraceelementcompositionsweredeterminedon

theunleachedpowdersby XRF andICP-MS at theWSU. Precisionfor XRF major

elementanalysisis <0.4%1 S.D..Theprecisionof all traceelementanalysesby ICP
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MS is 1-3%,exceptfor U andTh, which are-10%1 S.D..Detectionlimits for the trace

elementsby ICP-MS are0.1 to 0.5 timeschondriticlevels.

Major elementcompositionsof the rock-formingmineralsin thin sectionsormounts

ofrepresentativemineralgrains weredeterminedwith the JEOL733 Superprobeelectron

microprobeat theMassachusettsInstituteofTechnologyMIT with an acceleration

potentialof 15 kV, a beamcurrentof lOnA anda 1tm spot.Rawdatawerereducedonline

using themethodof BenceandAlbee1968 modifiedby AlbeeandRay 1970.The

precisionbasedon countingstatisticsare 6-25%1 S.D. for <0.5 wt.%, 2.5-6%for 0.5-b

wt.%, 1-3%for 1-15 wt.%,<0.5% for >15 wt.%.

TheCamecailviS 3f ion probeat WHOI wasusedto analyzetraceelementandrare

earthelementcontentsof clinopyroxenesfollowing themethodsofShimizuandHart

1982. A primary beamof O ions wasfocusedto -20 tm for REELa, Ce,Nd, Sm, Eu,

Dy, Er, Yb and-10 tm for othertraceelementsCr, V, Y, Ti, Zr, Sr.Molecular

interferenceswereeliminatedby energyfiltering anda secondaryvoltageoffset of-30 to

-60V for theREEand-90V for the othertraceelements.Uncertaintieson thebasisof

countingstatisticsfor theREE1 S.D. were20-40%for chondritenormalizedREE

abundancesof lessthan 1, 5-10% for thosebetween1 and 10, and 1-5% for thosegreater

than 10. Uncertainties1 S.D.for theothertraceelementswereas high as 25%for some

of theultradepletedsamplese.g.Ti <100ppm,but otherwise<10%.All normalizedREE

dataarereportedrelativeto abundancesin Cl chondritesAndersandGrevesse,1989.

Strontium andNd isotopiccompositionsweredeterminedon handpickedmineral

separatesofphlogopiteandclinopyroxenes.Phlogopiteswerenot leached.Clinopyroxenes

wereleachedfor 30 minutesin 100°C,2.5 N HC1, followedby 5 minutesin cold HF,
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followed by another30 minutesof HC1,to removeminor surfacealterationTarasand

Hart, 1987.Thechemistryandmassspectrometryof Sr andNd isotopesweredoneat

WHOI, MIT andOkayamaUniversity.At WHOI, isotopesweremeasuredusinga VG-354

5-collectormassspectrometer.Cationexchangeseparationmethodswereusedfor Sr and

the LREE, andHDEHPextractionwasusedfor Sm andNd, as describedby Zindler

1980 andRichardet a!. 1976. Strontium dataarenormalizedto 87Sr/88Sr= 0.1194,and

isotopiccompositionsarereportedrelativeto 87Sr/86Sr= 0.710240for NBS987average

87Sr/86Sr= 0.710266±18,n=3. Neodymiumdataare normalizedto ‘46Nd/144Nd= 0.7219,

andisotopic compositionsarereportedrelativeto 143Nd/1Nd= 0.511847for the LaJolla

standardaverage43Nd/’Nd= 0.5 11855±8,n=3. Theproceduralblankfor Sr was 300

pg/g sample,and 150 pg/g samplefor Nd. Thesewereinsignificantin relationto the

amountof analyte,thusno blankcorrectionsweremadeon theseSr or Nd isotopic ratios.

Countingstatistics2o associatedwith massspectrometrywere<25 ppmfor Sr and<10

ppmfor Nd. All concentrationsof SrandNd, weredeterminedby isotopedilution, during

isotopic analysis.Analysesof somesampleswith relatively low Sr concentrationsin

clinopyroxenesOB93-94cpx,OB93-94phlog,0B93-64were madeatMIT, using the

VG-Sector54 massspectrometerandmethodsoptimizedfor low concentrations.The

clinopyroxeneswereacid-leachedaccordingto the sameprocedure.Separationof Srwas

accomplishedusing Sr-specTMresin Horwitz et a!., 1991;Pin andBassin,1992.

Strontiumwasanalyzedusing thedynamicmulti-collectormodewith Sr intensityat 88Sr =

3V. Analytical blanksfor Sr wereinsignificant4 pg total blankandno correctionwas

necessary.Strontiumdataarenormalizedto 86Sr/88Sr= 0.1194,andreplicateanalysesof

NBS987at MIT during the times of theseanalysesyielded87Sr/86Srof 0.710240±10

n=147.Acid-leachedclinopyroxeneseparatesfrom sampleswith extremelylow Sr and
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Nd concentrationssamplesOB93-78,0B93-80,0B93-64wereanalyzedfor Sr andNd

isotopesby E. Nakamuraat OkayamaUniversity,Misasa,Japan.Neodymiumisotope

analysisof clinopyroxenefrom OB93-78failed becauseonly 0.13 ng of analytewas

available.Strontiumisotopiccompositionswerenormalizedto NBS98787Sr/86Sr=

0.710240and Nd isotopiccompositionsto LaJolla ‘43Nd/1Nd = 0.511847.Total blanks

at theOkayamalab were45 pg for Sr and 10 pg for Nd. Concentrationsof Sr andNd were

determinedby isotopedilution on thesamealiquots.

Osmiumisotopesfor theperidotitearediscussedin detail in Chapter3 andthe

analyticaltechniquesarequotedherefor referenceHasslerand Shimizu, 1998;note 10.

"Olivine separatesandperidotitewhole-rockpowdersweregroundin an agateshatterbox

vial, preparedfor Os analysisby NiS fire-assayanddistillation, andmeasuredusing

negativethermalionizationmassspectrometrytechniquesat WoodsHole Oceanographic

Institution Ravizza,1993;Hauri and Hart, 1993.On the basisof counting statistics,the

precisionassociatedwith 187Os/188Osrangefrom 0.10 - 0.44%2a, althoughreplicate

analysesonewas a separatealiquot from thesamepowdersplit andanotherfrom a

separatepowdersplit agreewithin ±0.5%and ±0.7%respectively.Osmiumstandardruns

werereproduciblewithin 0.3%2o. Osmiumconcentrationsweredeterminedby fire-

assayandisotopedilution, andwerereproducibleat±7% 2o. Blank correctionsfor Os

isotopiccompositionandconcentrationswerelessthan theuncertaintyof countingstatistics

in mostcases,andonly appliedwhenthecorrectionwasgreaterthanthe countingerror.

Rheniumconcentrationsweremeasuredon separatepowdersplits by inductively coupled

plasma-massspectrometryat theLamont-DohertyEarthObservatory.ReportedRe

concentrationsarenot blank-correctedproceduralblankwas approximately10-20ppt,
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and countingstatisticswere0.6 - 3.2%2o. Thus, mostof thesampleshadnegligible

amountsof Re."

2.4 Resultsand Discussion
2.4.1. Whole rock compositions

Major andtraceelementabundancesweredeterminedon wholerock powdersfrom a

subsetof samplesTable2-2. Often,difficulties in obtainingrepresentativewhole rock

powdersfor peridotitexenolithsarisefrom their small sizerelativeto their grainsize.

Assuminga minimumdimensionoften times theaveragegrainsizefor arepresentative

sample,a rock with an averagegrainsizeof 5 mm would require125 cm3 -375 g,

assumingaveragemineraldensity= 3 g/cm3to be representative.Becauseof the small size

of xenoliths in this study,whole rock powderswerepreparedusinga maximumof

approximately50 g of sample,and oftenmuchless20-30g. This is much lessthan the

aboverequirement,andthe representativenessof thebulk rock powderfor majorelement

compositionsmaythereforebe suspectcf. Boyd, 1989;Boyd et al., 1997.

In a generalsense,the whole rock majorelementcompositionsof the harzburgites

reflect theirdepletedcharacter.For instance,CaOrangesfrom 0.51 to 1.2 wt.% andA12O3

from 0.47 to 1.3 wt.%. Theserangesaresimilar to harzburgiteandIherzolitexenoliths

from SamoaHauri andHart, 1994 andHawaii Sen,1988.TheSamoanperidotites

describedby Hauri andHart 1994 appearon thebasisof rock reconstructionfrom

mineralmodesandcompositionsto be moredepletedthat thexenolithsof thepresent

studywith CaOandAl203 rangingfrom 0.21 to 0.88 wt.% and0.41 to 1.11 wt.%

respectively.TheHawaiianxenolith suitesdescribedby Sen1988 containlherzolitesand

harzburgiteswith similar olivine compositionsto thepresentsuites,and with CaOand

39



A1203 contentswithin the rangereportedheree.g.77SL-31 with Fo917olivine hasbulk

CaO= 0.42 wt.% and A12O3 = 1.84 wt.%, whereas77KASP-4with Fo9 olivine contains

bulk CaO2.28 wt.% and AI2O3 2.29 wt.%. In thexenolithsof thepresentstudy,the Mg#

[atomicMg/Mg+FexlOO] for theharzburgitesaregreatest,rangingfrom 89.8 to 91.9,

exceptfor 0B93-306Mg# = 84.3, followedby 88.8 for the lherzolite OB93-52,and

87.9 and88.4 for thedunitesOB93-64,OB93-82.No majoroxide correlationsare

presentotherthan slight negativecorrelationsof CaOandA12O3 with MgO.

Whole rock geochemistryand the "oceanic trend"

Modal abundancesof clinopyroxene,orthopyroxene,olivine and spine!werecalculatedby

massbalancefor theperidotitesthathaveboth whole rock andmineralmajorelementdata

availableTable2-3.Themodesoftheserockslie in theharzburgitefield, exceptfor the

onelherzolite 0B93-52;Figure 2-2.Apparentnegativespinelmodeswith largeerrors

in someof the rocksprobablyresultsfrom thepresenceof spinelin traceamounts,andthe

possibility that thewhole rock powdermaynot be wholly representativei.e. a nugget

effect.Figure2-3 illustratestherelationshipbetweenmodal abundanceof olivine and

olivine composition.This diagramis oftenusedto characterizesuitesofperidotiteswith

respectto their origin. Boyd 1989 wasamongthefirst to notethat low-temperature

peridotitexenolithsfrom theKaapvaaland Siberianlithospherepossesslowerandvariable

modal olivine for their high Fo contentsrelativeto abyssalperidotites.Abyssalperidotites

arebelievedto be residuesof meltingprocessthatoccurredat relatively low pressures,and

theoceanictrendis constructedon thebasisof observationsmadeon theserocksBoyd,

1989.Kelemenet a!. 1998 postulatedthat the cratonicperidotitesinitially formed as

residuesof extensivemelting andthen reactedwith SiO2-richslabderivedmelts to produce

an excessof orthopyroxeneas well as anolivine deficiency.
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Of the xenoliths in this study,four lie on or neartheoceanictrendOB93-52,OB93-

287, OB93-289,OB93-297;Figure 2-3. In comparison,theremainingsampleshavea

higherMg# for a givenolivine modethanthat definedby the oceanictrend,similar to the

low-temperaturecratonicxenoliths.Moreover,it is alsonotablethat the Samoanperidotites

ofHauri andHart 1994 as well as someHawaiiansamplesof Sen1988 also lie

considerablyoff theoceanictrendandwithin the rangeobservedherefor theKerguelen

peridotites. -

Oneofthe reasonsfor the occurrenceof an oceanictrendis thatmodal olivine

increaseswith increasingdegreesof melting.This happensas long asthe melting reactions

produceolivine. It hasbeenwell establishedthatperidotitemeltingdoesproduceolivine at

pressuresbelow-1.5 GPaKinzler andGrove,1992;Walter, 1998 amongothers.That

theKerguelenxenolithsandthosefrom otherOIB havetoo little olivine for theirFo

contentsandplot off theoceanictrend,suggeststhat theyare not simple residuesof melting

atlow pressures.Niu et al. 1997 arguedthat melt-rockreactionscouldconsume

orthopyroxeneandproduceolivine, andthat abyssalperidotitesshowevidencefor this

process.Forthe presentsuiteofxenoliths this typeof processis clearlynot applicableon

thebasisof thefollowing reasoning.As suggestedby Kelemenet al. 1998,reaction

betweenolivine-richresiduesand Si02-richmelt couldproduceorthopyroxeneandshift a

peridotiteoff theoceanictrend.Becauseof the discoveryof theubiquitousoccurrenceof

SiO2-richmelt inclusionsin peridotitexenoliths,including thosefrom theKerguelen

IslandsSchianoet al., 1992; Schianoet al., 1994; SchianoandClocchlatti,1994,the

mechanismof Kelemenetal. 1998 mustbe consideredas a potentialorigin of themajor

elementcharacteristicsof theKerguelenperidotites.However,as Schianoet a!. 1992

noted,theseSi02-richmelt inclusionsare enrichedin LREE, andtheproposedreaction

would produceLREE-enrichedsignaturesin themineralsof the rockswith which it
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interacted.As will be discussedbelow,the REEabundancepatternsin clinopyroxenes

from someof theKerguelenharzburgitesthatplot off the oceanictrendarenot LREE

enriched.Forinstance,OB93-80,with the leastmodalolivine at 41 wt.%,has

clinopyroxenewith La = 0.28 timeschondriteandYb = 0.67 times chondrite.Thus, a

reactionbetweenolivine andsilica-richmelt doesnot appearto be themajormechanismto

producetheobservedSiO2enrichmentthat is observedhere.

As discussedabove,experimentshaveshownthatmantlemelting reactionschange

from olivine-producingat pressures<1. 5 GPato olivine consumingandorthopyroxene

producingat higherpressurese.g.Walteret a!., 1995;Kinzler, 1997;Walter, 1998 among

others.Melting residuesthat formedat high pressurescouldthereforeplot aboveandoff

theoceanictrendandresemblethe KerguelenandSamoanperidotites.Indeed,Walter’s

1998 experimentalresultson themelting of garnet-freeperidotiteshowedthat after 18%

melting at 3.0 GPa,theresidualharzburgitehas63.2wt.% olivine with a compositionof

Fo911,similar to one of theharzburgitesfrom Mt. Trapeze0B93-291;seeFigure 2-3.

This experimentalresiduehasa bulk compositionof 2.6 wt.% A1203 and 1.4 wt.% CaO,

similar to thebulk compositionsof thoseelementsin theharzburgitesof this study. If this

experimentalresiduewereto recrystallizeata lower pressurelessthan approximately1.0

GPa,massbalanceindicatesthat theolivine modewould notchange63.2 wt.%, andthat

the new modalmineralogywould be 25 wt.% orthopyroxene,6.9% calcic-clinopyroxene

and4.9% spinel,nearthemodesthat areobservedhere.

Low pressurerecrystallizationof agarnet-bearingharzburgiteresiduethat originally

formedat high pressurescouldalsoresultin modalolivine with a Focontentthat lies off of

theoceanictrend.Garnetbreakdownduring recrystallizationwould furtherconsume

olivine andproduceorthopyroxene,therebyshifting apoint horizontallyto the right andoff

of theoceanictrendshownin Figure2-3.In fact,Hauri andHart 1994 interpretedtrace
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elementabundancepatternsofclinopyroxenesin someof theSamoanharzburgitesas

originatingfrom the recrystallizationof garnet-bearingprecursors,andthey,too, plot

abovethe oceanictrendseeFigure2-3. As will be discussedbelow, clinopyroxenesof

theKerguelenharzburgitesdo notpossessany garnet-derivedsignatures;neverthelesstheir

majorelementcharacteristicsareconsistentwith an origin asrecrystallizedresiduesof

extensivemeltingathigh-pressure.Suchextensivemeltingathigh pressurescan easilybe

- envisionedin mantleplumes.

In contrastto theharzburgites,the lherzolite in this suiteOB93-52plots on the

oceanictrend.Its modalabundancesareslightly depletedrelativeto KLB- 1, a primitive

peridotitefrom KilborneHole, NM, that is widely usedasa startingmaterialfor

experiments:61.7 wt.% olivine in OB93-52v.58 wt.% in KLB-l, 9.5 wt.%

clinopyroxenein OB93-53v. 15 wt.% in KLB-l Takahashi,1986. SampleOB93-52has

geochemicalandisotopiccharacteristicsthat indicateit maybe unmeltedpieceof the

Kerguelenplume mantle,andthesewill be describedin varioussectionsto follow.

Present-daybulk majorelementcompositionsof theKerguelenperidotitesmaynot be

a primary featureif newmineralphaseswere addedduring a latemelt-rockinteractionor

metasomaticevent.Petrographicdetailswill be describedin moredetailbelow,but it

shouldbe notedherethatpetrographicevidenceexists for theaddition ofnew

clinopyroxeneto someoftheseharzburgites.The amountsof addedclinopyroxenecould

be significantin comparisonto theoriginal clinopyroxenemodes.In suchspecimens,the

CaOcontentsaswell as mostof the incompatibletraceelementcontentsmustbe treated

with caution.This reinforcesthe importanceof microbeam-basedtraceelement

petrographylike that practicedhere,in decipheringthe history ofperidotites.
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Trace element mass balance between whole-rocks and clinopyroxenes

Whole rock andmineraldatacanbe usedto examinewhich mineralphasehoststhe trace

elementsandwhethercinopyroxenecanaccountfor the traceelementbudgetof thewhole

rocks.This calculationrelieson the clinopyroxenemodesthatwerecalculatedby mass

balancefrom thewhole rock andmineralmajorelementdata,andis thereforesubjectedto

the uncertaintiespreviouslydiscussed.In addition, someofthe harzburgitescontain

clinopyroxeneswith vastlydifferenttraceelementabundances,andthewhole rock mass

balanceis influencedby this typeof chemicalheterogeneity.Althoughwholerock powders

werecarefullypreparedto avoidminuteveinsof thehostalkalinebasalt,contamination

maystill be present.Given the contrastin traceelementabundancesbetweenthesestrongly

depletedharzburgitesandthoseof enrichedalkalinebasalts,themagnitudeof undetected

contaminationcouldbe large.

To illustrate this situation,calculationsweremadefor La andYb to assesshow much

of thewhole rock concentrationscanbe accountedfor by clinopyroxene.Sample0B93-52

a lherzolite,is oneof thefew caseswhereclinopyroxeneis shownto be a predominant

host for thoseelements;68% of theLa, and82% oftheYb in thebulk rock can be

accountedfor by the9.5 wt.% modalclinopyroxenein this sampleTable2-2,Table2-3,

and seeTable2-8. Among harzburgites,OB93-297presentsanotherstraightforwardcase;

100%of theLa and81%of the Yb arein clinopyroxene.Forsampleswith heterogeneous

clinopyroxenese.g. OB93-99,OB93-287,theLa massbalancecanbe achievedwith

appropriateamountsofLa-rich discretegrains.Concentrationsof Yb aregenerally

homogeneousamongtexturallydifferentclinopyroxenes.Clinopyroxenesaccountfor 66%

of whole rock Yb in OB93-287,whereasabout40%of Yb is in clinopyroxenefor OB93-

99. For otherdepletedharzburgitessuchasOB93-289,OB93-307and0B93-310,

abundancesof clinopyroxeneandconcentrationsof theseelementsin clinopyroxeneareso
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low that wholerock abundancescannotbe explained.Themassbalancefor SrandNd is

particularly importantwhenisotopiccompositionsof theseelementsareobtainedonly for

whole rocks.This type of whole rockanalysisis normallydonebecauseof the technical

difficulties associatedwith the separationofpure clinopyroxenefrom a rock andthe

subsequenthandling of minutequantitiesof theseelementsin clinopyroxene.Thepoints

presentedabovedescribethe difficulties associatedwith whole rockdataandcaution

againstrelianceupon it.

Studiesof mantlemetasomatismbeganwith thepioneeringwork of FreyandGreen

1974 who recognizedfor the first time that unaccountableenrichmentin incompatible

elementsoccursin rocksthat aredepletedin basalticcomponents.Petrographic

manifestationsofthis phenomenonwerenot madeclearuntil ion microprobebasedtrace

elementdataof clinopyroxeneswereproducede.g.Sen, 1988; Takazawaet al., 1992;

Hauri etal., 1993; Yang etal., 1998bamongothers.In thesestudieshowever,the

connectionbetweenwhole rock andmineraltraceelementdatawasnot clearlymade.In this

sense,this study providesrareunequivocalpetrographicevidencefor traceelement

enrichmentprocessin depletedrocks.

Figure 2-4comparesREEpatternsfor clinopyroxeneandwholerocks for selected

samples.Massbalanceis violatedfor samplesthat showgreaterREEconcentrationsfor

whole rocksthanclinopyroxenese.g.OB93-78,0B93-80,0B93-85.Until residential

hostsotherthancinopyroxenefor incompatibleelementsin harzburgitescanbe identified,

geochemicaldiscussionsbasedsolelyon whole rock datacouldbe grosslymisleading.In

addition,thegeochemicalcharacterizationof the lithosphereon thebasisof wholerock data

without thatoftraceelementpetrographycanbe equally misleading.In the sectionsthat

follow, most of the geochemicalargumentsare presentedon thebasisof clinopyroxene

traceelementdata.
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2.4.2. Mineral compositions

Major Elements

Representativemajorelementcompositionsof mineralsin peridotitexenolithsare

summarizedin Table2-4,Table 2-5,Table2-6,andTable 2-7.The entiredatasetis

tabulatedin Appendix 1. Mineral compositionsvary consistentlyamongrock types,andthe

salientfeaturescanbe summarizedasfollows. 1. TheMg#of mineralsarelowestin the

wehrlitic dunites,followed by the lherzolite,andarehighestin theharzburgites.For

instance,thewehrlitic duniteshaveolivines with Fo883to Fo902,the lherzolitehasolivines

with Fo899to Fo902,andolivines in harzburgiteshaveFo900to Fo922.2. Clinopyroxenes

arebroadly chromiandiopsidesin all of the rocktypes.Their compositionsvary from

Wo4750,En4648,Fs3649for wehrlitic dunites,Wo488,En47,Fs42 for the lherzolite, and

Wo48,En4853,Fs2955for harzburgites.3. TheTiO2 and AI2O3 contentsof

clinopyroxenesare generallyhigh in wehrlitic dunites0.25 - 0.80 wt.% Ti02, 2.30 - 4.20

wt.% AI2O3, followed by the lherzolite0.95 wt.% TiO2, 5.4 wt.% Al203 andthosein

harzburgitesare quite low <0.26wt.% TiO2, < 2.8 wt.% TiO2. 4. Orthopyroxenesare

low in Ca with Wo contentslessthan2.3 for all samples.TheorthopyroxeneMg# is the

lowest in wehrlitic dunitesat 89.5 followedby the lherzolite at90.5,and 91.9 - 92.7 for

theharzburgites.5. TheCr# [atomicCr/Cr+Al] of spinelsvariesfrom 25 in the lherzolite

OB93-52,to 27 - 46 in OB93-83,33 - 48 in wehrlitic dunitesand39-60 in harzburgites

Figure2-5. 6. Two pyroxenetemperaturesrangefrom 878 to 1042°C.

Thewhole rock andmineralmajorelementgeochemistryof manyof theKerguelen

harzburgitesindicatetheirrefractorynature.Forinstance,the spinelcompositions,in

comparisonto thosefrom abyssalperidotitesDick andBullen, 1984,suggestthat these

rocksare residualfrom relativelyhigh degreesof partialmelting,consistentwith the

elementaldepletionsnotedabove.Dick andBullen 1984,postulatedthat the apparent
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maximumCr# of 60 observedin abyssalperidotitesis a resultof mantlemeltingto the

clinopyroxene-outphaseboundary.Similarly, in thecaseof theharzburgitesof this study,

thehigh Cr# of spinelsFigure2-5 suggeststhat meltingmay haveconsumedall original

clinopyroxene.

Major elementcompositionsof mineralsnot only reflect thevarying degreesof

depletionof theperidotites,but alsodemonstratesubtlebut significantchangesduring melt-

rock interactionprocessandarecloselyrelatedto trace elementabundancesin

clinopyroxenes.Forinstance,"cpx4" in sampleOB93-51 is depletedin its traceelement

abundances,hasa higherMg# 94.3 thanthetraceelementenriched"cpx2" Mg# = 93.2;

Table 2-4,Table2-8,and seeFigure2-6. In addition, "cpx4" is morediopsidic Wo46,

En51, Fs33 v. Wo43, En52, Fs4, lower in TiO2, A12O3 1.61 wt.% v. 2.05 wt.% and Na20

0.26 wt.% v. 1.15 wt.% than"cpx2". Similar trendscanbe detectedat different levelsof

subtlety for OB93-99,OB93-287,and0B93-307,for which significanttraceelement

diversity is alsoobserved.Theseobservationsclearly indicatethat theprocesswhich

resultedin traceelementenrichmentinvolved silicatemelt componentswith lower Mg#,

higherNa2O,Ti02, andAl203 contentsthantheprecursorperidotite.SampleOB93-83,a

phlogopiteandapatite-bearingharzburgitethat is consideredto be mostmetasomatized

sampleof this study,hasmineralmajorelementcompositionsthat aredistinctly lower in

Mg# e.g.o!ivine with Fo897,spine!Cr# as low as 27, and clinopyroxenewith Wo41,

En53,Fs55,consistentwith theseothergrain-by-graintrendsFigure2-5.

As previouslynoted,OB93-52hasa whole rockcompositionthat is slightly depleted

relativeto KLB- 1, a popularprimitive lherzolitee.g. Takahashi,1986.Mineral

compositionsof the two furtherreflect their similarities,with olivine Fo contentFo902v.

Fo891 in KLB -1, TiO2 in clinopyroxene0.95 wt.% in OB93-52v. 0.58 wt.% in KLB
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1, A1203 in clinopyroxene5.41 wt.% v. 7.4 wt.%, A12O3 in orthopyroxene2.78 wt.%

v. 4.97 wt.%, and Cr# of spine! 25.2 v. 8.2.

Trace elements

Representativetraceelementcompositionsof clinopyroxenesfrom peridotitexenolithsare

summarizedin Table2-8.The entire datasetis tabulatedin Appendix 1. Clinopyroxenesin

harzburgitesfrom thetwo localitieshavevariableREEcontentsboth amongandwithin

individual xenoliths.Therangeof REEcontentsin clinopyroxenesfrom theharzburgites

andtheonelherzolitefrom Lac Superieurare shownin Figure2-6,andthosefrom the Mt.

Trapezeharzburgitesare shownin Figure2-7.

The relationship betweentextureand chemistry

Traceelementcompositionsof clinopyroxenesfrom thexenoliths wereextensively

examinedin this work, andconstituteoneof the majorresultsof this chapter.Particularly

importantis theobservationthat changesof clinopyroxenetextureandgeochemistryare

correlated,indicatingtheirmechanismsof formation.For example,traceelement

abundancepatternsof clinopyroxenesthat arehighly metasomatizedcanbe usedto infer the

identitiesofthe metasomaticagentsthatcreatedthem.Figure2-6andFigure2-7 illustrate

the rangesof REEabundancesobservedin the clinopyroxenesfrom theperidotitesof this

study.Thetotal rangeof REEconcentrationsfor theLac SuperieurspecimensFigure2-6

aregreaterthan thoseof any otherperidotitesobservedthus far. For instance,kimberlite

borneperidotitexenoliths areknown to be heterogeneouswithin individual pipese.g.

Shimizuet a!., 1997,but the variability seenin theLac Superieursuiteis muchgreater.In

thesesamples,Ce variesby a factorof 5000 from 0.04 times chondriteto more than200

timeschondrite.TheSamoanperidotitexenolithsdisplaytraceelementvariationsnearly

comparable,but smallerthantheLac Superieursuite Hauri andHart, 1994.It is likely
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thata combinationof geochemicalvariability amongpre-metasomaticlithospherepiecesand

furthervariationsinducedby metasomatismcreatetheseobservedtraceelementranges.It is

thereforeimportantto note in thiscontextthat largevariationsarealsoobservedwithin a

single sampleOB93-51; Figure2-6. Samplesfrom Mt. Trapezeshowmuchless

variation;neverthelessit is notablethat Ce variesby a factorof 500betweenOB93-307and

OB93-286,andis accompaniedby identical Yb concentrationsfor the two samplesFigure

2-7. This is reminiscentof the typeof single-samplevariationshownby OB93-51 Figure

2-6.

Figure2-8 summarizestheREEvariationsin clinopyroxenesfrom individual

harzburgitesin which a correlationbetweentextureandchemistryis observed.For

instance,in OB93-51, clinopyroxenesoccurin two separatetexturaldomains:in

symplectiteintergrowthwith spinel Figure2-1, andalsoas discretegrains.Thedatafor

"cpx4s" a symplectitegrainresemblesnumerousotherharzburgiticc!inopyroxenes,

which alsooccurassymplectites,in abundancesof Yb throughNd, whereasLa andCe

concentrationsaresignificantly elevatedin comparisonTable2-8.Anothersymplectite

clinopyroxenefrom this samesample,"cpx3s",appearsto be moreextensivelymodified,

while maintainingan identicalYb concentrationas "cpx4s".In contrast,co-existingdiscrete

clinopyroxenegrains in this sample"cpxl" and "cpx2" havesmooth,LREE-enriched

patternsthat areindicativeof completeequilibrationwith a stronglyLREE-enrichedmelt.

Thus, it appearsthat theREEvariationsin OB93-51recordsuccessivemodificationsof

originally REEdepletedcinopyroxenesandprecipitationofnewgrainsthat areequilibrated

with the metasomaticmelt. Comparisonsof the REEvariationsshownin Figure2-8 clearly

exhibit a progressivechangeof REEpatternsfrom La, at themostmodified,and

diminishingtowardsYb. This typeof progressivevariation in clinopyroxeneREE

abundanceshasbeenobservedin numerousperidotiteclinopyroxenes,andhasbeen
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successfullymodeledby chromatographicmelt-mantlereactionmechanismsNavonand

Stolper,1987; Bodinier etal., 1990;Takazawaet a!., 1992; Hauri andHart, 1994;Yang et

a!., 1998bamongothers.ThattheclinopyroxeneWo contentfor 0B93-5l decreasesfrom

45.73for "cpx4s"to 43.48for "cpx2", indicatesthat "cpx2" equilibratedathigher

temperaturesthan "cpx4s".Theubiquity of harzburgiticclinopyroxenessimilar to "cpx4s"

andthat variousextentsof modificationareillustratedin theseinternallyheterogeneous

samplessuggest:1. harzburgiteswerea commonprecursorrock to metasomatism,2. the

melt-rockreactionthat resultedin metasomatismwas of shortduration,and3. thisprocess

occurredshortly beforethe eruptionthat carriedthesexenolithsto thesurface.

It shouldbe notedthat this relationdoesnot seemto hold for someof theMt. Trapeze

xenoliths; in somecasesthe symplectiteclinopyroxenesshowa greatermetasomatic

signaturethan thediscreteclinopyroxenes0B93-299,OB93-318. However,because

theseanalysesweremadeon clinopyroxenesin grainmountsratherthanin thin section,it

is possiblethat thegrainswe describeas discretemay actuallybe fragmentsof symplectite

clinopyroxenes.Regardlessof an imperfecttexturalcorrelationin someoftheMt. Trapeze

harzburgites,that it doesexistin many of thexenoliths it is the important-observation.It

demonstratesthat themetasomaticeventmodified someexistinggrainsaswell asresulted

in theprecipitationof newdiscretegrains.

Carbonatitemeltsandmetasomatism

Themajority of theLREE enrichedsamplesarefrom Mt. Trapeze,andover halfof theMt.

Trapezesamplesare LREEenrichedTable 2-8,Figure2-9.The [LaJYbIN rangesofthis

typeof samplearefrom 1.3 to 31.8,andthemiddle to heavyREEarerelativelyconstantat

-2 to 3 times chondritic values.TheLREE enrichmentis indicativeof advancedstagesof

metasomaticmodificationof theseclinopyroxenes.Thatthe middleto heavyREEare
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mostlyunfractionatedandat abundancesmuch thesameas thosein theREEdepleted

harzburgitesis evidencethat theprecursorclinopyroxenesprobablyhada similar origin as

clinopyroxenesfrom the depletedharzburgites.Someof theseclinopyroxenesposses

smoothandstronglyLREE-enrichedREEpatternsthatareindicativeof near-equilibrium

with a LREE-enrichedmelt. In addition,Ti andZr abundancesin theseclinopyroxenesare

typically lessthantheneighboringREE in chondrite-normalizedtraceelementdiagrams

spidergrams,indicating that melts in equilibrium with theseclinopyroxenesarealso

depletedin Ti andZr Figure2-10

With knownclinopyroxene/meltpartitioning it is possibleto determinetheREE

contentsof melts that were in REEequilibrium with the clinopyroxenesfrom theserocks.

Thesehypotheticalmelts canthenbe comparedto theREEcontentsof othermelts that

couldbepotential metasomaticagents.Many of the sampleshaveclinopyroxenesthat arein

REEequilibrium with melts thatare similar to KerguelenIslandsbasaltsFigure2-11.In

contrast,Figure2-12illustratesthat traceelementpatternsofequilibrium melts for OB93-

51, 0B93-83,OB93-99,OB93-280,0B93-286cpxl, OB93-291,OB93-297and OB93-

313 plot within the field definedby the traceelementabundancesofcarbonatitesNelsonet

al., 1988. This indicatesthat carbonatiticmelts wereinvolved in metasomaticprocesses

associatedwith theKerguelenplumesystem.Thesecharacteristicsof carbonatite

metasomatismare similar to thosefoundin mantlexenolithsfrom Samoaandthe Society

IslandsSchianoet al., 1992;Hauri et al., 1993,indicating thatcarbonatitemetasomatism

couldbe acommonmantleprocessevenin oceanicenvironments.Furthermore,Schianoet

al. 1994, foundcogeneticcarbonateandsilicatemelt inclusionsin peridotitesfrom the

SoutheasternProvinceof theKerguelenIslands,proofthat carbonateis at the leastpresent

in themantlebeneathKerguelen.SampleOB93-83 is anextremecaseandwas

metasomatizedto thepointof havingprecipitatednewclinopyroxene,as well as phlogopite
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andapatite.Thesemineralsare alsoobservedin otherexamplesof carbonatite

metasomatismin mantlexenolithsfrom both continentalandoceanicenvironmentsGreen

andWallace,1988; Yaxley et al., 1991; Hauri eta!., 1993;Ionoveta!.,1993; Rudnicket

a!., 1993,andthus may a be characteristicof carbonatitemetasomatism.

The origin oftheprecursorharzburgites

Oneofthecharacteristicsofthe Kerguelenperidotitesuitesis theubiquitousoccurrenceof

depletedharzburgitesuponwhich metasomaticsignatureswereimprinted.As discussed

earlier,theirmajorelementcompositionsare inconsistentwith theirorigin asresiduesof

low pressuremeltingprocesses.It is thus unlikely that thesexenoliths arepiecesof oceanic

lithosphereuponwhichthe Kerguelenplumeimpinged.

Theargumentwaspresentedthat residuesofmelting at high pressure,wheremelting

reactionsproduceorthopyroxeneandconsumeolivine, couldpotentiallyexplainthemajor

elementcompositionsof theharzburgitesof this study. It wasfurthernotedthat low-

pressurerecrystallizationof theexperimentalresiduesof Walter1998 couldproducebulk

majorelementcompositionssimilar to the rangeofthoseof theKerguelenharzburgites.

As shownin Figure2-13,theREEabundancepatternsof the clinopyroxenes

encounteredhereare substantiallydifferentthanthosefrom abyssalperidotitesJohnsonet

al., 1990and thosefrom SamoanperidotitesHauri andHart, 1994.Thestrongmid to

heavyREEfractionationandcharacteristicpositiveZr anomaliesobservedby Hauri and

Hart 1994 in clinopyroxenesfrom the Samoanperidotitesled theseauthorsto arguefor

theirorigin asrecrystallizedresiduesof extensivemelting in thepresenceof garnet.In the

caseof Kerguelen,theclinopyroxenesfrom theperidotitesarecharacterizedby muchless

fractionationof theREEandlow overall concentrationsthat aredevoidof any recognizable

precursorsignatures.The following argumentsare madeto supplementthe thosemade
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from themajorelements,but nowusing traceelementabundancepatternsin

clinopyroxenesin an attemptto understandthehistory ofthe Kergue!enperidotites.

Assuminga startingmaterial thathaschondriticREEabundances,thebulk rock trace

elementabundancepatternsof thehigh pressureresiduesreportedin Walter1998 canbe

estimatedwith themineral-meltpartitioncoefficientsrecentlyreportedby Saltersand

Longhi 1999. It is necessaryto usetheseparticularpartitioncoefficientsin this calculation

becausethe clinopyroxenein Walter’s 1998 high pressureresidueis pigeonitic and

partition coefficientsobtainedfor high-Capyroxenesarenot relevant.Theparametersused

to determinethebulk REEabundancesof the residuein this calculationwere: run 30.07,at

3.0 GPaand 1530°C,with o!ivine + orthopyroxene+ subcalcicclinopyroxenewith 18.5%

batchmelting from Walter, 1998.TheREEabundancesof the calcicclinopyroxenesthat

would be presentafterthe originally high pressureresidualharzburgiterecrystallizesatlow

pressureswerethen calculated.This was doneaccordingto the

clinopyroxene/orthopyroxeneratio that is predictedfrom the majorelementcompositionof

theexperimentalchargeandusingclinopyroxene/orthopyroxenepartitioning for theREE

Egginsetal., 1998.Theresultsof this calculationpredictthis low pressurecalcic

clinopyroxeneto havethe following chondrite-normalizedconcentrations:Ce: 0.067;Nd:

0.18; Sm: 0.29; Er: 0.62; andY: 0.65.Theseabundancesareremarkablycloseto thethose

of theLREE-depletedclinopyroxenesfoundin 0B93-307Figure2-14.Similarly LREE

depletedpatternsare observedin OB93-95cpx2 andOB93-310andcan easilybe

interpretedin thesamemanner.Walter1998 alsoreportsresultson residuesfrom

different pressuresthat areboth garnet-freeharzburgiticaswell asolivine-pigeonite,and

theycouldproducesimilar resultsas describedabove.Theimportantpointis that the

magnitudeof REEfractionationfor ano!ivine + orthopyroxene+ subcalcicclinopyroxene

melt assemblageis muchless thanthat of a garnet-bearingone.
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As shownin Figure2-14,theseLREE-depletedclinopyroxenescoexistwith

clinopyroxenes that have LREE enrichedpatterns0B93-307,"cpxlO" or flat patterns

0B93-95within the samerock. In particular,0B93-307hasclinopyroxeneswith extreme

LREEabundances,but shareidenticalYb andEr concentrations.This demonstratesthat

originallyLREE-depletedpatternsweremodifiedby metasomatismto variousextentsand

thatHREE concentrationsin theseclinopyroxenesweremaintainedduringthat process.

Most ofthe harzburgiteshaveclinopyroxenesthat possessupward-slopingHREE

abundancesfrom Dy to Er to Yb that areaccompaniedby relatively flat LREE Figure

2-15.Theobservationsjust mentionedandthoseon themetasomatizedclinopyroxenes

Figure2-9 clearly suggestthatLREE aremost susceptibleto reactionwith LREE

enrichedmelts,whereastheHREE suchas Dy, Er andYb arethe lastof theREE to be

modifiedduring metasomatism.Therefore,this suggeststhat mostofthe harzburgite

clinopyroxenesoriginally hadLREE-depletedpatternssuchas OB93-307or 0B93-95

"cpx2" andweremodifiedby metasomatism.Becausethe LREEconcentrationsof these

clinopyroxenesare so low <<0.01 timeschondrite,evenincipient metasomatismcould

easilymodify light throughheavyREE.

On thebasisofthe discussionpresentedhere,theconclusionis that themajority of the

harzburgitesin theKerguelenperidotitesuiteswereoriginally residuesof extensivemelting

at highpressures.Theseresidueswere subsequentlymetasomatizedto vastly different

extentsby plume-relatedmelts including thosethatarecarbonatitic.Althoughthemodel of

low pressurerecrystallizationofhigh pressuremeltingaccountsfor manyofthemajorand

traceelementcharacteristicsof theseharzburgites,it doesnot predictthe low olivine modes

downto 40 wt.% that arepresentin someof therocksOB93-80,OB93-85,and an

additionalprocessbe involved in thepetrogenesisof thesetwo particularolivine-poorand

orthopyroxene-richrocks.
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Lherzolites

Only onespine!lherzolitefrom Lac Superieur,OB93-52is presentin this suiteof

xenoliths.It is relatively fertile andcontainsclinopyroxenesandolivines with low Mg#

relativeto theharzburgitesMg# = 92 and90 respectively;Table2-4,Table2-6. The

clinopyroxenesin this xenolithalsohavethehighestTiO2 contentofthe samplesuite

-0.95wt.%. ThespinelCr# are amongthe lowestobservedin thesexenoliths -25;

Table2-7,Figure 2-5. As previouslynoted,themajorelementmineral compositionsare

similar to but slightly depletedrelative to thoseofthe KLB-1 peridotite.Clinopyroxene

REEpatternsaresomewhatLREE depleted[La/Yb]N= 0.65,atabout 10 times chondritic

abundancesFigure 2-16.Thesedataindicatethat sample0B93-52is a fertile pieceof

mantlethat could be typical of the sourceofKerguelenlavas.As discussedbelow, theSr,

Nd, andOs isotopic compositionof this rock supportthis interpretation.TheREEpatterns

show no signsofmetasomatism.This, combinedwith the fertile natureof thewhole rock

andmineralgeochemistry,argueagainsta metasomaticorigin for this xenolith.Normalized

REEcontentsofmelts in equilibrium with theseclinopyroxeneslie within the field ofREE

abundancesof KerguelenbasaltsFigure2-11.Thus, this xenolith is a goodcandidatefor

a Kerguelenbasaltsource,andmayrepresenta pieceof unmeltedplumemantle.

Wehrlitic dunites

All mineralsfrom thewehrlitic-dunitesOB93-61c,OB93-64,OB93-82;Lac Superieur

only, havesignificantly lower Mg# than theotherperidotitesin this suitee.g. olivine Mg#

= 88.3 to 90.2; Table2-4,Table 2-6,Table2-7. ClinopyroxenescontainhigherTiO2,

A!2O3, Na20,andCr2O3contentsrelativeto theLac Superieurharzburgites,and arecloser

to the abundancesobservedin clinopyroxenefrom theMt. Trapezeharzburgites.The

spinelshavea variableCr# andarewithin the rangedefinedby theotherperidotites,but are

offset to lower Mg# for a given Cr# Table2-7,Figure2-5.TheREEcompositionsof the
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clinopyroxenesareall similarat approximately6-10times chondritic values,though

clinopyroxenesfrom 0B93-82haveheterogeneousHREE Table2-8,Figure2-17.

Thegeochemistryof theserocksindicatethat theyarenot melting residues,nor are

they fertile peridotites.However,thesedataareconsistentwith both a cumulateanda

replaciveorigin similar to theclinopyroxene-bearingdunitesdiscussedby Kelemenetal.

1995.Theclinopyroxenesarein REEequilibrium with KerguelenIslandsbasaltsFigure

2-11,andtheserockscouldbe theproductof reactionwith orcumulatesof melts directly

connectedto KerguelenIslandsbasalts.Thecinopyroxenetraceelementvariations

especiallyLREE/HREEratios appearto be correlatedwith Mg#,Ti02, andAl203 contents,

andthesefeaturescouldbe attributedto a chromatographic-typereactionwith basalticmelt

that hasequilibratedto differentdegreesamongthesesamplesNavonandStolper,1987;

Takazawaetal., 1992; Hauri andHart, 1994.Although thesedatado not distinguish

betweena cumulateor replaciveorigin for thedunites,theyarelikely relatedto the

KerguelenIslandsbasalts.Theisotopicdatapresentedbelowalso supportthis

interpretation.

REEenrichedharzburgites

Clinopyroxenesfrom theREEenrichedharzburgiteshaveunfractionatedREEpatternsat

abundancesof approximately10 times chondriticvaluesFigure 2-18.This typeof

harzburgiteis only presentin the Mt. Trapezelocation,but is similar in its REEpatternsto

thedunite xenolithsfrom Lac Superieur.Clinopyroxenesfrom thesesampleshaveREE

equilibrium melts that aresimilar to theKerguelenIslandsbasaltsandmayhaveformedby

reactionwith this typeof melt. SampleOB93-297belongsto theLREE-enrichedgroup,

but its normalizedHREE abundancesareat approximately10 times chondriteslike the
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enrichedsamples.This suggeststhat it mayhavebeenan enrichedsamplebeforeit was yet

againmetasomatizedby a carbonatitemelt.

Pyroxenites

Pyroxenitesamplesareonly presentin theLac Superieursuiteandhaveapproximately10

times chondriticREEconcentrationsTable2-8. On thebasisofthe REEandmineralogy,

therearetwo compositionaltypesFigure2-b9: phlogopite-bearingwith LREE enriched

clinopyroxenes[La/Yb]N= 3 to 6; OB93-81bandOB93-94,andthosewith LREE

depletedclinopyroxenes[La/Yb]N = 0.3 to 1. Overall,thesix pyroxenitesarecloseto

traceelementequilibrium with Kerguelenbasalts.This, andthat theyaremegacrystic

suggeststhat they areprobablyhigh pressurecumulatesofKerguelenmagmatisme.g.

Irving and Frey,1984.

2.4.3. Isotopic compositions of Sr, Nd and Os

Sr and Nd isotopes

TheSrandNd isotopiccompositionsof clinopyroxenesaresummarizedin Table2-9 and

shownin Figure2-20.Thetotal rangesofthe isotopiccompositionsobservedin this study

far exceedthoseof Kerguelenbasaltsandaregreaterthanthepublisheddatasetson the

KerguelensystemGautieret al., 1990;Weis andFrey, 1991; Weiset al., 1993;Barling et

al., 1994;Mattielli et a!., 1996;Weiset a!., 1998;Yanget al., 1998a.

Thelherzolitesample0B93-52falls within thecenterof the rangeof Sr andNd

isotopiccompositionsof Kerguelenbasalts87Sr/86Sr= 0.705205,ENd= -0.3, consistent

with its proposedorigin as a pieceof fertile plumemantle.Theisotopiccompositionof

dunitesampleOB93-64is also similar to Kerguelenbasalts87Sr/86Sr= 0.705238,ENd =
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-2.5.Thatthis sampleis nearlyin Sr andNd isotopic equilibrium with Kerguelenbasalts

is consistentwith eitherof theproposedoriginsfor thedunites.

At the "isotopicallydepleted"endof the spectrumis harzburgiteOB93-78,with

87Sr/86Sr= 0.70330.TheNd contentandtheabundanceof clinopyroxenein this rock are

so low thatan attemptto measurethe Nd isotopiccompositionwasunsuccessfulDr. E.

NakamuraatOkayamaUniversity.This is oneof themost depletedsamplesamongthe

rocksin this study,anddespiteits slightly LREE-depletedpatternseeFigure2-15it is

uncertainwhetherany metasomaticchangeshaveoccurred.Becauseof the 87Sr/86Srof

clinopyroxenefrom this rock,which is within the rangeof SEIRbasaltsandlower than

any known Kerguelensamples,theprovenanceof this xenolith is important.Although the

olivine compositionis not availablefor this rock,thewhole-rockmajorelement

compositionMg# = 91.6,SiO2= 48.79 wt.%,Table 2-2 strongly indicatesthat this

samplecouldwell plot off theoceanictrendtogetherwith theotherharzburgitesfrom

KerguelenFigure2-3.If this werethecase,andif it weretakento suggestits origin as a

high pressureresiduethatwas recrystallizedatlow pressure,like manyof theother

harzburgites,the87Sr/86Srdatamight haveto be consideredasdefining themostdepleted

memberoftheKerguelenplumeobservedthus far. Themostdepletedisotopic

compositionsknownwerereportedby White andHofmann1982 on basaltsfrom Foch

Island 87Sr/86Sr= 0.70388,‘43Nd/144Nd = 0.51291,northernKerguelenIslandsFigure

1-1.An alternativescenariofor theorigin of this rock is that a recrystallizedhigh-pressure

residuewasoriginally LREE depletedwasmetasomatizedby MORB melt from theSEIR.

This processwould haveincreasedtheLREE, but not affectedthe 87Sr/86Sr.TheOs

isotopiccompositionseebelow is ‘870s/1880S= 0.1266,indistinguishablefrom many of

theotherharzburgitesandis not definitive for theprovenanceof this rock.
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At themost "isotopically enriched"endof thespectrumis a megacrystic

clinopyroxenite,OB93-94,with 87Sr/86Sr= 0.70869and ‘43Nd/Nd = 0.51199E =

-12.7.This is the mostenrichedisotopic compositionthat hasbeenobservedin any rocks

from theKergue!enIslands.Basaltsfrom ODP drill-site 738 in thesouthernKerguelen

Plateau62° 42’S, 82° 47’E, Figurel-1haveeruptionagecorrected87Sr/86Sr= 0.7090to

0.7130andE = -7 to -13Alibert, 1991;Mahoneyetal., 1994.Theseisotopic

signatureswere interpretedas beingderivedfrom the incorporationof old subcontinental

lithospherebeneathGondwanaland.Mahoneyet al. 1994 reportedsimilar isotopic

compositionsfor basa!tsfrom theNaturalistePlateau,andarguedthatcontaminationby

continentallithosphereproducedtheseisotopic signaturesaswell. Oneof thebasaltsin the

late Pleistocene-HoloceneBig Ben seriesfrom HeardIsland,alsobelievedto be derived

from theKerguelenplume, has87Sr/86Sr= 0.70792and 143Nd/’44Nd= 0.51239Barling et

al., 1994.Theseauthorspostulatedthat recyclingof uppercrustalmaterialthat had

previouslybeensubductedbeneatha continentalprecursorof Gondwana!andproducedthis

isotopicsignature.

SampleOB93-94,asnotedabove,is a cumulatefrom a melt with traceelement

characteristicssimilar to thoseoftheKergue!enIslandsbasalts,andwassubsequently-20

Ma, on thebasisof a two-pointRb-Srisochronfor the phlogopite-clinopyroxenepair

metasomatizedto producephlogopite.Incorporatingthe HeardIslandisotopicdatawith the

presentdatasetsignificantly enlargestherangesof SrandNd isotopiccompositionsofthe

Kerguelenplumeas a whole, in comparisonto theKerguelenbasaltsalone.Overall,these

dataappearto encompassthe isotopic rangesobservedin the presentstudy,exceptfor the

isotopically depleted0B93-78.
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TheSr andNd isotopic compositionsofclinopyroxenefrom peridotitesof this study

andclinopyroxenedatafrom Mattielli et al. 1996 andMattielli eta!. 1999 plot nearthe

isotopically enrichedendof theKerguelenbasaltsandextendinto the rangesoftheHeard

IslandbasaltsFigure2-20.Thehostdike thatbroughtthe xeno!ithsto the surfacehas

87Sr/86Sr= 0.70638and 143Nd/’44Nd= 0.51242, isotopicallymoreenrichedthan any

basaltsthathavebeenanalyzedfrom the KerguelenIslands.It is, however,well within the

rangesfor theHeardIslandbasaltsBarling et al., 1994 anda legitimatememberof the

Kerguelenplumediversity. Note alsothat OB93-52,the allegedunmeltedKerguelenplume

peridotite,possessesSr andNd isotopiccompositionstypical for theKerguelenbasa!ts.

SamplesOB93-51 and0B93-83wereidentifiedasbeingmetasomatizedby

carbonatiticmelts.In this sense,it is notablethat their Sr andNd isotopiccompositionsare

identical,suggestingauniquecarbonatiticcomponentin theplume. However,Mattielli et

al. 1999 reportedtheSr andNd isotopedatafor a harzburgiticclinopyroxenethat was

evidentlymetasomatizedby carbonatite,but is not as isotopicallyenrichedasthesetwo

samplesseeFigure2-20.This datapointappearsto indicatethat the "carbonate

components"ofthe Kergue!enplumearealsoisotopicallyheterogeneous

As discussedearlier,whentraceelement-enrichedplumemelts interactwith depleted

peridotites,theSrandNd isotopiccompositionsof themelts would remainunchanged,

whereasthe Srin the peridotiteswouldbeequilibratedwith the infiltrating melts. A study

by Leshereta!. 1990 of isotopicv. chemicalequilibrationratesduringmagmamixing

demonstratedthat isotopicequilibrationis achievedmuchfasterthanchemicalequilibration

during themixing of melts.On thebasisof this result,it is possiblethat during melt-rock

reactionprocessessuchasthoseobservedhere,isotopicexchangecouldoccurmore

quickly than traceelementequilibrium.Therefore,this suggeststhatevenfor sampleswith

signaturesof incompletereactionswith infiltrating melt e.g.clinopyroxeneswith highly
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heterogeneoustraceelementabundancepatternsin individualrocks,the incompatible

elementisotopiccompositionswould be completelydominatedby theplume-derivedmelts.

Takingthis ideaone stepfurther, thediversity of theSrand Nd isotopic compositions

observedherecouldbe evidencefor isotopicheterogeneitiesof theKerguelenplumethat

aremuch largerthan that sampledby KerguelenIslandsbasalts.

In the two xenoliths whereclinopyroxene-ph!ogopitepairswereanalyzedOB93-83,

OB93-94,a two-pointRb-Srisochrongives an "age" of 18 Ma for 0B93-83 and20 Ma

for OB93-94.As describedbefore,0B93-83 is fully equilibratedwith the metasomatic

agent,andclinopyroxeneandphlogopitemayhaveformedunderisotopic equilibrium. If

this is true,the two-point isochroncouldhavesignificantmeaning,namelythe time when

metasomatismoccurred.Sample0B93-94however,is a clinopyroxenesubstrateinto

which a phlogopite-producingmelt infiltratedandisotopicequilibrium between

clinopyroxeneandphlogopitemaynot havebeenachieved.Thus, it is equivocalwhetherif

theseageshavesignificance.

Os isotopes

It hasbeenwell documentedthat theOs isotopiccompositionof peridotitesareinsensitive

to melt-rockinteractiondueto thecompatiblecharacterof Os in theperidotite-basaltsystem

Morganet a!., 1981;Walkeret al., 1989;Pearsonet a!., 1995;Hart andRavizza,1996.It

follows that interactionbetweenplume-derivedmeltsandperidotitesshouldnot modify the

Os isotopesof theperidotites,but thoseof themeltscouldbe equilibratedwith the

peridotites.For instance,Hauri 1997 concludedthatpartial meltsofpyroxenitesshould

acquiretheOs isotopic signatureof theperidotitethroughwhich is travelingwithin a

distanceof 200to 1000 m. Thedatafrom this study indicatesthat themajorelementsand

incompatibletraceelementsaredecoupled.Figure2-21 showsthat thereis no relation
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betweenOs isotopic compositionandbulk A12O3 contentsnor with [La/YbIN,

demonstratingthat the metasomatismin this casedid not includeOs.

On thebasisof this discussion,the Os isotopecompositionsof peridotitexenoliths can

be usedto deciphertheirprovenance.For theKerguelenplume,which hasevolvedthrough

differentgeodynamicenvironments,theprovenanceofperidotitexenolithscouldshednew

light on thedynamicsof mantleplumes.Theresultsof theOs isotopeanalysisof peridotite

xenoliths are oneof themajorcontributionsof this study andare presentedin Chapter3.

The 187Os/1880sof whole-rockperidotitesshowthat thesethat theyhavediffering

provenance.Manyof the samplesfrom Mt. Trapezehavean origin in theGondwanaland

subcontinentallithosphericmantleHasslerandShimizu,1998. It is importantto notehere

that significantisotopic heterogeneitiesexistamongperidotitesofnon-Gondwanaland

origin all samplesfrom Lac Superieurand 0B93-306and0B93-314.Table2-10shows

that ‘87Os/188Osvariesfrom 0.1252to 0.1383,coveringa significantportionof the Os

isotopic variationsreportedfor individual plumesystems.For instance,this rangecovers

all butone sampleof theLoa trendof Hawaii discussedby Hauri 1996, showingthat the

peridotite"matrix" of a plumesystemcouldcontaina largeindigenousOs isotopic

variability. PossiblecorrelationsbetweenOs andotherisotopesarenot discussedhere,

becauseasnotedearlier,theSr andNd compositionsin clinopyroxenesaredominatedby

plume-derivedmelts,but theOs compositionsareprimary.Therefore,identifying theless

radiogenicendof thespectrumexcludingtheextremeunradiogenicsampleswith the

modern-dayoceaniclithosphereis temptingbut not straightforward.This is becausethe

majorelementandmineralogy-baseddiscussiongivenearlierimplies that thebulk of the

harzburgitesarerecrystallizedresiduesof high-pressuremelting andthus membersof the

plume,ratherthan modernoceaniclithosphere.
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2.5 Summary
Theresultsof this study of ultramaficxenoliths from theCourbetPeninsula,Kerguelen

Islandsprovidethe following conclusions:

1. Harzburgites,a lherzolite,wehrlitic dunites,andpyroxenitescomprisetheultramafic

xenolith suites.Theharzburgitesof thesuitehavethehighestwhole rockMg#,

followed by thelherzolite,andthe wehrlitic dunitesandpyroxenites.Theharzburgites

aredepletedin basalticcomponents.Many of theharzburgitesplotoff theoceanictrend

that is definedby therelationshipbetweenmodal abundancesof olivine andolivine

composition.This indicatesthat theserocksdid not form by a simplemeltingprocess.

However,residuesof melting athigh pressuresthat recrystallizedatlower pressure,

could createtheolivine modesandcompositionsof someof theharzburgitesobserved

here.Thecompositionof the therzoliteis fertile andlies on theoceanictrend.Its

compositionis similar to thoseof fertile peridotitessuchasKLB- 1 from Kilborne

Hole, NM.

2. Themajorelementcompositionsof mineralsthatmakeup theserocksalsoreflecttheir

depletedcharacterin the caseof theharzburgites,or thedegreeof fertility for the

therzolite.In situ traceelementcompositionsof clinopyroxenesas determinedby ion

microprobe,are correlatedwith thepetrographicoccurrenceof clinopyroxeneand

indicatetheirmechanismof formation.The total rangeof REEcontentis large,and

variesby a factorof 5000 in the Lac Superieursuite.LargeREEvariationsarealso

presentwithin singlesamples,andtheseREEdifferencescorrespondto clinopyroxene

texture.Discreteclinopyroxeneshavesignificantelevationsin theirREEcontents

relativeto thosethatoccurin symplectiteintergrowthswith spinel.Clinopyroxenes

from somesamplesrecordsuccessivemetasomaticmodificationsoforiginally depleted
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clinopyroxenesas well astheprecipitationof newgrainsthat areequilibratedwith the

metasomaticmelt. This typeof successiveREEvariationin clinopyroxenesoccursby a

chromatographicmelt-mantlereactionmechanism.

3. Traceelementabundancesof melts in equilibrium with the clinopyroxenesfrom these

rocks indicatecarbonatitemelts andalkalinebasaltsasthemetasomaticagents.The low

pressurerecrystallizationof high pressureresiduesmodelthat was developedfrom

majorelementconsiderationsis alsosupportedby theclinopyroxenetraceelement

compositions.TheLREE depletednatureof clinopyroxenesfrom someof these

harzburgitescanbe recreatedby this model.OtherREEenrichedharzburgites,the

lherzolite,thewehrlitic dunitesandthepyroxenitesall havetraceelementcharacteristics

indicativeof a relationto theKerguelenIslandsbasalts.

4. TheSr andNd isotopiccompositionsof clinopyroxenesfrom the peridotiteswere

dominatedby the infiltrating melts. Thelherzolitelies in thecenterofthe field defined

by thebasalts,further supportingthe ideathat it is a pieceof unmeltedplumemantle.

Therangesof isotopic compositionof thexenoliths aremuchlargerthanthose

observedthus far for theKerguelenIslandsbasalts,andit is possiblethat all of these

compositionsareassociatedwith theKerguelenplume.Onesample,a pyroxeniteis

extremein its isotopicenrichment,andprobablyformedas a cumulatefrom magmas

thatwerecontaminatedby continentalcrust.

5. TheOsmiumisotopic compositionsshowthat subcontinentallithosphere,probably

strandedfrom therifting of Gondwanaland,arepresentbeneaththeKerguelenIslands.

Theremainingsamplescovera significantportion ofthe ‘87Os/1880srangesreportedon

basaltsfrom otherplumes,demonstratingthat theKerguelenplumemayhavea diverse

Os isotopiccomposition.
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2.7 Tables

Table 2-1.List of samples.

SampleList Lac Superieur Mt.Trapeze Lac Superieur Mt.Trapeze

0B93-289 REE enrichedsamples 0B93-283
0B93-314 0B93-284
0B93-314 0B93-297

0B93-305
0B93-306

0B93-51 0B93-282
0B93-99 0B93-299

0B93-318

0B93-52

0B93-61c
0B93-64
0B93-82

0B93-95 0B93-307
0B93-310 Pyoxenites 0B93-75

0B93-87
0B93-83 0B93-280 0B93-lOO

0B93-281 0B93-102
0B93-286 0B93-81b
0B93-287 0B93-94
0B93-288
0B93-291
0B93-298
0B93-301
0B93-302
0B93-308
0B93-309
0B93-3l3

0B93-53
0B93-56
0B93-58
0B93-66
0B93-74
0B93-77
0B93-78
0B93-79
0B93-80

0B93-8ic
0B93-85
0B93-86
0B93-89
0B93-98

REE depletedsamples

LREE depletedsamples

LREE enriched sample

HeterogeneousREE samples

lherzolite

wehrlitic dunites
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Table 2-2.Bulk rock majorandtraceelementcompositionsof selectedxenoliths.
Lac Superieur
Lherzolites Harzburgites

0B93-52 0B93-56 0B93-77 0B93-78 0B93-80 0B93-83 0B93-85 0B93-99
XRFwt.%
Si02 43.35 48.63 48.03 48.69 49.37 48.54 49.32 48.23
Al203 3.26 0.91 0.71 0.90 1.31 1.20 0.95 0.52
Ti02 0.12 0.01 0.00 0.00 0.02 0.03 0.00 0.02
FeO* 9.24 7.18 7.31 7.14 6.80 8.44 7.12 7.22
MnO 0.14 0.12 0.12 0.12 0.12 0.14 0.12 0.12
CaO 2.31 0.77 0.58 0.68 1.05 0.69 0.89 0.93
MgO 40.89 42.50 44.90 43.82 40.35 41.52 42.07 42.98
K20 0.01 0.00 0.00 0.00 0.00 0.07 0.00 0.00
Na20 0.17 0.07 0.11 0.09 0.16 0.12 0.07 0.05
P205 0.02 0.02 0.01 0.01 0.02 0.04 0.02 0.01
Total 99.51 100.20 101.77 101.45 99.20 100.79 100.55 100.08

Mg# 88.75 91.34 91.63 91.62 91.36 89.76 91.33 91.39
XRFppm
Ni 2536 2279 2375 2338 2038 2122 2233 2407
Cr 7831 3419 2597 3334 4646 1516 3192 1443
V 67 d.l. d.1. d.1. 45 dl. d.1. d.1.
Sr 20 9 9 d.1. 23 18 25 31
Zr 9 5 6 6 8 32 6 7
Ga 5 1 3 3 1 3 1 3
Cu 41 15 15 12 12 8 14 18
Zn 68 38 43 41 48 59 39 36
Nb d.1. dl. d.1. d.1. dl. 12 dl. d.1.
Rb d.1. d.1. d.1. d.1. d.1. 3 d.l. dl.
ICP-MSppm
La 0.26 0.21 0.02 0.08 0.30 2.31 0.08 0.11
Ce 0.66 0.39 0.01 0.10 0.57 4.80 0.13 0.22
Pr 0.12 0.05 dl. 0.01 0.07 0.62 0.02 0.03
Nd 0.61 0.18 0.02 0.04 0.28 2.79 0.06 0.12
Sm 0.21 0.04 0.01 0.02 0.06 0.68 0.01 0.03
Eu 0.09 0.01 d.1. 0.01 0.02 0.21 d.1. 0.01
Gd 0.28 0.03 0.01 0.01 0.05 0.59 0.01 0.02
Tb 0.05 d.l. d.1. d.1. 0.01 0.10 d.1. 0.01
Dy 0.34 0.04 0.01 0.01 0.04 0.54 0.02 0.04
Ho 0.07 0.01 d.1. d.1. 0.01 0.11 d.1. 0.01
Er 0.22 0.01 0.01 0.01 0.02 0.27 0.01 0.02
Tm 0.03 d.1. d.1. d.1. d.1. 0.04 d.l. 0.00
Yb 0.22 0.02 0.01 0.02 0.02 0.25 0.01 0.03
Lu 0.04 d.1. d.1. 0.01 0.01 0.04 dl. 0.01

Ba 3 1 d.1. 1 13 6 1
Th 0.04 0.03 d.l. 0.01 0.05 0.25 0.01 0.02
Nb 0.18 0.42 0.02 0.04 0.35 11.94 0.13 0.27
Y 1.91 0.14 0.05 0.04 0.24 2.69 0.08 0.22
Hf 0.11 0.03 0.01 0.01 0.05 0.99 0.01 0.02
Ta 0.20 0.62 d.1. d.l. 0.10 2.12 0.17 0.54
U 0.01 0.01 dl. dl. 0.01 0.04 d.1. 0.00
Pb 0.06 0.01 0.06 0.30 0.92 0.07 d.l. 0.01
Rb 0.5 0.4 0.1 0.3 0.4 2.0 0.3 0.6
Cs 0.05 0.05 0.01 0.03 0.04 0.06 0.04 0.09
Sr 17 9 9 2 23 18 25 33
Sc 15.3 9.1 7.8 6.5 12.0 9.0 8.7 9.1
d.l.: below detectionlimit
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Table2-2. Continued.
Lac Superieur Mt. Trapeze

Dunites Harzburgites
0B93-64 0B93-82 0B93-280 0B93-284 0B93-287 0B93-289 0B93-291 0B93-297

XRFwt.%
Si02 43.25 44.08 4858 47.41 44.70 48.52 47.45 45.36
A1203 1.33 1.12 0.98 0.85 0.55 1.14 0.66 0.60
Ti02 0.04 0.05 0.01 0.01 0.01 0.02 0.02 0.02
FeO* 10.45 10.65 6.94 7.51 8.19 7.99 7.69 8.31
MnO 0.16 0.16 0.12 0.14 0.16 0.13 0.14 0.17
CaO 0.43 1.00 0.51 1.21 1.06 0.67 1.05 0.78
MgO 44.51 43.42 44.15 43.19 45.48 42.80 44.24 45.90
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na20 0.10 0.09 0.11 0.15 0.09 0.14 0.16 0.10
P205 0.02 0.02 0.01 0.02 0.02 0.01 0.02 0.02
Total 100.28 100.59 101.41 100.48 100.26 101.42 101.42 101.26

Mg# 88.36 87.90 91.90 91.11 90.82 90.52 91.12 90.78
XRFppm
Ni 2462 2724 2273 2259 2499 2209 2305 2656
Cr 8716 3771 3772 1541 2631 2740 2162 2305
V 37 37 33 dl. dl. 35 d.l. dl.
Sr d.l. 23 d.1. 24 25 4 85 24
Zr 8 8 6 7 10 7 10 10
Ga 2 4 5 2 8 2 4 3
Cu 10 11 13 12 15 16 12 21
Zn 77 61 46 41 45 49 40 48
Nb d.l. d.l. d.l. d.l. d.1. d.1. d.1. d.l.
Rb dl. d.l. 3 dl. d.l. d.l. d.l. 4
ICP-MSppm
La 0.31 0.17 0.20 0.19 0.28 0.11 0.41 0.32
Ce 0.09 0.42 0.36 0.40 0.49 0.21 0.64 0.54
Pr 0.02 0.06 0.04 0.05 0.05 0.03 0.06 0.07
Nd 0.08 0.28 0.16 0.21 0.18 0.09 0.19 0.25
Sm 0.02 0.12 0.05 0.06 0.05 0.03 0.05 0.07
Eu 0.02 0.05 0.02 0.02 0.01 0.01 0.02 0.01
Gd 0.03 0.15 0.04 0.04 0.04 0.03 0.04 0.05
Tb 0.01 0.03 0.01 0.01 0.01 0.01 0.01 0.01
Dy 0.04 0.15 0.04 0.06 0.05 0.04 0.04 0.06
Ho 0.01 0.03 0.01 0.01 0.01 0.01 0.01 0.01
Er 0.03 0.09 0.02 0.05 0.03 0.03 0.03 0.04
Tm 0.01 0.01 0.00 0.01 d.1. 0.01 dl. d.l.
Yb 0.04 0.10 0.02 0.05 0.03 0.04 0.03 0.03
Lu 0.01 0.02 dl. 0.01 0.01 0.01 0.01 0.01

Ba 1 2 d.1. 1 1 2 1 d.l.
Th 0.03 0.04 0.04 0.03 0.06 0.03 0.28 0.06
Nb 0.02 0.07 0.19 0.20 0.41 0.14 0.22 0.36
Y 0.35 0.82 0.16 0.31 0.24 0.18 0.20 0.30
Hf 0.01 0.06 0.03 0.02 0.06 0.03 0.03 0.06
Ta dl. 0.01 0.01 0.01 0.02 0.01 0.01 0.02
U 0.01 0.01 0.01 0.02 0.06 0.01 0.09 0.02
Pb 0.19 0.36 0.16 0.21 0.15 0.12 0.26 2.04
Rb 0.1 0.2 0.7 0.7 0.4 0.8 0.4 2.2
Cs d.l. 0.03 dl. 0.01 d.l. d.1. 0.01 0.01
Sr 0 24 1 25 24 3 88 23
Sc 4.8 10.0 7.6 9.9 5.2 8.1 7.2 3.6
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Table 2-2.Continued.
Mt. Trapeze
Harzburgites

0B93-299 0B93-305 0B93-306 0B93-307 0B93-310 0B93-314 0B93-317
XRFwt.%
Si02 47.90 46.96 41.55 48.29 46.00 47.60 47.12
A1203 1.21 0.98 0.47 1.26 1.32 0.80 0.67
Ti02 0.00 0.02 0.03 0.00 0.00 0.01 0.01
FeO* 6.96 7.22 13.93 7.11 6.99 7.38 7.65
MnO 0.13 0.17 0.18 0.12 0.13 0.12 0.14
CaO 1.17 1.17 1.06 0.74 1.16 0.82 0.64
MgO 42.31 41.91 41.83 43.31 43.10 44.45 43.86
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na20 0.07 0.06 0.05 0.10 0.05 0.12 0.06
P205 0.02 0.02 0.02 0.01 0.01 0.01 0.02
Total 99.77 98.51 99.12 100.95 98.76 101.31 100.16

Mg# 91.55 91.19 84.26 91.57 91.66 91.48 91.09
XRFppm
Ni 2167 2197 2436 2308 2010 2348 2252
Cr 3948 3208 308 2488 3985 2001 1668
V 44 . d.l. d.l. d.l. 38 d.l. d.l.
Sr 39 40 38 dl. d.1. 11 4
Zr 7 9 9 7 6 6 6
Ga 1 4 2 3 3 1 1
Cu 12 16 36 20 13 11 11
Zn 45 47 98 40 42 39 38
Nb dl. dl. dl. d.1. d.l. dl. d.l.
Rb d.l. d.l. d.l. 3 dl. d.1. d.l.
ICP-MSppm
La 0.15 0.17 0.17 0.07 0.12 0.42 0.23
Ce 0.26 0.32 0.37 0.11 0.20 0.79 0.36
Pr 0.03 0.04 0.04 0.02 0.03 0.11 0.05
Nd 0.09 0.19 0.15 0.06 0.09 0.43 0.17
Sm 0.02 0.05 0.03 0.02 0.02 0.20 0.04
Eu 0.01 0.02 0.01 d.1. d.l. 0.14 0.01
Gd 0.02 0.04 0.04 0.02 0.01 0.25 0.04
Tb d.1. 0.01 0.01 d.l. d.l. 0.04 0.01
Dy 0.02 0.06 0.06 0.02 0.02 0.20 0.05
Ho d.l. 0.01 0.01 0.01 0.01 0.04 0.01
Er 0.01 0.03 0.04 0.02 0.01 0.10 0.02
Tm d.l. d.l. 0.01 d.l. d.l. 0.02 d.l.
Yb 0.03 0.03 0.04 0.02 0.03 0.11 0.03
Lu 0.01 0.01 0.01 0.01 0.01 0.03 0.01

Ba 1 1 1 2 36 2
Th 0.03 0.02 0.02 0.01 0.04 0.27 0.04
Nb 0.18 0.29 0.38 0.12 0.30 0.28 0.24
Y 0.11 0.34 0.34 0.10 0.10 0.33 0.26
Hf 0.02 0.04 0.03 0.02 0.02 0.04 0.04
Ta 0.10 0.14 0.62 d.l. 0.52 0.02 0.16
U 0.14 0.03 0.03 0.01 0.01 0.02 0.01
Pb 0.07 0.02 0.03 0.09 0.06 0.19 0.03
Rb 0.4 0.7 0.7 0.7 0.4 0.5 0.8
Cs dl. 0.01 0.01 0.01 0.01 0.01 0.01
Sr 39 40 40 2 1 11 6
Sc 11.1 7.9 5.3 7.9 13.9 6.7 7.5

73



Table 2-3.Calculatedmodes.

