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ABSTRACT OF THE DISSERTATION

Quantitative IsotopicRatioIon Imagingandits

Applicationto Studiesof PreservedStardustin

Meteorites

by

Larry RogerNittler

ProfessorRobertM. Walker, Chairperson

This thesisreportsonanew ion imagingtechniquefor theautomaticdetermination

of isotopicratios in micron-sizeddustgrains. In this technique,mass-filteredsecondary

ion images,producedby an ion microprobe,are digitized by a charge-coupleddevice

(CCD) cameraand imageprocessingis usedto quantitatively determineisotopic ratios.

Thesoftwarealgorithmsdevelopedfor imageanddataprocessingaredescribedin detail.

Ion imagingwasusedto efficiently find raretypesof isotopicallyhighly anomalouscir-

cumstellardustgrainsin acid-resistantresiduesof primitive meteorites.These“presolar”

grainsformedin distantstarsbeforethe formationof the solarsystemandprovide new

informationaboutastrophysicalprocesses.Two ion imagingstudiesof presolargrainsare

reportedhere. First, imagingof ����� / ����� ratioswasusedto find 87 presolaroxide grains

(primarily �
	�����
 ) in meteoriticresidues.Thesegrainswerefurtheranalyzed,usingstan-

dardtechniques,for their isotopicratiosof O andMg. Comparisonof their isotopicratios

with astronomicalobservationsandtheoreticalpredictionsindicatesthatmostor all of the

grainsformedin red giant stars. Many individual starswith differentmassesandinitial

compositionsarerequiredto explain the rangeof isotopiccompositionsobserved in the

grains. Someof the grainshave compositionsunlike thosepredictedby standardstellar

modelsandthis mayindicatethatnon-standardmixing processesoccurredin theprogeni-

tor stars.Onegroupof �
	�����
 grainsprovidesa new, albeitmodel-dependent,methodfor
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determiningtheageof ourgalaxy. Second,imagingof � ����� / 
�� ��� ratioswasusedto identify

a large numberof circumstellarSiC grainsof type X, aswell asa new presolarphasein

meteorites,����
���� . Thesegrainsmake up a small fraction( � 1%) of presolarSiC present

in meteorites.A total of 81 grainsX and6 presolar����
���� grainswereanalyzedfor their

isotopiccompositionsof C, N, Si, Al-Mg, Ca and Ti. The isotopic signaturesof these

grainspoint to anorigin in TypeII supernovae,but importantdiscrepanciesexist between

theobservedcompositionsandcurrentsupernovamodels.
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Chapter 1

Intr oduction

TheSunis amassof incandescentgas

A giganticnuclearfurnace

Building hydrogeninto helium

At a temperatureof millions of degrees

They Might beGiants

Wearestardust

Joni Mitchell

1.1 Astronomy in the Laboratory: Stardust in Meteorites

We areindeed“stardust”in thesensethatour bodiescontainatomsthat,like most

elementsandtheir isotopesin theSolarSystem,weremanufacturedby nuclearreactionsin

stars.However, this thesisis concernedwith stardustin a moreliteral sense,namelywith

dustgrainsthat formedin stellaratmospheresor in expandingsupernova ejectaandhave

beenrecoveredfrom primitivemeteorites.Thisprocessis illustratedby thecartoonshown

in Figure1.1: dustgrainswereejectedinto the interstellarmediumby differenttypesof

stars,becamepart of the molecularcloud from which the SolarSystemcondensed,and

were trappedin primitive meteorites.We can liberatethe presolargrainsof stardustby

chemicallyprocessingmeteoritesin thelaboratory. Becausethesegrainshavesurvivedes-

sentiallyunchangedsincetheir formation,they retaintheisotopicandchemicalsignatures

1
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Figure1.1: Cartoonillustratingtheprocessby which stardustformedin stars,wasmixed
into the interstellarmedium,wasincorporatedinto theSolarSystemandis now extracted
from meteorites
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of theirstellarsources,andserveasdetailedprobesof physicalandchemicalprocessesthat

occurinsidestars.Thelaboratorystudyof stardustin meteoritesis thusa complementary

techniqueto observationalastronomyfor obtainingdiverseastrophysicalinformationabout

stellarevolutionandnucleosynthesis,mixing processesin stars,thephysicalandchemical

conditionsof stellaratmospheresandthechemicalevolutionof theGalaxy.

In someways,starduststudiesareforming the basisof a new “laboratoryastron-

omy.” Insteadof relyingon remoteobservationsfor theelucidationof certainstellarprop-

erties,especiallychemicalandisotopiccompositions,wecananalyzeactualpiecesof stars

in the laboratory, usingmassspectrometersandelectronmicroscopesasour “telecopes.”

Someof the instrumentationof traditionalastronomyhaseven carriedover to this new

astronomy. Oneof the basictools of the modernobservationalastronomer, the charge-

coupleddevice (CCD) camera,plays a fundamentalrole in this thesis,althoughherea

CCDcamerais attachedto theendof a ion microprobeinsteadof to atelescope.It is really

quiteprofoundthatdetailedinformationaboutobjectsaslargeasredgiantstars(of orderEGF 
�� kg) canbeobtainedthroughtheanalysisof grainsat mosta few micronsin diameter

( � EHF  I��J kg).

This chapterwill provide somebackgroundin this new astronomy. My primary

purposeis to make clearthe typesof astrophysicalinformationthat canbegleanedfrom

stardustin meteorites,not to provide an exhaustive review of this rapidly-growing field.

Moredetailedbackgroundinformationonpresolargrainsmaybefoundin reviewsby An-

dersandZinner(1993),Ott (1993),andZinner(1995;1996).Note,however, thatbecause

this is anew andexplosively-growing field (thefirst presolargrainswereisolatedin 1987),

reviewsmaysoonbeoutof date.Thereaderis thusencouragedto seekout thecurrentsci-

entificliteraturein additionto thereferencescitedhere.Theinterpretationof presolargrain

datais intimately tied to theoriesof stellarevolution andnucleosynthesis.A good,brief

introductionto thissubjectcanbefoundin thereview paperby AndersandZinner(1993).
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For morein-depthinformation,thetextbooksby RolfsandRodney (Rolfs& Rodney, 1988)

andClayton(1983b)areindispensable.

Finally, the nomenclaturefound in the literatureis somewhatconfusing,so a few

wordsof clarificationareneeded.Thewords“presolar,” “interstellar,” “circumstellar,” and

“stellar” haveall beenusedto describegrainsof stardustfoundin meteorites.In particular,

“interstellar” waswidely useduntil about1995,but hassincefallenout of favor, because

thegrainsstudiedherehave little in commonwith mostof whatastronomersconsideras

interstellardust.Clayton(1978)hassuggestedtheuseof theacronyms“STARDUST” and

“SUNOCONS”to describegrainsthatformedin stellaratmospheresandsupernovaejecta,

respectively, but thesetermshavenotgainedacceptanceby otherresearchers.In thisthesis,

I will primarily describegrainsof stellarorigin as“presolar”and“circumstellar,” with the

lattertermgenerallyreservedfor grainsthatlikely formedin circumstellaratmospheresof

late-typestars(asopposedto a formationin supernovae).

1.2 A Brief Intr oduction to PresolarGrains

Thetheoryof stellarnucleosynthesiswasfirst sketchedout,in mostlymodernform,

in classicpapersby Burbidgeetal. (1957)andCameron(1957).Stimulatedby thediscov-

ery of spectrallines from the unstableelementtechnetiumin the spectraof S-typestars

(Merrill, 1952)andby observationsof regularitiesin thesolarsystem(“cosmic”) distribu-

tion of the elements(Suess& Urey, 1956),theseauthorsproposedthat the elementsare

synthesizedby at leasteightnuclearprocessesoccurringin differentstarsunderdifferent

conditions.Theseprocessescanproduceawiderangeof isotopiccompositions,sothatthe

materialejectedfrom onestaris likely to haveanisotopiccompositioncompletelydifferent

from thatejectedby anotherstar. TheSolarSystemitself formedfrom a cloudof material

contributedby many isotopicallydistinctstellarsourcesat differenttimes.However, most

4



of thegasanddustthatmadeuptheprotosolarcloudwasthoroughlyprocessed,mixedand

homogenized.As a result,the isotopiccompositionsof nearlyall solarsystemmaterials,

from differentiatedbodieslike theearthto bulk samplesof undifferentiated,primitiveme-

teorites,arecloselysimilar. Mostvariationsin isotopicratiosbetweendifferentsamplesare

dueto well understoodprocesses:decayof long-livedradionuclides,interactionwith cos-

mic rays,andmass-dependentisotopicfractionation.In fact,until theearly1970s,it was

widely believedthatthepresolarnebula hadbeencompletelyisotopicallyhomogenizedat

temperaturessohigh thatnooriginalsolidgrainscouldhavesurvived.

Researchersbeganto find evidencein themid 1960sindicatingthatall wasnothot,

gaseousandisotopicallyhomogeneousin the very earlysolarsystem.Thefirst evidence

that someof the original solid materialfrom which the SolarSystemformedmight have

survivedintactwasthediscoveryof isotopicallyanomalouscomponentsof thenoblegases

Xe andNein someprimitivemeteorites(Reynolds& Turner, 1964;Black& Pepin,1969).

Becauseof theirvolatility, thesegasesareextremelyrarein meteoritesandtheverysurvival

of the anomalouscomponentssuggestedthat they weretrappedin solid grains. Isotopic

anomaliesin suchminor constituentsof meteoritesas the noblegasesdid not convince

many scientiststo giveuptheideaof aperfectlyhomogeneousnebula.� Nonetheless,these

anomalousnoble gases,as well as other isotopically anomalousnoble gascomponents

that werediscoveredlater (Black, 1972;Srinivasan& Anders,1978),arenow known to

be carriedby presolargrainsthat werenot vaporizedin the solarnebula. In fact, it was

the searchfor the carriersof the noble gasisotopic anomaliesthat led to the isolation

of stardustin meteorites. By using the noble gasesas tracers,Edward Andersand hisK
It was the discovery by Claytonet al. (1973)of isotopicanomaliesin oxygenin refractorycalcium-

aluminum-richinclusions(CAIs) thatfinally ledmeteoriticiststo acceptthatthesolarnebulawasisotopically
inhomogeneous.A largevarietyof isotopicanomalieshave sincebeendiscoveredin CAIs (Podosek,1978;
Wasserburg & Papanastassiou,1982;Claytonetal., 1985;Claytonetal., 1988;Lee,1988).Theseanomalies
aremuchsmallerin magnitudethanthoseobservedin theunprocessedpresolargrainsstudiedin this thesis,
andprobablyreflectreprocessinganddilution of presolarmaterial.

5



colleaguesat the University of Chicagodevelopedchemicaland physicalstrategies for

concentratingthecarrierphases,culminatingin thediscoveryof presolardiamonds,silicon

carbide(SiC),andgraphitein acid-resistantresiduesof primitivemeteorites(Lewis et al.,

1987;Tanget al., 1988;Bernatowicz et al., 1987;Zinneret al., 1987;Amari et al., 1990).

Additionaltypesof presolargrains,whichapparentlydonotcontainnoblegases,havesince

beenfoundin thesameresidues.Theseincluderefractorycarbidesof Ti, Mo, Zr, andFe,

identifiedby transmissionelectronmicroscopy assub-grainsin presolarSiC andgraphite

grains(Bernatowicz et al., 1991;Bernatowicz et al., 1992;Bernatowicz et al., 1996),as

well as ��	�����
 (Husset al., 1992;Hutcheonet al., 1994;Nittler et al., 1994;Husset al.,

1994b)and ����
���� (Hoppeetal., 1994b;Nittler etal., 1995c),identifiedby ion microprobe

isotopicmeasurements.

Althoughpresolargrainswereoriginally identifiedby meansof their isotopically

anomalousnoblegases,theirstellarorigin is confirmedby theisotopicratiosof theirother

majorandtraceelements,whichcanvaryoverordersof magnitude.An importantdistinc-

tionshouldbenotedbetweenthediamondsandtherefractorycarbidesub-grains,whichare

toosmallto analyzeindividually ( � 2nmand5-200nm,respectively),andtheotherpresolar

phases,whichcanbelargeenough( � L EHM
m) to allow isotopicanalysisof severalelements

on individual grains. The ion microprobe,with its ability to accuratelymeasureisotopic

ratiosof micron-sizedsamples,hasbeenthekey instrumentfor laboratorystudiesof single

grainsof stardust.For example,the isotopicratiosof several elements,including C, N,

O, Mg, Si, Ca andTi, have beendeterminedby ion probemassspectrometryin a large

numberof individual presolarSiC andgraphitegrains,andshow a tremendousdiversity

(Alexander, 1993;Hoppeetal., 1995;Hoppeetal., 1996b).

Sincetheinceptionof nucleosynthesistheory, its majorthrusthasbeenexplaining

the bulk compositionof the SolarSystemas a mixture from differentstellarprocesses.
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Much direct informationabouttheprocessesthemselveshasbeenobtainedby astronomi-

calobservationsof theelementalandchemicalabundancesin stars,but thesearelimited in

bothaccuracy andthenumberof elementsthatcanbemeasured.Becauseindividualgrains

of stardustcarry an unalteredchemicalandisotopicmemoryof their sources,they area

new sourceof informationaboutthe nuclear, physicalandchemicalprocessesoccurring

in specificstellarsites. It shouldbe stressed,however, that extractinginformationfrom

presolargrainsis an iterative process.Currentideasof stellarevolution, basedon a com-

binationof existing theoryandastronomicalobservations,areusedto infer likely stellar

sourcesfor differentgrains. Preciseisotopicmeasurementsof majorandminor elements

in thegrains—madewith a dynamicrangeandaccuracy far exceedingthatwhich canbe

achievedastronomically—arethenusedto testandrefinetheoreticalmodels,leadingto a

deeperunderstandingof stellarprocesses.

By far thebeststudiedpresolarphasesin meteoritesarethethreeC-rich typesthat

wereknown whenthis thesisresearchbegan: diamonds,SiC, andgraphite. Becauseof

their extremelysmall size,diamondscannotbe analyzedassinglegrains,andI will not

discussthemany further. In the remainderof this section,I will briefly review the basic

characteristicsof presolarSiC andgraphite.Theotherknown presolarphases,����
���� and��	�����
 , werecharacterizedaspartof this thesisandarediscussedin detailin laterchapters.

1.2.1 Silicon Carbide

SiC wasfirst identified(Bernatowicz et al., 1987)asthe carrierof two noble-gas

components,Xe-S and Ne-E(H) (Xenon-Shas the isotopic patternexpectedfor the s-

processof nucleosynthesis,andNe-E(H) is a ��� �
N -enrichedcomponentthat is released

at High temperature.)Sincethen,a largenumberof individual SiC grainshave beenana-

lyzedindividually for their isotopiccompositionsof C, N, Si, Mg (alongwith Al), Caand

Ti (seeAndersandZinner1993andthereferencestherein,Alexander1993,Hoppeet al.
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1994),andheavier elements,includingXe, Kr, Sr, Ba,Nd, andSm,havebeenmeasuredin

“bulk samples”,i.e., collectionsof largenumbersof SiC grains(Lewis et al., 1990;Ott &

Begemann,1990;Promboetal., 1993;Zinneretal., 1991;Richteretal., 1993).

The isotopic datafor the bulk measurementsand for the vastmajority of single

grains(namedthe“mainstream”population)point to anorigin in C-rich redgiantsduring

theso-calledthermally-pulsingasymptoticgiantbranch(AGB) phaseof stellarevolution

(Gallinoetal., 1990;Lewis etal., 1990;Stoneetal., 1991;Viragetal., 1992;Hoppeetal.,

1994a).An AGB starorigin for mostpresolarSiCis supportedby severallinesof evidence:

(1) thedistributionof � ��O / � 
�O ratiosin singleSiCgrains(Hoppeetal., 1994a)matchesthat

observedin carbonstars(Smith& Lambert,1990);(2) carbonstarsarebelievedto bethe

dominantsourceof C-rich stardustin the Galaxy(Gehrz,1989); (3) the presenceof SiC

in thedustyatmospheresof C-rich AGB starsis indicatedby a spectralfeatureat 11.2
M

m

(Whittet,1989)and(4) theisotopiccompositionsof theheavy elementsmeasuredin bulk

SiC samplesareindicative of the s-processof stellarnucleosynthesisandAGB starsare

believedto betheprimaryproducersof s-processelements(Gallinoetal., 1990).

ThemainstreamSiC grainshave providedinsightsinto a numberof astrophysical

processes.For example,the isotopiccompositionsof theheavy traceelementsmeasured

in SiC have provided informationon detailsof the s-processthat is impossibleto obtain

by othermeans(Ott et al., 1993),andhave even helpedconstrainnuclearcross-sections

(Gallino et al., 1990). Discrepanciesin detailbetweenthe isotopicratiosof the light ele-

mentsmeasuredin singleSiCgrainsandpredictionsof currentAGB starmodelsposenew

challengesfor theoriesof stellar evolution and nucleosynthesis.For instance,although

mostof thegrainshave C andN isotopicratiosthatgenerallyagreewith expectationsfor

carbonstars( � 
 O and � � � excesses),certaingrainshave C- andN-isotopicratiosincom-

patiblewith currentstellarmodels(Hoppeetal., 1994a).Also, theSi- andTi-isotopicratio

trendsobservedfor SiC do not conformwith thepredictedcompositionsfor slow neutron
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capturein AGB stars. A likely explanationis that the distribution of Si- andTi-isotopic

ratiosin SiC grainsreflectscontributionsfrom differentstarswith differentstartingcom-

positions,ratherthannucleosyntheticprocessesoccurringin asinglestar(Alexander, 1993;

Hoppeet al., 1994a).A rangeof initial isotopiccompositionsof starswould ariseasa re-

sult of thechemicalevolutionof theGalaxy, andtheSiCgrainsthuscanalsoprovide new

informationon this vasttopic (Gallino et al., 1994;Timmes& Clayton,1996;Clayton&

Timmes,1996).

AlthoughmostcircumstellarSiCgrainsapparentlyoriginatedin AGB stars,ion mi-

croprobemeasurementsof singlegrainshavealsorevealedsub-groupsof presolarSiCwith

completelydifferentisotopiccharacteristicsfrom thoseof themainstreampopulation,i.e.,

“anomalousanomalies.” Thefirst suchgroupidentifiedwasnamedX, sincethesegrains

eXhibit eXtremelyeXotic isotopicratios(Amari et al., 1992b). Subsequentgroupswere

namedY, Z, andwith theendof thealphabetat hand,A andB (Hoppeet al., 1994b).The

distinct isotopiccompositionsof theseraresub-groupsreflecteithercompletelydifferent

typesof stellarsourcesor specialconditionsin anAGB source.For example,SiCgrainsX

probablyformedin supernovae(Amari et al., 1992a),whereasgrainsY probablyformed

in oneor a few AGB starsthatwerefurtherevolvedthantheAGB sourcesof mostof the

grains(Hoppeet al., 1994a).In any case,thesub-groupsprovide importantnew informa-

tion, not obtainedfrom studiesof themainstreamgrains,anda major thrustof this thesis

wasto identify moremembersof raresub-groupsof SiC(seebelow).

1.2.2 Graphite

Presolargraphitewasfirst identified(Amari et al., 1990)asthecarrierof Ne-E(L)

(essentiallypure ��� �
N that is releasedat Low temperature),andshows the greatestcom-

plexity of all the known presolarphases.The isotopicpropertiesof the grainsvary with
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size,densityandmorphologyandindicateseveraltypesof stellarsources,includingsuper-

novae,AGB starsandnovae(Amari etal., 1990;Nicholsetal., 1992;Amari etal., 1995a;

Hoppeetal., 1995;Nittler etal., 1996a).In additionto providing informationonstellarnu-

cleosynthesisandchemicalevolution,thegraphitegrainshaveprovidednovel information,

not yet obtainedby othertypesof presolargrains.For example,Bernatowicz et al. (1996)

haveperformeddetailedstudiesof thechemical,structuralandcrystallographicproperties

of individual presolargraphitegrains. They usedthesedata,alongwith thermodynamic

equilibriumandkinetic graingrowth modelsto put importantconstraintson therangesof

pressure,temperatureandchemicalcompositionsin stellaratmospheresandejecta. An

exciting recentdevelopmentis thediscovery of organicmolecules,specificallypolycyclic

aromatichydrocarbons(PAHs), in individual graphitegrains(Clemettet al., 1995;Mes-

sengeret al., 1995). Someof thesemoleculeshave anomalous� ��O / � 
�O ratioscorrelated

with thoseof thegrains.This indicatesthatsomeof theobservedPAHs formedeitherfrom

theC atomsof individualgrainsor in closeproximity in timeandspaceto theformationof

thegrains,i.e., in thesamestellarsource.

1.2.3 PresolarGrains and Meteorites

Presolargrainsarepresentin the leastmetamorphosed(i.e., themost“primiti ve”)

membersof all chondriteclasses(Alexanderet al., 1990a;Huss,1990; Huss& Lewis,

1994).Thepristine,unalterednatureof thegrainsmeansthatthey cannotin andof them-

selvesprovide muchdirect informationaboutprocessesin the earlySolarSystem.How-

ever, theextent to which they have survivedin differentmeteoritesanddifferenttypesof

meteoritescanprovidecluesto thethermalhistoryof differentmeteoriteclasses,andthus

potentiallyto the thermalhistory of the solarnebula (Huss& Lewis, 1994). The largest

survey to dateof therelative abundancesof presolarphasesin differentmeteorites(Huss,

1990;Huss& Lewis,1994)did notmeasurepresolargrainabundancesdirectly, but instead
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usednoble-gasmeasurementsto infer abundancesof known,noble-gascarryinggrains.An

ongoingprojectat WashingtonUniversity involvesthedetailed,directcharacterizationof

differentpresolarphasesin differentmeteoritesby correlatedion probe,SEM,andnoble-

gasmassspectrometrymeasurements.This thesisrepresentsjust onesmall part of this

grandsurvey.

1.3 The Work of This Thesis

As discussedabove, the ion microprobehasprovento beanessentialtool for the

isotopiccharacterizationof individual micron-sizedpresolargrainsin meteorites.Tradi-

tional ion probemeasurementsof singlegrainsarerelatively time-consuming,however. As

aresult,it is quitedifficult tofind andcharacterizein appreciablenumberscertainraretypes

of grains,suchastheX andY sub-groupsof presolarSiC.This thesisdiscussesa new ion

imagingtechniquefor rapidly andautomaticallydeterminingisotopicratiosin smalldust

grains.Theimagingtechniqueis usedprimarily to “map” isotopicratiosof largenumbers

of grainsin orderto identify isotopicallyanomalousgrains. Oncefoundby ion imaging,

thesemaybestudiedin detailby othertechniques.For example,their isotopicratiosmay

bedeterminedusingtraditionalion microprobetechniques.

Ion imagingwasusedhereto identify membersof two generalclassesof rarepreso-

lar grains. First, imagingof ����� / ����� ratios was usedto identify presolaroxide grains,��	�����
 and PRQS��	������ , in acidresiduesof anumberof meteorites.Priorto thiswork, known

presolargrainswereall carbonaceousandprovidedinformationaboutC-rich stellarsites.

Theresultspresentedherehave extendedthestudyof presolargrainsto materialfrom O-

rich stars,andthushave broadenedthe typesof astrophysicalinformationobtainedfrom

studiesof stardustin meteorites.Second,imagingof � � ��� / 
�� ��� ratioswasusedto identify a

largenumberof presolarSiCgrainsof typeX (seeabove). As abonus,Si ion imagingalso
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resultedin the unambiguousidentificationof a new presolarphasein meteorites,����
���� ,
which is isotopicallysimilar to SiCgrainsX. TheseresultsincreasedtheSiC-X datasetby

a factorof � 10andprovidedstrongevidencefor asupernovaorigin of thegrains.

Theexperimentalproceduresusedfor this researcharediscussedin Chapter2. In

addition to a review of the basicproceduresfor ion probeanalysisof isotopic ratios in

small dustgrains,the new ion imagingsystemis discussedin detail, asarethe software

algorithmsdevelopedfor imageanddataprocessing.Chapter3 describestheion imaging

andhigh-mass-resolutionmeasurementresultsof my presolaroxide grain studiesin dif-

ferentmeteorites.Theastrophysicalimplicationsof theoxidegraindataarediscussedin

detail in Chapter4. Chapter5 presentstheresultsof ion imagingsearchesfor grainswith

unusual� � ��� / 
�� ��� ratios,includinga discussionof therelative abundancesof presolarSiC

grainsof type X andpresolar����
T��� in four differentmeteoritesof widely differing type.

Discussionsof the isotopiccompositionsandastrophysicalimplicationsof theSiC grains

X andpresolar����
���� have beenpreviously published(Nittler et al., 1995c;Nittler, 1996),

andthesepapersarereproducedin theAppendices.
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Chapter 2

Experimental Techniques

2.1 SamplePreparation and Characterization

All samplesdiscussedin this thesiswereproducedby chemicalandphysicalsepa-

rationsof chondriticmeteorites,usingproceduresoriginally developedat theUniversityof

Chicago.Descriptionsof thebasicseparationprocedurescanbefoundin Tang& Anders

(1988)andAmari etal. (1994).Samplesfrom residuesof MurchisonandOrgueilprepared

at theUniversityof Chicagowerekindly providedby Roy Lewis andSachiko Amari. Sam-

plesfrom Tieschitz,IndarchandAcfer 094werepreparedatWashingtonUniversityby Xia

Gao usinga slightly modifiedversionof the Chicagotreatments.Dust grainsfrom the

meteoriticresidueswereput into isoproponalsuspensionanddepositedonsputter-cleaned

goldfoils pressedinto aluminumstubs.Thetechniqueusedto makethegoldmountsis de-

scribedby McKeegan(1987a).Terrestrialstandardsfor ion probeisotopicmeasurements

wereplacedon thesamplemountsusingamicromanipulator.