Sample Cpx error Opx error Olivine error Spinel error
wL% mode
0B93-52 9.54 1.38 23.46 2.36 61.69 1.65 4.87 0.58
0B93-80 2.66 1.14 54.88 1.96 40.79 1.38 1.14 0.50
0B93-83 1.11 2.45 48.39 3.96 50.15 2.52 -0.29 0.89
0B93-85 1.91 0.85 49.17 1.45 48.25 1.01 0.35 0.36
0B93-99 2.93 0.86 40.21 1.50 56.88 1.04 -0.21 0.35
0B93-284 3.86 0.70 35.51 1.19 60.78 0.81 -0.48 0.30
0B93-287 3.59 0.78 20.71 1.30 75.11 0.89 0.34 0.31
0B93-289 0.38 0.38 44.90 0.65 54.62 0.44 0.03 0.16
0B93-291 3.14 0.78 33.96 1.33 62.75 0.86 -0.03 0.30
0B93-297 2.88 0.79 22.40 1.37 74.18 0.90 0.31 0.28
0B93-305 3.63 1.05 39.31 1.76 56.79 1.18 0.07 0.43
0B93-307 1.05 0.42 42.35 0.71 56.85 0.47 -0.39 0.18
0B93-310 3.30 0.57 32.59 0.95 63.62 0.64 0.62 0.24
0B93-314 2.45 0.56 35.46 0.96 62.16 0.66 -0.25 0.24
0B93-317
Modesin wt.

1.73
% are cal

1.34
culatedby

36.43
massbalanc

2.30
e usingav

61.52
eragecomp

1.57 -0.07
osition of minerals.

0.55

Erroris 1 S.D.
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Si02 52.02
Ti02 0.95
Al203 5.41
FeO* 2.37
MnO 0.11
MgO 15.50
CaO 22.43
Na20 1.05
Cr203 0.87
Total 100.71
Cations/6Oxygens
Si 1.877
Ti 0.026
Al 0.230
Fe 0.072
Mn 0.003
Mg
Ca
Na
Cr
Total

1.986 1.958
0.000 0.000
0.087 0.068
0.070 0.061
0.002 0.004
0.963 0.993
0.797 0.891
0.080 0.018
0.017 0.015
4.002 4.009

1.953 1.956 1.963
0.000 0.000 0.001
0.081 0.088 0.078
0.057 0.054 0.056
0.002 0.003 0.003
0.987 0.968 0.969
0.887 0.893 0.888
0.017 0.016 0.023
0.020 0.021 0.019
4.005 3.998 4.000

Mg# 92.09 93.18 94.25 94.56 94.54 94.76 94.54 91.01 94.85 94.59 93.99

Molar percentageof endmembers
Wo 48.85 43.48 45.73
En 46.94 52.56 50.95
Fs 4.21 3.95 3.32

45.89 46.55 46.35
51.04 50.48 50.57

3.07 2.97 3.07

Lac Superieur
Lherzolites Harzburgites

Sample 0B93-52 0B93-5l 0B93-79 0B93-80 0B93-81c 0B93-83 0B93-85
Grain ID cpxl cpx2 cpx4s cpxl cpx4 cpxls cpx2 cpxls cpxls
wt.%

55.28 54.54
0.02 0.00
2.05 1.61
2.35 2.02
0.06 0.14

17.99 18.55
20.69 23.16

1.15 0.26
0.60 0.55

100.18 100.83

54.00 54.32 54.53
0.02 0.00 0.02
1.90 2.08 1.83
1.88 1.78 1.86
0.08 0.11 0.09

18.31 18.04 18.07
22.90 23.14 23.03
0.25 0.23 0.33
0.70 0.72 0.68

100.04 100.43 100.44

54.39
0.02
1.85
1.87
0.07

18.25
22.96
0.26
0.70

100.37

1.959
0.000
0.079
0.056
0.002
0.980
0.886
0.018
0.020
4.000

51 .91
0.07
5.24
2.86
0.11

16.22
17.46
2.04
2.24

98.15

1.909
0.002
0.227
0.088
0.004
0.889
0.688
0.145
0.065
4.016

H

0B93-99
cpxls cpx2

54.29 54.68
0.16 0.13
2.45 2.35 C

1.80 1.97
0.13 0.07

17.62 17.27 CD

22.52 21.31 cs
0.85 1.42
1.22 1.00 .

C101.02 100.19 °

5
1.946 1.970
0.004 0.003 CD

0.103 0.100 ‘
C

0.054 0.059 C
0.004 0.002
0.941 0.927 C
0.865 0.823
0.059 0.099 C
0.034 0.028 ri

4.010 4.012

0.833
0.867
0.073
0.025
4.007

54.48
0.02

1 .91
1.76
0.09

18.17
23.44
0.18
0.71

100.75

1.956
0.001
0.081
0.053
0.003
0.972
0.902
0.013
0.020
3.999

46.05
50.92

3.03

41.24 46.74 46.41 45.42
53.28 50.39 50.50 51.19
5.47 2.88 3.09 3.39

Eachcolumn representsoneanalysis.Different analysesof the samegrain arenotedin "Grain ID". The suffix "s’ = symplectitecp



52.97 54.17 53.92
0.41 0.12 0.14
3.48 2.47 2.50
2.61 1.98 1.74
0.11 0.04 0.05

17.01 16.50 16.60
22.41 22.80 22.24
0.54 1.03 1.07
1.13 1.19 1.64

100.66 100.31 99.90

1.912 1.958 1.955
0.011 0.003 0.004
0.148 0.105 0.107
0.079 0.060 0.053
0.003 0.001 0.002
0.915 0.889 0.897
0.867 0.883 0.864
0.038 0.072 0.075
0.032 0.034 0.047
4.006 4.006 4.002

53.13
0.03
3.18
2.13
0.04

17.36
22.33
0.59
1.34

100.13

1.924
0.001
0.136
0.065
0.001
0.937
0.866
0.041
0.038
4.009

1.960
0.003
0.116
0.066
0.002
0.902
0.823
0.092
0.040
4.005

Mg# 92.44 92.95 91.21 92.08 93.68 94.45

46.51 48.17 47.60
49.10 48.49 49.41
4.40 3.34 2.99

93.56 92.87 93.48 92.80 93.46

45.81 47.26 46.79 47.41
50.33 49.31 49.38 49.15
3.86 3.44 3.83 3.44

93.20

Mt TraDeze
Dunites Pyroxenite Harzburgites

Sample 0B93-61c 0B93-64 0B93-82 0B93-94 0B93-281 0B93-282 0B93-284 0B93-287
Grain ID cpxl cpx2 cpx2 cpxl cpx3 cpxl cpxl cpx5s cpx6
wt.%
Si02
Ti02
Al203
FeO*
MnO
MgO
CaO
Na20
Cr203
Total

52.13
0.53
4.20
2.27
0.08

15.61
23.48
0.85
1.07

100.22

H

0B93-289 0B93-291
cpx3 cpx7s cpxl

53.39
0.35
3.12
2.15
0.07

15.92
23.91

0.66
0.86

100.43

1.933
0.009
0.133
0.065
0.002
0.859
0.928
0.046
0.024
4.002

-.1

52.41
0.80
4.07
2.74
0.08

15.96
21.94

1 .05
0.83

99.88

1.907
0.022
0.175
0.083
0.002
0.865
0.855
0.074
0.024
4.008

Cations/6Oxygens
Si 1.896
Ti 0.015
Al 0.180
Fe 0.069
Mn 0.002
Mg 0.846
Ca 0.915
Na 0.060
Cr 0.031
Total 4.014

54.63
0.11
2.74 .

2.19
CDu.uO

16.87
21.40

1.33
1.42

100.76

54.83 54.02 54.16 53.23
0.09 0.12 0.02 0.01
2.27 2.31 2.55 2.55
2.34 2.11 2.39 2.16
0.09 0.06 0.06 0.07

17.13 16.94 17.32 17.35
21.69 22.58 22.82 23.28

1.22 0.88 0.50 0.44
1.19 1.27 0.94 1.08

100.84 100.28 100.75 100.18

1.968 1.954 1.949 1.931
0.002 0.003 0.000 0.000
0.096 0.098 0.108 0.109
0.070 0.064 0.072 0.066
0.003 0.002 0.002 0.002
0.916 0.913 0.929 0.938
0.834 0.875 0.880 0.905
0.085 0.062 - 0.035 0.031
0.034 0.036 0.027 0.031
4.008 4.007 4.001 4.014

Molar percentageof endmembers
Wo 49.93 50.03
En 46.16 46.34
Fs 3.91 - 3.63

47.35
47.91
4.75

46.38
50.16

3.45

45.94
50.38
3.67



H

Sample 0B93-297 0B93-302 0B93-305 0B93-307 0B93-309 0B93-310 0B93-314 0B93-3l7 Z
Grain ID cpxl cpx2 cpx7 cpx5 cpx3 cpxl0s cpxl cpx6s cpx3 cpx5s cpxl cpx5s cpxl
wt.%
Si02 53.96 54.59 54.44 53.47 53.28 54.36 54.16 53.63 53.30 53.65 53.94 54.34 54.34
Ti02 0.26 0.02 0.01 0.00 0.00 0.00 0.05 0.06 0.00 0.00 0.00 0.01 0.05
A1203 3.13 2.71 2.75 2.47 2.81 1.95 2.36 2.28 2.59 1.99 2.17 2.44 2.65
FeO* 2.33 2.01 2.02 2.20 1.85 2.07 2.08 2.03 1.98 2.39 1.87 1.95 1.98
MnO 0.10 0.05 0.05 0.06 0.07 0.09 0.06 0.08 0.11 0.07 0.09 0.10 0.11
MgO 16.70 16.96 16.74 16.89 17.26 18.00 16.71 17.25 17.76 18.75 17.68 17.72 17.06 -
CaO 21.68 22.48 22.13 22.60 23.70 22.92 22.09 22.77 23.72 22.50 23.25 22.07 22.43
Na20 1.27 1.12 1.10 0.93 0.10 0.45 1.17 0.82 0.00 0.00 0.41 0.34 0.92
Cr203 1.60 1.07 1.11 1.19 1.05 0.68 1.26 1.21 0.88 0.55 0.98 1.13 1.47
Total 101.03 101.00 100.35 99.81 100.11 100.50 99.94 100.12 100.33 99.89 100.38 100.10 101.02
Cations/6Oxygens
Si 1.937 1.956 1.961 1.946 1.931 1.958 1.963 1.945 1.928 1.944 1.948 1.959 1.949
Ti 0.007 0.001 0.000 0.000 0.000 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.001
Al 0.132 0.114 0.117 0.106 0.120 0.083 0.101 0.098 0.110 0.085 0.092 0.104 0.112
Fe 0.070 0.060 0.061 0.067 0.056 0.062 0.063 0.061 0.060 0.072 0.056 0.059 0.059
Mn 0.003 0.001 0.002 0.002 0.002 0.003 0.002 0.002 0.003 0.002 0.003 0.003 0.003
Mg 0.894 0.906 0.899 0.916 0.932 0.966 0.902 0.932 0.958 1.013 0.951 0.952 0.912
Ca 0.834 0.863 0.854 0.881 0.920 0.885 0.858 0.885 0.919 0.874 0.900 0.853 0.862
Na 0.089 0.077 0.077 0.065 0.007 0.031 0.082 0.057 0.000 0.000 0.028 0.024 0.064
Cr 0.045 0.030 0.032 0.034 0.030 0.019 0.036 0.035 0.025 0.016 0.028 0.032 0.042
Total 4.011 4.010 4.002 4.017 3.998 4.007 4.009 4.016 4.004 4.005 4.006 3.985 4.005

Mg# 92.75 93.78 93.66 93.20 94.33 93.95 93.46 93.82 94.13 93.33 94.40 94.20 93.88

Molar percentageof endmembers
Wo 46.40 47.20 47.09 47.27 48.22 46.23 47.05 47.10 47.47 44.61 47.16 45.76 47.01
En 49.71 49.52 49.55 49.14 48.84 50.51 49.48 49.63 49.45 51.70 49.88 51.09 49.74
Fs 3.89 3.29 3.36 3.58 2.94 3.25 3.46 3.27 3.09 3.69 2.96 3.15 3.24



Lac Superieur Mont Trapeze H
Lherzolites Harzburgites Dunites Pyroxenites

Sample 0B93-52 0B93-51 0B93-79 oB93-80 0B93-81c 0B93-83 0B93-85 0B93-99 0B93-82 0B93-94 0B93-281 0B98-282
Grain ID opxl opx2 opx4 opx4 opx2 opxl opxl opxl opx6ex opx2ex opx4.5 opx5
wt.%
Si02 56.14 56.92 57.66 57.13 57.60 56.25 57.70 56.77 56.69 56.22 57.47 58.24
Ti02 0.21 0.00 0.00 0.00 0.00 0.03 0.00 0.04 0.17 0.12 0.00 0.04
Al203 2.78 1.77 1.78 1.81 1.67 3.42 1.84 1.51 2.35 2.78 1.96 1.53 C
FeO* 6.25 5.05 4.89 4.98 5.11 5.39 5.14 4.99 6.98 6.67 5.32 5.01
MnO 0.14 0.14 0.13 0.15 0.16 0.13 0.14 0.14 0.20 0.21 0.12 0.16
MgO 34.10 34.86 34.84 34.67 35.40 33.57 35.25 35.29 33.36 33.32 34.42 34.91
CaO 0.42 0.62 0.71 0.91 0.73 0.99 0.68 0.59 0.59 0.80 0.55 0.50
Na20 0.04 0.12 0.03 0.00 0.00 0.28 0.00 0.05 0.02 0.05 0.04 0.04
Cr203 0.36 0.43 0.54 0.49 0.48 0.81 0.51 0.52 0.37 0.78 0.59 0.42 .

Total 100.43 99.90 100.58 100.14 101.15 100.88 101.25 99.88 100.75 100.95 100.46 100.84 g
Cationsl6Oxygens
Si 1.930 1.957 1.965 1.959 1.956 1.923 1.957 1.953 1.948 1.930 1.964 1.978
Ti 0.005 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.004 0.003 0.000 0.001 CD
Al 0.113 0.072 0.072 0.073 0.067 0.138 0.073 0.061 0.095 0.112 0.079 0.061
Fe 0.180 0.145 0.140 0.143 0.145 0.154 0.146 0.143 0.201 0.192 0.152 0.142
Mn 0.004 0.004 0.004 0.004 0.005 0.004 0.004 0.004 0.006 0.006 0.003 0.005
Mg 1.746 1.786 1.770 1.772 1.792 1.710 1.781 1.809 1.708 1.705 1.753 1.767
Ca 0.016 0.023 0.026 0.033 0.027 0.036 0.025 0.022 0.022 0.029 0.020 0.018 .

Na 0.003 0.008 0.002 0.000 0.000 0.019 0.000 0.004 0.002 0.003 0.003 0.002
Cr 0.010 0.012 0.015 0.013 0.013 0.022 0.014 0.014 0.010 0.021 0.016 0.011
Total 4.006 4.006 3.992 3.998 4.004 4.006 4.000 4.011 3.996 4.002 3.990 3.986

Mg# 90.68 92.48 92.69 92.55 92.51 91.73 92.44 92.65 89.49 89.90 92.02 92.55
Molar percentageof endmembers
Wo 0.80 1.17 1.33 1.71 1.36 1.90 1.25 1.10 1.12 1.52 1.04 0.95
En 89.76 91.21 91.28 90.76 91.04 89.81 91.09 91.44 88.22 88.25 90.90 91.45
Fs 9.44 7.62 7.39 7.54 7.61 8.29 7.66 7.46 10.66 10.23 8.06 7.60

Eachcolumn representsoneanalysis.The suffix "ex" = opx exsolutionfrom cpx.



Sample 0B93-284 0B93-287 0B93-289 0B93-291 0B93-297 0B93-302 0B93-305 0B93-307 0B93-309 0B93-310 0B93-314 0B93-317
Grain ID opxl opxl opx2 opxl opx2 opxl opxl opxl opxl opx2 opx2 opxl
wt.%
Si02 56.38 57.25 56.24 56.91 56.86 56.33 56.91 56.86 57.65 57.16 56.95 56.95 "

Ti02 0.00 0.02 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 C
Al203 2.68 2.40 2.53 2.33 2.46 2.06 3.26 3.53 2.50 3.38 2.86 2.53
FeO* 5.38 5.45 5.93 5.29 5.30 5.19 5.42 5.10 5.34 5.21 5.30 5.17
MnO 0.11 0.12 0.13 0.18 0.15 0.09 0.16 0.17 0.16 0.16 0.13 0.13
MgO 33.87 34.07 33.15 34.05 34.20 34.29 33.82 33.85 34.50 33.81 34.30 34.78 -
CaO 0.82 0.78 1.18 0.57 0.55 0.59 0.82 0.65 0.84 0.99 0.66 0.67
Na20 0.03 0.02 0.00 0.07 0.03 0.07 0.05 0.00 0.05 0.00 0.00 0.03
Cr203 0.67 0.59 0.67 0.55 0.68 0.59 0.72 0.74 0.54 0.65 0.62 0.74
Total 99.92 100.67 99.82 99.95 100.22 99.23 101.14 100.89 101.59 101.35 100.84 101.00
Cationsl6Oxygens
Si 1.941 1.955 1.945 1.956 1.949 1.951 1.935 1.934 1.951 1.938 1.941 1.939
Ti 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
A] 0.109 0.097 0.103 0.094 0.099 0.084 0.131 0.141 0.100 0.135 0.115 0.101
Fe 0.155 0.156 0.172 0.152 0.152 0.150 0.154 0.145 0.151 0.148 0.151 0.147
Mn 0.003 0.003 0.004 0.005 0.004 0.003 0.004 0.005 0.005 0.005 0.004 0.004
Mg 1.738 1.734 1.708 1.744 1.747 1.770 1.714 1.716 1.740 1.708 1.742 1.764
Ca 0.030 0.028 0.044 0.021 0.020 0.022 0.030 0.024 0.030 0.036 0.024 0.024
Na 0.002 0.001 0.000 0.005 0.002 0.004 0.003 0.000 0.003 0.000 0.000 0.002
Cr 0.018 0.016 0.018 0.015 0.018 0.016 0.019 0.020 0.015 0.017 0.017 0.020
Total 3.997 3.989 3.994 3.992 3.992 4.001 3.991 3.985 3.994 3.986 3.993 4.002

Mg# 91.82 91.77 90.88 91.98 92.00 92.17 91.75 92.21 92.00 92.04 92.02 92.31
Molar percentageof endmembers
Wo 1.57 1.49 2.28 1.10 1.05 1.12 1.56 1.26 1.59 1.90 1.26 1.26
En 90.38 90.40 88.80 90.97 91.04 91.14 90.32 91.05 90.55 90.30 90.86 91.14
Fs 8.05 8.11 8.91 7.93 7.91 7.74 8.12 7.70 7.87 7.81 7.88 7.60



41.00 41.43 41.22 41.03
8.10 8.00 8.05 8.57
0.09 0.11 0.11 0.06

50.74 50.70 50.90 51.21
0.06 0.09 0.07 0.06
0.33 0.32 0.33 0.36
0.00 0.00 0.03 0.00
0.00 0.03 0.01 0.02

100.32 100.68 100.73 101.30

0.995 1.001 0.996 0.989
0.164 0.162 0.163 0.173
0.002 0.002 0.002 0.001
1.835 1.825 1.833 1.840
0.002 0.002 0.002 0.001
0.006 0.006 0.006 0.007
0.000 0.000 0.001 0.000
0.000 0.001 0.000 0.000
3.005 2.999 3.003 3.011

40.91 40.41 40.76 41.55
8.79 10.12 8.31 8.11
0.12 0.13 0.13 0.13

50.59 49.21 51.08 49.98
0.08 0.10 0.06 0.06
0.32 0.36 0.35 0.35
0.00 0.03 0.03 0.03
0.00 0.01 0.00 0.04

100.81 100.37 100.72 100.23

40.93 40.40 40.30 0
10.01 10.43 11.14
0.17 0.14 0.17

49.40 49.38 48.25
0.07 0.10 0.04
0.29 0.30 0.34
0.04 0.00 0.04
0.02 0.10 0.02

100.92 100.85 100.29

0.996 0.987 0.993
0.204 0.213 0.229
0.003 0.003 0.004
1.791 1.798 1.772
0.002 0.002 0.001 .

0.006 0.006 0.007
0.001 0.000 0.001
0.000 0.002 0.000
3.003 3.012 3.006

Fo 90.18 91.78 91.86 91.84 91.42
Eachcolumnrepresentsoneanalysis.

91.11 89.65 91.64 91.66 89.79 89.40 88.53

Lac Sunerieur H
Dunites

0B93-85 0B93-99 0B93-6lc 0B93-64 0B93-82
oh ol3 ol7 o]3 olO

Lherzolite Harzburgites
Sample 0B93-52 0B93-51 0B93-79 0B93-80 0B93-81c 0B93-83
Grain ol3 ol8 o13 o16 oh o18 ol2
wt.%
Si02 40.36
FeO 9.57
MnO 0.15
MgO 49.32
CaO 0.03
NiO 0.34
A1203 0.00
Cr203 0.01
Total 99.78
Cations/4Oxygens
Si 0.992
Fe 0.197
Mn 0.003
Mg 1.807
Ca 0.001
Ni 0.00700

Al
Cr
Total

0.000
0.000
3.007

0.992 0.991
0.178 0.207
0.002 0.003
1.828 1.797
0.002 0.003
0.006 0.007
0.000 0.001
0.000 0.000
3.008 3.009

0.988 1.008
0.168 0.164
0.003 0.003
1.844 1.807
0.002 0.001
0.007 0.007
0.001 0.001
0.000 0.001
3.012 2.991



Mont Trapeze
Harzburgites

093-281
oh I

wt.%
Si02
FeO
MnO
MgO
CaO
NiO
A1203
Cr203
Total
Cationsl4Oxygens
Si 0.994 0.992
Fe 0.164 0.199
Mn 0.003 0.003
Mg 1.833 1.802
Ca 0.002 0.002
Ni 0.007 0.006
Al 0.001 0.000
Cr 0.001 0.002
Total 3.005 3.006

0B93-289
oil

________________________

H

0B93-29l 0B93-297 0B93-3020B93-305
oh2 oIl oll oll ol2

40.76 40.93 41.05 40.95
8.74 8.81 8.41 8.28
0.09 0.10 0.12 0.13 .

50.09 49.73 49.99 50.10
0.06 0.05 0.03 0.04
0.44 0.57 0.46 0.46
0.06 0.02 0.15 0.00
0.00 0.00 0.02 0.00

100.24 100.21 100.22 99.96

Sample
Grain

40.61 40.35
8.00 9.69
0.13 0.15

50.24 49.16
0.08 0.08
0.33 0.28
0.04 0.00
0.03 0.12

99.46 99.83

40.70 40.72
8.93 10.43
0.10 0.11

49.97 48.67
0.03 0.05
0.53 0.50
0.00 0.03
0.00 0.00

100.26 100.51

0B93-2820B93-2840B93-287
ol4 oh2 oll oh

40.77 40.97 40.67
7.57 8.58 8.58
0.11 0.09 0.08

50.29 49.66 49.66
0.05 0.09 0.04
0.34 0.50 0.45
0.00 0.02 0.02
0.00 0.00 0.02

99.13 99.90 99.51

0.999 1.001 0.998
0.155 0.175 0.176
0.002 0.002 0.002
1.836 1.808 1.816
0.001 0.002 0.001
0.007 0.010 0.009
0.000 0.001 0.001
0.000 0.000 0.000
3.001 2.999 3.002

00

0.993 0.997
0.182 0.214
0.002 0.002
1.818 1.777
0.001 0.001
0.010 0.010
0.000 0.001
0.000 0.000
3.007 3.002

0.994 0.998 0.999 0.999
0.178 0.180 0.171 0.169
0.002 0.002 0.003 0.003
1.820 1.808 1.812 1.821
0.002 0.001 0.001 0.001
0.009 0.011 0.009 0.009
0.002 0.001 0.004 0.000
0.000 0.000 0.000 0.000
3.005 3.001 2.999 3.001

Fo 91.80 90.04 92.21 91.16 91.16 90.89 89.26 91.08 90.95 91.38 91.51



Sample 0B93-307 0B93-3090B93-3100B93-314 0B93-317 Z
Grain oil oil oil oil oil
wt.%
Si02 40.95 40.72 40.89 40.83 41.06
FeO 8.43 8.61 8.51 8.30 7.98 h
MnO 0.10 0.08 0.12 0.09 0.09
MgO 49.90 49.65 49.54 50.23 50.35
CaO 0.04 0.06 0.10 0.05 0.02
NiO 0.53 0.50 0.50 0.52 0.57 -
A1203 0.05 0.03 0.03 0.02 0.03
Cr203 0.00 0.00 0.00 0.01 0.00
Total 99.99 99.64 99.69 100.05 100.10
Cations/4Oxygens
Si 0.999 - 0.998 1.001 0.996 0.999
Fe 0.172 0.176 0.174 0.169 0.162
Mn 0.002 0.002 0.002 0.002 0.002
Mg 1.814 1.813 1.807 1.825 1.825
Ca 0.001 0.002 0.003 0.001 0.001
Ni 0.010 0.010 0.010 0.010 0.011
Al 0.001 0.001 0.001 0.000 0.001
Cr 0.000 0.000 0.000 0.000 0.000
Total 3.000 3.002 2.998 3.004 3.001

Fo 91.34 91.13 91.21 91.52 91.84



LacSuperieur
Lherzolite Harzburgites
0B93-52 0B93-51Sample

Grain ID sp2 sp5 sp4
n=2 n=5

wt.%

0B93-78 0B93-79 0B93-80 0B93-8lc
spi sp3

n=3
spl

n=6
sp6
n=3

0B93-83 0B93-85
spl,ptl spl,pt3 sp2,pt2 sp2,pt3 splo,disc. spO

n=2

0.00
0.05

26.79
39.16
15.20
0.26

17.29
0.00
0.27

99.02

0.07
0.06

27.37
39.92
13.35
0.16

17.68
0.05
0.16

98.81

0.13
0.06

26.87
40.70
13.69
0.12

17.30
0.10
0.15

99.13

0.06
0.12

26.81
42.31
13.40
0.14

17.12
0.04
0.16

100.16

00

9.16 8.80 9.46 10.06
6.71 5.06 4.70 3.71

99.69 99.32 99.60 100.53

0.00
0.12

34.72
29.91
15.00

0.23
19.22
0.06
0.31

99.56

7.62
8.19

100.38

0.00
0.00
1.18
0.68
0.36
0.01
0.83
0.00
0.01
3.07
3.91

0.00
0.14

28.39
36.52
16.18
0.26

17.76
0.08
0.33

99.66

8.83
8.16

100.48

0.00
0.00
1.00
0.86
0.40
0.01
0.79
0.00
0.01
3.07
3.91

0.00
0.18

28.72
35.24
17.29
0.25

17.19
0.00
0.34

99.20

9.75
8.37

100.04

0.00
0.00
1.01
0.84
0.43
0.01
0.77
0.00
0.01
3.07
3.91

Si02 0.01 0.08 0.06
Ti02 0.48 0.09 0.08
Al,O,, 42.99 24.95 27.25
Cr2O3 21.54 42.65 40.78
FeO* 14.23 14.72 14.02
MnO 0.09 0.13 0.14
MgO 18.89 17.18 17.40
CaD 0.01 0.05 0.02
NiO 0.26 0.20 0.18
Total 98.50 100.03 99.92

FeO 9.63 9.63 9.62
Fe203 5.11 5.66 4.90
New Total 99.02 100.60 100.41
Cations/4Oxygens
Si 0.00 0.00 0.00
Ti 0.01 0.00 0.00
Al 1.42 0.88 0.95
Cr 0.48 1.01 0.96
Fe 0.33 0.37 0.35
Mn 0.00 0.00 0.00
Mg 0.79 0.77 0.77
Ca 0.00 0.00 0.00
Ni 0.01 0.00 0.00
CationTotal 3.04 3.05 3.04
OxygenTotal 3.95 3.94 3.95

Fe2° 0.22 0.24 0.24 0.23 0.22 0.23 0.25 0.18 0.22 0.24 0.18 0.27 0.24 0.23
Fe 0.11 0.13 0.11 0.15 0.11 0.10 0.08 0.17 0.18 0.18 0.17 0.21 0.06 0.07

New Cat.Total 3.04 3.04 3.04 3.05 3.04 3.04 3.03 3.06 3.06 3.06 3.06 3.07 3.02 3.02
New 0 Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

Cr# 25.16 53.41 50.09 49.52 49.46 50.39 51.43 36.62 46.32 45.15 26.83 57.16 53.01 50.57
Mg#Fe2 78.00 76.37 76.57 77.42 78.40 76.76 75.41 82.12 78.57 76.28 82.57 73.44 76.33 77.13

H

CD
spi
n=3 I -1

0.00 0.00 lID

0.03 0.05
26.01 27.55 CD
43.73 42.00
12.05 11.95
0.29 0.26 C

17.01 17.33
CD

0.00 0.06 CD
0.26 0.26

99.40 99.45 CD

9.48 9.23
2.86 3.01 C

99.68 99.75
C

0.00 0.00 -.
0.00 0.00 C
0.92 0.96
1.03 0.98
0.30 0.30
0.01 0.01
0.76 0.77
0.00 0.00
0.01 0.01
3.02 3.03
3.97 3.97

0.00
0.10

41.49
22.68
14.88
0.24

19.91
0.00
0.38

99.67

7.65
8.04

100.47

0.00
0.00
1.37
0.50
0.35
0.01
0.83
0.00
0.01
3.06
3.92

0.00
0.00
0.95
0.93
0.38
0.01
0.78
0.00
0.01
3.06
3.93

0.00
0.14

21.46
42.69
18.70
0.29

15.98
0.00
0.28

99.53

10.57
9.04

100.44

0.00
0.00
0.79
1.05
0.49
0.01
0.74
0.00
0.01
3.08
3.90

0.00
0.00
0.96
0.94
0.33
0.00
0.79
0.00
0.00
3.04
3.94

0.00
0.00
0.95
0.96
0.34
0.00
0.77
0.00
0.00
3.04
3.95

0.00
0.00
0.94
0.99
0.33
0.00
0.76
0.00
0.00
3.03
3.96

Eachcolumn representsoneanalysis,exceptwhereaverageanalysisis noted by n=x, andx=numberof averegedpoints.
Different analysesof the samegrain arenoted in "Grain ID". The suffix "s’ = symplectitespinel; and "disc." = discretespinel.



Dunites
Sample 0B93-99
Grain ID sp3 spl,disc.

n=2 n=2
wt.%

Pyroxenites
0B93-6lc 0B93-64 0B93-82 0B93-94

spS sp5 spS sp2 sp3
n=5 n=2 n=3

Mt.Trapze H
Harzburgites
0B93-284 0B93-287 0B93-289 CD

splO spll,disc. sp8 sp6 spl2 .j

n=2

__________________ __________________

I

00

Si02
Ti02
Al,0,
Cr203
FeO*
MnO
MgO
CaO
NiO
Total

FeO
Fe203
New Total
Cations/4Oxygens
Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Ni
CationTotal
OxygenTotal

Fe2’
Fe3’

0.00 0.00
0.29 0.30

25.71 23.59
42.92 45.02
12.63 13.37
0.27 0.31

16.68 16.11
0.01 0.01
0.24 0.23

98.76 98.94

10.00 10.57
2.92 3.11

99.05 99.25

0.00 0.00
0.01 0.01
0.91 0.85
1.02 1.09
0.32 0.34
0.01 0.01
0.75 0.73
0.00 0.00
0.01 0.01
3.02 3.03
3.97 3.96

0.25 0.27
0.07 0.07

0.03 0.03 0.04
0.60 0.58 0.97

30.97 25.11 36.24
30.20 35.08 27.11
19.97 22.87 17.16
0.21 0.21 0.14

16.35 14.38 17.30
0.01 0.00 0.01
0.25 0.24 0.27

98.57 98.48 99.25

11.75 13.83 11.67
9.14 10.05 6.10

99.49 99.49 99.86

0.00 0.00 0.00
0.01 0.01 0.02
1.10 0.93 1.24
0.72 0.87 0.62
0.50 0.60 0.42
0.01 0.01 0.00
0.73 0.67 0.75
0.00 0.00 0.00
0.01 0.01 0.01
3.08 3.09 3.05
3.90 3.89 3.93

0.29 0.35 0.28
0.20 0.23 0.13

3.06 3.07 3.04
4.00 4.00 4.00

0.00
0.13

34.66
33.44
12.71
0.24

18.55
0.00
0.34

100.07

8.80
4.35

100.51

0.00
0.00
1.17
0.76
0.30
0.01
0.79
0.00
0.01
3.04
3.95

0.00 0.00
0.60 0.57

29.94 31.32
35.73 36.81
15.64 10.77
0.28 0.24

16.61 20.29
0.00 0.01
0.28 0.19

99.08 100.21

11.16 6.19
4.98 5.10

99.58 100.72

0.00 0.00
0.01 0.01
1.05 1.06
0.84 0.83
0.39 0.26
0.01 0.01
0.74 0.87
0.00 0.00
0.01 0.00
3.04 3.04
3.94 3.95

0.27 0.15
0.11 0.11

3.04 3.04
4.00 4.00

0.00 0.00
0.29 0.33

21.57 23.02
46.12 44.93
15.23 15.81
0.30 0.30

15.39 15.60
0.01 0.05
0.25 0.27

99.15 100.30

11.43 11.68
4.23 4.58

99.57 100.76

0.00 0.00
0.01 0.01
0.79 0.83
1.13 1.08
0.39 0.40
0.01 0.01
0.71 0.71
0.00 0.00
0.01 0.01
3.04 3.04
3.95 3.95

0.00 0.00
0.09 0.11

27.03 26.52 .

40.84 40.63
15.48 17.24
0.30 0.27

15.89 15.07
0.01 0.02
0.23 0.30

99.86 100.16

11.60 12.84
4.31 4.89

100.29 100.65

0.00 0.00
0.00 0.00
0.96 0.94
0.97 0.97
0.39 0.43
0.01 0.01
0.71 0.68
0.00 0.00
0.01 0.01
3.04 3.04
3.95 3.95

0.29 0.32
0.10 0.11

3.03 3.04
4.00 4.00

New Cat.Total 3.02 3.02
New 0 Total 4.00 4.00

0.21 0.29 0.29
0.09 0.10 0.10

3.03 3.03 3.03
4.00 4.00 4.00

Cr#
Mg#Fe2

52.82 56.15 39.55 48.38 33.42 44.46 44.09
74.98 73.27 71.78 65.61 72.87 72.90 85.56

39.29 58.92 56.69 50.34 50.68
79.17 70.85 70.69 71.18 67.97



Sample 0B93-291
Grain ID sp6 spli

wt.%

H

_____________________________

0B93-297 0B93-302 0B93-305 0B93-307 OB93-309 0B93-3l0 0B93-3l4 0B93-3l7
spl sp8 sp4 spl sp8 sp6 spS sp8 spIl spS splI

_________________________________

n=2 n=2 n=2 n=2 n=2 n=2 n=3 n=2 n=4 n=2 t’

00

0.00
0.15

24.85
44.08
13.92

CD0.29 _

16.26
0.02
0.25

99.82

5i02 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO, 0.20 0.23 0.53 0.10 0.14 0.17 0.04 0.20 0.25 0.04 0.09 0.08
Al,O, 23.74 25.41 25.69 28.34 26.33 27.71 35.08 20.82 25.93 33.70 29.06 31.24
Cr,O, 44.89 42.81 42.59 40.38 41.89 40.84 33.78 46.72 41.25 34.96 40.60 38.23
FeO* 14.64 14.98 14.81 13.29 14.80 14.53 11.49 16.36 16.22 11.85 12.83 12.15
MnO 0.27 0.31 0.28 0.29 0.26 0.28 0.25 0.33 0.29 0.23 0.30 0.25
MgO 16.19 15.93 16.50 17.14 16.08 16.47 18.46 14.82 15.88 18.21 17.29 17.82
CaD 0.07 0.01 0.00 0.03 0.03 0.03 0.02 0.02 0.01 0.00 0.03 0.01
NiO 0.25 0.25 0.25 0.27 0.23 0.23 0.30 0.24 0.30 0.32 0.25 0.27
Total 100.31 99.94 100.65 99.84 99.76 100.27 99.42 99.51 100.12 99.31 100.43 100.04

FeD 10.87 11.38 11.09 9.83 11.21 11.00 8.69 12.18 11.62 8.86 9.90 9.35 10.69
Fe,O, 4.19 4.00 4.14 3.85 3.99 3.93 3.12 4.64 5.12 3.32 3.26 3.11 3.59
NewTotal 100.73 100.34 101.07 100.22 100.16 100.66 99.74 99.97 100.63 99.65 100.76 100.35 100.18
Cations/4 Oxygens
Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Al 0.84 0.90 0.90 0.99 0.93 0.97 1.18 0.76 0.92 1.15 1.00 1.07 0.88
Cr 1.07 1.02 1.00 0.94 0.99 0.96 0.76 1.15 0.98 0.80 0.94 0.88 1.05
Fe 0.37 0.38 0.37 0.33 0.37 0.36 0.28 0.42 0.41 0.29 0.31 0.29 0.35
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.73 0.72 0.73 0.76 0.72 0.73 0.79 0.69 0.71 0.78 0.75 0.77 0.73
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ni 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Cation Total 3.04 3.03 3.03 3.03 3.03 3.03 3.03 3.04 3.04 3.03 3.03 3.03 3.03
OxygenTotal 3.95 3.96 3.95 3.96 3.96 3.96 3.97 3.95 3.94 3.96 3.96 3.97 3.96

Fe" 0.27 0.28 0.27 0.24 0.28 0.27 0.21 0.31 0.29 0.21 0.24 0.22 0.27
Fe" 0.09 0.09 0.09 0.08 0.09 0.09 0.07 0.11 0.11 0.07 0.07 0.07 0.08

New Cat.Total 3.03 3.03 3.03 3.03 3.03 3.03 3.02 3.03 3.04 3.02 3.02 3.02 3.03
New0 Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

Cr# 55.92 53.06
Mg#Fe" 72.87 71.62

52.66 48.87 51.62 49.72 39.24 60.09 51.63
72.85 75.86 72.11 72.97 79.25 68.73 71.20

41.04 48.38 45.09 54.34
78.70 75.85 77.41 73.25



Lac Superieur H
Lherzohtes Harzburgites

Sample 0B93-52 0B93-51 OB93-53 0B93-56 0B93-58 0B93-66 0B93-74
Grain ID cpxi cpxl cpx2 cpx3s cpx4s avg 1 S.D. avg 1 S.D. avg 1 S.D. avg I S.D. cpx3 tj

_________________ _____________________________________

n=3 n=4 n=5 n=5

_________

00

ppm
La 2.0 16.4 23.0 9.7 0.72 0.04 0.01 0.12 0.02 0.07 0.04 0.03 0.01 0.49
Ce 6.4 31.1 45.9 14.0 0.64 0.05 0.01 0.30 0.06 0.08 0.03 0.05 0.00 1.29
Nd 6.1 7.4 11.4 2.1 0.098 0.051 0.009 0.218 0.027 0.085 0.044 0.048 0.034 0.801
Sm 2.4 1.0 1.5 0.3 0.030 0.034 0.005 0.095 0.053 0.096 0.071 0.051 0.046 0.278
Eu 0.9 0.3 0.5 0.1 0.015 0.010 0.003 0.036 0.012 0.022 0.006 0.015 0.012 0.105
Dy 3.2 0.4 0.6 0.1 0.033 0.032 0.005 0.096 0.032 0.063 0.054 0.033 0.014 0.360
Er 2.0 0.2 0.3 0.1 0.034 0.039 0.003 0.069 0.019 0.078 0.011 0.041 0.014 0.290
Yb 2.1 0.2 0.2 0.1 0.086 0.081 0.017 0.117 0.053 0.087 0.030 0.084 0.034 0.233

Ti 5290 32 36 36 23 45 3 33 5 n.d 35 2 254
V 287 114 114 157 98 131 3 114 6 n.d 125 8 145 CD

Cr 6093 4364 4200 4267 3134 4511 312 4003 574 n.d 4010 524 4703 CD
Sr 126 322 413 273 4 1 0 3 0 n.d 1 0 10
Y 17 2 2 1 0 0 0 0 0 n.d 0 0 lCD
Zr 30 3 9 1 0.4 0.7 0.4 0.9 0.1 n.d 0.6 0.2 3.9
Cl Normalized
La 8.6 69.9 98.0 41.2 3.1 0.2 0.5 0.3 0.1 2.1 rj

Ce 10.6 51.6 76.1 23.2 1.1 0.1 0.5 0.1 0.1 2.1
Nd 13.5 16.3 25.2 4.7 0.2 0.1 0.5 0.2 0.1 1.8
Sm 16.0 6.5 10.4 2.2 0.2 0.2 0.6 0.6 0.3 1.9 "

Eu 16.0 5.1 8.4 1.7 0.3 0.2 0.6 0.4 0.3 1.9
Dy 13.3 1.5 2.5 0.4 0.1 0.1 0.4 0.3 0.1 1.5
Er 12.4 1.0 1.7 0.7 0.2 0.2 0.4 0.5 0.3 1.8
Yb 12.6 1.1 1.3 0.6 0.5 0.5 0.7 0.5 0.5 1.4

Ti 12.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.6
Sr 16.2 41.3 52.9 35.0 0.5 0.1 0.4 0.2 1.3
Zr 7.6 0.7 2.3 0.3 0.1 0.2 0.2 0.1 1.0

La/Yb,, 0.68 66.02 72.71 70.40 5.81 0.38 0.71 0.59 0.28 1.44
La/Sm,, 0.54 10.81 9.42 19.04 14.92 0.81 0.78 0.48 0.41 1.10
All columnsrepresentasingle analysis,unlessnotedby thesuffix "avg", wheren=x id thenumberof averagedpoints.Thesuffix "s" denotessympiectitecpx.



Sample 0B93-77 0B93-78 0B93-79 0B93-80 0B93-81c 0B93-83 0B93-85 0B93-86
Grain ID cpx4 avg I S.D. cpx avg 1 S.D. cpx cpx7 cpxls cpx avg 1 S.D. Z

_______ ________

n=3

________ ________________ ________ ________________ ________

n=3
ppm
La 0.18 0.02 0.01 0.05 0.06 0.02 0.11 37.70 36.60 0.07 0.10 0.04 90

Ce 0.49 0.02 0.01 0.07 0.14 0.04 0.28 135.00 129.00 0.11 0.17 0.04 8
Nd 0.538 0.028 0.014 0.069 0.126 0.041 0.259 110.000 92.100 0.133 0.255 0.004
Sm 0.258 0.038 0.016 0.059 0.075 0.035 0.122 32.100 25.700 0.052 0.154 0.023
Eu 0.088 0.008 0.001 0.017 0.025 0.005 0.040 10.100 8.200 0.015 0.084 0.014
Dy 0.306 0.019 0.007 0.041 0.059 0.023 0.126 17.300 15.000 0.041 0.139 0.033
Er 0.155 0.038 0.018 0.052 0.058 0.018 0.08 6.950 6.430 0.037 0.195 0.022
Yb 0.239 0.040 0.019 0.133 0.109 0.026 0.137 5.610 5.270 0.123 0.178 0.039

Ti 113 n.d. 61 n.d. 125 646 26 99 5
V 136 n.d. 134 n.d. 131 126 107 128 7
Cr 7766 n.d. 4064 n.d. 4817 8482 3835 4004 557
Sr 4 n.d. I n.d. 3 655 2 2 0
Y 1 n.d. 0 n.d. 1 74 0 1 0
Zr 3.2 n.d. 0 n.d. 1.3 1372 0.4 2.1 0.2
CI Normalized

00
La 0.8 0.1 0.2 0.3 0.5 160.6 155.9 0.3 0.4

-.1 Ce 0.8 0.0 0.1 0.2 0.5 223.8 213.9 0.2 0.3
Nd 1.2 0.1 0.2 0.3 0.6 243.1 203.6 0.3 0.6
Sm 1.8 0.3 0.4 0.5 0.8 218.2 174.7 0.4 1.0
Eu 1.6 0.2 0.3 0.4 0.7 180.4 146.4 0.3 1.5
Dy 1.3 0.1 0.2 0.2 0.5 71.3 61.8 0.2 0.6
Er 1.0 0.2 0.3 0.4 0.5 43.7 40.5 0.2 1.2
Yb 1.5 0.2 0.8 0.7 0.8 34.5 32.4 0.8 1.1

Ti 0.3 0.1 0.3 1.5 0.1 0.2
Sr 0.5 0.2 0.3 84.0 0.2 0.3
Zr 0.8 0.3 348.2 0.1 0.5

La/Yb,, 0.53 0.35 0.26 0.41 0.58 4.65 4.81 0.37 0.39
La/Sm,, 0.45 0.34 0.52 0.54 0.59 0.74 0.89 0.78 0.41



Dunites H
0B93-99 0B93-61c 0B93-64 0B93-82

cpxl cpx2 cpx2,pt2

y
00

1.61 0.84 4.6
5.34 2.61 11.7

3.720 2.300 5.2 .

1.060 1.010 1.98
0.353 0.349 0.52
1.500 1.390 1.99
0.972 0.889 1.37
0.978 0.754 0.96

Ti 75 4
124 7

Cr 3848 408
Sr 3 0
Y 1 0
Zr 1.4 0.3
CI Normalized

0.5
0.4
0.5

115 1616
129 63

4326 340
5 21
1 5
2 12

30 4 619 733
101 7 166 168

3628 319 7035 6045
2 0 16 138
0 0 3 3

0.9 0.2 6.0 8.5

2.9 42.0
2.6 27.4
2.8 8.2
3.3 4.2
3.3 4.5
2.2 2.3

2881 1764 4390
256 157 272

6884 6996 5520
87 35 80
11 8 18

40.4 22.8 48.4

6.9 3.6 19.6
8.9 4.3 19.5
8.2 5.1 11.5
7.2 6.9 13.5
6.3 6.2 9.4
6.2 5.7 8.2

1.4 1.7 6.6 4.0 10.1
2.1 17.7 11.1 4.5 10.2
1.5 2.2 10.3 5.8 12.3

Sample 0B93-89
Grain ID avg I S.D. cpx2 avgother 1 S.D.

n=7 n=6

0B93-95 0B93-98
avg 1 S.D. cpxls cpx2
n=6

pp’n
La 0.11 0.03 0.01 0.19 0.03 0.06 0.00 0.68 9.85
Ce 0.26 0.04 0.02 0.58 0.13 0.16 0.04 1.54 16.50
Nd 0.238 0.036 0.091 0.446 0.046 0.109 0.034 1.250 3.690
Sm 0.162 0.043 0.156 0.308 0.154 0.089 0.044 0.483 0.615
Eu 0.050 0.014 0.026 0.088 0.018 0.027 0.012 0.185 0.250
Dy 0.156 0.016 0.071 0.288 0.113 0.071 0.021 0.540 0.563
Er 0.103 0.022 0.052 0.132 0.020 0.058 0.021 0.313 0.381
Yb 0.156 0.018 0.038 0.209 0.056 0.112 0.042 0.304 0.360

La
Ce
Nd
Sm 1.1
Eu 0.9
Dy 0.6
Er 0.6
Yb 1.0

Ti 0.2
Sr 0.4
Zr 0.4

0.1 0.8 0.3
0.0 1.0 0.3
0.2 1.0 0.2
1.1 2.1 0.6
0.5 1.6 0.5
0.3 1.2 0.3
0.3 0.8 0.4
0.2 1.3 0.7

2.0 2.4
1.9 2.2

6.1 5.6 8.6
6.0 4.6 5.9

La/Yb,, 0.49
La/Sm,, 0.43

0.27 0.62 0.39
0.06 0.38 0.45

1.54 18.94 1.14 0.77 3.30
0.88 10.04 0.95 0.52 1.45



Mt Trapeze
Pyroxenites

Sample 0B93-750B93-81b 0B93-87
GrainID grl grl grl

ppm
La
Ce
Nd
Sm
Eu
Dy
Er
Yb

1.06 4.21 0.86
3.26 11.04 2.90

2.894 7.282 1.895
1.423 1.656 0.980
0.496 0.480 0.318
1.735 1.322 0.986
1.141 1.011 0.725
0.975 0.626 0.629

0B93-94 0B93-1000B93-102
cpxl cpx3 cpxl cpxl

2.59 5.97 0.45 0.75
7.22 14.80 1.89 2.90

5.080 7.780 2.025 2.886
1.580 1.620 1.096 1.285
0.488 0.477 0.563 0.647
1.330 1.260 2.112 2.141
0.794 0.719 0.989 1.272
0.780 0.671 1.039 1.309

Ti
Sr
Zr

7.2 5.5
3.1 10.6
6.0 6.6

7.0 0.3
3.0 4.1
5.6 1.7

H
Harzburgites

0B93-280 0B93-28i 0B93-282
cpxl cpx3s cpxl cpx3 cpxl cpx8s tjJ

_________ _________ _________

0

C
2.53 9.67 1.52 0.41 0.41 0.39
5.02 17.83 1.39 0.86 0.86 0.72 .

2.524 4.584 0.266 0.264 0.454 0.350
0.844 0.737 0.085 0.119 0.506 0.224
0.248 0.304 0.021 0.055 0.122 0.123
0.628 0.658 0.151 0.157 0.802 0.621
0.259 0.295 0.170 0.162 0.389 0.451
0.211 0.305 0.245 0.223 0.314 0.389

00 CI Normalized

Ti 3131 2351 3095 2115 1077 2447 3063 138 - nd. n.d.
V 305 231 301 248 213 316 295 180 n.d. nd.
Cr 2574 6939 2756 7246 6388 3357 2471 7072 nd. nd.
Sr 24 81 21 62 90 20 24 32 nd. n.d.
Y 13 7 14 6 6 11 12 2 nd. n.d.
Zr 23.6 27.1 23.1 19.2 39.2 18.6 22.2 6.8 nd. nd.

La 4.5 17.9 3.7 11.0 25.4 1.9 3.2 10.8 41.2 6.5 1.7 1.7 1.7
Ce 5.4 18.3 4.8 12.0 24.5 3.1 4.8 8.3 29.6 2.3 1.4 1.4 1.2
Nd 6.4 16.1 4.2 11.2 17.2 4.5 6.4 5.6 10.1 0.6 0.6 1.0 0.8
Sm 9.7 11.3 6.7 10.7 11.0 7.5 8.7 5.7 5.0 0.6 0,8 3.4 1.5
Eu 8.9 8.6 5.7 8.7 8.5 10.1 11.5 4.4 5.4 0.4 1.0 2.2 2.2
Dy 7.2 5.4 4.1 5.5 5.2 8.7 8.8 2.6 2.7 0.6 0.6 3.3 2.6
Er 7.2 6.4 4.6 5.0 4.5 6.2 8.0 1.6 1.9 1.1 1.0 2.4 2.8
Yb 6.0 3.9 3.9 4.8 4.1 6.4 8.1 1.3 1.9 1.5 1.4 1.9 2.4

7.1 4.9 2.5 5.6
2.7 7.9 11.5 2.5
5.9 4.9 9.9 4.7

La/Yb,, 0.75 4.66 0.94
La/Sm,, 0.47 1.59 0.55

2.30 6.16 0.30 0.40
1.03 2.31 0.26 0.37

8.29 21.95 4.30 1.27 0.90 0.69
1.88 8.22 11.23 2.14 0.51 1.09



Sample 0B93-283 0B93-284
Grain ID cpxl cpx2 cpxl

ppm
La
Ce
Nd
Sm
Eu
Dy
Er
Yb

4.93 1.84 1.72
13.48 4.46 4.02
9.102 2.308 1.994
2.792 0.614 0.529
1.042 0.208 0.248
2.648 0.618 0.826
1.349 0.443 0.570
1.328 0.438 0.607

La/Yb,, 2.57 2.91
La/Sm,, 1.11 1.88

10.65 3.80 16.03 3.15
17.48 5.16 26.17 4.26
3.165 0.728 5.048 1.098
0.383 0.171 0.367 0.657
0.138 0.037 0.208 0.206
0.321 0.176 0.571 0.711
0.202 0.200 0.493 0.514
0.232 0.203 0.533 0.651

1.96 31.84 12.97 20.81 3.35
2.03 17.44 13.91 27.39 3.01

0.6
9.5
2.5

0B93-286 0B93-287 0B93-288
cpxl cpx4s cpx5s cpx6 cpxl

0B93-289 0B93-2910B93-297
cpx3 cpx7s cpxl cpxl

0B93-298
cpxl cpx6 Z

CD

y
1.34 0.56 0.42 6.69 13.19 6.23 3.96 9°
2.57 0.94 0.61 7.74 21.92 12.62 10.36 C

0.902 0.503 0.202 1.182 7.241 3.873 4.314
0.284 0.352 0.145 0.483 2.079 0.606 0.932
0.086 0.111 0.047 0.147 0.568 0.232 0.319
0.232 0.301 0.166 0.649 1.519 0.371 0.531 ..

0.151 0.302 0.195 0.401 0.876 0.244 0.310
0.185 0.328 0.277 0.390 0.782 0.335 0.365

Ti nd. 299 245 nd. 371 nd. 516 1543 258
V nd. 226 121 nd. 183 nd. 199 212 181
Cr nd. 8293 4026 nd. 7250 nd. 6903 10826 5589
Sr nd. 28 28 nd. 30 nd. 54 128 74
Y nd. 5 1 nd. 2 nd. 3 7 2
Zr nd. 4.1 5.1 nd. 9.7 nd. 7.3 78.4 9.7
CI Normalized
La 21.0 7.8 7.3 45.4 16.2 68.3 13.4 5.7 2.4 1.8 28.5 56.2
Ce 22.3 7.4 6.7 29.0 8.5 43.4 7.1 4.3 1.6 1.0 12.8 36.3
Nd 20.1 5.1 4.4 7.0 1.6 11.2 2.4 2.0 1.1 0.4 2.6 16.0
Sm 19.0 4.2 3.6 2.6 1.2 2.5 4.5 1.9 2.4 1.0 - 3.3 14.1
Eu 18.6 3.7 4.4 2.5 0.7 3.7 3.7 1.5 2.0 0.8 2.6 10.1
Dy 10.9 2.5 3.4 1.3 0.7 2.4 2.9 1.0 1.2 0.7 2.7 6.3
Er 8.5 2.8 3.6 1.3 1.3 3.1 3.2 0.9 1.9 1.2 2.5 5.5
Yb 8.2 2.7 3.7 1.4 1.2 3.3 4.0 1.1 2.0 1.7 2.4 4.8

Ti 0.7 0.6 0.9 1.2 3.5
Sr 3.6 3.5 3.8 6.9 16.5
Zr 1.0 1.3 2.5 1.9 19.9

26.5 16.9
20.9 17.2
8.6 9.5
4.1 6.3
4.1 5.7
1.5 2.2
1.5 1.9
2.1 2.2

5.03
2.96

1.19 1.06 11.87 11.68 12.87 7.50
1.00 1.83 8.68 3.98 6.44 2.66



ppm
La
Ce
Nd
Sm
Eu
Dy
Er
Yb

6.23 2.70 3.74 3.21
11.51 4.40 9.78 9.64
2.829 1.131 4.805 6.827
0.463 0.272 1.254 2.359
0.120 0.073 0.394 0.813
0.251 0.154 0.612 1.498
0.241 0.264 0.404 0.665
0.193 0.235 0.377 0.872

y
2.40 0.22 00

6.45 0.58 C

5.131 0.594
1.750 0.344
0.800 0.109
2.566 0.414
1.356 0.253
1.497 0.266

Sample 0B93-299
GrainID avgcpxl 1 S.D. avgcpx3s 1 S.D. avgcpx4s t S.D.

n=2 n=2 n=2

0B93-301
cpx1

0B93-302 0B93-305 0B93-306
cpx2 cpx7 cpxs cpx2 cpxl,pt2 cpx2

CD

2.28 0.59 1.36 0.02 3.68 0.08 3.35
2.40 0.79 2.05 0.05 7.55 0.21 7.04

0.330 0.044 0.589 0.040 2.860 0.135 2.897
0.035 0.010 0.123 0.049 0.599 0.023 0.474
0.022 0.001 0.043 0.005 0.193 0.024 0.185
0.103 0.019 0.108 0.004 0.217 0.038 0.195
0.168 0.029 0.153 0.008 0.144 0.026 0.299
0.240 0.029 0.204 0.054 0.281 0.033 0.284

Ti 68 63 63 69 169 168 166 781 4655 4071
V 156 155 169 151 192 222 150 155 348 350
Cr 5287 6245 5764 4467 6229 6457 6357 5526 3934 4864
Sr 12 4 24 19 74 36 91 129 92 81
Y 1 1 1 1 1 1 2 7 15 13
Zr 0.7 0.4 6.2 5.3 8.3 3.9 11.2 20.9 43.5 40.3
Cl Normalized
La 9.7 5.8 15.7 14.3 26.6 11.5 15.9 13.7 10.2 1.0
Ce 4.0 3.4 12.5 11.7 19.1 7.3 16.2 16.0 10.7 1.0
Nd 0.7 1.3 6.3 6.4 6.3 2.5 10.6 15.1 11.3 1.3
Sm 0.2 0.8 4.1 3.2 3.1 1.8 8.5 16.0 11.9 2.3
Eu 0.4 0.8 3.4 3.3 2.2 1.3 7.0 14.5 14.3 1.9
Dy 0.4 0.4 0.9 0.8 1.0 0.6 2.5 6.2 10.6 1.7
Er 1.1 1.0 0.9 1.9 15 1.7 2.5 4.2 8.5 1.6
Yb 1.5 1.3 1.7 1.8 1.2 1.4 2.3 5.4 9.2 1.6

Ti 0.2 0.1 0.1 0.2 0.4 0.4 0.4 1.8 10.7 9.3
Sr 1.6 0.5 3.1 2.5 9.5 4.6 11.7 16.5 11.8 10.4
Zr 0.2 0.1 1.6 1.3 2.1 1.0 2.8 5.3 11.0 10.2

La/Yb, 6.57 4.61
La/Sm,, 40.99 6.95

9.08 8.14 22.34 7.95 6.87 2.55
3.85 4.42 8.44 6.22 1.87 0.85

1.11 0.58
0.86 0.41



Sample 0B93-307 0B93-308 0B93-309 . 0B93-310 0B93-313
GrainlD cpx3avg lS.D. cpx5scpxlosavg 1S.D. cpx4 cpxl cpx6s cpx3 cpx7 cpx3 cpx4avg lS.D.

________

n=2 n=2

_________ _________________ _________________

n=2 CD

ppm I
La 0.16 0.08 0.03 5.05 0.39 4.85 4.97 1.01 0.01 0.01 10.17 12.62 0.57 90

Ce 0.14 0.07 0.03 9.73 1.22 6.84 7.60 1.64 0.01 0.03 14.19 23.68 0.88 C

Nd 0.072 0.016 0.053 3.218 0.154 1.554 1.795 0.759 0.022 0.043 2.519 6.017 0.645
Sm 0.050 0.022 0.021 0.496 0.019 0.445 0.382 0.348 0.020 0.040 0.598 1.229 0.158
Eu 0.015 0.000 0.020 0.175 0.028 0.104 0.158 0.084 0.011 0.009 0.228 0.386 0.086
Dy 0.092 0.017 0.086 0.235 0.037 0.411 0.450 0.342 0.074 0.018 0.960 1.079 0.142 a
Er 0.172 0.038 0.lil 0.183 0.043 0.232 0.288 0.274 0.108 0.029 0.502 0.704 0.077
Yb 0.246 0.036 0.173 0.215 0.010 0.267 0.278 0.198 0.163 0.024 0.583 0.707 0.094

Ti 68 3187 306 413 354 30 1262 1246
V 152 125 170 157 151 134 210 220
Cr 5712 60 6294 7887 7292 5889 7730 7948
Sr 1 48 33 39 14 0 63 73
Y 1 27 3 3 2 1 5 5
Zr 0.7 1.1 28.4 7.5 4.7 20.6 18.5
Cl Normalized
La 0.7 0.1 21.5 20.7 21.2 4.3 0.0 0.0 43.3 53.8
Ce 0.2 0.1 16.1 11.3 12.6 2.7 0.0 0.0 23.5 39.3
Nd 0.2 0.1 7.1 3.4 4.0 1.7 0.0 0.1 5.6 13.3
Sm 0.3 0.1 3.4 3.0 2.6 2.4 0.1 0.3 4.1 8.4
Eu 0.3 0.4 3.1 1.9 2.8 1.5 0.2 0.2 4.1 6.9
Dy 0.4 0.4 1.0 1.7 1.9 1.4 0.3 0.1 4.0 4.4
Er 1.1 0.7 1.2 1.5 1.8 1.7 0.7 0.2 3.2 4.4
Yb 1.5 1.1 1.3 1.6 1.7 1.2 1.0 0.i 3.6 4.3

Ti 0.2 7.3 0.7 0.9 0.8 0.1 2.9 2.9
Sr 0.1 6.2 4.3 5.0 1.8 0.1 8.1 9.4
Zr 0.2 0.3 7.2 1.9 1.2 0.0 5.2 4.7

La/Yb,, 0.45 0.10 16.30 12.59 12.39 3.55 0.03 0.32 12.07 12.36
La/Sm,, 2.04 0.74 6.38 6.84 8.15 1.82 0.25 0.17 10.66 6.44



Sample 0B93-3l4 0B93-317 0B93-3l8
Grain ID avgcpx 1 S.D. cpxl cpx2 cpx4savg 1 S.D. Z

n=4

________

n=2 CD

ppm
La 0.30 0.01 0.87 0.43 1.91 0.15 9°
Ce 0.81 0.05 1.87 0.63 4.15 0.01 8Nd 0.687 0.076 1.748 0.178 1.206 0.008
Sm 0.354 0.149 0.685 0.079 0.298 0.156
Eu 0.097 0.036 0.235 0.036 0.079 0.003
Dy 0.296 0.113 0.783 0.188 0.248 0.013 ..
Er 0.245 0.081 0.682 0.242 0.275 0.001
Yb 0.303 0.102 0.389 0.317 0.298 0.015

Ti 167 359 268
V 167 191 187
Cr 7436 8126 6888
Sr 7 25 22
Y 1 3 2
Zr 2.2 16.3 2.8
Cl Normalized
La 1.3 3.7 1.8 8.1
Ce 1.3 3.1 1.0 6.9
Nd 1.5 3.9 0.4 2.7
Sm 2.4 4.7 0.5 2.0
Eu 1.7 4.2 0.6 1.4
Dy 1.2 3.2 0.8 1.0
Er 1.5 4.3 1.5 1.7
Yb 1.9 2.4 1.9 1.8

Ti 0.4 0.8 0.6
Sr 0.9 3.2 2.8
Zr 0.5 4.1 0.7

La/Yb,, 0.70 1.55 0.93 4.43
La/Sm,, 0.54 0.79 3.39 4.02



Sample 57Sr/"’Sr [Sr] ppm ‘43Nd/’44Nd Epsilon Nd [Nd] ppm [Rb] ppm [Sm] ppm
OB9352*

OB9351*

0.705205

0.706450

115

177

0.512598

0.512428

-0.78

-4.11

5.1

6.5

0.007

n.d.

n.d.

nd.

0B93-78t 0.703296 0.2 n.d. n.d. 0.006 0.0004 ,

0B93-801’
OB9383cpx*

0.705272
0.706427

1.8
557

0.512451
0.512413

-3.6
-4.4

0.1
119.5

0.005
0.069

0.001
nd.

OB9383phlog* 0.706814 286 0.512434 -4.0 n.d. 155.4 n.d. Z
OB93-94cpx 0.708686 63.9 0.511988 . -12.7 6.9 0.2 nd.
0B93-94phiog 0.712744 43.1 n.d. n.d. 209 nd.

0B93-641 0.705239 29.3 0.512510 -2.5 2.3 n.d. 0.78
OB93-64 0.705393 24.6 n.d. n.d. n.d. n.d. n.d. 8

0.706380 889 0.512419 -4.3 23.04 n.d. nd.0B93-59dike*

nd. not determined
* Sr andNd analyzedatWHOI; Sr, Nd, Rb andSm analyzedat OkayamaUniversity; § Sr analyzedat MIT, Ndat WHOI.
All analysesare on clinopyroxeneseparates,exceptthosenoted"phlog" phlogopite,andthe wholerockdike.
All concentrationsweredeterminedby isotopedilution andTIMS on the samesamplealiquot asthe isotopiccomposition.
Precisionof isotopiccompositions2s for Sr measuredatWHOI = 2 1-25 ppm,and5-6 ppm for thosemeasuredatMIT.
Precisionof isotopiccompositions2s for Nd measuredatWHOI are<10 ppm, exceptoB93-94phlog = 72 ppm.
Precisionof isotopiccompositions2s measuredat Okayamafor Sr = 8-22 ppm,
and16 ppm 0B93-64 and46 ppm 0B93-80 for Nd.



Table2-10.Re-Osisotopiccompositionsfrom Hasslerand Shimizu,1998.

Sample
‘870s/’880s

Os ppt Re ppt Re/Os TmGa

x103
Lac Superieur

OB9351* 0.1262±2 87 n.d.
OB93-52t 0.1286±3 4218 n.d.
OB93-64 0.1300±2 968 n.d.
0B93-77 0.1263±3 3199 5 2
0B93-78 0.1266±6 2888 n.d.
0B93-80 0.1252±2 1727 n.d.
OB93-82 0.1287±2 6999 n.d.
OB9383* 0.1257±4 44 n.d.