Eachsamplemountwascharacterizedfor grainsize,dispersionon themountand

composition,using a JEOL 840 scanningelectronmicroscope(SEM) equippedwith a

Tracor-Northernenergy-dispersivex-ray(EDX) system.TheEDX systemusesaLi-drifted

Si detectorto detectx-raysgeneratedby electronbombardmentof thesample.Thedetector

is coveredwith an“ultrathin ” window, allowing x-raysfrom light elements(C, N andO)

to beidentifiedin energy spectra.Typically, asmallregion( � 250U 250
M

m) of eachgrain
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mountwaschosenby eye ashaving an “average”graindensity. The relative numbersof

differentmineralphaseson eachgrainmountweredeterminedfrom EDX spectraof each

grain in theselectedarea.EDX spectrawerealsousedto determinethe compositionsof

presolargraincandidatesidentifiedby ion imagingin theion microprobe(seebelow). Note

thatmineralphaseswereidentifiedby qualitative comparisonof EDX spectraof samples

with thoseof standards,notby precisequantitativeanalysis.

2.2 SecondaryIon MassSpectrometry

All isotopicratio measurementswereperformedby secondaryion massspectrom-

etry (SIMS) on the WashingtonUniversity CAMECA IMS-3F ion microprobe. This in-

strumenthasbeenextensively modifiedto allow routineisotopicanalysisof smallgrains.

Two distincttypesof isotopicmeasurementswerecarriedout. First,a low-mass-resolution

ion imagingtechniquewasusedto “map” samplemountsandidentify isotopicallyhighly

anomalousgrains.Thedevelopmentof this techniquelies at theheartof this thesisandis

describedin depthin V 2.3 and2.4. Second,following SEM characterization(seeabove),

presolargraincandidateswerere-locatedin theion probeandanalyzedat high massreso-

lution, usingwell establishedtechniquesfor isotopicratioanalysis.

The designof the IMS-3F ion probe hasbeendescribedin detail by Lepareur

(1980). In addition,a wealthof informationon the design,modifications,characteriza-

tion andusefor isotopicratiomeasurementsof theIMS-3Fcanbefoundin thePhDtheses

of McKeegan(1987a)andFahey (1988)andin review papersby Zinner(1989)andIreland

(1995).Thesedetailswill only bebriefly reviewedhere.
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2.2.1 Overview of the IMS-3F

In SIMS, a beamof “primary” ions is acceleratedto an energy of order10 keV

andfocussedontothesamplebeingstudied.Thecollisionsbetweenprimaryionsandthe

surfaceresultin particles(atoms,electrons,molecules,moleculefragments,etc.)beingre-

moved(sputtered)from thesurface.A smallfractionof theseparticlesis ionizedduringthe

sputteringprocessandthesearethesecondaryionsin “secondaryion massspectrometry.”

Thesemaybeacceleratedto severalkeV, separatedaccordingto theirmassin amassspec-

trometer, anddetected.Isotopicratiosaredeterminedby ratioingsecondaryion intensities

for differentisotopes.

Theion opticaldesignof theCAMECA IMS-3F secondaryion massspectrometer

(ion microprobe/microscope)is shown schematicallyin Fig. 2.1. Theprimarycolumnis

equippedwith two ion sources:a cesiumgun anda duoplasmatron.CsW ions produced

by thermalionizationata tungstenfritt areusedto producenegativesecondaryions,while��� �  ionsproducedin ahollow-cathodeplasmadischargein theduoplasmatronareusedto

producepositivesecondaries.(Althoughtheduoplasmatroncanalsoproduce�����XW ionsor

primaryionsof othergaseslikeargon,only ��� �  ionswereusedfor measurementsin this

thesis.)UsingelectropositiveCsW ionsasaprimaryionbeamspecieshastheadvantagethat

cesiumlowersthework functionof thesurface,enhancingtheyield of negativesecondary

ions by many ordersof magnitude.Similarly, electronegative O ions increasethe yield

of positive secondaryions. Primaryions of 10–12keV energy areextractedfrom either

source,mass-selectedin amagneticprism,andfocussedwith aseriesof electrostaticlenses

anddeflectorsontothesample,atanominalincidentangleof 60Y .
Thesampleitself is nominallykept at a voltage Z 4.5 kV, with respectto ground,

with thesigndependingonthepolaritiesof thesecondaryions(- for CsW /neg. secondaries;

+ for O  /pos.secondaries).Sputteredions from the sampleare acceleratedtowardsa
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Figure2.1: A schematicdiagramof the ion-opticalsystemof theCAMECA IMS-3F ion
microprobe(drawing courtesyof Trevor Ireland).
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groundedextractionplatethatsitsfive mm from thesampleandformsthefirst elementof

the“immersion”lens.Theextractionelectrodeactslikeadivergentlensandformsavirtual

imageof thesamplesurfaceandavirtualcrossover. Thecrossoverimagereflectstheenergy

andangulardistributionsof thesecondaryions;anion with kineticenergy E thatleavesthe

sampleatangle[ , relative to normal,appearsto comefrom apointon thecrossover image

a distanceproportionalto E ��\ �^] ��_�[ from theopticalaxis. The immersionlenstransports

the two virtual imagesfrom the high-field extractionregion into the field-freesecondary

column.

Theremainderof theion-opticalsystemservesto magnifyandtransporttheseim-

agesthrougha double-focusingmassspectrometerandonto ion detectors.The transfer

lenssystemmagnifiesthesampleimageandfocusesit onto thefield aperture,which can

be usedto maskout secondaryions from unwantedpartsof the samplesurface. Simul-

taneously, theselensesfocusthe crossover imageonto theplaneof the contrastaperture,

which restrictsthediameterof thecrossover. Becausethis reducestheangulardivergence

of thedetectedsecondaryions,thespatialresolutionof the ion imageincreasesasthethe

sizeof the contrastapertureis decreased.The improved imageresolutioncomesat the

expenseof reducedsensitivity, however, sincea fractionof sputteredionsareblockedby

theaperturefrom reachingthedetector. Theentrance(source)slit of themassspectrometer

alsolies in the focal planeof the crossover andis usedto producea vertical line image

of thecrossover, neededto distinguishbetweensecondaryspeciesof closelysimilar mass

(high massresolution). Although the threetransferlensesprovide a wide rangeof mag-

nifications,all measurementsreportedin this thesiswereperformedwith only thesecond

transferlensenergized,resultingin a150-200
M

m imagedfield. Thissettinghaspreviously

beenfoundto beidealin termsof spatialresolution/sensitivity for isotopicratiomeasure-

mentsathigh-mass-resolution(McKeegan,1987a;Fahey, 1988).

Themassspectrometerof theIMS-3F consistsof a sphericalelectrostaticanalyzer
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(ESA) anda magneticprism. It is calleddouble-focusingbecauseit focusessecondary

ionsof agivenmassto charge(m/q) ratioto thesamepositionregardlessof energy. Of key

importanceto this thesisis thefactthatthemassspectrometercantransportion images,by

meansof anelectrostaticlens(“spectrometerlens”) couplingtheESA to themagnet.The

ESA transportsanimageof thecrossoverdispersedin energy alongtheradialdirectionof

theESA.Theenergy slit allowsonly ionsof agivenbandwidthof energiesto passthrough

to the magneticprism. This is usefulboth for reducingchromaticaberrationsof the ion

imagesandfor discriminatingagainstcomplex molecularinterferences,whosesecondary

ion energy distributions tend to be much more narrow than thoseof atomic ions. This

latter “energy filtering” technique(Zinner& Crozaz,1986)hasprovento bemostuseful

for trace-elementchemicalanalyses,but hasbeenappliedin a few casesto isotopicratio

measurementsaswell (Zinner et al., 1991;Hervig & Steele,1992;Riciputi & Paterson,

1994).

Following theenergy slit andthespectrometerlens(Fig. 2.1) is a magneticprism,

which dispersesthe beamin the massto charge ratio andenergy. The energy-focussed

imageof the entranceslit is selectedfor ions of a given m/q by changingthe currentin

themagnetcoils, andis focussedon theexit slit, which in turn masksout unwantedions

from interferingmasspeaks.Thesecondaryionsselectedby theexit slit impingeon one

of threepossibleion detectors—amicrochannelplate/ fluorescentscreen(MCP/FS),an

electronmultiplier (EM), or a Faradaycup.For ion imaging,two projectorlensesareused

to transporta realimageof eitherthesampleor thecrossoverontotheMCP/FS.

Isotopicratiomeasurementsreportedin this thesiswereperformedusingeitherthe

MCP/FSimagingdetector(describedin detail below in V 2.3) or the EM operatingin a

pulse-countingmode.TheEM pulse-countingsystemhasbeendiscussedby Fahey (1988)

andwill not be describedfurther here. The Faradaycup detectorwasnot usedfor any

measurementsreportedhere.
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2.2.2 High-mass-resolutionIsotopic Ratio Measurements

Overview

Becausedetailedtreatmentsof isotopicratiomeasurementsby SIMSmaybefound

elsewhere(McKeeganetal., 1985;McKeegan,1987a;Fahey, 1988;Zinner, 1989;Ireland,

1995),in this sectionI only briefly discussthe specificexperimentaltechniquesusedfor

the high-mass-resolutionisotopicratio measurementspresentedin this thesis. I pay par-

ticular attentionto the specialconsiderationsrequiredto analyzevery small ( � ` 3
M

m) but

isotopicallyhighly anomalousdustgrains.

Isotopicmeasurementsaremadein an automaticpeak-jumpingmode,wherethe

magneticfield is cycled througha seriesof masspeaks,and secondaryion signalsare

countedon theelectronmultiplier for presettimesat eachpeak.A measurementconsists

of many suchcycles,arbitrarily divided into blocksof four cycleseach. Countratesare

correctedfor countingsystemdeadtimelossesasamatterof course,following Fahey etal.

(1987).However, deadtimecorrectionsareonly significantfor highcountrates( � Lba U EGF J )
andarenegligible for thesmallgrainsreportedhere,whosemaximumcountratesaretypi-

cally ` afew times10� c/s.Priorto ameasurement,themagneticfield settingscorrespond-

ing to thecentersof differentmasspeaksareautomaticallydetermined(afterbeingroughly

setmanuallyby theuser).At leastonepeakis centeredduringthefirst cycle of eachmea-

surementblock; peakshifts in thecenteredpeak(s)areusedto determineshifts for those

thatarenot individually centered.Samplecharging is monitoredthroughoutthemeasure-

mentby periodicallycheckingthepositionof thesecondaryion energy distribution in the

energy slit andoffsettingtheacceleratingvoltage,if necessary, to keepa constantenergy

band-pass.Whenmeasuringsmallgrains,suchasthoseanalyzedin this thesis,secondary

ion beamintensitiestendto declinerapidlyduringa measurementasthegrainsareeroded
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away. Sinceion countingof differentmasspeakswithin a cycle is donesequentiallyin or-

derof increasingmass,thechangein countratesmustbetakeninto accountor theheavier

masspeakswill beunder-estimatedrelative to the lighter ions. Within eachmeasurement

block, the dataarecorrectedby fitting a straightline to the measuredcount ratesof the

mostabundantisotopeasa functionof time andinterpolatingthe intensitiesof the other

isotopesaccordingto thetimesatwhich they areacquired.

For theisotopicratiomeasurementsreportedhere,theabovestepswerecarriedout

usingoneof two programs,written in BASIC, on the HP9845Bion probecontrol com-

puter:“ISON-9” or “ISO-LO” (or theearlierversions“ISON-8,” or “ISO-HI.”). Theseare

thelatestgenerationof a generalisotopicmeasurementprogramoriginally developedand

writtenby ErnstZinner. Thetwo areessentiallyidenticalexceptin theway isotopicratios

andtheiruncertaintiesarecalculatedfrom secondaryion intensities.Thebasicstructureof

theseprogramshasnotchangedin many yearsandis describedin McKeegan(1987a).The

primaryadditionI have madein goingfrom ISON-8to ISON-9(andISO-HI to ISO-LO)

is theability to selectat thebeginningof eachmeasurementthe isotopesof a massseries

to bemeasured.This is usefulfor presolargrainmeasurementswheredifferentgrainsmay

havewidely varyingtrace-elementconcentrations.Onecansetup theprogramto measure

isotopicratiosof many elementsandthenfor a givengrainonly measurethoseelements

thatareactuallypresentatameasurablelevel.

After a presetnumberof blocks,themeasurementis completedandisotopicratios

andtheiruncertaintiesaredetermined,printedandtransferredvia serialline (RS-232)from

theHP9845Bto aSiliconGraphics4D/35workstationfor furtherprocessing.Theprogram

ISON-9calculatesisotopicratiosfor eachblock, from thetime-correctedcountrates,and

gives the final result as the averageof the block ratios; the uncertaintyis the standard

errorof themean.ISO-LO,ontheotherhand,assumesthattheuncertaintydueto counting

statisticsdominatesoverothersourcesof error. Thisprogramdoesnotcalculateanisotopic
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ratiofor eachblock;insteadit calculatesafinal isotopicratiofrom thecorrectedcountrates,

averagedover all blocks,andcalculatesuncertaintiesfrom theoverall countingstatistics.

For the isotopicallyhighly anomalousgrainsstudiedhere,the differencesin the results

of the two programsareunimportant.However, for very small grains,the uncertaintyis

usually due primarily to countingstatisticsand ISO-LO was thus usedfor most of the

measurementsin this thesis.

Instrumental MassFractionation and Err or Analysis

The measuredisotopicratiosin a samplediffer from the true ratiosdueto mass-

dependentprocessesduring sputtering,transmissionanddetection. The effectsof these

processesarecollectively referredto as“instrumentalmassfractionation.” Themagnitude

of this fractionationdependsstronglyon theinstrumentaltuningconditions,aswell asthe

chemicalcompositionof thesampleandtheelementbeinganalyzed.Thus,it is important

to measureisotopicstandardsusingidenticalinstrumenttuningconditionsto thoseof the

unknowns.Measuredratiosin thesamplecanthenbenormalizedto theknown ratiosof the

standards,but caremustbetakento fold theuncertaintiesin themeasurementof standards

into theanalysisof theunknowns.

Isotopicratiosarecustomarilyreportedas c -values,deviationsin permil (‰) from

standardratios. Although this notationis not really appropriatefor the large isotopicef-

fectsoftenobserved in presolargrains,it wasusedhereto normalizeisotopicratio mea-

surements,mostlybecausethedataanalysisprogramswerewritten thatway. Denotinga

sample’s measuredandtrue isotopicratiosby d
e and d
f , respectively, andthe isotopic

ratioof thenormalizingstandardby d�g , themeasuredandtrue c -valuesaredefinedas:c�eihkj d�ed�gml E%n
oSEGFSFpFc�fqh j d
fd�g l E n oSEGFSFpF
(2.1)
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andtheinstrumentalmassfractionationis definedasr h j d
ed
fsl E n oSEGFpFSFut
(2.2)

By combiningequations2.1and2.2,thetruedeltavaluecanbeobtainedfrom c�e andF:c�fvh c�exw EGFSFSFE w y� ����� l EHFSFSF
(2.3)

with associatederror: z h EE w {� ����� oi|}}~ z �e w�� E w c�fEGFpFSF^� � o z �{ t (2.4)

Following McKeegan(1987a),

z { is taken to be the standarddeviation of repeatedmea-

surementsof standardsanalyzedon the given day. The valueusedfor the measurement

uncertainty,

z e , dependson which programwasusedfor the analysis.It is the counting

statisticserrorif ISO-LOwasusedandeitherthestandarderrorof themeanor theweighted

uncertaintyof themean,whichever is larger, for dataacquiredusingISON-9.

Isotopicratiosareusuallyreportedwith themostabundantisotopeasthedenomi-

nator, reflectingthe fact that thestatisticaluncertaintyin themeasuredratio is dominated

by thelessabundantisotope.For presolargrainstudies,however, variationsfrom grainto

grain in someisotopicratios(e.g., thoseof C, N, andO) areso large that reportingratios

with the lessabundantisotopein thedenominatoris preferable(particularlyfor graphical

display).This is alsonecessaryfor comparisonwith isotopicratiosmeasuredspectroscop-

ically in stars,which areoften reportedwith themostabundantisotopein thenumerator.

Givenanisotoperatio, d , andits correspondingerror,

z��
, wecanestimatetheasymmetric

errors

z  ��� and

z W��� of thereciprocalratio d���h �� :z  �6� h Ed l Ediw z�� h
z��

d � wid o z��
(2.5)

z W�6� h Ed l z�� l Ed h z��
d � l d o z��
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If

z����� E
,

z  �6��� z W����� z�����
, which is theexpressionexpectedfrom elementarypropaga-

tion of errors.Asymmetricerrorsin plotsandtablesthroughoutthis thesiswerecalculated

usingEquations2.5.

OxygenIsotopic Measurements

Oxygenisotopesweremeasuredin oxide grainsusing techniquesdescribedpre-

viously by McKeegan(1987b). The threestableO isotopesand ����� H weremeasuredas

negativesecondaryionsproducedby aCsW primaryion beamatamass-resolvingpowerof� 5000,which is sufficient to resolve �����u ionsfrom ����� H  ions. Burmaspinel(USNM

#135273)wasusedastheisotopicstandard.The ��� � H  signalwastypically 10-100times

ashigh asthe �����u signalandwasfound to comeprimarily from residualwateron the

samplemountandnot from the grains. To checkthat the tail of the ��� � H  peakdid not

significantlycontribute to the ��� � peak,measurementsof presolargraincandidateswere

interspersedwith measurementsof non-candidategrains,underidenticalconditions.These

measurementsindicatethat ��� � H contributionsto the ��� � signalwerewell below thean-

alytical uncertaintydue to countingstatistics. Note that the “tail” correctiontechnique

describedby McKeegan(1987b)is only valid if thepeakshapesof ��� � and ��� � H areiden-

tical, which is not the caseif the hydridesignalcomesfrom an extendedregion on the

samplemount.Thus,tail correctionswerenot appliedhere.A maskingaperturewasused

duringall measurementsto blockcontributionsfrom nearbygrains,but in a few casessuch

contributionswereunavoidable,andthe true isotopiccompositionsof someof the grains

thusmaybeevenmoreextremethanreported.

Al-Mg Isotopic Measurements

MagnesiumisotopesandAl weremeasuredaspositivesecondaryionsunder ��� �  
bombardment,following thetechniquesdescribedby McKeeganetal. (1985),Fahey etal.
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(1987),andVirag et al. (1991). A mass-resolvingpower of 3000,sufficient to resolve all

importantinterferences,wasused. Burmaspinelwasusedasa standardfor oxide grain

measurements;K-augitewasusedfor SiCand ����
���� measurements.In mostgrainstheMg

concentrationswerevery low soonly the � � �
	 W peakwascentered;all of thepeakswere

centeredon standards.MeasuredMg isotopicratioswerecorrectedfor instrumentalmass

fractionation,asdescribedabove. Themeasured� ��P�Q / ��� P�Q ratioswerenot correctedfor

“intrinsic” massfractionation,however, bothbecauseerrorson � J P�Q / ��� P�Q measurements

werelargeandbecausedeviationsof the � J�PRQ / ��� P�Q ratiofrom normal,if presentin preso-

lar grains,arenot necessarilydueto massdependentisotopicfractionationbut could be

theresultof nucleosyntheticeffects.Since� J�P�Q / ��� P�Q ratioswerenormal(within thelarge

errors)in mostof thegrains,we ascribeobserved � � P�Q excessesto in situ decayof � � ��	
after grain formation. Initial � ���
	 / � �T��	 ratioswereinferredfor the � ��PRQ -enrichedgrains

usingtheformula: � � �
	� ���
	 h �'� � � PRQ�� ��� P�Q������������ l � � � P�Q�� ��� P�Q�����f��� ����	 W � ��� PRQ W U�� � (2.6)

Thestandard� � P�Q / ��� PRQ ratio wastakento be0.13932following Catanzaroet al. (1966).

The sensitivity factor � relating the measured� �T��	 / ��� PRQ ion ratio to the true ratio was

determinedfor eachstudyfrom theanalysisof standards.In severalcases,Mg and/orAl

contributionsfrom nearbygrainscouldnotbeexcludedfrom ameasurement.Theaddition

of isotopicallynormalMg doesnot affect the inferred � � �
	 / � � ��	 ratio, but extra Al will

decreasetheinferredratio from its truevalue. In suchcases,secondaryion imagesof Mg

andAl wereacquired(seeV 2.3)andthecontributionof “extra” Al estimatedandcorrected

from theseimages.
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Carbon, Nitr ogenand Silicon Isotopic Measurements

Carbonandnitrogenisotopicratiosweremeasuredin SiCand ����
���� grainsasneg-

ative ions(C andCN ) with a CsW primarybeam,usingtechniquesdescribedby Zinner

et al. (1989). A mass-resolvingpower of � 5000wasused,andisotopicstandardswere

syntheticSiCand1-hydroxybenzotriazole-hydrate.

Silicon wasmeasuredeitherasnegative or positive secondaryions,dependingon

the particularproblem. For very small grainsthat would probablynot survive extended

measurements,it wasusuallyanalyzedalongwith C (andsometimesN) asSi  . Larger

grainswereusuallyanalyzedfirst for C andN underCsW bombardmentandthenfor Al-

Mg, Si (and sometimesCa and Ti) with an O primary beam. This latter methodhas

theadvantagethatSi andMg requirea lowermass-resolvingpower ( � 3000)thanN, with

resultinghigher sensitivity. SyntheticSiC and K-augitewere usedas standardsfor the

Si-isotopicmeasurementsfor negativeandpositivesecondaryions,respectively.

Silicon isotopicmeasurementsof standardsusuallyreveala rangein instrumental

fractionationthat is much greaterthan the individual measurementerrors. Becausein-

strumentalfractionationis mass-dependent,measurementsof individual standardgrains

scattermainlyalongaslope �� massfractionationline onaSi 3-isotopeplot ( c 
�� ��� / � � ��� ver-

sus c ��� ��� / � � ��� ). Theresultinguncertaintyin theinstrumentalmassfractionationcorrection

leadsto correlatederrorsin themeasured��� ��� / � � ��� and 
�� ��� / � � ��� ratiosof unknowns. For

thegraphicalrepresentationof Si-isotopicratiosin AppendixC, thiswastakenintoaccount

by combiningtheerrorin thefractionationcorrectionwith individualmeasurementerrors,

following Virag et al. (1992)andAlexander(1993).Theerrorellipsesresultingfrom this

correctionareinclinedat anangleto theplot axesthatdependson which sourceof error

dominates.Theerrorsfor Si-isotopicratiosquotedin tablesin this thesisarethe projec-

tionsof theellipsesontotheplot axes.(Notethatthis techniquewasalsousedby Virag et
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al. (1991)to correctO-isotopicmeasurements.However, correlationsin thefractionation-

corrected��� � / ��� � and ��� � / ��� � ratiosreportedin this thesiswerefound to benegligible,

duebothto extremeisotopiceffectsandthedominanceof counting-statisticserrors.)

Calcium and Titanium Isotopic Measurements

Isotopicratiosof calcium( ��� O¡  / ��� O¡  ) andtitanium(all ratios)weremeasuredin se-

lectedSiCandoxidegrains,dependingonwhethersufficientcountratesof theseelements

wereobtained. Both elementsweremeasured(alongwith Mg-Al and/orSi) aspositive

secondaryions. A mass-resolvingpowerof 3000wasfoundto besufficient to distinguish� ��¢ � H from ��� ¢ � andandSiOfrom ��� O¡  (calciumcountrateswerealwayslow enoughthat� � O¡  and � � O¡  did not contribute significantlyto the measurementof � � ¢ � and � � ¢ � ). Ti

isotopicratioswerecorrectedfor instrumentalfractionationusinga Madagascarhibonite

standard.Chromium-52wasalsomeasuredto monitor possibleJ ��O¤£ interferenceto theJ � ¢ � peak.

Ca-44excessesmeasuredin someSiC grains(Chapter5 andAppendixD) areat-

tributableto the radioactive decayof ��� ¢ � (t ¥� � 50 y). For thesegrains,initial ��� ¢ � / � �T¢ �
ratioswereinferredfrom measuredcountratesby theformula:��� ¢ �� ��¢ � h ��� O¡  W l ��� O¡  W U � ��� O¡ ��� O¡  ����f��� � ¢ � W U¦� (2.7)

where � is theCa/Ti sensitivity factor: � ��¢ �§� ��� O¡  h=�¨U � ��¢ � W � ��� O¡  W andthestandard��� O¡  / ��� O¡  ratiowastakento be0.02121(Niederer& Papanastassiou,1984).Thereis some

ambiguityasto thevalueof � appropriatefor SiC.A valueof 3.0wasusedhere,basedon

theanalysisof theMadagascarhibonitestandard.This valueis consistentwith the range

of 2.1–2.92foundfor a suiteof silicatestandardsat theUniversityof Bern(PeterHoppe;

privatecommunication).However, terrestrialperovskitewasfoundto have a muchhigher

valueof 5.5 (Sachiko Amari; privatecommunication).Althoughonemight expectSiC to
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bemoresimilar to Si-bearingmineralsthanto anoxidelikeperovskiteor hibonite,without

a SiC standardwith known Ca andTi concentrations,the propervalue is unknown and

inferred ��� ¢ � / � ��¢ � ratioshaveasystematicuncertaintyof a factorof � 2.

2.3 Ion Imaging System

2.3.1 Overview

As discussedabove in V 2.2.1,theion opticsof theIMS-3F ion probearesuchthat

directmass-selectedion imagesof the samplesurfaceareobtainedat high magnification

andhigh spatialresolution. This ion microscopecapabilityof the IMS-nF seriesof ion

probeshasbeenexploitedfor abroadrangeof applicationsin thebiological,materialsand

geologicalsciences(Odom,1994). A variety of methodshave beenusedto recordion

images:photographicfilm, fastvideocameras,resistive anodeencoders(RAE), or, asin

this thesis,scientificgradeslow-scancharge-coupleddevice (CCD) camerasystems.In

mostapplications,ion imaginghasbeenusedto qualitatively determinethespatialdistri-

bution of major or traceconstituentsin a wide variety of samples.Quantitative analysis

usingSIMS imageshasseenmorelimited application.This is primarily dueto thesame

problemsfacingothertypesof SIMSanalyses,particularlycomplex matrixeffectsonsput-

tering/ionizationyields, as well as nonlinearityand non-uniformity of imagedetectors.