0B93-280 0.1189±2
MontTrapeze

3067 6 2 1.36
0B93-284 0.1236±1 6652 29 4 0.63
OB93284bII 0.1229±3 6645 n.d. 0.74
0B93-287 0.1239±3 1267 49 39 0.58
0B93-289 0.1224±3 3411 12 4 0.81
0B93-291 0.1205±4 2157 11 5 1.11
OB93-297 0.1228±3 2409 31 13 0.75
0B93-305 0.1211±3 2012 72 36 1.02
0B93-305r11 0.1202±4 2179 n.d. 1.16
0B93-306 0.1276±5 516 41 80
0B93-307 0.1229±3 5605 49 9 0.74
0B93-314 0.1383±6 3281 9 3
0B93-317 0.1196±4 2652 11 4 1.25
*Olivine Separate. lSpineliherzolite. Wehr1iticdunite.
§Phlogopite-bearingspinellherzolite. liReplicate.
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2.8 Figures

Figure2-1. Examplesofperidotitetexturesandmineralogy.Reflectedlight
photomicrographof spinelandcpx symplectiteintergrowthfrom sampleOB93-79.The
light coloredmineralwith vermicularintergrowthis spinel andthedarkergray is
clinopyroxene.Thescaleis 1mmacrossthe grain.
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Figure2-1. continued.Reflectedlight photomicrographshowingthemetasomatictexture
of sample0B93-83.Remnantsof symplectitespinel light colored,central lowerpartof the
grain,can be seenin the clinopyroxenedarkergray color. Phlogopitecentralsmall
euhedralgrainandthestriatedareaon theright coexistswith apatitestippledareato lower
right of phlogopite. Thescaleis 1.5 mm acrossthegrain.
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0I

Figure2-2.Wholerock geochemistryof Kerguelenperidotitesclassifiedaccordingto the
IUGS systemStreckheisen,1973.Thecalculatedmineral modal abundancesare shown
as filled squares.All samplesareharzburgites,exceptsample0B93-52,whichplots in the
lherzolitefield. Note that manyof thesamplesareextremelyrich in theirorthopyroxene
Opx contents.Mt. Trapeze:opensquares;Lac Superieur:closedsquares.
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Figure 2-3.OceanictrenddiagramafterBoyd, 1989. Kerguelensamplesof this study
Lac Superieurlocality: filled squares,Mt. Trapezeopensquares,andotherSoutheastern
ProvincesamplesDome Rouge:gray circlesandothers:gray diamondsare shownalong
with otheroceanicsamplesHawaii: small filled circles,Samoa,small opendiamonds,and
theCanaryIslands:small filled diamonds.ThelherzoliteLacSuperieursample0B93-52
plots on theoceanictrend,as do threeofthe Mt. Trapezesamples0B93-287,OB93-289,
OB93-297.Theremainingsamplesof this study,andsomesamplesfrom the Southeast
Province,Hawaii, Samoa,andone from theCanaryIslandslie abovetheoceanictrend,
someevenextendinginto the field definedby SiberianandKaapvaalcratonicxenoliths.
Fields anddatafrom Boyd 1989,Boyd et al. 1997,Kelemenet al. 1998,Grègoire
1994,Hauri andHart 1994, Sen1988,andWuiff-Pedersenet al. 1996.

Siberianand

I

0* **

Lao Superieur

o Mt. Trapeze

Other Kerguelen
Islands localities

0 Kerguelen Islands,
Dome Rouge

C Hawaii
Samoa

* Canary Islands

*
o Oceanic

Trend

101



Figure 2-4.Comparisonof REEclinopyroxenesandwhole rocksfor selectedsamples,
illustrating the traceelementmassbalance.Seethe text for morediscussion.
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Figure2-5. SpinelCr# v. Mg#. Spinelsfrom theLac SuperieurREEdepletedsamples
grayfield havea restrictedrangeof Cr-rich spinelsindicatingtheir extremedepletion.The
lherzolite0B93-52plots towardstheotherendof the array,consistentwith its fertile
nature.Theremainingsamplesfall betweenthetwo extremes,someextendingto even
moreCr-rich compositions.This indicatesthevariationamongresidualandmetasomatic
signaturesin thesesamples.TheduniteshavelowerMg# for a givenCr#. Theabyssal
peridotitefield shownfor referencefrom Dick andBullen, 1984
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Variation of REE in Cpx from Lac Superieurperidotites
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Figure2-6. RangeofclinopyroxeneREEcompositionsfrom theLac Superieurlocality.
Opensymbolsrepresentgrainsfrom individual rocks,closedsymbolsarefrom a single
xenolith 03-51.
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Variation of REE in Cpçfrorn Mt. Trapezeperidotites
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Figure2-7. Rangeof clinopyroxeneREEcompositionsfrom theMt. Trapezelocality.
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Figure2-8. NormalizedREEpatternsof harzburgiteswith heterogeneousREE
abundances.
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Figure2-9.NormalizedREEpatternsof LREE enrichedharzburgites.
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Figure2-10.Spidergramsof sampleswith high REEabundancesandnegativerelativeTi
andZr anomalies.
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Figure2-11.Chondrite-normalizedREEabundancesofmelts in equilibrium with
clinopyroxenesfrom lherzolite0B93-52andfrom thewehrlitic-dunites.Abundancesin
Kerguelenbasaltsareshadedlight gray, thosefrom the SEIR aredarkergray.Fieldsbased
on datafrom: Davieset al., 1989;Alibert, 1991; Gautieretal., 1990;Weiset al., 1993;
Yang etal., 1998a;Michardet al., 1986; Dossoet al., 1988.
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Figure2-12.REEpatternsof hypotheticalmelts that aresimilar to REEabundances
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Figure2-14.Traceelementabundancesofclinopyroxenesfrom LREE depleted
harzburgites.
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Figure2-15.NormalizedREEpatternsof clinopyroxenesfrom depletedharzburgites.
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Lac Superieur REE depleted harzburgites
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Lac Superieur REE depleted harzburgites
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Mont Trapeze REE depleted harzburgites
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Figure2-16.NormalizedREEpatternsof the lherzolite.
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Figure2-17.NormalizedREEabundancesof the wehrlitic-dunites.
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Figure2-18.NormalizedREEpatternsof clinopyroxenesfrom the REEenriched
harzburgites.
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REF enriched harzburgites Mont Trapeze
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Figure 2-19.NormalizedREEabundancepatternsof clinopyroxenesfrom pyroxenites.
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Figure 2-20.Nd v. Srisotopic diagramofclinopyroxenesandhostbasaltfrom the
Kerguelenxenolith suite.Clinopyroxenesfrom xenolithsfrom the SoutheastProvinceare
alsoshownfor referencesmall closedcircles.Fieldsfor the Indian OceanMORB,
KerguelenIslandsbasalts,HeardIslandsbasaltsandSite 735B andthe NaturalistePlateau
are shownas shadedfields from Alibert, 1991;Dossoetal., 1988;Gautieretal., 1990;
Mahoneyet al., 1994;Mattielli etal., 1996; Mattielli etal., 1999;Weiset al., 1993;Yanget
al., 1998a.
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Chapter 3 Osmium Isotopic Evidencefor
Ancient SubcontinentalLithospheric
Mantle Beneaththe Kerguelen Islands,
Southern Indian Ocean

3.1 Abstract
Uppermantlexenoliths found in oceanislandbasaltsarean importantwindow through
which theoceanicmantlelithospheremaybe vieweddirectly. OsmiumOs isotopicdata
on peridotitexenolithsfrom theKerguelenIslands,an archipelagothatis locatedon the
northernKerguelenPlateauin thesouthernIndianOcean,demonstratethatpiecesof mantle
of diverseprovenancearepresentbeneaththe Islands. In particular,peridotiteswith
unradiogenicOs andancientrheniumRe-depletionagesto 1.36 Gaold maybe piecesof
the Gondwanalandsubcontinentallithospherethatwereincorporatedinto the Indian Ocean
lithosphereas a resultof the rifting process.

3.2 Os evidencefor subcontinental lithosphere
TheKerguelenhotspotbecameactive at least115 Ma 1, andpossiblyas long as 130 Ma,

whenIndia separatedfrom Australia-Antarctica2. TheKerguelenmantleplumeis

consideredto be responsiblefor extensivehotspotvolcanismin the IndianOceanbasin3,

including theNinetyeastRidge,BrokenRidge,aswell astheKerguelenPlateau,the

secondlargestof theoceanicplateausFig. 1. Moreover,theKerguelenplumeis a carrier

of theDUPAL isotopic anomaly4, a characteristicofbasaltseruptedin theSouthern

Hemisphere.Theinteractionof this plumewith the Indian Oceanlithospherehas

potentiallyaffectedthe geochemicalandtectonicevolutionof theentireIndian Oceanbasin

2, 5.

Onenotionfor the origin of theKerguelenPlateauandtheKerguelenIslandsis that

their lithosphericbasementcontainsa continentalfragmentleft behindfrom the breakupof
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Gondwanaland6. Basaltsfrom thesouthernKerguelenPlateauODP drill-site 738 do

havetraceelementandisotopicsignaturesindicativeof a continentalcomponentin their

source7 andrecentseismicexperimentsshowedthat the southernKerguelenPlateauhas

a structuresimilar to a continentalpassivemargin8. However,a seismicrefraction

study,aswell asearlyisotopic work on basaltsfrom the archipelago,establishedan

apparentoceanicorigin 6, 9. HerewepresentOs isotopicdatathat establishesthe

presenceof continentallithospherein the northernKerguelenPlateauandthe involvement

of continentalmaterialsin the formationof the KerguelenIslands.

We examinedthe Re-Osisotopicsystematicsin peridotitexenoliths10 from two

samplelocalitiesthatarelessthan 10 km apartLacSuperieurandMont Trapezein the

CourbetPeninsula,northeasternKerguelenIslandsFig. 1 inset. Thexenoliths are

abundantin alkalinebasalticdikesthatcross-cut"plateaubasalt" lavasthatcomprisethe

CourbetPeninsulaandformed23 to 25 Ma 1].

Thesamplesarepredominantlyrefractorycoarsegranularharzburgites[olivine: -60

% forsteritecontent= 90-92%,orthopyroxene:-‘35 %,clinopyroxene:1-5 %, andtrace

amountsof spinel],but alsoincludemoreclinopyroxene-richtherzolitesandwehrlitic

dunites. Therocksare freshand do not containany secondaryalterationminerals.Many

of theperidotitesfrom both localitiesreactedwith melts thatpercolatedthroughthem.

Forexample,someharzburgitescontainnewly formedclinopyroxenecrystalsthat are

enrichedin incompatibletraceelementsfor example,chondritenormalizedLaN = 100,

whereascoexistingoriginal clinopyroxenegrains occurassymplectiteintergrowthswith

both orthopyroxeneandspinel,andhavedepletedincompatibletraceelementabundances

for example,LaN = 3. Someperidotitesat moreadvancedstagesofreactionhavetrace

elementenrichedclinopyroxenesfor example,LaN = 300 thatareintergrownwith

phlogopite12.
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During interactionswith percolatingmetasomaticmelts,the Sr andNd isotopic

characteristicsofthe original peridotitesarelikely to be replacedby thoseofthemelt,

becausetheconcentrationsof theseincompatibleelementsin themelt aremuchhigherthan

in the peridotite. For instance,Srisotopiccompositionsof clinopyroxenesfrom the few

unmetasomatizedperidotitexenolithsfor exampleOB93-78: 87Sr/86Sr= 0.70329±2are

similar to thoseofIndian mid-oceanridgebasalts[MORB, 13], whereasmetasomatic

clinopyroxeneshaveSr isotopic compositionsfor example0B93-83:87Sr/86Sr=

0.706427±10similar to thoseof alkalinebasaltsfrom theKerguelenIslands6, reflecting

their origin from Kerguelenplumemelts12, 14. Thus,the incompatiblegeochemical

tracersrecordmantleprocessesassociatedwith plume-lithosphereinteraction,but

information aboutxenolithprovenanceis lost in the xenolithsthat haveundergone

metasomaticreaction.

In contrast,theisotopic compositionsof elementsthat arecompatiblein peridotites

arelesslikely to be modifiedduring metasomatismbecausetheirconcentrationsaremuch

higherin peridotitesthan in the percolatingmelts. Osmiumis acompatibleelementduring

partial meltingof peridotite15; therefore,187Os,the radiogenicdaughterof 187Re,is an

isotopictracerthat is relatively insensitiveto subsequentmantlemetasomaticprocesses.

For thesereasons,the Re-Ossystemis particularlysuitablefor determiningthe provenance

of peridotitesandfor datingprimary meltingeventsof peridotiteformation 16.

The Os isotopiccompositionsof peridotitexenolithsfrom the KerguelenIslands

Table 1,Fig. 2 vary overa wide range187Os/1880s= 0.1189±2to 0.1383±6andextend

to compositionsthatarelessradiogenicthanhavebeenobservedin rocksfrom oceanic

settings,including xenolithsfrom otheroceanislands[for example,Samoanperidotites

have187Os/188Os= 0.1225to 0.1309,17]. Re/Osratiosin the xenolithsarelow 2x103

to 80xio Table 1, andagecorrectionfor isotopic ingrowthsincethe time of the eruption
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of thehostbasaltsis negligible. ThemoreradiogenicOs isotopiccompositionsof this

xenolith suitecannotbe explainedby contaminationwith KerguelenIslandsbasaltbecause

unrealisticadditionsof basaltwould be required[>20%; with 187Os/1880s= 0.1565,and

[Os] = 100 ppt18]. Thus,weinterpretthesevariationsas primarysignaturesthat reflect

thediversity ofthe xenolith provenance.

Within the samplesuite,two spinelharzburgitesfrom Mont Trapeze,andthree

comparativelyclinopyroxene-richlherzolitesfrom LacSuperieur,haverelatively radiogenic

Os isotopic compositions187Os/t88Osof0.1276±5to 0.1383±6.Thesevaluesaretypical

of oceanislandbasalts19-23,andmay reflecta partof thespectrumof Os isotopic

compositionsof theKerguelenplume.

Theremainingxenolithsfrom Lac Superieuraregroupedat 1870s/188Os

0.1260±7,within the rangeof compositionsestimatedfor themodernoceaniclithosphere

from abyssalperidotites19, 24. Indeed,someclinopyroxenesin samplesof this group

haverareearthelementabundancepatternscomparableto thosein abyssalperidotites,and

Sr isotopiccompositionsof clinopyroxenesfrom theserocksaresimilar to IndianOcean

MORB valuesasnotedabove12. Thesecharacteristicsareevidencethat thesexenoliths

originatedfrom the IndianOceanlithosphericmantle.

In contrast,theharzburgitesfrom Mont Trapezeexhibit a greaterrangein Os

isotopiccomposition,andmostare significantly lessradiogenicto 1870s/1880s=

0.1189±2thanthe xenoliths from Lac Superieur.SuchunradiogenicOs isotopic

compositionsrequirereservoirsthat hadextremelylow Re/Osratios for geologically long

periodsof time. TheRe-depletionmodel ages16, 25 for theMont Trapezexenoliths are

from 0.58 to 1.36 GaT Table 1. SuchunradiogenicOs isotopiccompositionshave

neverbeenobservedin oceanicenvironments,andare not expectedto bepartof theyoung
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-40 Ma beneaththeKerguelenIslandsIndian Oceanmantle lithosphere. Comparably

unradiogenicOs isotopiccompositionshaveonly beenfoundin ancientsubcontinental

lithosphericmantleperidotitessuchasorogenicmassifs26 andxenolithsfrom cratonic

areas16, 27.

We suggestthat theseanomalousunradiogenicxenolithsarepiecesofthe

Gondwanalandsubcontinentallithosphere.Thatthe unradiogenicxenoliths arefoundin

only oneof the two localities suggeststhat thepiecesof subcontinentallithospherecould be

small andlocalizedandthus undetectablein geophysicalobservationsofthe northern

KerguelenPlateau9.

A possiblemechanismfor emplacingsmall discretefragmentsof subcontinental

lithosphereinto themiddleof ayoungoceanbasinis that subcontinentallithosphericmantle

wasdelaminatedandincorporatedinto thenewly-formingIndianOceanlithosphereduring

the rifling of theeasternGondwanalandcontinents.A similar processmay explain the

unusualgeochemicalcharacteristicsof somebasaltsfrom the SouthwestIndianRidge

SWIR, 39°E to 41°E, theAfanasy-NikitinRisein the northernIndian Ocean,the

Oceanographerfracturezoneon theMid-Atlantic Ridge,thegeochemicalsignaturesof

basaltsfrom theAzores,as well astheoriginof the DUPAL anomaly21, 28. This

processis consistentwith theseismicstructureof thesouthernKerguelenPlateau8. If

delaminationis commonin continentalrifling 29, it couldcontributeto mantle

heterogeneitiesthatare manifestedin basaltgeochemistry21, 28.

Anotherpossibility is thateasternGondwanalandsubcontinentallithosphericmantle

wastransportedto the KerguelenPlateauby theKerguelenplume. In this scenario,the

convectingincipient plume-headerodedthebaseof theGondwanalandlithosphere,pieces

of which werethenintegratedinto theIndianOceanlithosphere.Theearliestvolcanism
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that canbe relatedto theKerguelenplumewith certaintyis the southernKerguelenPlateau,

which formedat 115 Ma 1, 30. At 115 Ma,theKerguelenPlateauwas forming within

theyoungIndianOceanbasinmore than500 km from the Gondwanalandcontinental

marginssee2, 31. In this case,an unusuallylargeplumeheaddiameter= 1000km

would be requiredto erodeandentraintheGondwanalandlithosphereinto theKerguelen

plume. If the 130 Ma BunburyBasaltsWestAustraliaandRajmahalTrapsIndia were

identifiable asearlyKerguelenplumeactivities,the requirementfor sucha largeplumehead

may notbe necessary.However,a geneticrelationshipof theserocksto theplumeis still

controversial30. On thebasisofthesearguments,we considerthat this model is

unlikely.

Alternatively, theseunradiogenicxenolithscouldbe piecesof Precambrianoceanic

mantlelithosphererecycledthrougha subductionzoneandreturnedto the lithosphereby

way of the Kerguelenplume. Thatperidotiteswith unradiogenicOs isotopiccompositions

havenot yetbeenobservedfrom any otheroceanicislandssuggeststhat this hypothesis,

too,is unlikely.

Ourpresentdatasuggestthatmantleof diverseprovenanceis presentbeneaththe

KerguelenIslands. Theresultsalsoindicatethat thenorthernpartof theKerguelenPlateau

is partially composedof lithosphericmantlederivedfrom the Gondwanalandcontinentsand

is not completelyoceanicin origin.
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3.4 Tables

Table 3-1. Rheniumandosmiumisotopic resultsfrom KerguelenIslandsperidotite
xenoliths. All samplesarespinelharzburgitesexceptasnoted.

Sample 187Os/158Os Os 32 Re
ppt ppt

Re/Os
x103

TAD 25
Ga

Lac Superieur
OB9351* 0.1262±2 87 n.d.
0B93-524 0.1286±3 4218 n.d.
OB93-64t 0.1300±2 968 n.d.
OB93-77 0.1263±3 3199 5 2
OB93-78 0.1266±6 2888 n.d.
0B93-80 0.1252±2 1727 n.d.
OB93-82t 0.1287±2 6999 n.d.
OB9383* 0.1257±4 44 n.d.

Mt. Trapeze
OB93-280 0.1189±2 3067 6 2 1.36
0B93-284 0.1236±1 6652 29 4 0.63
0B93284bll 0.1229±3 6645 n.d. 0.74
0B93-287 0.1239±3 1267 49 39 0.58
0B93-289 0.1224±3 3411 12 4 0.81
OB93-291 0.1205±4 2157 11 5 1.11
0B93-297 0.1228±3 2409 31 13 0.75
OB93-305 0.1211±3 2012 72 36 1.02
OB93-3O5rll 0.1202±4 2179 n.d. 1.16
OB93-306 0.1276±5 516 41 80
OB93-307 0.1229±3 5605 49 9 0.74
OB93-314 0.1383±6 3281 9 3
OB93-317 0.1196±4 2652 11 4 1.25

* olivine separate;t wehrlitic dunite; spinel Iherzolte;§ phologpite-bearingspinel lherzolite; II
replicate;n.d. not determined.
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3.5 Figures

Figure3-1. Map of the Indian OceanandKerguelenIslands.Submarineplateausand
ridgesrelatedto the KerguelenPlumearehighlightedin light grayshading,andthe
locationsof the SW]IR andSEIRare shown. Filled circlescorrespondto DeepSeaDrilling
ProjectDSDP andOceanDrilling ProjectODP drill sites. Theagesof recovered
basalticbasementfor eachdrill-hole areadjacentto the symbols. TheKerguelenIslands
inset, arelocatedatthe northernendof the KerguelenPlateau. On the CourbetPeninsula,
filled starsmarkthe two xenolith localities of this study,LacSuperieurandMont Trapeze.
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Figure3-2. Histogramof the Os isotopiccompositionof the KerguelenIslandsperidotite
xenolithsby location.Most samplesfrom the LacSuperieurlocality black aremore
radiogenicthanmostof thosefrom the MontTrapezelocality white. Thetypical erroris
lessthanthe width of a bar. Shownfor comparison,is the rangeof initial Os isotopic
compositionsof otherrocktypesfrom aroundthe world 16, 19-24,26,27. Only data
for abyssalperidotitesthatarenot contaminatedwith seawaterOs are shown.
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Chapter 4 Trace Element and Sr, Nd and Os
Isotopic Composition of Mafic Granulite
Xenoliths from the Courbet Peninsula,
Kerguelen Islands

4.1 Introduction

TheKerguelenIslandsaresituatedin the southernIndianOceanatoptheKerguelen

Plateau,the secondlargestofthegiantoceanicplateaus.TheKerguelenPlateauand

Islands,alongwith otherlargebathymetricfeaturesof the IndianOceantheNinetyeast

RidgeandBrokenRidge,Figure 1-1 are resultsof basaltichotspotvolcanismthat is

attributedto the long-lived Kerguelenmantle plume Mahoneyet aL, 1983; Storeyet al.,

1989.Plume-relatedbasaltsandincludedxenoliths havebeenthe subjectof many

comprehensivestudiesWatkinset al., 1974;Dossoet al., 1979; Gautieretal., 1990;Weis

et al., 1993;Yanget al., 1998; Grègoire,1994;Mattielli, 1996; HasslerandShimizu,

1998,two DeepSeaDrilling ProjectDSDP legsDavieset al., 1974;von derBorchet

al., 1974,andthreeOceanDrilling ProgramODP drilling legs[Leg 119 Barronet al.,

1991,Leg 120 Wise et al., 1992,and Leg 183 Dec., 1998 - Feb., 1999] havesampled

thebasalticbasementof the plateau.But, mostlybecauseof its hugesizeandremote

location,largeareasof the 2x 106 j2 KerguelenPlateauremainunsampledand

unsurveyed.

It is not completelyknown how theselargeigneousprovincesLIP form, but it is

clearthat theyarenot a resultof normal seafloorspreadingandrequirea mantleplumeto
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producesuchvoluminousmagmatismCoffin andEldholm, 1994.However,what role

plume-ridgeor plume-lithosphereinteractionplaysin oceanicplateauformationis alsonot

understood.Forexample,the OntongJavaPlateauwas nearan oceanicspreadingcenter

earlyin its history,but a largepart of it was emplacedoff-axis Neal etal., 1997.

Similarly, the history of the KerguelenLIP is believedto haveincludeda spreadingridge-

centeredlocationfor the Kerguelenplume,but its timing anddetailsof tectonichistory are

not clearly delineated.

Mafic granulitesarepartof the KerguelenIslandsxenolith suiteGregoire,1994.

This occurrenceis quite unusual;pressure-temperatureconditionsfor the oceaniccrustare

generallyoutsidethosefor granulitefaciesmetamorphism.In fact, the Kerguelenxenolith

suitesrepresentthe first andonly occurrenceof granulitefaciesrocksin the oceanic

environmentGregoireet al., 1994.Thesegranulitexenolithsarepiecesof the plateau

lower crustGregoire,1994,andprovidean excellentopportunity to study an inaccessible

partof the plateau.The geochemistryof theserockscould containinformationaboutthe

geodynamicevolutionof the Kerguelenplumeinaccessiblethrougheruptedlavasandits

relationshipto the formationof the KerguelenPlateau.Thecrustalthicknessof the

KerguelenPlateaugenerallyincreasesfrom approximately17 km in the immediatevicinity

of the Archipelagoto as much as26 km in the southRecqandCharvis,1986.Charviset

al. 1995 however,reportthat thecrustal thicknesscouldbe variablebetween17 and20

km beneaththe KergeuelenIslandsandcould beasmuchas 25 km in the Plateaubetween

KerguelenandHeardIslands.ThesouthernKerguelenPlateauhasa seismicstructure

similar to thatof a volcanicpassivemarginRecqandCharvis,1986;OpertoandCharvis,

1995,andthoughgeochemicalevidenceexists for discretepiecesof subcontinental

lithospherein the northernplateauChapter2; Chapter3; HasslerandShimizu, 1998,the

thickenedcrustherewas interpretedto havean oceanicorigin e.g.Houtzet al., 1977;
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RecqandCharvis, 1986.TheOntong JavaPlateau,andotheroceanicislandssuch as

Hawaii andthe Marquesasalso lie abovea thickenedoceaniclayer3 e.g. Furumotoetal.,

1976;Gladczenkoet al., 1997; ten Brink andBrocher,1987;Caressetal., 1995.In the

caseof the Marquesas,Caresset al. 1995 estimatedthatup to twice the volumeeruptedat

the surfacewaspresentin the lower crust.Hence,this thickeningof the lower oceaniccrust

is an importantprocessin oceanislandvolcanismas well as in LIP formation. A studyof

suchlower crustalrockscan helpto answerquestionsaboutthe origin of the Kerguelen

Plateauin particular,andoceanicplateausin general.

This studyexpandson the previousmajorandtraceelementandpetrographicwork of

Grègoireetal. 1994; 1998 andthe isotopicstudy of Mattielli etal. 1996 andMattielli

1996, all of which concentratedon the xenolithsfrom localitiesin the southeastern

provinceof the Islands.The xenolithsof this study arefrom the Lac Superieurlocationto

the north on the CourbetPeninsulaFigure 1-1. Someof the granulitesstudiedby

Gregoireet al. 1994; 1998,Mattielli etal. 1996 andMattielli 1996 containgarnetin a

typical mafic garnetgranulitemineralassemblageclinopyroxene+ orthopyroxene+

plagioclase+ garnet± ilmenite. A smallernumberof samplescontainsapphirine

[Mg ,Fe2A14O6SiO4];Grègoireet al. 1994 reportedthe first occurrenceof this mineralin

an oceanicsetting.Thepresenceof thesemineralshelpsconstrainpressure-temperature

conditionsof metamorphism.The samplesof the presentstudy areof a typical mafic

pyroxenegranuliteassemblageclinopyroxene+ orthopyroxene+ plagioclase± ilmenite

without garnetor sapphirine.Oneof the goalsof this project is to comparethe lower crust

of the Islandsandthe Plateauas representedby the xenolithsfrom thesetwo areas.

A majorobjectiveof this work is to determinethe provenanceof the granulites.

Becauseof the tectonichistory of the Indian Oceanandthe presenceof subcontinental

mantlelithospherebeneaththe KerguelenIslandsChapter2; Chapter3; Hasslerand
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Shimizu,1998,the possibility that thesexenolithshavean origin in the continentallower

crustcannotbe precluded.In this chapter,the majorelement,traceelementandSr, Nd and

Os isotopiccompositionsof theKerguelengranuliteswill be comparedto thoseof mafic

continentalgranulitesin orderto discusstheirpossibleorigin as piecesof continentallower

crust.As it turns out, a simplecomparisonof elementalabundancesis inadequateto

constrainthe origin of the Kerguelengranulites.It will be shownbelowthatOs isotopes

arethe bestindicatorsthatthesexenolithshaveanoceanicratherthancontinentalorigin.

Giventhatthesegranuliteshavean oceanicorigin, the questionremains:arethe granulites

recrystallizedcumulatesof melts thatarerelatedto the SoutheastIndian RidgeSEW mid-

oceanridgebasaltsMORB, theKerguelenplume, or somemixtureof thesetwo? Further,

is therea geochemicalsignatureof contaminationof theirparentmeltsby continentalcrust?

Theserocks could also serveas a geochemicalrecordof plume-ridgeandplume-

lithosphereinteractionthat onemay usein an attemptto unravelpartof thehistoryofthe

Kerguelenplume.The argumentpresentedhereis that the origin of thesexenolithsis most

likely from an isotopicallyheterogeneousKerguelenplume,andthata continentalorigin is

unlikely. Thoughan origin as a plume-MORBmixture cannotbe completelydiscounted,it

is clearthatnoneof the rocks formedsolelyby mid-oceanridgeprocesses.

4.2 Tectonic Setting

Earlier studiesdivided theKerguelenPlateauinto two distinct structures,the Mesozoic

southernplateauandCenozoicnorthernplateau,with the breakjust southof the Kerguelen

IslandsFigurel-1 MunschyandSchlich,1987; Coffin andEldholm, 1994.Broken

Ridgeandthe conjugatesouthernandcentralKerguelenPlateaueruptedbeginningin the

Cretaceousandwerelater riftedfrom eachotherby seafloorspreadingat the SEIR Royer

andSandwell,1989.Magneticanomaly18 -42.7 Ma, Harlandet al., 1989 is the oldest
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identifiedlineation alongtheSEW sideofthe southto centralpartsoftheKerguelen

Plateauandthesouthernsideof BrokenRidge Munschyet al., 1992. Steeplydipping

slopes,remnantsof SEIRrifting, facetheSEIRon bothof thesefeatures,but thereis a

gentleslopetowardsthe abyssalseafloorthatlooks like volcanicflows at the northernmost

KerguelenPlateau.Anomaly9 is the oldestthat is clearlypresentalongthis partof the

Plateau.Anomaly 13 is tentativelyidentifiedin this area,but anomalies18-1342.7-35Ma;

Harlandeta!., 1989may actuallyunderliethenorthernpartof theplateauMunschyet al.,

1992.Moreover,platetectonicreconstructionsgive an overlapbetweenthe northernpart

of the KerguelenPlateauandthe southernextensionof BrokenRidge Royerand

Sandwell,1989.Thus,the northernKerguelenPlateauformedat leastafteranomaly 18

time,andportions of it mustbe no older than35 Ma.The agesof submarinerocksfrom the

northernKerguelenPlateauarenot known.

Theoldestrockson the KerguelenIslandsarefrom a 39±3Ma gabbroicpluton,the

Val Gabbro,on the southeasternprovinceGiret andLameyre,1983.Theserocksare

somewhatzeolitizedandagedeterminationsweremadeusingthe K-Ar technique.

However,K-Ar is not a preferredmethodfor datingpyroxene-bearingplutonic rocks,

especiallythosethatcontainthesesecondarymineralsFaure,1986,andtheseagesmay

not be accurate.Thenextoldestknown rocksfrom the archipelagoare-29Ma plateau

flood basaltsNicolaysenetal., 1999.It is possiblethen,that theKerguelenIslandsdid

not startto form until well after35 Ma, afterthe SEW hadmovedawayfrom theplume.At

aspreadingrate of 25-45kmlMa Munschyet a!., 1992,the KerguelenIslandsandthe

northernKerguelenPlateaucould havebeenanywherefrom 200-400km awayfrom the

SEW. This is complicatedthough,in that Kerguelenplumerelatedbasaltsfrom DSDP site

254on BrokenRidgegive agesof 38 Ma Duncan,1978.
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4.3 SampleDescription

Thegranulitexenoliths ofthis study arefrom the Lac Superieurlocality on theCourbet

PeninsulaFigure1-1,and arepartof a suiteof xenoliths that alsocontainslherzolites,

harzburgites,andpyroxenites.Thexenoliths are includeda dikeof unknownagethat

cross-cutsthe 24.5 Ma plateaubasaltsNicolaysenetal., 1999 thatmakeup the Courbet

Peninsula.

The granulitexenolithsrangein sizefrom -5 to 20 cm in the largestdimension.Most

of the 11 rocksof this study arefreeof alteration,and aremedium-grainedand

equigranular,with no relict igneoustextures.Theycontainclinopyroxeneto 3.5 mm,

orthopyroxeneto 1.4 mm,anorthiticplagioclaseto 1.2 mm, ± greenspinel,± ilmenite,

and± sulfides.Only one relict olivine grainwas found,in sampleOB93-7l. Figure4-i

showsphotomicrographsof typical granulites.Someof the rockscontainstrained

pyroxeneandplagioclase.Many havepyroxeneexsolution,both orthopyroxenefrom

clinopyroxene,andvice versa.Two samples,OB93-72andOB93-90,havepoikilitic

orthopyroxene.Spinelsandcoarsesymplectite textures-400 m spinelsarepresentin

thesampleswith higherwhole rock Mg# OB93-50,OB93-60,0B93-71,OB93-72,

OB93-90,OB93-96,andvery fine symplectites2-10 tm spinels,ilmenite andTi-rich

magnetiteoccuronly in the lowestMg# rocks0B93-54,0B93-57,OB93-68,and093-69

-no thin sectionis availablefor OB93-61A.Symplectitetexturesarepresentas

clinopyroxene+ spinel andorthopyroxene+ spinel intergrowths.Sulfides occuras

roundedblebsincludedclinopyroxeneandalonggrainboundaries.TheyaregenerallyFe-

rich, butFe-Ni,Fe-Cu,Ni-Cu, andCu-Zn-richsulfidesare alsopresent.A summaryof

the petrographiccharacteristicsof the xenolith suiteare shownin Table4-i.
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4.4 Analytical Methods

Surfaceswerecut from the xenoliths andsawmarkswerepolishedoff with 120 and240

grit silicon-carbidepaper.Thepolishedpieceswerecrushedto smallerfragmentsbetween

plasticwith a hammer.Piecesthat did not haveany basaltveinsorvisible alterationwere

selectedundera binocularmicroscopefor grindingin an agateshatterboxvial. Wholerock

majorandtraceelementcompositionsweredeterminedon unleachedpowdersby XRF and

ICP-MS at the GeoAnalyticalLaboratoryatWashingtonStateUniversity.Precisionfor

XRF majorelementanalysisis <0.4%1 S.D..Theprecisionof all traceelementanalyses

by ICP-MS is 1-3%,exceptfor U andTh, which are-10% 1 S.D..

Major elementcompositionsofthe rock-formingmineralsin thin sectionsorgrain

mountsweredeterminedwith the JEOL733 Superprobeelectronmicroprobeat the

MassachusettsInstituteof Technologywith an accelerationpotentialof 15 kV, a beam

currentof lOnA anda 1 ..tm spot.Rawdatawerereducedonlineusing themethodof Bence

andAlbee1968 modifiedby Albee andRay 1970. The precisionbasedon counting

statisticsare 6-25%1 S.D. for <0.5 wt.%, 2.5-6%for 0.5-i wt.%, 1-3% for 1-15

wt.%, <0.5% for >15 wt.%.

TheCamecaIMS 3f ion probeatW}IOI wasusedto analyzetraceelementandrare

earthelementcontentsofclinopyroxenesfollowing themethodsofShimizuandHart

1982. A primarybeamof O ions wasfocusedto -20 p.m for REELa, Ce,Nd, Sm,Eu,

Dy, Er, Yb and-10 p.m for othertraceelementsCr, V, Y, Ti, Zr, Sr. Molecular

interferenceswereeliminatedby energyfiltering anda secondaryvoltageoffset of -30 to

-60V for the REEand-90V for the othertraceelements.Uncertaintieson the basisof
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countingstatisticswere5-10%1 S.D. for theREEand 1-5%i S.D. for theothertrace

elements.All normalizedREEdataarereportedrelative to abundancesin Ci chondrites

AndersandGrevesse,1989.

Thechemistryandmassspectrometryof Sr andNd isotopesweredoneat WHOI.

Isotopesweremeasuredusing a VG-354 5-collectormassspectrometer.Cationexchange

separationmethodswereusedfor Sr andtheLREE, andHDEHPextractionwas usedfor

Sm andNd, as describedby Zindler 1980 andRichardetal. 1976.For somesamples

OB93-54,OB93-60,0B93-61A,OB93-68,OB93-69,OB93-71,0B93-72,OB93-90,

OB93-96,Sr wasseparatedwith SrspecTMresin Horwitz et al., 1991;Pin andBassin,

1992.Isotopiccompositionsof Sr andNd weremeasuredon whole rock powdersthat

were leachedin cold 2.5N HC1 for 15 minutes.Somesampleswereleachedin 6.2N HCI at

100°Cfor 1.5 hours,but this dissolveda largefraction,if not all, oftheplagioclasefrom

plagioclase-richsamples,andmostof theSr waslost. Strontiumdataare normalizedto

87Sr/88Sr= 0.1194,andisotopic compositionsarereportedrelativeto 87Sr/86Sr= 0.710240

for NBS987average87Sr/86Sr= 0.710255±14,n=7.Nd dataarenormalizedto

‘46Nd/144Nd=0.7219,andisotopiccompositionsare reportedrelative to 143Nd/’Nd=

0.511847for theLa Jolla standardaverage143Nd/1Nd= 0.511849±5,n=11. No blank

correctionsweremadeon Sror Nd isotopic ratios.Theproceduralblankfor Srseparation

by cationcolumnwas 304pg/g sample,andasmuch as 12 ng/g samplefor Sr separatedby

Sr-specresin.The relativelyhigh blank for the Sr-specmethodwasmostlikely a resultof

inadequatecleaningof the resinprior to use.Assumingall of theSrblank camefrom the

Sr-specresin,correctionson 87Sr/86Srwould be only between2 and 10 ppm for these

samples,because3 to 6.5 p.g of analytewasused.Proceduralblanksfor Nd were665 pg/g

sampleand255 pg/g samplefor the two blanksanalyzedduring this study.Counting
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statistics2o associatedwith massspectrometrywerelessthan 30 ppm for Sr, except

OB9354* an unleachedsample,Table 4-10,which was 186 ppm.The2o counting

statisticsfor Nd werelessthan 12 ppm,exceptOB93-60andOB93-96,which were56 and

36 ppm respectively.In the figureswherethesedataare shown,theerrorsarelessthanthe

width of thesymbols.All concentrationsof Sr andNd, weredeterminedby isotope

dilution, during isotopicanalysis.Samariumconcentrationsweredeterminedon the same

sampledissolutionsandweremeasuredby isotopedilution ICP-MS at WHOI. Errors

basedon countingstatisticsvariedfrom 0.23 to 0.47%2o, but were0.70%and0.77%

2o for OB93-S4repandOB93-57respectively.

Unleachedwhole rock powderswerepreparedfor Os analysisby NiS fire-assayand

distillation, andmeasuredusing negativethermalionizationmassspectrometrytechniques

atWHOI Hauri andHart, 1993;Ravizza,1993.Between2.5 to 10 g of samplewere

fused.All Os analysesarecorrectedfor theanalyticalblank 1.4pg/g flux with

187Os/188Os= 0.2648.Correctionfor theOs fusion procedureblankcanbe significantfor

low concentrationsamples,so it is importantthat the blank1870s/188OsandtheOs

concentrationarewell known.This is difficult becausetheblankhassucha low

concentration.Measurementsof blankconcentrationvary by 5.5%1 5 .D andthe blank

isotopic composition,by 8% 1 S.D..For the samplesof this study,that translatesas up

to 0.6% uncertaintyin the accuracyofthe isotopiccompositiondueto blank correction,

dependingon the sampleconcentration.Theothermajorsourceof uncertaintyis sample

reproducibilitydueto nuggeteffects.In this study,replicateanalysesagreewithin <0.5%.

Theprecisionsassociatedwith the 87Os/188Oscountingstatisticsrangefrom 0.10 to 0.44%

2cr for therocksofthis study.Osmiumstandardrunshad2cr = 0.59%n=7. Osmium
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concentrationsweredeterminedon thesamesamplesplits by fire-assayandisotope

dilution, and werewithin 4.6%and 8.5%of eachotherfor the two replicatedsamples.

Rheniumconcentrationsweremeasuredon separatepowdersplits by acid digestionand

isotopedilution ICP-MS at WHOI. All Re concentrationsareblank-corrected,except

0B93-60,OB93-6iA,OB93-90,wheretheblankchemistryfor this groupof samples

failed. Proceduralblankswere0.8 and 10 pg/g samplefor theothersamplesofthis study.

Uncertaintiesbasedon countingstatisticswere±0.13 to 0.38%2cr. Replicateanalyses

werewithin 5 and20% for thetwo repeatedsamplesOB93-7i andOB93-54

respectively.

4.5 Resultsand Discussion

4.5.1. Major Element Compositions

Thebulk compositionsof thegranulitesarebroadly basaltic;SiO2 45.60 to 48.99 wt. %,

andMg# [molarMg/Mg+Fex100] = 55.3 to 82.8 with Fe astotal Fe,Table4-2. These

xenolithscanbe divided into two geochemicalgroups,thosethat havebulk rock Mg# < 80

samplesOB93-54,OB93-57,OB93-6iA,0B93-68,OB93-69,andthosewheretheMg#

>80samplesOB93-50,0B93-60,0B93-7i,OB93-72,0B93-90,OB93-96.Other

geochemicalcharacteristicstend to follow this division.

Themajorelementcompositionsofthegranulitesare shownon MgO variation

diagramsin Figure4-2.Therearenegativecorrelationsof Al203 andNa2Owith MgO, and

FeO* total Fe is positively correlatedwith MgO. No otherobviousmajorelement

relationshipsexist.Thetwo outlier samplesOB93-71:highestMgO, andOB93-54: least

MgO arelabeledin manyfigures,astheyareextremein someof theirothergeochemical

characteristicse.g. [Os] and 187Os/1880sThegranulitexenolithsof this studyshowa
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similar compositionalrangeas thosefrom the Southeasternprovinceof the archipelago

Figure4-3 Gregoire,1994; Grègoireetal., 1998.Thus,the elevenxenoliths that

comprisethis study aregeochemicallyrepresentativeof the lower crustalxenolithsfrom the

KerguelenIslands.

Table4-3 throughTable4-7,andTable4-9 summarizerepresentativecompositions

of theconstituentminerals.Wheresignificantvariationsarepresent,morethanone analysis

is shown.In somecases,all of thedataare plottedin the figures.Thecompletedatacanbe

foundin Appendix 2.

Clinopyroxenesfrom thegranulitesare aluminousdiopside,exceptfor oneaugitic

pyroxenein sampleOB93-57Table4-3. TheMg#of thesemineralsrangefrom 68.1 to

85.0.For the lower Mg# samples,cationtotalstendto be greaterthan4.01 up to 4.03 in

OB93-61A.Stoichiometriccorrectionsusing Fe3bring the cationtotalscloser to 4.00,

indicating the presenceof up to 2 wt.% of Fe2O3in clinopyroxenesin thelow Mg#

samples.Themajorelementcompositionsof clinopyroxenesarerelativelyhomogenous

within aparticularsample,thoughsomesamplesthatcontainco-existingsymplectite

clinopyroxeneshavecompositionaldifferencesbetweenthetwo typesAppendix2. In

manyof thesegranulites0B93-60,OB93-72,OB93-90,OB93-96,symplectite

clinopyroxeneshavelessA1203 relativeto discreteclinopyroxenes,but clinopyroxenefrom

someOB93-57and 0B93-69havehigherrelativeA1203 contents.Symplectite

clinopyroxenesmay alsobe different from discreteclinopyroxenesin SiO2,MgO, TiO2,

Cr2O3, andNa2Oabundances,butnot consistentlymoreor less.

Orthopyroxenesareenstatite,with Mg# thatrangefrom 62.3 to 81.8 Table4-4. As

with theclinopyroxene,orthopyroxenefrom the lower Mg# samplesmayhavesignificant

Fe3’Fe203= 1-2 wt%. Discreteorthopyroxenesare generallyhomogenouswithin
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samples,butsymplectiteorthopyroxenestendto havehigherAI2O3 andlower SiO2 and

MgO contentsthan co-existingdiscreteorthopyroxenes.

Anorthite contentsofplagioclaseareAn77824forrocksfrom the high Mg# group,and

An6672 for the low Mg# samplesTable4-5.Orthoclasecontentsaregenerallylessthan

Or1, exceptfor somegrainsin samples61A and68 that areup to Or19.

Only Sample0B93-71 containsrarerelict olivine; the compositionof the oneanalyzed

point is Fo798Table 4-6.

Theoxidemineralsin theserocksareMg-rich spinels,Ti-magnetite,andilmenite

Table4-7. In the high Mg# samples,theMg# of spinelsis approximately70. Of the low

Mg# xenoliths,samples0B93-54,OB93-68,andOB93-69containilmenite as well as

spinel.TheMg# of spinelsfrom samples0B93-57 andOB93-68is 58.5 and 52

respectively.Onespinelfrom OB93-68hasa Ti-rich rim with Mg# = 22. Somespinels

from 0B93-69areCr-bearing;theMg# of spinelsfrom this rock rangefrom 38 to 60.

Spinelsin 0B93-54 arethemostFe-rich,with Mg# = 27. Both magnetiteandilmenite co

existwith the spinelsin this sample,andboth arerimmedwith Ti-magnetitewith aMg#of

8 to 10. For all of thegranulites,the Cr# ofthe spinelsis generallylow <10 andvariable

for a givenMg#.

In summary,themostmagnesianpyroxenesand spinels,andthemostcalcic

plagioclasearefrom thehigh Mg# xenoliths samples0B93-50,OB93-60,0B93-7i,

OB93-72,OB93-90and0B93-96,and the leastfrom the lowerMg# samplesOB93-54,

OB93-57,OB93-61A,OB93-68,and0B93-69.
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4.5.2. These xenoliths are metamorphic rocks

Evidence for metamorphism

Gabbroiccumulateshavebeenrecoveredfrom all oceanbasins,but noneof theserocks

wereconsideredto be metamorphice.g. Tiezzi andScott, 1980;Elthon, 1987;Meyer et

al., 1989;Hèbertet al., 1991; Dick etal., 1992;Rossand Elthon, 1997.As will be shown

below, thexenolithsof thepresentstudy possessmajorandtraceelementcharacteristicsof

gabbroiccumulates,andaredeterminedto be mafic granulitesfor the following reasons:1

the equigranularmetamorphictexture,2 the lack of olivine, 3 the relatively high modal

abundanceoforthopyroxene,and4 garnet-bearinggranulitexenoliths occuron the

southeasternprovinceof thearchipelago.

Determiningthe original characteristicsof theserocks,including theprotolith

mineralogy,andultimately theirprovenanceandthe natureof theirparentmelts,is

complicatedby themetamorphicrecrystallization.An approachtakenhereto estimatethe

original igneousmineralogyoftheserocksis by their CIPW normativecompositions.

Unlike volcanicrocks,CIPW norm compositionsofgabbroiccumulatesare good

approximationsfor truemineralogy.This sameapproachwasusedby Rogersand

Hawkesworth1982 andRudnicket al. 1986 for mafic granulitesfrom continental

localities. On thebasisofthis calculation,thegranuliteswereoriginally igneous

assemblagesof olivine, clinopyroxeneandplagioclaseTable4-2. In ternaryclassification

diagramsStreckheisen,1973,the normativemineralassemblagesof themajority of the

granulitesfall in the field for olivine gabbros,whereasOB93-68andOB93-69 lie just

inside the orthopyroxenegabbrofield Figure4-4. Nine of the samplesarehypersthene

normative,two OB93-72andOB93-90areSi-undersaturatedwith nephelineasa

normativephase.
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Modal abundancesof mineralsin the xenolithswerecalculatedby massbalanceofthe

whole rock andmineral compositionsTable4-2. A comparisonof theCIPW normsthe

postulatedprotolith mineralogyandthe calculatedmodesthe currentmineralogyreveals

somenotabledifferences.Namely,abundancesof orthopyroxene,clinopyroxeneand

oxidesarehigherin thecurrentthanthepostulatedprotolith mineralogy,whereasthoseof

olivine andplagioclasearelower Figure4-4. Particularlyconspicuousis a large

differencein abundancesof orthopyroxene.For instance,0B93-50contains4.4 wt.%

normativeorthopyroxene,whereasits modal abundanceis i8.4 wt.% Table4-2. Another

significantdifferenceis the nearly completedisappearanceof modal olivine. SampleOB93-

50 containsno modalolivine, in contrastto 15 wt.% of CIPW normativeolivine. It should

alsobe notedthatclinopyroxenemodesare 1.5 to 1.9 times theirnormativeabundances.

The CIPWnormsofthe granulitesareconsistentwith themineralmodesof oceanic

olivine gabbros,but the calculatedmodesof thegranulitesarenot. In particular,themodal

orthopyroxenecontentsof the granulitesaretoo high for their olivine gabbrobulk

composition.Orthopyroxeneonly occursin low modalabundancesusually<1.5 % in

oceanicolivine gabbroswith Mg# comparableto thesexenolithsTiezzi andScott, 1980;

Elthon, 1987;Meyeret al., 1989;Hèbertet al., 1991;Dick et al., 1992; RossandElthon,

1997;Schminkeet al., 1998.For orthopyroxeneto be an igneousphase,theprotoliths

shouldbe moreevolvedthan thesegranulites.Thus,during metamorphismprimaryolivine

wasalmost completelyconsumed,clinopyroxeneandorthopyroxenewereproduced,and

excessplagioclaseremainsa modal constituent.This is indicativeof thereactionolivine +

plagioclase- orthopyroxene+ clinopyroxene+ spinel,supportingthe ideathatwas

previouslyproposedby McBirney andAoki 1973 to explainthe formationof similar

Kerguelenxenolithsthat theytermedspinel gabbros.This reactioncanbe driven in two
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ways,eitherby an increasein pressureor a temperaturedecrease,both of which will be

discussedas mechanismsof metamorphismin moredetail below.

Furtherevidencefor a metamorphicorigin lies in thecompositionsof the rock forming

minerals.For a given Mg#, pyroxenesfrom thesexenolithsaremorealuminousthan

pyroxenesfrom otheroceaniccumulates,andclinopyroxenesaremore sodicFigure4-5,

Figure4-6. Thesefeaturesaretypical of pyroxenesthat aremetamorphicproductsof the

olivine + plagioclasereactionKushiroandYoder,1966.Additionally, oceanicolivine

gabbrosusuallyhavechromiteastheir oxide phase,but theserockscontainCr-poorspinels

Figure4-7.

In summary,theKerguelengabbroicxenoliths containessentiallyno olivine, too

muchmodalorthopyroxeneto beof primary igneousorigin, orthopyroxenesand

clinopyroxenesthataretoo rich in A12O3,clinopyroxenesthat aretoo sodic,andCr-poor

spinelsratherthanchromite.Therefore,the conclusionis that theserocks musthavebeen

producedby metamorphism.Themetamorphismwas probablyisochemical.Only one

small amphibolewas observedin sample0B93-54,otherwiseno hydrousmineralsor

otherevidencefor geochemicalchangesarepresentin theserocks.The likelihood that

metamorphismwasisochemicalwill be discussedin moredetailbelow in thecontextof

traceelements.

Finally, thatmafic granulitesoccurin the southeasternprovinceofthe Kerguelen

IslandsGregoire,1994; Gregoireetal., 1998is goodindicationthat mafic granulites

might alsoexist in someofthe otherxenolith localities.Someofthe granulitesfrom the

SoutheasternProvincehaveboth garnetandsapphirine,sometimesco-existing,indicating

equilibrationpressuresandtemperaturesof at least900 °C and 1.0 GPaFigure4-8

Christy, 1989;Grègoireet al., 1994.
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Conditions of Metamorphism

It is not possibleto determinetheexactpressureofmetamorphismfor this suiteof

xenoliths becausetheydo notcontaingarnet,althoughsomeconstraintsarepossible.

Given that garnetor sapphirinearenot presentin thesegranulites,themetamorphic

pressuresmusthavebeenbetween0.6 and 1.0 GPaat lower temperatures-800°C and

0.8-1.2GPaat nearsolidus temperaturesFigure4-8 Kushiro andYoder, 1966;

Ringwood,1975;Christy, 1989.Thesetemperatureandpressurerangesare definedby

thereactionboundariesof theappearanceof orthopyroxeneandgarnet± sapphirineas

determinedon theCMAS experimentalsysteme.g.Christy, 1989.Therangeof

metamorphicconditionscanbe furtherrefinedwith the temperaturesof equilibrationfor

thesegranulitesas estimatedwith a two-pyroxenethermometerWells, 1977.These

temperaturesvary from 844 to 961°CTable4-8 andareconsistentwith the equilibration

of theserocksin the granulitefacies.Thefield ofpossiblemetamorphicpressureand

temperatureconditionsfor the rocksof this study are shownin Figure4-8.This field is at

significantlylower pressuresandhighertemperaturesthan thenormalthermalstructureof

40 Ma oceaniccrust.This characteristicwill be discussedin moredetail below in relationto

possiblemechanismsofmetamorphism.

Thereare no significantdifferencesbetweentemperaturescalculatedwith co-existing

discretepyroxenepairsandsymplectitepairs.Major elementcompositionaldifferencesdo

existbetweendiscreteandsymplectitepyroxenes,andare mostpronouncedfor

orthopyroxenepairs.If all orthopyroxenesin theserocksareproductsof a single

metamorphicreaction,they should all havethesamecomposition,regardlessof their

texture.Theobservedcompositionaldifferencesin pyroxenesas a functionof texture,

suggesttheremay havebeenmorethan onestageof orthopyroxeneformation.

170



Symplectitetexturescanbe a resultof severaldifferentprocesses:cooling from

igneoustemperaturesGriffin andOReilly, 1987,reheatingof thexenolith by thehost

magmaon the way to the surfaceMcBirney andAoki, 1973,garnetbreakdownKushiro

andYoder,1966,or a kinetic effect.No differenceswereseenin traceelementsbetween

symplectiteanddiscreteclinopyroxenes,arguingagainsta kinetic origin.Moreover,the

symplectiteclinopyroxenetraceelementsignaturesrule out a garnetprecursor.Theorigin

of thesesymplectitesis puzzlingandwill requirefurther investigationbeyondthis study.

4.5.3. Comparison to other oceanic cumulates

Becausethegranulitexenoliths wereoriginally oceanicolivine gabbrosthat underwent

metamorphism,it is importantto comparethemto otheroceanicgabbroiccumulates,

especiallyfor thepurposeof determiningprovenance.Samplesof oceanicgabbroscome

from severallower crustaldrill sites:DSDPsite 334, just westof theFAMOUS locality on

theMid-Atlantic RidgeAumentoet al., 1977,ODPLeg 118, SWIR Von Herzenet al.,

i99i; Hèberteta!.,1991;Dick et al., 1992,ODP Leg 147, HessDeepMével et al.,

1996;NatlandandDick, 1996,ODP Leg 153, MARK Karsonet al., 1997;Rossand

Elthon, 1997,dredgedfrom fracturezones:MAR, 26°NTiezzi and Scott,1980,the

Mid-CaymanRise Elthon, 1987,SWIR andCIR Meyer etal., 1989,andxenolithsthat

are includedin MORB Dixon andClague,1986; DavisandClague,1990and ocean

islandbasaltsClagueandChen,1986; ClagueandBohrson,1991;Grègoireet al., 1994;

Gregoireet al., 1998;Mattielli et a!., 1996; HasslerandShimizu, 1998; Hoernle,1998;

LassiterandHauri, 1998;Schminkeet al., 1998.Cumulatexenolithsare only rarelyfound

in MORB, aresmall in sizeandoftenhavea significantamountofinterstitialmelt e.g.

Dixon and Clague,1986; Davisand Clague,1990.They,androcksdredgedfrom fracture

zones,areoftenquite altered,both by seafloorweatheringandhydrothermalalteration.

Thus,very little whole rock dataexist for theserocks,andanalysesof mineral
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compositionscomprisethe majorityof thedata.More wholerock dataexistfor thedrill

cores,thoughtheserockstoo canbe altered.Xenolithsincludedin oceanisland basaltsthe

HawaiianIslands,theCanaryIslands,andtheKerguelenIslandsareby far theleast

alteredsamples,but very few geochemicaldataareavailable.

Comparisonswith otheroceaniccumulaterocksare furthercomplicatedbecausethe

variousrockscanrepresentdifferentpartsof complexmagmaticsystems.A spectrumof

cumulatetypesexist, from pureadcumulatesto frozenliquids, anddeterminingwhich

particulartypea rock maybe, is not alwaysstraightforward.Theamountsof trappedmelt

arevariableamongcumulates,anddiametricallyopposedinterpretationsthatweremade

evenon thesamerock samplese.g.HessDeep,NatlandandDick, 1996;Pedersonet al.,

1996illustrate thedifficulties inherentin theseinterpretations.Often,as in hole735B, the

transitionsthroughthedifferentcumulatetypescan occuroverlength scalesof lessthan

onemeterDick et al., 1992.

Overall,themajorelementcompositionsofthe granulitesofthis study aresimilar to

otheroceanicgabbros,aswell as mafic granulitexenolithsfrom continentsFigure4-9. A

comparisonoftheserocksto olivine gabbros,gabbros,andtroctoliteswith similarMg#

from the MARK area,theSWIR, andtheCanaryIslandsshow no significantdifferences.

Thecompositionalfields for continentalmafic granulitescompletelyencompassall of the

datafrom oceaniccumulatesandthegranulitesof this study.Theoceaniccumulatesshown

in Figure4-9werechosenfor comparisonnot only becauseof geochemicalsimilarities of

the rocks to thegranulites,but alsobecausethey areconsideredto havelittle to no trapped

melt <7%,by definition of classicadcumulate.

The majorelementvariationsof cumulatesaredeterminedby thenatureof theparent

melt, fractionalcrystallizationandthe relativeamountsof cumulatemineralsandtrapped
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melt. As notedabove,thegranulitesin this study exhibit no obvious trendsin major

elementspace.Theydo not follow a MORB fractionationtrend liquid line of descentand

arethereforenot relatedto eachotherby simplecrystalfractionationFigure4-9.On the

basisof themajorelementsystematicsoftheserocks,andthat they aremostsimilar to

otheroceanicgabbrosthat areinterpretedasnearlypureadcumulates,leadsto the initial

assertionthat thegranulitesarerecrystallizedadcumulatesthat hadnegligibleamountsof

trappedmelt.However,themajorelementcompositionscannotdiscriminateamonga

ridge,a plume-ridgeinteraction,or a plume-onlyorigin for theserocks.For this, the trace

elementandisotopiccompositionsof theserocks areused,andaredescribedin the

following sections.

4.5.4. Trace Element compositions

Thegranulitexenolithshavewhole rockREE contentsthatarebetween1 and 12 times Ci

chondritenormalizedvalues,exceptOB93-54,which hasCi normalizedREEabundances

that rangefrom 15 to 25 Figure4-10.All of thegranulites,butOB93-6lA and 0B93-54,

havepositivewhole rock SrandEu anomalies.The REEabundancesof theserocksalso

tendto correlatewith Mg#; the lower Mg# sampleshavethehighestREEcontents,andvice

versa.Of the lowerMg# samples,0B93-54,OB93-61A,and0B93-68arethemostREE

enriched,whereassamplesOB93-57andOB93-69aretransitionalbetweentheseandthe

high Mg# samples.SampleOB93-68is LREE enrichedwith a normalizedLaISmratio

LaJSmN= 1.1,0B93-61Ahasaflat REEpatternLaJSmN- 1, andtheremaining

samplesof this groupareLREE depletedLa/SmN<0.75.Thehigh Mg# groupof rocks

alsotendto be LREE depletedLa!SmN<0.8. Sample0B93-60is an exceptionwith

LaISmN= i .1. Thenormalizedwhole rock HREE patternsof all thegranulitesareparallel

to eachotheratvaluesbetween2 and6.
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Traceelementdatafor clinopyroxenes,determinedby ion microprobe,are shownin

Table4-9 andFigure 4-11.Again, representativeanalysesare shownin the table,whereas

all of thedataareplottedin Figure4-11.The entiredataset is tabulatedin Appendix2.

ThehighestREEabundancesoccurin clinopyroxenesfrom the lower Mg# granulite

samplegroupandvice versa.Traceelementcontentsof clinopyroxenesgenerallydisplay

minor grain-to-grainvariationswithin a particularsampleandthesymplectite

clinopyroxenespossessvery similar abundancepatternsrelativeto co-existingdiscrete

grains.A symplectiteclinopyroxenein OB93-72is an exceptionin that it hasa significant

positiveEu anomaly,suggestingthatplagioclasewasinvolved in a reactionthatproduced

this symplectiteintergrowthof clinopyroxeneandspinel.A comparisonof REEpatterns

betweenclinopyroxeneandwhole rocks,togetherwith theclinopyroxenemodestabulated

in Table4-2,demonstratesthat thebulk of theREEresidein clinopyroxeneand

calculationsshowthat >80% ofmostof theREEare in facthostedby clinopyroxene.The

LREE arenot alwaysconsistentwith this generalization;ion probeanalysesmadeon

plagioclaseusingclinopyroxeneworking curvesindicatethat theLREE arestrongly

partitionedinto plagioclase.

Dueto the overall massbalance,clinopyroxeneREEpatternsmimic thoseof whole

rocks.In somesamplessuchas OB93-60,theLREE depletionin clinopyroxenerelative

to thewhole rocksis accentuatedbecauseof theplagioclaseeffectsmentionedabove.The

REEabundancepatternsin OB93-54,themostFe-rich sample,requirespecial

considerationbecauseof their uniqueshape.While thewhole rock patternof this sampleis

slightly LREE depleted[La/Yb], = 0.99; [La/Sm], = 0.59;Table4-9, theclinopyroxene

patternsarecharacterizedby significantdepletionin the HREE.For instance,the whole

rock Yb concentration2.60ppm,Table 4-2 is 3.7 times that in clinopyroxene0.71 ppm,

Table4-9, completelyoppositeof thegeneralobservationmadeabove.Thatis, lessthan
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30% of theHREE arepresentin theclinopyroxene.It follows that massbalancerequires

theexistenceof a phasethat couldaccountfor theHREE. Oneobvious candidateis garnet.

Although garnetis not observedin this particularrock, many areasof fine-grained,partly

opaquealterationor oxidationproductsare present.However,Grègoire1994 describes

granulitesin which garnetis surroundedby dark-colored,opaquealterationcoronas.They

closelyresemblethe texturein which thegranularfine-grainedalterationareasoccurin

OB93-54.

Eventhoughtheoriginal igneoustexturesof thegranuliteswereobliteratedby

metamorphism,thereare severallinesof evidencethat theserocksarecumulates.Whole

rock Cr andNi abundanceshavepositivecorrelationswith MgO that areusuallyassociated

with accumulationsof olivine andclinopyroxeneFigure4-12.Correlationsof other

compatibleelements,suchas Sc andV, with MgO arelessclear Figure4-12.The

abundancesof Ni, Cr andSc arehigher,andV lower for a givenMgO content,thanthose

in KerguelenIslandsbasaltse.g.Yanget a!., 1998.

It is notablethat thebulk rock traceelementpatternslie within the field definedby

gabbrosfrom the Omanophiolite,andhavepositiveSr andEu anomaliesof similar

magnitudesastheOmangabbrosFigure4-10.Theexceptionto this is sample0B93-54.

In a plot of Sr/Sr* v. EuIEu* all of thexenolithsbut OB93-54aregreaterthanone in both

dimensionsFigure4-13.Thesecharacteristicsareindicativeof plagioclaseaccumulation.

Thesamplesthat areoutliers in someofthe panelsofFigure4-2OB93-54and OB93-71

are alsonotedin Figure4-10,Figure4-12,andFigure4-13.For example,sampleOB93-

71, themostMgO-rich sample,is extremein all ofthepanelsof Figure4-12,clearly

indicating its cumulateorigin. In contrast,sampleOB93-54doesnot lie in the traceelement

field of Omangabbros,is anoutlier in its V content,andhasno Eu anomaly.Thus,the

possibility that it is a cumulateis not as certain.However,it doeshavea small positiveSr
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anomalyFigure4-13,andis not significantlydifferent thantheotherxenoliths in its Cr,

Ni, andSc contents.Moreover,theBalTh of this rock is high,like that oftheother

xenolithsandthe OmangabbrosFigure4-10,andhaslow abundancesof other

incompatibleelementse.g.Rb andK20, Table4-2.

In a gabbro-basaltsystem,theoverall concentrationlevelsof theREEin both the

liquid andthecumulatewouldcontinueto increaseas crystallizationproceeds,on thebasis

of partitioning arguments.At thesametime, asplagioclasecontinuesto crystallizes,the

liquid would developgreaternegativeSr andEu anomaliesandthepositiveanomaliesof

theseelementsin the cumulateswoulddecrease.Hence,it would not be surprisingif a late

stagecumulatedisplayedno or evensmall negativeSrandEu anomalies,andOB93-54

couldbe an exampleof sucha process.An importantpoint to notein this contextis thelow

Th contentof this sample0.03 ppm,Table4-2, which arguesstrongly againsta

contributionfrom melt in theorigin ofthis rock, eitherasan interstitialmelt or as a frozen

liquid. Therefore,themajorandtraceelementdataindicatethat theprotolithsof these

xenoliths wereformedas olivine-clinopyroxene-plagioclasecumulatesfrom basalticmelts.

Thewholeof thedata,including traceelements,seemto indicatethatmetamorphism

hasnot significantly affectedthegeochemistryof theserocks.As notedabove,the whole

rock majorelementcompositionsareno different in any obvious waysfrom otheroceanic

cumulates.The similarity in traceelementpatternsbetweenthegranulitesandtheOman

gabbrosarestriking, andtheREEpartof thesepatternsare smoothFigure4-10.These

characteristicsargueagainstany significantelementalgain or loss duringmetamorphism.

Therefore,it seemsthatmetamorphismwasisochemica!,thoughthereareno protoliths for

which to comparetheserocksfor an unequivocalinterpretation.
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4.5.5. Did the granulite protoliths contain an intercumulus
melt?

If oneacceptsthe assertionmadeabovethat thepresentday chemicalcompositionsof the

granulitesrepresentthoseof their igneousprecursors,thenextsteptowarddetermining

their provenanceis to estimatethecompositionsofthe melts from which theyhad

accumulated.Becauseof the metamorphismhowever,this taskis not straightforward.

Forexample,the traceelementsin anymelts that mayhavebeentrappedwhenthe

protolithsaccumulatedas olivine gabbroswould be incorporatedinto theclinopyroxenes

during recrystallization,andthecompositionsofequilibrium melts estimatedfrom these

clinopyroxeneswould be in error.A similar situationwould be true for equilibrium melts

estimatedfrom thewhole rock traceelementabundances.Therefore,it is necessaryto

attempta quantitativeassessmentof theoriginal assertionthat theprotoliths ofthese

granulitescontaina low trappedmelt fraction beforeattemptingto determinetheir

provenanceon thebasisof traceelementabundances.

Thereareatleasttwo possiblesourcesof inter-cumulusmelt in acumulaterock. In

one,themelt is relatedto theparentmelt; that is, themelt wouldhavebeentrappedasthe

cumulusmineralsprecipitated.Thesecondpossibility is that a pre-existingrock is

impregnatedby a melt that is percolatingthrough it. Thepercolatingmelt maybe genetically

relatedto the rock throughwhichit is traveling,or not, as in thecaseof a plumerelated

meltpercolatingthroughoceaniclithosphere.

Classically,abundancesof trappedmelt in cumulateswereestimatedby theamountof

mineralsin intercumulustextureandzonedovergrowthsof cumulusmineralsWagerand

Brown,1967. However,becauseof themetamorphicrecrystallization,this methodis not

possiblein thepresentcase.Othershaveestimatedtrappedmelt abundanceson thebasisof
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theamountofP2O5 andZr in thebulk rock WagerandBrown, 1967;Natlandet al.,

1991.Thismethodassumesthat thesetwo elementsareperfectlyincompatible,andthat

any trappedmelt would contributethe entirebulk rock budgetof theseelements.In reality

however,someminerals,particularlyclinopyroxenecould containsomesmall amountof

P2O5andmore significantquantitiesof Zr. Evenso, theconcentrationsof both P205andZr

arequite low in theserocksTable4-2, andby this reasoningthe abundancesof trapped

melt shouldbe relatively low.

A quantitativeassessmentofpossibleinterstitialmeltwould requirea prior knowledge

of abundancesof the traceelementsin themelt. For unmetamorphosedcumulatesthemass

balancemethoddescribedby Bédard1994 canbe applicable.This approachapportions

the wholerock REEabundancesamongthe cumulusminerals,but alsoincludesa melt

phasewith a mineral/meltpartition coefficientof 1. He successfullyusedthis modelto

calculatethe traceelementabundancesofclinopyroxenesandfeldsparsofgabbro-norites

from the Bay of Islandsophiolite.Given this, using thebulk rock andthe CIPW norms,it

shouldbe possibleto calculatetheREEabundancesof granuliteclinopyroxenes,and

comparetheseto what is actuallymeasuredin situ to getan indicationoftrappedmelt

effects.However,becausethe cumulatesof thepresentstudy aremetamorphosed,this

approachis not applicable.In this case,themodalabundancesof clinopyroxeneincreased

by a factor of at least1.5 during themetamorphicreaction,therebydiluting the original

clinopyroxeneREEabundancesto their presentconcentrations.

Applying the incompatibleelementmethodmentionedabove,thewholerock

abundancesofvery incompatibleelements,suchas Th, canprovidethemostsensitive

methodto assesstheamountof trappedmelt in theserocks.If one assumesthat all of the

Th in thegranulitescamefrom a trappedKerguelenbasalt,thepercentageof melt trappedin

thegranulitescanbe calculated.Thorium contentsin Kerguelenbasaltsfrom the
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RaboulliereandBureausectionsvary from 0.i9 to 7.4 ppm with averagesof 3.76 n=20,

1 S.D.= 1.58 and2.74 n=29, 1 S.D.= 1.33 respectivelyYang et al., 1998. The

Kerguelenbasaltwith the leastTh content0.19ppm givesunrealistictrappedmelt

abundancesup to 108%,but the averageTh contentoftheRaboullierebasaltgives melt

contentsthat arelessthan 1% for six of the samplesOB93-54,OB93-57,OB93-69,

OB93-71,OB93-72,OB93-96,lessthan 4% for four0B93-50,0B93-60,0B93-68,

0B93-90,andonewith 6.3%OB93-6iA. Theseresultsargueagainstsignificant

amountsof trappedmelt.