Nonetheless,quantitative direct ion imaginghasbeensuccessfullyappliedto someprob-

lems,for exampleto determinelocal areadepthprofilesof boronin silicon (Hunteret al.,

1991).

Prior to this work, anion imagingsystemcomprisedof a GeneralElectriccharge-

injectiondevice(CID) camerawith associatedframe-grabbinghardwareandanalysissoft-

warewasoccasionallyusedon the WashingtonUniversity ion probe. In particular, this
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systemwasusedwith somesuccessby Kevin McKeeganto determinequalitatively thespa-

tial distributionof differentelementsand,in onecase,hydrogenisotopesin interplanetary

dustparticles(McKeegan,1987a).TheCID camerahadseriousdrawbacksfor quantitative

study, however. Theseincludedhigh darkcurrents,which precludedlong imageexposure

times,a relatively low dynamicrange,and the limitations imposedby 8-bit digitization

(256grayscales).

Thedesireto quantitatively determineisotopicratiosby ion imagingled to thede-

velopmentof theimprovedimagingsystemusedhere;ablockdiagramis shown in Fig.2.2.

Systemcomponentswerechosenby PeterHoppe,Eric Inazaki andRobertWalker; the

originalcharacterizationof thesystemwasdoneby PeterHoppe.Thesystemconsistsof a

charge-coupleddevice(CCD)cameracoupledto themicrochannelplate/fluorescentscreen

imagedetector/intensifierof the IMS-3F, aswell asthe associatedelectronics,computer

controlsystemsandsoftware.In thissection,I will describethebasicfeaturesof theimage

detectionanddigitizationhardwareandsoftware.Themethodsfor inferring isotopicratios

from ion imagesandmappingto locatepresolargrainsaredescribedin latersections.
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Figure2.2: Schematicdrawing of ion imagingsysteminstalledon theWashingtonUniver-
sity ion probe.
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2.3.2 Micr ochannelPlate / FluorescentScreen

Theion imagedetectorin theion microprobeis a dualmicrochannelplate(MCP),

manufacturedby theGalileoElectro-OpticsCorporation,coupledto a fluorescentscreen.

ThewholeMCP/FSassemblywasprovidedby SurfaceScienceWestern.A MCP(Fig.2.3)

is essentiallyan arrayof 10� –10� miniature(diameter� 10
M

m in our MCP) “channels,”

eachof whichactsasanindependentelectronmultiplier (Wiza,1979).Themicrochannels

aremadeof a Pbglasstreatedfor optimizationof secondaryelectronemissionandcoated

with a semiconductinglayer to allow charge replenishment.Whena positive or negative

secondaryion strikesthe groundedfaceof the MCP, secondaryelectronsareejectedand

multiplieddown thelengthof achannel.Thegainof theplatedependsprimarily onthepo-

tentialdropacrossit, and,to alesserextent,onthelengthto diameterratioof theindividual

channels.

Secondary
Ion

Output
Electrons

Secondary
Electrons

Glass  Channels
   (with semiconducting layer)
  

HV

Figure2.3: Microchannelplate(not to scale)

The geometryof the dual MCP detectorinstalledin our ion probeis shown in
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Fig. 2.4.Themicrochannelsareorientedatanangleof � 8Y to theinputsurfaceto increase

the likelihoodthat incidentionswill impactthesurfaceof channels.Thechannelsof the

two MCPsarearrangedin a “chevron” geometrywith respectto eachother. This inhibits

positive ions producedby electroncollisions with residualgasmoleculesat the output

of the secondplate from drifting backto the input of the first plateandproducingfalse

electronpulses.Themaximumgainis about10� electronsper incidention. Uponleaving

the secondMCP, the output electronpulse is acceleratedand strikes a P-20 phosphor-

coatedfiberopticplate(fluorescentscreen)producingphotons.In this way, thesecondary

ion imageis convertedto animagein greenlight thatcanbeviewedonavideomonitoror

digitizedby aCCDcamera.

<2 kV

Secondary
Ion

 electrons

Output photons

5 kV Phosphor

Dual
Microchannel
Plate

Figure2.4: Chevrongeometryof dualmicrochannelplateinstalledin theWashingtonUni-
versityion probe.

2.3.3 CCD Camera

A slow-scan(notvideorate)CCDcamera(Photometrics200series)is usedto dig-

itize ion images.An opticalimageproducedby theMCP/FSdetectoris focussedby means
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of a standardphotographiclenssystemonto a Thomson7895BCCD chip. The CCD is

a silicon chip, consistingof anarrayof 512by 512squarelight-sensitive elements(“pix-

els”), eachof which is capableof storingandtransferringaccumulatedcharges. Photons

incidenton thechip generateelectron-holepairsin thesilicon latticeandtheelectronsare

collectedin MOS(metaloxidesemiconductor)capacitors.Following aperiodof light col-

lectionthestoredchargesaretransferredto anoutputdiodeby varyingthevoltageson the

capacitorgates.Thus,the CCD convertsanoptical imageinto a time-distributedvoltage

signal,which is subsequentlydigitized. A PhotometricsCE200cameraelectronicsunit

providescircuitry for charge-transferclocks,shuttercontrol,temperaturecontrolandana-

log to digital conversion. Digitized imagesaretransferredby meansof a VME bus to a

Silicon Graphics4D/35workstation.Softwareon theSilicon Graphicscomputercontrols

theCCDthroughtheCE200unit.

Someimportantcharacteristicsof ourCCDcameraaredescribedhere.

Quantum Efficiency: Thequantumefficiency (or sensitivity) of theCCDis definedasthe

ratio of the numberof collectedphotochargesto the numberof incidentphotons;it is a

strongfunctionof wavelength.The Thomson7895Bhasa quantumefficiency of � 30%

for thegreenlight emittedby theP20phosphor.

Digitization: Theanalogvideo outputof the CCD is amplifiedandthendigitized in the

CE200electronicsunit to a precisionof 16 bits. That is, it is quantizedinto 2 ��� =65536

levels. Theresultingvaluesassignedto pixels (“intensities”) in thedigital imagesarere-

ferredto in analogdigital units (ADUs). Thepost-CCDamplifierhastwo user-selectable

gainsettings,oneor four. While thelattersettingis usefulfor very low-intensityimaging,

all imagesin this thesiswereacquiredusinganamplifiersettingof one.At thissetting,the

electronto ADU conversionratio is 5.15e /ADU.

Linearity: One of the major advantagesof slow-scanCCD camerasover other light-

sensitive detectorsis their high degreeof linearity. This canbe seenin Fig. 2.5, where
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theintegratedintensityof ion imagesis plottedversusimageexposuretime, for a uniform

light source(roomlight with cameralensdefocussed).The imageintensityis linearwith

exposuretime with a correlationcoefficient of 0.999996. The intensityof the imageis

non-zeroat zeroexposuretime, dueto thetime requiredto openthecamerashutter. This

time is determinedfrom thex-axiscrossingin Fig. 2.5to be12ms,andmustbetakeninto

accountin acquiringion images.For example,for a desired100msimageexposure,the

camerashouldbesetfor an88msexposure.
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Figure2.5: Linearityof CCDcamera

Noise: CCD camerashave threeprimary typesof noise: photonnoise,dark currentand

readnoise.

Photonnoiseis the uncertaintythat arisesfrom the quantumnatureof light. The

numberof photoelectronscollectedby a CCD is proportionalto the numberof incident
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photons,which variesaccordingto a Poissondistribution. Thus,the photonnoisein the

outputelectronsignalis equalto thesquareroot of thesignal;this is thedominantsource

of uncertaintyintroducedby theCCDcamerafor theimagingconditionsusedhere.

Dark current refersto electronsgeneratedwithin the CCD by thermalagitations

of the silicon lattice. Theseelectronsarecollectedalongwith thosearisingfrom the de-

siredphotonsignalandcanbea majorsourceof backgroundin theCCD.Thedarksignal

is proportionalto time anddecreasessharplywith decreasingtemperature.To minimize

darkcurrent,theCCD camerais keptat a temperatureof -42Y C by meansof a Photomet-

rics LC200 liquid cooling unit. Moreover, the cameramay be operatedin the so-called

multi-pinnedphase(MPP)mode,whichdrasticallyreducesdarkcurrent(Buil, 1991).The

combinationof coolingandMPPmoderesultsin averylow darkcurrentof

�
0.75electron

per secondper pixel. For every imageacquiredin this thesis,a dark imageof the same

exposuretime wasacquiredandsubtractedfrom theimage.To first order, this subtraction

removesboth the darkcurrentandthe “bias” currentthatarisesfrom theDC level of the

CCDreadoutdiode.

Readnoiseis generatedby the on-chipoutputpreamplifier. For our system,read

noiserangesfrom anaverageof 7.8electronsperpixel for anamplifiergainof one,to 4.6

electronsperpixel for a gainof four.

DynamicRange:Themaximumnumberof electronsapixelmayaccumulateis � 300,000;

this correspondsto thesaturationstate(i. e., pixel intensityequalto 65535).Thedynamic

rangeis definedastheratioof thesaturationintensityto thereadnoiseof theCCD,thatis,
�

300,000:8=37,500:1.

Binning: Binningmeansthatthechargescollectedin multiplepixelsarecombinedon the

CCD chip prior to digitization,combiningseveralpixels into “superpixels.” This hasthe

effect of increasingthe dynamicrangeandthe signal to noiseratio, sincethe saturation

level increases,but thereadoutnoisestaysthesame.All imagesreportedherewerebinned

33



by a factorof 2 in eachdirection(four pixels werecombinedto make one) resultingin

256by 256pixel ion images.Althoughbinningreducesthespatialresolution,theoverall

spatialresolutionof theion imagesis determinedprimarily by theion opticsof theIMS-3F

andnotby theMCP/FSor CCDcamera.Evenwith 2 by 2 binning,eachpixel of theCCD

correspondsto about0.4
M

m in theion imageat themagnificationusedhere,smallerthan

theoverall resolutionof � 1
M

m.

2.3.4 Characterization of The MCP/FS

To quantitatively relatepixel intensitiesin digitized ion imagesto secondaryion

intensities,it is essentialto accuratelycharacterizethe behavior of the imagedetection

systems.As shown above, the CCD camerahasextremelygoodimagingcharacteristics

(high degreeof linearity, high dynamicrange,low background)andmay thusbe usedto

characterizetheMCP/FS.Previousstudieshaveshown thatMCPsoftenshow nonlinearity,

non-uniformityof response,noise,and/ordifferentsensitivities for differentmasses(Man-

tus& Morrison,1990;Hunteretal., 1991).I addressall of theseissueshereasthey relate

to ourparticularMCP/FS.

Linearity

Althoughsinglemicrochannelplatedetectorshave beenshown to behighly linear

for a wide rangeof appliedvoltages(Mantus& Morrison,1990),thedualMCPusedhere

is nonlinear. Thatis, thelight outputcountratereadby theCCDcamera,Cg , is not linearly

proportionalto the countrateof secondaryions incidenton the MCP, C� . Instead,Cg is

givenby: O g¤© O ��ª (2.8)
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Figure2.6: Theoutputintensity, Cg of theMCP/FS(measuredby theCCDcamera)plotted
versusthe incidentsecondaryion countratefor two differentMCP voltages(CPV). The
indicatedvaluesof CPV are the voltagesof the microchannelplate control circuit, not
theactualvoltagesacrosstheMCP. Cg is nonlinearwith respectto C� ; for eachCPV, the
nonlinearityexponentn is givenby theslopeof astraightline fit on this log-logplot.
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wheren «h 1. Thisnonlinearityof thedualMCPhasbeenseenby otherinvestigators(Hunter

etal., 1991).Fig.2.6showsthesummedCCDimageintensityplottedversusthesecondary

ion intensity, measuredby theelectronmultiplier, for sputteredSi from aSi waferfor two

differentchannelplatevoltages(CPV). A field aperturewasusedto ensurethatall of the

signalmeasuredby theEM wasincludedin thedigitizedimage.Notethatthenonlinearity

exponentn is greaterthanunity, i.e., thereis a net“gain” in thesignal.Moreover, n is not

aconstantbut dependson theappliedvoltage.In fact,carefulinvestigationof theMCP/FS

installedin theUniversityof Bernion microprobehasshown thatn is a complicatedfunc-

tion not only of theCPV, but alsoof theincidention countrateandtypeof impactingion

(P. Hoppe,privatecommunication).BecausesingleMCPsshow linearresponse,thenon-

linearity observedhereis probablyrelatedto the dual natureof the detector. A probable

explanationis thespreadingof theelectronpulse,dueto spacechargeeffects,from asingle

channelof the first MCP into several channelsof the secondplate (Wiza, 1979; Hunter

etal., 1991),giving riseto theincreasedgainathighcountrates.

Quantificationof ion imagesseeminglyrequiresthat the nonlinearityexponentn

in Equation2.8 be preciselydeterminedasa function of microchannelplatevoltage,in

orderthatcorrectionsto measuredisotopicand/or elementalratioscanbemade.However,

this turnsout not to be critical for the work presentedin this thesis. Ion imagingis used

in this thesisto searchfor outliers,objectsthat areisotopicallyclearlydifferentfrom the

average. Thus, the overall calibrationis not important,only that all grainsare imaged

underthe sameconditions. Also, sincethe bulk of the grainsanalyzedby ion imaging

have isotopicratioswithin a few percentof solar, an “internal” calibrationmay be done

on a dataset. By normalizingthe averagemeasuredratiosof grainsto an assumedtrue

ratio,theappropriatenonlinearityexponentfor thatparticular datasetmaybedetermined.

However, this calibrationrequiresthatall imagesbeacquiredat a singlevoltagesincethe

MCP nonlinearitydependson the appliedvoltage. This calibrationis discussedin more
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detailin V 2.4.3.

MCP Homogeneity

The responseof the MCP is not uniform acrossits surface(Mantus& Morrison,

1990;Hunteret al., 1991); in particularthe centerregion is markedly lesssensitive than

theouterpartsbecauseof overuse.TheMCP inhomogeneityis largely canceledout when

dividing oneimageby another, andthushaslittle effecton isotopicratiosdeterminedfrom

ion images. However, isotopic ratiosdeterminedby ion imagingdo dependslightly on

positionon the MCP. This canbe seenin Fig. 2.7, where ����� / ����� ratiosdeterminedby

ion imagingfor 22,000isotopicallynormaloxidegrains,areplottedagainstMCPposition.

Thetechniquesusedto infer isotopicratiosfrom ion imagesaredescribedin V 2.4. Each

point in Fig.2.7correspondsto theaveragemeasuredratio(normalizedto thecentervalue)

andstandarderrorof themeanfor grainswhich lie within agiveninterval of distancefrom

theimagecenter. Thedistanceintervalswerechosento giveequalareason theMCP. The

cleardropoff in ��� � / ��� � ratiowith distancefrom thecenterof theMCPmaybeviewedas

adecreasein thenonlinearityexponentn in Equation2.8,probablyasa resultof thelower

quantumefficiency of theMCPcentralregion. Regardlessof thecause,measuredisotopic

ratiosmaybecorrectedfor theMCP inhomogeneityby curve-fitting to plots like Fig. 2.7

(seeV 2.4.3).

Noise

Microchannelplateimagescontainsignalnot only from secondaryionssputtered

from thesamplesurface,but alsobackgroundnoise.Thisnoiseis revealedby CCDimages

of theMCP/FSwithout anincidentsecondaryion beam;singlebackgroundion eventson

the MCP manifestthemselvesas bright clustersof a few (up to ten) pixels. The noise

pulsesaredueprimarily to eitherionizedgasmoleculesor ionsproducedby theion pumps
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Figure2.7: Average����� / ����� ratiosof 22,000oxide grains,determinedby ion imaging,
asa function of distancefrom the imagecenter. Datapointsrepresentthe averageratio
(normalizedto thecenterratio) for all grainsthatlie within equal-areaintervalsof distance
from theimagecenter.

on the secondaryion column. The most importantnoisesourceis the post-magnetion

pump. With this pumpoperating,the frequency of backgroundeventsis significantand

risessteeplywith increasingvoltageacrosstheMCP. This ion pumpwasthusleft off for

all imagesacquiredhere;theremainingnoisesignalis essentiallynegligible.

MassDependence

Mantusetal. (1990)haveshownthatthesensitivity of MCPdetectorshasacomplex

dependenceonthemassof theimpactingspecies,at leastfor positively chargedsecondary

ions. Someisotopiceffectswerevisible in their data,particularlyfor Li andB. However,
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for theelementsconsideredhere–OandSi–shiftsin themeasuredisotopicratiosdueto dif-

ferentdetectionefficienciesof thedifferentisotopesareunlikely to besignificantcompared

to the effectsof the MCP nonlinearity. In any case,the calibrationsusedhereto correct

isotopicratiosdeterminedby ion imagingimplicitly takesinto accountany effectsdueto

themass-dependenceof theMCPdetectionefficiency.

Themass-dependenceof theMCPis potentiallymoreproblematicfor thedetermi-

nationof elementalratiosby ion imaging.For example,animportantuseof imagingin this

thesisis to estimate,for differentmeteorites,thefractionof presolarSiCgrainsthatbelong

to the raresub-classcalledgrainsX (seeChapter5). This requiresthe determinationof

Si/C ratiosby ion imaging,to infer thenumberof imagedgrainsthatareSiCandnotother

Si-bearingphases.However, C seemsto bemoreefficiently detectedby theMCP thanSi,

eventhoughthesetwo elementshavevery similar ionizationefficiencies.Fig. 2.8showsa

histogramof Si/Cratiosmeasuredby ion imagingof 3600SiCgrains.Theaverageratio is

0.66,muchsmallerthantheaveragevalueof 1 typically measuredby theelectronmulti-

plier. Thus,it is importantto keepin mind thatelementalratiosmeasuredby ion imaging

arenot necessarilythe sameasthosedeterminedby ion countingon the electronmulti-

plier. In practice,of course,if thechemicalcomposition(s)of grainsin animagedsample

areknown (asin thecaseof this SiC example),the imagingdatasetitself maybeusedto

normalizedifferentelementalratios.

2.3.5 Computer Control

Theion imagingsystemis controlledby a SiliconGraphics4D/35computer(SGI)

thathasa 35 MHz RISCprocessorand32 megabytesof RAM. Controlof theCCD cam-

era is accomplishedby the CE200electronicsunit via a dedicatedPhotometricscard in

a VME bus. The cameracontrol software,calledWHIP, wasprovided by G. Hannaway

andAssociates.It consistsof a seriesof UNIX commandswhich may becalleddirectly
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Figure2.8: Histogramof Si/C ratiosmeasuredby ion imagingof 3600SiC grains. The
averagemeasuredratiois lowerthan1,probablyduetodifferentMCPdetectionefficiencies
for C andSi.
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from a commandline or combinedinto programscripts. (Functionlibrariesareprovided

for customsoftwaredevelopmentaswell, but werenotusedhere.)All aspectsof theCCD

arecontrollable,from parameterssuchasbinning andexposuretime to imageanddark

imageacquisition.Imagesarereaddirectly into reservedareasof theSGI memory, called

framebuffers,wherethey maybemanipulatedor savedto disk.

Automaticmappingof a samplerequiresthat the ion probebe controllablefrom

the SGI. This hasbeenaccomplishedby meansof the GPIB (IEE-488,GeneralPurpose

InterfaceBus)connectionbetweentheSGIandtheHewlett Packard9845B(HP)ion probe

control computer. To changesomeparameterof the ion probe(stageposition,magnetic

field setting,beamon/off, etc.) duringmapping,a programis run on theSGI thatrequests

servicefrom the“mastercontroller”ontheGPIB,theHP, andsendsacodespecifyingwhat

actionto take. A programrunningsimultaneouslyon theHP repeatedlyperformswhat is

calleda “parallel poll,” checkingtheGPIB for messagesfrom theSGI andperformingthe

requestedaction.

Imageand dataprocessingare accomplishedusing the PV-WAVE programming

language(Visual Numerics,Inc.). PV-WAVE is a structuredlanguagedesignedfor in-

teractive scientificvisualization;it includesmany built-in high-level functionsfor image

processinganddisplay, datamanipulationandapplicationinterfacebuilding. Moreover,

PV-WAVE programscancommunicatewith programswritten in otherlanguagesandwith

theUNIX operatingsystem.This latterability is extremelyuseful,sinceit allows UNIX

scriptsthatcontrol theCCD cameraandprogramsthatcontrol the ion probeto becalled

from within PV-WAVE. Thus,a singleprogram,written in PV-WAVE, canbeusedto ac-

quireimages,changeion probeparametersandprocesstheimages.
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2.4 Isotopic Ratio Ion Imaging

Theion imagingsystemdescribedin theprevioussectionwasdevelopedandusedin

this thesisprimarily for automaticisotopicratio “mapping,” in orderto locateraretypesof

presolargrains.By digitizing ion imagesof differentisotopesandusingimageprocessing

to determineisotopic ratiosof individual grainsin the images,large numbersof grains

may be analyzedrelatively quickly and easily. Grainswith unusualisotopic ratios can

thenbe picked out for further study, for exampleby high-mass-resolutionisotopic ratio

measurementsusingthetechniquesdescribedin V 2.2.2. Notethat themajor thrustof ion

imagingin this thesishasbeento measure��� � / ��� � and � � ��� / 
�� ��� ratios. Thesehave the

advantagethat they canbe obtainedunderthe low mass-resolvingpower conditionsfor

which theion microscopecapabilitiesof theIMS-3Fareoptimal.Thediscussionherewill

thusfocuson low-mass-resolutionimaging;somerecentpreliminarywork on ion imaging

of C isotopicratiosathigh-mass-resolutionwill briefly discussedbelow, aswell.

Thebasicstepsinvolvedin isotopicratiomappingusingsecondaryion imagesare:

1. A setof imagesof differentisotopesis acquiredfor agivenareaof thesamplemount.

For imaging,the 5–10nAprimary ion beamis defocusedto make it slightly larger

thantheimagedarea.Also, theprimarybeamsputtersthesamplefor 30–60seconds

prior to imaging to ensurean equilibrium Cs concentrationis reached,enhancing

the secondaryion signal. A typical set of imagedisotopesis given in Table 2.1.

Note that for eachisotopepair ( ��� � , ��� � or � � ��� ,
�� ��� ), themoreabundantisotopeis

imagedbeforeandafterthelessabundantisotope.Thisprovidesawaytocompensate

for changingcountratesdueto sputteringduring long imageexposuresof the less

abundantisotopes.

2. If imagesare misalignedwith one another, Fourier transformtechniques(cross-

correlation)areusedto automaticallyre-alignthem.
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3. Particlesare“defined” in the images.That is, pixelsareassignedto eitherspecific

grainsin theimagesor to background.

4. Isotopic (or elemental)ratiosare determinedfor eachdefinedparticleby ratioing

integratedpixel intensitiesof differentmasses.Theresultingratios,aswell asother

datafor eachdefinedparticle(averagepixel intensities,positionin images,etc.),are

savedin datafiles.

5. (Optional) If a grain appearsto have an unusualisotopicratio, the samplestageis

automaticallymoved to bring the grain to the centerof the imagedfield and the

processstartsagainat step1.

6. Thesamplestageis movedto anew locationandthewholeprocessis repeated.Once

a pre-definedrectangularareaof the samplemounthasbeencovered,themapping

stops.

7. Oncea setof imagesis acquiredandprocessed,the individual datafiles containing

processingresultsfor eachrun aresequentiallyreadandthedataarecombinedinto

(large) singlefiles, so that all of the datafor the samplemount may be analyzed

togetherand“interesting”(usuallymeaningisotopicallyanomalous)candidategrains

chosenfor furtherstudy.

Theimageprocessingsteps(2–4)areusuallyperformedoff-line. Thatis, themap-

ping is accomplishedusingtwo programs:onethat acquiresthe imagesandanotherthat

waits for a setof imagesto be acquiredandthenprocessesthemasthe next set is being

acquiredby thefirst program.This greatlyincreasestheefficiency of mappingsinceim-

ageacquisitionandprocessingaredoneconcurrently. In this case,step5 is not done,but

grainswith unusualratiosareoften re-imagedfollowing anentireblock of imagingruns.

Also, for eachsetof images,the imageprocessingstepsareusuallyrepeateda few times
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Isotope ExposureTime
(s)� ��O 1.0��� � 0.1��� � 50��� � 0.1� � O � � � 1.0� ����� 1.0
�� ��� 30.0� � ��� 1.0

Table 2.1: Typical set of isotopesand exposuretimes usedfor ion imaging mapping
searchesfor rare typesof presolargrains. In addition to the ��� � , ��� � and � � ��� , 
�� ��� iso-
topic ratiopairs,additionalimages(here,C andCN) areusuallyacquiredto aid in locating
grainsonthesamplemounts,Exposuretimesfor eachisotopearechosenfor optimalimage
brightness.

to determineseveraldifferentisotopicratios.For example,for thesetof isotopesgivenin

Table2.1, the ratios ��� � / ��� � and ��� � / � � ��� may be determinedusingthe threeO-isotopic

imagesfor particledefinition(obtainingtheO/Si ratio for definedgrainsis usefulfor ex-

cludingquartzcontaminantgrainsfrom furtheranalysis).Similarly, � ����� / 
�� ��� , aswell asSi

overC,CN andO maybedeterminedusingparticlesdefinedin thethreeSi-isotopeimages.

The ion imagingmappingtechniqueis illustratedby Fig. 2.9. Panelsa–cof this

figurearesamplefalse-colorion images,in ����� , ����� and � ����� , respectively, of dustgrains

separatedfrom theTieschitzmeteorite.The ��� � and ��� � (a andb) imageintensitieshave

beenscaledfor displaysuchthat grainswith solar ��� � / ��� � ratios(

�
500) appearsimilar

in both images.Thegrainmarkedwith anarrow is clearlydepletedin ��� � andwassub-

sequentlyconfirmedto be a presolar��	�����
 grain (seeChapter3). Sincethe Si signal is

primarily from SiC andnot from oxidegrains,theSi image(c) differsfrom theO images.