If, asnotedabove,a plumemelt impregnateda MORB cumulate,a massbalance

calculationwouldnotbe valid. To determineif this typeof processmight havebeen

involved in thepetrogenesisof theserocks,calculationsweremadefor the87Sr/86Srand Sr

contentsin two-componentmixing ofa gabbroin equilibrium with an SEWMORB and

KerguelenIslandsbasalts.Figure 4-14illustrateshow bulk 87Sr/86SrandSr contents

changein a gabbroasimpregnationproceeds.The gabbrostartingmaterialwasassumedto

haveformed from a SEIR meltwith 87Sr/86Sr= 0.70288and [Sr] = 145 ppm Dossoet al.,

1988.Theabundanceof Srin the gabbrowascalculatedfrom the SEIR meltusingbulk

partitioningbasedon 13.5%olivine, 31.5%clinopyroxene,and55%plagioclase,and

mineralpartitioncoefficientsfrom Dunn andSen1994 andHart andDunn1993.

Simplemixing of two differentKerguelenbasalticmelts Yanget al., 1998 with this

gabbroincreasesboth 87Sr/86SrandSr content.It is evidentthat themixing curvesdo not

matchthe observations:the granulitesaremoreradiogenicandhavelessSr than anyof the

mixtures.Evenif the original startinggabbrowasdisplacedto matchthe lowestSr content

observedin the granulites,the mixing curvesarestill awayfrom the granulitedatapoints.

Thus,thesecalculationsalsoargueagainstimpregnationof Kerguelenbasaltinto SEW
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gabbrosin the formationof the granuliteprotoliths.The overall conclusionis that the

amountof intercumulusmelt presentin theprotolithsoftheserocks6% or less.

4.5.6. Granulite Protolith Parent Melts

Given that the granuliteprotolithsweregabbroiccumulateswith only small quantitiesof

trappedmelt, the geochemicalcharacteristicsof their parentalmeltscanbe estimatedon the

basisof their traceelementabundances.

To estimateparentmelt geochemistryfrom bulk rock data,the bulk partition

coefficient for eachof the REEwascalculatedfrom the abundancesof the CIPW normative

mineralsrepresentingtheprotolithmineralsandtheirproportionsandpartition

coefficientsfrom the literatureSchnetzlerandPhilpotts,1970; Hart andDunn, 1993;Dunn

andSen, 1994; Kelemenetal., 1993.Figure 4-15demonstratesthat thenormalizedREE

patternsof the equilibrium meltsthatresultfrom this calculationlie in the field definedby

basaltsfrom theKerguelenIslandsratherthan thatdefinedby "non-plume"SEW MORB.

The slopesof the melt REEpatternsarewithin therangeof thosefor the KerguelenIslands

basaltse.g.La/YbN = 2-13 for basaltsand3-10 for granuliteequilibriummelts.In detail

however,the meltscalculatedfrom the wholerock datahaveslight negativeEu anomalies

that arenot presentin mostof thebasalts.This is mostlikely an artifactofthe D value

chosenfor Eu,which is dependenton the compositionandthe oxidation stateof the

magmaticsysteme.g.Schnetzlerand Philpotts,1970; DunnandSen,1994. Thevalues

usedfor this calculationmay not be quiteappropriate.Observedplagioclase/clinopyroxene

REEpartitioning from Omanophiolite gabbrosKelemenet al., 1997arewithin 1

standarddeviationof the plagioc!ase/clinopyroxenepartition coefficientsusedhere

SchnetzlerandPhilpotts,1970,exceptfor Dy andYb. For thesetwo elementsthe

experimentaldataareboth higherthanthe that observedat Oman,illustrating thevariation

of partitioncoefficients.Otheruncertaintiesin theequilibrium melt calculationmay be
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introducedfrom how accuratelytheCIPWnormativemineralsrecreatetheoriginal

mineralogy.

Traceelementabundancesin clinopyroxenecanalsobe usedfor estimatingthe

geochemistryof theparentmelt. However,cautionmustexercisedbecauserecrystallization

haschangedthe abundancesof clinopyroxenein theserocks.As discussedabove,nearly

all of the REEresidein the clinopyroxeneaftermetamorphismandthe modal abundanceof

clinopyroxenehasincreasedduring recrystallization,therebydiluting thepre-metamorphic

REEabundancesin this mineral.It follows that equilibrium melts calculatedfrom

recrystallizedclinopyroxeneareminimumestimatesoftheREEabundancesof the

equilibrium melt. In addition,La abundancesarefurtherunderestimateddueto its

partitioning into plagioclase.

Figure4-i 6 illustratestheresultsof theREE abundancescalculatedfrom

clinopyroxene.Theoverall shapeandslopeof the REEpatternsof the equilibriummelts

calculatedfrom clinopyroxeneare alsosimilar to theKerguelenbasaltsbuthavea larger

variationthanthe equilibriummelts calculatedfrom thewhole rock. Theclinopyroxene

equilibrium melts haveLa/YbN= 2-10,andthe patternsextendto the moreenrichedof the

KerguelenIslandsbasalts.Thoughsomeof theseequilibrium patternsoverlapthe SEIR

basaltsfield, they havegreaterslopesthanthe SEW basalts:[La/Yb]N = 2-10for

equilibrium meltsv. [La/Yb]N = 0.4-1.3for theSEIRbasaltsMichard et al., 1986.In

summary,equilibrium melts calculatedfrom bothwholerocksandclinopyroxenesindicate

that the granuliteparentmeltshavestrongeraffinities to the Kerguelenbasaltsthanthe

SEW MORB. This conclusionis consistentwith theisotopic compositionsof the

granulites,as will be discussedbelow.
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4.5.7. Sr, Nd, and Os isotopic compositions

Rubidium-Sr,Sm-Nd,andRe-Osisotopiccompositionsof the granulitexenolithsare listed

in Table4-10 andTable 4-il. The87Sr/86Srfor bulk rocksrangesfrom 0.704453to

0.706048,and 143Nd/Ndvariesfrom 0.512731 to 0.512838ENd = 1.81 to 3.90.

SamplesOB93-57andOB93-61Awerenot analyzedfor Nd. Theisotopic compositionof

thehost dike is 87Sr/86Sr= 0.706380and 143Nd/144Nd= 0.512419 ENd= -4.27.The

blankcorrected187Os/188Osof the granulitesrangesfrom 0.1286to 0.1792.

TheSrandNd isotopiccompositionsof all thegranulitesboth CourbetPeninsulaand

SoutheastProvince arewithin the rangeobservedfor KerguelenbasaltsFigure4-17.

TheSr andNd isotopiccompositionsfor six granulitexenolithsfrom the Mt. Tizard

locationSoutheastProvincereportedby Mattielli et al. 1996 plot on the isotopically

"depleted"endof thespectrum,rangingin 87Sr/86Sr= 0.70398to 0.70467andin

143Nd/1Ndfrom 0.51277to 0.51288.Two granulitesfrom theDome Rougeandone

from theVal PhonolitelocationsMattielli, 1996plot atthemostenrichedpartof the

spectrum87Sr/86Sr= 0.70507to 0.70523,and 143Nd/144Nd= 0.51254 to 0.51258. The

resultsof this study fill thegapof Srand Nd isotopic compositionsandextendthe isotopic

rangeof thegranulitestowarda more isotopically enricheddirection,with 87Sr/86Srup to

0.70601 ‘43Nd/144Nd for this sample,0B93-61A,wasnot determined.The Sr andNd

isotopiccompositionsof thegranulitexenolithsof this study,combinedwith thoseof

Mattielli etal. 1996 andMattielli 1996,coverpracticallythe entirerangeof SrandNd

isotopesobservedfor KerguelenIslandsbasalts.Furthermore,the isotopic distinction

betweenperidotiteandgranulitexenolithsdiscussedby Mattielli et al. 1996 hasvirtually

disappeared.Beforefurther discussionon the origin of theseisotopic signatures,it is

importantto assessthemagnitudeof alterationeffects,agecorrection,andsecondary

processes,to establishthat theobservedisotopiccharacteristicsareprimary features.
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For Sr andNd analyses,themajority of thesampleswereleachedin aweakHC1

solution.Somewereleachedin strongerhot HC1, andthreewerenot leached.Someof the

rocks0B93-54,OB93-68,0B93-71,OB93-72wereanalyzedmorethanonceand

differentaliquotsof theseweretreatedwith the differentleachingprocedures.The Sr

isotopiccompositionsof the samplesthat weremoststronglyleachedarelessradiogenic

than thosethatwereonly weakly leachedor weren’tleachedat all. Theresultsindicatethe

presenceof a leachableradiogeniccomponent,but its quantity appearsto be small. For

instance,the87Sr/86Srfor 0B93-71 wasreducedfrom 0.704617in the unleachedpowder

to 0.704453in the strongly leachedone, a total reductionof 1 .6xi04.TheNd isotopic

compositionsof leachedandunleachedsamplesareidentical.RheniumandOs analyses

weremadeon unleachedwhole rockpowders,but given that theabundancesof these

elementsin the granulitesarerelativelyhigh, it seemsunlikely thatalterationmuchaffected

theRe-Ossystematics.However,thereis someevidencefrom ODP site735B thata

complexhistoryof fluid andmelt interactionhaddifferent effectson thedifferentisotopic

andtraceelementsignaturesof theserocks,including Os Hart et al., 1999.A similar

situationdoesnot seemlikely in this case,mainly becausethe co-variationof 87Sr/86Srwith

‘43Nd/Nd is not an alterationsignalFigure 4-17. Furthermore,neitherSrnor Nd

correlateswith any of thetraceelementindicesof alteratione.g.Cs,Rb,Ce.

Thehostbasaltdike hashigh concentrationsof isotopicallyenrichedSr andNd and

couldpotentiallyalter the isotopicsignatureof thegranulitesthroughinteraction.Although

theSr andNd isotopic signaturesof thehostdike couldbe affectedby small disseminated

metasomaticperidotites,this is highly unlikely. Mixing calculationsbetweenthe most

isotopicallyenrichedbasaltfrom the Islands87Sr/86Sr= 0.7055and339 ppm Sr; Yanget

al., 1998,andperidotiteclinopyroxenelike thatof sampleOB93-83Chapter2; 87Sr/86Sr

= 0.706427and558 ppmSr indicatethat for this to happen,the basaltmustconsistof
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80%clinopyroxeneto explainthe Srisotopiccompositionofthe dike. No thin sectionis

availablefor this sample,but thereis no evidencefor this much clinopyroxenein the hand

sample.Thus,the measuredisotopiccompositionof the hostdike is real.

To changethegranulitesamplewith the leastradiogenicSr to thatwith the most

radiogenicSrby additionof the hostbasalt,themostradiogenicgranulitemusthavehad

approximately10% basaltphysicallyadded.Thereis no evidencethatthis muchbasaltis

incorporatedinto anyof thesexenoliths.Along with the lack of petrographicsignsof

alterationor interactionwith thehostbasalt,thesedataindicatethat thegeochemistryof the

granulitexenolithswasnot affectedby alterationor the hostbasaltat the level of the

interpretations,andthat the isotopiccompositionsof thesexenolithsaretherefore

consideredprimary.

Althoughthe ageofthe xenolith hostdike is unknown,it mustbe youngerthan

approximately24.5 Ma, the ageof basaltsin the areaNicolaysenet al., 1999.The

absoluteagesof the granulitesare alsonot known,but as will be discussedbelow, they

couldbe relatively young<70Ma. Thoughthe absoluteinitial isotopic ratios ofthe

granulitescannotbe determined,correctionsfor isotopicingrowthsincethe time of

eruptionof theirhostbasaltcanbe estimatedto comparetheir isotopiccompositionsto

thoseof the KerguelenIslandsbasalts.Correctionsfor 24.5 Ma on the granulites,the

maximumageof thehostdike, are only 7-19ppmfor 87Sr/86Sr,and0.5-0.9epsilonunits

for 143Nd/’44Nd.Thus,no correctionis appliedfor Sr andNd. Correctionsfor 24.5 Ma of

Os isotopic ingrowthare lessthan 1.4%for all samplesmostare lessthan 1%except

OB93-54,for which thecorrectionwas 9.8% Table4-li.

Figure4-18showsthat the ‘870s/188Osofthe granulitesareindependentof their Os

concentrations,andno obvious mixing relationshipsarepresent.Themostradiogenic
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granuliteOB93-54is amongthelowestOs contentsamples,but its Os concentration100

ppt; Table4-11 is well abovethe20 pptcut-off for potentially significantcontamination

effectsthat havebeenobservedin many basaltse.g. ShireyandWalker, 1998.Indeed,

severalofthe Kerguelenplume relatedbasaltsthat havebeenanalyzedexhibit elevated

‘87Os/1880sat low concentrationsFigure4-18 Reisberget al., 1993;Yanget al., 1998.

After eruptionagecorrection,the 187Os/’88Osof thesebasaltsare quite similar to the 24.5

Ma corrected187Os/188OSof 0B93-54seeFigure4-21. Thetwo analyzedbasaltsfrom

HeardIslandalsohaverelatively low Os contentsandhave187Os/1880ssimilar to the

remaininggranulitesBarling et al., 1997. On thebasisthat Os concentrationsin the

granulitesare beyondthe "susceptibility"limit of 20 pptandthat the 1870s/188Oscanbe

consideredprimary,theOs isotopesimilarity betweengranulitesandbasaltsprovides

credibility to thebasaltdata.It is noteworthythat the Osisotopeheterogeneityobservedin

thegranulitesappearsto be reproducedin thedifferencebetweentheKerguelenandHeard

Islandsbasalts,althoughthe numbersof analyzedbasaltsamplesarecurrentlylimited.

No isochronrelationshipexistsamongthesexenoliths,thoughthemostradiogenic

sampleOB93-54doeshavethe highest187Re/’88OsFigure4-18.As shownin thefigure,

this samplewould haveroughly the same187Os/1880sastheothergranulitesat 69 Ma.A

bestfit line givesan initial 18705/18805= 0.1290.

Comparison to isotopic compositions of other lower crustal rocks

In comparisonto otheroceaniccumulates,the isotopic compositionof theserocksare

unique.TheSr andNd isotopiccompositionsof unalteredgabbrosfrom theSWIR,

MARK, Hawaii andtheCanaryIslandsareall isotopically less enrichedthanany of the

Kerguelengranulitesandbasalts.Gabbrosfrom theSW1Rareisotopically similar to Indian

OceanMORB Kemptonet al., i99i; Hart et al., 1999,andtheMARK gabbrosare

185



isotopically like theNorth Atlantic MORB KemptonandHunter,1997. Thegabbro

xenolithsfrom theCanaryIslandshaveprimary Sr andNd isotopic signaturesof ca. 170

Ma Atlantic N-MORB Hoernle,1998,andHawaiiangabbroxeno!ithshaveSr andNd

isotopiccompositionsof modernEastPacific RiseMORB LassiterandHauri, 1998.In

short,no otheroceaniccumulates,not eventhemafic xenolithsincludedin plume-related

basalts,comenearto exhibitingthe isotopicenrichmentseenin the Kerguelengranulites.

Mafic granulitesfrom continentalsettingshavequite variablegeochemistry.In

general,thosefrom granuliteterrainsarericherin SiO2 >55wt.% than granulitexenoliths

eruptedthroughcontinentalcrustSiO2<55wt.%; RudnickandPresper,1990,thus the

comparisonpresentedhere is restrictedto mafic granulitexenolithsfrom continental

localities.As notedabove,themajorelementcompositionsof thecontinentalgranulites

vary widely andencompasstheentirerangesshownby thegranulitesof this study,and

otheroceaniccumulatesFigure 4-9.TraceelementandSr andNd isotopiccompositions

of continentalgranulitexenolithsaresimilarly diverseseereviewsby Rudnickand

Presper,1990; Rudnick,1992; RudnickandFountain,1995 andreferencesthereinand a

simple conclusioncannotbe drawnfor a continentalv. oceanicorigin for the xenolithsof

this study.Figure4-19showsthat theSr andNd isotopiccompositionsof themafic

continentalgranulitesarehighly variableandcompletelyenclosethe isotopiccompositions

displayedby the Kerguelengranulites.

In contrast,Re-Ossystematicswithin thecontinentalandoceaniclower crustarequite

differentandinferencescanbe madefrom thesedataon theprovenanceoftheKerguelen

granulitexenoliths.Figure4-20 comparestheOs isotopiccompositionsof the granulitesof

this study with thoseof both oceanicandcontinentallower crust. It is evidentthat the

Kerguelengranulitesare lessradiogenicthangabbrosfrom site735B andtheHawaiian

IslandsHart etal., 1999;LassiterandHauri, 1998,andlowercrustalsamplesfrom
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UdachnayaPearsonet al., 1995,AustraliaSaalet al., 1998, andthewesternUSA

Esperancaeta!., 1997.Al! ofthe Australiansamplesandone of thewesternUSA

samplesaregranulites;all the remainingsamplesfrom the westernUSA andUdachnayaare

eclogites.TheOs concentrationsin theKerguelengranulitesare an orderof magnitude

greaterthanthe gabbrosfrom site735B andtheHawaiianIslands<25 ppt, Lassiterand

Hauri, 1998; Hart et a!., 1999,andhaveOs concentrationsthat aremore similar to those

of thehigh Os concentrationend ofthespectrumfor thecontinentallower crust3-1043

ppt; Pearsonet al., 1995;Esperancaet al., 1997;Saalet al., 1998.Figure4-20 also

showsthat the ‘87Re/1880sof thegranulitesofthis study havea muchmorelimited range

andoverall lower valuethan all ofthe othersamples.Rheniumconcentrationsfor mostof

theKerguelengranulitesaresubstantiallylessthan the 2 ppb averagefor 735B samples

Hart et a!., 1999,thougha few OB93-54,0B93-68,and OB93-71overlapthe ranges

of theothersamples.

Osmiummodel agesof thecontinentalsamplesare obtainedby tracingbackisotopic

growthon the basisof thepresent-dayRe/Osto thetime wherean intersectionwith mantle

growthcurve occurs.Thesemodel agesare>250Ma for AustraliaSaalet al., 1998,>1

Gafor SiberiaPearsonet al., 1995,and>160Ma for thewesternUSA Esperancaeta!.,

1997.TheOs modelagesofthe Kerguelengranulitesrangefrom -8 Gato 14 Ga Table

4-il calculatedwith parametersfrom Lindneret al., 1986; andWalker andMorgan,

1989,andit is clearthat thesenumbersmustbecarefullyexamined.The 187Osi88Osof

manyof theKerguelengranulitesarenear,or slightly moreradiogenicthanthepresent-day

valuefor primitive mantle0.12757,basedon carbonaceouschondrites;Walker and

Morgan,1989,andaremuchlessradiogenicthanthemajority ofthe continentalsamples.

In thiscase,small variationsin the Re/Osof a samplewill magnify theerrorin modelage

andnegativeagesresultfrom sub-chondriticRe/Os.Thecumulatecharacterof the
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Kergeuelengranuliteprotoliths contributesto this effect. Notein Table 4-li that sub-or

nearchondriticRe/Osoccurin many sampleswith high Mg# andlow incompatibleelement

abundancese.g.OB93-71.Given that Re andOs concentrationswerereproducibleat 4.6

to 20% on the basisof replicateanalysesmainly dueto nuggeteffects; seeAnalytical

Methodssection,theOs modelagesfor sampleswith 187Re/188Oscloseto or below

chondriticvalueswould not havesignificance.Forthosewith 187Re/188Osgreaterthan 1.0

howeverOB93-50,0B93-54,0B93-60,OB93-6iA,0B93-68 and 0B93-90,the

closenessof themeasured1870s/1880sto thepresent-dayprimitive mantleindicatestheir

relativelyyoungages.The187Os/188Osof the granulitesarealsoconsistentwith the ideathat

theserocksarerelatedto theKerguelenplumeratherthanhavingan origin in the

continentalcrust.This is becausethe Os isotopiccompositionof mantleplumeswere

postulatedto havea primitive mantlecompositione.g.Martin, 1991or evena radiogenic

corecontribution.Althoughnot completelyunequivocal,theRe-Oscharacteristicsofthe

granulitesarguefor their provenancecoimectedto theKerguelenplumeratherthanthe

lower continentalcrustof Gondwanaland.

Origin of the isotopic signatures

As discussedabove,the Sr andNd isotopevariationsin the granulitescoverpracticallythe

entirerangeobservedfor theKerguelenIslandsbasalts.This, togetherwith the trace

elementargumentspresentedabovefor a geneticrelationof thegranulitesto the Kerguelen

Islandsbasalts,indicatesthat the isotopic signaturesof the two shouldhavesimilar origins.

Previousmodelsfor basaltpetrogenesisinvokedvariationson thethemeoftwo-component

mixing Storeyet a!., 1988; Gautieret al., 1990;Weis et al., 1993; Yanget al., 1998. For

example,Gautieretal. 1990 founda correlationof isotopiccompositionandsampleage:

theyoungestbasaltswerethemostalkalineandisotopicallyenriched.Theypostulatedthat

the input of theDMM componentdeclinedandthatof theplume componentincreased
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during the-40 Mathat theSEIRhasbeenmovingnortheastward,awayfrom the

Kerguelenplume.However,no basaltfrom Kerguelenthat is asisotopically depletedasthe

normalIndianMORB hasyet beenfound althoughsomeIndianOceanMORB with

hotspotinfluencedo extendinto field of Kerguelenbasalts,Figure 4-17.Though the

proposedplumeendmemberis commonlyseenin theKerguelenIslandsbasalts,theDMM

endmemberhasnot yet beenobservedin any of themafic rocks.More recentresultsfrom

Yanget al. 1998 foundthe entirerangeof isotopiccompositionof theKerguelenIslands

basaltsin onestratigraphicsequence.Thesebasaltshaderuptedover a -i Ma time span

between29-30Ma Nicolaysenet a!., 1999 in an oscillatory fashionbetweentwo isotopic

extremese.g.87Sr/86Sr= 0.7040and 0.7053.Consequently,the originof thosebasalts

couldnot be explainedby simpleDMM-plume mixing wheretheproportionschangedwith

time. Theseauthorsproposedan origin for theserocks asthe tappingof distinct melts from

an isotopicallyenrichedplumeanda relatively isotopicallydepletedplateaulower crust,as

representedby thegranulitesreportedby Mattielli 1996.Thateventhemostisotopically

depletedgranulitesstill possessthe Sr andNd characteristicsof Kergeuelenbasalts,

suggeststhat a DMM-plume mixing origin for thegranulitesencountersthesamedifficulty

asthat for thebasa!ts.

Anotherdilemmaexistsfor theDMM-plume mixing hypothesis.It is well knownthat

mantleplumescan affect thechemistryofMORB e.g. Schilling, 1985,andgeophysical

studiesof plume-ridgeinteractionindicatethat plumemantleflows towardsmid-ocean

ridgesevenwhentheyare separatedby up to 1000km Schilling, 1991; Small, 1995;

Ribe, 1996;Yale andPhippsMorgan,1998.Given that plumemantleflows towardridges

becauseof thermalandrheologicalgradients,it appearsthat the invokedDMM-plume

geochemicalmixing couldoccuronly whena plumeis locateddirectly beneatharidge.For

the caseof theKerguelenIslandsbasalts,if oneassumesendmembercompositionsfor the
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SEIR melt pure DMM with 87Sr/86Sr= 0.70275,143Nd/1Nd= 0.51315;anddepleted

MORB concentrationswith 100 ppm Sr,4.5 ppmNd andthe plumemelt 87Sr/86Sr=

0.70550,‘43Nd/144Nd= 0.51255,339 ppm Sr, and20 ppm Nd: GM-59 of Yang et a!,

1998, themostdepletedKerguelenIslandsbasalt87Sr/86Sr= .7040 and 143Nd/Nd

0.5219 requiresa mix of 80%SEIR meltand 20%plumemelt. Changingthe SEIR

endmemberto an isotopicallylessdepletedcompositioncausesthemixing proportionsto

becomeevengreaterfor theSEIR endmember.Eruptionof sucha ridgedominatedmelt as

a partof plumevolcanismappearsunlikely evenfor a ridge-centeredplume,considering

thegreatermeltproductionratefor a plumeat a depthwhereridgemelting is occurring.For

basa!tseruptedafterSEW movedawayfrom theKerguelenplume,the physicaldifficulties

for mixing distal ridgemelts into plumemagmasappearinsurmountableandrequirethat the

geophysicalreasoningbehindthepopularmodelbe re-invented.

TheOs dataalsodo not supporta simpleplume-DMM mixing model.On an Os v. Sr

isotopicdiagramFigure4-21thebulk of thegranulitedatalie halfway betweenDMM and

EM II, but in Os v. Nd spaceFigure4-21, thegranulitesnearlyoverlapthe proposedEM

II component.If theisotopic compositionsof theserockswerea resultofDMM-plume

mixing it would be DMM-EM II mixing whichcontradictsa generalview that the

Kerguelenplumeis stronglyEM I, andthe relativeproportionswouldneedto be different

for SrandNd. Evenif the Os isotopiccharacteristicsofEM I weresimilar to the Kerguelen

granulites,themismatchin mixing proportionsfor Sr andNd remain.Overall,these

isotopicdataargueagainsta MORB-plumemixing for theobservedisotopiccharacteristics

for the granulites.

Wholerock powdersfrom six granulitexeno!ithsfrom the SoutheasternProvinceof

theKerguelenIslandswereanalyzedfor Pbby Mattielli et a!. 1996.Thesedataplotnear

theunradiogenicendof the rangedefinedby KerguelenIslandsbasaltsandwithin that of
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IndianOceanridgebasa!ts.Thus, thesegranuliteswereinterpretedto represent"deep

cumulatesof tholeiitic magmas"thatwereDMM-plume bothEM I andEM II mixtures

with high proportionsof theDMM component.Given thebody ofthe availableisotopic

datafor both basaltsandgranulites,no coherentmixing modelcanexplaintheobserved

isotopic variations.

Contaminationof thegranulites’ parentalbasaltmagmaswith differing amountsof

continentalmaterialcouldalsoresultin theobservedSr andNd variation.This ideais not

unreasonablebecauseevidencefor continentalmaterialdoesexist in variouspartsof the

KerguelenPlateau.Basa!tsdrilled from the southernKergeuelenPlateauhavetraceelement

andisotopiccompositionsindicativeof continentalcontaminationA!ibert, 1991; Salterset

al., 1992;Mahoneyet a!., 1994,someperidotitexenoliths from thearchipelagohavean

Os signatureof subcontinenta!lithosphere,and a clinopyroxenemegaciysthas875r/86Sr

and ‘43Nd/Nd characteristicof continentalcrustcontaminationChapter2; Chapter3;

HasslerandShimizu, 1998.However,no definitivecontinentalsignatureshavebeen

discoveredin thebasaltsfrom theislands,andall ofthestudieson basaltsruledout a

continentalsourceof isotopicvariationGautieret a!., 1990; Weiset al., 1993;Yanget al.,

1998.

Thedatashownin Figure4-19imply thatcrustalcontaminationcouldsignificantly

changetheSr andNd isotopiccharacteristicsof mafic magmas,andtheparentalmagmas

thatprecipitatedthegranuliteprecursorgabbrosmight havebeencontaminatedby

Gondwanalandlower crust.Thegranulitesof this study andthoseof Mattielli et a!. 1996

plot on the "mantlearray",andif theirSr andNd variationswereproducedby crustal

contamination,theamountsofcontaminantmusthavebeenvery small. Suchcrusta!

contaminationcouldalterthe Os isotopiccompositiontowardmuchmoreradiogenic
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values.Theclosenessof theOs isotopic dataof thegranulitesofthepresentstudy to the

present-dayprimitive mantlevalue,stronglyarguesfurtheragainstcrustalcontamination.

Thefavoredalternativeto explainthe isotopicdiversity of thegranulites,andby their

geneticassociation,thebasaltsas well, is plumeheterogeneity.It is still unclearwhether

the Kerguelenplumeconsistsof mantlematerialwith two different isotopiccompositions

that melt andmix in variousproportionsto eventuallyform thegranulitesandbasa!ts,or if

moreendmemberswithin theplumearerequired.In theproposedscenario,a depleted

componentof theplumewould be similar isotopicallyto themostdepletedKerguelenbasalt

or granuliteobserved,andtheenrichedendmembercouldbe isotopical!ylike thehostdike

or the metasomaticmelts describedin Chapter2.

It is notablethat althoughthe granuliteshavevirtually thesameSr andNd isotopic

compositionastheKerguelenbasalts,theeruptionagecorrected1870s/’880saremuch less

radiogenicReisbergeta!., 1993;Yangetal., 1998.Theexceptionis sampleOB93-54;

the ‘87Os/188Osis as radiogenicasthe basalts,but its concentrationis much higherFigure

4-18.Conversely,theSr,Nd, andOs isotopesof two basaltsfrom HeardIslandBarling

eta!., 1994;Barling et al., 1997,which alsohavea Kerguelenplumeorigin, are like the

majority of the Kerguelengranulites.Thus, the granulitescover the known 187Os/’88Os

rangeof Kerguelenplumebasalts.This implies that theplumeis heterogeneousin its Os

isotopiccompositionas well asthe otherisotopes.But becauseSr, Nd, andOs dataexist

only for a fewKerguelenIslandsbasaltsandthe granulitesof this study,the full Os

isotopicspectrumof the Kerguelenplumemaynot yet be known.

Yanget a!. 1998 discountedtheheterogeneousplumehypothesisfor theKergue!en

Islandsbasa!ts.Onereasonwasbecausethe sampleswith themostisotopicvariationhave

a mafic, plagioclase-richcomponentin theirsourcegroupD basalts.They namedthe
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KerguelenPlateaulower crustas thesourceof this mafic componenton thebasisof the

geochemistryofthe granu!itesmeasuredby Mattielli et al. 1996.Theseauthorspostulated

thatplumeheatinducedthemeltingof the lower crustwhich wasinferredto be madeof

SEW-derivedcumulatesby Mattielli et a!. 1996. Yangeta!. Yanget a!., 1998 further

notedthat themostisotopicallyenrichedbasaltshadthe leastisotopicvariationandno

mafic sourcecomponent,andpostulatedthat this isotopic signaturewas intrinsic to the

plume.The major difficulty with this model stemsfrom the REEpatternsofthegroupD

melts,andfrom the fact that they areundersaturatedwith plagioclase.Figure8 of Yanget

al. 1998 shows that the group D basaltshave{SmIYb]N>3 for all but oneGM92-46,

indicatingtheirorigin of melting in thepresenceof garnet.This is not consistentwith the

melting of plagioclase-bearing,SEW-derivedcumulatesat low pressuresby plume heat.

Theabsenceof plagioclasephenocrystsin thesebasaltsindicatesthat the groupD melts are

undersaturatedwith plagioclase.Again this inconsistentwith thehypothesisofmelting of

plagioclasebearinglower crustalrocks,andpointsto aplumeorigin instead.

SobolevandHofmann1998 recentlydiscusseda similar situationfoundin Mauna

Loa melt inclusions.Theseauthorsfoundbasalticmelt inclusionswith largepositive Srand

smallerpositiveEu anomaliesincludedin high-Mg olivines. Despitetheseobvious

plagioclasesignatures,thesemelts werefoundto be undersaturatedwith plagioclase.Their

explanationwas thata recycledplagioclase-bearingcumulatecomponentwaspresentwithin

theHawaiianplumeandmeltedat depthswhereplagioclaseis absent.The same

explanationcouldapply to thegroupD basaltsof theKerguelenIslands,and suggeststhat

thesebasaltsareproductsof the Kerguelenplume,ratherthan melts of the plateaulower

crust.

This further implies that the Kerguelenplumeis heterogeneouswith respectto its Sr

andNd isotopiccompositionsandthat distinct partsof theplumeweretappedin succession
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to producethebasaltsoftheMt. BureauandRabouillerewithoutmixing. Theco-existence

of differentmeltsin closeproximity in spaceandtime occurin natureandhasbeenwell

documentedby melt inclusion studiesSobolevandShimizu, 1994; Shimizu, 1998;

Shimizu andGrove, 1998 andthe lack of mixing in the Kerguelenbasaltsneednot be

surprising.

4.5.8. Cumulate emplacement in time and space

It hasbeendiscussedabovethat the traceelementandisotopiccompositionsof the

granulitesindicatea stronggeneticlink to theKerguelenplume.Theirmineralogical

constitutionandmajorelementcompositionsindicatetheirorigin as gabbroiccumulatesthat

wererecrystallizedundergranu!itefaciesconditionsas shownby Figure4-8. The

metamorphicreactionresponsiblefor granuliteformationis olivine + plagioclase-

clinopyroxene+ orthopyroxene+ spine!.For this reactionto occur,the gabbroprotoliths

musthaveeitherexperiencedan increasein pressureor decreasein temperatureFigure

4-8. An increasein depth ,andtherebyan increasein pressure,could haveoccurredas the

originally subaerialKerguelenPlateausubsidedandthe repeatedvolcaniceruptionsthat

built the PlateauandIslandswerepiled ontothe surface.This scenarioseemsunlikely

however,in that subsidenceratesare too small. Theestimatedmaximumsubsidenceof the

KerguelenPlateauduringa 50 Ma time spanis only 1-2km MunschyandSch!ich, 1987;

Coffin, 1992.Thus, it appearsmorelikely that the granulitesformedby crossingthe

reactionboundaryasa resultof isobariccooling. It follows that a thick northernKerguelen

Plateaualreadyexistedwhencumulateemplacementoccurred.Clearly,cumulateformation

at the SEIR,wherecrustalthicknessis approximately7 km, doesnot satisfythepressure

conditions.In additionto theproblemsfor pressureincreasedueto subsidence,the idea

that theKerguelengranulitesare"deepcumulatesfrom tholeiitic magma"Mattielli et a!.,

1996; Grègoireet a!., 1998 mustbereconsidered.
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Seismicexperimentsshowedthatthe crustalthicknessbeneaththe KerguelenIslands

andthe KerguelenPlateaurangesfrom iS to 23 km Recq, 1990,1994,Charvis,1993,

1995,OpertoandCharvis,1995, 1996.Becauseof thepresenceof both pyroxeneand

garnetgranuliteassemblages,andof sapphirine-bearingassemblagesChristy, 1989,the

pressureof metamorphismmusthavebeenat least0.6-0.7GPa,or about21 km deep

Figure4-8. This observationsuggeststhat thegranuliteprotoliths formedby magmatic

underplatingat thebaseof the crust.Mechanismsby which the lower oceaniccrustforms

havebeena subjectof debateandrecentdevelopmentbasedon studiesof ODPsite 735B

Dick eta!., 1992;Hart et a!., 1999 andtheOmanophiolite Kelemeneta!., 1997can be

usedto infer processesof underplatingfor the presentcase.Particularly interestingarethe

observationsofKelemeneta!. 1997 for theemplacementof gabbrosills in theMoho

transitionzoneof the Omanophiolite.Numeroussmall <1 to 50 m thick by >10 to 200 m

long gabbrobodiesareformed by the crystallizationof melts at the Moho. In this model,

ascendingmeltsaretrappedatthe Moho andcrystallizebecauseof permeabilityanddensity

barriersStolperandWalker, 1980;Parsonset a!., 1992;Kelemenet a!., 1997.Themore

evolvedresidualmelts areeffectively extractedby a mechanismof periodic hydrofractureof

the overlyingbrittle crust,leavingbehinda nearlypure cumulate.hi additionto being

observedin OmanKelemenet a!., 1997, thesetypes of gabbrosareinferredby

geophysicalmethodsto be currently in theprocessof forming at theEastPacificRise

Crawfordet a!., 1999,andtheir formationwassuccessfullymodeledin hotspotsettings

usingthe MELTS codeFarnetanieta!., 1996.Moreover,the presenceof underplated

lower crusta!materialwas observedseismicallybeneathHawaii andthe Marquesasten

Brink andBrocher, 1987;Caresset a!., i99S. Thus,underp!atingseemsto be a common

processof lower crustal growth in oceanicsettings,both ridgeandhotspot.
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If themetamorphismoccurredby isobariccooling,thenwhy andwhendid thecooling

begin?This is somewhatproblematicin thatcooling of the lithosphereis not easily

explainedin a plumesetting.Theabsolutemotion of Antarctic plate is in a slow

northeasterlydirection,andit is possiblethatthe Islandshavemovedawayfrom the plume,

althoughthecurrentlocation of theKerguelenplumeis not knowne.g. Duncan,1991;

DuncanandStorey,1992;Royeret a!., 1991.It is clearhowever,thatplume activity is

now afraction of what it was at timesduring the last30 Ma, i.e. theplumemay be waning.

Together,the platemovementandthe waning plumemayhaveallowedthe temperatureof

the lithosphereto decreaseenoughto drive the metamorphism.If the high temperature

anomalyis completelyremoved,conductivecooling canhappenrelativelyquickly. Ten km

of lithospherecan cool to theambientgeothermalgradientwithin 300 kaafterthe heat

sourceis removed.

Why are granulitespresentbeneaththe KerguelenIslandsandnot otheroceanic

Islands?The answeris that theymay well be presentbeneathotherislands,but theyhave

just not beensampledby plumevolcanism.As notedearlier,otheroceanicisland

platforms,includingHawaii,theMarquesasandthe OntongJavaPlateau,haveindications

that largeigneousbodiesareunderplatedbelow tenBrink andBrocher,1987; Caresset

a!., 1995.Thus,granulitesmaypotentiallyexistbeneaththeseislandsas well.

It hasalsobeendiscussedin this chapterthat theSr andNd isotopevariationsin the

granulitesaredueto inherentheterogeneitiesof theKerguelenplume.Thefactthat the

small isotopically andgeochemicallyheterogeneouspiecesofrecrystallizedgabbro

cumulatesare sampledby the KerguelenIslandsdikes suggeststhat the original

emplacementof gabbrosmight haveoccurredin numeroussmall units,similar to those

observedin OmanKelemenet al., 1997. In this regard,it is notablethat granulitesfrom

individuallocalities appearto form distinctgroupsof SrandNd isotopiccompositions.
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Figure4-19 showsthatgranulitesfrom Mt Tizardhavethe lowest87Sr/86Srandhighest

‘43Nd/Nd Mattielli et a!., 1996,followed by the Lac Superieurgranulitesof this study,

andthosefrom Dome RougehavethemostisotopicallyenrichedsignaturesMattielli,

1996. Thecombinationof theseisotopic characteristicwith the locality-dependent

differencesin the relativeabundancesofthedifferent xenolith typesandgranulite

mineralogyimplies thatplume-derivedmagmaswith distinctisotopiccharacteristicswere

emplacedat differentdepthsin the crust-mantletransitionzoneandundervariedthermal

conditions.Thatis, becausegarnetandsapphirine-bearinggranulitesarepresentonly in the

SoutheasternProvince,andtwo-pyroxenegranulitesin the CourbetPeninsula,thecrustal

thicknessis probablydifferentbetweenthesetwo localities.

4.5.9. What is the 1870s/’880sof the EM I component?

TheOs compositionof theEM I componentis not yet well defined,thoughthereis some

indication that theEM I endmemberhasradiogenic1870s/1880srelativeto EM II Hauriand

Hart, 1993;Reisberget a!., 1993; Yanget a!., 1998; ShireyandWalker, i998. Basalts

from theKerguelenplumehavea strongEM I componente.g.Gautieret a!., 1990;Weis

et a!., 1993; Yangeta!., 1998,so the Os datafrom theKerguelenplumerelatedrocksmay

give someindication of the Os isotopiccompositionof EM I. Theeruptionagecorrected

basa!tsandgranulitesfall into two Os isotopicgroups,arelatively radiogenicgroup

187Os/1880s= 0.1600andunradiogenicgroup187Os/’88Os= 0.1300;Figure 4-21.As

notedabove,thatbasaltsand granulitesarepresentin both isotopicgroupsis evidencefor a

heterogeneousplume.It follows that the Osisotopic signatureof theEM I componentof

the Kerguelenplumeis heterogeneousas well. This is consistentwith the origin of the EM

I componentin thesubcontinentallithosphereHart, 1988.

Onecaveatto this idea,is that the absoluteagesof thegranulitesarenot known.

Correctionsfor a 70 Ma crystallizationagefor thegranuliteprotoliths givesa rangein
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1870si880sof 0.1266 to 0.1337,and 0B93-54,themostradiogenicsample,has

‘870s/188Os 0.1285seeFigure4-18. Hence,at 70 Ma theOs isotopic heterogeneityof

theserocks significantly decreases.At thistime, rocksfrom the DSDP site216 indicatethat

theNinetyeastRidge wasbeing constructedby the Kerguelenplumeat -50°S as

determinedby paleomagneticstudies;e.g.Royeret a!., 1991.Therefore,it is possiblethat

thesegranulites’ precursorcouldhavebeenunderplatedduringthe NinetyeastRidge

formation.Preliminaryseismicdataindicatethecrust is about25 km thick beneaththe ridge

nearODP site 757,andalsoexhibitsevidencefor crustalunderplatingF!uehet a!., 1999.

Although theseconditionssatisfythosenecessaryfor granulitemetamorphism,the

geographyis more difficult to reconcile.For the protolith of thesegranulitesto be relatedto

NinetyeastRidgeformation,asizeablepieceof the NinetyeastRidgeshouldbe present

beneaththe northernKerguelenPlateau.That is, apiece of the ridgewould havebeenrifted

from therestof the structureandsubsequentlycoveredby thevolcanismthat createdthe

northernplateauandthe Kergue!enIslands.A determinationof the absoluteagesof the

granulitesand a betterunderstandingofthe structureandtectonichistory of thenorthern

KerguelenPlateauwill be necessaryto solvethis problem.

4.5.10. What is the mineral host for Re and Os?

BecauseRe andOs are cha!cophileelements,it is generallyassumedthat they arecontrolled

by sulfidesduringprocessessuchas meltingandfractionalcrystallizationJagoutzet a!.,

1979; Stockman,1982;MorganandBaedecker,1983; HartandRavizza,1996.Sulfides

can accountfor as muchas80%of theRe andOs budgetof peridotites,andthereforedo

havea significantrole in their geochemistryJagoutzeta!., 1979;MorganandBaedecker,

1983; Hart andRavizza,1996.It seemsclearthat if sulfidesarepresentin the magmatic

system,they shoulddominateRe andOs geochemistry
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The granulitesof this mayhold somecluesto thegeochemistryof Re andOs during

crystallizationof basalticmagmas,becauseasnotedabove,manyof thegranulitescontain

sulfides.Figure 4-22showsa seriesof variationdiagramsof whole rock abundancesof

chalcophileelementsandRe andOs.No correlationexistsbetweenRe andOs,possibly

indicating differentmineralhostsfor theseelements.Correlationsarepresenthowever,

with Re andOs andotherchalcophileelements,thoughnot the sameones.Osmiumhasa

goodpositivecorrelationwith Zn andPb,but not asgoodwith Cu. In contrast,Re

correlatespositively with Cu andlesswell with Zn, but showsno correlationwith Pb.

Thesedataindicatethat both Re andOs arecontrolledby sulfide segregation,but not

necessari!ythesamesulfidephase.If this is true, then Re tendsto occurin thesame

sulfidesasCu but not Pb-richsulfides,whereasOs will be presentin the samesulfidesas

PbratherthanCu-rich su!fides.Zinc canbe presentin sulfidesthat containboth Re andOs.

Moreover,Os doesnot correlatewith Ni, but ratherremainsrelatively constantfor a given

Ni contentanddoesnot follow an olivine control line. This demonstratesthat Os contents

oftheserocksarebufferedby sulfidesegregationHartandRavizza,1996.Thatmanyof

thegranulitescontainsulfidessupportsthis idea.

4.6 Summary

The resultsof this geochemicalstudyof granulitexenolithsfrom theCourbetPeninsula,

KerguelenIslandsprovidethefollowing conclusions:

Thexenoliths of this study aretwo-pyroxenegranu!ites,with olivine gabbroproto!iths.

Theirequigranulartexture,absenceof olivine andhigh modal abundanceof orthopyroxene

provideevidencefor a metamorphicorigin.Differencesin CIPW normativemineralogy

olivine + clinopyroxene+ plagioclaseandmodal mineralogyclinopyroxene+
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orthopyroxene+ plagioc!aseindicatethat theprotolithswereolivine gabbroandthe

reactionthat formedthe granuliteswas olivine + plagioclase- orthopyroxene+

clinopyroxene+ spine!. Although it is notpossibleto determinethe absolutepressureof

metamorphismfor theserocks,on thebasisof two-pyroxenethermometiyandtheCMAS

experimentalsystemreactionboundaries,pressure-temperatureconditionsmusthavebeen

between0.6 and 1.0 GPa,andfrom 845 to 960°Crespectively.

Thebulk rock majorelementcompositionsoftheserocksaresimilar to both oceanic

gabbrosandmafic granulitexenolithsfrom continents.Thus, thesetypeof dataarenot

sufficient to determinetheprovenanceof theparentmeltsof thegranulites.Furthermore,

thesegranu!itesarenot relatedto eachotherby simplecrystalfractionationof a single

parentmagma.Wholerock trace elementabundancesindicatethat theserocksare

cumulates.Positivecorrelationsof compatibleelementswith MgO, andpositiveSrandEu

anomaliesof a similar magnitudeasgabbrocumulatesfrom theOmanophiolite supportthis

interpretation.Thebody of whole rockdataalsosuggestthat metamorphismwas

isochemical.Two line of evidencerule out asignificantinterstitialmelt in thegranulites:a.

Thelow level of incompatibleelementspresentin thegranulitesarguesfor a minimal melt

fraction thatmayhavebeentrappedduring mineral accumulation,andb. Sr isotopesrule

out impregnationof a lower oceaniccrustalgabbroby a plumemelt.

Rareearthelementabundancesofbulk granulitesandof clinopyroxenesareusedto infer

the traceelementcompositionsof theparentmeltsof thegranuliteprotoliths.Equilibrium

melts of both wholerocksandclinopyroxenesgive similar REEpatternsthatare

comparableto thoseof KerguelenIslandsbasaltsratherthanSEW MORB. This

characteristicsareshowthat thegranuliteprotolithsaregeneticallyrelatedto themagmatism

that producedtheKergue!enIslandsbasa!tsratherthan theSEW MORB.
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The SrandNd isotopesofthegranulitesare in equilibrium with theKerguelenIslands

basalts,further supportingan origin of theprecursor’sparentmelt from theKerguelen

plume. Combiningthedataof thepresentstudy with the isotopedataof granulitesfrom the

SoutheasternProvinceshowsthat thegranulitesas a whole spanthe isotopic range

exhibitedby theKerguelenbasalts.This implies a similar origin for the isotopic variations

of thetwo.

TheRe-Ossystematicsofthegranu!itesarevery similar to that ofthepresent-dayprimitive

mantleandshowthat therockscannotbe very old, probablylessthan-100 Ma.The Os

isotopiccompositionsof thegranu!itesarelessradiogenicthan samplesof both theoceanic

andcontinentallower crust.Together,thesecharacteristicsalsopointto a plumeratherthan

mid-oceanridgeor lowercontinentalcrusta!origin for the granulites.

Theproposedorigin of thediversity of isotopicsignaturesis a heterogeneousplumerather

than a resultof DMM-plume mixing, aswaspreviouslyproposed.At 30 Ma, the ageof the

oldestbasaltson theKergue!enIslands,the Kerguelenplumewould havebeenup to 400

km from the SEIR. Given thatplumemantleflows towardsridges,it is unlikely that the

mixing of 80%SEIR melt and20%plumemelt that is requiredby theSr andNd isotopes

couldhaveoccurred.TheSr, Nd, andOs isotopic systematicsalsoargueagainstany

significantcontaminationof thegranuliteprecursorparentmeltby continentalcrust.That

noneof the isotopicsystemsRb-Sr,Sm-Nd,Re-OsandU-Pballow a coherentmixing

modelamongthe mantleendmembersis furtherevidencethat the isotopicvariations

originatedwithin theKerguelenplume.

Theparentmeltsof the granuliteprotolithsweremostlikely emplacedat theMoho i.e.

underplatedby Kerguelenplumerelatedmagmatismasa seriesof small bodies,similar to

the gabbrosills observedatthe Omanophiolite.Metamorphismoccurredby isobaric
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coolingof theo!ivine gabbroprotoliths,perhapscausedby migrationof theKerguelen

Islandsawayfrom theplume,or a waningofthe plumeitself. Thedifferencesin the

mineralogyof thegranulitesfrom the SoutheastProvincegarnetandsapphirine-bearing

andthoseof this study two-pyroxenes,plagioclaseandspine!,thoughthe bulk chemistry

is generallysimilar, indicatesa variabledepthof emplacementfor theprotoliths,andhence

a variablecrustalthicknessbeneaththe KerguelenIslands.
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Coarsesymplectites,strainedopx,cpx, andplag, cpxandopx exsolution
Coarsesymplectites,strainedplag,cpx andopx exsolution
No thin section available
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LowMg# samples
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Coarsesymplectite,poikilitic opx
Coarsesymplectite,poikilitic opx, cpxandopx exsolution
Coarsesymplectites,cpxandopx exsolution

Fine symplectites,strainedplag,ilmeniterimmedby Ti-magnetite
Fine symplectites,cpxandopx exsolution
No thin sectionavailable

0B93-68 -

0B93-69 -

+
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trace
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Fine symplectites,spinelsrimmedby ilmenite andTi-magnetite
Fine symplectites,strainedopx,spinelsrimmedby ilmenite
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Table4-2.Major elementandtraceelementcompositi
andmodesof granulitewhole rocks.

Sample 0B93-50 0B93-54 0B93-57 0B93-600B93-61A

ons,CIPWnormativecompositions

0B93-68
RockType H L L H L L
XRFwr.%
5i02 48.51 46.27 48.93 48.31 48.99 47.36
A1203 14.47 14.22 17.03 16.95 13.96 17.04
Ti02 0.25 2.22 0.37 0.36 0.74 0.62
FeO* 5.34 12.91 6.19 5.02 5.78 6.73
MnO 0.11 0.19 0.12 0.10 0.13 0.12
CaO 16.09 12.16 14.56 15.85 15.75 13.62
MgO 14.04 8.97 11.00 12.17 12.52 12.42
K20 0.02 0.05 0.04 0.05 0.16 0.08
Na20 0.93 2.18 1.78 1.15 1.40 1.32
P205 0.02 0.14 0.02 0.03 0.02 0.03
Total 99.77 99.31 100.03 99.99 99.45 99.33

Mg# 82.42 55.33 76.01 81.21 79.43 76.69
Rock type: L = Low Mg# sample;H = High Mg# sample;*Total Fe as FeO

CIPW norms
fo 12.28 9.19 10.78 11.13 10.63 12.33
fa 2.84 6.90 3.66 2.71 2.72 3.86
en 3.62 1.97 2.15 2.84 1.71 5.31
fs 0.76 1.34 0.66 0.63 0.40 1.51
di 29.85 15.65 21.28 25.00 30.86 17.32
hd 5.46 9.29 5.72 4.82 6.25 4.29
wo 0.00 0.00 0.00 0.00 0.00 0.00
an 35.25 28.87 38.36 40.94 31.33 40.33
ab 7.87 18.45 15.06 9.73 11.85 11.17
or 0.12 0.30 0.24 0.30 0.95 0.47
ilm 0.47 4.21 0.69 0.68 1.41 1.17
ap 0.04 0.36 0.05 0.07 0.06 0.07
q 0.00 0.00 0.00 0.00 0.00 0.00
co 0.00 0.00 0.00 0.00 0.00 0.00
mt 1.16 2.81 1.35 1.09 1.26 1.46
ne 0.00 0.00 0.00 0.00 0.00 0.00

Cr203 0.14 0.04 0.07 0.13 0.08 0.11
CIPW normscalculatedassumingFe203/FeO*= 0.15.

Modes
Cpx 57.85 n.d 46.45 49.54 57.11 35.72
error 1.04 n.d 1.44 0.75 3.24 5.87
Opx 18.42 n.d 16.07 16.58 15.18 23.30
error 0.60 n.d 0.87 0.44 2.28 4.18
Plag 20.53 n.d 34.29 30.51 26.68 37.80
error 0.73 n.d 0.96 0.53 2.02 3.57
Sp 3.45 n.d 3.15 3.20 n.d. 1.29
error
Modesin

0.33
wt.% arecal

n.d
culatedby

0.43
massbalance

0.24
usingaverage

- 1.96

compositionof non-symplectiteminerals.
Error is 1 S.D.; n.d.: not determined
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Table4-2. Wholerock chemistrycontinued.

Sample 0B93-69 0B93-71 0B93-72 0B93-90 0B93-96
RockType L H H H H
XRFwt.%
Si02 48.57 45.60 48.18 46.49 48.41
Al203 19.54 11.68 20.29 18.48 15.72
Ti02 0.47 0.33 0.23 0.23 0.24
FeO* 6.02 8.65 3.58 4.23 4.96
MnO 0.11 0.15 0.07 0.08 0.10
CaO 14.10 11.53 16.44 15.48 16.09
MgO 9.48 21.17 9.57 10.86 13.42
K20 0.06 0.02 0.04 0.06 0.01
Na20 1.76 0.83 1.51 1.32 0.98
P205 0.02 0.02 0.02 0.02 0.01
Total 100.12 99.98 99.93 97.25 99.94

Mg# 73.73 81.35 82.66 82.07 82.83
Rock type: L = Low Mg# sample;H = High Mg# sample;

*Total Fe as FeO
CIPW norms

fo 8.42 29.36 9.47 11.91 12.09
fa 3.13 7.33 2.10 2.78 2.71
en 4.54 1.91 0.00 0.00 3.28
fs 1.54 0.43 0.00 0.00 0.67
di 15.23 19.25 22.26 21.70 27.81
hd 4.49 3.80 3.91 4.01 4.94
wo 0.00 0.00 0.00 0.00 0.00
an 45.24 28.08 48.47 44.32 38.46
ab 14.89 7.02 11.47 10.20 8.29
or 0.35 0.12 0.24 0.35 0.06
ilm 0.89 0.62 0.44 0.44 0.45
ap 0.04 0.05 0.05 0.04 0.04
q 0.00 0.00 0.00 0.00 0.00
co 0.00 0.00 0.00 0.00 0.00
mt 1.31 1.88 0.78 0.92 1.08
ne 0.00 0.00 0.71 0.53 0.00

Cr2O 0.11 0.26 0.11 0.14 0.13
CIPW normscalculatedassumingFe203/FeO*= 0.15.

Modes
Cpx 33.26 n.d 46.29 47.69 55.37
error 2.78 n.d 1.63 0.94 1.18
Opx 17.17 n.d 8.95 12.84 16.76
error 1.78 n.d 0.95 0.56 0.68
Plag 46.64 n.d 41.59 35.28 24.23
error 1.77 n.d 1.13 0.66 0.82
Sp 2.92 n.d 3.38 4.30 3.89
error 0.97 n.d 0.50 0.30 0.37
Modesin wt.% are calculatedby massbalanceusingaverage
compositionof non-symplectiteminerals.
Erroris 1 S.D.;n.d.: not determined
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Table 4-2.Wholerockchemistrycontinued.

Sample 0B93-50 0B93-54 0B93-57 0B93-600B93-61A 0B93-68
RockType H L L H L L
XRFppm

Ni 247 83 186 217 209 231
Cr 960 263 465 871 525 747
Sc 45 45 43 44 53 38
V 212 402 170 196 268 207

Ba d.1. 61 d.l. di. 143 30
Sr 104 184 156 135 248 179
Zr 13 66 18 19 36 28
Y 5 27 7 6 10 7

Ga 14 18 15 14 12 15
Cu 4 245 5 11 13 41
Zn 22 94 33 24 16 43

ICP-MSppm
La 0.52 3.71 0.63 1.25 2.67 2.07
Ce 0.98 11.51 1.52 2.50 6.85 4.84
Pr 0.19 1.92 0.27 0.38 1.06 0.72

Nd 1.04 10.97 1.56 1.87 5.42 3.45
Sm 0.49 3.96 0.72 0.69 1.74 1.14
Eu 0.30 1.52 0.44 0.38 0.68 0.56
Gd 0.74 5.01 1.01 0.98 2.04 1.34
Th 0.15 0.90 0.19 0.18 0.36 0.24
Dy 0.95 5.78 1.23 1.10 2.23 1.52
Ho 0.19 1.17 0.25 0.23 0.45 0.30
Er 0.52 3.09 0.67 0.57 1.14 0.80

Tm 0.08 0.43 0.09 0.08 0.16 0.11
Yb 0.44 2.60 0.59 0.49 0.97 0.66
Lu 0.07 0.40 0.09 0.08 0.14 0.10
Ba 10.7 99.2 11.2 23.3 135.6 30.0
Th 0.07 0.03 0.02 0.12 0.21 0.09
Nb 0.36 6.86 0.22 1.18 1.65 0.58
Y 5.08 29.41 6.47 5.77 11.16 7.72

Hf 0.19 1.96 0.29 0.32 0.91 0.60
Ta 0.02 0.48 0.02 0.08 0.11 0.06
U 0.02 0.03 0.00 0.03 0.04 0.03

Pb 1.23 0.26 2.67 1.03 3.79 2.65
Rb 0.81 1.04 0.54 1.17 2.98 1.21
Cs 0.13 0.10 0.04 0.08 0.69 0.07
Sr 105 186 157 138 258 181
Sc 54.0 53.3

d.1: belowdetectionlimit
45.1 46.2 61.3 39.9
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Table4-2. Wholerock chemistrycontinued.

Sample 0B93-69 0B93-71 0B93-72 0B93-90 0B93-96
RockType L H H H H
XRFppm

Ni 167 701 189 241 238
Cr 762 1772 782 926 903
Sc 40 30 40 40 43
V 159 130 103 103 214

Ba 34 d.l. 41 125 d.1.
Sr 179 77 199 169 126
Zr 18 18 18 17 14
Y 6 5 4 3 5

Ga 17 9 13 11 14
Cu 39 55 16 15 6
Zn 35 72 16 22 16

ICP-MSppm
La 0.87 0.55 0.57 0.53 0.39
Ce 1.91 1.56 1.13 1.09 0.76
Pr 0.31 0.27 0.20 0.20 0.15

Nd 1.74 1.50 1.03 0.99 0.88
Sm 0.74 0.63 0.46 0.43 0.44
Eu 0.54 0.31 0.29 0.29 0.28
Gd 1.04 0.87 0.68 0.68 0.66
Tb 0.20 0.17 0.13 0.12 0.13
Dy 1.28 1.09 0.83 0.81 0.88
Ho 0.27 0.23 0.17 0.18 0.19
Er 0.71 0.59 0.45 0.45 0.47

Tm 0.10 0.08 0.06 0.06 0.07
Yb 0.61 0.52 0.38 0.37 0.41
Lu 0.09 0.08 0.06 0.05 0.06
Ba 22.1 3.2 37.7 116.7 27.6
Th 0.03 0.01 0.02 0.04 0.01
Nb 0.21 0.06 0.18 0.24 0.15
Y 6.65 5.51 4.25 4.11 4.65

Hf 0.29 0.36 0.21 0.21 0.16
Ta 0.01 0.02 0.02 0.02 0.01
U 0.01 0.00 0.00 0.01 0.00

Pb 1.31 18.74 0.21 0.62 3.23
Rb 0.93 0.51 0.71 1.93 0.33
Cs 0.05 0.08 0.29 0.35 0.07
Sr 183 78 195 166 125
Sc 36.9 35.9 35.7 36.1 51.1

d.1: belowdetectionlimit
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Table4-3.Representativeclinopyroxenemajorelementcompositions.

Sample 0B93-50 0B93-54 0B93-57 0B93-60 0B93-61A
wt.%
Si02 50.11 50.30 50.76 49.55 50.05 48.29
Ti02 0.47 0.61 0.72 0.79 0.43 1.20
A1203 7.34 5.17 6.31 6.67 7.00 7.23
Cr203 0.28 0.03 0.16 0.18 0.23 0.09
FeO* 4.76 9.85 8.74 6.53 4.75 6.34
MnO 0.10 0.10 0.16 0.11 0.12 0.13
MgO 13.82 11.78 15.53 13.16 14.05 12.89
CaO 21.74 20.19 16.98 20.61 21.64 21.58
Na20 0.74 1.35 0.87 1.02 0.77 0.99
Total 99.37 99.39 100.24 98.62 99.04 98.75
Cations/6Oxygens
Si 1.845 1.892 1.862 1.852 1.850 1.811
Ti 0.013 0.017 0.020 0.022 0.012 0.034
Al 0.319 0.229 0.273 0.294 0.305 0.319
Cr 0.008 0.001 0.005 0.005 0.007 0.003
Fe 0.147 0.310 0.268 0.204 0.147 0.199
Mn 0.003 0.003 0.005 0.003 0.004 0.004
Mg 0.759 0.660 0.849 0.733 0.774 0.721
Ca 0.858 0.814 0.667 0.825 0.857 0.867
Na 0.053 0.099 0.062 0.074 0.056 0.072
Total 4.005 4.025 4.011 4.013 4.010 4.030

Mg# 83.80 68.06 76.00 78.21 84.05 78.36
Eq Liq Mg# 56.93 35.26 44.74 47.85 57.39 48.06

Molar percentageof endmembers
Wo 48.64 45.60 37.39 46.82 48.19 48.53
En 43.04 37.02 47.58 41.60 43.54 40.33
Fs 8.32 17.37 15.02 11.59 8.26 11.14

Eq Liq Mg#: Mg# of cpx equilibriummelt, calculatedfrom
[Fe2IMgcpx/Fe2VMgliq]=0.23 Grove,andBryan, 1983; andFe2tPe3=0.9.
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Table4-3.Clinopyroxenemajorelementcompositionscontinued.

Sample 0B93-68 0B93-69 0B93-7l 0B93-72 0B93-90 0B93-96
wt.%
Si02 48.73 49.87 50.52 50.36 51 .01 50.50
Ti02 1.50 1.20 0.61 0.60 0.52 0.44
Al203 7.49 6.17 7.14 7.59 7.19 7.29
Cr203 0.13 0.28 0.20 0.20 0.21 0.26
FeO* 6.84 7.07 4.39 4.87 4.73 4.77
MnO 0.11 0.14 0.13 0.11 0.07 0.12
MgO 12.66 12.71 13.89 13.52 14.19 14.22
CaO 21.41 21.37 20.92 20.99 21.53 21.78
Na20 0.93 0.95 1.29 0.85 0.84 0.74
Total 99.81 99.76 99.09 99.10 100.28 100.12
Cationsl6 Oxygens
Si 1.809 1.852 1.860 1.855 1.857 1.845
Ti 0.042 0.034 0.017 0.017 0.014 0.012
Al 0.328 0.270 0.310 0.329 0.308 0.314
Cr 0.004 0.008 0.006 0.006 0.006 0.008
Fe 0.212. 0.220 0.135 0.150 0.144 0.146
Mn 0.004 0.004 0.004 0.003 0.002 0.004
Mg 0.700 0.703 0.762 0.742 0.770 0.775
Ca 0.852 0.850 0.825 0.828 0.840 0.853
Na 0.067 0.068 0.092 0.061 0.059 0.052
Total 4.017 4.010 4.012 3.991 4.001 4.008

Mg# 76.73 76.20 84.95 83.18 84.24 84.15
Eq Liq Mg# 45.73 45.00 59.05 55.82 57.74 57.57

Molar percentageofendmembers
Wo 48.27 47.96 47.90 48.14 47.89 48.09
En 39.69 39.66 44.25 43.13 43.90 43.68
Fs 12.04 12.39 7.84 8.72 8.21 8.23

Eq Liq Mg#: Mg# of cpx equilibriummelt, calculatedfrom

[Fe2JMgcpxIFe2/MgliqJ=0.23Grove,and Bryan, 1983; andFe2/Fe3=0.9.
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Sample 0B93-50 0B93-54 0B93-57 0B93-60 0B93-61A 0B93-68
wt.%
Si02 52.70 51.43 52.35 51.05 52.42 51.37 51.54 53.40
Ti02 0.08 0.15 0.09 0.10 0.05 0.13 0.13 0.72
Al203 6.01 2.32 2.24 6.79 7.25 5.23 4.76 1.76
Cr203 0.01 0.03 0.03 0.02 0.06 0.07 0.06 0.07
FeO* 12.65 23.69 22.78 16.59 12.37 15.59 17.48 16.46
MnO 0.20 0.31 0.24 0.28 0.17 0.29 0.32 0.33
MgO 28.33 21.97 22.22 24,84 27.95 25.85 25.03 25.65 E
CaO 0.53 0.60 0.60 0.56 0.54 0.50 0.51 2.02
Na20 0.06 0.01 0.00 0.14 0.06 0.02 0.07 0.05 g
Total 100.56 100.51 100.54 100.37 100,87 99.07 99.91 100.44
Cations/6Oxygens
Si 1.863 1.920 1.941 1.843 1.844 1.872 1.879 1.935
Ti 0.002 0.004 0.002 0.003 0.001 0.004 0.004 0.020
Al 0.250 0.102 0.098 0.289 0.301 0.225 0.204 0.075
Cr 0.000 0.001 0.001 0.001 0.002 0.002 0.002 0.002

NJ Fe 0.374 0.740 0.706 0.501 0.364 0.475 0.533 0.499
Mn 0.006 0.010 0.008 0.009 0.005 0.009 0.010 0.010
Mg 1.493 1.223 1.228 1.337 1.465 1.404 1.360 1.385
Ca 0.020 0.024 0.024 0.022 0.020 0.020 0.020 0.078
Na 0.004 0.001 0.000 0.010 0.004 0.002 0.005 0.004
Total 4.012 4.024 4.007 4.014 4.006 4.012 4.017 4.008

Mg# 79.97 62.31 63.48 72.74 80.10 74.72 71.85 73.53

Molar percentageof endmembers
Wo 1.07 1.21 1.21 1.17 1.10 1.04 1.05 3.99
En 79.11 61.55 62.71 71.89 79.22 73.94 71.10 70.59
Fs 19.82 37.24 36.08 26.94 19.68 25.02 27.86 25.41



Sample 0B93-69 0B93-71 0B93-72 0B93-90 0B93-96
wt.%
5i02 51.57 51.66 53.85 51.43 52.15 52.81
Ti02 0.10 0.15 0.07 0.09 0.08 0.06
Al203 4.32 4.35 4.51 6.98 6.29 6.17
Cr203 0.14 0.18 0.05 0.10 0.11 0.02 .

FeO* 18.95 19.83 11.48 12.90 12.50 12.40
MnO 0.31 0.28 0.20 0.20 0.18 0.15
MgO 23.85 23.44 28.97 27.01 28.01 28.41
CaO 0.46 0.79 0.51 0.60 0.55 0.51
Na20 0.03 0.01 0.07 0.07 0.08 0.06
Total 99.71 100.69 99.73 99.37 99.93 100.57
Cationsl6Oxygens
Si 1.895 1.889 1.907 1.844 1.855 1.863
Ti 0.003 0.004 0.002 0.003 0.002 0.002
Al 0.187 0.188 0.188 0.295 0.264 0.256
Cr 0.004 0.005 0.002 0.003 0.003 0.001

NJ Fe 0.582 0.607 0.340 0.387 0.372 0.366 0

Mn 0.010 0.009 0.006 0.006 0.005 0.005
Mg 1.306 1.278 1.529 1.443 1.485 1.494
Ca 0.018 0.031 0.019 0.023 0.021 0.019
Na 0.002 0.001 0.005 0.005 0.006 0.004
Total 4.007 4.010 3.998 4.007 4.012 4.009 c

Mg# 69.16 67.81 81.81 78.87 79.98 80.32

Molar percentageof endmembers
Wo 0.95 1.61 1.03 1.25 1.11 1.02
En 68.51 66.72 80.97 77.89 79.09 79.50
Fs 30.54 31.67 18.00 20.87 19.80 19.48



Sample 0B93-50 0B93-54 0B93-57 0B93-60 0B93-61A
wt.%
Si02 47.80 47.18 n.d. 49.73 50.40 47.41 47,38 50.26 49.46
A1203 34.07 33.82 n.d. 32.02 30.88 33.71 33.32 31.61 31.87 u
FeO* 0.08 0.15 n.d. 0.06 0.20 0.10 0.06 0.15 0.13
MgO 0.03 0.05 nd. 0.02 0.44 0.04 0.05 0.02 0.01
CaO 16.68 15.59 n.d. 14.29 13.17 16.48 16.15 13.94 14.35
Na20 2.00 2.46 n.d. 3.02 3.62 1.91 2.23 3.41 3.28
120 0.06 0.04 n.d. 0.10 0.12 0.04 0.04 0.32 0.29
Total 100.71 99.28 99.24 98.83 99.68 99.22 99.71 99.38
Cationsl8Oxygens
Si 2.175 2.176 2.281 2.319 2.179 2.187 2.298 2.272
Al 1.827 1.838 1.731 1.674 1.826 1.813 1.703 1.726
Fe 0.003 0.006 0.002 0.008 0.004 0.002 0.006 0.005
Mg 0.002 0.004 0.002 0.030 0.002 0.003 0.002 0.001
Ca 0.813 0.771 0.702 0.649 0.811 0.799 0.683 0.706
Na 0.177 0.220 0.269 0.323 0.170 0.200 0.302 0.292

NJ K 0.003 0.002 0.006 0.007 0.002 0.003 0.019 0.017
Total 5.001 5.016 4.991 5.009 4.995 5.007 5.011 5.019

Mole percentageofendmembers
Ab 17.79 22.12 27.53 32.98 17.32 19.95 30.10 28.75
An 81.89 77.64 71.90 66.31 82.46 79.80 68.03 69.60
Or 0.32 0.24 0.57 0.72 0.22 0.25 1.86 1.66
n.d.: notdetermined

0
cJ



Sample 0B93-68 OB93-69 0B93-7l 0B93-72 0B93-90 0B93-96
wt.%
Si02 50.86 50.14 49.40 nd. 47.60 47.79 47.95 48.25 47.48 ..