Thecontoursshown in Fig.2.9dindicategrainboundariesdefinedfor theO-isotopeimages

by the “particle-definition”program(step3, above; V 2.4.2). An SEM micrographof the
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a b

c d

Figure2.9: Sampleion imagesof a
EGFpFpM U EGFSFpM areaof asamplemountcontaininggrains

extractedfrom the Tieschitzmeteorite. Imagesare: a: ��� � , b: ��� � , c: � � ��� , d: contours
showing resultsof automaticparticledefinition in oxygenimages. (Figurecontinuedon
next page)
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e f

Figure2.9: (Continued)e: SEM micrographof sameareaas ion imagesof a–d,andf:
high magnificationmicrographof isotopicallyanomalouspresolar��	�����
 grain indicated
by arrow in a,b,andd.

sameareaastheion imagesis shown in Fig. 2.9e;notethethreelargegrainsin theupper

left cornerof theSEMimagecorrespondto thethreebright regionsin theupper-left corner

of theO-isotopicimages.A high-magnificationmicrographof thepresolar��	�����
 grainin

this areais shown in Fig. 2.9f. Note that theseimagesare“typical” in that they contain

many grainsof widely varyingsizes;they areatypicalin that they containan isotopically

anomalousgrain.

In the remainderof this section,I will discussin detail thealgorithmsusedin the

imageprocessingsteps2–4 listed above, i.e., imagealignment,particle definition, and

isotopicratiodetermination,followedby thevariouscorrectionsthatmaybeappliedto the

imagingdataandthetechniquesusedfor choosingcandidategrainsfrom theentireimaging

dataset.
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2.4.1 Alignment of Ion Images

It is essentialthat ion imagesbealignedwith oneanotherif they areto beusedto

infer isotopicratios.This is particularlytruefor smallgrains,wherea shift of a few pixels

maycausethepixelsdefininga grain in oneimageto overlapmostlywith backgroundin

anotherimage,leadingto erroneousisotopicratios. In general,imagemisalignmentcan

beavoidedby takingcarebeforeimagingto exactlyalign themagneticfield settingsof the

different imagedmasspeaks,andto alwaysapproachmasspeaksfrom below, i.e., from

lowermagneticfields. In thecasewhereanisotopeis repeatedout of increasingorder, for

examplethesecond����� andsecond� ����� imagesin Table2.1,thefield shouldfirst besetto

a lowermass( � � O , say)beforebeingsetto thedesiredpeak.

If for somereasonthe imagesusedto determineisotopic ratios areshiftedwith

respectto oneanother, onemayautomaticallyalign themby findingtheirso-called“cross-

correlation.” Thecross-correlationof two discretefunctions(images),¬ �®­v¯�° � and ± �®­v¯T° � ,
is definedas:(Gonzalez& Woods,1992):¬ �²­v¯�° �´³µ± �®­v¯T° ��h·¶  I�¸e�¹º�¼»  I�¸�H¹º� ¬)½ ��¾m¯�¿ ��± �®­ w ¾m¯T° w ¿ � (2.9)

where ½ denotescomplex conjugationandx=0,1,.. . ,M-1 andy=0,1,.. . ,N-1. If ¬ and ±
areidentical,their cross-correlation(calledauto-correlationin this case)hasits maximum

valueat �²­v¯�° ��h � F ¯ F � . If they arevery similar to eachother(e.g., two differentisotopic

imagesof thesamearea)but slightly shiftedfrom oneanother, thecross-correlationmax-

imum will bedisplacedfrom (0,0)by thesamenumberof pixelsin x andy astheimages

areshifted.

In practice,the cross-correlationis computedin frequency space,exploiting the

correlation theorem. Denotingthe Fourier transformsof ¬ �®­v¯T° � and ± �®­v¯�° � as À �®ÁÂ¯TÃ �
and Ä �®ÁÂ¯TÃ � , respectively, this theoremstatesthat theFourier transformof thecorrelation¬Å³
± is equalto theproduct À ½ ��Áv¯�Ã ��Ä �®ÁÂ¯TÃ � . Thus,insteadof usingthecomputationally
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intensiveEq.2.9,onecanuseefficientFFT(fastFouriertransform)algorithmsto compute

the transformsof the two images,multiply the complex conjugateof onetransformwith

the other, andtransformbackto real space.A detaileddiscussionof the useof Fourier

transformsin imageprocessingis beyond the scopeof this thesis. However, notethat in

implementinga cross-correlationimagealignmenttechnique,caremustbetakento avoid

“wraparound”errorsdueto theperiodicnatureof Fouriertransforms(see,e. g., Gonzalez

andWoods1992;Anuta1970).Oncethecross-correlationis calculated,thepixel location

of its maximumis locatedandtheappropriateimageis shiftedintoalignmentbeforefurther

processing(i.e., particle-definitionandisotopicratiodetermination)takesplace.

2.4.2 Particle Definition and Isotopic Ratio Determination

Automatic imagesegmentation,that is, the division of an imageinto regions of

interest,is oneof themostdifficult problemsof digital imageprocessing.It is surprisingly

hardto teachacomputerto “see”whatappearto thehumaneye to beobviousdistinctions.

Thereis, nevertheless,a hugeliteratureon differenttechniquesfor a wide rangeof image

segmentationproblems,includingthresholdingby intensityor color, applicationof edge-

findingfilters,morphologicaloperationsandmany others(see,for example,Gonzalezand

Woods(1992)andRuss(1992)).However, thereareanumberof difficultiesspecificto the

problemaddressedhereof defininggrainsin ion images,andit provedeasierto developand

implementour own algorithmsthanto adaptthe well-known techniquesdescribedin the

abovereferences.A smallsection(40 U 40pixels)of anion imagecontainingafew particles

is shown in Fig. 2.10.Theimageis shown in Fig. 2.10aasagrey scalerepresentationwith

intensitycontoursoverlayed,while thesamedataareshown in 2.10basa shadedsurface

plot. The particlesmanifestthemselvesas“mountains”roughly gaussianin shape.Two

of themajordifficultiesin automaticallydefiningparticlesin the ion imagesof this study

areillustratedby Fig. 2.10: thewide rangeof imageintensities,correspondingto a range

48



a b

Figure2.10:Sectionof anion imagecontainingthreeparticles.On theleft is a grey-scale
representationwith intensitycontours;on theright is ashadedsurfaceplot.

of particlesizes,and the closeproximity of someparticlesto eachother. This section

describesthe algorithmsusedfor particle definition, along with someof the associated

problemsandsolutions.

Thefirst particle-definitionalgorithmusedherewasdevelopedby Ricky Becker (at

the time an undergraduatein the EarthandPlanetarySciencesDept.) andPeterHoppe

andis basedon thresholding.Basically, all pixelswith intensityabove a threshold(
F�t�Æ U

the maximumintensity in the image)areset to one(“on”), andall pixels below to zero

(“off ”). Then,this imageis scannedandany groupof adjacent“on” pixels is labeleda

uniqueparticle. Finally, the imageis re-analyzedandeachparticle is restrictedto only

thosepixelswith intensitygreaterthan0.5 U themaximumintensityof thegivenparticle.

This techniquehasa numberof drawbackswhichbecameclearuponits use.First,closely

situatedparticlesareoften identifiedasone,unlessthe thresholdis fortuitouslysetin the

rangeof the narrow dip betweenthem. Second,if a samplemounthasa wide rangeof

particlesizes,the initial thresholdmustbe setvery low to includeboth large andsmall

49



grains.Thisexacerbatesthefirst problem;for exampleif thethresholdweresetlow enough

to find theverysmallparticleat thetopof Fig. 2.10a,thetwo largerparticlesin this image

would bedefinedasone. Third, asimplemented,thealgorithmis fairly slow, entailingas

it doesmultiplescanning,pixel by pixel, row by row, of eachimage.

Becauseof theproblemsencounteredin theoriginal particledefinitionprogram,I

developedandimplemented(in PV-WAVE) anew algorithm,whichexpandsaroundinten-

sity peaks(particlecenters)until eitheranintensitythresholdor anotherparticleis encoun-

tered. In the remainderof this section,I will discussthis algorithmin detail. Although

muchof theimagingdatapresentedin this thesiswasanalyzedusingearlyversionsof this

algorithm,I will onlydiscussin detailthecurrentlyusedversion,sinceit is relatively robust

andpresumablywill beusedby peoplewho follow me in the WashingtonUniversity ion

probegroup.

Thefirst stepin definingparticlesis to find the local maximain the image,that is

pixelswhich have intensitieshigherthanall thesurroundingpixels. Thesemaximacorre-

spondto the centersof particles. Becausenoisein the imagescanleadto local maxima

thatdo not correspondto particlepeaks,imagesarefirst smoothedwith a boxcaraverage

of width threeor five pixels (Eachpixel in the imageis replacedby the averagevalueof

the3 U 3 or 5 U 5 pixel block of which it is thecenter, smoothingout spikesin the image).

Also, backgroundpixels,definedasall pixelsbelow a threshold(2–10%of themaximum

intensityin the image),aresetto zerobeforefinding local maxima. Onceidentified,the

maximaaresortedin descendingorderof intensity, andthe particle-definitionalgorithm

proper(hereafterjust “algorithm”) is appliedto eachoneto determinewhichpixelsbelong

to thecorrespondingparticle.

Thebasictaskof thealgorithmis to find theedgeof theparticlewhosecenteris a

given local maximum. This is doneby examiningintensityprofilesalonglines radiating

from the centerto a maximumdistanceof 25 pixels. The particleedgealongany given
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directionis taken asthe point at which the imageprofile no longerdecreasesuniformly.

Themethodis illustratedin Figure2.11. Here,we areattemptingto find theedgeof the

largegrainto theleft in Fig.2.10.Three25pixel radiallinesfrom thecenterof thisparticle,

labeledA, B, andC, areindicatedin thetop left imageof Fig. 2.11;theboxcar-smoothed

profilesandcorrespondingderivativesareshown in the bottomplot. The derivativesare

numericallydeterminedby three-pointLagrangianinterpolation.Profile A hasa definite

minimum,sinceit crossesboth the particleof interestandthe smallergrainon the right.

Similarly, profile C crossesa very smallgrainin theupperright (seecontoursin fig. 2.10)

andalsohasa minimum. Along both theseprofiles, the particleedgeis taken to be the

zero-crossingof theprofilederivative, i.e., theminimumin theprofile. ProfileB levelsout

slightly as it skirts the edgeof anotherparticle,but the derivative doesnot changesign.

The leveling off is seen,however, asa “bump” in thederivative about10–12pixels from

thecenter, andthemaximumpointof thisbumpis takenastheedgein thisdirection.In this

way, thealgorithmavoidsincludingpixelsthatbelongto thesmallergrainin thedefinition

of the currentparticle. The edgepointsdefinedalongthe threeprofilesareindicatedby

crossesin the top left imageandverticaldottedlines in thebottomplot of Fig. 2.11. For

profilesthatdecreaseuniformly withoutencounteringotherparticles(i.e., nozero-crossing

or “bump” in theprofile derivative), theedgeis takenasthelastpoint of theprofile. This

profile-derivativemethodof choosingboundarypointsis followedfor sixty evenly spaced

(in angle)radiallines;theresultingedgefor our exampleis indicatedby crossesin thetop

right imagein Fig. 2.11;notehow this boundaryincludesthedesiredparticlebut not the

neighboringgrains.

Oncea particle boundaryis definedas describedin the previous paragraph,the

particleitself is definedasthosepixelswithin theoutlinethathave intensitieshigherthan

a threshold(usually35%)of the peakintensityof the grain. The solid contourshown in

the top right imageof Fig. 2.11 indicatesthe borderof this final particle definition for
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Figure2.11:Exampleof particle-definitionalgorithmappliedto thelargest(darkest)parti-
cle in theimagesat top. Plotatbottomshowsintensityprofilesandtheirderivativesfor the
threelinesindicatedin theimageat top left. Theouteredgeof theparticle,determinedby
thealgorithm,is indicatedfor thesethreedirectionsby verticaldashedlinesin theplot and
crossesin thetop left image.Crossesin thetop right imageindicatetheouteredgefor 60
radialdirections.Oncethisboundaryis found,theparticleis definedasthosepixelswithin
it thathave intensitygreaterthan35%of themaximumintensityof theparticle.Thesolid
contourin thetop-rightindicatesthis35%boundaryandhencethefinal definededgeof the
grain.
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Figure2.12: Schematicdiagramillustrating(a) potentialproblemswith particledefinition
algorithmand(b) definedparticleedgeaftercorrectingfor problemsin (a).

our example. At this point, the algorithmsetsall the pixels within the larger outline to

zeroto ensurethey arenot re-definedaspartof otherparticles,savesthepixel coordinates

within thethresholdedareain anarray, andmovesonto thenext localmaximumin thelist.

Often,two or moreimagesareusedfor theparticledefinition.In suchcases,eachimageis

processedin turn,with all of thelocalmaximain oneimagebeingexaminedbeforemoving

on to thenext image.However, a givenparticleis never definedin morethanoneimage;

all thepixelscorrespondingto definedparticlesin oneimagearesetto zeroin subsequent

imagesbeforethey areprocessed.