Al203 31.36 31.27 32.41 n.d. 33.32 33.22 33.40 33.39 33.88 tji

FeO* 0.16 0.39 0.17 n.d. 0.08 0.05 0.06 0.06 0.11
MgO 0.03 1.00 0.05 n,d. 0.03 0.05 0.03 0.03 0.03
CaO 13.60 13.81 14.81 n.d. 15.97 15.68 15.63 16.01 16.40 -

Na2O 3.69 3.04 3.02 n.d. 2.21 2.46 2.52 2.18 1.98
120 0.13 0.24 0.10 n.d. 0.07 0.06 0.06 0.07 0.04
Total 99.82 99.88 99.95 99.27 99.31 99.64 99.98 99.91
Cations/8Oxygens

Si 2.318 2.289 2.256 2.195 2.202 2.201 2.207 2.177
Al 1.684 1.682 1.744 1.811 1 .804 1.807 1.800 1.831
Fe 0.006 0.015 0.006 0.003 0.002 0.002 0.002 0.004
Mg 0.002 0.068 0.003 0.002 0.004 0.002 0.002 0.002 P
Ca 0.664 0.675 0.725 0.789 0.774 0.769 0.785 0.806
Na 0.326 0.269 0.268 0.198 0.220 0.224 0.193 0.176 E

NJ K 0.008 0.014 0.006 0.004 0.003 0.003 0.004 0.002
Total 5.007 5.011 5.008 5.001 5.008 5.009 4.992 4.997

0

Mole percentageofendmembers
Ab 32.66 28.06 26.82 19.98 22.06 22.49 19.67 17.85
An 66.56 70.50 72.61 79.62 77.61 77.17 79.90 81.91
Or 0.78 1.44 0.57 0.39 0.33 0.34 0.43 0.23
nd.: not determined F-



Table4-6.Olivine majorelementcompositions.

Sample 0B93-71
wt.%

SiO2 39.44
Ti02 0.02
A1203 0.00
Cr203 0.01
FeO* 18.86
MnO 0.22
MgO 41.84

CaO 0.04
Na20 0.00
Total 100.42

Cations/4Oxygens
Si 1.003
Ti 0.000
Al 0.000
Cr 0.000
Fe 0.401
Mn 0.005
Mg 1.586
Ca 0.001
Na 0.000
CationTotal 2.997

Focontent 79.81
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Sample 0B93-50 0B93-54 0B93-57 0B93-60 0B93-68
wt.%
5i02 0.06 0.02 0.22 0.00 0.07 0.11 0.06 0.00 0.06 0.11 0.11 0.10
TiO, 0.02 0.01 0.48 49.95 20.45 0.12 0.12 0.04 0.00 52.42 50.75 1.76
AlO, 65.05 64.72 44.06 0.18 3.55 62.18 60.55 64.64 65.77 0.24 0.00 47.93
Cr203 0.34 0.99 0.06 0.08 0.43 0.17 1.04 1.22 0.44 1.06 0.19 5.84
FeO* 15.37 16.12 46.61 45.54 70.65 21.52 23.26 16.22 15.93 39.96 45.31 31.15
MnO 0.10 0.08 0.56 0.27 0.33 0.13 0.10 0.11 0.08 0.46 0.28 0.18
MgO 18.76 18.00 5.66 3.09 2.22 15.20 14.68 17.75 18.05 5.56 2.88 12.65
CaO 0.12 0.02 0.12 0.00 0.01 0.18 0.03 0.01 0.01 0.07 0.09 0.08
NiO 0.31 0.32 0.00 0.02 0.05 0.23 0.29 0.30 0.33 0.18 0.38 0.28 ‘.

Total 100.12 100.27 97.77 99.11 97.76 99.83 100.13 100.30 100.65 100.07 100.00 99.97

FeO 13.25 14.47 29.98 39.14 47.08 18.29 19.04 14.85 14.71 36.64 39.87 21.61 "s.
Fe20, 2.36 1.83 18.49 7.12 26.19 3.58 4.69 1.53 1.35 3.69 6.04 10.60
New Total 100.36 100.45 99.63 99.82 100.39 100.19 100.60 100.45 100.79 100.44 100.60 101.03
Cations/3or 4 Oxygen.c
Si 0.002 0.001 0.007 0.000 0.003 0.003 0.002 0.000 0.001 0.003 0.003 0.003 ‘

Ti 0.000 0.000 0.011 0.951 0.613 0.002 0.002 0.001 0.000 0.961 0.957 0.038
Al 1.955 1.952 1.634 0.005 0.167 1.933 1.900 1.951 1.969 0.007 0.000 1.615
Cr 0.007 0.020 0.002 0.002 0.014 0.003 0.022 0.025 0.009 0.020 0.004 0.132
Fe 0.328 0.345 1.226 0.964 2.354 0.475 0.518 0.347 0.338 0.814 0.950 0.745
Mn 0.002 0.002 0.015 0.006 0.011 0.003 0.002 0.002 0.002 0.009 0.006 0.004
Mg 0.713 0.687 0.265 0.117 0.132 0.598 0.583 0.678 0.684 0.202 0.108 0.539 0
Ca 0.003 0.000 0.004 0.000 0.000 0.005 0.001 0.000 0.000 0.002 0.002 0.002
Ni 0.006 0.006 0.000 0.000 0.002 0.005 0.006 0.006 0.007 0.004 0.008 0.006 0
CationTotal 3.017 3.013 3.164 2.045 3.294 3.027 3.035 3.011 3.010 2.023 2.038 3.086 ,‘

Oxygen Total 3.978 3.982 3.793 2.934 3.643 3.965 3.954 3.985 3.987 2.967 2.944 3.889 ‘

Fe2 0.281 0.308 0.748 0.810 1.428 0.400 0.419 0.317 0.312 0.739 0.821 0.502
Fe3 0.045 0.035 0.415 0.133 0.715 0.071 0.093 0.029 0.026 0.067 0.112 0.222

New Cat. Total 3.015 3.012 3.101 2.024 3.084 3.022 3.029 3.010 3.009 2.013 2.020 3.065
New 0 Total 4.000 4.000 4.010 3.009 4.034 4.001 4.001 4.000 4.000 3.004 3.008 4.004

Cr# 0.35 1.01 0.10 22.35 7.56 0.18 1.14 1.25 0.44 74.51 100.00 7.56
Mg#Fe 71.74 69.01 26.20 12.58 8.46 59.91 58.17 68.14 68.69 21.48 11.62 51.77

No. of Cations 3 3 3 2 3 3 3 3 3 2 2 3
No of Oxygens 4 4 4 3 4 4 4 4 4 3 3 4
Notes cpx sympi. in plag react

7one
jim core Ti-mit rim cpx sympi coarseopx

sympi.
fine cpx

sympi.
jim urn, included

in Fe-S
sp core



Sample 0B93-68 0B93-69 0B93-71 0B93-72 0B93-90 0B93-96
wt.% Z
SiO, 0.18 0.04 0.11 0.04 0.19 0.02 0.00 0.02 0.00 0.04 0.11 CD

TiO, 19.12 0.28 53.38 0.20 0.54 0.13 0.11 0.02 0.06 0.03 0.03
Al20, 7.86 52.50 0.70 56.43 60.83 63.47 61.58 64.96 65.09 65.32 63.73
Cr203 4.33 7.23 0.60 4.86 0.72 2.75 2.63 1.22 1.29 1.64 0.96
FeO* 60.05 31.54 38.29 28.22 22.32 16.70 16.86 16.71 16.69 16.00 16.19
MnO 0.43 0.22 0.30 0.19 0.09 0.10 0.13 0.07 0.09 0.09 0.09
MgO 6.19 8.94 7.44 10.97 15.60 18.10 17.70 17.04 17.25 17.69 18.93
CaO 0.11 0.02 0.06 0.02 0.03 0.00 0.00 0.01 0.10 0.00 0.02
NiO 0.26 0.28 0.21 0.32 0.24 0.28 ‘ 0.30 0.28 0.32 0.31
Total 98.53 101.04 101.09 101.26 100.56 101.56 99.01 100.35 100.85 101.13 100.37 CD

CD
FeO 40.39 26.87 34.29 24.37 18.42 14.69 14.38 16.02 15.79 15.35 13.08
Fe20, 21.85 5.19 4.45 4.28 4.34 2.24 2.75 0.77 1.00 0.72 3.46
New Total 100.72 101.56 101.53 101.68 100.99 101.78 99.28 100.42 100.95 101.20 100.72
Cations/3 or 4 Oxygens
Si 0.007 0.001 0.003 0.001 0.005 0.001 0.000 0.000 0.000 0.001 0.003
Ti 0.531 0.006 0.956 0.004 0.011 0.003 0.002 0.000 0.001 0.001 0.001
Al 0.342 1.743 0.020 1.818 1.889 1.906 1.901 1.963 1.957 1.954 1.924

NJ
Cr 0.126 0.161 0.011 0.105 0.015 0.055 0.054 0.025 0.026 0.033 0.019

1-.. Fe 1.855 0.743 0.762 0.645 0.492 0.356 0.369 0.358 0.356 0.340 0.347
Mn 0.013 0.005 0.006 0.004 0.002 0.002 0.003 0.001 0.002 0.002 0.002
Mg 0.341 0.375 0.264 0.447 0.613 0.688 0.691 0.651 0.656 0.669 0.723 0
Ca 0.004 0.001 0.002 0.001 0.001 0.000 0.000 0.000 0.003 0.000 0.001
Ni 0.008 0.006 0.004 0.007 0.005 0.006 0.000 0.006 0.006 0.006 0.006
CationTotal 3.228 3.041 2.027 3.033 3.032 3.016 3.020 3.006 3.007 3.005 3.025 CD
OxygenTotal 3.718 3.946 2.961 3.956 3.957 3.979 3.973 3.993 3.990 3.993 3.967 F
Fe2 1.160 0.624 0.673 0.551 0.401 0.311 0.313 0.343 0.336 0.325 0.278
Fe° 0.564 0.108 0.079 0.087 0.085 0.043 0.054 0.015 0.019 0.014 0.066

New Cat. Total 3.097 3.031 2.017 3.026 3.027 3.014 3.018 3.005 3.006 3.005 3.022
New 0 Total 4.022 4.003 3.004 4.002 4.001 4.001 4.001 4.000 4.000 4.000 4.001

Cr# 26.98 8.46 36.46 5.46 0.79 2.82 2.79 1.24 1.31 1.66 1.00
Mg#Fe2 22.71 37.55 28.16 44.79 60.42 68.84 68.83 65.51 66.12 67.30 72.23

No. of Cations
No of Oxygens

3
4

3
4

2
3

3
4

3
4

3
4

3
4

3
4

3
4

3
4

3
4

Notes Ti-mt. rim of
spcore

embayedand
rimmedby

opx

jim sympi. cpa sympi. fine cpx
sympi.

coarseopx
sympi.

fineopx
sympi.



Table4-8. Metamorphicequilibrationtemperaturesestimatedwith the two pyroxene
thermometerof Wells 1977.
Sample Mineral Combinations Average Temperature

Temperature°C Range‘C

Mg# <90

OB93-54 3 Cpx & 2 Opx,both discrete 841 830-850

OB9357
3 Cpx & 4 Opx,both discrete 902 898-907

1 Cpx & 2 Opx,both symplectites 901 898-903

0B93-61A 2 Cpx & 2 Opx,both discrete 864 808-907

0B93-68 3 Cpx & 3 Opx,both discrete 848 844-849

3 discreteCpx & I symplectiteOpx 844

0B93-69 2 Cpx & 3 Opx,both discrete 867 85 1-882

I Cpx & 1 Opx,both symplectites 870

Mg# >90

0B9350
2 Cpx & 1 Opx,both discrete 899 896-902

2 discreteCpx & 3 symplectiteOpx 896 894-898

OB93..60 4 Cpx & 2 Opx, bothdiscrete 912 903-917

2 Cpx & 2 Opx, bothsymplectite 922 902-933

0B93-71 3 Cpx & 2 Opx, bothdiscrete 888 876-905

OB93-72 1 Cpx & 2 Opx, bothdiscrete 945 942-947

1 Cpx & 1 Opx, bothsymplectites 961 961

0B9390 3 Cpx & 2 Opx, bothdiscrete 939 937-941

1 Cpx & 1 Opx,both symplectites 933

0B93-96 2 Cpx & 2 Opx,bothdiscrete 919 915-922

1 Cpx & 1 Opx,both symplectites 943 942-943
Equilibrium temperaturesdeterminedwith
the two-pyroxenethermometerof Wells1977.
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Sample OB93-50 0B93-54 OB93-57 0B93-60 OB93-61A OB93-68

ppm CD

La 0.26 2.00 2.41 0.41 0.30 2.38 4.56 2.39
Ce 1.13 11.82 15.90 2.22 1.36 10.01 20.64 12.12
Nd 1.96 16.28 22.54 2.88 1.87 7.97 19.92 14.56
Sm 1.32 4.73 6.56 1.51 0.87 2.47 7.02 5.27
Eu 0.47 1.82 2.84 0.65 0.44 0.84 2.27 1.68
Dy 1.54 2.14 6.32 2.08 1.68 2.82 6.83 5.11
Er 0.94 0.70 2.20 1.25 0.85 1.50 3.60 2.67
Yb 0.78 0.71 2.25 1.16 0.99 1.48 3.43 2.48

Ti 2555 5464 2804 4001 2274 n.d. 6461 8348
V 444 414 517 396 323 n.d. 404 387
Cr 1861 219 251 1246 434 n.d. 1784 1640
Sr 17 23 25 16 15 n.d. 33 30
Y 8 21 16 12 7 n.d. 24 23
Zr 9 141 120 17 8 n.d. 84 94 0
Cl Normalized
La 1.12 8.51 10.28 1.75 1.29 10.15 19.43 10.18
Ce 1.87 19.60 26.36 3.68 2.26 16.60 34.22 20.09
Nd 4.34 35.98 49.83 6.36 4.13 17.62 44.04 32.18

Sm 8.94 32.17 44.61 10.25 5.93 16.80 47.70 35.83
Eu 8.45 32.47 50.66 11.67 7.80 14.93 40.49 30.04
Dy 6.33 8.81 26.04 8.58 6.93 11.63 28.14 21.07
Er 5.93 4.38 13.83 7.88 5.36 9.43 22.66 16.81
Yb 4.79 4.38 13.87 7.15 6.11 9.11 21.13 15.26

La!YbN 0.23 1.94 0.74 0.24 0.21 1.11 0.92 0.67
LaJSmN 0.12 0.26 0.23 0.17 0.22 0.60 0.41 0.28

sympl.
sympl.: symplectitetexture;n.d.: not determined



Sample 0B93-69 0B93-71 OB93-72 OB93-90 0B93-96

ppm CD

La 0.79 0.33 1.16 1.11 0.76 0.31 0.52 0.40 0.25
Ce 3.57 1.55 3.63 3.01 2.05 1.42 2.39 1.63 1.22
Nd 4.87 2.78 3.06 2.18 1.31 1.48 2.46 2.10 1.49 Z
Sm 1.86 1.82 1.24 0.83 0.62 0.74 1.47 1.33 1.33
Eu 0.74 0.76 0.57 0.47 0.92 0.32 0.67 0.40 0.49 P..
Dy 3.03 2.72 1.83 1.13 0.92 1.13 2.56 1.44 1.55
Er 2.04 1.63 0.95 0.66 0.47 0.63 1.52 0.75 0.80
Yb 1.67 1.67 1.00 0.66 0.44 0.60 1.27 0.77 0.88 c

0

Ti n.d. 7213 n.d. n.d. nd. 2692 2758 2658 2409
V n.d. 546 n.d. n.d. nd. 230 282 235 466 E
Cr n.d. 2536 n.d. n.d. n.d. 1537 1794 1640 2036
Sr n.d. 17 n.d. n.d. n.d. 14 14 15 20 0
Y n.d. 19 n.d. n.d. n.d. 8 10 8 8
Zr n.d. 25 n.d. n.d. n.d. 16 17 14 10 ‘

C 0
Cl Normalized
La 3.37 1.40 4.92 4.73 3.24 1.33 2.22 1.70 1.07

Ce 5.92 2.57 6.01 4.99 3.40 2.35 3.96 2.70 2.01

Nd 10.76 6.15 6.77 4.81 2.89 3.27 5.45 4.63 3.30
Sm 12.66 12.37 8.44 5.65 4.23 5.00 9.98 9.04 9.02 8

Eu 13.26 13.57 10.15 8.33 16.38 5.71 11.92 7.06 8.68
Dy 12.48 11.20 7.52 4.64 3.80 4.67 10.54 5.93 6.38

Er 12.84 10.27 6.00 4.16 2.94 3.99 9.55 4.70 5.05

Yb 10.25 10.30 6.16 4.09 2.73 3.67 7.79 4.75 5.39

LaJYbN 0.33 0.14 0.80 1.16 1.19 0.36 0.29 0.36 0.20

LaISmN 0.27 0.11 0.58 0.84 0.77 0.27 0.22 0.19 0.12
sympl. sympi. sympl.

sympl.: symplectitetexture;n.d.: notdetermined



Counting uncertaintiesin isotopiccompositions2G: Sr: <32 ppm,exceptOB9354*=186ppm,
‘[strong leach andNd: <12 ppm except0B93-60= 56 ppm and0B93-90= 36 ppm.

[Sr] ppm ‘43Nd/Nd Nd [Nd ppm [Sm] ppm ‘47Sm/’Nd

80 0.512791 2.98 0.91 0.41 0.2735

NJ

Sample 87Sr/86Sr

OB93-50 0.704656
0B93-50 rep
OB9354*

0.704686
0.705056

80
185

n.d.
0.512745

n.d.
2.09

n.d.
11.28

nd.
3.71

n.d.
0.1983

0B93-54 0.704937 187 0.512749 2.17 8.49 n.d. n.d
0B93-S4rep
0B93-57’[
0B93-60
OB93-61A

n.d.
0.704709
0.704739
0.706006

n.d.
81

108
184

0.512749
n.d.

0.512732
n.d

2.17
n.d.
1.83
n.d

8.43
n.d.
1.34
3.66

2.82
0.40
0.54
1.50

0.2016
n.d

0.2451
n.d

z
-

0B93-61A rep
0B93-68

0.706048
0.705201

185
169

n.d
0.512754

n.d
2.26

n.d
1.36

n.d
0.55

n.d
0.2456

OB93-68’[
OB93-69

0.705137
0.704788

84
173

n.d
0.512755

n.d
2.28

n.d
1.72

n.d
0.66

n.d
0.2318

.

OB9371*
OB93-71
0B93-71’[

0.704617
0.704504
0.704453

56
71
53

0.512839
0.512838

n.d

3.92
3.90
n.d

1.39
1.31
n.d

0.59
0.49
n.d

0.2535
0.2241

n.d .

OB9372* 0.704829 196 0.512734 1.87 1.06 0.45 0.2467
OB93-72 0.704604 154 n.d n.d n.d n.d n.d
0B93-90 0.704541 107 0.512731 1.81 1.03 0.41 0.2474
0B93-96 0.704658 100 0.512796 3.08 0.88 0.39 0.2680

0B93-59diket 0.706380 889 0.512419 -4.27 23.04 2.42 0.0634
*flç leach

n,d.: not determined



Model ageclaculatedusing.

‘OSI’OS mantle= 0.12757,

and 87Re/’88Osmantle= 0.39716
Lindner, 1986; Walker& Morgan,1989.

Sample ‘870s/’88Os ± 2 ci [Os 1Dt ‘870s/’880s
@24 5Ma

maximum
eruptionage

correction%

[Re] ppt ‘87Re/188Os Model Age
Ma

OB93-50 0.1300 0.0002 282 0.1294 0.46 88 1.5053 138

OB93-54 0.1787 0.0004 113 0.1611 9.85 934 §45.1078 72
0B93-S4rep 0.1792 0.0003 108 0.1616 9.82 1165 - -

OB93-57 0.1299 0.0001 360 0.1298 0.08 20 0.2680 -1100
0B93-60 0.1304 0.0002 291 0.1300 0.31 ‘[65 1.0775 261
OB93-61A 0.1292 0.0002 197 0.1286 0.46 58 1.4201 100
OB93-68 0.1340 0.0002 428 0.1321 1.42 425 4.7925 92

0B93-69 0.1293 0.0002 910 0.1291 0.15 80 0.4240 3900
OB93-71 0.1286 0.0003 1731 0.1285 0.08 128 0.3566 -1600
OB9371rep* 0.1289 0.0003 1583 0.1287 0.16 127 0.3869 -8700
0B93-72 0.1344 0.0005 167 0.1342 0.15 21 0.6069 2000
0B93-72run2 0.1338 0.0003 170 0.1336 0.15 - - -

OB93-90 0.1298 0.0002 160 0.1287 0.85 ‘[94 2.8339 56

0B93-96 0.1303 0.0005 130 0.1301 0.15 I’ll 0.4082 13900
= 1.59.11 a,

NJ
NJ

H

I

rep: replicatedfrom samepowder
run 2: rerunof samebead

* replicatedfrom newpowder ‘[not blankcorrectedfor Re

§caluclatedfrom average













o 48

I
46

16

C’
0

12

0
a

U-

0
a
0

0.10

0
.05

Figure4-2.Major elementbulk-rockvariationdiagrams.Granulitecompositionsare
shownas filled squares.Eachsymbolrepresentsa single sample.
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Figure4-3.Bulk rock majorelementcompositionsMg# v. SiO2wt.% of Courbet
Peninsulagranulitescomparedto thosefrom the SoutheasternProvince.Thegranulitesof
this studyfilled squaresshow a similar variationas thosefrom the SoutheasternProvince
Gregoireet a!., 1994;Grègoire,1994; Grègoireet al., 1998.Granulitetypes from the
SoutheasternProvincearetwo pyroxeneopensquares,ilmenite-bearinggray squares,
ilmeniteandspinel-bearingx, sapphirine-bearingopencircles,sapphirineandgarnet
bearingclosedcirclesandgarnet-bearing+.
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Figure4-4.Wholerock geochemistryof Kerguelengranulitesclassifiedaccordingto the
HJGS systemStreckheisen,1973.Calculatedmineral modalabundancesgray circles
andCIPWnormativemineralsfilled squaresare shown.
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Figure4-5. Granuliteclinopyroxenemajorelementcompositionscomparedto thosefrom
otheroceaniccumulaterocks.Granuliteclinopyroxenesfilled diamondsaremore
aluminousandsodicthanotheroceanicgabbrospanelsA andD, buthavesimilarTi02
andCr203 for a given Mg# panelsB andC. Fieldsfor oceaniccumulatesandabyssal
peridotiteclinopyroxenecompositionsfrom a review paperby Elthon et al. 1992.
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Figure4-6.Granuliteorthopyroxenemajorelementcompositionscomparedto
orthopyroxenecompositionsfrom otheroceaniccumulaterocks.Granuliteorthopyroxenes
filled diamondsaremorealuminousthan otheroceaniccumulaterockspanelA, but
havesimilarTi02 andCr203 contentsfor a givenMg# panelsBandC. Oceaniccumulates
andabyssalperidotitefields from areviewby Elthon etal. 1992.
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Figure4-7. Cr# v. Mg# diagramof spinelsfrom granulites.Granulitesfilled diamonds
aresignificantly lesschromianin comparisonto otheroceanicrocks,signifying their
metamorphicorigin. Compositionalfields of spinelsfrom abyssalperidotitesDick and
Bullen, 1984,HawaiianbasaltsSen,1987,and Atlantic MORB Dick andBullen, 1984
are shownfor comparison.
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Figure 4-8.Pressure-temperaturediagramfor mafic compositiongranulite-facies
metamorphismafterRingwood,1975;Christy, 1989.Reactionboundariesarelabeled
with thereactantandproductmineralphases.These,andthebasaltsolidus definethefields
for garnetgranuliteslight shadedfield andpyroxenegranuliteslabeled.The conditions
ofmetamorphismfor thexenoliths of this study are shownasthe darkergray field that is
labeled"CourbetGranulites".Shownfor referencearean oceanicgeothermcalculatedfor
40 Ma solid gray line; afterFowler,1990,anda geothermfor southeasternAustralia
afterRudnicket al., 1986.
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Figure4-9.Wholerockmajorelementcompositionsin comparisonto oceanicgabbrosand
continentalgranulitexenoliths.Granulitesfrom this study are shownas filled squares.
Fieldsrepresenttherangesof compositionsof oceanicgabbrosfrom ODP site735B,
SWJRdark gray;Dick etal., 1992,ODPLeg 153, MARK mediumgray; Casey,1997,
dredgedgabbrosfrom theSWIR light gray;Meyer et al., 1989,and gabbroxenoliths
from the CanaryIslandswhite; Schminkeet al., 1998.Theblackarrowrepresentsa
liquid line of descentafterGroveet al., 1992. Thefields for granulitexenolithsfrom
continentsarealsooutlinedin gray.Continentaldatafrom RudnickandPresper1990.
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Figure4-10.Semi-logplotof granulitewhole rock traceelementcontentsnormalizedto Cl
chondrites.Eachpatternrepresentstheelementalabundancesof a single xenolith.The
upperpanelshowsthe traceelementpatternsof the lower Mg# samples;the lowerpanel,
thehigherMg# samples.Also shownfor comparisonis the field gray shadedefinedby
whole rock traceelementabundancesof gabbrosfrom theOmanophioliteGarndoand
Kelemen,1999.TheKerguelengranuliteshavesimilarabundances,aswell as positiveSr
and Eu anomalies,as theOmanophiolites.
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Figure4-11.Cl chondritenormalizedREEabundancesof clinopyroxenesandbulk rocks.
Wholerock patternsfilled squaresare shownalongwith clinopyroxenepatterns.Each
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panelrepresentsonesample,andeachclinopyroxenepatterncorrespondsto a single
analysis.Repeatanalysesarenotedas"pt 1, pt 2" etc,all otheranalysesarefrom different
clinopyroxenegrains.Grainswith symplectitetexturesaremarkedas "symp".Higher Mg#
samplesare shownin panelsA to F, lowerMg# samplesin panelsG to K.
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Figure4-12.Whole rock abundancesof transitionmetalsCr, Ni, V, Sc v. MgO wt%.
Granulitesare shownas filled squares.Eachpoint representsa singlesample.
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Figure4-13. Granulitewhole rockSr/Sr* v Eu/Eu*. Sr* andEu* are interpolatedfrom the
concentrationsin ppm of theneighboringtraceelementsSr* = Nd + Sm/2andEu* =

Sm+ Gd/2. All samples,except0B93-54haveboth Sr* andEu*> 1, indicatinga
cumulateprotolith. Sample0B93-54is alsointerpretedas a cumulate,as discussedin the
text.
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Figure4-14. Strontium isotopic compositionv. [Sr] ppm. Bulk rock compositionsof
granulitesarecomparedto thoseof two componentmixtures of a calculatedSEIRbasalt
equilibrium gabbroand two KerguelenIslandsbasalts.Thepossibility of anoceanicolivine
gabbroadcumulateopensquareimpregnatedwith KerguelenOIB openandgray circles
asa protolith for thegranulitesfilled squaresis illustratedin this figure.Mixturesof the
gabbrowith a REEdepletedbasalt- andREEenrichedbasalt+ areshown.Symbols
markthemelt fractionin 10%increments.On thebasisof this calculation,thegranulites
couldnot haveoriginally beena mixture oflower oceaniccrustandKerguelenOIB. The
basaltdatais from Yanget al. 1998.Thegabbrodatais calculatedfrom a SEWbasalt
from Dossoet al. 1988 usinggabbromodesof 13.5%olivine, 31.5%clinopyroxeneand
55% plagioclase,andSrpartition coefficientsfrom Dunn andSen 1994andHart and
DunnHart andDunn, 1993.
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Figure4-15.NormalizedREEcompositionsof equilibrium melts calculatedfrom whole
rock traceelementcontents.Granuliteequilibrium meltpatternswhite field, opensquares
aremoresimilar in shapeandabundanceto thefield definedby the KerguelenIslandsand
Plateaubasaltsdark gray;Storeyet al., 1988; Davieset al., 1989;Gautieretal., 1990;
Alibert, 1991; Saltersetal., 1992; Weis et al., 1993; Yanget al., 1998 thanthatdefined
by the SEIR MORB mediumgray;Michard et al., 1986;Dossoet al., 1988.
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Figure4-16.NormalizedREEcontentof melts in equilibrium with granulite
clinopyroxenes.Granuliteclinopyroxeneequilibriummelt patternswhitefield aresimilar
in shapeandabundanceto the field definedby theKerguelenIslandsandPlateaubasalts
dark gray; Storeyet al., 1988;Davieset al., 1989;Gautieret al., 1990; Alibert, 1991;
Salterset al., 1992;Weiset al., 1993; Yangetal., 1998.Thefield definedby theSEIR
MORB mediumgray;Michard etal., 1986;Dossoet al., 1988 haslower REE
abundancesandis lessREEenrichedthantheKerguelenbasaltsandthe clinopyroxene
equilibriummelts. Theclinopyroxeneequilibrium melts lackthenegativeEu anomaliesthat
arepresentin the wholerock equilibrium melts andhavehigheroverall REEabundances
Figure4-15.

262



I I I I I I I I I I I I

I I I I I I - I
Kerguelen Island and Plateau basalts

1000

100
C

C
0

0
1

0

C

10

I I I I I I

Granulite Cpxequilibrium melts

N.

SEiRbasalts

1
La Ce Nd Sm Eu Dy Er Yb



Figure4-17.Srv. Nd isotopicdiagramof bulk rock granulitecompositions.Measured
isotopic compositionsof granulitesfrom this studyopensquares,granulitesfrom the
SoutheasternProvinceMtTizard: gray diamonds,DomeRougeandVal Phonolite:white
diamonds;Mattielli etal., 1996;Mattielli, 1996,clinopyroxenesfrom peridotitesopen
circles;Chapter2, andthehostdike areshownin comparisonto initial isotopic
compositionsof basaltsfrom the IndianOceanridgesMORB with no plumeinfluence:
light gray,all Indian OceanMORB: light gray+ dashedline extensionandtheKerguelen
Islandsdarkgray.TheSr isotopic compositionof 0B93-61Ais shownas a brokenline.
Granuliteslie nearlycompletelywithin the field definedby KerguelenIslandsbasalts
White andHofmann,1982;Gautieret al., 1990;Weiset al., 1993;Weisetal., 1998;
Yanget al., 1998,andnoneoverlapthe compositionsof Indian OceanMORB Hamelinet
al., 1986; Michardet al., 1986; Dossoet al., 1988.Mantleisotopic endmembersare
shownfor referencefilled circles;Hart, 1988.
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Figure4-18.1870s/188Osv. [Osi ppt upperpanel,and 1870s/’880sv. 187Re/188Os,lower
panel,of granulitewholerocksfilled squaresandKerguelenplumerelatedbasaltsopen
andgray circles;Reisbergetal., 1993;Barling et al., 1997; Yanget al., 1998.Dataare
blankcorrected,but not agecorrected.Samplesshowthegeneraltrendof moreradiogenic
87Os/’880sat lower concentrations,thoughthe mostradiogenicgranulite0B93-54hasa
higherconcentrationthanthat thoughtto be easilysusceptibleto contamination.In the
isochrondiagramof the lower panel,a 69 Ma isochronis plotted for reference.Although
thereis no isochronrelationshipamongthesesamples,this indicatesthat 0B93-54 would
havehad a similar 187Os/88Osasthe othersamplesat69 Ma.
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Figure 4-19.Nd v. Srisotopiccompositionsof continentalgranulitesafterRudnick,
1992.Labeledfields arefor mafic granulites,othermafic granulitexenoliths are
designatedas ‘+‘. Othergranulitesare alsoshownfor comparison.Thewhite field
delineatestheKerguelengranulitexenoliths.Continentalsampleshavea largeisotopic
variationthat encompassesthe relatively limited isotopic compositionsof theKerguelen
granulites.
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Figure4-20.Comparisonof the presentday valuesof the 187Os/88Osand ‘87Re/’880sof all
lowercrustalxenoliths analyzedto date. Thelocationandnumberof samplesin each
datasetarenotednext to eachbar.Present-dayprimitive mantlevaluesareshownas a
brokenline in eachpanel. TheKerguelengranuliteshavea limited rangeofthesevalues,
especially87Re/188Os, relativeto theotheranalyzedsamples. Comparisondataarefrom
Hart et al. 1999,Lassiteret al. 1998,Pearsonet al. 1995,Saalet al. 1998,and
Esperançaetal. 1997.
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Figure 4-21.Os v. Srupperpanelandv. Nd lower panelisotopiccompositionsof
Kerguelenplumerocks.Isotopic compositionsof CourbetPeninsulagranulitesfilled
squares,KerguelenIslandsbasaltsopencircles;Reisberget al., 1993;Yanget al., 1998,
andHeardIslandbasaltsgray circles:Barling etal., 1994; Barling etal., 1997havea
relatively largevariation.Isotopiccompositionsshownfor Kerguelenbasaltsare initial
valuesandthosefor Heardbasaltsaremeasuredvalues-zeroage.Osmiumcompositions
for the granulitesarecorrectedfor a maximumeruptionageof 24.5 Ma Nicolaysenet al.,
1999;SrandNd isotopic compositionsare asmeasuredcorrectionfor 24.5 Ma eruption
ageis negligible. CompositionsofmantleendmembersHart, 1988; Martin, 1991; Haun
andHart, 1993;Reisberget al., 1993;Marcantonioet al., 1995; Widom andShirey, 1996
arelabeledanddisplayedasopendiamonds.Compositionalfields for endmemberocean
islandsarealsoshown;EM I: KerguelenIslandsandPitcairnIslands;EM II: Samoaand
Tahaa;HIMU: St.Helena,Rurutu,Tubuai,andMangaia.Datasourcesfor thesefields are
asnotedin the figure explanation.A vertical line throughthe symbolmarksthe reported
rangeof the 187Os/l88OsEM II component.No onemixing relation amongthe isotopic
endmembercomponentscanaccountfor all of theKerguelenplumerelatedrocks.
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Figure4-22.Granulitewhole rock abundancesfilled squaresof thechalcophileelement
Ni, Zn,Pb,Cu v. Re andOs concentrations.Rheniumand Osmiumco-varywith
different chalcophileelements,indicatingtheirtendencyto occurin different mineral
phases.Themostlikely mineralhostsfor Re andOs aresulfides.Furtherevidencefor this
is that the granuliteNi andOs compositionsdo not follow an olivine control line, but plot
as a verticaltrend,suggestingbufferingof theOs contentby sulfidesHart andRavizza,
1996.
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Chapter 5 Summary of Resultsand
Conclusions

Themajorfocusof this thesisis a studyof the geochemistryof lower crustalandupper

mantlexenolithsincludedin Kerguelenmagmas.Theobjectivewasto gain insights into the

materialsandprocessesthat wereinvolvedin the evolutionof theKerguelenplume.Of

particularinterestwasthe examinationof whetherthe xenolithscarry informationpertinent

to evaluatingtheeffectsof diversegeodynamicenvironmentson theevolutionof the

Kerguelenplume. For this reason,thedeterminationof theprovenanceof thedifferent

xenolithswasessential.Specifically,thethesisaddresseswhetherpiecesof Gondwanaland

lithospherearepresentbeneaththeKerguelenIslandsandwhetherlower crustalxenoliths

originatedfrom theKerguelenplume-derivedmagmasor the SEIR-derivedones.The

processof determiningthe answersto thesequestions,whole-rockandmineralmajor

elementcompositions,trace-elementabundancesandisotopic compositionsof Sr, Nd and

Os wereusedin closeconnectionso that an internallyconsistentinterpretationcouldbe

made.

5.1 Upper mantle xenoliths
Themajorelementcompositionsandmodalabundancesof mineralswerefoundto place

importantconstraintson theorigins of themajority of theharzburgites.Theirolivine

compositionsandmodalabundanceswerefoundto be off the ‘oceanictrend" of Boyd

1989.Theoceanictrendis interpretedto definea trendof melt extractionat low pressures

e.g.atmid-oceanridges.TheKerguelenharzburgitesgenerallyhavetoo little olivine for a

givenolivine compositionto be residuesof low-pressuremelting.Manyof theSamoan
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xenolithsstudiedby Hauri & Hart 1994,and someoftheHawaiianxenolithsSen,1988

sharethesesamecharacteristicsbuthaveneverbeendiscussedin this context.

On thebasisthat melting reactionschangefrom olivine-producingat low pressuresto

orthopyroxene-producingandolivine-consumingat higherpressuresWalteret al., 1995;

Walter,1998;Kinzler, 1997,it wasdeterminedthat the majorelementcharacteristicsof

theKerguelenharzburgitesare consistentwith their origin asresiduesof extensivemelt

extractionathigh pressures.This thereforesuggeststhat theharzburgitesare not piecesof

oceaniclithosphereuponwhich theKerguelenplumeimpinged,but ratherpiecesof plume

mantleresidues.

Abundancepatternsof incompatibletraceelementsin clinopyroxenesfrom peridotite

xenoliths werethenusedto evaluatewhetherthe interpretationof a highpressureorigin on

the basisof themajorelementsis consistentwith the traceelementabundances.Moreover,

the clinopyroxenetraceelementabundanceswereusedto determinethemagnitudeof

chemicalmodificationsthat occurredto theperidotitexenolithsduringreactionswith

plume-derivedmelt. Rareearthelementpatternswerecalculatedfor thehigh-Ca

clinopyroxenesthat arepredictedto be presentafterthe low pressurerecrystallizationof

high pressuremelting residues.Thesecalculatedpatternsproduceda closematchwith the

LREE-depletedclinopyroxenesthat arepresentin someofthe harzburgites.This trace

elementevidencefurthersupportsthemodel for the formationof manyoftheKerguelen

harzburgitesby low pressurerecrystallizationofhigh pressuremelting residues.

Furthermore,it wasfoundthat thesedepletedpatternsweremodified,sometimes

significantly during metasomatism,resultingin rangesoftraceelementabundancesin

clinopyroxenesthatarestaggeringlylargea factorof 5000!.Cerium concentrationvaries

from 0.04 times chondritein depleted"unmetasomatized’harzburgitesto 200 times
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chondritein a fully metasomatizedharzburgitethat containphlogopiteandapatite.In many

samples,a correlationwas foundbetweentextureandchemistry.Clinopyroxenesin

symplectitearedepletedin traceelements,whereasdiscretegrains wereareenriched.

Additionally, symplectiteclinopyroxeneswerefoundto showvariousstagesof

modification within a singlesample.Theseobservationsshowthat metasomatismbegan

with a reactionbetweenharzburgiteandinfiltrating melts,with a chromatographic

mechanismthat haspreviouslybeenwell describede.g.NavonandStolper, 1987;

Bodinier et al., 1990;Takazawaet al., 1992; Hauri andHart, 1994 and endedwith the

precipitationof newclinopyroxenecrystals,particularlywhenthe infiltrating meltwas

carbonatitic-

It is evidentthat theSr andNd isotopiccompositionsof clinopyroxeneswere

completelydominatedby thoseof infiltrating melts,i.e. theplumemelts. Therangesof the

Sr andNd isotopiccompositionswerefoundto bemuchlargerthanthosefoundthus far

for theKerguelenbasalts.If a harzburgitewith themostdepletedt7Sr/86Srwereto be

consideredas a plumeresidueon thebasisof its majorelementcomposition,the87Sr/86Sr

of theplumerangesfrom 0.7033 to 0.70681.Theenrichedendof the spectrumis much

moreenrichedthanany of theKerguelenIslandsbasalts,but arewithin thoseof theHeard

Islandbasalts.

Becauseof the compatiblenatureof Os, its isotopesprovidea differentperspective.

Osmiumisotopic compositionsin peridotitesare "indigenous characteristics,reflecting

theirprovenance.Oneof themostsignificantcontributionsof this study is thediscoveryof

a groupofharzburgiteswith unradiogenicOs.Their Re depletionmodelagesgo up to

1.36 Ga,stronglyindicating theirorigin in the sub-continentallithosphereof

Gondwanaland.Theirmajorelementcharacteristicsthat indicatetheir origin ashigh

pressureresiduesareconsistentwith this interpretation.It is suggestedthat they represent

279



piecesofdelaminatedGondwanalandlithosphereduring continentalrifting which coincided

with an earlypartof theKerguelenplumeactivation.

TheOs isotopiccompositionsofthenon-Gondwanalandperidotitesreveal a large

heterogeneitywithin theKerguelenplume. Therangeof 187Os/’88Osfrom 0.1224to 0.1383

coverspractically theentirerangeobservedfor the HawaiianbasaltsHauri, 1996but is

only for peridotites.This, togetherwith theOs datafor the granulitexenolithsrepresents

oneof the most comprehensivedatasetsfor a plumesystem,andis particularly important

for definingtheOs isotopiccharacterofthe EM-I endmember.

5.2 Lower crustal xenoliths
Lower crustalxenoliths in oceanislandbasaltsarevery rareandthe Kerguelensuitesare

the first granulitefaciesrocksreportedfrom the oceanicenvironmentGregoireet al.,

1994.It hasbeenunclear,however,whethertheir magmaticlineageis connectedto the

SEW or theKerguelenplume.It appearsthat Grègoireetal. 1998 andMattielli et al.

1996 linked themto theSEIR becausetheirSr andNd isotopic compositionsare

intermediatebetweentheSEW basaltsandan enrichedplumecomponent,representedby

basaltsfrom theSoutheastProvince.

A comparisonofthewholerock majorelementcompositionsandmodal abundances

of mineralsclearly showsthat theserockswereoriginally olivine-rich gabbrosand

recrystallizedunderthereaction:olivine + plagioclase-‘ orthopyroxene+ clinopyroxene+

spinel.Practicallyall olivine waslost andorthopyroxenewas gainedas a resultof this

reaction.Thewhole rocktraceelementcompositionsareindicativethat theserockswere

gabbroiccumulates,exhibiting largepositive Sranomaliesandmoderatepositive Eu
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anomalies.Thesecharacteristics,andthatTh contentsareextremelylow arguethat the

amountsofinterstitialmelt werevery small <6%.

Abundancepatternsof traceelementsin granulitewhole-rocksandclinopyroxenes

werethenusedto determinetheir magmaticprovenance.This is clearly akinto the

Kerguelenbasaltsratherthanto theSEIR mid-oceanridgebasalts.TheirSrandNd

isotopiccompositions87Sr/86Sr= 0.70450to 0.70520;8Nd = 1.81 to 3.9 are within the

rangesobservedfor the KerguelenIslandsbasaltsandareremarkablysimilar to basalts

from theNinetyeastRidgeparticularlythe 58-88Ma samplesfrom ODP sites 757 and758

87Sr/86Sr= 0.70433to 0.70501;8Nd = 2.5 to 4.9 Weis andFrey,1991. Thusthe

geneticlink of granulitesto theKerguelenplumeis well established.

TheOsisotopiccompositionswerecloseto thepresent-daybulk earthandare similar

to thosereportedfor HeardIslandbasaltsBarling et al., 1997,but muchless radiogenic

thanvaluesreportedfor someKerguelenbasaltsby Reisburg1993 and Yanget al.

1998a.Only onesampleOB93-54hasradiogenic187Os/188Ossimilar to theKerguelen

basalts,but becausetheageof this granuliteis unknownprecludesany significant

inferencesto bemade.If however,it is assumedthat the granuliteshaduniform initial Os

isotopic composition,-70 Ma ofradiogenicingrowth for themeasured187Re/188Oscould

accountfor theobserved‘870s/’880sin OB93-54.If this is correct,a geneticlink between

the granulitesandtheNinetyeastRidgecouldbe supported.

Acceptingthe geochemicalconclusionof this study, thegranuliteswerecumulates

from Kerguelenplume-derivedmagmasandsubsequentlyrecrystallizedundergranulite

faciesconditionsby isobariccooling. On thebasisof themineralassemblagescontaining

sapphirineandgarnet,Gregoireetal. 1994 estimateda pressureofrecrystallizationof-i

GPa.Thegranulitesstudiedherearealmostgarnet-freeandmayhaverecrystallizedat -0.6
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GPa.This requirescumulateformationat depthsof approximately20 km. By analogyto

the formationof the lowercrustat oceanridges,as viewedat the Moho transitionzoneof

the Omanophiolitee.g.Kelemenet al., 1997,it couldbe visualizedthat magmatic

underplatingfor plume systemsoccursas emplacementof series’of gabbroicbodiesin

muchthesamewayas theOmanGabbrosills areemplaced.

5.3 Evolution of the Kerguelen plume: a brief
synthesis

The resultsof this study canbeplacedwith previousgeochemicalandgeophysicalstudies

in a contextofthe evolutionof theKerguelenplume.Although a geneticlink with the

Bunburybasalts105-136Ma,W. Australiaandthe Rajmahaltraps108-128Ma,

northeasternIndia is uncertainStoreyet al., 1989; Freyet al., 1996,the first certain

inceptionof theKerguelenPlateauis placedaround115 Ma Weis et al., 1989. The

delaminationofGondwanalandlithosphereandsubsequententrainmentinto the plume

musthaveoccurredby this time.Theisotopicdataof basaltsfrom ODP site738 -115

Ma; Alibert, 1991;Mahoneyetal., 1994 appearto requirecontaminationby continental

crustin a situationwhereplumemagmatismis not distal to sourcesof the required

contaminants.A pyroxenitefrom the KerguelenIslandsmayhavebeenproducedin this

period0B93-94.

Therecordof magmaticactivity between90 and40 Ma appearsto be on the Ninetyeast

Ridge,which is interpretedasa hotspottrack. A recentseismologicalstudyrevealsthat the

crustalthicknessbeneaththeNinetyeastRidge exceeds25 km Fluehet al., 1999.This

providesanideal groundfor postulatingthatunderplatingof plume-derivedmeltsas

gabbroiccumulatesandsubsequentrecrystallizationas granulitesmayhaveoccurredduring

this time.
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After theSEIR drifted awayfrom theplume,theKerguelenIslandswereconstructed.

Temporalvariationsof the SrandNd isotopiccompositionsfrom the northwestto the

southeastareasof theKerguelenIslandswerepreviouslyinterpretedas dueto a temporal

decreasein themixing proportionsof theDMM componentse.g.Gautieret al., 1990;

Weiset al., 1993 but in light of Yanget al. 1998a,themixing hypothesisshouldbe

discounted.Thepositionof this study however,is that theobservedisotopic variationsare

dueto theheterogeneityof theplumesource,ratherthantheYangetal. 1998a

hypothesis,whichcalls for plumeheat-inducedmeltingof granulitesas a source

component.This position is madeon petrologicalandgeochemicalgrounds,in that the

basaltsareundersaturatedin plagioclaseandthebasaltslackpositiveSranomalies.

It appearsthat youngvolcanicrocksSoutheastProvince,Mt. Rossandthehostdike

for thexenolithsof this study,as well as melts that causedyoungmetasomaticeventshave

the SrandNd isotopic characteristicsof enrichedmantlecomponents.Whenthe isotopic

compositionsof HeardIsland oneof the youngestmagmaticexpressionsofthe plume;

Barling et al., 1994 areaddedto thepicture,temporalvariationsof the SrandNd

compositionsfrom theNinetyeastRidge stageto thepresentappearto emergeFigure5-i

summarizesthis progression.This cannotbe dueto the agingof a uniform plumeas

advocatedfor theNinetyeastRidgeU-Pb systemby Classet al - 1993,becausethe

‘43Nd/1Nd decreaseswith thetemporalprogression.

As for plume-lithosphereinteraction,thegeochemicalsignaturesfor peridotite-melt

reactionsare abundant.It is importantthat the reactionsleavebehindrocksthat arevery

heterogeneouson small spatialscalesandthatmelts andperidotiteswerenotequilibrated.

Thatheterogeneitieson suchsmall scalesundermantleconditionscansurvive only for

limited lengthsof time suggeststhat themetasomatismwas a youngprocessthat occurred

shortly beforeeruption.
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Rocksupon whichmetasomaticrecordsareprinted,arethoughtto beresiduesof

meltingat high pressuresthat arelater recrystallizedprior to metasomatism.Althoughthis

interpretationwasformulatedfor the Kerguelenharzburgites,it is clearlyapplicableto the

Samoanand someof theHawaiianxenoliths.Forthe Samoanxenoliths,Hauri & Hart

1994 reachedthesameconclusionfrom the garnetsignaturesin the traceelements;the

interpretationofthis study now suggeststhat theirconclusionis consistentwith the major

elementcompositions.

Sen etal. 1988 andYang et al. 1 998b analyzedselectedperidotitexenolithsfrom

Oahuwhich containedclinopyroxeneswith originalREEpatternsresemblingthoseof

abyssalperidotitesanddiscussedchemicalinteractionsbetweentheHawaiianplumeand

oceaniclithosphere.As discussedabove,not a singlepieceofperidotitewhich can

unequivocallybe consideredasoceaniclithospherewasfoundamongthe Kerguelen

peridotites.In termsof 87Sr/865r,OB93-78= 0.7033couldpotentiallybe,but its major

elementcompositionclassifiedthis rock as a pieceof theplumeresiduetogetherwith the

otherharzburgites.

TheOs isotopedataassembledin this study makeup oneof themostcomprehensive

datasetsfor a plumesystem.Therangeof ‘870s/1880sobtainedfor thenon-Gondwanaland

peridotitesis from 0.1252to 0.1383with a meanof 0.1283.Therangeof present-day

‘87Os/’880s for thegranulitesexceptfor OB93-54is from 0.1286to 0.1344,and onefor

70 Ma correctedvaluesincluding OB93-54is from 0.1270to 0.1337with a meanof

0.1293.Although themagnitudeof the agecorrectionis uncertain,the rangefor the

granulitescompletelyoverlapswith that for theperidotites.It is alsonotablethat theOs

isotopedatafor theHeardIslandbasaltsBarling etal., 1997 alsooverlapsthis range.
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Figure5-2 illustratesthe relationshipsbetweenOs, SrandNd isotopic compositionsof

someoceanislandbasaltsandmantleendmembercomponents.Basedon thediscussions

presentedearlierfor identifying non-Gondwanalandperidotitesandgranuliteswith the

Kerguelenplumesystem,the presentresultsplacestrongconstraintsfor the Os isotope

compositionsfor EM-I, andperhapsmoreimportantly,suggestthat thexenolith-based

approachtakenhereprovidesmuchbetterconstraintsthantheconventionalbasalt-based

approachin which low Os concentrationsin basaltsareextremelysusceptibleto alteration

in surficial processesandpresentan insurmountablebarrierfor obtainingreliableanswers.
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5.5 Figures

Figure 5-i. Nd v. Sr isotopicdiagramof peridotiteclinopyroxenes,bulk rock granulite
compositions,andthehostbasaltfrom theKerguelenxenolith suite.Clinopyroxenesfrom
xenolithsof this study are small opencircles,andthosefrom the SoutheastProvinceare
alsoshownfor referencesmall closedcircles.Measuredisotopiccompositionsof
granulitesfrom this study opensquares,granulitesfrom the SoutheasternProvince
Mt.Tizard:gray diamonds,DomeRougeandVal Phonolite:white diamonds;Mattielli et
al., 1996;Mattielli, 1996, areshownin comparisonto initial isotopiccompositionsof
basaltsfrom the IndianOceanridgesMORB with no plumeinfluence:light gray,all Indian
OceanMORB: light gray + dashedline extension,theKerguelenIslandsdarkgray,
HeardIsland mediumgray, Barling, 1994 andthe NinetyeastRidge field hidden
behindtheKerguelenIslandsfield; Weis andFrey, 1991.The Srisotopiccompositionof
0B93-61Ais shownas abroken line. Granuliteslie nearlycompletelywithin the field
definedby KerguelenIslandsbasaltsWhite andHofmann,1982; Gautieret al., 1990;
Weiset al., 1993;Weiset al., 1998;Yanget al., i998a,andnoneoverlapthe
compositionsof IndianOceanMORB Hamelinet al., 1986;Michardetal., 1986;Dossoet
al., 1988.Mantleisotopicendmembersare shownfor referencefilled circles;Hart,
1988.
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Figure 5-2.Os v. Sr upperpanelandv. Nd lower panelisotopic compositionsof
Kerguelenplumerocks.Isotopiccompositionsof CourbetPeninsulagranulitesfilled
squares,peridotiteclinopyroxenesopensquaresKerguelenIslandsbasaltsopencircles;
Reisberget al., 1993;Yang etal., i998a,andHeardIslandbasaltsgray circles:Barling et
al., 1994;Barling et al., i997 havea relatively largevariation.Isotopiccompositions
shownfor Kerguelenbasaltsareinitial valuesandthosefor Heardbasaltsaremeasured
values-zero age.Osmiumcompositionsfor thegranulitesare correctedfor amaximum
eruptionageof 24.5 Ma Nicolaysenet al., 1999;Sr andNd isotopiccompositionsareas
measuredcorrectionfor 24.5 Ma eruptionageis negligible.Compositionsof mantle
endmembersHart, 1988;Martin, 1991;Hauri andHart, 1993; Reisberget al., 1993;
Marcantonioetal., 1995;Widom andShirey,i996 arelabeledanddisplayedasopen
diamonds.Compositionalfields for endmemberoceanislandsarealsoshown;EM I:
KerguelenIslandsandPitcaimIslands;EM II: SamoaandTahaa;HIMU: St.Helena,
Rurutu,Tubuai,andMangaia.Datasourcesfor thesefields are asnotedin thefigure
explanation.A verticalline throughthesymbol marksthe reportedrangeofthe
i87Os/l880sEM II component.No onemixing relationamongthe isotopicendmember
componentscan accountfor all of theKerguelenplumerelatedrocks.
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Appendix 1. Complete major and trace elementcompositionsof
minerals in the peridotites.

293



TableA 1.1. Major elementcompositionsof ultramaficxenolith clinopyroxenes.Eachanalysisis aseparategrain,unlessnotede.g. pt I, pt2,etc.
Lac Superieur

52.02 51.78 51.94 51.83 52.13
0,95 0.97 0.91 1.00 0.91
5.41 5.68 5.48 5.18 5.27
2,37 2.43 2.38 2.39 2.40
0.11 0.09 0.10 0.13 0.10

15.50 15.42 15.56 15.53 15.50
22.43 22.15 22.32 22.56 22.54

1.05 1.02 0.93 0.98 0.97
0.87 0.98 0.93 0.87 0.89

100.71 100.52 100.54 100.48 100.70

1.877 1.871 1.876 1.876 1.881
0.026 0.026 0.025 0.027 0.025
0.230 0.242 0.233 0.221 0,224
0.072 0.073 0.072 0.072 0.072
0.003 0.003 0.003 0.004 0.003
0.833 0.830 0.837 0.838 0.834
0.867 0.858 0.864 0.875 0.871
0.073 0.072 0.065 0.069 0.068
0.025 0.028 0.026 0.025 0.026
4.007 4.003 4.002 4.008 4.003

0B93-5I
cpxl cpx2 cpx3s cpx3s cpx4s cpx5s

54.98 55.28 54.51 55.01 54.54 54.41
0.00 0.02 0.02 0.00 0.00 0.00
2.27 2.05 2.51 1.79 1.61 1.74
2.24 2.35 2.13 2.00 2.02 2.04
0.05 0.06 0.11 0.07 0.14 0.08

17.67 17.99 17.56 17.83 18.55 18.70
21.00 20.69 21.76 22.59 23.16 23.02

1.21 1.15 0.98 0.78 0.26 0.17
0.80 0.60 0.62 0.61 0.55 0.50

100.22 100.18 100.19 100.68 100.83 100.66

1.977 1.986 1.964 1.974 1,958 1.955
0.000 0.000 0.000 0.000 0.000 0.000
0.096 0.087 0.106 0.076 0.068 0.074
0.067 0.070 0.064 0.060 0.061 0.061
0.002 0.002 0.003 0.002 0.004 0.002
0.947 0.963 0.943 0.954 0.993 1.001
0.809 0.797 0.840 0.869 0.891 0.886
0.084 0.080 0.069 0.054 0,018 0.012
0,023 0.017 0.018 0.017 0.015 0.014
4.006 4.002 4,008 4.006 4.009 4.007

0B93-79
cpxl cpx2s

54.39 54.10
0.02 0.00
1.85 2,00
1.87 1.77
0.07 0.11

18.25 18.26
22.96 23.19
0.26 0.29
0.70 0.75

100.37 100.46

1.959 1,949
0.000 0.000
0.079 0.085
0.056 0.053
0.002 0.003
0.980 0.981
0.886 0.895
0.018 0,020
0.020 0,021
4.000 4.008

Mg# 92.09 91.88 92.08 92.04 92.01 93.37 93.18 93.62 94.08 94.25 94.23 94.56 94.86

Molar percentageof endtnembers
Wo 48.85 48.61 48.63 48.91 48.94
En 46,94 47.07 47.14 46.82 46.82
Fs 4.21 4.33 4.23 4.27 4.23

44.33 43,48 45.39 46.09 45.73 45.42
51.89 52,56 50.95 50.61 50.95 51.31

3.77 3.95 3.65 3.30 3.32 3.26

46.05 46.33
50.92 50.75
3.03 2.92

Lherzolite
Sample oB93-52 -
Grain ID cpxl cpx2 cpx3 byopx2 cpx5
wt.%

Harzburgites

Si02
Ti02
A1203
FeO*
MnO
MgO
CaO
Na20
Cr2O
Total
Cations/6Oxygens
Si
Ti

N
.0

Al
Fe
Mn
Mg
Ca
Na
Cr
Total

Eachcolumn representsoneanalysis.Different analysesof thesamegrain arenotedin "Grain ID. The suffix S = symplectitecpx.



TableAll. Major elementcompositionsof ultramaficxenolith clinopyroxenescontinued.

N
.0
Ui

Sample 0B93-79
Grain ID cpx4s cpx3s cpx5
wt.%
Si02
Ti02
Al203
FeO*
MnO
MgO
CaO
Na20
Cr203
Tolal
Cations/6 Oxygens
Si
Ti

Mn
Mg
Ca
Na
Cr
Total

cpx4 cpx5s cpx6s cpxls cpxls

54.00 54.27 54.56 54.32 54.33
0.02 0,02 0.01 0,00 0.03
1.90 1.94 1.82 2.08 1.63
1.88 1.87 1.88 1.78 1.89
0.08 0.09 0.10 0.11 0.08

18,31 18.41 18.30 18.04 18.50
22.90 23.08 23.28 23.14 23.40

0.25 0.22 0.16 0.23 0.17
0.70 0.63 0.67 0.72 0.58

100.04 100.52 100.79 100.43 100.60

1.953 1.953 1.958 1.956 1.955
0.000 0.000 0.000 0.000 0.001
0.081 0,082 0.077 0.088 0.069
0.057 0.056 0.056 0.054 0.057
0.002 0.003 0.003 0.003 0.002
0.987 0.987 0.979 0.968 0,992
0.887 0.890 0.895 0.893 0.902
0.017 0.015 0.011 0.016 0.012
0.020 0.018 0.019 0.021 0.017
4,005 4.004 3.999 3.998 4.007

0893-8Ic
cpx2 cpxl cpx3 cpx6s

54,53 54.55 54.14 54.21
0.02 0.03 0.03 0.05
1.83 1.81 1.97 2.00
1.86 1.79 1.76 1.77
0.09 0.09 0.09 0.08

18.07 17.96 17.99 17,94
23.03 23.35 23.21 23.19
0.33 0.30 0.36 0.31
0.68 0.73 0.88 0.83

100.44 100.61 100.43 100.37

1.963 1.961 1.952 1.954
0.001 0.00 I 0.001 0.001
0.078 0.077 0.084 0.085
0.056 0.054 0.053 0.053
0.003 0.003 0.003 0.002
0.969 0.963 0.967 0.964
0.888 0.900 0.897 0.896
0.023 0.02I 0.025 0.022
0.019 0,021 0.025 0.024
4.000 4.000 4.006 4.001

Mg# 94.42 94,75 94,57 94.54 94.60 94.56 94.76 94.59 94.54 94.70 94.80 94.74

Molar percentageofendmembers
Wo 46.25 46.19 46.46
En 50.63 50.87 50.49
Fs 3.11 2.95 3.05

45.89 45,96 46.30 46.55 46.18
51.04 50.99 50.63 50,48 50,79
3.07 3.05 3.08 2.97 3.03

46.35 46.88 46.72 46.77
50.57 50,17 50.37 50.32
3.07 2.95 2.90 2,91

- 0B93-80

54.40 54.29 54.10
0.03 0.02 0.02
1.77 1.78 2.02
1.92 1.81 1,85
0.08 0.08 0.09

18.21 18.31 18.03
23,14 23.13 23.07

0.25 0.26 0.28
0.73 0.62 0.74

100.53 100.29 100.19

1.958 1.958 1.954
0.00! 0.001 0.001
0.075 0.075 0.086
0.058 0.055 0.056
0.002 0,003 0.003
0.977 0.984 0,970
0.892 0.894 0.893
0.018 0.018 0.020
0.021 0.018 0.021
4.002 4.004 4.002

Al
Fe



Table A 1.1. Major elementcompositionsof ultramaficxenolith clinopyroxenescontinued.

Si02
Ti02
A120-,
FeO*
MnO
MgO
CaO
Na20
Cr203
Total
Caiions/6 Oxygens
Si
Ti

52.69 52.51
0.17 0.12
6,04 5.99
2.93 2.78
0,12 0.11

16.18 16.22
18.95 19.02

1.72 1.53
1.37 1.33

100.17 99.60

1.898 1.900
0.005 0.003
0.256 0.256
0.088 0.084
0.004 0.003
0.869 0.874
0.731 0.738
0.120 0.107
0.039 0.038
4.010 4.004

54.48 54,34 54.19
0.02 0.00 0.00
1.91 1.61 1.73
1.76 1.88 1.86
0.09 0.12 0.09

18.17 18,35 18.34
23.44 23.15 23.11

0.18 0.15 0.19
0.71 0,52 0.64

100.75 100.12 100.14

1.956 1.963 1.958
0.001 0.000 0.000
0.081 0,069 0.074
0.053 0.057 0.056
0.003 0.004 0.003
0.972 0.988 0.987
0.902 0.896 0.894
0.013 0.011 0.013
0.020 0.015 0.018
3.999 4.001 4.003

0B93-99
cpxls cpx2 cpx3s cpx4

54.29 54.68 54.40 53.83
0.16 0.13 0.13 0.16
2.45 2,35 2.44 2.45
1.80 1.97 1.77 1.70
0.13 0.07 0.07 0.08

17.62 17.27 17.35 17.03
22.52 21.31 22.64 22.47
0.85 1.42 0.81 1.18
1.22 1.00 1.12 1.24

101.02 100.19 100.73 100.12

1.946 1.970 1.953 1.948
0.004 0.003 0.004 0.004
0.103 0.100 0.103 0.104
0.054 0.059 0.053 0.051
0.004 0.002 0.002 0.002
0.941 0.927 0.929 0.9 19
0.865 0.823 0.87! 0.871
0.059 0.099 0,056 0.083
0.034 0.028 0.032 0.035
4.010 4.012 4.004 4.019

Mg# 90.77 90.91 91.01 91.06 90.78 91.22 94.85 94.56 94.61 94.59 93.99 94.59 94.70

Molar percentageof endnle;nbers
Wo 44.14 43.20 41.24 43.28
En 50.53 51.45 53.28 51.44
Fs 5.33 5.35 5.47 5.29

43.23 43.40
51,34 51.45
5.43 5.15

46.74 46,08 46.09
50.39 50.81 50.87
2.88 3.11 3M4

46.41 45.42 46.96 47.26
50.50 51.19 50.06 49.83

3.09 3.39 2.98 2.92

Sample 0B93-83 - 0B93-85
Grain ID bycpxls cpxls cpxls cpx3fs cpx4 cpx7 cpxls cpx2s cpx3s
wt.%

52.15
0.15
6.20
2.82
0.10

15.55
18.89

1.79
2.07

99.72

52.43 51.91 52.69
0.09 0.07 0.13
5.11 5.24 6.02
2.86 2.86 2.82
0.11 0.11 0.13

16.05 16.22 16.10
18.74 17.46 18.84
1.76 2.04 1.75
2.78 2.24 1.84

99.92 98.15 100.31

N
La
C.

Al
Fe
Mn
Mg
Ca
Na
Cr
Total

1.890 1.901 1.909 1.896
0.004 0.002 0.002 0.003
0.265 0.218 0.227 0.255
0.085 0.087 0.088 0.085
0.003 0.003 0.004 0.004
0.840 0.867 0.889 0.863
0.734 0.728 0.688 0.726
0.126 0.124 0.145 0.122
0.059 0.080 0.065 0.052
4.007 4.010 4.016 4.008



TableAl.I. Major elementcompositionsof ultramaficxenolith clinopyroxenescontinued.

Si02
Ti02
AI203
FeO*
MnO
MgO
CaO
Na20
Cr203
Total

Al
Fe
Mn
Mg
Ca
Na
Cr
Total

52.13 51.69 52.79 52.33
0.53 0.57 0.53 0.60
4.20 4,55 3.46 4.15
2.27 2.31 2.26 2.32
0.08 0.05 0.06 0.07

15.61 15.42 15.95 15.68
23.48 23.29 23.54 23.29
0.85 0.85 0.80 0.88
1.07 1.19 0.88 1.15

100.22 99.90 100.26 100.46

1,896 1.886 1.917 1.898
0.015 0.016 0.014 0.016
0.180 0.196 0.148 0.178
0.069 0.070 0.069 0.070
0.002 0.002 0.002 0.002
0.846 0.839 0,863 0,848
0,915 0.911 0.916 0,905
0.060 0.060 0.056 0.062
0.03I 0.034 0.025 0.033
4.014 4.013 4.010 4.011

- 0B93-64
cpx3 cpx2 cpxl

53,80 53.39 53,26
0.25 0.35 0.37
2.30 3.12 3,29
2.13 2.15 2.24
0.10 0.07 0.08

16.59 15,92 15.85
24.08 23.91 24.01
0.69 0.66 0.75
0.58 0,86 1,02

100.51 100.43 100.85

1.947 1.933 I .924
0.007 0.009 0.0 10
0.098 0.133 0.140
0.065 0.065 0.068
0.003 0.002 0.002
0.895 0.859 0.853
0.934 0.928 0.929
0,048 0.046 0.052
0.016 0.024 0.029
4.013 4.002 4.008

Mg# 92.44 92.26 92,62 92,32 93.27 92.95 92.64 91.19 90.87 91.21 90.92 91,11

Molar percentageof endinembers
Wo 49.93 50.00 49.52 49.58
En 46.16 46.05 46.67 46.44
Fs 3,91 3.95 3.81 3.98

49,25 50.03 50.17
47.19 46.34 46.05

3.56 3.63 3.78

48.18 48.14 47.35 48.15 47.65
47.08 46.97 47.91 47.03 47.55
4.74 4.89 4.75 4.82 4.80

Dunites
Sample 0B93-61c
Grain ID cpxl cpx3 cpx5 cpx6
w1.%

0B93-82
cpx4 cpx5 cpx2 cpx3 cpx6

Cations/6Oxygens
Si
Ti

N
La

0.00 51.94 52.41 51.86 52.10
0.97 1.01 0.80 0.90 0.85
4.89 5.08 4.07 5.05 4.87
2.67 2.76 2.74 2.73 2.71
0.11 0.10 0.08 0.08 0.09

15.50 15,41 15.96 15.33 15.59
22.06 21.97 21.94 21.83 21.73

1,23 1.20 1.05 1.22 1.25
1.05 1.09 0.83 1.14 0.92

48.48 100.56 99.88 100.14 100.10

0.000 1.880 -1,907 1.884 1.892
0.071 0.027 0.022 0.025 0.023
0.561 0.217 0.175 0.216 0,208
0,217 0.083 0.083 0.083 0.082
0.009 0.003 0.002 0.002 0.003
2.250 0.831 0.865 0.830 0.844
2.302 0.852 0.855 0.850 0.846
0.232 0,085 0.074 0.086 0.088
0.081 0.031 0.024 0.033 0.026
5.724 4.010 4.008 4.010 4.012

sp sp md sp&opx



Sample 0B93-94
Grain ID cpxl cpx2 cpx3
wt.%
Si02
Ti02
Al203
FeO*
MnO
MgO
CaO
Na20
Cr201
Total

52.97 53.00 53.56
0.41 0.32 0,21
3.48 3.21 3.31
2.61 2.59 2.42
0.11 0.10 0.09

17.01 17,26 17.14
22.41 22.06 22.34
0.54 0.58 0.64
1.13 0,91 1.00

100.66 100.01 100.70
Cations/6Oxygens
Si 1.912 1.923 1.928
Ti 0.011 0.009 0.006

0.148 0.137 0.141
0.079 0.079 0.073

Mn 0.003 0.003 0.003
Mg 0,915 0.933 0.919
Ca 0.867 0.857 0,862
Na 0.038 0.04 1 0.045
Cr 0.032 0.026 0.028
Total 4.006 4.007 4,004

Al
Fe

0B93-282
cpxl cpx2

53.92 53.66
0.14 0.15
2.50 2.50
1.74 1.75
0,05 0.06

16.60 16.20
22.24 22.08

1.07 1.29
1.64 1.50

99.90 99.18

1.955 1.960
0.004 0.004
0.107 0.108
0.053 0.053
0.002 0.002
0.897 0.882
0.864 0.864
0.075 0,091
0.047 0.043
4.002 4.007

Mg# 92.08 92.24 92.66 94.07 93.81 93.46 93.68 93.98 94.16 93.72 93.85 94.45 94.30

Molar percentageof endneinbers
Wo 46.51 45.80 46.41
En 49.10 49.84 49.52
Fs 4.40 4.35 4.07

48.07 47.93 47.80 48.17 47.97 47,78 47.39 47.60
48.68 48.64 48.79 48,49 48.79 49.12 49.21 49.14

3,25 3.43 3.41 3.34 3.25 3.10 3.40 3.26

47.60 47.97
49.41 48.96

2.99 3.07

Table All. Major elementcompositionsof ultramaficxenolith clinopyroxenescontinued.
Mt Trapeze

Pyroxenites Harzburgites
0B93-28 I

cpxl cpx2 cpx3,ptl cpx3,pt2 cpx4,ptl cpx4,pt2 cpx6 cpx5

NJ
La

53.49 53.57 54.04 54.17 53.71 53.61 53.95 53.57
0.07 0,11 0.12 0,12 0.10 0.12 0.12 0.12
2.45 2.43 2.49 2.47 2.31 1.98 2.26 2.43
1,91 1.97 2.07 1.98 1.92 1.91 2,06 1.98
0.11 0,13 0.00 0.04 0.08 0.03 0.06 0.03

17.00 16.78 16.62 16.50 16.84 17.30 17.24 16.95
23.35 23.00 22,65 22.80 23.03 23.41 23.09 22.84
0.70 0.60 1.02 1.03 0.56 0.57 0.55 0.67
1.14 1.21 1.06 1.19 1.21 1.01 - 1.05 1,12

100.22 99.80 100.07 100.31 99.76 99.93 100.38 99.69

1.939 1.948 1.957 1.958 1.952 1.948 1.949 1.948
0.002 0.003 0.003 0.003 0.003 0.003 0.003 0.003
0.105 0.104 0.106 0.105 0.099 0,085 0.096 0.104
0.058 0.060 0.063 0.060 0.058 0.058 0.062 0.060
0.003 0.004 0.000 0.001 0.002 0.001 0,002 0.001
0,919 0.909 0.897 0.889 0.912 0.937 0.928 0.919
0.907 0.896 0.879 0.883 0.897 0.911 0.894 0.890
0.049 0.042 0,072 0.072 0.040 0,040 0.039 0.047
0.033 0.035 0,030 0.034 0.035 0.029 0.030 0.032
4.015 4.001 4.007 4.006 3.998 4.012 4.004 4.004



Table All. Major elementcompositionsof ultramalic xenolith clinopyroxenescontinued.

Si02
Ti02
Al20
FeO*
MnO
MgO
CaO
Na20
Cr203
Total
Cations/6Oxygens
Si
Ti
Al
Fe
Mn
Mg
Ca
Na
Cr
Total

0B93-284
cpxl,ptl cpxl,pt2 cpx8s cpx8s

53.13 53,79 54.24 54.21
0.03 0.06 0.06 0.04
3.18 3.25 3.03 2.77
2.13 2.12 2.30 2.47
0.04 0.10 0.06 0.09

17.36 17,37 17.60 17.66
22.33 22.70 22.79 22.48

0.59 0.54 0.53 0.47
1.34 1.38 1.28 1.23

100,13 101.31 101.88 101.41

1.924 1.925 1.930 1.938
0.001 0.002 0.002 0.001
0.136 0.137 0.127 0.117
0.065 0.063 0.068 0.074
0.00 1 0.003 0.002 0.003
0.937 0.927 0.93 0.941
0.866 0.871 0.869 0.861
0.041 0.038 0.037 0.033
0.038 0.039 0.036 0.035
4.009 4.004 4.005 4.002

0B93-287
cpxl,ptl cpxl,pt2

53.89 54,23
0.15 0.12
2.39 2.37
1.99 2.03
0.05 0.03

16.97 16.86
22.59 22.77

0.89 0.82
1.34 1,31

100,26 100.55

1.949 1.955
0.004 0.003
0.102 0.101
0.060 0.061
0.002 0.001
0.915 0.906
0.875 0.880
0.062 0.058
0.038 0.037
4.008 4.002

Mg# 93.88 93.22 94.15 94.00 94,41 94,38 94.23 93.56 93.59 93.18 92.73 93,84 93.68

Mo/ar percentageofendineinbers
Wo 47.12 45,75 47.68 47.23 47.59 47.74 47.52
En 49,56 50.45 49.14 49,43 49.34 49.20 49.29
Fs 3.32 3.79 3.18 3.35 3,06 3.06 3.19

46.38 46.78 46.46 45.90
50.16 49.80 49.89 50.16
3.45 3.41 3.65 3,94

47.31 47.63
49.44 49.06

3.25 3.31

Sample oB93-282 -
Grain ID cpx3s,ptl cpx3s,pt2 cpx4 cpx6,ptl cpx6,pt2 cpx5 cpx7
WI. %

N
La
La

54.11 54.34 54.44 54,21 53.56 54.31 54.50
0.17 0.17 0.17 0.14 0.16 0.14 0.15
2.48 3.06 2.44 2.37 2.47 2.32 2.33
1.90 2.10 1.81 1.89 1.75 1.76 1.81
0.05 0.07 0.07 0.12 0.09 0.08 0.10

16.38 16,18 16.37 16.64 16,61 16.57 16.53
21.66 20.40 22.10 22.12 22.28 22.37 22.16

1,48 1,77 1.31 1.19 1.12 1.07 1.08
1.44 1.34 1.54 1.26 1.63 1.44 1.32

99.67 99.42 100.26 99.93 99.67 100.05 99.97

1.965 1.971 1.965 1.964 1.949 1,964 1.971
0.005 0.005 0.005 0.004 0.004 0.004 0.004
0.106 0.131 0.104 0.101 0,106 0.099 0.100
0.058 0.064 0.055 0.057 0.053 0.053 0.055
0.002 0.002 0.002 0.004 0.003 0.002 0.003
0.886 0.874 0.881 0.898 0.901 0.893 0.891
0.843 0,793 0.855 0.858 0.869 0.867 0.859
0.104 0.124 0.091 0.084 0.079 0.075 0.076
0.041 0.038 0.044 0.036 0.047 0.041 0.038
4.009 4.002 4.002 4.006 4,010 3.999 3.994



Table A 1.1. Major elementcompositionsof ultramaficxenolithclinopyroxenescontinued.

w

Si02
Ti02
Al203
FeO*
MnO
MgO
CaO
Na20
Cr203
Total
Cations/6Oxygens
Si
Ti

Mn
Mg
Ca
Na
Cr
Total

0B93-289
cpxl cpx3 cpx7s,ptl cpx7s,pt2

53.97 54.16 53.83 53.23
0.00 0.02 0.02 0.01
2.55 2.55 2.65 2.55
2.31 2.39 2.34 2.16
0.08 0.06 0.08 0.07

17.27 17.32 17.20 17,35
23.04 22.82 23.48 23.28
0.43 0.50 0.45 0.44
1.09 0.94 1.07 1.08

100.75 100.75 101.11 100.18

1.944 1.949 1.935 1.93 I
0.000 0.000 0.001 0.000
0.108 0.108 0.112 0.109
0.070 0.072 0.070 0.066
0.002 0.002 0.002 0.002
0.927 0.929 0,921 0.938
0.889 0.880 0.904 0.905
0.030 0.035 0.031 0.031
0.031 0,027 0.030 0.031
4.002 4.001 4.008 4.014

0B93-29 I
cpxl cpx7s,ptl cpx7s,pt2 cpx8

54.63 54.85 54.81 53.89
0.1! 0.07 0.06 0.07
2.74 2.65 2.60 2.66
2.19 2.26 2.21 2.08
0.08 0.07 0.09 0.08

16.87 16.81 16.79 16.78
21.40 21.37 21.37 21.67

1.33 1.39 1.30 1.26
1.42 1.31 1.30 1.24

100.76 100.79 100.52 99.74

1.960 1.967 1.970 1.956
0.003 0.002 0.002 0.002
0.116 0.112 0.110 0.114
0.066 0.068 0.067 0.063
0.002 0.002 0.003 0.003
0.902 0.899 0.899 0.908
0.823 0.821 0.823 0.843
0.092 0.097 0.090 0.089
0.040 0.037 0.037 0.035
4.005 4.005 4.000 4.012

Mg# 93.88 92.87 93.48 93.02 92,80 92.91 93.46 93.20 92.98 93.11 93.51

Molar percentageof endmembers
Wo 47.47 45,81 47.26
En 49.31 50.33 49.31
Fs 3.22 3.86 3.44

47.15 46.79 47.69 47.41
49.16 49.38 48.60 49.15
3.69 3.83 3.71 3.44

45.94 45.94 46.00 46,47
50.38 50.26 50.28 50.06
3.67 3.80 3.72 3.47

Sample 0B93-287
Grain ID cpx3 cpxss cpx6
wr.%

54.56 54.83 54.02
0.14 0.09 0.12
2.35 2.27 2.31
1.97 2.34 2.11
0.02 0.09 0.06

16.90 17.13 16.94
22.63 21.69 22.58

1.00 1.22 0.88
1.26 1.19 1.27

100.81 100.84 100.28

1.960 1.968 1.954
0.004 0.002 0.003
0.099 0.096 0.098
0.059 0.070 0.064
0.000 0.003 0.002
0.905 0.916 0.913
0.871 0.834 0.875
0.069 0.085 0.062
0.036 0.034 0.036
4.004 4.008 4.007

Al
Fe



Table A 1.1. Major elementcompositionsof ultramaficxenolithclinopyroxenescontinued.

w
C

Sample 0B93-297 0B93-302 0B93-305
Grain ID cpxl,ptl cpxl,pt2 cpx2 cpx2,ptl cpx2,pt2 cpx7,ptl cpx7,ptl cpx3,ptl cpx3,pt2 cpx2,ptl cpx2,pt2 cpx5,ptl cpx5,pt2
wt.%
Si02 53.96 53,80 53.53 54.79 54.59 54.44 54.22 53.87 54.07 53.61 54,07 53.47 54.05
hO2 0.26 0.32 0.30 0.04 0,02 0.01 0,04 0.04 0.04 0.18 0.10 0.00 0.00
A1201 3.13 3.38 3.17 2.63 2.71 2.75 2.60 2.82 2.8! 2.94 2.86 2.47 2.56
FeO* 2.33 2,10 2,09 2.08 2.01 2.02 2.00 2.05 2.04 2.04 2.06 2.20 2.19
MnO 0.10 0.06 0.08 0.06 0.05 0.05 0.04 0.05 0.08 0.05 0,04 0.06 0.06
MgO 16.70 16.24 16.50 16.87 16.96 16.74 16.70 16.79 16.93 16.96 16.91 16.89 16.89
CaO 21.68 22.10 21.99 22.09 22.48 22.13 22.72 22.59 22.53 22.46 21.98 22.60 22.85
Na20 1.27 1.26 1.14 1.13 1.12 1.10 0.96 0.89 0.98 0.87 1.04 0.93 0.89
Cr201 1,60 1.78 1.51 1.13 1.07 1.11 1.09 1.11 1.12 1.08 1.10 1.19 1.25
Total 101.03 101,04 100.30 100.81 101.00 100.35 100.38 100.20 100.58 100.17 100.16 99.81 100.75
Cations/6Oxygens
Si 1.937 1.932 1.935 1.965 1.956 1.961 1.957 1.948 1.948 1.939 1.952 1.946 1.948
Ti 0.007 0.009 0.008 0,001 0.001 0.000 0.001 0.001 0.001 0.005 0.003 0.000 0.000
Al 0.132 0.143 0.135 0,111 0.114 0.117 0.111 0.120 0.119 0.125 0.122 0.106 0,109
Fe 0.070 0.063 0.063 0,062 0.060 0.061 0.060 0.062 0.062 0.062 0.062 0.067 0,066
Mn 0.003 0,002 0,003 0.002 0.001 0.002 0.001 0.001 0.002 0.001 0.001 0.002 0.002
Mg 0.894 0.869 0.889 0.902 0,906 0.899 0.898 0.905 0.909 0.914 0.910 0,916 0.907
Ca 0,834 0.850 0,852 0.849 0.863 0.854 0.879 0.875 0.869 0.870 0.850 0.881 0.882
Na 0.089 0.088 0.080 0.078 0.077 0.077 0.067 0,062 0.068 0.061 0.073 0.065 0.062
Cr 0.045 0.050 0.043 0.032 0.030 0.032 0.031 0.032 0.032 0.03 I 0.031 0.034 0.036
Total 4.011 4.006 4.007 4.002 4.010 4.002 4.005 4.006 4.010 4.009 4,005 4.017 4.011

Mg# 92,75 93.24 93.38 93.52 93.78 93.66 93.71 93.59 93.66 93.67 93.59 93.20 93.21

Molar percentageof endineinbers
Wo 46.40 47.71 47.22 46.82 47.20 47.09 47.82 47.51 47.26 47.14 46.66 47.27 47.54
En 49.71 48.76 49.29 49,74 49.52 49.55 48.89 49.13 49.40 49.51 49.92 49.14 48.89
Fs 3.89 3,53 3.50 3,44 3.29 3.36 3.28 3.36 3.35 3.35 3.42 3.58 3.56



TableA 1.1. Major elementcompositionsof ultramaficxenolith clinopyroxenescontinued.

w
C
N

Sample OB93-307 - 0B93-309 OB93-310
Grain ID cpxl cpx2 cpx3 cpx5s cpx9s cpxl0s cpxl cpx2 cpx6s cpx2 cpx3 cpx5s,ptl cpx5s,pt2
wt.%
SiO2 53.22 53.39 53.28 53.31 53.71 54,36 54.16 54.09 53.63 53.32 53.30 53.65 53.41
Ti02 0.00 0.00 0.00 0.00 0.01 0.00 0.05 0.08 0.06 0.00 0.00 0.00 0.00
Al203 2.38 2.77 2.81 2.44 2.23 1.95 2.36 2.26 2,28 2.28 2.59 1.99 2.71
FeO* 1.97 1.84 1.85 1.95 2.01 2.07 2.08 2.11 2.03 2.07 1.98 2.39 2.48
MnO 0.08 0.06 0.07 0.06 0.06 0.09 0.06 0.05 0.08 0.11 0.11 0.07 0.09
MgO 17.84 17.48 17.26 17.60 17.81 18.00 16.71 17.08 17.25 17.84 17.76 18.75 18.47
CaO 23.72 23.62 23.70 23,55 23.89 22.92 22.09 22.69 22.77 23.42 23,72 22,50 22.38
Na2O 0.10 0.19 0.10 0.08 0.07 0.45 1.17 0.93 0.82 0.00 0.00 0.00 0.00
Cr2O3 0.89 1,01 1.05 0.88 0.84 0.68 1.26 1,28 1.21 0.77 0.88 0.55 1.06
Total 100,20 100.36 100.11 99.87 100.63 100.50 99.94 100,57 100.12 99.81 100.33 99.89 100.60
Cations/6Oxygens
Si 1.929 1.930 1.931 1.936 1.938 1.958 1.963 1.952 1.945 1,938 1.928 1.944 1.924
Ti 0.000 0.000 0.000 0.000 0.000 0,000 0,001 0.002 0.002 0.000 0.000 0.000 0.000
Al 0.102 0.118 0.120 0.105 0.095 0.083 0,101 0.096 0.098 0.098 0.110 0.085 0.115
Fe 0.060 0.056 0.056 0.059 0,061 0.062 0.063 0.064 0.061 0.063 0.060 0.072 0.075
Mn 0,002 0.002 0.002 0.002 0,002 0.003 0.002 0.002 0.002 0.003 0.003 0.002 0.003
Mg 0.964 0.941 0.932 0.952 0.957 0.966 0.902 0.918 0.932 0.966 0.958 1.013 0.992
Ca 0,921 0.915 0.920 0.917 0.923 0.885 0.858 0.877 0.885 0.912 0.919 0.874 0.864
Na 0.007 0.014 0,007 0.006 0,005 0.031 0.082 0.065 0.057 0.000 0,000 0.000 0.000
Cr 0.025 0.029 0.030 0.025 0.024 0.019 0.036 0.037 0.035 0.022 0.025 0.016 0.030
Total 4.011 4.004 3.998 4.002 4.005 4.007 4.009 4,012 4.016 4.002 4.004 4.005 4.003

Mg# 94.15 94.42 94.33 94.15 94,04 93.95 93.46 93.51 93.82 93.90 94.13 93.33 92.99

Molar percentageof endinembers
Wo 47.36 47.85 48.22 47.54 47.56 46.23 47.05 47.17 47.10 46.98 47.47 44.61 44.76
En 49.56 49,24 48.84 49,40 49,32 50,51 49.48 49.40 49.63 49.78 49.45 51.70 51.37
Fs 3.08 2.91 2.94 3.07 3.12 3.25 3.46 3.43 3.27 3.23 3.09 3.69 3.87



Table Al .1. Major elementcompositionsof ultramaficxenolith clinopyroxenescontinued.

Sample 0B93-314
Grain ID cpxl,ptl cpxl,pt2 cpx5s,ptl cpx5s,pt2
wt.%

54,31 53.94 54.04 54.34
0.03 0.00 0.02 0.01
2.43 2.17 2.44 2.44
1.98 1.87 1.83 1.95
0.06 0.09 0.04 0.10

17,61 17.68 17,45 17,72
23.31 23.25 23.65 22.07
0.37 0.41 0.44 0.34
1.02 0.98 1.15 1.13

101,11 100.38 101.05 100,10
Cations/6Oxygens
Si 1.946 1.948 1.940 1.959
Ti 0.001 0.000 0.000 0.000
Al 0.103 0.092 0.103 0.104
Fe 0.059 0.056 0.055 0.059
Mn 0.002 0.003 0.001 0.003
Mg 0.940 0.951 0.934 0.952
Ca 0.895 0.900 0.910 0.853
Na 0.025 0.028 0.030 0,024
Cr 0.029 0.028 0.033 0.032
Total 4.000 4.006 4,007 3.985

Mg# 94.07 94.40 94.45 94.20

Molar percentageof endmenbers
Wo 47.24 47.16 47.93 45.76
En 49.63 49.88 49.18 51.09
Fs 3.13 2.96 2.89 3.15

- 0B93-3l7
cpxl cpx4s cpx7,ptl cpx7,pt2

54.34 53.85 53.37 53.21
0.05 0.07 0.03 0.03
2.65 2.76 2.59 2.62
1.98 1.95 2.11 2.12’
0.11 0.10 0.06 0.06

17.06 16,91 16.93 17,00
22,43 22.48 22.28 21.80

0.92 0.73 0.99 0.96
1,47 1.27 1.44 1.52

101.02 100,12 99.81 99.30

1.949 1.948 1.941 1.943
0.001 0.002 0.001 0.001
0,112 0.118 0.111 0.113
0.059 0.059 0.064 0.065
0.003 0.003 0.002 0.002
0.912 0.911 0.918 0.925
0.862 0.87 I 0.868 0.853
0.064 0.051 0.070 0.068
0.042 0.036 0.04 1 0.044
4.005 3.999 4.017 4.012

93.88 93.91 93.46 93.46

47.01 47.30 46.93 46.28
49.74 49.49 49,61 50.20

3,24 3.21 3.47 3.51

SiO2
Ti02
A12O3
FeO*
MnO
MgO
CaO
Na20
Cr2O3
Total

w
C
w



TableA 1.2. Major elementcompositionsof ultramaficxenolith orthopyroxenes.Eachanalysisis aseparategrain, unlessnotede.g.Pt I, pt2, etc.
Lac Superieur
Lherzolites Harzburgites

Sample 0B93-52 - 0B93-51 0B93-79
Grain ID opx I opxl .5 opx2 cpx3ex opx8 opx2 opx6 opxS by cpx4 by cpx5 opx4 opx5
wr.%
SiO2 56.14 56.17 55.68 56.34 56,90 56.92 57.01 57.43 57.53 57.46 57.66 57.61
TiO2 0.21 0.22 0.27 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A1203 2.78 2.96 3.40 3.07 1.92 1.77 1,94 1.69 1.68 1.93 1.78 1.74
FeO* 6.25 6.32 6.40 6.11 5.11 5.05 5.02 5.04 4.91 5.02 4.89 5.11
MnO 0.14 0.20 0.17 0.16 0.16 0.14 0,14 0.13 0.13 0.13 0.13 0.14
MgO 34,10 33.77 33.59 33.04 34.70 34.86 34.99 35.13 35.39 35.1! 34.84 35.28
CaO 0.42 0.44 0.50 1.04 0.64 0,62 0.69 0.60 0.63 6641.00 0.71 0.63
Na2O 0,04 0.00 0.04 0.10 0.10 0.12 0.00 0.08 0.03 0.01 0.03 0.03
Cr203 0.36 0.37 0.51 0.44 0.51 0.43 0.61 0.52 0.45 0.51 0.54 0.46
Total 100,43 100,45 100.55 100,47 100.03 99,90 100.39 100.62 100.75 6741.16 100.58 101.00
Cations/6Oxygens
Si 1.930 1.930 1.914 1.936 1,954 1,957 1.950 1.959 1.959 0.047 1.965 1.958
Ti 0.005 0.006 0.007 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.113 0.120 0.138 0.125 0.078 0.072 0.078 0.068 0.068 0.002 0.072 0.070
Fe 0.180 0.181 0,184 0.176 0.147 0.145 0.144 0.144 0.140 0.003 0.140 0.145
Mn 0,004 0.006 0.005 0.005 0.005 0,004 0.004 0.004 0.004 0.000 0,004 0.004
Mg 1.746 1.730 1,721 1.692 1.776 1.786 1.784 1.786 1.795 0.043 1.770 1.787
Ca 0,016 0.016 0.018 0.038 0,024 0.023 0.025 0.022 0.023 5.856 0.026 0.023
Na 0.003 0.000 0.002 0.006 0.007 0.008 0.000 0.005 0.002 0.000 0.002 0.002
Cr 0.010 0.010 0.014 0.012 0.014 0.012 0.017 0.014 0.012 0.000 0.015 0.012
Total 4.006 3.999 4.004 3.994 4.003 4.006 4.002 4.002 4.002 5.952 3.992 4.002

Mg# 90.68 90.50 90.34 90.60 92.37 92,48 92.56 92.55 92.78 92.57 92.69 92.48
Mo/ar percentageof endineinbers
Wo 0.80 0.85 0.95 2.00 1.21 1.17 1.29 1.12 1,17 99.21 1.33 1.17
En 89.76 89,47 89.26 88.57 91.02 91.21 91.17 91.33 91.51 0.73 91.28 91.21
Fs 9.44 9.68 9.79 9.43 7.76 7.62 7.54 7.55 7.32 0.06 7.39 7.62

w
C

Eachcolumn representsoneanalysis.Different analysesof thesamegrain arenotedin "Grain ID". The suffix "cx" = opx exsolutionfrom cpx



TableA 1.2. Major elementcompositionsof ultramaficxenolilh orthopyroxenescontinued.

w
C
Ui

Sample 0B93-79
Grain ID opx6
wr.%
SiO2 57.51
Ti02 0.00
A120-I 1.75
FeO* 4.90
MnO 0.17
MgO 35.22
CaO 0.70
Na2O 0.03
Cr203 0.47
Total 100.74
Cations/6Oxygens
Si 1.959
Ti 0.000
Al
Fe
Mn
Mg
Ca
Na
Cr
Total

OB9380
opx5 opx3, ptl opx3, pt2 opx4, p11 opx4, pt2 by cpx5 opx6

56.79 57.04 57.20 57.13 57.19 56.95 56.69
0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.70 1.79 1.82 1.81 1.83 2.05 1.82
4.98 4.95 4.91 4.98 4.81 4.86 4.99
0.13 0.16 0.12 0.15 0.13 0.16 0.13

35.02 35.13 35.31 34.67 34.77 34.96 35.14
0.68 0.61 0.68 0.91 0.86 0.68 0.72
0.00 0.00 0.00 0.00 0.02 0.03 0.03
0.47 0.53 0.55 0.49 0.52 0.62 0.53

99.77 100.22 100.58 100,14 100.14 100.31 100.03

1.955 1.954 1.952 1.959 1.959 1.949 1,947
0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.070 0.069 0.072 0.073 0.073 0.074 0.083 0.074
0.139 0.143 0.142 0.140 0.143 0.138 0.139 0.143
0.005 0.004 0.005 0.004 0.004 0.004 0.005 0.004
1.788 1.796 1.793 1.796 1.772 1.775 1.783 1.799
0.026 0.025 0.022 0.025 0.033 0.032 0.025 0,027
0.002 0.000 0.000 0.000 0.000 0.001 0.002 0.002
0.013 0.013 0.014 0.015 0.013 0.014 0.017 0.014
4.001 4.005 4.003 4.004 3.998 3.997 4.002 4.009

OB93-81c
opx3 opx4 opx6 opxl

57.32 57.61 57.70 57.27
0.00 0.00 0.00 0.00
1.72 1.73 1.62 1.64
4.98 5.04 5.06 5.04
0.15 0.14 0.17 0.16

35.24 35.60 35.53 35.43
0.77 0.64 0.66 0.62
0.04 0.02 0.05 0.00
0.50 - 0.50 0.47 0.46

100.72 101.28 101.26 100.62

1.955 1.953 1.957 1.955
0.000 0.000 0.000 0.000
0.069 0.069 0.065 0.066
0.142 0.143 0.144 0.144
0.004 0.004 0.005 0.005
1.791 1.799 1.796 1.802
0.028 0.023 0.024 0.023
0.002 0.001 0.004 0.000
0.014 0.013 0.013 0.013
4.005 4.006 4.006 4.006

Mg# 92,77
Molar percentageof endmembers
Wo 1.31
En 91.32
Fs 7.37

92.62 92.67 92.76 92.55 92.79 92.76 92.62

1.27 1.14 1.26 1.71 1.62 1,27 1.34
91.26 91.39 91.42 90.76 91.11 91.36 91.20
7.47 7.46 7.32 7.54 7.27 7.37 7.45

92.65 92.64 92.60 92.61

1.42 1.18 1.21 1.15
91.13 91.35 91.25 91.32

7.45 7.46 7.53 7.53



TableA 1.2. Major elementcompositionsof ultramaficxenolith orthopyroxenescontinued.

SiO2
TiO2
AI2O3
FeO*
MnO
MgO
CaO
Na2O
Cr2O3
Total
Cations/6Oxygens
Si
Ti
Al
Fe
Mn
Mg
Ca
Na
Cr
Total

57,70 57.52 57.86
0.00 0.00 0.00
1.84 1.77 1.66
5.14 4.89 5.03
0.14 0,10 0.14

35.25 35.37 35.50
0.68 0.96 0.60
0.00 0.03 0.00
0.51 0.49 0.64

101.25 101.12 101.43

1.957 1.953 1.958
0.000 0.000 0.000
0.073 0.071 0.066
0.146 0.139 0.142
0.004 0.003 0.004
1.781 1.790 1.791
0.025 0.035 0.022
0.000 0.002 0.000
0.014 0.013 0.017
4.000 4.006 4.000

Mg# 92.51 92.45
Molar percentageof endmembers
Wo 1.36 1.31
En 91.04 91.10.
Fs 7.61 7.60

91.73 91.49 90.60 91.79 91.97 91.71 91.26

1.90 1.66 1,81 1.86 1.50 1,53 2.00
89.81 89.76 88.72 89.88 90.35 90.10 89.19
8.29 8.58 9.47 8.26 8.15 8.37 8.81

92.44 92.80 92.63

1.25 1.77 1.10
91.09 91.02 91.43

7.66 7.20 7.47

Sample OB93-81c - OB93-83
Grain ID opx2 opx7 opxl, ptl opxl, pt2 opx2 opx3 opx5 opx7 opx9ex
wt,%

0B93-85
opxl opx2 opx3

57.60 57.07
0.00 0.00
1.67 1.97
5.11 5.11
0.16 0.11

35.40 35.12
0.73 0.70
0.00 0.03
0.48 0.63

101.15 100.75

1.956 1.947
0.000 0.000
0.067 0.079
0.145 0.146
0.005 0.003
1.792 1.786
0.027 0.026
0.000 0,002
0.013 0.017
4.004 4.006

w
C
C.

56.25 55.96 55.75 55.37 56.80 56.63 55.55
0.03 0.00 0.03 0.05 0.01 0.00 0.02
3.42 3.07 4.15 3.79 2.12 2.74 3.98
5.39 5.54 6.05 5,37 5.39 5.46 5,60
0.13 0.15 0.17 0.14 0.17 0.15 0.18

33.57 33.41 32.72 33.67 34.60 33.86 32.79
0.99 0.86 0.93 0.97 0.80 0.80 1.02
0.28 0.14 0.10 0.15 0.13 0.12 0.12
0.81 0.73 0.75 0.73 0.53 0.51 1.02

100,88 99.85 100.64 100.24 100.54 100.26 100.28

1.923 1.932 1.913 1.905 1.945 1.943 1.912
0.001 0.000 0.001 0.001 0.000 0.000 0.000
0.138 0.125 0.168 0.154 0.085 0.111 0.162
0,154 0.160 0.174 0.154 0.154 0.157 0.161
0.004 0.004 0.005 0.004 0.005 0.004 0.005
1.710 1.719 1,674 1.727 1.766 1.732 1.682
0.036 0.032 0.034 0.036 0.029 0.029 0.038
0.019 0.009 0.007 0.010 0.008 0.008 0.008
0.022 0.020 0.020 0.020 0.014 0.014 0.028
4,006 4.001 3.995 4.012 4,009 3,998 3.997



Table A 1.2. Major elementcompositionsof ultramaficxenolithorthopyroxenescontinued.

Sample 0B93-85
Grain ID opx5 opx6
wt.%
Si02
TiO2
A1203
FeO*

MnO
MgO
CaO
Na20
Cr203
Total
cations/6Oxygens
Si
Ti
Al
Fe
Mn
Mg
Ca
Na
Cr
Total

56.77 56.35 57.18 56.39 56.59 56.90
0.04 0,06 0.07 0.09 0.05 0.06
1.51 1.93 1.46 1.96 1.81 1.72
4.99 5.07 4.94 4.96 4.95 5.06
0.14 0.10 0.16 0.12 0.12 0.14

35.29 34.96 35.27 34.72 35.04 34.98
0.59 0.58 0.57 0.73 0.58 0.59
0.05 0,04 0.03 0.05 0.08 0.04
0.52 0.63 0.46 0.62 0.62 0.58

99.88 99.71 100,13 99.62 99.84 100.06

1.953 1.943 1.960 1.945 1.947 1.954
0,001 0.001 0.002 0.002 0.001 0.001
0.061 0.078 0.059 0.080 0.074 0.070
0.143 0.146 0.141 0.143 0.142 0.145
0.004 0.003 0.005 0.003 0.003 0.004
1.809 1.796 1.801 1.785 1.797 1.790
0.022 0.022 0.021 0.027 0.021 0.022
0.004 0.002 0.002 0.003 0.006 0.002
0.014 0.017 0.012 0.017 0.017 0.016
4.011 4.009 4.004 4.006 4.009 4.004

0B93-94
opx2ex opx4ex opx3ex

1.930 1.929 1.943
0.003 0.002 0,002
0.112 0.116 0.106
0.192 0.196 0,190
0.006 0.005 0.005
1.705 1 .706 1.702
0.029 0.026 0.026
0.003 0.003 0.002
0.021 0.018 0.018
4.002 4.003 3.994

Mg# 92.60 92.38
MOlar percentageofendinembers
Wo 1.14 2.04
En 91.38 90.30
Fs 7.48 7.66

92,65 92,48 92.72 92.58 92.66 92.49 89.49

1.10 1,09 1.07 1.39 1.09 1.10
91.44 91.32 91.52 91.14 91.49 91.28

7.46 7.59 7.42 7.48 7.42 7.62

89.90 89.68 89.94

1.52 1.32 1.33
88.25 88.24 88.51
10.23 10.44 10.16

0B93-99 0B93-82
opxl opxl3 opxl4 opx3 opx4 opx8 opx6ex

Dunites Pyroxenites

57.41 56.35
0.00 0.00
1.73 2.22
5.02 5.09
0.12 0.14

35.26 34.61
0.61 1.09
0.00 0.03
0.50 0.72

100.65 100.25

1.957 1.936
0.000 0.000
0.070 0.090
0.143 0.146
0.003 0.004
1.792 1.772
0.022 0.040
0.000 0.002
0.013 0.020
4.001 4.010

w
C
‘-I

56.22 56.32 56.84
0.12 0.10 0.07
2.78 2.88 2.64
6.67 6.86 6.66
0.21 0.19 0.18

33.32 33.42 33.42
0.80 0.70 0.70
0.05 0.05 0.02
0.78 0.67 0.67

100.95 101.17 101.19

56.69
0.17
2.35
6.98
0.20

33.36
0.59
0.02
0.37

100.75

1.948
0,004
0.095
0.201
0.006
1.708
0.022
0.002
0.010
3.996

1.12
88.22
10.66



TableA 1.2. Major elementcompositionsof ultramaficxenolilh orthopyroxenescontinued.
Mont Traneze

w
C

Sample 0893-94
Grain ID opx5ex
wt.%
Si02 55.50
TiO2 0.12
A120-I 2.84
FeO* 6.70
MnO 0.l9
MgO 33.30
CaO 0.71
Na20 0.04
Cr203 0.73
Total 100.13
Cat ions/6Oxygens
Si
Ti

Mn
Mg
Ca
Na
Cr
Total

0893-281
opxlex opx4.5 opx4.5 opx5 opx6,ptl opx6,pt2 opx6ex opx3ex

58.02 57.47 57.55 57.79 57.42 57.59 57,40 57.49
0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00
1.95 1.96 1.91 2,08 1.93 1.94 2.07 2.09
5.11 5.32 5.40 5.39 5.47 5.45 5.19 5,40
0.15 0.12 0.15 0.12 0.14 0.11 0.13 0.13

34.75 34.42 34.58 34,32 34,64 34.46 34.41 34.50
0.72 0.55 0.53 0.69 0.53 0.58 0.72 0.62
0.08 0.04 0.00 0.04 0.03 0.02 0.02 0.02
0.51 0.59 0.51 0.58 0.49 0.54 0.59 0.60

101.30 100.46 100.63 101.02 100.63 100.70 100.54 100.84

1.922 1.965 1.964 1.964 1.965 1.960 1.964 1.960 1.959
0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.116 0.078 0.079 0.077 0.084 0.078 0.078 0.083 0.084
0.194 0.145 0.152 0.154 0.153 0.156 0.155 0.148 0.154
0.006 0.004 0.003 0.004 0.003 0.004 0.003 0,004 0.004
1.718 1.754 1.753 1.759 1.739 1.762 1.751 1.751 1.752
0.026 0.026 0.020 0,019 0.025 0.019 0.021 0.026 0.023
0.002 0.005 0.003 0.000 0.003 0.002 0.001 0.001 0.001
0.020 0.014 0.016 0.014 0.016 0.013 0.015 0.016 0.016
4.008 3.992 3.990 3.991 3.987 3.995 3.990 3.991 3.992

0B98-282
opx2,ptl opx2,pt2 opx3,ptl

57.72 57.59 57.85
0.03 0.03 0.00
1.69 1.77 1.52
5.01 5.05 5.10
0.17 0.11 0.17

34.68 34.84 34.85
0.60 0.59 0.56
0.06 0.05 0.17
0.50 0.51 0.46

100.46 100.52 100.69

1 .970 1 .965 I .972
0.00 1 0.001 0.000
0.068 0.07 1 0.061
0.143 0.144 0.145
0.005 0.003 0.005
1.764 1,772 1.770
0.022 0.021 0.020
0.004 0.003 0.011
0.014 0.014 0.012
3.990 3.994 3.997

Mg# 89.85
Molar percentageof endmenbers
Wo 1.36
En 88.37

92.38 92.02 91.94 91,90 91.87 91.85 92,19 91.93

1.36 1.04 0.99 1.32 0.99 1.10 1.37 1.17
90.92 90.90 90.82 90.53 90.77 90.69 90.75 90.68

7.72 8.06 8.19 - 8.16 8.24 8.21 7.88 8.16

92.50 92.48 92.41

1.14 1.10 1.05
91.21 91.31 91.20

7.65 7.58 7,74

Al
Fe

Fs 10.27



TableA 1.2. Major elementcompositionsof ultramaficxenolithorthopyroxenescontinued.

Wt.%
Si02
Ti02
A1201
FeO*
MnO
MgO
CaO
Na2O
Cr203
Total
Cations/6Oxygens
Si
Ti
Al
Fe
Mn
Mg
Ca
Na
Cr
Total

Wo
En
Fs

58.22 58.24 58.36 58.07 41.99
0.03 0.04 0.03 0.05 0.00
1.55 1,53 1.54 1.51 0.00
5.14 5.01 5.17 5.09 8.18
0.11 0.16 0.12 0.15 0.18

34.75 34.91 34.95 34.77 50.29
0.53 0.50 0.54 0.50 0.05
0.11 0.04 0.13 0.09 0.00
0.49 0.42 0.38 0.47 0.03

100.92 100.84 101.21 100,69 100.72

1.977 1.978 1.977 1.977 1.518
0.001 0.001 0.00 1 0.001 0.000
0.062 0.061 0.061 0.06 1 0.000
0.146 0.142 0.146 0.145 0.247
0.003 0.005 0.004 0.004 0.006
1.759 1.767 1.764 1.764 2.709
0.019 0.018 0.020 0.018 0.002
0.007 0.002 0.008 0.006 0.000
0.013 0.011 0.010 0.013 0.001
3.988 3.986 3.991 3.988 4.482

1.00 0.95 1.01 0.94 0.06
91.26 91.45 91.24 91.34 91.41
7.73 7.60 7.75 7,72 8.53

0B93-284
opxl,ptl opxl,pt2 opx2,ptl opx2,pt2

56.38 56.64 56,72 56.50
0.00 0.00 0.00 0.00
2.68 2.40 3.42 3.25
5.38 5.30 5.45 5.32
0.11 0.13 0.18 0.18

33.87 33.92 34.06 33.96
0.82 0.91 0.85 0.91
0.03 0.03 0.03 0.05
0.67 0.65 0.77 0.74

99.92 99.98 101,48 100.91

1.941 1.949 1.925 1.928
0.000 0.000 0.000 0.000
0,109 0.097 0.137 0.131
0.155 0.152 0.155 0.152
0.003 0.004 0.005 0.005
1.738 1.739 1.722 1.727
0.030 0,034 0.031 0.033
0.002 0.002 0.002 0.003
0.018 0.018 0.021 0.020
3.997 3.995 3.997 3.999

91.82 91.94 91.76 91.91

1.57 1.75 1.61 1.74
90.38 90.33 90.28 90.32
8.05 7.92 8.10 7.95

0893.287
opxl,ptl opxl,pt2 opx2

57.25 57.17 55.75
0.02 0.01 0.04
2.40 2.38 2.98
5.45 5.43 5.58
0.12 0.13 0.14

34.07 34.07 33.52
0,78 0.96 0.87
0.02 0.04 0.06
0.59 0.66 1.89

100.67 100.84 100.84

1,955 1.951 1.913
0.000 0.000 0.00 1
0.097 0.096 0,121
0.156 0.155 0.160
0.003 0.004 0.004
1.734 1.732 1.714
0.028 0.035 0.032
0.00 I 0.002 0.004
0.016 0.018 0.051
3.989 3.993 4.001

91,77 91.79 91.45

1.49 1.82 1.68
90.40 90.12 89.91

8.11 8.06 8.40

Sample 0B98-282 -
Grain ID opx3,pt2 opx5 opx6 opx7,ptl opx7,pt2

w
C
La

Mg# 92.34 92.55 92.34 92.41 91.64
Molar percentageof endnetnbers



TableA 1.2. Major elementcompositionsof ultramaficxenolithorthopyroxenescontinued.

Sample OB93-289 OB93-291 - OB93-297
Grain ID opx2,ptl opx2,pt2 opxl opx2 opxl,ptl opxl,pt2 opx2,pt2 opx2,pt2
wt.%

w
C

0B93-302 OB93-305
opxl opx2 opxl,ptl opxl,pt2

Si02 56.24 56.24 56.91 56.92 57.10 56.79 56.86 56.65 56.33 56.09 56.91 57.01
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.03 0.01 0.00 0.00
A12O3 2.53 2.58 2.33 2.33 2.29 2.25 2.46 1.92 2.06 2.35 3.26 3.22
FeO* 5.93 5.96 5.29 5.36 5.43 5.31 5.30 5.40 5.19 5.27 5.42 5.11
MnO 0,13 0.17 0.18 0.18 0.12 0.16 0.15 0.10 0.09 0.11 0.16 0.14
MgO 33.15 33.31 34.05 33.61 33.47 33.98 34.20 34.63 34.29 33.90 33.82 34.24
CaO 1.18 1.31 0.57 1.06 1.18 0.90 0.55 0.54 0.59 0.76 0.82 0.75
Na2O 0.00 0.00 0.07 0.09 0.06 0.05 0.03 0.06 0.07 0.07 0.05 0.05
Cr201 0.67 0.68 0.55 0.67 0.78 0.73 0.68 0.63 0.59 0.62 0.72 0.71
Total 99.82 100,23 99.95 100.23 100.43 100.18 100.22 100.00 99.23 99.17 101.14 101.24
Cations/6Oxygens
Si 1.945 1.939 1.956 1.955 1.957 1.951 1.949 1.949 1.951 1.946 1.935 1.934
Ti 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.002 0.001 0.000 0.000 0.000
Al 0.103 0.105 0.094 0.094 0.093 0.091 0.099 0.078 0.084 0.096 0.131 0.129
Fe 0,172 0.172 0,152 0.154 0.156 0.152 0.152 0.155 0.150 0.153 0.154 0.145
Mn 0.004 0.005 0.005 0.005 0.004 0.005 0.004 0.003 0,003 0.003 0.004 0.004
Mg 1.708 1.712 1.744 1.720 1.710 1.740 1.747 1.776 1.770 1,752 1.714 1.732
Ca 0.044 0.048 0.021 0.039 0.043 0.033 0.020 0.020 0.022 0.028 0.030 0.027
Na 0.000 0.000 0,005 0.006 0.004 0.003 0.002 0.004 0.004 0.005 0.003 0.003
Cr 0.018 0.018 0.015 0.018 0.021 0.020 0.018 0.017 0.016 0.017 0.019 0.019
Total 3.994 3.999 3.992 3.992 3.988 3.995 3,992 4.004 4.001 4,000 3.991 3.994

Mg# 90.88 90.88 91.98 91.78 91.65 91.94 92.00 91.95 92.17 91.98 91.75 92.27
Molar percentageOf end,nembe,’s
Wo 2.28 2.50 1.10 2.04 2.28 1,72 1.05 1.02 1.12 1.46 1.56 1.43
En 88.80 88.61 90.97

7.93
89.91

8.05
89.56
8.16

90.36
7.92

91.04
.7.91

91.01
7.97

91.14
7.74

90.64
7.91

90.32
8.12

90.95
7.62Fs 8.91 8.89



Table A 1.2. Major elementcompositionsof ultramaficxenolith orthopyroxenescontinued.

wt.%
Si02
Ti02
AI2O1
FeO*
MnO
MgO
CaO
Na2O
Cr203
Total
Cations/6Oxygens
Sm
Ti
Al
Fe
Mn
Mg
Ca
Na
Cr
Total

1.934 1.931 1.929
0.000 0.000 0.000
0.141 0.141 0.145
0.145 0.150 0.148
0.005 0.003 0.005
1.716 1.691 1.693
0.024 0,052 0.047
0.000 0.000 0.000
0.020 0.020 0.021
3.985 3.988 3.988

0B93-309
opxl,ptl opxl,pt2 opx2,ptl opx2,pt2

1.951 1.951 1.950
0.000 0.000 0.000
0.100 0.103 0.105
0.151 0.151 0.151
0.005 0.003 0.003
1.740 1.736 1.738
0.030 0.027 0.026
0.003 0.002 0,001
0.015 0.016 0.016
3.994 3.990 3.990

0B93-310
opxl opx2,ptl opx2,pt2

1.929 1.938 1.941
0.000 0.000 0.000
0.137 0.135 0.130
0.15! 0.148 0.146
0.005 0.005 0.004
1.718 1.708 1.718
0.035 0.036 0.030
0.000 0.000 0.000
0.018 0.017 0.017
3.994 3.986 3.986

Mg# 92.24 92.21
Molar percentageof endmembers
Wo 2.24 1.99
En 90.17 90.37
Fs 7.59 7.64

92.21 91.86 91.98

1.26 2.74 2.49
91.05 89.35 89.69
7.70 7.91 7.82

92.00 91.99 92.02 92.27

1.59 1.39 1.36
90.55 90.70 90.77

7.87 7.90 7.87

91.91 92.04 92.18

1.86 1.90 1.58
90.20 90.30 90.72

7.94 7.81 7.70

Sample 0893-305 0B93-307 -
Grain ID opx2,ptl opx2,pt2 opxl,ptl opxl,pt2 opx2

56.86 56.81 56.72
0.00 0.00 0.00
3.53 3.53 3.62
5.10 5.27 5.19
0.17 0.09 0.17

33,85 33.38 33.40
0.65 1.42 1.29
0.00 0.00 0.00
0.74 0,74 0.79

100.89 101.23 101.18

57.24 57.08
0.00 0.00
3.06 3.10
5.08 5.11
0.14 0.11

33.87 33.95
1.17 1.04
0.04 0.00
0.71 0.68

101.32 101.07

1.942 1.940
0.000 0.000
0.122 0.124
0.144 0.145
0.004 0.003
1.712 1.720
0.043 0.038
0.003 0.000
0.019 0.018
3.989 3.989

57.65 57.67 57.40
0.00 0.00 0.00
2.50 2.60 2.62
5.34 5.34 5.31
0.16 0.12 0.12

34.50 34.43 34.33
0.84 0.74 0.72
0.05 0.03 0.02
0.54 0.61 0.60

101.59 101.54 101.11

w

56.95 57.16 56.91
0.00 0.00 0.00
3.43 3.38 3.24
5.34 5.21 5.11
0.17 0.16 0.13

34.05 33.81 33.81
0.97 0.99 0.82
0.00 0.00 0.00
0.68 0.65 0.63

101.60 101.35 100.65

57.08
0.00
2.56
5.14
0.16

34.43
0.69
0.03
0.59

100.68

1.947
0.000
0.103
0.147
0.005
1.750
0.025
0.002
0.016
3.995

1.31
91.05
7.63



TableA1.2. Orthopyroxenemajorelementscontinued.

Sample 0B93-314 0B93-317
Grain ID opx2,ptl opx2,pt2 opxl opx2
WI. %
Si02 56.95 57.43 56.95 57.15
Ti02 0.00 0.00 0.00 0.00
Al202 2.86 2.88 2.53 2.46
FeO* 5.30 5.27 5.17 5.24
MnO 0.13 0.15 0.13 0.15
MgO 34.30 34.55 34.78 34.34
CaO 0.66 0.67 0.67 0.66
Na20 0.00 0.00 0.03 0.05
Cr203 0,62 0.67 0.74 0.71
Total 100.84 101.62 101.00 100.75
Cations/6Oxygens
Si 1.941 1.941 1.939 1.949
Ti 0.000 0.000 0.000 0.000
Al 0.115 0.115 0.101 0.099
Fe 0.151 0.149 0.147 0.149
Mn 0.004 0.004 0.004 0.004
Mg 1.742 1.740 1.764 1.745
Ca 0.024 0.024 0.024 0.024
Na 0.000 0.000 0.002 0.003
Cr 0.017 0.018 0.020 0.019
Total 3.993 3.992 4.002 3.993

Mg# 92.02 92.12 92,31 92.11
- Molar percentageof endinembers
Wo 1.26 1.27 1.26 1.25
En 90.86 90.94 91.14 90.96
Fs 7.88 7.78 7.60 7.79



TableA 1.3. Major elementcompositionsof ultramaficxenolith olivines.Eachanalysisis a separategrain,unless notede.g.pt 1, p12, ete.

w
w

Lac Superieur
Lherzolite Harzburgites

Sample 0B93-52 - 0B93-51
Grain ID o13 o12 o16 o17 o15 o18,ptl ol8,pt2 o12 o14 ol5 o13
wt.%
5i02 40.36 40.50 40.65 40.57 40.62 41.00 40.69 40.96 41.06 41.04 40.91
FeO 9.57 9.76 9.95 9.93 9.75 8.10 8.28 8.25 8.14 8.14 8.08
MnO 0.15 0.11 0.10 0.14 0.13 0.09 0.11 0.13 0.12 0.11 0.11
MgO 49.32 49.69 49.44 49.43 49.42 50.74 51.08 50.93 50.74 50.77 51.31
CaO 0.03 0.03 0.03 0.03 0.03 0.06 0.06 0.07 0.07 0.07 0.08
NiO 0.34 0.31 0.33 0.33 0.35 0.33 0.32 0.35 0.33 0.31 0.34
A1203 0.00 0.02 0.00 0,02 0.02 0.00 0.03 0.03 0.00 0.02 0.03
Cr203 0.01 0.00 0.00 0.00 0.00 0.00 0.04 0.03 0.00 0.00 0.11
Total 99.78 100.42 100.50 100.44 100.31 100.32 100.61 100.75 100.44 100.46 100,97
Cations/4Oxygens
Si 0.992 0.990 0.993 0.992 0,994 0.995 0.987 0.991 0.996 0.995 0.988
Fe 0.197 0.200 0.203 0.203 0.200 0.164 0.168 0.167 0.165 0.165 0.163
Mn 0.003 0.002 0,002 0.003 0.003 0,002 0.002 0.003 0.002 0.002 0,002
Mg 1.807 1.810 1.800 1.802 1.802 1.835 1.846 1.837 1.833 1.834 1.846
Ca 0.001 0.001 0.001 0.001 0.001 0,002 0.002 0.002 0.002 0.002 0.002
Ni 0.007 0.006 0.006 0.007 0.007 0.006 0.006 0.007 0.006 0.006 0.007
Al 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.001 0.001
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0,001 0.000 0.000 0.002
Total 3.007 3.010 3.007 3.008 3.006 3.005 3.012 3.008 3.004 3.005 3.011

Fo 90.18 90.07 89.85 89.87 90.03 91.78 91.67 91.67 91.74 91.75 91.88



Table A 1.3. Major elementcolnpositionsof ultramaficxenolith olivinescontinued.

Si02
FeO
MnO
MgO
CaO
NiO
AI203
Cr201
Total
Caiions/4 Oxygens
Si
Fe
Mn
Mg
Ca
Ni
Al
Cr
Total

41.43 41.20 40.97 40.96
8.00 8.23 8.28 8.02
0.11 0.14 0.11 0.12

50.70 51,22 51.20 50,94
0.09 0.06 0.06 0,07
0.32 0.33 0.34 0.31
0.00 0.00 0.00 0.02
0.03 0.01 0.00 0.00

100.68 101.20 100.97 100.44

1.001 0.992 0.990 0.993
0.162 0.166 0.167 0.163
0.002 0.003 0.002 0,002
1.825 1.838 1.843 1.840
0.002 0.002 0.002 0,002
0.006 0.006 0.007 0.006
0.000 0.000 0.000 0.001
0.001 0.000 0.000 0.000
2.999 3.008 3.010 3.007

41.22 41.15 41.27 40.88
8.05 7.96 7.96 8.24
0.11 0.13 0.09 0.11

50.90 50.82 50,25 50.96
0.07 0.07 0.13 0.08
0.33 0.35 0.30 0.30
0.03 0.03 0.04 0.02
0.01 0.00 0.22 0.00

100.73 100.51 100.25 100.59

0.996 0.996 1.001 0.991
0,163 0.161 0.161 0.167
0.002 0.003 0.002 0.002
1,833 1.834 1.817 1.841
0.002 0.002 0.003 0.002
0.006 0.007 0.006 0.006
0.001 0.001 0.001 0.000
0.000 0.000 0.004 0.000
3.003 3.003 2.996 3.009

41.03 40.90 40.91 40.83
8.57 8.29 8.37 8.21
0.06 0.12 0.07 0.11

51.21 51.41 51.52 51.25
0.06 0.05 0.05 0.05
0.36 0.33 0.36 0.35
0.00 0.00 0.00 0.00
0.02 0.00 0.00 0.00

101.30 101.10 101.27 100.80

0.989 0.987 0.986 0.988
0.173 0,167 0.169 0.166
0.001 0.003 0.002 0.002
1,840 1.849 1.850 1.848
0.001 0.001 0.001 0.001
0.007 0.006 0.007 0.007
0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000
3.011 3.013 3.014 3.012

Sample 0B93-79
Grain ID ol3 o12 o15 ol4
WI. %

- 0B93-80 0B93-81c
o16 o17 oIl o14 oIl,ptl oIl,pt2 ol5 o16

w

Fo 91,86 91.73 91.68 91.88 91.84 91.92 91,84 91.68 91.42 91.70 91,64 91.75



Table A 1.3. Major elementcompositionsof ultramaficxenolitholivines continued.

Si02
FeO
MnO
MgO
CaO
NiO
AI203
Cr2O3
Total
Cations/4Oxygens
Si
Fe
Mn

40.93 40.91 40.41 40.66
8.80 8.79 10.12 9.10
0.13 0.12 0.13 0.11

50.35 50.59 49.21 50.36
0.09 0.08 0.10 0.09
0.33 0.32 0.36 0.35
0.02 0.00 0.03 0.03
0.00 0.00 0.01 0.03

100.66 100.81 100.37 100.73

0.994 0.992 0.991 0,988
0.179 0.178 0.207 0,185
0.003 0.002 0.003 0.002
1.822 1.828 1.797 1.825
0.002 0.002 0.003 0.002
0.006 0.006 0.007 0.007
0.001 0.000 0,001 0.001
0.000 0.000 0.000 0.001
3.006 3.008 3.009 3.011

40.76 40.72 40.86 40.94
8.31 8.12 8.41 8.14
0.13 0.12 0.13 0.13

51.08 51.03 50.95 51.38
0.06 0.10 0.09 0.07
0.35 0.31 0.34 0.32
0.03 0.03 0.02 0.03
0.00 0.06 0.02 0.05

100.72 100.48 100,80 101.06

0.988 0.988 0.989 0.988
0.168 0.165 0.170 0.164
0.003 0,002 0.003 0.003
1.844 1.845 1.838 1.847
0.002 0.002 0.002 0.002
0.007 0.006 0.007 0.006
0.001 0.001 0.001 0.001
0.000 0.001 0.000 0.001
3.012 3.011 3.010 3.012

41.55 40.99 40.77 41.12
8.11 7.96 8.25 8.17
0.13 0.14 0.08 0.09

49.98 50.61 50.91 50.86
0.06 0.04 0.04 0.03
0.35 0.31 0.34 0.34
0.03 0.03 0.00 0.02
0.04 0.00 0.00 0.00

100.23 100.07 100.39 100.63

1.008 0.997 0.990 0.995
0.164 0.162 0.168 0.165
0.003 0.003 0.002 0.002
1.807 1.834 1.843 1.834
0.001 0.001 0.001 0.001
0.007 0.006 0.007 0.007
0.001 0.001 0.000 0.000
0.001 0.000 0.000 0.000
2.991 3.003 3.010 3.005

Sample 0B93-83 - 0B93-85 0B93-99
Grain ID o17 o18 o12 o19 oil o12 ol4 o13 oI3 ollO o19 o17
wt.%

Mg
- CaU.

Ni
Al
Cr
Total

Fo 91.07 91.11 89.65 90.79 91.64 91.80 91.52 91.83 91.66 91.89 91.67 91.73



Table Al .3. Major elementcompositionsof ultramaficxenolith olivines continued.

Si02
FeO
MnO
MgO
CaO
NiO
A1203
Cr203
Total
Cauions/4Oxygens
Si
Fe
Mn
Mg
Ca
Ni
Al
Cr
Total

40.55 40.93 40.81 40.46
9.61 10.01 9.93 9.93
0.16 0.17 0.17 0.17

49.36 49.40 49.55 49.50
0.08 0.07 0.06 0.07
0.29 0.29 0.33 0.29
0.00 0.04 0.00 0.00
0.00 0.02 0.02 0.03

100.04 100.92 100.88 100.44

0.994 0.996 0.994 0.990
0.197 0.204 0.202 0.203
0.003 0.003 0.004 0.004
1.803 1.791 1.798 1.805
0.002 0,002 0.002 0.002
0.006 0.006 0.007 0,006
0.000 0.001 0.000 0.000
0.000 0.000 0.000 0.001
3.006 3.003 3.006 3.010

- 0B93-64
o13 ol4 ol2 o15

40.40 40.55 40.50 40.47
10.43 10.21 10.48 10.54
0.14 0.12 0.14 0.15

49.38 49.31 49.61 49.37
0.10 0.09 0.09 0.08
0.30 0.31 0.33 0.26
0.00 0,00 0.02 0.00
0.10 0.00 0.00 0.02

100.85 100.58 101.17 100.88

0.987 0.992 0.987 0.988
0.213 0.209 0.213 0.215
0.003 0.002 0.003 0.003
1.798 1.797 1.801 1.797
0.002 0.002 0,002 0.002
0.006 0.006 0.006 0.005
0.000 0.000 0.001 0.000
0,002 0.000 0.000 0.000
3.012 3.008 3.013 3.011

0B93-82
olO,ptl olO,pt2 o13 oil

40.30 40.49 40.35 40.41
11.14 11.19 11,43 11.21
0.17 0.20 0.13 0.17

48.25 48.63 48.60 48.68
0.04 0.04 0.04 0.04
0.34 0.32 0.36 0.37
0.04 0.02 0.00 0.00
0.02 0.00 0.00 0.00

100.29 100.89 100.92 100.88

0.993 0,992 0.989 0.990
0.229 0.229 0.234 0.230
0.004 0.004 0.003 0.003
1.772 1.775 1.776 1.778
0.001 0.001 0.001 0.001
0.007 0.006 0.007 0.007
0.001 0.001 0.000 0.000
0.000 0.000 0.000 0.000
3.006 3.008 3.011 3.010

Dunites
Sample 0B93-61c
Grain ID ol5 ol7 o18 ol9
wt. %

w
C.

Fo 90.15 89.79 89.89 89.88 89.40 89.59 89.41 89.30 88.53 88.56 88.34 88.56



Table Al .3. Major elementcompositionsof ultramaficxenolith olivinescontinued.
Mont Traneze

Sample 093-281 -
Grain ID oIl o12,ptl o12,pt2 o14 ol6

%
40.61 40.17 40.26 40.35 40.64

8.00 8,64 8.77 9.69 8.11
0.13 0.17 0.15 0.15 0.13

50.24 50.30 50.36 49.16 50.36
0.08 0.04 0.05 0.08 0.03
0.33 0.30 0.30 0.28 0.31
0.04 0.02 0.02 0.00 0.00
0.03 0.01 0.01 0.12 0.02

99.46 99.65 99.92 99.83 99.60

0.994 0.986 0.986 0.992 0.994
0.164 0.177 0.180 0.199 0.166
0.003 0.004 0.003 0.003 0.003
1.833 1.840 1.838 1.802 1.836
0.002 0.001 0.001 0.002 0.001
0.007 0.006 0.006 0.006 0.006
0.001 0.001 0.001 0.000 0.000
0.00I 0.000 0.000 0.002 0.000
3.005 3.014 3,014 3.006 3.006

0B93-282
o12 ol2.5 o13,ptl o13,pt2 o14 ol6

40.77 40.89 40.80 40.50 40.67 40.78
7.57 7.81 7.84 7.95 7.53 7.76
0.11 0.09 0.13 0.15 0.09 0.12

50.29 50.83 50.58 50.35 50.56 50.32
0.05 0.06 0.04 0.05 0.05 0.06
0.34 0.29 0.31 0.30 0.32 0.29
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.03 0.08 0.12 0.02 0,02

99.13 99.99 99.77 99.43 99.24 99.35

0.999 0.994 0.995 0.992 0.996 0.998
0.155 0.159 0.160 0.163 0.154 0.159
0.002 0.002 0.003 0.003 0.002 0.003
1.836 1.843 1.838 1.839 1.845 1.835
0.001 0.001 0.001 0.001 0.001 0.002
0.007 0.006 0.006 0.006 0.006 0.006
0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.002 0,002 0.000 0.000
3.001 3.005 3.004 3.007 3,004 3.002

Harzburgiles

Wt.

5i02
FeO
MnO
MgO
CaO
NiO
Al203
Cr2O3
Total
Cations/4Oxygens
Si
Fe
Mn
Mg
Ca
Ni

w
-I

Al
Cr
Total

Fo 91.80 91.21 91.09 90.04 91.71 92.21 92.07 91.99 91.86 92.28 92.04



Table A 1.3. Major elementcompositionsof ultramaficxenolith olivines continued.

Si02
FeO
MnO
MgO
CaO
NiO
A1203
Cr203
Total
Cations/4Oxygens
Si
Fe
Mn
Mg
Ca
Ni
Al
Cr
Total

40.97 40.89 40.89 41.04
8.58 8.57 8.58 8.44
0.09 0.16 0.10 0.09

49.66 49.75 49,68 49,77
0.09 0.06 0.09 0,06
0.50 0.50 0.45 0.52
0.02 0.03 0.05 0.07
0.00 0.00 0.00 0.00

99.90 99.94 99.85 99.99

1.001 0.999 1.000 1.001
0.175 0.175 0.175 0.172
0.002 0.003 0.002 0.002
1.808 1.812 1.810 1.809
0.002 0.002 0.002 0,002
0.010 0.010 0.009 0.010
0.001 0.001 0.002 0.002
0.000 0.000 0.000 0.000
2.999 3.001 3.000 2,998

40.67 40.55 40.55 40.70
8.58 8,48 8.57 8.70
0.08 0.10 0.14 0.10

49.66 49.58 49.90 49,74
0.04 0.06 0.04 0.06
0.45 0.52 0.45 0.50
0.02 0.02 0.03 0.03
0,02 0.00 0.00 0.00

99.51 99.31 99.67 99.84

0.998 0.997 0.994 0.996
0.176 0.174 0.176 0.178
0.002 0.002 0.003 0.002
1.816 1.817 1,823 1.814
0.001 0.002 0.001 0.001
0.009 0.010 0.009 0.010
0,001 0.001 0.001 0.001
0.000 0.000 0.000 0.000
3.002 3.003 3.006 3.003

40.70 40.61 39.96 40.72
8.93 9.05 10.27 10.43
0.10 0.11 0.12 0,11

49.97 50,15 48.38 48.67
0.03 0.03 0.06 0.05
0.53 0.49 0.49 0.50
0.00 0.02 0.02 0.03
0.00 0.00 0.00 0.00

100.26 100.47 99.30 100.51

0,993 0.990 0.992 0.997
0.182 0.185 0.213 0.214
0.002 0.002 0.003 0.002
1.818 1.822 1.789 1.777
0.001 0.001 0.002 0.001
0.010 0.010 0.010 0.010
0.000 0.001 0,001 0,001
0.000 0.000 0.000 0.000
3.007 3.010 3.008 3.002

Sample 0B93-284 . 0893-287 0B93-289
Grain ID oll,ptl oll,pt2 ol2,pt2 o12,pt2 oIl,ptl olI,pt2 ol2,pt2 o12,pt2 oll,ptl oll,pt2 o12,pt2 o12,pt2
wt.%

w
03

Fo 91.16 91.19 91.16 91.31 91.16 91.24 91.21 -- 91.06 90.89 90.81 89.36 89.26



Table A 1.3. Major elementcompositionsof ultramaficxenolith olivines continued.

wt.%
Si02
FeO
MnO
MgO
CaO
NiO
A1203
Cr201
Total
Cations/4Oxygens
Si
Fe
Mn
Mg
Ca
Ni
Al
Cr
Total

40.76 40.69 40.83 40.17
8.74 8.39 8.57 8.60
0.09 0.13 0.12 0.13

50.09 50.12 50.10 50.16
0.06 0.07 0.04 0.03
0.44 0.51 0.47 0.53
0.06 0,02 0.05 0.03
0.00 0.00 0.00 0.00

100.24 99.93 100.17 99.64

0.994 0.994 0.995 0.986
0.178 0.171 0,175 0.177
0.002 0.003 0.002 0.003
1.820 1.825 1.820 1.836
0.002 0.002 0.001 0.001
0.009 0.010 0.009 0.010
0.002 0.001 0.001 0.001
0.000 0.000 0.000 0.000
3.005 3.006 3.004 3.013

- 0B93-297
oll,ptl oll,pt2 o12,pt2 o12,pt2

40.93 40.97 40.38 40.70
8.81 8.72 9.04 8.57
0.10 0.12 0.13 0.12

49.73 49.90 50.20 49,81
0.05 0.04 0.03 0,04
0,57 0.47 0,57 0.55
0.02 0.02 0.04 0.00
0.00 0.00 0.00 0.00

100.21 100.23 100.39 99.79

0.998 0.998 0.986 0.996
0.180 0.178 0,185 0.175
0.002 0.002 0.003 0.002
1,808 1.812 1.827 1.817
0.001 0.001 0.001 0.001
0.011 0.009 0.011 0.011
0.001 0.001 0.001 0.000
0.000 0.000 0.000 0.000
3.001 3.001 3.013 3.004

0B93-302
oll,ptl oll,pt2 o12,pt2 ol2,pt2

41.05 41.04 40.97 41.02
8.41 8.57 8.27 8.35
0.12 0.09 0.11 0.14

49.99 50.25 49.98 50.14
0.03 0.03 0.04 0.03
0.46 0.50 0.51 0.47
0.15 0.21 0.09 0.14
0.02 0.02 0.00 0.00

100.22 - 100.70 99.96 100.27

0.999 0.995 0.999 0.997
0,171 0.174 0.169 0.170
0,003 0.002 0.002 0.003
1.812 1.815 1.816 1.817
0.001 0.001 0.001 0.001
0.009 0.010 0.010 0.009
0.004 0.006 0.003 0.004
0.000 0.000 0.000 0.000
2.999 3.002 3.000 3.001

Sample 0B93-291
Grain ID oll.otl oll,pt2 ol2.t2 o12,pt2

w
La

Fo 91.08 91.41 91.24 91.22 90.95 91.07 90.82 91.20 91.38 91.27 91.50 91.46



TableAl.3. Major elementcompositionsof ultramaficxenolith olivines continued.

40.82 40.95 40.37
8.31 8.28 8.45
0.09 0.13 0.11

50.04 50.10 50.02
0.05 0.04 0.06
0.50 0.46 0.56
0.02 0.00 0.02
0.00 0.00 0.00

99.82 99.96 99.58

0.997 0.999 0.991
0.170 0.169 0,173
0.002 0.003 0,002
1.822 1.821 1.829
0.001 0.001 0.001
0.010 0.009 0.011
0.001 0.000 0,001
0.000 0.000 0.000
3.002 3.001 3.009

- 0B93-307
oll,ptl oIl,pt2 oI2,pt2 o12,pt2

40.95 40.62 40.58 40.53
8.43 8.49 8.39 8.47
0.10 0.11 0.13 0.10

49.90 50.02 49.85 49.99
0.04 0.05 0.06 0.04
0,53 0.52 0.46 0.52
0.05 0.04 0.00 0.03
0.00 0.00 0.00 0.00

99.99 99.83 99.47 99.68

0.999 0.994 0.996 0.993
0.172 0.174 0.172 0.173
0.002 0.002 0.003 0.002
1.814 1.824 1.823 1.826
0.001 0.001 0.002 0.001
0.010 0.010 0.009 0.010
0.001 0.001 0.000 0.001
0.000 0.000 0.000 0.000
3.000 3.006 3.004 3.006

0B93-309
oll,ptl oIi,pt2 o12,pt2 ol2,pt2

40,72 41.08 40.84 40.85
8.61 8.62 8.80 8.80
0.08 0.07 0.10 0.11

49.65 50.21 49.85 50.06
0.06 0.04 0.03 0.02
0.50 032 0.55 0.48
0.03 0.03 0.04 0.03
0.00 0.02 0.00 0.00

99.64 100.58 100.20 100.36

0.998 0.997 0.996 0.995
0.176 0.175 0.180 0.179
0.002 0.001 0.002 0.002
1.813 1.816 1.813 1.817
0.002 0.001 0,001 0.001
0.010 0.010 0.011 0.009
0.001 0.001 0.001 0.001
0.000 0.000 0.000 0.000
3,002 3.002 3.003 3.005

Sample 0B93-305
Grain ID oil ol2,ptl o12,pt2
wt.%
Si02
FeO
MnO
MgO
CaO
NiO
A1203
Cr203
Total
Cations/4Oxygens
Si
Fe
Mn

w
N
C

Mg
Ca
Ni
Al
Cr
Total

Fo 91.48 91.51 91.34 91.34 91,31 91.37 91.32 91.13 91.22 90.99 91.02



Table Al .3. Major elementcompositionsof ultramaficxenolith olivines continued.

LU
NJ

Sample 0B93-310 - 0B93-314 0B93-317
Grain ID oli,ptl oll,pt2 o12,pt2 o12,pt2 oll,ptl oll,pt2 o12,pt2 o12,pt2 oll,ptl oll,pt2 ol2,pt2 o12,pt2
wt.%
Si02 40.89 40.60 40.85 40.81 40.83 40.63 40.93 40.89 41.06 41.05 40.74 41.01
FeO 8.51 8.61 8.49 8.75 8.30 8.40 8.35 8.46 7.98 8.24 8.18 8.04
MnO 0.12 0.12 0,12 0,14 0.09 0.12 0.10 0.11 0.09 0.10 0.08 0.10
MgO 49.54 49.69 49.26 49.23 50.23 50.27 50.43 50.02 50.35 50.58 49.75 49.99
CaO 0.10 0.10 0.07 0.09 0.05 0.05 0.04 0.03 0.02 0.05 0.02 0.03
NiO 0.50 0.56 0.49 0.49 0.52 0.50 0.49 0.51 0.57 0.59 0.50 0.52
Al201 0.03 0.02 0.02 0.02 0,02 0.03 0.03 0.03 0.03 0.00 0.00 0.02
Cr202 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.69 99.68 99.30 99.53 100.05 99.99 100.37 100.05 100.10 100.60 99.26 99.71
Cations/4Oxygens
Si 1.001 0.995 1.004 1.002 0.996 0.992 0.995 0.997 0.999 0.995 1.000 1.001
Fe 0.174 0.176 0,174 0.180 0.169 0.172 0.170 0.173 0.162 0.167 0.168 0.164
Mn 0.002 0.002 0.002 0.003 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
Mg 1.807 1.816 1.804 1.801 1.825 1.829 1.827 1.818 1.825 1.828 1.820 1.819
Ca 0.003 0.002 0.002 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001
Ni 0.010 0.011 0.010 0.010 0.010 0.010 0.010 0.010 0.011 0.011 0.010 0.010
Al 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.000 0.000 0.001
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total 2.998 3.004 2.996 2.998 3.004 3.007 3.005 3.002 3.001 3.005 3.000 2.998

Fo 91.21 91.14 91.18 90.93 91.52 91,43 91.50 91.33 91.84 91.62 91,55 91.72



Table A 1.4. Major elementcompositionsof ultramaficxenolith spinels.Eachanalysisis a separategrain, unles.notede.g.Pt!, pt2, etc.

WI. %
SiO,
TiO,
A110,
Cr10,
FeO*
MnO
MgO
CaO
NiO
Total

FeO
Fe20,
New Total
Cations/4 Oxygens
Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Ni
Cat, Tot.
0 Tot.

Fe"
Fe"

Cr4
Mg#Fe1’

Lac Superleur
Lherzolite

0.04 0.01 0.00 0.02 0.01
0.59 0.48 0.52 0.55 0.53

42.54 42.99 43.31 42.86 42.41
22.20 21.54 21.48 21.27 22.05
14.56 14.23 14.20 14.01 14.21
0.12 0.09 0.07 0.08 0.09

18.99 18.89 19.20 19.13 18.88
0.00 0.01 0.01 0.00 0.01
0.25 0.26 0.25 0.28 0.26

99.29 98.50 99.04 98.19 98.44

9.78 9.63 9.45 9.24 9.58
5.32 5.11 5.29 5.30 5.14

99.82 99.02 99.57 98.72 98.96

0.001 0.000 0.000 0.001 0.000
0.012 0.010 0.011 0.012 0.011
1.400 1.421 1.422 1.419 1.405
0.490 0.478 0.473 0.472 0.490
0.340 0.334 0.331 0.329 0.334
0.003 0.002 0.002 0.002 0.002
0.790 0.790 0.797 0.801 0.791
0.000 0.000 0.000 0.000 0.000
0.006 0.006 0.006 0.006 0.006
3.042 3.040 3.042 3.042 3.041
3.945 3.947 3.945 3.945 3.946

0.225 0.223 0.217 0.214 0.222
0.110 0.106 0.109 0.110 0.107

25.93 25.16 24.96 24.98 25.86
77.83 78.00 78.60 78.90 78.06

0.08 0.08 0.06 0.07
0.09 0.07 0.08 0.08

24.95 26.71 27.25 26.52
42.65 40.41 40.78 40.62
14.72 13.98 14.02 14.32
0.13 0.11 0.14 0.13

17.18 17.48 17.40 17.34
0.05 0.03 0.02 0.06
0.20 0.17 0.18 0.18

100.03 99.03 99.92 99.31

9.63 9.17 9.62 9.37
5.66 5.35 4.90 5.50

100.60 99.57 100.41 99.86

0.002 0.002 0.002 0.002
0.002 0.002 0.002 0.002
0.883 0.944 0.954 0.937
1.012 0.958 0.957 0.963
0.370 0.351 0.348 0.359
0.003 0.003 0.003 0.003
0.769 0.781 0.770 0.775
0.001 0.001 0.001 0.002
0.005 0.004 0.004 0.004
3.048 3.045 3.041 3.046
3.937 3.941 3,946 3.939

0.238 0.226 0.236 0.231
0.126 0.119 0.108 0.122

3.042 3.040 3.036 3.041
4.001 4.001 4.001 4.001

53.41 50.38 50.09 50.68
7637 77.53 76.57 77.01

0.07 0.08 0.07
0.06 0.06 0.05

27.37 27.37 27.08
39.92 39.87 40.09
13.35 13.49 13.42
0.16 0.16 0.17
17.68 17.86 17.64
0.05 0.01 0.03
0.16 0.22 0.18

98.81 99.12 98.73

8.80 8.63 8.79
5.06 5.40 5.15

99.32 99.66 99.25

0.002 0.002 0.002
0.001 0.001 0.001
0.965 0.962 0.956
0.944 0.940 0.950
0.334 0.336 0.336
0.004 0.004 0.004
0.788 0.794 0.788
0.002 0.000 0.001
0.004 0.005 0.004
3.043 3.045 3.044
3.944 3.940 3.943

0.226 0.217 0.212 0.217
0.149 0.112 0.119 0.114

3.050 3.038 3.040 3.039
4.001 4.001 4.001 4.001

49.52 49.46 49.43 49.83
77.42 78.40 78.93 78.40

Grain ID spO sp2
0B93-52 -

sp6 spl.5 sps
n=2 11=2 n=4

Harzburgites
0B93-5l 0B93-78 0B93-79

sps sp8 sp4
n=5

sp3
n=5

spl sp3
n=3

sp4
n=2

sp2
n=2

LU
NJ
N.J

0.00
0.05

26.79
39.16
15.20
0.26

17.29
0.00
0.27

99.02

9.16
6.71

99.69

0.000
0.001
0.951
0.933
0.383
0.007
0.776
0.000
0.007
3.057
3.925

New Cat.Tot. 3.037 3.036 3.037 3.037 3.036
NewOTot. 4.001 4.001 4.001 4.001 4.001

Eachcolumn representsone analysis,exceptwhereaverageanalysisis notedby n=x, andx=numberof averegedpoints.
Differentanalysesof thesamegrain arenoted in "Grain ID". The suffix "s" = symplectitespinel; and "disc." = discretespinel.



Table A 1.4. Major elementcompositionsof spinelscontinued.

Sample 0B93-79
Grain ID sps

n=2
sp7
n=2

sp6
n=2

Wt.%

spl
-

sp3
0B93-80

spS sp6
0B93-81c 0B93-83

sp8 sp6 spl,ptl spl,pt2 spl,pt3 sp2,ptl
n=6 n=4 n=2 n=2 11=3

LU
N
LU

SiO, 0.07 0.07 0.06 0.13 0.06 0.10 0.06 0.08 0.06 0.00 0.00 0.00 0.00
TiO, 0.07 0.06 0.05 0.06 0.07 0.08 0.10 0.08 0.12 0.12 0.11 0.14 0.15
A120, 27.15 27.04 27.42 26.87 27.32 26.94 27.23 27.56 26.8! 34.72 33.21 28.39 31.43
Cr20, 39.97 40.36 39.83 40.70 41.11 40.68 40.70 40.76 42.31 29.91 30.62 36.52 32.04
FeO* 13.29 13.47 13.33 13.69 13.12 13.92 13.72 13.83 13.40 15.00 15.23 16.18 17.02
MnO 0.16 0.17 0.13 0.12 0.15 0.16 0.13 0.13 0.14 0.23 0.22 0.26 0.23
MgO 17.70 17.63 17.85 17.30 17.57 17.27 17.56 17.10 17.12 19.22 18.44 17.76 17.84
CaO 0.01 0.05 0.00 0.10 0.02 0.16 0.05 0.10 0.04 0.06 0.04 0.08 0.00
NiO 0.17 0.19 0.20 0.15 0.19 0.19 0.20 0.19 0.16 0.31 0.34 0.33 0.37
Total 98.59 98.87 99.13 99.62 99.50 99.74 99.84 100.16 99.56 98.20 99.66 99.07

FeO 8.71 8.85 8.61 9.46 9.22 9.47 9.29 10.00 10.06 7,62 8.15 8.83 9.12
Fe,0, 5.09 5.13 5.25 4.70 4.33 4.95 4.93 4.25 3.71 8.19 7.87 8.16 8.78
New Total 99.10 99.55 99.40 99.60 100.05 99.99 100.24 100.26 100.53 100.38 98.99 100.48 99.95
Cations/4Oxygens
Si 0.002 0.002 0.002 0.004 0.002 0.003 0.002 0.002 0.002 0.000 0.000 0.000 0.000
Ti 0.002 0.001 0.001 0.001 0.002 0.002 0.002 0.002 0.003 0.003 0.002 0.003 0.003
At 0.959 0.953 0.965 0.948 0.956 0.948 0.953 0.964 0.937 1.180 1.152 0.997 1.097
Cr 0.947 0.954 0.940 0.963 0.965 0.960 0.956 0.957 0.992 0.682 0.7 12 0.860 0.750
Fe 0.333 0.337 0.333 0.343 0.326 0.348 0.341 0.343 0.332 0.362 0.375 0.403 0.421
Mn 0.004 0.004 0.003 0.003 0.004 0.004 0.003 0.003 0.004 0.006 0.006 0.007 0.006
Mg 0.79! 0.786 0.795 0.772 0.778 0.768 0.778 0.757 0.757 0.826 0.809 0.789 0.788
Ca 0.000 0.002 0.000 0.003 0.001 0.005 0.002 0.003 0.001 0.002 0.001 0.003 0.000
Ni 0.004 0.005 0.005 0.004 0.004 0.005 0.005 0.005 0.004 0.007 0.008 0.008 0.009
Cat, TOt. 3.043 3.043 3.044 3.040 3.036 3.042 3.041 3.036 3.031 3.067 3.065 3.069 3.073
0 Tot. 3.943 3.943 3.942 3.948 3.952 3.945 3.946 3.953 3.959 3.913 3.915 3.911 3.904

Fe" 0.215 0.218 0.212 0.234 0.226 0.233 0.228 0.245 0.247 0.180 0.196 0.215 0.220
Fe" 0.113 0.114 0.116 0.104 0.096 0.110 0.109 0.094 0.082 0.174 0,171 0.179 0.191

New Cat.Tot. 3.038 3.038 3.039 3.035 3.032 3.037 3.037 3.032 3.028 3.059 3.057 3.060 3.063
New 0 Tot. 4.001 4.001 4.001 4.001 4.001 4.001 4.001 4.001 4.001 4.001 4.001 4.001 4.001

Cr4 49.69 50.03
Ma#Fe" 78.61 78.26

49.35 50.39 50.24 50.32 50.07 49.80
78.95 76.76 77.46 76.72 77.36 75.51

51.43 36.62 38.21 46.32 40.61
75.41 82.12 80.48 78.57 78.13



TableA 1.4. Major elementcompositionsof spinelscontinued.

Sample 0B93-83
Grain ID sp2,pt2 sp2.p13 sp3 splO, disc.

n=3
sp6,ptl sp6,pt2 sp6,pt3 spl 1,disc. spl2,disc.

%vt.%

spO
0B93-85

sp3 l’ I
0B93-99

sp3
n=2 n=2 nr"3 n=2

LU
N

SiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO, 0.18 0.10 0.08 0.14 0.12 0.14 0.14 0.16 0.16 0.03 0.05 0.05 0.29
Ai,0, 28.72 41.49 41.52 21.46 37.21 31.35 35.04 22.53 21.22 26.01 26.84 27.55 25.71
Cr10, 35.24 22.68 23.42 42.69 27.30 32.64 29.26 42.22 42.69 43.73 42.43 42.00 42.92
FeO* 17.29 14.88 13.33 18.70 15.87 17.11 16.32 17.43 19.91 12.05 11.93 11.95 12.63
MnO 0.25 0.24 0.20 0.29 0.24 0.24 0.22 0.29 0.34 0.29 0.30 0.26 0.27
MgO 17.19 19.91 20.46 15.98 19.08 17.76 18.39 16.44 15.38 17.01 17.19 17.33 16,68
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.01
NiO 0.34 0.38 0.38 0.28 0.36 0.35 0.37 0.30 0.29 0.26 0.28 0.26 0.24
Total 99.20 99.67 99.39 99.53 100.18 99.60 99.73 99.37 99.99 99.40 99.03 99.45 98.76

FeO 9.75 7.65 6.73 10.57 8.46 9.39 9.04 9.97 11.54 9.48 9.21 9.23 10.00
Fe,0, 8.37 8.04 7.33 9.04 8.24 8.59 8.09 8.29 9.29 2.86 3.03 3.01 2.92
New Total 100.04 100.47 100.12 100.44 101.00 100.46 100.54 100.20 100.92 99.68 99.33 99.75 99.05
Cations/4Oxygens
Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.004 0.002 0.002 0.003 0.003 0.003 0.003 0.004 0.004 0.001 0.001 0.001 0.007
Al 1.015 1.368 1.365 0.786 1.248 1.090 1.193 0.819 0.778 0.916 0.945 0.963 0.914
Cr 0.835 0.502 0.517 1.049 0.614 0.761 0.669 1.029 1.051 1.034 1.002 0.985 1.023
Fe 0.434 0.348 0.311 0.486 0.378 0.422 0.394 0.449 0.5 18 0.301 0.298 0.296 0.3 19
Mn 0.006 0.006 0.005 0.008 0.006 0.006 0.005 0.008 0.009 0.007 0.008 0.007 0.007
Mg 0.768 0.830 0.851 0.740 0.809 0.781 0.792 0.756 0.714 0.758 0.765 0.766 0.750
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000
Ni 0.008 0.009 0.009 0.007 0.008 0.008 0.009 0.007 0.007 0.006 0.007 0.006 0.006
Cat. Tot. - 3.071 3.063 3.058 3.079 3.066 3.071 3.066 3.072 3.082 3.024 3.026 3.025 3.025
0 Tot. 3.908 3.917 3.925 3.897 3.914 3.907 3.914 3.906 3.894 3.968 3.966 3.967 3.967

Fe2’ 0.239 0.175 0.154 0.268 0.197 0.226 0.214 0.251 0.293 0.235 0.228 0.227 0.250
Fe" 0.185 0.166 0.151 0.206 0.173 0.186 0.172 0.188 0.212 0.064 0.068 0.067 0.066

New Cat. Tot. 3.061 3.056 3.052 3.067 3.058 3.062 3.057 3.062 3.068 3.022 3.023 3.023 3.022
New0 Tot. 4.001 4.001 4.000 4.001 4.001 4.001 4.001 4.001 4.002 4.001 4.00! 4.001 4.001

50.57
77.13

52,82
74.98

Cr4
Mg#Fe"

45.15 26.83 27.46 57.16 32.98 41.12 35.91 55.70 57.45
76.28 82.57 84.67 73.44 80.43 77.55 78.75 75.06 70.93

53.01 51.47
76.33 77.05



TableA 1.4. Major elementcompositionsof spinels continued.

Dunites
Sample 0B93-99 0B93-6lc-
Grain ID spl spO,disc. spi sp4

n=2 n=2
sps splO
n=5

I’!. %

0B93-64
sps sp2 sp3 sp4

I12

LU
N
Ui

SiO, 0.00 0.00 0.03 0.01 0.03 0.02 0.03 0.04 0.03 0.03
TiO, 0.31 0.30 0.60 0.65 0.60 0.57 0.58 0.60 0.61 0.59
Al,0, 24.74 23.59 31.08 30.05 30.97 31.38 25.11 24.31 24.30 24.89
Cr,0, 43.77 45.02 31.02 31.59 30.20 30.22 35.08 35.82 36.30 35.86
FeO* 13.41 13.37 19.10 20.22 19.97 19.29 22.87 23.42 23.26 23.09
MnO 0.29 0.31 0.18 0.17 0.21 0.17 0.21 0.25 0.24 0.24
MgO 16.27 16.11 16.21 16.03 16.35 17.06 14.38 14.30 14.26 14.53
CaO 0.01 0.01 0.03 0.01 0.01 0.00 0.00 0.00 0.00 0.01
NiO 0.22 0.23 0.20 0,22 0.25 0.19 0.24 0.20 0.21 0.21
Total 99.02 98.94 98.45 98.95 98.57 98.90 98.48 98.93 99.21

FeO 10.57 10.57 11.97 12.29 11.75 10.91 13.83 14.00 14.14 13.87
Fe20, 3.15 3.11 7.92 8.81 9.14 9.31 10.05 10.47 10.13 10.25
New Total 99.33 99.25 99.24 99.83 99.49 99.83 99.49 99.98 100.22 100.47
Cations/4 Oxygens
Si 0.000 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001
Ti 0.007 0.007 0.013 0.015 0.014 0.013 0.014 0.014 0.014 0.014
Al 0.883 0.848 1.100 1.067 1.098 1.103 0.926 0.897 0.895 0.911
Cr 1.049 1.085 0.737 0.753 0.718 0.713 0.868 0.887 0.896 0.881
Fe 0.340 0.341 0.480 0.510 0.502 0.481 0.598 0.614 0.607 0.600
Mn 0.008 0.008 0.005 0.004 0.005 0.004 0.006 0.006 0.006 0.006
Mg 0.735 0.732 0.726 0.720 0.733 0.759 0.671 0.668 0.664 0.673
Ca 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ni 0.005 0.006 0.005 0.005 0.006 0.005 0.006 0.005 0.005 0.005
Cat Tot. - 3.027 3.027 3.067 3.075 3.078 3.078 3.089 3.093 3.089 3.090
0 Tot. 3.964 3.965 3.912 -3.903 3.899 3.898 3.885 3.880 3.884 3.884

Fe" 0.266 0.267 0.294 0.302 0.288 0.265 0.351 0.356 0.359 0.350
Fe" 0.071 0.071 0.175 0.195 0.202 0.204 0.230 0.239 0.231 0.233

New Cat.Tot. 3.024 3.024 3.057 3.063 3.065 3.066 3.072 3.074 3.072 3.072
NewOTot. 4.001 4.001 4.002 4.002 4.002 4.001 4.002 4.002 4.002 4.002

0B93-82
sps sp3ex

n=2

0.04 3.97
0.97 0.59

36,24 36.27
27.11 22.80
17.16 16.04
0.14 0.13

17.30 17.43
0.01 2.09
0.27 0.24

99.25 99.56

11.67 13.87
6.10 2.41

99.86 99.80

0.001 0.112
0.021 0.012
1.236 1.205
0.620 0.508
0.415 0.378
0.003 0.003
0.746 0.732
0.000 0.063
0.006 0.005
3.050 3.019
3.935 3.975

0.278 0.325
0.131 0.051

3.043 3.017
4.001 4.001
33.42 29.66
72.87 69.26

Cr4 54.27 56.15
Mg#Fe" 73.46 73.27

40.12 41.36 39.55 39.25 48.38 49.71 50.05 49.15
71.15 70.45 71.78 74.09 65.61 65.25 64.92 - 65.80



TableA 1.4. Major elementcompositionsof spinetscontinued.
Mt.Trapze

Pyroxenites Harzburgites
Sample 0B93-94 0B93-284 - 0B93-287 0B93-289
Grain ID gr2 gin 3 splO spO sp’7 spl l,disc. spl2,disc. sp8 sp6 spl 1 spl2

11=3 n=2 11=2 n=2

_________________________________________________________________________

SiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO, 0.60 0.57 0.13 0.11 0.11 0.29 0.30 0.31 0.33 0.09 0.10 0.11
At,0, 29.94 31.32 34.66 34.35 35.47 21,57 21.98 21.57 23.02 27.03 26.12 26.52
Cr,0, 35.73 36.81 33.44 34.09 32.95 46.12 46.16 44.80 44.93 40.84 41.80 40.63
FeO* 15.64 10.77 12.71 12.75 12.44 15.23 15.61 15.81 15.81 15.48 15.36 17.24
MnO 0,28 0.24 0.24 0.20 0.24 0.30 0.34 0.28 0.30 0.30 0.29 0.27
MgO 16.61 20.29 18.55 18.42 18.64 15.39 15.45 16.09 15.60 15,89 15.96 15.07
CaO 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.03 0.05 0.01 0.02 0.02
NiO 0.28 0.19 0.34 0.32 0.35 0.25 0.26 0.23 0.27 - 0.23 0.28 0.30
Total 99.08 100.21 100.07 100.23 100.19 99.15 100.09 99.12 100.30 99.86 99.92 100.16

FeO 11.16 6.19 8.80 9.03 8.78 11.43 11.69 10.41 11.68 11.60 11.33 12.84
Fe,0, 4.98 5.10 4.35 4.13 4.07 4.23 4.36 6.00 4.58 4.31 4.47 4.89
New Total 99.58 100.72 100.51 100.64 100.60 99.57 100.53 99.72 100.76 100.29 100.37 100.65
Catious/4Oxygens
Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.013 0.012 0.003 0.002 0.002 0.007 0.007 0.007 0.007 0.002 0.002 0.002
Al 1.050 1.058 1.168 1.158 1.189 0.786 0.793 0.786 0.826 0.955 0.926 0.943
Cr 0.840 0.835 0.756 0.771 0.741 1.127 1.118 1.095 1.081 0.968 0.994 0.969
Fe 0.389 0.258 0.304 0.305 0.296 0.394 0.400 0.409 0.402 0.388 0.386 0.435
Mn 0.007 0,006 0.006 0.005 0.006 0.008 0.009 0.007 0.008 0.008 0.007 0.007
Mg 0.736 0.867 0.791 0.785 0.791 0.709 0.705 0.741 0.707 0.710 0.715 0.678
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.000 0.001 0.001
Ni 0.007 0.004 0.008 0.007 0.008 0.006 0.006 0.006 0.007 0.005 0.007 0.007
Cat. Tot. - 3.042 3.041 3.035 3.033 3.033 3.037 3.038 3.052 3.039 3.036 3.038 3.042
OTot. 3.945 3.946 3.954 3.956 3,957 3.951 3.950 3.931 3.948 3.952 3.950 3.945

Fe" 0.274 0.146 0.208 0.214 0.207 0.292 0.296 0.265 0.293 0.287 0.281 0.319
Fe" 0.110 0.108 0.092 0.088 0.086 0.097 0.099 0.137 0.104 0.096 0.100 0.109

New Cat. Tot. 3.036 3.038 3.032 3.030 3.029 3.032 3.033 3.045 3.034 3.032 3.033 3.036
NewOTot. 4.001 4.000 4.001 4.001 4.001 4.001 4.001 4.001 4.001 4.001 4.001 4.001

Cr4 44.46 44.09 39.29 39.97 38.39 58.92 58.49 58.21 56.69 50.34 51.77 50.68
Me#Fe" 72.90 85.56 79.17 78.61 79.29 70.85 70.47 73.70 70.69 71.18 71.76 67.97



Table Al .4. Major elementcompositionsof spinelscontinued.

SiO,
TiO,
Al,0,
Cr,0,
FeO*
MnO
MgO
CaO
NiO
Total

FeO
Fe,0,
New Total
Cations/4Oxygens
Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Ni
Cat. Tot.
0 Tot.

Fe"
Fe"

0.00 0.06 0.00
0.19 0.20 0.23

24.86 23.74 25.41
43.91 44.89 42.81
14.54 14.64 14.98
0.28 0.27 0.31

16.29 16.19 15.93
0.00 0.07 0.01
0.25 0.25 0.25

100.31 100.31 99.94

10.88 10.87 11.38
4.06 4.19 4.00

100.72 100.73 100.34

0.000 0.002 0.000
0.004 0.005 0.005
0.880 0,845 0.902
1.043 1.071 1.020
0.365 0.369 0.377
0.007 0.007 0.008
0.729 0.729 0.715
0.000 0.002 0.000
0.006 0.006 0.006
3.034 3.036 3.034
3.955 3.953 3.955

0.270 0.271 0.283
0.091 0.094 0.090

spl
0B9-3-297

sp2 spll
n=2 n=2 n=2

0.00 0.00 0.00
0.53 0.67 0.63

25.69 25.25 26.47
42.59 42.39 41,26
14.81 15.74 15.18
0.28 0.32 0.28

16.50 15.99 16.32
0.00 0.00 0.01
0.25 0.28 0.25

100.65 100.63 100.40

11.09 11.87 11.51
4.14 4.30 4.07

101.07 101.06 100.80

0.000 0.000 0.000
0.012 0.015 0.014
0.903 0.892 0.930
1.004 1.005 0.97 3
0.369 0.395 0.379
0.007 0.008 0.007
0.734 0.715 0.725
0.000 0.000 0.000
0,006 0.007 0.006
3.035 3.036 3.034
3.954 3.952 3.955

0.273 0.294 0.284
0.092 0.096 0.090

3.031 3.032 3.030
4,001 4.001 4.001

0.00 0.00 0.00
0.10 0.09 0.12

28.34 28.42 27.57
40.38 40.74 40.85
13.29 12.69 13.78
0.29 0.24 0.28

17.14 17.30 16.49
0.03 0.04 0.02
0.27 0.27 0.23

99.84 99.81 99.33

9.83 9.59 10.61
3.85 3.44 3.53

100.22 100.16 99.69

0.000 0.000 0.000
0.002 0.002 0.003
0.988 0.988 0.971
0.944 0.950 0.965
0.329 0.313 0.344
0.007 0.006 0.007
0.755 0.76 1 0.734
0.001 0.001 0.001
0.006 0.006 0.005
3.032 3.029 3.030
3.958 3.962 3.961

0.240 0.234 0.262
0.085 0.076 0.079

3.029 3.026 3.026
4.001 4.001 4.001

48.87 49.02 49.85
75.86 76.45 73.68

0.00 0.00 0.00
0.14 0.14 0.17

26.33 27.36 27.71
41.89 40.90 40.84
14.80 14.44 14.53
0.26 0.28 0.28

16.08 16.40 16.47
0.03 0.02 0.03
0.23 0.27 0.23

99.76 99.80 100.27

11.21 10.86 11.00
3.99 3,97 3.93

100.16 100.19 100.66

0.000 0.000 0.000
0.003 0.003 0.004
0.932 0,962 0.969
0.994 0.965 0.958
0.372 0.360 0.360
0.007 0.007 0.007
0.720 0.729 0.728
0.001 0.001 0.001
0.005 0.006 0.006
3.034 3.033 3.033
3.955 3.956 3.957

0.278 0.268 0.270
0.089 0.088 0.087

3.030 3.029 3.029
4.001 4.001 4.001

51.62 50.07 49.72
72.11 73.12 72.97

0B93-307
sp8
n=2

0.00
0.04

35.08
33.78
11.49
0.25

18.46
0.02
0.30

99.42

8.69
3.12

99.74

0.000
0.001
1.183
0.764
0.275
0.006
0.788
0.001
0.007
3.025
3.967

0.206
0.067

3.023
4.000

39.24
79.25

Sample 0B93-291
Grain ID sp7 sp6 spi I

wt.%

sp8
0B93-302

sp9 splO,disc. sp4
0B93-305

sp3 sPI
n=2 n=2 n=2 11=2 n=2

LU
N

New Cat. Tot. 3.030 3.031 3.030
New 0 Tot. 4.001 4.001 4.001

Cr4 54.23 55.92 53.06
Mg#F&’ 72.97 72.87 71.62

52.66 52.97 51.11
72.85 70.84 71.87



TableA 1.4. Major elementcompositionsof spinelscontinued.

Si0,
TiO,
Al,0,
Cr,0,
FeO*
MnO
MgO
CaO
NiO
Total

FeO
Fe,0,
New Total

.0.00 0.00
0.04 0.05

36.18 36.32
33.43 33.00
11.05 11.13
0.21 0.22

18.74 18.98
0.02 0.00
0.30 0.32

99.95 100.03

8.64 8.32
2.67 3.12

100.22 100.34

0.203 0.195
0.057 0.066

0.00 0.00
0.04 0.03

33.70 32.57
34.96 36.34
11.85 12.04
0.23 0.25

18.21 17.95
0.00 0.01
0.32 0.31

99.31 99.49

8.86 9.10
3.32 3.26

99.65 99.82

0.212 0.219
0.072 0.071

3.025 3.024
4.001 4.001

0.00 0.00 0.00 0.00
0.09 0.07 0.09 0.08

29.06 29.95 28.41 31.24
40.60 39.49 40.88 38.23
12.83 12.41 13.26 12.15
0.30 0.23 0.25 0.25
17.29 17.62 16.89 17.82
0.03 0.01 0.01 0.01
0.25 0.28 0.24 0.27

100.43 100.06 100.04 100.04

9.90 9.44 10.35 9.35
3.26 3.29 3.23 3.11

100.76 100.39 100.37 100.35

0.240 0.229 0.253 0.225
0.071 0.072 0.071 0.067

3.024 3.024 3.024 3.023
4.001 4.001 4.001 4.001

Sample 0B93-307 0B93-309-
Grain ID sp9

n=2
splO
n=2

sp6
n=2

spO
n=2

sp2
n=2

sps
n=2

Wt.%

0B93-310 0B93-3l4
sp8 sp9 spll spl2 spl3 spS
n=3 11=4 n=2 11=2 n=2 n=4

LU
NJ
03

0.00 0.00 0.00 0.00
0.20 0.21 0.24 0.25

20.82 21.76 21.22 25.93
46.72 45.40 46.64 41.25
16.36 16.65 16.34 16.22
0.33 0.33 0.29 0.29
14.82 15.03 15.36 15.88
0.02 0.01 0.01 0.01
0.24 0.23 0.31 0.30

99.51 99.62 100.42 100.12

12.18 12.09 11.75 11.62
4.64 5.06 5.09 5.12

99.97 100.13 100.93 100.63

0.000 0.000 0.000 0.000
0.005 0.005 0.006 0.006
0.762 0.792 0.768 0.920
1.147 1.109 1.132 0.982
0.425 0.430 0.419 0.408
0.009 0.009 0.008 0.007
0.686 0.693 0.703 0.7 13
0.001 0.000 0.000 0.000
0.006 0.006 0.008 0.007
3.041 3.044 3.044 3.043
3.947 3.942 3.942 3.943

0.3 12 0.308 0.297 0.288
0.107 0.116 0.116 0.114

3.035 3.038 3.038 3.038
4.001 4.001 4.001 4.001

Cations/4 Oxygens
Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Ni
Cat. Tot.
0 Tot.

Fe"
Fe"

0.000 0.000
0.001 0.001
1.207 1.210
0.748 0.738
0.262 0.263
0.005 0.005
0.791 0.800
0.001 0.000
0.007 0.007
3.021 3.025
3.972 3.967

0.000 0.000
0.001 0.001
1.146 1.113
0.798 0.833
0.286 0.292
0.006 0.006
0.783 0.775
0.000 0.000
0.007 0.007
3.027 3.027
3.964 3.965

New Cat.Tot. 3.020 3.023
New 0 Tot. 4.000 4.000

0.000 0.000 0.000 0.000
0.002 0.002 0.002 0.002
1.003 1.031 0.988 1.068
0.940 0.9 12 0.954 0.877
0.314 0.303 0.327 0.295
0.007 0.006 0.006 0.006
0.755 0.767 0.743 0.771
0.001 0.000 0.000 0.000
0.006 0.007 0.006 0.006
3.027 3.027 3.027 3.025
3.964 3.964 3.964 3.966

Cr4 - 38.27 37.87
Mg#Fe" 79.56 80.39

60.09 58.33 59.58 51.63 41.04 42.81
68.73 69.22 70.27 71.20 78.70 78.00

48.38 46.94 49.11 45.09
75.85 77.04 74.59 77.41



Table A 1.4. Major elementcompositionsof spinelscontinued.

Sample 0B93-3l7
Grain ID spl I

fl’"2

sp2 sp7
112

sp5
n=2

%
0.00 0.00 0.00 0.00
0.15 0.14 0.11 0.13

24.85 25.35 24,51 26.97
44.08 43.84 44.35 42.71
13.92 13.59 14.51 13.03
0.29 0.29 0.29 0.26
16.26 16.61 16.03 16.94
0.02 0.00 0.01 0.01
0.25 0.25 0.27 0.24

99.82 100.06 100.09 100.30

10.69 10.32 11.02 10.16
3.59 3.63 3.88 3.19

100.18 100.42 100.48 100.62

FeO
Fe,0,
New Total
Cations/4 Oxygens
Si 0.000 0.000 0.000 0.000
Ti 0.003 0.003 0.002 0.003
Al 0,882 0.895 0.871 0.941
Cr 1.050 1.038 1.058 1.000
Fe 0,351 0.340 0.366 0.323
Mn 0.007 0.007 0.007 0.007
Mg 0.730 0,741 0.721 0.748
Ca 0.001 0.000 0.000 0.000
Ni 0,006 0.006 0.006 0.006
Cat. Tot. 3.030 3.03I 3.033 3.027
0 Tot. 3.960 3.959 3.956 3.965

Fe" 0.267 0.256 0.275 0.249
Fe" 0.080 0.081 0.087 0.070

New Cat. Tot. 3.027 3.027 3.029 3.024
New 0 Tot. 4.001 4.001 4.001 4.001

Cr4 54.34 53.71 54.83 51.51
Mg#Fe" 73.25 74.35 72.39 74.99

SiO,
TiO,
Al,0,
Cr,0,
FeO*
MnO
MgO
CaO
NiO
Total

w
N
La



TableA 1.5 REE contentsof clinoyproxenes
Lac Superieur
Lherzolites

Sample 0B93-52
cpxl cpx2 cpx3 cpxl cpx2 cpx3s cpx4s avg I S.D.

n=3

Y
Zr
Nortnalized
La
Ce
Nd
SIn
Eu
Dy
Er
Yb

Ti
Sr
Zr

5290 4789 4977
287 274 292

6093 5383 7629
126 133 121

17 16 17.2
29.8 26.5 29.5

8.56 6.48 7.80
10.63 8.72 10.23
13.46 9.13 12.09
15.98 12.58 14.89
16.00 13.39 16.05
13.31 9.81 12.44
12.40 9.25 11.52
12.62 10.03 12.43

12.13 10.98 11.42
16.15 17.05 15.51
7.56 6.73 7.49

0.68 0.65 0.63
0.54 0.51 0.52

31.7 36 35.5 23
114 114 157 97.8

4364 4200 4267 3134
322 413 273 3.7
1.6 2.2 0.5 0
2,9 8.9 1.3 0.4

69.88 98.00 41.16 3.06
51.56 76.09 23.21 1.07
16.31 25.20 4.73 0.22
6.46 10,40 2.16 0.21
5.09 8,41 1.68 0.26
1.55 2.48 0.40 0.13
1.01 1.72 0.70 0.22
1.06 1.35 0.58 0.53

0.07 0.08 0.08 0.05
41.28 52.95 35.00 0.47
0,74 2.26 0.33 0.10

66.02 72.71 70.40 5.81
10.81 9.42 19.04 14.92

grain
Notes

Harzburgites
0B93-5 I 0B93-53 0B93-56

La
Ce
Nd
Sm
Eu
Dy
Er
Yb

Ti
V
Cr

LU Sr
LU
C

2.0 1.5 1.8
6.4 5.3 6.2
6,1 4.1 5.5

2.35 1.85 2.19
0.90 0,75 0.90
3,23 2.38 3.02
1.97 1.47 1.83
2.05 1.63 2.02

0B93-58
avg I S.D. avg I S.D.
n=4 n=5

16.40 23.0 9.66 0.72
31.10 45.9 14.00 0.64
7.38 11.4 2.14 0.10
0.95 1.53 0.32 0,03
0.29 0.47 0.09 0,01
0.38 0.60 0.10 0.03
0.16 0.27 0.11 0.03
0.17 0.22 0.10 0.09

0.01
0.01
0.01
0.00
0.00
0,00
0.00
0.02

3
3

312
0.05
0.1
0.4

0.02
0.06
0.03
0.05
0.01
0.03
0.02
0.05

5
6

574
0.5
0.1
0.1

0.04
0.05
0.05
0.03
0.01
0.03
0.04
0.08

45
131

4511
1.1
0.2
0.7

0.19
0.09
0.11
0.23
0.18
0.13
0.25
0.50

0.10
0.15
0.17

0.38
0.81

0.12
0.30
0.22
0.10
0,04
0.10
0.07
0.12

33
114

4003
3.2
0.4
0.9

0.51
0.50
0.48
0.65
0.64
0.39
0.43
0.72

0.08
0.41
0.22

0.71
0.78

0.07 0.04
0.08 0.03
0.08 0.04
0.10 0.07
0.02 0.01
0.06 0.05
0.08 0.01
0.09 0.03

n.d
n.d
n.d
n.d
n.d
n.d

0.31
0.14
0.19
0.65
0.40
0.26
0.49
0.53

0.59
0.48

LaIYb
LaJSm



Table A1.5

Sample 0B93-66 0B93-74 . 0B93-77 0B93-78 0B93-79 0B93-80
grain avg 1 S.D. cpxl cpx3 cpx4 cpxl cpx2 cpx4 avg I S.D. cpx avg
Notes ri=5

______________________________________________________________

n=3

__________

La 0.03 0.01 0.40 0.49 0.55 0.14 0.18 0.18 0.02 0.01 0.05 0.06
Ce 0.05 0.00 1.20 1.29 1.42 0.58 0.44 0.49 0.02 0.01 0.07 0.14
Nd 0.05 0,03 0.91 0.80 0.69 0.65 0.41 0.54 0.03 0.01 0.07 0.13
Sm 0.05 0.05 0.27 0.28 0.22 0.22 0.31 0.26 0.04 0,02 0.06 0.07
Eu 0.01 0.01 0.09 0.11 0.10 0.08 0.05 0.09 0.01 0.00 0.02 0.02
Dy 0.03 0.01 0.34 0.36 0.30 0.24 0.31 0.31 0.02 0.01 0.04 0.06
Er 0.04 0.01 0.27 0.29 0.24 0.20 0.20 0.16 0.04 0.02 0.05 0.06
Yb 0.08 0.03 0.17 0.23 0.22 0.27 0.17 0.24 0.04 0.02 0.13 0.11

Ti 35 2 253 254 206 108 III 113 nd. 61 nd.
V 125 8 147 145 143 132 134 136 nd. 134 nd.
Cr 4010 524 5229 4703 4282 4383 5116 7766 nd. 4064 n.d.

U. Sr 1,30 0,22 10.60 10.10 8.90 5.50 5.20 4.20 nd. 1.20 nd.
Y 0.2 0.1 1.3 1.1 1.3 1.0 0.8 0.9 n.d. 0.0 nd.
Zr 0.6 0.2 4.7 3.9 3.4 2,9 3.0 3.2 n.d. 0.0 nd.
Normalized
La 0.14 1.69 2.07 2.36 0.61 0.78 0.78 0.21 0.28
Ce 0.08 1.99 2.14 2.35 0.96 0.73 0.81 0.03 0.11 0.24
Nd 0.11 2.02 1.77 1.52 1.44 0.90 1.19 0.06 0.15 0.28
Sm 0.35 1.81 1.89 1.48 1.49 2.08 1.75 0.26 0.40 0.51
Eu 0.26 1.55 1.88 1.78 1.39 0.98 1.57 0.15 0.30 0.44
Dy 0.14 1.42 1.48 1.22 1.00 1.28 1.26 0.08 0.17 0.24
Er 0.26 1.71 1.83 1.48 1.24 1.27 0.98 0.24 0.33 0.37
Yb 0.51 1.03 1.43 1.36 1.65 1.05 1.47 0.25 0.82 0.67

Ti 0.08 0.58 0.58 0.47 0.25 0.25 0.26
Sr 0.17 1.36 1.29 1.14 0.71 0.67 0.54
Zr 0.15 1.19 0.99 0.86 0.74 0.76 0.81

LaIYb 0.28 1.65 1.44 1.73 0.37 0.74 0.53 0.26 0.4-1
LaISm 0.41 0.93 1.10 1.60 0.41 0.37 0.45 0.52 0.54



Table A1.5

Sample 0B93-81c 0B93-83 - 0B93-85 0B93-86 0893-89
grain I S.D. cpx cpxls cpx3s cpx3fs cpx7 cpxls cpx avg I S.D. avg I S.D.
Notes

__________ ______________________________________________________________

11=3 n=7

La 0.02 0.11 48.20 42.50 52.20 37.70 36.60 0.07 0.10 0.04 0.11 0.03
Ce 0.04 0.28 165.00 149.00 153.00 135.00 129.00 0.11 0.17 0.04 0.26 0.04
Nd 0.04 0.26 127.00 118.00 111.00 110.00 92.10 0.13 0.25 0.00 0.24 0.04
Sin 0.03 0.12 36.70 32.70 32.10 32.10 25.70 0.05 0.15 0.02 0.16 0.04
Eu 0.01 0.04 11.00 10.50 9.83 10.10 8.20 0.02 0.08 0.01 0.05 0.01
Dy 0.02 0.13 19.20 18.60 18.90 17.30 15.00 0.04 0.14 0.03 0.16 0.02
Er 0.02 0.08 7.48 7.45 6.36 6.95 6.43 0.04 0.19 0.02 0.10 0.02
Yb 0.03 0.14 6.89 6.39 6.11 5.61 5.27 0.12 0.18 0.04 0.16 0.02

Ti 125 663 619 527 646 26 99 5 75 4
V 131 117 127 91 126 107 128 7 124 7
Cr 4817 12055 8778 8703 8482 3835 4004 557 3848 408

LU Sr 2.60 655.00 678.00 306.00 655.00 1.90 2.23 0.31 2.78 0.11
Y 0.6 78.3 75.6 48.7 73.9 0.3 0.6 0.2 0.6 0.1
Zr 1.3 1535.0 1322.0 1250.0 1372,0 0.4 2.1 0.2 1.4 0.3
Normalized
La 0.49 205.37 181.08 222.41 160.63 155.94 0.28 0.43 0.47
Ce 0.46 273.54 247.02 253.65 223.81 213.86 0.19 0.28 0.44
Nd 0.57 280.73 260.83 245.36 243.15 203.58 0.29 0.56 0.53
Sm 0.83 249.49 222.30 218.22 218.22 174.71 0.35 1.05 1.10
Eu 0.71 196.43 187.50 175.54 180.36 146.43 0.27 1.50 0.90
Dy 0.52 79.11 76.64 77.87 71.28 61.80 0.17 0.57 0.64
Er - 0.52 47.07 46.88 40.03 43.74 40.47 0,23 1.23 0.65
Yb 0.84 42.40 39.32 37.60 34.52 32.43 0.76 1.10 0.96

Ti 0.29 1.52 1.42 1.21 1.48 0.06 0.17
Sr 0.33 83.97 86.92 39.23 83.97 0.24 0.36
Zr 0.33 389.59 335.53 317.26 348.22 0.10 0.36

LaIYb 0.58 4.84 4.60 5.92 4.65 4.81 0.37 0.39 0.49
LaISm 0.59 0.82 0.81 1.02 0.74 0.89 0.78 0.41 0.43



Table Al.5

Dunites
Sample 0B93-95 0B93-98 - 0B93-99 0B93-61c 0B93-64
grain gm 2 avg others 1 S.D. avg I S.D. cpxls cpx2 cpx3s cpx4 cpxl cpx6 cpx
Notes n=6 n=6

_________________________________________________________________

La 0.01 0.19 0.03 0.06 0.00 0.68 9.85 0.54 8.63 1.61 1.48 0.84
Ce 0.02 0.58 0.13 0.16 0.04 1.54 16.50 1,31 13.20 5.34 4.81 2.61
Nd 0.09 0.45 0.05 0.11 0.03 1.25 3.69 0.93 2,94 3.72 3.06 2.30
Sin 0.16 0.31 0.15 0.09 0.04 0.48 0.62 0.32 0.62 1.06 0.86 1.01
Eu 0.03 0.09 0.02 0.03 0.01 0.19 0.25 0.16 0.22 0.35 0.43 0.35
Dy 0.07 0.29 0.11 0.07 0.02 0.54 0.56 0.55 0,45 1.50 1.18 1.39
Er 0.05 0.13 0.02 0.06 0.02 0.31 0.38 0.36 0.42 0.97 0.89 0.89
Yb 0.04 0.21 0.06 0.11 0.04 0.30 0.36 0,41 0.37 - 0.98 1.11 0.75

Ti 115 1616 30 4 619 733 673 747 2881 2743 1764
V 129 63 101 7 166 168 160 169 256 245 157
Cr 4326 340 3628 319 7035 6045 6504 7138 6884 6923 6996

LU Sr 5.03 21.07 1.83 0.29 16.20 138.00 12.00 234.00 86.70 65.30 35.00
Y 0.9 4.8 0.2 0.1 2.6 3.0 3.2 4.1 10.8 8.7 8.2
Zr 2.5 11.5 0.9 0.2 6.0 8.5 6.9 10.4 40.4 36.8 22.8
Normalized
La 0.06 0.80 0.27 2.88 41.97 2.32 36.77 6.86 6.31 3.56
Ce 0.03 0.95 0.27 2.55 27.35 2.17 21.88 8.85 7.97 4.33
Nd 0.20 0.99 0.24 2.76 8.16 2.05 6.50 8.22 6.76 5.08
Sin 1.06 2.09 0.61 3.28 4.18 2.14 4.24 7.21 5.84 6.87
Eu 0,46 1.57 0.49 3,30 4.46 2.89 3.98 6.30 7.71 6.23
Dy 0.29 1.19 0.29 2.22 2.32 2.26 1.87 6.18 4.86 5.73

- Er - 0.33 0.83 0.36 1.97 2.40 2.23 2.61 6.12 5.58 5.59
Yb 0.23 1.29 0.69 1.87 2.22 2.53 2.30 6.02 6.83 4.64

Ti 1.42 1.68 1.54 1.71 6.61 6.29 4.05
Sr 2.08 17.69 1.54 30.00 11.12 8.37 4.49
Zr 1.52 2.16 1.75 2.64 10.25 9.34 5.79

LaJYb 0.27 0.62 0.39 1.54 18.94 0.92 15.98 1.14 0.92 0.77
LaISm 0.06 0.38 0.45 0,88 10.04 1.08 8.67 0.95 1.08 0.52



TableAl.5

Pyroxenites
Sample 0893-82 - 0B93-75 01393-8lb
grain cpx cpxl,ptl cpxl,pt2 cpxl,pt3 cpx2,ptl cpx2,pt2 grl gr2 gr2,2 gr3 grl gr2
Notes

4390
272

5520
79.60

18.2
48.4

3131 3151
305 298

2574 2574
24.40 20.40

13.1 12.1
23.6 21.0

3129 2351 2296
295 231 224

2621 6939 6267
21.60 81.40 77.50

12.5 7.0 6.7
27.1 27.1 26.1

1.77 3.97 4.53 3.70 3.89
1.07 1.47 1.52 1.81 1.56

4.66 3.97
1.59 1,42

1.06
3.26
2.89
1.42
0.50
1,74
1.14
0.97

LU
LU

1.05
3.52
2.65
1.36
0.41
1.60
1.20
0.95

La
Ce
Nd
Sm
Eu
Dy
Er
Yb

Ti
V
Cr
Sr
Y
Zr
Normalized
La
Ce
Nd
Sin
Eu
Dy
Er -
Yb

Ti
Sr
Zr

0.88
3.33
2.42
1.40
0.38
1.41
1.31
0.81

4.21 4.06
11.04 10.94
7.28 6.34
1.66 1.80
0.48 0.52
1.32 1.33
1.01 0.89
0.63 0.71

4.54 3.74 2.86 4.40 3.33 4.59
11.20 10.04 -7.63 11.02 9.59 11.74
6.17 3.88 2.64 4.47 4.11 5.22
2.67 1.60 1.18 1.53 1.34 1.98
0.90 0.35 0,20 0,26 0.31 0.52
3.02 1.34 0.88 1.48 1.36 1.99
1.78 1.04 0.48 1.05 0.91 1.37
1.78 0.65 0.44 0.82 0.59 0.96

19.34 15.93 12.19 18.76 14.20 19.56
18.57 16.65 12.65 18.26 15.90 19.47
13.64 8.57 5.83 9.88 9.09 11.55
18.15 10.86 8.01 10.38 9.10 13.49
16.02 6.21 3.54 4,67 5.49 9.36
12.44 5.51 3.62 6.10 5.60 8.19
11.20 6.52 2.99 6.59 5.76 8.63
10.95 4,01 2,69 5.07 3.65 5.93

10.07 -
10.21
12.28

0.94
3.07
2,31
1.28
0,28
1.43
0,87
0.88

3.99
5.08
5.12
8.67
5.06
5.87
5.49
5.44

4.52
5.40
6.40
9.67
8.85
7.15
7.18
6.00

4.48
5.84
5.86
9.25
7.23
6.59
7.57
5.82

3.73
5.52
5.35
9.52
6.71
5.83
8.22
4,99

7.18
2.77
6.88

17.94 17.32
18.30 18.13
16.10 14.01
11.26 12,22
8.57 9.31
5.44 5.50
6.36 5.60
3.85 4.36

5.47 5.27
10.58 9.94
6.65 6.62

7.18 7.23
3.13 2.62
5.99 5.33

LaIYb
LaISm

3.30
1.45

0.75 0.77 0.73 0.75
0.47 0,48 0.46 0.39



Table A 1.5
Mt Trape
Harzburgit.

Sample 0B93-87 0B93-94 0893-100 0B93-102 0B93-280
grain gr2,2 grl gr2 gr4 cpxl cpx2 cpx3 cpxl cpx2 cpxl cpx2 avgcpx2
Notes

__________________________________________________________________________________________________

n=2

La 4.43 0.86 1.00 0.90 2.59 3.21 5.97 0.45 0.39 0.75 0.89 2.76
Ce 10.70 2.90 2.77 3.12 7.22 8.22 14.80 1.89 1.71 2.90 3.07 5.45
Nd 5,78 1.89 1.93 2.61 5.08 5.20 7.78 2.02 2.15 2.89 3.39 2.26
Sin 1.42 0.98 1.06 1.35 1.58 1.35 1.62 1.10 1.10 1.29 1.45 0.72
Eu 0.43 0.32 0.26 0.51 0.49 0.44 0.48 0.56 0.44 0.65 0.56 0.23
Dy 1.30 0.99 1.08 2.25 1.33 1.13 1.26 2.11 2.14 2.14 2.32 0.51
Er 0.86 0.72 0.73 1.11 0.79 0.83 0.72 0.99 0.98 1.27 1.27 0.35
Yb 0.66 0.63 0.63 1.47 0.78 0.74 0,67 1,04 1.03 1.31 1.15 0.28

Ti 2262 3095 3117 2586 2115 1472 1077 2447 2507 3063 3237
V 220 301 302 286 248 235 213 316 329 295 306
Cr 6333 2756 2635 2655 7246 5686 6388 3357 3416 2471 2557

LU Sr 72.70 20.90 21.20 20,10 61.70 73.20 89.70 19.60 19.00 23.60 24.50
Y 5.7 13.6 12.9 11.2 6.2 6.5 6.2 10,9 10.8 12.0 12.2
Zr 25.6 23.1 25.7 19.3 19.2 23.4 39.2 18.6 16.8 22.2 26.8
Normalized
La 18.88 3.66 4.25 3.82 11.04 13.68 25.44 1.92 1.66 3.21 3.80 11.75
Ce 17.74 4.81 4.60 5.17 11.97 13.63 24.54 3.14 2.84 4.81 5.10 9.04
Nd 12.79 4.19 4.27 5.77 11.23 11.49 17.20 4.48 4.76 6.38 7.48 5.01
Sin 9.63 6.66 7.18 9.20 10.74 9.18 11.01 7.45 7.48 8.74 9.82 4.89
Eu 7.76 5.68 4.59 9.10 8.71 7.93 8.52 10.06 7.89 11.55 9.91 4.12
Dy 5.37 4.06 4.45 9.28 5,48 4,66 5.19 8.70 8.81 8.82 9.57 2.12
Er - 5.42 4.56 4.62 6.95 5.00 5.20 4.52 6.22 6.16 8.01 7.99 2.18
Yb 4.06 3.87 3.88 9.07 4.80 4.58 4.13 6.39 6.33 8.06 7.06 1.74

Ti 5.19 7.10 7.15 5.93 4.85 3.38 2.47 5.61 5.75 7.02 7.43
Sr 9,32 2,68 2.72 2.58 7.91 9.38 11.50 2.51 2.44 3.03 3.14
Zr 6.50 5.86 6.52 4.90 4.87 5.94 9.95 4.72 4.26 5,63 6.80

La/Yb 4.65 0.94 1.10 0.42 2.30 2.99 6.16 0.30 0.26 0.40 0.54 6.75
La/Sm 1.96 0.55 0.59 0.42 1,03 1,49 2.31 0.26 0.22 0.37 0.39 2.40



Table Al.5

La
Ce
Nd
S in

Eu
Dy
Er
Yb

0,11 4.31 0.52
0.36 8.45 1.67
0.09 2.96 0.20
0.12 0.90 0.00
0.00 0.22 0.02
0.08 0.49 0.04
0.06 0.32 0.01
0.02 0.28 0.01

2.53 9.67 2.27
5.02 17.83 4.94
2.52 4.58 2.37
0.84 0.74 0.72
0.25 0.30 0.27
0.63 0.66 0.50
0.26 0.30 0.22
0.21 0.30 0.28

1.52
1.39
0.27
0.09
0,02
0.15
0.17
0.25

Ti
V
Cr
Sr
Y
Zr
Normalized

Ti
Sr
Zr

138
180

7072
31.90

2.2
6.8

10.76 41.19 9.68
8.33 29.55 8.19
5.58 10.13 5.24
5.74 5.01 4.90
4,42 5.43 4.77
2.59 2.71 2.04
1.63 1.86 1.36
1.30 1.88 1.74

0.32 -
4.09
1.73

nd.
nd.
nd.
nd.
nd.
nd.

0,90 3.59 0.69
0.51 3.55 1.09

es
Sample
grain
Notes

I S.D. avg cpx5s 1 S.D.
n=2

. 0B93-281 0B93-282
cpxl cpx3s cpx4 cpxl cpx3 cpx2 cpxl cpx2 cpx8s

LU
LU
C.

0.41 0.89 0.41 2.37 0.39
0.86 1.15 0.86 3.69 0.72
0.26 0.47 0.45 1.03 0.35
0.12 0.13 0.51 0.42 0.22
0,05 0.04 0.12 0.12 0.12
0.16 0.13 0.80 0.68 0.62
0.16 0.28 0.39 0.41 0.45
0.22 0.32 0.31 0.46 0.39

La
Ce
Nd
Sm
Eu
Dy

- Er
Yb

18.36
14.01
6.54
6.12
3.84
2.02
2.02
1.70

6.49
2.31
0.59
0.58
0.37
0.62
1.07
1.51

1.74 3.78
1.43 1.91
0.58 1.03
0.81 0.91
0.97 0.64
0.65 0.54
1.02 1.74
1.37 1.98

1.75 10.09 1.66
1.42 6.12 1,19
1.00 2.27 0.77
3.44 2.85 1.52
2.18 2.16 2.20
3.30 2.80 2.56
2.45 2.58 2.84
1.93 2.81 2.39

La/Yb 10.81
La/Sin 3.00

8.29 21.95 5.55
1.88 8.22 1.97

4.30 1.27 1.91
11.23 2.14 4,18



Table Al.5

Sample 0B93-283
grain cpx6 cpx2 cpx7 cpxl
Notes

OB93-284 0B93-286
cpxl cpx8s cpxl cpx2

0B93-287
cpx4s cpx5 cpxl cpx3

Ti
Sr
Zr

0.68 0.69
3.63 3.87
1.04 1.22

0.56 0.54
3.53 2.38
1.29 0.43

0.48
1.94
0.66

LU
LU

La 4.16 1.84 6.31 4.93 1.72 1.75 10.65 7.87 3.80 5.93 5.52 10.17
Ce 11.12 4.46 15.95 13.48 4.02 3.40 17.48 11.56 5.16 9.54 6.34 15.00
Nd 6.39 2.31 9.48 9.10 1.99 1.80 3.17 1.69 0.73 1.70 1.27 2.48
Sin 2.00 0.61 2.70 2.79 0.53 0.66 0.38 0.28 0.17 0.36 0.52 0.64
Eu 0.75 0.21 0.96 1.04 0.25 0.18 0.14 0.07 0.04 0.08 0.21 0.21
Dy 1.87 0.62 3.03 2.65 0.83 0.66 0.32 0.29 0.18 0.32 0.79 0.83
Er 1.04 0.44 1.51 1.35 0.57 0.56 0.20 0.25 0.20 0,21 0.38 0.71
Yb 0.90 0.44 1.55 1.33 0.61 0.53 0,23 0.24 0.20 0.20 0.54 0.55

Ti nd. 299 303 245 237 210 nd.
V nd. 226 226 121 112 110 nd.
Cr nd. 8293 7941 4026 4039 3652 nd.
Sr nd. 28.30 30.20 27.50 18.60 15.10 nd.
Y nd. 4.6 4.2 1.1 0.8 1.0 nd.
Zr nd. 4.1 4.8 5.1 1.7 2.6 nd.
Normalized
La 17.73 7.83 26.87 20.99 7.31 7.45 45.37 33.55 16.20 25.26 23,53 43.32
Ce 18.44 7.39 26.44 22.35 6.67 5.64 28.98 19.17 8.55 15.82 10.50 24.87
Nd 14.13 5.10 20.96 20.12 4.41 3.97 7.00 3.74 1.61 3.76 2.80 5.49
Sin 13.57 4.17 18.33 18.98 3.60 4.50 2.60 1.92 1.17 2.42 3.52 4.35
Eu 13.45 3.71 17.20 18.60 4.43 3.22 2.46 1.34 0.66 1.51 3.74 3.82
Dy 7.69 2.55 12.47 10.91 3.40 2.74 1.32 1.18 0.72 1.31 3.26 3.41
Er - 6.51 2.79 9.48 8.49 3.59 3.54 1.27 1.59 1.26 1.29 2.39 4.46
Yb 5.55 2.69 9.53 8.17 3.74 3.27 1.43 1.47 1.25 1.25 3.35 3.38

La/Yb 3.19 2.91
La/Sin 1.31 1.88

2.82 2.57 1.96 2.28 31.84 22.85
1,47 1.11 2.03 1.66 17.44 17.48

12.97 20.27 7.02 12.81
13.91 10.43 6.69 9.96



TableAl.5

Sample 0B93-288 - 0893-289 0B93-291
grain cpx6 cpx5s cpxl cpx2 cpx4 cpxl avg I S.D. cpx3 cpx7s cpxl cpx7 cpx8
Notes

_____________________________

n=2

_____________________________

La 3.15 16.03 1.34 1.51 1.59 0.50 0.06 0.56 0.42 6.69 7.45 5.20
Ce 4.26 26.17 2.57 3.01 3.26 0.87 0.03 0.94 0.61 7.74 9.73 6.06
Nd 1.10 5.05 0.90 1.21 1.35 0.31 0.01 0.50 0,20 1.18 1.66 0.98
Sin 0.66 0.37 0.28 0.34 0.38 0.17 0.01 0.35 0.15 0.48 0.40 0.47
Eu 0.21 0.21 0.09 0.12 0.16 0.05 0.00 0.11 0.05 0.15 0.11 0.17
Dy 0.71 0.57 0.23 0.22 0.25 0.26 0.01 0.30 0.17 0.65 0.44 0.75
Er 0.51 0.49 0.15 0.19 0.19 0.27 0.03 0.30 0.20 0.40 0.45 0.42
Yb 0.65 0.53 0.18 0.25 0.31 0.27 0.01 0.33 0.28 0.39 0.58 0.49

Ti 371 363 nd. 516 406 454
V 183 184 nd. 199 216 185
Cr 7250 7651 n.d. 6903 6499 6273
Sr 29.90 35.70 nd. 53.50 47.02 36.70
Y 1.9 2.0 nd. 3.0 2.5 2.5
Zr 9.7 3.5 nd. 7.3 7.2 7.2
Normalized
La 13.43 68.29 5.73 6.44 6.78 2.11 2.40 1.81 28.52 31.75 22.14
Ce 7.07 43.38 4.26 4.98 5.41 1.44 1.55 1.02 12.82 16.13 10.04
Nd 2.43 11.16 1.99 2.67 2.99 0.68 1.11 0.45 2.61 3.68 2.16
Sm 4.47 2.49 1.93 2.28 2.60 1.12 2.40 0.99 3.29 2.73 3.19
Eu 3.68 3.7! 1.54 2.06 2.86 0.88 1,97 0.83 2.63 1.94 3.00
Dy 2.93 2.35 0.95 0.90 1.05 1.06 1.24 0.69 2.68 1.83 3.08
Er - 3.23 3.10 0.95 1.23 1.21 1.69 1.90 1.23 2.53 2.85 2.66
Yb 4.01 3.28 1.14 1.53 1.90 1.64 2.02 1.70 2.40 3.54 3.02

Ti 0.85 0.83 1.18 0.93 1.04
Sr 3.83 4.58 6.86 6.03 4.71
Zr 2.46 0.89 1.85 1.83 1.83

La/Yb 3.35 20.81 5.03 4.22 3.56 1.29 1.19 1.06 11.87 8.96 7.33
La/Sm 3.01 27.39 2.96 2.82 2.60 1.88 1.00 1.83 8.68 11.62 6.95



Table Al.5

Sample 0B93-297 0B93-298 - 0B93-299 0B93-30l
grain cpxl cpx2 cpxl cpx2 cpx6 avg cpxl I S.D. avgcpx3s I S.D. avgcpx4s I S.D. cpxl
Notes

_____________________________

n=2 n=2 n2

__________

La 13.19 10.48 6.23 3.82 3.96 2.28 0.59 1.36 0.02 3.68 0.08 3.35
Ce 21.92 16.38 12.62 8.24 10.36 2.40 0.79 2.05 0.05 7.55 0.21 7.04
Nd 7.24 6.63 3.87 2.90 4,31 0.33 0.04 0.59 0.04 2.86 0.14 2.90
Sin 2.08 1.54 0.61 0.36 0.93 0.03 0.01 0.12 0.05 0.60 0.02 0.47
Eu 0.57 0.61 0.23 0.11 0.32 0.02 0.00 0.04 0.01 0.19 0.02 0.18
Dy 1.52 1.70 0.37 0.30 0.53 0.10 0.02 0.11 0.00 0.22 0.04 0.20
Er 0.88 0.80 0.24 0.24 0.31 0.17 0.03 0.15 0.01 0.14 0.03 0.30
Yb 0.78 0.90 0.34 0.27 0.37 0.24 0.03 0.20 0.05 0.28 0.03 0.28

Ti 1543 1368 258 282 68 63 63 69
V 212 209 181 171 156 155 169 151
Cr 10826 7473 5589 6776 5287 6245 5764 4467

LU Sr 128.40 102.70 73.80 80.20 12.20 4.10 24.40 19.20
Y 7.1 6.7 1.6 2.0 0.7 0.6 0.7 0.9
Zr 78.4 66.9 9.7 11.6 0.7 0.4 6.2 5.3
Normalized
La 56.20 44.66 26.53 16.28 16.87 9.70 5.79 15.69 14.25
Ce 36.35 27.15 20.92 13.66 17.17 3.97 3.40 12.52 11.67
Nd 16.00 14.66 8.56 6.42 9.54 0.73 1.30 6.32 6.40
Sin 14.14 10.50 4.12 2.46 6.34 0.24 0.83 4.07 3.22
Eu 10.13 10.91 4.13 1.97 5.69 0.39 0.77 3.45 3.29
Dy 6.26 7.01 1.53 1.23 2.19 0.42 0.45 0.89 0.80
Er - 5.52 5.05 1.54 1.53 1.95 1.06 0.97 0.91 1.88
Yb 4.81 5.55 2.06 1.68 2.25 1.48 1.26 1.73 1.75

Ti 3.54 3.14 0.59 0.65 0.16 0.15 0.14 0.16
Sr 16.46 13.17 9.46 10.28 1.56 0.53 3.13 2.46
Zr 19.90 16.98 2.46 2.94 0.18 0.10 1.58 1.35

La/Yb - 11.68 8.05 12.87 9.69 7.50 6.57 4.61 9.08 8.14
La/Sin 3.98 4.25 6.44 6.61 2.66 40.99 6.95 3.85 4.42



Table A1.5

Sample 0B93-302 - 0B93-305 0B93-306 0B93-307
grain cpx3 cpx8 cpx2 cpx7 cpxl cpx5 cpx2 cpx3 cpxl,pt2 cpxl,ptl cpx2 avgl
Notes

_______________________________________________________________________________________

n=4

La 2.78 3.52 6.23 2.70 3.74 3.74 3.21 2.56 2.40 1.76 0.22 0.04
Ce 4.85 8.43 11.51 4.40 5.80 9.78 9.64 8.08 6.45 5.12 0.58 0.05
Nd 1.28 4.44 2.83 1.13 1.20 4.81 6.83 6.33 5.13 4.36 0.59 0.12
Sm 0.65 0.99 0.46 0.27 0.35 1.25 2.36 1.58 1.75 1.76 0.34 0.12
Eu 0.16 0.35 0.12 0.07 0.08 0.39 0.81 0.67 0.80 0.69 0.11 0.03
Dy 0.19 0.51 0.25 0.15 0.10 0.61 1.50 1.23 2.57 2.34 0.41 0.12
Er 0.39 0.35 0.24 0.26 0.21 0.40 0.67 0.70 1.36 1.29 0.25 0.20
Yb 0.39 0.41 0.19 0.24 0.23 0.38 0.87 0.56 1.50- 1.20 0.27 0.25

Ti 74 87 169 168 166 781 276 4655 4071 66
V 150 156 192 222 150 155 150 348 350 146
Cr 4668 5255 6229 6457 6357 5526 5629 3934 4864 4933

LU Sr 9.80 28.50 73.90 36.00 91.30 128.70 114.20 92.40 80.80 0.70
Y 0.7 1.2 1.2 0.7 2.3 6.9 4.4 14.7 13.3 0.5
Zr 0.9 17.2 8.3 3.9 11.2 20.9 15.4 43.5 40.3 0.6
Normalized
La 11.87 14.99 26.55 11.51 15.93 15.93 13.67 10.93 10.24 7.52 0.96 0.16
Ce 8.04 13.97 19.09 7.29 9.62 16.21 15.98 13.39 10.69 8.49 0.97 0.08
Nd 2.84 9.82 6.25 2.50 2.66 10.62 15.09 13.99 11.34 9.64 1.31 0.27
Sm 4.41 6.76 3.15 1.85 2.37 8.52 16.03 10.75 11.90 11.95 2.34 0.85
Eu 2.90 6.18 2.15 1.30 1.50 7.03 14.51 12.00 14.28 12.34 1.94 0.47
Dy 0.80 2.08 1.03 0.64 0.42 2.52 6.17 5.06 10.57 9.64 1.71 0.49
Er - 2.43 2.17 1.52 1.66 1.35 2.54 4.19 4.39 8.53 8.09 1.59 1.23
Yb 2.41 2.54 1.19 1.45 1.40 2.32 5.36 3.46 9.21 7.40 1.64 1.56

Ti 0.17 0.20 0.39 0.39 0.38 1.79 0.63 10.68 9.34 0.15
Sr 1.26 3.65 9.47 4,62 11.71 16.50 14.64 11.85 10.36 0.09
Zr 0.23 4.37 2.11 0.99 2.84 5.30 3.91 11.04 10.23 0.15

La/Yb 4.93 5.89 22.34 7.95 11.40 6.87 2.55 3.16 1.11 1.02 0.58 0.10
La/Sin 2.69 2.22 8.44 6.22 6.72 1.87 0.85 1.02 0.86 0.63 0.41 0.19



Table Al.5

Sample - 0B93-308
grain I S.D. avg2 I S.D. avg3 I S.D. cpx5s cpx8s cpx9s avgl0s I S.D. avgl I S.D. cpx2
Notes n4 n=2 n=2 n=3

La 0.02 0.04 0.03 0.16 0.08 0.03 0.04 0.02 5.05 0.39 4.28 0.78 5.88
Ce 0.04 0.04 0.02 0.14 0.07 0.03 0.05 0.04 9.73 1.22 7.25 1.46 8.33
Nd 0.13 0.05 0.01 0.07 0.02 0.05 0.11 0.08 3.22 0.15 2.00 0.45 2.06
Sin 0.13 0.05 0.01 0.05 0.02 0.02 0.08 0.09 0.50 0.02 0.52 0.07 0.47
Eu 0.02 0.02 0.01 0.01 0.00 0.02 0.03 0.03 0.18 0.03 0.16 0.04 0.18
Dy 0.08 0.06 0.02 0.09 0.02 0.09 0.09 0.11 0.24 0.04 0.45 0.04 0.56
Er 0.12 0.12 0.03 0.17 0.04 0.11 0.19 0.16 0.18 0.04 0.25 0.03 0.28
Yb 0.10 0.20 0.04 0.25 0.04 0.17 0.28 0.22 0.21 0.01 0.35 0.06 0.39

Ti 68 73 3187 306 399
V 152 145 125 170 175
Cr 5712 5172 60 6294 7852

LU Sr 1.10 0.40 48.10 33.40 44.50
Y 0.7 0.5 27.0 2.9 2.3
Zr 0.7 1.1 28.4 27.2
Normalized
La 0.16 0.69 0.11 0.19 0.10 21.53 18.23 25.06
Ce 0.06 0.23 0.06 0.07 0.06 16.13 12.01 13.82
Nd 0.10 0.16 0.12 0.24 0.18 7.11 4.42 4.54
Sin 0.36 0.34 0.15 0.55 0.59 3.37 3.54 3.19
Eu 0.40 0.26 0.36 0.55 0.47 3.13 2.86 3.24
Dy 0.24 0.38 0.36 0.39 0.45 0.97 1.86 2.31

- Er - 0.75 1.08 0.70 1.21 1.03 1.15 1.59 1.78
Yb 1.22 1.51 1.06 1.71 1.34 1.32 2.14 2.39

Ti . 0.16 0.17 7.31 0.70 0.92
Sr 0.14 0.05 6.17 4.28 5.71
Zr 0.18 0.00 0.28 7.21 6.90

La/Yb 0.13 0.45 0.10 0.11 0.07 16.30 8.51 10.50
La/Sin 0,44 2.04 0.74 0.34 0.16 6.38 5.14 7.85



TableA1.5

Sample 0B93-309 - 0B93-310
grain avg3s I S.D. cpx4 cpxl cpx2 cpx6s avg2 I S.D. cpx3 cpx5s cpx6 cpx7
Notes n=2

_____________________________

n=3

La 3.16 0.50 4.85 4.97 1.40 1.01 0.02 0.02 0.01 0.01 0.01 0.01
Ce 4,99 0.71 6.84 7.60 2.15 1.64 0.03 0.02 0.01 0.01 0.02 0.03
Nd 1.71 0.28 1.55 1.79 1.05 0.76 0.07 0.05 0.02 0.04 0.01 0.04
Sin 0.48 0.04 0.44 0.38 0.32 0.35 0.10 0.07 0.02 0.03 0,01 0.04
Eu 0.15 0.01 0.10 0.16 0.12 0.08 0.02 0.01 0.01 0.01 0.02 0.01
Dy 0.51 0.02 0.41 0.45 0.40 0.34 0.09 0.03 0.07 0.04 0.03 0.02
Er 0.26 0.02 0.23 0.29 0.17 0.27 0.12 0.04 0.11 0.07 0.04 0.03
Yb 0.40 0.05 0.27 0.28 0.19 0.20 0.17 0.01 0.16 0.08 0.08 0.02

Ti 357 306 413 388 354 30 30
V 168 170 157 175 151 125 134
Cr 7423 6294 7887 12288 7292 4968 5889

LU Sr 40.00 33.40 39.30 21.20 13.80 0.42 0.40
Y 3.1 2.9 2.6 2.2 1.9 0.3 0.5
Zr 11.0 28.4 7.5 5.8 4.7
Normalized
La 13.45 20.68 21.17 5.96 4.32 0.09 0.03 0.03 0.06 0.05
Ce 8.27 11.33 12.60 3.56 2.72 0.05 0.02 0.02 0.04 0.05
Nd 3.77 3,44 3.97 2.33 1.68 0.16 0.05 0.09 0.02 0.10
Sin 3.26 3.02 2.60 2.15 2.37 0.69 0.14 0.18 0.08 0.27
Eu 2.69 1.86 2.81 2.08 1.51 0.43 0.19 0.18 0.40 0.15
Dy 2.10 1.69 1.85 1.65 1.41 0.36 0.31 0.15 0.11 0.08
Er 1,63 1.46 1.81 1.04 1.72 0.78 0.68 0.45 0.25 0.18
Yb 2.48 1.64 1.71 1.19 1.22 1.07 1.00 0.49 0.51 0.15

Ti 0,82 - 0.70 0.95 0.89 0.81 0.07 0.07
Sr 5.13 4.28 5.04 2.72 1.77 0.05 0.05
Zr 2.79 7.21 1.90 1,47 1.19 0.00 0.00

La/Yb 5.43 12.59 12.39 5.00 3.55 0.08 0.03 0.07 0.12 0.32
La/Sm 4.12 6.84 8.15 2.77 1.82 0.13 0.25 0.18 0.80 0.17



Table Al.5

Sample 0893-313 . 0B93-314 0B93-317
grain avgl I S.D. avg2 I S.D. cpx3 avg4 I S.D. avgcpx I S.D. cpxl cpx4s cpx7
Notes n=3 n=3 n=2 n=4

____________________________

La 8.82 1.77 8.96 1.43 10.17 12.62 0.57 0.30 0.01 - 0.87 0.83 0.65
Ce 16.00 2.41 17.99 2.75 14,19 23.68 0.88 0.81 0.05 1.87 1.93 1.53
Nd 3.48 0.33 5.33 0.61 2.52 6.02 0.65 0.69 0.08 1.75 1.28 1.07
Sm 0.56 0.09 0.99 0.09 0.60 1.23 0.16 0.35 0.15 0.68 1.13 0.57
Eu 0.23 0.05 0.38 0.05 0.23 0.39 0.09 0.10 0.04 0.23 0.21 0.34
Dy 0.69 0.08 0.92 0.03 0.96 1.08 0.14 0.30 0.11 0.78 0.88 0.72
Er 0.55 0.03 0.60 0.10 0.50 0.70 0.08 0.25 0.08 0.68 0,71 0.41
Yb 0.60 0.03 0.64 0.04 0.58 0.71 0.09 0.30 0.10 0.39 0.57 0.40

Ti 1305 1262 1246 167 359 277 268
V 230 210 220 167 191 182 180
Cr 8245 7730 7948 7436 8126 10589 9118
Sr 74,30 63.10 73.20 6.65 25.20 21.90 20.10
Y 5.4 4.5 4.8 1.1 3.2 2.7 2.9
Zr 18.8 20.6 18.5 2.2 16.3 8.4 7.5
Normalized
La 37.58 38.18 43.33 53.77 1.30 3.70 3.53 2.76
Ce 26.53 29.83 23.53 39.25 1.35 3.10 3.20 2.53
Nd 7.69 11.78 5.57 13,30 1.52 3.86 2.83 2.35
Sin 3.77 6.71 4.06 8.35 2.41 4.66 7.67 3.91
Eu 4.10 6.84 4.07 6.90 1.74 4.19 3.70 6.09
Dy 2.86 3.78 3.95 4.45 1.22 3.22 3.64 2.96
Er 3.49 3.80 3.16 4.43 1.54 4.29 4.44 2.59
Yb 3.67 3.93 3.59 4.35 1.86 2.39 3.53 2.47

Ti 2.99 -2.90 2.86 0.38 0.82 0.64 0.61
Sr 9.53 8.09 9.38 0.85 3.23 2.81 2.58
Zr 4.77 5.23 4.70 0.55 4.14 2.13 1.90

La/Yb 10.24 9.71 12.07 12.36 0.70 1.55 1.00 1.12
La/Sin 9.96 5.69 10.66 6.44 0.54

_____

0.79 0.46 0.71



TableAl.5

Sample 0B93-318
grain cpx2 cpx3 avg4s I S.D.
Notes n=2

La 0.43 0.78 1.91 0.15
Ce 0.63 1.22 4.15 0.01
Nd 0.18 0.52 1.21 0.01
Sin 0.08 0.27 0.30 0.16
Eu 0.04 0.06 0.08 0.00
Dy 0.19 0.24 0.25 0.01
Er 0.24 0.29 0.27 0.00
Yb 0.32 0.37 0.30 0.01

Ti 268 257
V 187 204
Cr 6888 9936

LU Sr 22.00 9.30
Y 1.6 1.6
Zr 2.8 1.8
Normalized
La 1.81 3.34 8.13
Ce 1.04 2.02 6.87
Nd 0.39 1.15 2.67
Sin 0.54 1.83 2.03
Eu 0.64 1.08 1,42
Dy 0.78 1.00 1.02
Er 1.52 1.83 1.73
Yb 1.95 2.27 1.84

Ti 0.61 0.59 0.00
Sr 2.82 1.19 0.00
Zr 0.71 0.46 0.00

La/Yb 0.93 1.47 4.43
La/Sin 3.39 1.82 4.02



Appendix 2. Complete major and trace elementcompositions of
minerals in the granulites.
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TableA2,1. Maior elementcompositionsof granuliteclinopyroxenes.Eachanalysisis aseparategrain, unless notede.g.ptl, pt2, etc.

Mg# 83.80 84.05
EQLiq Mg# 56.93 57.38

Molar percentageof endnmembers
Wo 48.64 48.32
En 43.04 43.44

8.24

68.06 68.72 68.57
35.26 35.96 35.80

45.60 45.28 45.15
37.02 37.61 37.61
17.37 17.11 17.24

76.00 78.21 77.81 77.35 76.78
44.74 47.85 47,26 46.60 45,79

Sample 0893-50
Point ID 1 2

0B93-54 0B93-57
2 3 2 3 4 5 6

LU

C.

wt.%
5i02 50.11 50,75 50.30 50.67 50.65 50.76 49.55 50.13 50.24 50.06
Ti02 0.47 0.44 0.61 0.54 0.54 0.72 0.79 0.82 0.81 0.48
A120, 7.34 6.95 5.17 5.11 5.24 6.31 6.67 6.65 7.04 7.67
Cr203 0.28 0.27 0.03 0,02 0.02 0.16 0.18 0.18 0.15 0.01
FeO* 4.76 4.80 9.85 9.87 9.80 8.74 6.53 6.70 6.85 6.88
MnO 0.10 0.13 0.10 0.13 0.12 0.16 0.11 0.14 0.12 0.13
MgO 13.82 14.19 11.78 12.16 12.00 15,53 13.16 13.18 13.13 12.76
CaO 21.74 21.96 20.19 20.37 20.04 16.98 20.61 20.94 20.91 20.51
Na20 0.74 0.78 1.35 1.23 1.41 0.87 1.02 0.89 1.03 1.16
Total 99.37 100.27 99.39 100.10 99.82 100.24 98.62 99.63 100,29 99.65
Cations/6Oxygeims
Si 1.845 1.853 1.892 1.892 1.894 1.862 1.852 1.855 1.848 1.850
Ti 0,013 0.012 0.017 0.015 0.015 0.020 0.022 0.023 0.023 0.013
Al 0.319 0.299 0.229 0,225 0.231 0.273 0.294 0.290 0.305 0.334
Cr 0.008 0.008 0.001 0.001 0.001 0.005 0.005 0.005 0.005 0.000
Fe 0.147 0.147 0.310 0.308 0.307 0.268 0.204 0.207 0,211 0.213
Mn 0.003 0.004 0.003 0.004 0.004 0.005 0.003 0.004 0.004 0.004
Mg 0.759 0.772 0.660 0.677 0.669 0.849 0.733 0.727 0.720 0.703
Ca

-

0.858 0.859 0.814 0.815 0.803 0.667 0.825 0.830 0,824 0.812
Na 0.053 0.056 0.099 0.089 0.102 0.062 0,074 0.064 0.074 0.083
Total 4.005 4.009 4,025 4.025 4.026 4.011 4.013 4.007 4.012 4,011

37.39
47.58
15.02Fs 8.32 - ...

Notes augite fine syinpl.

46.82
41.60
11.59

47.04
41.21
11.75

EQ Liq Mg#: Mg# of cpxequilibrium melt, calculatedfrom [Fe2/Mgcpx/Fe2fMgliq]=0.23Grove,andBryan, 1983; andFe2/Fe3=0.9.
Sympl.: symplectite

46.96 47.01
41,03 40.68
12.02 12,31



TableA2. I Clinonvroxenescontinued.
Sample
Point ID 7
wt.%
Si02
TiO2
A1203
Cr203
FeO*

MnO
MgO
CaO
Na20
Total
Cat!ons/6Oxygens
Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na
Total

Mg# 84.05 83.86 83.86 83.48 83.78 84.16
EQLiq Mg 57.39 57.04 57.05 56.35 56.91 57.60

Molar perce!mtageof eimdinembers
Wo 48.19 48.20 48.01 48.37 47.87 48.02
En 43.54 43.44 43.60 43.10 43.68 43.75
Fs 8.26 8.36 8.39 8.53 8.45 8.23
Notes

48.29
1.20
7.23
0.09
6.34
0.13

12,89
21.58
0.99

98.75

1.811
0.034
0.3 19
0.003
0.199
0.004
0.72 1
0.867
0.072
4.030

49.50 49.01 49.07 48.36
1.27 1.16 1.18 1.08
7.21 7.12 6.91 7.40
0.10 0.09 0.10 0.10
6.59 6.40 6.48 6.01
0.15 0.17 0.14 0.19

13.14 13.14 13.41 12.99
21.05 21.45 20.76 21.26
0.88 0.97 0.93 0.86

99,89 99.51 98.99 98.24

1,829 1,821 1.829 1,817
0.035 0.032 0.033 0.031
0.314 0.312 0.304 0.328
0.003 0.003 0.003 0.003
0.204 0.199 0.202 0.189
0,005 0.005 0.005 0.006
0.724 0.728 0.745 0.727
0.833 0.854 0.829 0.856
0.063 0.070 0.067 0.062
4.009 4.024 4.018 4.018

78.36 78.03 78.54 78.67 79.39
48.06 47.58 48.33 48.52 49.61

47.34 47.97 46,68 48.30
41.09 40.86 41,95 41.05
11.57 11.17 11,37 10.65

0B93-60 0B93-61A
8 9 10 - 11 12 1.m,tl l.nt2 2.ntl 2.nt2 2.nt3

LU

50.05 50.55 50.79 50.66 50.85 50.70
0.43 0.43 0.40 0.44 0.30 0.46
7.00 7.15 6.54 7,29 7.19 7.06
0.23 0.27 0.12 0.27 0.04 0.25
4.75 4.77 4.90 4.95 4.85 4.71
0.12 0.11 0.10 0.10 0.07 0.12

14.05 13.91 14.30 14.04 14.05 14.04
21.64 21.48 21.90 21.93 21.41 21.44

0.77 0.83 0.77 0.81 0.84 0.84
99.04 99.50 99.82 100.50 99.58 99.63

1.850 1.857 1.863 1.846 1.864 1,859
0.012 0.012 0.011 0.012 0.008 0.013
0.305 0.310 0.283 0.313 0.310 0.305
0.007 0.008 0.004 0.008 0.001 0.007
0.147 0.147 0,150 0.151 0.149 0.144
0.004 0.004 0.003 0.003 0.002 0.004
0.774 0,762 0,782 0.763 0.767 0.768
0.857 0.845 0.861 0.856 0.841 0.842
0.056 0.059 0.055 0.057 0.060 0.060
4.010 4.002 4.011 4.010 4.002 4.002

48.53
40.33
11.14

coarse
sympl.



Table A2. I Clinopyroxenescontinued.
Sample 0B93-68
Point ID 22 23

Cations/6Oxygens
Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na
Total

Mg# 76.73 76.49 74.56
EQ Liq Mg 45.73 45.40 42.82

Molar percentageof endinembers
Wo 48.27 47.79 48.15
En 39.69 39.94 38.66

12.04 12.28 13.19

Si02
Ti02
Al,0-,
Cr203
FeO*
MnO
MgO
CaO
Na20
Total

0B93-69 0B93-71 0B93-72
24 l9.otl - 20.nt2 21 1 2 3 13 17

48.73 48.58 49.18
1.50 1.56 1.36
7.49 7.14 7.18
0.13 0.12 0.09
6.84 7.02 7.47
0.11 0.11 0.13

12.66 12.81 12.28
21.41 21.32 21.27

0.93 0.99 1.04
99.81 99.65 100.00

1.809 1.809 1.825
0.042 0.044 0.038
0.328 0.314 0.314
0.004 0.004 0.003
0.212 0.219 0.232
0.004 0.004 0.004
0.700 0.711 0.679
0.852 0.85 1 0.846
0.067 0.071 0.075
4.017 4.024 4.016

LU

03

50.19 49.87 49.87
1.00 1.30 1.20
6.67 6.14 6.17
0.27 0.29 0.28
6.80 7.33 7.07
0.14 0.13 0.14

12.45 12,76 12.71
21.15 21.30 21.37
0.98 0.77 0.95

99.65 99.89 99.76

1.859 1.850 1.852
0.028 0.036 0.034
0.291 0.269 0.270
0.008 0.008 0.008
0.211 0.227 0.220
0.004 0.004 0.004
0.687 0.706 0.703
0.839 0.847 0.850
0.070 0.055 0.068
3.998 4.003 4.0 10

76.53 75.63 76.20
45.45 44.23 45,00

48.31 47.58 47.96
39.56 39.64 39.66
12,13 12.77 12.39

50.52 50.66
0.61 0.70
7.14 7.30
0.20 0.25
4.39 4.23
0.13 0.12

13.89 14.02
20.92 21.23

1.29 1.26
99.09 99.77

1.860 1.853
0.017 0.019
0.310 0.315
0.006 0.007
0.135 0.129
0.004 0.004
0.762 0.764
0,825 0.832
0.092 0.089
4.012 4.012

84.95 85.54
59.05 60.19

47.90 48.21
44.25 44.30
7.84 7.49

51.75
0.59
7.06
0.18
4.33
0.11

14.15
21.24

1.22
100.64

1.872
0.0 16
0.301
0.005
0.131
0.004
0.763
0.824
0.085
4.001

85.33
59.78

47,94
44.42
7.64

50.36 50.66
0.60 0.53
7.59 6.97
0.20 0.17
4.87 5.03
0.11 0.07

13.52 13.77
20.99 20.69
0.85 0.92

99.10 98.82

1.855 1.871
0.017 0.015
0.329 0.303
0.006 0.005
0.150 0.155
0.003 0.002
0.742 0.758
0.828 0.819
0.061 0.06
3.991 3.993

83.18 82.99
55.82 55.49

48.14 47.27
43.13 43.76

8.72 8.97Fs - -
Notes fine sympl. in core of

pt 19
coarse
symnpl.



TableA2.l Clinopyroxenescontinued.
Sample 0B93-90

Si02
Ti02
A1203
Cr203
FeO*
MnO
MgO
CaO
Na20
Total
Cations/6Oxygens
Si
Ti
Al
Cr
Fe

Mg# 84.24
EQ Liq Mg 57.74

84.24 84,24 84.92
57.73 57.73 59.00

84.15 84,49 84.53
57.57 58.20 58.28

48.23 47.50
43.61 44.58

8.16 7.92

48.09 48.41 47.94
43.68 43.59 44,01

8.23 8.00 8.05

WI. %
Point ID 25 26 - 27 - 28 - 29 30 31

0B93-96

51.01
0.52
7.19
0.21
4.73
0.07

14.19
21.53
0.84

100.28

1.857
0.014
0.308
0.006
0.144

50.46
0.55
7.37
0.26
4.73
0.09

14.18
21.33
0.79

99.76

1.848
0.015
0.3 18
0.007
0.145
0.003
0.774
0.837
0.056
4.002

LU

La

50.30 50.19
0.55 0.52
7.54 6.95
0.24 0,16
4.65 4.59
0.11 0.05

13.94 14.51
21.45 21,50
0.86 0.80

99.64 99.28

1.845 1.848
0.015 0.015
0.326 0.302
0.007 0.005
0.143 0,141
0.003 0.002
0.762 0.796
0.843 0.848
0.061 0.057
4.005 4.013

50.50 50.77 51.41
0.44 0.47 0.35
7.29 6.94 6.72
0.26 0.26 0.07
4.77 4.55 4.68
0.12 0.13 0.06

14.22 13.91 14.36
21.78 21.49 21.77

0.74 0.78 0.69
100.12 99.29 100.12

1.845 1.866 1.873
0.012 0.013 0.010
0.314 0.301 0,289
0.008 0.008 0.002
0.146 0.140 0.143
0.004 0.004 0.002
0.775 0.762 0.780
0.853 0.846 0.850
0.052 0.056 0.049
4.008 3.995 3.997

Mn
Mg
Ca
Na
Total

0.002
0.770
0.840
0.059
4.001

Molar perceimtageof endmembers
Wo 47.89 47.66
En 43.90 44,09
Fs 8.21 8.25
Notes cpx corein in sympi.

opx



Table A2.2. Maior elementcompositionsof uranuliteorthoovroxenes.Eachanalysisis asenarateerain. unlessnoted.
Sample
Point ID
wt.%
Si02
Ti02
Al20,
Cr203
FeO*
MoO
MgO
CaO
Na20
Total
Catio,ms/6Oxygens
Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na
Total

OB93-50
2

0B93-54
4 - 2 5

0B93-57
4 5. Pt 6. nt2 7. ot3

79.97 80.06 79.84 80.06 62.31 63.48 72.74 72.86 72.57 72.33 73.30 72.96

MO/ar percentageof endmembers
Wo 1.07 1.12 1.11
En 79.11 79.17 78.95
Fs 19.82 19.71 19.94

3 8

LU
Ui
C

52.70 52.35 52.17 52.02 51.43 52.35 51.05 51.60 51.66 50.80 51.09 51.86
0.08 0.08 0.08 0.07 0.15 0.09 0.10 0.08 0.06 0.07 0.15 0.19
6.01 6.13 6.96 7.17 2.32 2.24 6.79 5.54 5.21 6.75 5.40 5.03
0.01 0.06 0.01 0.02 0.03 0.03 0.02 0.01 0.01 0.01 0,06 0.11

12.65 12.40 12.58 12.49 23.69 22.78 16.59 16.66 17.26 16.95 16.29 16.95
0.20 0.15 0.19 0.19 0.31 0.24 0.28 0.28 0.30 0.27 0.24 0.28

28.33 27.95 27.95 28.13 21.97 22.22 24.84 25.08 25.63 24.86 25.08 25.66
0.53 0.55 0.55 0.52 0.60 0.60 0.56 0.60 0.61 0.60 1.00 0.57
0.06 0.07 0.08 0.04 0.01 0.00 0.14 0.08 0.07 0.10 0.12 0.04

100.56 99.74 100.56 100.65 100.51 100.54 100.37 99.91 100.82 100.41 99.43 100.68

1.863 1.864 1.844 1.836 1.920 1.941 1.843 1.872 1.864 1.838 1,864 1.871
0.002 0.002 0,002 0.002 0.004 0.002 0.003 0.002 0.002 0.002 0.004 0.005
0.250 0.257 0.290 0.298 0,102 0.098 0.289 0.237 0.222 0.288 0.232 0.214
0.000 0.002 0.000 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.002 0.003
0.374 0.369 0.372 0.369 0.740 0.706 0.501 0.505 0.521 0.513 0.497 0.511
0.006 0.005 0.006 0.006 0.010 0.008 0.009 0.009 0.009 0.008 0.008 0.009
1.493 1.483 1.472 1.480 1.223 1.228 1.337 1.356 1.379 1.341 1.364 1.380
0.020 0.021 0.021 0,020 0.024 0.024 0.022 0.023 0.024 0.023 0.039 0.022
0.004 0.005 0.005 0.003 0.001 0.000 0.010 0.006 0.005 0.007 0.008 0.003
4.012 4.007 4.012 4.014 4.024 4.007 4.014 4.010 4.026 4.020 4.019 4.017

Mg#

1.06 1.21 1.21 1.17 1.23 1.23 1.24 2.06 1.14
79.21 61.55 62.71 71.89 71.97 71.68 71.44 71.79 72.12
19.73 - 37.24 36.08 26.94 26.81 27.09 27.32 26.15 26.73

Notes coarse coarse coarse fine sympl. fine sympl.
sympl. sympl. sympl.

Symnpl.: symplectite



Table A2.2 Orthopyroxenescontinued.

LU Cr
Fe

Sample
Point ID
wt.%
Si02
Ti02
A1203
Cr203
FeO*
MnO
MgO
CaO
Na20
Total
Cations/6Oxygens
Si
Ti
Al

Mu
Mg
Ca
Na
Total

0B93-60
9 10 11 12

0B93-68
19 20 21 22

53.40 51.54 51.20
0.72 0.21 0.14
1.76 5.57 5.48
0.07 0.08 0.05

16.46 17.07 17.35
0.33 0.23 0.28

25.65 25.03 24.67
2.02 0.70 0.44
0.05 0.10 0.06

100.44 100.55 99.66

1.935 1.863 1.869
0.020 0.006 0.004
0.075 0.238 0.236
0.002 0.002 0.002
0.499 0.516 0.530
0.010 0.007 0.009
1.385 1.349 1.342
0.078 0.027 0.017
0.004 0.007 0.004
4.008 4.015 4.011

Mg# 80.10 80,51 80.10 80.23 74,72 74.12 71.85 73.53 72.32 71.70

Wo
En
Fs

3.99 1.43 0.91
70.59 71.29 71.05
25.41 27.28 28.04

0B93-6IA
3 4

52.42 51.67 52.96 52.77 51.37 51.99 51.54
0.05 0.08 0.07 0.06 0.13 0.14 0.13
7.25 7.66 5.96 6.30 5.23 5.31 4.76
0.06 0.01 0.17 0.12 0.07 0.05 0.06

12.37 11.97 12.41 12.31 15.59 16.01 17.48
0.17 0.18 0.23 0.24 0.29 0.28 0.32

27.95 27.74 28.03 28.05 25.85 25.73 25.03
0.54 0.53 0.53 0.57 0.50 0.50 0.51
0.06 0.05 0.07 0.06 0.02 0.03 0.07

100.87 99.88 100,45 100.48 99.07 100.04 99.91

1.844 1.833 1.872 1.864 1.872 1.877 1.879
0.001 0.002 0.002 0,002 0.004 0.004 0,004
0.301 0.320 0.248 0.262 0.225 0.226 0.204
0.002 0.000 0.005 0.003 0.002 0.002 0.002
0.364 0.355 0.367 0,364 0.475 0.483 0.533
0.005 0.006 0.007 0.007 0.009 0.009 0.010
1.465 1.467 1.477 1.476 1.404 1.385 1.360
0.020 0.020 0.020 0.022 0.020 0.019 0.020
0.004 0.003 0.005 0.004 0.002 0.002 0.005
4.006 4.006 4.002 4.004 4.012 4.006 4.017

Molar perceimtageof endinembers
1.10 1.09 1.09 1.16 1.04 1.02 1.05

79.22 79.63 79.23 79.30 73.94 73.36 71.10
19.68 19.28 19.68 19.54 25,02 25.61 27.86

Notes coarse coarse fine sympl.
sympl. syunpl.



Table A2.2 Orthopyroxenescontinued.
Sample
Point ID
uvt. %

OB93-69
16 17 18 19

OB93-7 I
8 9

0B93-72
13 14 15

Si02
TiO2
Al203
Cr20,
FeO*
MnO
MgO
CaO
Na20
Total
Cations/6Oxygens
Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na
Total

Mg# 68.46 68.35 69.16 67.81 81.81 82.17 78.87 78.46 78.47

.16 1.03 0.95 1.61
67.67 67.64 68.51 66.72

.17 31.33 30.54 31,67

1.27
77.47
21.26

LU
Ui
N

51.31 51.70 51.57 51.66 53.85 54.41 51.43 53.68 51.39
0.14 0.10 0.10 0.15 0.07 0.08 0.09 0.07 0.08
4.38 5.13 4.32 4.35 4.51 4.07 6.98 5.98 7.61
0.11 0.04 0.14 0.18 0.05 0.06 0.10 0.03 0.06

19.54 19.52 18.95 19.83 11.48 11.42 12.90 . 12.87 12.96
0.32 0.32 0.31 0.28 0.20 0.23 0.20 0.15 0.21

23.80 23.64 23.85 23.44 28.97 29.52 27.01 26.29 26.49
0.57 0.50 0,46 0.79 0.51 0.59 0.60 0.59 0.60
0.06 0.07 0.03 0.01 0.07 0.05 0.07 0.08 0.08

100.24 101.02 99.71 100.69 99.73 100.43 99.37 99.74 99.49

1.883 1.879 1.895 1.889 1.907 1.913 1.844 1.907 1.839
0.004 0,003 0.003 0.004 0.002 0.002 0.003 0.002 0,002
0.190 0.220 0.187 0.188 0.188 0.169 0.295 0.250 0.321
0.003 0.001 0.004 0.005 0.002 0.002 0.003 0.001 0.002
0.600 0.593 0.582 0.607 0.340 0.336 0.387 0.382 0.388
0.010 0.010 0.010 0.009 0.006 0.007 0.006 0.004 0.007
1.302 1.281 1.306 1.278 1.529 1.547 1.443 1.393 1.413
0.022 0.020 0.018 0.031 0.019 0.022 0.023 0,023 0,023
0.004 0.005 0.002 0.001 0.005 0.003 0.005 0.005 0.005
4.019 4.010 4.007 4,010 3.998 4.001 4.007 3.968 4.000

Molar percentageof endnmembers
Wo
En

1.03 1.16
80.97 81.22
18.00 17.62Fs 31

Notes fine symnpl. rims plag
Pt 15

coarse
sympl.

1.25 1.25
77.89 77.47
20.87 21.28



Cr
Fe
Mn
Mg
Ca
Na
Total

52,15 51.32 52.10
0.08 0.07 0.09
6.29 7.37 7.28
0.11 0.07 0.13

12.50 12.11 12.30
0.18 0.15 0.19

28.01 27,52 27.67
0.55 0.56 0.56
0.08 0.04 0.06

99.93 99.21 100.40

1.855 1.835 1.842
0.002 0.002 0.003
0,264 0.311 0.304
0.003 0.002 0.004
0.372 0.362 0.364
0.005 0.005 0.006
1.485 1.467 1.458
0.021 0,022 0.021
0.006 0.003 0.004
4.012 4.008 4.004

79.98 80.20 80.03

1.16 1.16
79.09 79.27 79.10
9.80 19,57 19.74

52.81 52.90 51.92
0.06 0.08 0.07
6.17 5.89 7.29
0.02 0.03 0.04

12.40 12.02 12.11
0.15 0.16 0.19

28.41 28.12 27.60
0.51 0.53 0.50
0.06 0.04 0.05

100.57 99.79 99.76

1.863 1.877 1.845
0.002 0.002 0.002
0.256 0.246 0,305
0.001 0.001 0.001
0.366 0.357 0.360
0.005 0.005 0.006
1.494 1.487 1.461
0.019 0.020 0.019
0.004 0.003 0.003
4.009 3.999 4.002

80.32 80.65 80.24

1.02 1.08 1.03
79.50 79.78 79.42
19.48 19.14 19.55

OB93-96
23 26 27 - 28 29

%

TableA2.2 Orthopyroxenescontinued.
Sample 0B93-90
Point ID 25
WI.

SiO2
TiO2
A1203
Cr2O3
FeO*
MoO
MgO
CaO
Na2O
Total
Cations/6Oxygens
Si
Ti
Al

LU
Ui
LU

Mg#

Molar percentageof endnembers
Wo 1.11
En
Fs I
Notes rims

Pt
cpx
17

coarse
sympl.

coarse
symnpl.



47.80 47.18 47.63 47.46 47.58 nd.
34.07 33.82 33.93 33.90 33.96 nd.
0.08 0.15 0.08 0.09 0.11 nd.
0.03 0.05 0.03 0.03 0.02 mmd.

16.68 15.59 16.56 16.57 16.58 nd.
2.00 2.46 2.11 2.05 2.01 nd.
0.06 0.04 0.04 0.05 0.04 nd.

100.71 99.28 100.38 100.16 100.30

2.175 2.176 2.175 2.173 2.174
1.827 1.838 1.826 1.829 1.829
0.003 0.006 0.003 0.004 0.004
0.002 0.004 0.002 0.002 0.002
0.813 0.771 0.810 0.813 0.812
0.177 0.220 0.187 0.182 0.178
0.003 0.002 0.002 0.003 0.002
5.001 5.016 5.006 5.006 5.001

Mole pei’centageof enth,menmbers
Ab 17.79 22.12 18.70 18.25 17.92
Aim 81.89 77.64 81.07 81.42 81.84
Or 0.32 0.24 0.23 0.32 0.24

49.73 50.00 50.10 50.40 50.78
32.02 31.79 31.41 30.88 31.53
0.06 0.08 0.08 0.20 0.10
0.02 0.01 0.01 0.44 0.02

14.29 14.01 13.76 13.17 13.74
3.02 3.31 3.38 3.62 3.46
0.10 0.11 0.12 0.12 0.10

99.24 99.30 98.86 98.83 99.73

2.281 2.292 2.305 2.319 2.314
1.731 1.717 1.703 1.674 1.694
0.002 0.003 0.003 0.008 0.004
0.002 0.001 0.001 0.030 0.001
0.702 0.688 0.678 0.649 0.671
0.269 0.294 0.302 0.323 0.306
0.006 0.006 0.007 0.007 0.006
4.991 5.000 4.998 5.009 4.995

27.53 29.74 30.57 32.98 31.12
71.90 69.62 68.73 66.31 68.28
0.57 0.64 0.70 0.72 0.60

TableA2.3. Major elementcomnposimionsof granimlime plagioclase.Eachanalysisis a separategraimu unlessomherwisenoted.
Sample 0B93-50 0B93-54 0B93-57
Point II I 3 4, Pt 1 4, pm 2 2 - 5 6 7 8 4
,vt. %
SiO,
AI,O,
FeO*
MgO
CaO
Na,O
K,O
Tomal
Caiio,ms/8Oxygeims
Si
Al
Fe
Mg
Ca
bAa
K

LU
U.

Total

nd.: mmot determined



SiO,
Al,O,
FeO*
MgO
CaO
Na,O
K,O
Total
Caiio,ms/8Oxyge,ms
Si
Al
Fe
Mg
Ca
Na
K
Total

10
0B93-61A 0B93-68

II l,ptl . l,pt2 2,ptl 2,pt2 19 20 21 22

TableA2.3. Planioclasecomitinued.
Sample OB93-60
Point ID 12 -- 9
mm’t.%

47.41 47.04 47.38 47.30
33.71 33.71 33.32 33.95
0.10 0.13 0.06 0.08
0.04 0.26 0.05 0.04

16.48 16.55 16.15 16.21
1.91 1.94 2.23 1.92
0.04 0.04 0.04 0.05

99.68 99.68 99.22 99.55

2.179 2.165 2.187 2.175
1.826 1,829 1.813 1.839
0.004 0.005 0.002 0.003
0.002 0.018 0.003 0.003
0.811 0.816 0.799 0.798
0.170 0.173 0.200 0.171
0.002 0.002 0.003 0.003
4.995 5.009 5.007 4.993

LU
Ui
Ui

50.26 49.46 49.91 49.14
31.61 31.87 31.41 32.04
0.15 0.13 0.14 0.15
0.02 0.01 0.01 0.02

13.94 14.35 13.94 14.48
3.41 3.28 3.40 3.20
0.32 0.29 0.33 0.26

99.71 99.38 99.15 99.30

2.298 2.272 2.296 2.261
1.703 1.726 1.703 1.738
0.006 0.005 0.005 0.006
0.002 0.001 0.001 0.00I
0.683 0.706 0.687 0.714
0.302 0.292 0.304 0.286
0.019 0.017 0.019 0.015
5.011 5.019 5.014 5.021

30.10 28.75 30.05 28.16
68.03 69.60 68.03 70.34

1.86 1.66 1.92 1.50

50.86 50.96 50.14 50.69
31.36 31.39 31.27 32.02
0.16 0.10 0.39 0.19
0.03 0.02 1.00 0.05

13.60 13.54 13.81 13.76
3.69 3.57 3.04 3.40
0.13 0.10 0.24 0.11

99.82 99.69 99.88 100.22

2.318 2.322 2.289 2.300
1.684 1.686 1.682 1.712
0.006 0.004 0.015 0.007
0.002 0.001 0.068 0.003
0.664 0.661 0.675 0.669
0.326 0.316 0.269 0.299
0.008 0.006 0.014 0.007
5.007 4.996 5.011 4.997

32.66 32.13 28.06 30.72
66.56 67.28 70.50 68.61
0.78 0.59 1.44 0.68

Moleperce,mtageof endnme,mmber,c
Ab 17.32 17.45 19.95 17.62
An 82.46 82.30 79.80 82.06
Or 0.22 0.24 0.25 0.32



TableA2.3. Plagioclasecontinued.
Sample 0B93-69

__________

Point ID 16 18 17

SiO,
Al,O,
FeO*
MgO
CaO
Na,O
K,O
Tomal
Cotiomms/8Oxygen.c
Si 2.256 2.281 2.270
Al 1.744 1.725 1.737
Fe 0.006 0.005 0.006
Mg 0.003 0.001 0.002
Ca 0.725 0.711 0.711
Na 0.268 0.266 0.267
K 0.006 0.004 0.004
Total 5.008 4.992 4.997

Mole percentageof e,mdnmenmber.s
Ab 26.82 27.10 27.14
Aim 72.61 72.45 72.41
Or 0.57 0.45 0.45

47.60 47.79 47.90
33.32 33.22 33.37
0.08 0.05 0.08
0.03 0.05 0.03

15.97 15.68 15.62
2.21 2.46 2.30
0.07 0.06 0.06

99.27 99.31 99.34

2.195 2.202 2.204
1.811 1.804 1.809
0.003 0.002 0.003
0.002 0.004 0.002
0.789 0.774 0.770
0.198 0.220 0.205
0.004 0.003 0.003
5.001 5.008 4.996

19.98 22.06 20.96
79.62 77.61 78.70

0.39 0.33 0.34

47.95 48.25 47.85
33.40 33.39 33.52
0.06 0.06 0.06
0.03 0.03 0.09

15.63 16.01 15.78
2.52 2.18 2.27
0.06 0.07 0.08

99.64 99.98 99.64

2.201 2.207 2.196
1.807 1.800 1.813
0.002 0.002 0.002
0.002 0.002 0.006
0.769 0.785 0.776
0.224 0.193 0.202
0.003 0.004 0.004
5.009 4.992 5.000

22.49 19.67 20.58
77.17 79.90 78.97
0.34 0.43 0.45

47.48 47.93 47.46
33.88 34.17 34.08
0.11 0.07 0.12
0.03 0.02 0.03

16.40 16.50 16.72
1.98 1.98 1.99
0.04 0.05 0.03

99.91 100.71 100.44

2.177 2.179 2.167
1.831 1.831 1.834
0.004 0.003 0.005
0.002 0.00I 0.002
0.806 0.804 0.8 18
0.176 0.175 0.176
0.002 0.003 0.002
4.997 4.995 5.005

17.85 17.78 17.68
81.91 81.92 82.14
0.23 0.30 0.18

OB93-7l 0B93-72 0893-90 OB93-96
13 - 14 IS 13 14 15 16 17 18

49.40 50.05 49.69 nd.
32.41 32.12 32.27 mmd.
0.17 0.12 0.15 nd.
0.05 0.02 0.03 nd.

14.81 14.55 14.53 nd.
3.02 3.01 3.01 nd.
0.10 0.08 0.07 nd.

99.95 99.94 99.74

LU
Ui
C.



TableA2.4. Maiorelemnenmcomnoositionsof nranulimeoxides. Eachanalysisis a senarateerain.unlessnomedby otl. nm. etc.
0893-50

2 3 4

0.07 0.06 0.02 0.09
0.01 0.02 0.01 0.05

66.30 65.05 64.72 66.27
0.32 0.34 0.99 0.43

15.69 15.37 16.12 15.79
0.09 0.10 0.08 0.08

18.66 18.76 18.00 18.61
0.02 0.12 0.02 0.00
0.30 0.31 0.32 0.31

101.46 100.12 100.27 101.62

01393-54
9 10 2 3 4 6 7 8

0.22 0.16 0.08 0.01 0.00 0.09 0.00 0.00 0.07
0.48 0.34 8.24 20.86 50.46 20.98 20.15 49.95 20.45

44.06 46.08 5.20 2.10 0.20 3.21 2.44 0.18 3.55
0.06 0.05 1.32 0.49 0.02 - 0.40 0.73 0.08 0.43

46.61 45.30 77.96 70.49 43.80 69.15 71.24 45.54 70.65
0.56 0.52 0.21 0.47 0.41 0.39 0.34 0.27 0.33
5.66 6.08 1.68 2.75 4.24 2.87 2.02 3.09 2.22
0.12 0.14 0.00 0.00 0.00 0.04 0.00 0.00 0.01
0.00 0.02 0.09 0.04 0.00 0.00 0.05 0.02 0.05

97.77 98.68 94.78 97.21 99.14 97.13 96.98 99.11 97.76

FeO
Fe,O,
New Tomal
Gatio,ms/3or 4 Oxygeims
Si
Ti
Al
Cr
Fe
Mum
Mg
Ca
Ni
Cat.Tot.
0Tot.

0.297 0.28I 0.308 0.300
0.032 0.045 0.035 0.030

New Cat.Tom. 3.011 3.015 3.012 3.010
New0 Tom. 4.000 4.000 4.000 4.000

0.32 0.35 1.01 0.43
70.23 71.74 69.01 69.88

No. of Cat. 3 3 3 3
NoofO 4 4 4 4
Notes opx sympl. cpx symsmpl. opx sympl.

29.98 29.71 36.66 46.06 37.41 46.29 46.62 39.14 47.08
18.49 17.33 45.90 27.15 7.10 25.40 27.36 7.12 26.19
99.63 100.42 99.38 99.93 99.85 99.68 99.72 99.82 100.39

0.007 0.005 0.004 0.000 0.000 0.004 0.000 0.000 0.003
0.011 0.008 0.272 0.633 0.952 0.629 0.616 0.951 0.613
1.634 1.672 0.269 0.100 0.006 0.151 0.117 0.005 0.167

0.002 0.001 0.046 0.016 0.000 0.013 0.024 0.002 0.014
1.226 1.167 2.857 2.378 0.919 2.305 2.421 0.964 2.354
0.015 0.014 0.008 0.016 0.009 0.013 0.012 0.006 0.011
0.265 0.279 0.110 0.165 0.159 0.170 0.122 0.117 0.132
0.004 0.005 0.000 0.000 0.000 0.002 0.000 0.000 0.000
0.000 0.001 0.003 0.001 0.000 0.000 0.002 0.000 0.002
3.164 3.151 3.568 3.309 2.045 3.286 3.314 2.045 3.294
3.793 3.809 3.364 3.626 2.934 3.652 3.621 2.934 3.643

0.748 0.729 1.130 1.408 0.768 1.409 1.435 0.810 1.428
0.415 0.382 1.273 0.747 0.131 0.696 0.757 0.133 0.715

3.101 3.095 3.113 3.087 2.025 3.085 3.084 2.024 3.084
4.010 4.009 4.030 4.035 3.008 4.033 4.036 3.009 4.034

- 0.10 0.07 14.57 13.63 5.93 7.75 16.77 22.35 7.56
26.20 27.70 8.86 10.51 17.12 10.78 7.87 12.58 8.46

3 3 3 3 2 3 3 2 3
4 4 4 4 3 4 4 3 4

in sympl. in synipt. unzoned Ti-mist core jIm core Ti-mi rimsi Ti-mum core jIm core Ti-mimit rim

Sample
Poinm ID

SiO,
TiO,
AI,O,
Cr,O,
FCO*
MmmO
MgO
CaO
NiO
Total

LU
U.

14.16 13.25 14.47 14.35
1.70 2.36 1.83 1.60

101.63 100.36 100.45 101.78

0.002 0.002 0.00I 0.002
0.000 0.000 0.000 0.001
1.965 1.955 1.952 1.963
0.006 0.007 0.020 0.008
0.330 0.328 0.345 0.332
0.002 0.002 0.002 0.002
0.700 0.713 0.687 0.697
0.001 0.003 0.000 0.000
0.006 0.006 0.006 0.006
3.012 3.017 3.013 3.011
3.984 3.978 3.982 3.985

Fe"
Fe"

Cr4
Mg#Fe"



mm’t.%
SiO,
TiO,
Al,O,
Cr,O,
FeO*
MmmO
MgO
CaO
NiO
Total

FeO
Fe,O,
New Total
Catio,m,s’/3or 4 Oxyge,m.c
Si
Ti
Al
Cr
Fe
Mum
Mg
Ca
Ni
Cat. Tot.
O Tom.

Fe"
Fe"

Cr4
Mg#Fe"

No. of Cam.
No of 0
Nomes

OB93-57
4 5 6 7

0.11 0.45 0.06 0.08
0.12 0.08 0.12 0.14

62.18 61.78 60.55 60.84
0.17 0.22 1.04 0.93

21.52 21.54 23.26 21.68
0.13 0.13 0.10 0.12

15.20 14.99 14.68 14.75
0.18 0.03 0.03 0.19
0.23 0.26 0.29 0.26

99.83 99.48 100.13 98.99

18.29 18.99 19.04 18.46
3.58 2.83 4.69 3.58

100.19 99.77 100.60 99.35

0.003 0.0 12 0.002 0.002
0.002 0.002 0.002 0.003
1.933 1.926 1.900 1.916
0.003 0.005 0.022 0.020
0.475 0.477 0.518 0.485
0.003 0.003 0.002 0.003
0.598 0.591 0.583 0.588
0.005 0.001 0.001 0.005
0.005 0.006 0.006 0.006
3.027 3.021 3.035 3.027
3.965 3.972 3.954 3.964

0.400 0.417 0.419 0.409
0.071 0.056 0.093 0.07 I

0.18 0.24 1.14 1.02
59.91 58.62 58.17 58.97

01393-60
8 9

0.03 0.00 0.06
0.05 0.04 0.00

64.77 64.64 65.77
1.07 1.22 0.44

15.74 16.22 15.93
0.11 0.11 0.08

17.72 17.75 18.05
0.01 0.01 0.01
0.30 0.30 0.33

99.80 100.30 100.65

14.78 14.85 14.71
1.07 1.53 1.35

99.91 100.45 100.79

0.001 0.000 0.001
0.001 0.001 0.000
1.959 1.951 1.969
0.022 0.025 0.009
0.338 0.347 0.338
0.002 0.002 0.002
0.678 0.678 0.684
0.000 0.000 0.000
0.006 0.006 0.007
3.008 3.011 3.010
3.990 3.985 3.987

0.316 0.317 0.312
0.021 0.029 0.026

3.007 3.010 3.009
4.000 4.000 4.000

1.09 1.25 0.44
68.18 68.14 68.69

3 3
-__ 4

coarse opx fimme cpx

0.11 0.11 0.10 0.18
52.42 50.75 1.76 19.12

0.24 0.00 47.93 7.86
1.06 0.19 5.84 4.33

39.96 45.31 31.15 60.05
0.46 0.28 0.18 0.43
5.56 2.88 12.65 6.19
0.07 0.09 0.08 0.11
0.18 0.38 0.28 0.26

100.07 100.00 99.97 98.53

36.64 39.87 21.61 40.39
3.69 6.04 10.60 21.85

100.44 100.60 101.03 100.72

0.003 0.003 0.003 0.007
0.961 0.957 0.038 0.531
0.007 0.000 1.615 0.342
0.020 0.004 0.132 0.126
0.814 0.950 0.745 1.855
0.009 0.006 0.004 0.013
0.202 0.108 0.539 0.341
0.002 0.002 0.002 0.004
0.004 0.008 0.006 0.008
2.023 2.038 3.086 3.228
2.967 2.944 3.889 3.7 18

0.739 0.821 0.502 1.160
0.067 0.112 0.222 0.564

2.013 2.020 3.065 3.097
3.004 3.008 4.004 4.022

74.51 100.00 7.56 26.98
21.48 11.62 51.77 22.71

2 3 3
3

____

4

____

4
ilmu, spcore Ti-mimi, rim of

TableA2.4. Oxides continued.
Sample 01393-68

10 22 23 24 25

LU
Ui
03

New Cam. Tom. 3.022 3.018 3.029 3.023
NewOTot. 4.001 4.001 4.001 4.001

3 3 3 3 3
4 4 ± 4

cpx symimpl. opxsympl. opx synipl.
symnpl. sympl. included in sp core

2
3

ilmmm



TableA2.4. Oxidesconminued.
0B93-69

SiO,
TiO,
AI,O,
Cr,O,
FeO*
MmiO
MgO
CaO
NiO
Tomal

0.02 0.00
0.13 0.11

63.47 61.58
2.75 2.63

16.70 16.86
0.10 0.13
18.10 17.70
0.00 0.00
0.28

101.56 99.01

OB93-72
II 12 13

0.02 0.00 0.00
0.02 0.04 0.06

64.96 64.42 65.09
1.22 1.20 1.29

16.71 16.37 16.69
0.07 0.11 0.09

17.04 17.09 17.25
0.01 0.03 0.10
0.30 0.29 0.28

100.35 99.54 100.85

Sammiple

IS l6,ptl l7,pm2
OB93-7I

18 19 20 21 2 13

LU
U.
La

0.10 0.08 0.09 0.04 0.11 0.04 0.19
0.53 0.40 0.49 0.28 53.38 0.20 0.54

56.01 54.91 55.53 52.50 0.70 56.43 60.83
2.34 3.00 3.05 7.23 0.60 4.86 0.72

27.86 28.34 27.78 31.54 38.29 28.22 22.32
0.16 0.19 0.14 0.22 0.30 0.19 0.09

12.74 11.76 12.65 8.94 7,44 10.97 15.60
0.04 0.07 0.10 0.02 0.06 0.02 0.03
0.32 0.25 0.33 0.28 0.21 0.32 0.24

100.11 99.00 100.16 101.04 101.09 101.26 100.56

FeO 21.64 22.47 21.60 26.87 34.29 24.37 18.42
Fe,O, 6.91 6.52 6.87 5.19 4.45 4.28 4.34
NewTotal 100.80 99.66 100.84 101.56 101.53 101.68 100.99
Cations/3or 4 Oxyge,m.c
Si 0.003 0.002 0.002 0.001 0.003 0.001 0.005
Ti 0.011 0.008 0.010 0.006 0.956 0.004 0.011
Al 1.814 1.809 1.802 1.743 0.020 1.818 1.889
Cr 0.051 0.066 0.066 0.161 0.011 0.105 0.015
Fe 0.640 0.663 0.640 0.743 0.762 0.645 0.492
Mn 0.004 0.005 0.003 0.005 0.006 0.004 0.002
Mg 0.522 0.490 0.519 0.375 0.264 0.447 0.613
Ca 0.001 0.002 0.003 0.001 0.002 0.001 0.001
Ni 0.007 0.006 0.007 0.006 0.004 0.007 0.005
Cat.Tot. 3.054 3.051 3.053 3.041 2.027 3.033 3.032
0 Tot. 3.930 3.933 3.930 3.946 2.961 3.956 3.957

Fe" 0.489 0.517 0.489 0.624 0.673 0.551 0.401
Fe" 0.140 0.135 0.140 0.108 0.079 0.087 0.085

New Cat.Tom. 3.042 3.040 3.042 3.031 2.017 3.026 3.027
New0 Tot. 4.002 4.003 4.002 4.003 3.004 4.002 4.001

Cr4 2.73 3.53 3.55 8.46 36.46 5.46 0.79
Mg#Fe" 51.65 48.69 51.52 37.55 28.16 44.79 60.42

No. of Cat.
No of 0
Noies

14.69 14.38
2.24 2.75

101.78 99.28

0.00I 0.000
0.003 0.002
1.906 1.901
0.055 0.054
0.356 0.369
0.002 0.003
0.688 0.691
0.000 0.000
0.006 0.000
3.016 3.020
3.979 3.973

0.311 0.313
0.043 0.054

3.014 3.018
4.001 4.001

2.82 2.79
68.84 68.83

3 3
4 4

16.02 15.55 15.79
0.77 0.91 1.00

100.42 99.63 100.95

0.000 0.000 0.000
0.000 0.001 0.00I
1.963 1.961 1.957
0.025 0.025 0.026
0.358 0.354 0.356
0.00I 0.002 0.002
0.651 0.658 0.656
0.000 0.00I 0.003
0.006 0.006 0.006
3.006 3.007 3.007
3.993 3.99 I 3.990

0.343 0.335 0.336
0.015 0.018 0.019

3.005 3.006 3.006
4.000 4.000 4.000

1.24 1.24 1.31
65.51 66.25 66.12

3 3 3
4 4 4

3
4

3
4

3
4

3
4

2
3

3
4

3
4

fine ops embayed, ilmmi sympl.
svmmmo rimmimed by

cpx symmipl. fimme opx fine cpx
syp! symsmpl.



0.04 0.02 0.04
0.07 0.04 0.03

65.05 64.87 65.32
1.89 2.05 1.64

16.37 16.30 16.00
0.11 0.08 0.09

17.57 17.69 17.69
0.00 0.02 0.00
0.3I 0.29 0.32

101.41 101.34 101.13

FeO 15.60 15.35 15.35
Fe,O, 0.85 1.05 0.72
NewTomal 101.50 101.45 101.20
Coiio,m.c/3or 4 Oxygen.c
Si 0.001 0.000 0.001
Ti 0.001 0.001 0.001
Al 1.945 1.941 1.954
Cr 0.038 0.041 0.033
Fe 0.347 0.346 0.340
Mn 0.002 0.002 0.002
Mg 0.665 0.670 0.669
Ca 0.000 0.000 0.000
Ni 0.006 0.006 0.006
Cat. Tom. 3.006 3.008 3.005
O Tot. 3.992 3.990 3.993

0.330 0.325 0.325
0.016 0.020 0.014

3 3 3
4 4 4

0.02 0.11 0.03 0.04
0.03 0.03 0.05 0.02

65.53 63.73 65.75 65.26
1.00 0.96 0.76 0.74

15.85 16.19 15.87 15.83
0.09 0.09 0.12 0.07

17.83 18.93 18.00 18.14
0.03 0.02 0.03 0.04
0.35 0.31 0.27 0.33

100.72 100.37 100.88 100.47

14.95 13.08 14.85 14.40
1.00 3.46 1.13 1.59

100.82 100.72 101.00 100.63

0.000 0.003 0.001 0.001
0.001 0.001 0.001 0.000
1.963 1.924 1.965 1.959
0.020 0.019 0.015 0.015
0.337 0.347 0.337 0.337
0.002 0.002 0.003 0.00 I
0.676 0.723 0.680 0.689
0.001 0.001 0.001 0.001
0.007 0.006 0.006 0.007
3.007 3.025 3.008 3.011
3.990 3.967 3.989 3.985

0.317 0.278 0.314 0.306
0.0 19 0.066 0.022 0.030

3.006 3.022 3.007 3.010
4.000 4.001 4.000 4.000

1.01 1.00 0.77 0.75
68.06 72.23 68.42 69.26

3 3 3 3
4 4 4 4

TableA2.4. Oxidescommtimmued.
Sammmple 01193-90

26 27
0B93-96

28 29 30 31, pm1 32, p12

SiO,
TiO,
Al,O,
Cr,O,
FeO*
MmmO
MgO
CaO
NiO
Toial

LU
C.
C

Fe"
Fe"

New Cat,Tom.
New 0 Tot.

Cr4
Mg#Fe"

No. of Cam.
No of 0
Nomes

3.005 3.007 3.005
4.000 4.000 4.000

1.91 2.08 1.66
66.79 67.31 67.30

opx symmmpl. coarse opx
symnpl.

coarsecpx fimme opx opx sympl. opx sympl.
sympl. symimpl.



TableA2.5.Traceelementcompositionsof granuliteclinopyroxenes.Eachanalysisis aseparategrain,umiless notede.g.ptl, p12.
The suhscrint"s’ denotessvmolectite.

/3/nfl

La
Ce
Nd
Sm
Eu
Dy
Er
Yb

Sample OB93-50 0B93-54 OB93-57
Point ID cpxl cpx3 symcpx,

50u raster
cpxl cpx2 cpx3 A B cpxl cpx2 cpx3

0.26
1.13
1.96
1.32
0.47
1.54
0.94
0.78

2555
444

1861

2.00 2.03 2.41
11,82 12.51 15.90
16.28 17.23 22.54
4.73 4.93 6.56
1,82 2.00 2.84
2.14 3.07 6.32
0.70 1.06 2.20
0.71 1.08 2.25

LU
C.

Ti
V
Cr
Sr 17
Y 8
Zr 9

0.24
1.35
1.86
1.08
0.46
1.41
1.02
0.63

1.00
2.24
4.12
7.32
8.13
5.83
6,43
3.90

0.28
1.26
1.42
0.73
0.41
1.08
0.53
0.55

1.21
2.08
3.14
4.98
7.26
4.44
3.31
3.36

0.41
2.22
2.88
1.51
0.65
2.08
1.25
1.16

4001
396

1246
16

- 2804
517
251

0.53
2.73
3.12
1.74
0.77
2.54
1.56
1.30

4266
419

1312
16

5464 9415
414 483
219 229
23 2225

CI Normalized
La
Ce
Nd
S ii.

Eu
Dy
Er
Yb

1.12
1.87
4.34
8.94
8.45
6.33

- 5.93
4.79

16 21 16
120 141 142

0.60
2.76
2,62
1.47
0.73
1.37
1.21
0.99

2.56
4,57
5.79

10.02
13.03
5.65
7.63
6.07

12 12
17 17

8.51 8.64 10.28
19.60 20.73 26.36
35.98 38.08 49.83
32.17 33.53 44.61
32.47 35.77 50.66

8.81 12.63 26,04
4.38 6.64 13.83
4.38 6.64 13.87

1.75
3.68
6.36

10.25
11.67
8.58
7.88
7.15

2.24
4.53
6.90

11.81
13.66
10.48
9.79
8.01

La/Yb 0,23 0.26
La/Sm 0.12 0,14

0.36 1.94 1.30 0.74
0.24 0.26 0.26 0.23

0.24 0.28 0.42
0.17 0.19 0.26



Table A2.5. Clinopyroxenetraceelementscontinued.
Sample OB93-60 OB93-61A

Ti
V
Cr
Sr
Y
Zr
Cl Normalized
La
Ce
Nd
Sin
Eu
Dy
Er
Yb

6461 8348
404 387

1784 1640
33 30
24 23
84 94

0893-68 0B93-69
Point ID cpxls cpx2 cpxl cpx2 cpx3 cpx4 cpx5 cpxl cpx2

/3/3/li

La
Ce
Nd
Sin
Eu
Dy
Er
Yb

2.38
10.01
7.97
2,47
0.84
2.82
1.50
1.48

2.43
9.82
8.01
2,47
0.91
2,87
1.47
1.33

4.56
20.64
19.92
7.02
2.27
6.83
3.60
3.43

LU
C.
N

0.30 0.35
1.36 1.50
1.87 1.91
0.87 1.29
0,44 0.61
1.68 1.80
0.85 1.08
0.99 0.98

2274 2626
323 452
434 1954

15 15
7 8
8 9

1.29 1.50
2.26 2.49
4.13 4.22
5.93 8.79
7.80 10.87
6.93 7.43
5.36 6.80
6.11 6.03

0.79
3.57
4.87
1.86
0.74
3.03
2.04
1.67

0.97
3.91
4.96
2,36
0.89
3.13
1.99
1.82

2.39 1.96
12.12 9.53
14.56 12.25
5.27 4.83
1.68 1,46
5.11 4,70
2,67 2.21
2.48 2.62

10.18 8.33
20.09 15.80
32.18 27.08
35.83 32.83
30.04 26.06
21.07 19.35
16.81 13.93
15.26 16.10

10.15 10.34
16.60 16.28
17.62 17.70
16.80 16.79
14.93 16.30
11,63 11,82
9.43 9.28
9.11 8.20

19.43
34.22
44.04
47.70
40.49
28.14
22.66
21.13

3.37 4.11
5.92 6.48

10.76 10.95
12.66 16.06
13,26 15,84
12.48 12.89
12.84 12.53
10.25 11.18

La/Yb 0.21
La/Sm 0.22

0.25 1.11 1.26 0.92
0.17 0.60 0.62 0.41

0.67 0.52 0.33 0.37
0.28 0.25 0.27 0.26



LU
C.
LU

TableA2.5.Climiopyroxene traceelementscontinued.
Sample 0B93-69 OB93-7l OB93-72
Point ID cpx3 ptl, cpx3 pt 2, cpx4 cpxl, ptl cpxl, pt2 cpx2s cpx3 symnpl cpx3 cpxl, ptl cpxl, pt2

core rim
ppiti
La 0.33 0.46 0.45 1,16 1.13 III 1.28 0.76 0.31 0.52 0.47
Ce 1.55 1.86 1.99 3.63 3.71 3.01 4.05 2.05 1.42 2.39 1,97
Nd 2.78 3.36 3,55 3.06 3.30 2.18 3.47 1,31 1,48 2.46 2.59
Sin 1,82 1.85 1.64 1.24 1.21 0.83 1.50 0.62 0,74 1.47 0.93
Eu 0.76 0.85 0.95 0.57 0.57 0.47 0.59 0.92 0.32 0.67 0.52
Dy 2.72 2.93 3.21 1.83 1.89 1,13 2.18 0.92 1.13 2.56 1.87
Er 1.63 1.54 1.80 0.95 1.07 0,66 1.20 0.47 0.63 1.52 0.90
Yb 1.67 1.65 1.76 1,00 1.03 0.66 1.11 0.44 0.60 1.27 1.07

Ti 7213 6611 2692 2758
V 546 530 230 282
Cr 2536 2453 1537 1794
Sr 17 16 14 14
Y 19 18 8 10
Zr 25 25 16 17
Cl Normalized
La 1.40 1.97 1.91 4.92 4.80 4.73 5.44 3.24 1.33 2.22 1.99
Ce 2.57 3.08 3.30 6.01 6.16 4.99 6.72 3.40 2.35 3.96 3.26
Nd 6.15 7.42 7.84 6.77 7.29 4.81 7.66 2.89 3.27 5.45 5.74
Sun 12.37 12.61 11.15 8.44 8.21 5.65 10,17 4.23 5.00 9.98 6.35
Eu 13.57 15.25 16.95 10.15 10.19 8.33 10.55 16.38 5.71 11.92 9.29
Dy 11.20 12.07 13,23 7.52 7.78 4.64 8.98 3.80 4.67 10.54 7.69
Er 10.27 9.69 11.31 6.00 6,71 4.16 7.56 2.94 3.99 9.55 5.64
Yb 10.30 10.16 10.85 6.16 6.33 4.09 6.82 2,73 3.67 7.79 6.61

La/Yb 0,14 0.19 0.18 0.80 0.76 1.16 0.80 1.19 0.36 0.29 0.30
La/Sin 0.11 0.16 0,17 0.58 0.58 0.84 0.53 0.77 0.27 0.22 0.31



Table A2.5. Clinopyroxenetraceelementscontinued.
Samnple 0B93-90 0B93-96
Point ID cpxl cpx2 cpxl cpx2s cpx3

/3/3/it

La 0.40 0.33 0.25 0.30 0.16
Ce 1.63 1.33 1.22 1.04 0.92
Nd 2.10 1.66 1.49 1.00 1.36
Sun 1.33 1.03 1.33 0.77 0.91
Eu 0.40 0.35 0.49 0.35 0.27
Dy 1.44 1.14 1.55 1.14 1.12
Er 0.75 0.70 0.80 0.63 0.81
Yb 0.77 0.67 0.88 0.51 0.64

Ti 2658 1813 2409 2326 2415
V 235 134 466 442 473
Cr 1640 376 2036 1949 2015

w Sr 15 15 20 17 18
Y 8 6 8 7 7
Zr 14 12 10 7 7
Cl Noi’nmalized
La 1.70 1.39 1.07 1.30 0.68
Ce 2.70 2.21 2.01 1.73 1.52
Nd 4.63 3.67 3.30 2.22 3.01
Sun 9.04 6.97 9.02 5.21 6.17
Eu 7.06 6.26 8.68 6.21 4,77
Dy 5.93 4.70 6.38 4,71 4.60
Er - 4.70 4.38 5,05 3.98 5.07
Yb 4.75 4.14 5.39 3.13 3.97

La/Yb 0.36 0.33 0,20 0.41 - 0.17
La/Sin 0.19 0.20 0.12 0.25 0.11



Table A2.5. Traceelementcompositionsof granuliteclinopyroxenes.Eachanalysisisaseparategrain, unlessnotede.g. ptl, pt2.
The subscript "s" denotessyunolectite.

Sample OB93-50 0B93-54 OB93-57
PointlD cpxl cpx3 symcpx,

50u raster
cpxl cpx2 cpx3 A B cpxl cpx2 cpx3

/3/3//i

La 0,26 0.24 0.28 2,00 2.03 2,41 0.41 0.53 0.60
Ce 1.13 1.35 1.26 11.82 12.51 15.90 2.22 2.73 2.76
Nd 1.96 1.86 1.42 16.28 17.23 22.54 2.88 3.12 2.62
Sun 1.32 1.08 0.73 4.73 4.93 6.56 1.51 1.74 1.47
Eu 0.47 0.46 0.41 1.82 2.00 2.84 0.65 0.77 0.73
Dy 1.54 1,41 1,08 2.14 3.07 6.32 2.08 2.54 1.37
Er 0.94 1.02 0.53 0.70 1.06 2.20 1.25 1.56 1.21
Yb 0.78 0.63 0.55 0.71 1.08 2.25 1.16 1.30 0.99

Ti 2555 2804 5464 9415 4001 4266
V 444 517 414 483 396 419
Cr 1861 251 219 229 1246 1312

LU Sr 17 25 23 22 16 16
Y 8 16 21 16 12 12
Zr 9 120 141 142 17 17
Cl Normalized
La 1.12 1.00 1.21 8.51 8.64 10.28 1.75 2.24 2.56
Ce 1.87 2.24 2.08 19.60 20.73 26.36 3.68 4.53 4.57
Nd 4.34 4.12 3.14 35.98 38.08 49.83 6.36 6.90 5.79
Sin 8.94 7.32 4,98 32.17 33,53 44.61 10,25 11,81 10.02
Eu 8.45 8.13 7.26 32.47 35,77 50.66 11.67 13.66 13.03
Dy 6.33 5.83 4.44 8.81 12.63 26.04 8.58 10.48 5.65
Er 5.93 6.43 3.31 4.38 6.64 13.83 7.88 9.79 7.63
Yb 4.79 3.90 3.36 4.38 6.64 13.87 7.15 8.01 6.07

La/Yb 0.23 0.26 0.36 1.94 1.30 0.74 0.24 0.28 0.42
La/Sm 0.12 0.14 0.24 0.26 0.26 0.23 0.17 0.19 0.26



TableA2.5, Clinopyroxenetraceelementscontinued.
Sample OB93-60 0B93-6lA
Point ID cpxls cpx2 cpxl

0B93-68
cpx3

Ti
V
Cr
Sr

C.
C.

Zr
Cl No,’nmalized
La
Ce
Nd
Sin
Eu
Dy
Er
Yb

2274 2626
323 452
434 1954

15 IS
7 8
8 9

6461 8348
404 387

1784 1640
33 30
24 23
84 94

cpx2

ppitt
La 0.30 0.35
Ce 1.36 1.50
Nd 1.87 1.91
Sun 0.87 1.29
Eu 0,44 0.6!
Dy 1.68 1.80
Er 0.85 1.08
Yb 0.99 0.98

cpx4 cpx5
0B93-69

___________

cpxl cpx2

2.38
10.01
7,97
2.47
0.84
2.82
1.50
1.48

2.43
9.82
8.01
2.47
0.91
2.87
1.47
1.33

4.56
20.64
19.92
7.02
2.27
6.83
3.60
3.43

0.79
3.57
4.87
1.86
0.74
3.03
2,04
1.67

0.97
3.91
4.96
2.36
0.89
3.13
1.99
1.82

2.39 1.96
12.12 9.53
14.56 ‘ 12.25
5.27 4.83
1.68 1.46
5.11 4.70
2.67 2.21
2.48 2.62

10.18 8.33
20.09 15.80
32.18 27.08
35.83 32.83
30.04 26.06
21.07 19.35
16.81 13,93
15.26 16.10

1.29
2.26
4.13
5.93
7,80
6.93
5.36
6.11

1,50
2.49
4.22
8.79

10.87
7.43
6.80
6.03

10.15 10,34
16,60 16.28
17.62 17,70
16.80 16.79
14,93 16,30
11.63 11.82
9.43 9.28
9.11 8.20

19.43
34.22
44.04
47.70
40.49
28.14
22.66
21.13

3.37 4.11
5.92 6.48

10.76 10.95
12.66 16.06
13.26 15.84
12.48 12.89
12.84 12.53
10.25 11.18

La/Yb 0.21
La/Sun 0.22

0.25 1.11 1 .26 0.92
0.17 0.60 0.62 0.41

0.67 0.52 0.33 0.37
0.28 0.25 0.27 0.26



TableA2.5. Clinopyroxenetraceelementscontinued.
Sample 0B93-69 OB93-7l OB93-72
Point ID cpx3 p11, cpx3 Pt 2, cpx4 cpxl, p11 cpxl, pt2 cpx2s cpx3 symnpl cpx3 cpxl, ptl cpxl, pt2

core nun
/3/31/i

La 0.33 0.46 0,45 1.16 1.13 1,11 1.28 0.76 0.31 0.52 0.47
Ce 1.55 1.86 1.99 3.63 3.71 3.01 4.05 2.05 1.42 2.39 1.97
Nd 2.78 3.36 3.55 3.06 3.30 2.18 3,47 1.31 1.48 2.46 2.59
Sun 1.82 1.85 1.64 1.24 1.21 0.83 1.50 0.62 0.74 1.47 0.93
Eu 0.76 0.85 0.95 0.57 0.57 0.47 0.59 0.92 0.32 0.67 0.52
Dy 2,72 2.93 3.21 1.83 1.89 1.13 2.18 0.92 1.13 2.56 1,87
Er 1,63 1,54 1.80 0.95 1.07 0.66 1.20 0.47 0.63 1.52 0.90
Yb 1.67 1.65 1.76 1.00 1.03 0.66 1.11 0.44 0.60 1.27 1.07

Ti 7213 6611 2692 2758
V 546 530 230 282
Cr 2536 2453 1537 1794

LU Sr 17 16 14 14
Y 19 18 8 10
Zr 25 25 16 17
Cl Nor/nalized
La 1.40 1.97 1.91 4.92 4.80 4.73 5.44 3.24 1,33 2.22 1.99
Ce 2.57 3.08 3.30 6.01 6.16 4.99 6.72 3.40 2.35 3.96 3.26
Nd 6.15 7,42 7.84 6.77 7.29 4.81 7.66 2.89 3.27 5.45 5.74
Sun 12.37 12.61 11.15 8.44 8.21 5.65 10.17 4.23 5.00 9.98 6.35
Eu 13.57 15.25 16.95 10.15 10.19 8.33 10.55 16.38 5.71 11.92 9.29
Dy 11,20 12.07 13.23 7.52 7.78 4.64 8.98 3.80 4.67 10.54 7.69
Er - 10.27 9.69 11.31 6.00 6.71 4.16 7.56 2.94 3,99 9.55 5.64
Yb 10.30 10.16 10.85 - 6.16 6.33 4.09 6.82 2.73 3.67 7.79 6.61

La/Yb 0,14 0.19 0.18 0.80 0.76 1.16 0.80 1.19 0.36 0.29 0.30
La/Sun 0.11 0.16 0.17 0.58 0.58 0.84 0.53 0.77 0.27 0.22 0.31



TableA2.5.Clinopyroxenetraceelementscontinued.
Sample OB93-90 0893-96
Point ID cpxl cpx2 cpxl cpx2s cpx3

/3/7/fl

La 0.40 0.33 0.25 0.30 0.16
Ce 1.63 1.33 1.22 1.04 0.92
Nd 2.10 1.66 1,49 1.00 1.36
Sun 1.33 1.03 1.33 0.77 0.91
Eu 0.40 0.35 0.49 0.35 0.27
Dy 1.44 1,14 1.55 1.14 1.12
Er 0.75 0.70 0.80 0.63 0.81
Yb 0.77 0.67 0.88 0.51 0.64

Ti 2658 1813 2409 2326 2415
V 235 134 466 442 473
Cr 1640 376 2036 1949 2015
Sr 15 15 20 17 18
Y 8 6 8 7 7
Zr 14 12 10 7 7
Cl Normalized
La 1.70 1.39 1.07 1.30 0.68
Ce 2.70 2.21 2.01 1.73 1.52
Nd 4.63 3.67 3.30 2.22 3.01
Sm 9.04 6.97 9.02 5.21 6.17
Eu 7.06 6.26 8.68 6.21 4.77
Dy 5.93 4.70 6.38 4.71 4.60
Er 4.70 4.38 5.05 3.98 5.07
Yb 4.75 4.14 5.39 3.13 3.97

La/Yb - 0.36 0.33 0.20 0.41 0.17
La/Sin 0.19 0.20 0.12 0.25 0.11