Althoughtheedge-findingtechniquedescribedabove generallyworkswell, using

local maxima(“bumps”) in theprofile derivative to defineanedgecanbeproblematic.A

schematiccontourdiagramof two particles(circularcontours)with a definededge(thick

line) for the left oneis shown in Fig. 2.12a. Noisein the imagesoften leadsto a slight

levelingoff of a particleprofile andthusa bumpin thederivativeprofile,evenwhenthere
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areno othergrainsnearby. If this happens,theedgein thatdirectioncouldbedefinedtoo

closeto the particlecenterwith a resultingwedge-shapedhole in the definedparticle,as

indicatedby A in Fig. 2.12a.Thealgorithmavoids this by requiringthat thevalueof the

profilederivativebumpbe“closeenough”to zero.Denotingtheimageprofileatpixel x as

p(x) andits derivativeaspÇ (x), thisrequirementquantitativelymeansthataderivativebump

at pixel x È musthave ÉpÇ (x È ) ÉIÊÌË�Í p(xÈ ) to bedefinedastheparticleedge,wherethevalue

of Ë specifiesa threshold.Thisapproachcausesanotherproblem,however. If thethreshold

is set too low, “real” derivative bumpsmay be excluded,with the result that the defined

particlecontainsa significantnumberof pixels from neighboringgrains,for exampleB

in Fig. 2.12a. A thresholdvalueof 0.05hasbeendeterminedby trial-and-errorto yield

a reasonablygoodbalancebetweeneliminatingfalsederivative bumpsandincludingreal

ones.Evenwith this threshold,however, somefalsebumpsoccasionallyhave valuesthat

satisfythe thresholdcriterionandsomereal bumpsdo not, with a resultingdefinededge

asshown in Fig. 2.12a.To correctfor suchcases,thealgorithmexaminesthedefinededge

andsmoothsoutany deepwedgeslikeA andstretchesedgeslikeB backsothatthey cross

lessof theneighboringgrain.Theresultfollowing this laststepis shown in Fig. 2.12b.

Thisalgorithmhasprovento work verywell asillustratedin Fig.2.13,whichshows

a 100Î 100 Ï m imagewith andwithout definedparticlecontoursoverlain. Closelyneigh-

boringgrainsaredistinguishedandvery bright aswell asvery faint grainsarefound. The

algorithmhasbeenprogrammedto take advantageof optimizedarrayroutinesincludedas

partof thePV-WAVE programminglanguage.It thusrunsrelatively fast,especiallyconsid-

eringthat it calculatesprofilesandderivativesfor Ð 60 linesaroundeachlocal maximum.

The128particlesdefinedin the imageof Fig. 2.13werefound in 60 secondson theSGI

4D/35computerandin 30secondsona166MHz PentiumPC.

Someof the definedcontoursin Fig. 2.13 do not seemto correspondto actual

particlesin theimage(yellow contours).Evenwith smoothing,somenoiseremainsin the
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Figure2.13:Resultsof particle-definitionalgorithmappliedto anion image.Contoursthat
donotcorrespondto realgrainsareshown in yellow.

55



imagesandoccasionallyleadsto thedefinitionof “f alse”particles.Thismakesit somewhat

difficult to determineexactlyhow many grainshavebeenanalyzedin agivensetof images,

but it seemspreferableto includesomefalsegrainsin the dataset than to excludereal

ones.Also, a methodfor eliminatingfalsegrainsfrom thedataset,basedon the ratio of

the averageto the maximumpixel intensityis presentedbelow in the discussionof post-

imagingdatacorrectionsandcalibrations.

After particlesaredefinedin ion images,preliminaryisotopic(or elemental)ratios

arecalculatedfrom pixel intensities.Techniquesusedto correctthesepreliminaryresults

for effectsof grainsizeandpositionaredescribedin the next section.Given ion imagesÑ
and Ò , with respective exposuretimes Ó)Ô andT Õ , themeasuredratio, Ö¤×HØ ÙÌÚ ÔÕ , for a

definedparticleÛ is givenby Ö¤×HØ ÙÜÚÞÝ´ß Ôà×Ó´Ô Í Ó´Õß ÕC×ºá (2.10)

whereß%â × is theaverageintensityof thepixelswithin thedefinedcontourÛ in imageã . Note

thattheparticle-definitionalgorithmdefineseachparticleonly once,i.e., in only oneimage

of an isotopicratio pair, sothesamecontouris usedto calculateboth ß Ôà× and ß ÕC× . In the

casethatisotopeã is imagedtwice (e.g., ä�å�æ in Table2.1),ratiosarecalculatedusingboth

imagesandthenaveraged.Although the imagesaresmoothedby the particle-definition

programdescribedabove, theraw, unsmoothedimagedataareusedto determineisotopic

ratios.Trueisotopicratios, Ö�ç arerelatedto measuredratiosby:Ö
çvÚÌÖ�èéÙ (2.11)

wheren is the MCP/FSnonlinearityexponentdefinedin Eqn 2.8. For the preliminary

analysisof ion images,n is assumedto be1.05;“internal” calibrationsthatcandetermine

n for aparticulardatasetaredescribedin thenext section.For eachimagingrun,datafiles

aresaved,containingthe pixel subscriptsandprocessingresultsof eachdefinedparticle.

In additionto calculatedisotopicratios, the saved parametersfor eachgrain includethe
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numberof pixels, the averageandmaximumpixel intensitiesin the relevant ion images,

andthepositionwithin theimageof theparticle’scenter.

2.4.3 ImageData Processingand Selectionof PresolarGrain Candidates

After a setof ion imagingrunshasbeenacquiredfor asamplemountandhasbeen

processedasdescribedabove(particlesdefined,isotopicratiosdetermined),thedatasaved

for individual runsarecombinedinto a singledatafile to allow furtherprocessingof the

datasetasa whole. Becauseseveral parametersaresaved for eachgrain definedin ion

images,quitedetailedexaminationof thedatais possible.Therearegenerallytwo primary

goalsof the post-imagingdataprocessing:to identify isotopicallyanomalouscandidate

grainsand to determinethe total numberof grains(of a given composition)for which

theimagingisotopicmeasurementis accurate.To aid in thesegoals,a numberof criteria,

describedbelow, areusedto restrictdatasetsandexclude“bad” measurements.Calibration

techniquesarethenappliedto measuredisotopicratiosto correctfor effectsof MCP/FS

nonlinearity, grain size and imageposition. The processingof imaging datasetsis an

interactive process,with examinationof thedatasetasa whole interspersedwith detailed

re-examinationof ion images.Notethatnotall of thedataprocessingtechniquesdescribed

in this sectionhave beenappliedto all of the imagingdatapresentedin later chapters,

reflectingthefactthattheirdevelopmenthasbeenanongoingprocess.

“Cuts” on imaging data sets

Thereareseveralcriteria thatareusuallyusedto restrictdatasets.Definedparti-

clesareexcludedif their ion signalssaturatethe detector, if their ion countrateschange

significantlyfasterthanaverageduring imaging,if testsindicatethey areartifactsof the

particle-definitionalgorithm,or if they have too high a backgroundcontribution to yield
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a reliableisotopicmeasurement.All of thesemay bemonitoredby examiningimagein-

tensitiesasdiscussedbelow. In additionto thesecriteria,otherrequirementsmayalsobe

usedto restrictthedata,dependingon theparticularproblem.Most oftentheseadditional

constraintsinvolveelementalratios,for exampleonly grainswith Si/C ratiosindicativeof

SiCareconsidered.

Saturation: CCD pixels becomesaturatedwhen their limit of photoelectronstorageis

reached( ê 2.3.3); this statecorrespondsto an imagevalueof 65535ADU ( Ð ë 64000af-

ter darkimagesubtraction).Oncea CCD pixel reachesa saturationstate,it canrecordno

additionalphotonsthatmaystrike it. At best,imagesaturationresultsin a lower (upper)

limit onameasuredisotopicratio if only thenumerator(denominator)imagehassaturated

pixels.At worst,it canyield meaninglessresults,if bothimagesaresaturated.Neithercase

is desirable,sograinswith saturatedpixelsareroutinelyexcludedfrom datasets.

Changein imageintensity:For isotopicratio ion imaging,themoreabundantisotopeof an

isotopicratiopair is imagedbothbeforeandafterthelessabundantone(Table2.1).By ex-

aminingpixel intensitiesof individual grainsin the repeatedimages,the rateof change

of secondaryion count ratesduring ion imaging may be monitored. Fig. 2.14 shows

a histogramof the relative changein intensitybetweenthe first andsecondì�í�î�ï imagesðTñòð ì�í�î�ï§ó ì�ô ð ì�í�î�ï�ó ä�õ§ö ð ì�í�î�ï²ó�Ô�÷�ø�ù�ú�û�øTó for 3100imagedSiC grainsfrom theMurchisonmete-

orite. Theaveragechangein intensityis Ð -1%,dueto sputtering(anegativechangemeans

adecreasein intensity)andmostof thedistributionlieswithin thegaussianfit (solidcurve).

The non-gaussiantail towardslarge negative changesin Fig. 2.14, is dueto small grains

thatsputterfasterthanaveragegrains.Significantdeviationsfrom theaverageindicatean

errorwith themeasurement.For example,grainsthatsputterawayveryquickly andgrains

for whichacosmicraystrikestheCCD, producingbrightpixelsin oneof thetwo images,

wouldbothyield erroneousmeasurementsandlarge(absolute)changesin imageintensity.

Usually all grainswhoserelative changesin intensityfrom the first imageto the second
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differ by morethan3ü from theaveragechangeareexcludedfrom thedataset,whereü is

determinedby gaussianfits of thesortshown in Fig. 2.14.
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Figure2.14: Histogramof therelative changein imageintensitybetweenfirst andsecondì�í�î�ï imagesfor 3100SiCgrainsfrom theMurchisonmeteorite.Thesolid line is agaussian
fit to thedata.Grainsoutsidethemaindistributionshouldbeexcludedfrom thedataset.

Average/MaximumRatio: A third criterion,usedto excludefrom thedatasetbothartifacts

of theparticle-definitionalgorithmandgrainswith too high a backgroundcontribution, is

theratioof averageto maximumpixel intensityfor definedgrains.To understandwhy this

ratio is ausefulquantity, consideranidealizedparticlethathasa2-dimensional(circularly

symmetric)gaussianimageintensityprofile,with maximumintensityý , describedin polar

coordinatesby þ ð®ÿ ó4Ú ý ����� ���� �
	 (2.12)
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The averagevalueof this intensityprofile, averagedover pixels within a radius Ö of the

particlecenter, is givenbyÑ Ú �� Ö ì 
 ì��� ��� 
��� þ ð�ÿ ó ÿ � ÿ Ú�� ýÖ ì 
��� � ��� ���� � ÿ � ÿ Ú�� ýÌü ìÖ ì ð � ô � ��� ���� � ó (2.13)

Recallthat the grain-findingalgorithm( ê 2.4.2)includesin a particlecontouronly those

pixelswith intensityhigherthanathreshold,chosenasafraction Ë of theparticlemaximum.

For our idealizedcase,this correspondsto choosingÖ suchthat

þ ð ÖXóÅÚÞË�Í�ý , that isÖ ÚÞü�� ô ����� Ë . Substitutingthis into Equation2.13,we find the averagevalueof this

particleis Ñ Ú ý ð Ë ô � ó��� Ë 	
(2.14)

Thus,at leastfor purelygaussianparticles,theaverageto maximumintensityratio,
Ñ ö ý ,

dependsonly on thethresholdfraction Ë usedfor particledefinition.For thetypical thresh-

old valueof 35%,Eqn.2.14gives
Ñ ö ý =0.62.

In fact, examinationof low-mass-resolutionion imageshasshown that mostpar-

ticles have intensityprofilesthat arewell describedby a sumof a gaussiananda slowly

varyingor constantbackground.Thus,theaboveanalysisis approximatelycorrectfor real

ion images,althoughthebackgroundadditionleadsto slightly lower average
Ñ ö ý ratios

thanthosepredictedby Eqn.2.14.Thebackgroundcontributionalsoleadsto aslightgrain

sizedependenceof
Ñ ö ý ratios;smallergrainshave largerbackgroundcontributionsand

lower
Ñ ö ý ratios. A histogramof

Ñ ö ý ratios (from ä�å æ images)for Ð 12,500O-rich

“grains” definedin ion imagesof asamplemountfrom theTieschitzmeteoriteis shown in

Fig. 2.15.As expectedfrom theprecedingdiscussion,a largefractionof grainshave
Ñ ö ý

ratiosslightly lower thanthepuregaussianvalueof 0.62(they peakat Ð 0.54). However,

therearealsomany grainswith muchhigherratios.High
Ñ ö ý valueshave beenfoundto

usuallyindicatethata givendefinedparticleis not a grainat all. Rather, suchgrainsare

artifactsof the imageprocessing.For example,thecontoursshown in yellow in Fig. 2.13
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Figure2.15: Average/maximumä�å æ pixel intensityratiosfor 12,500oxidegrainsdefined
in ion images.Thelowerpeakcomprises“good” measurements;grainswith highratiosare
mostlyartifactsof theparticledefinitionprogram,but somereflectaveryhighbackground
contribution.

all have
Ñ ö ý ë! 	#" anddo not representactualgrainsin the ion image. Somedefined

grainswith high ratiosdo appearto berealgrainsandnot artifacts,but thesehave a much

higherbackgroundcontribution thanthegrainsin the low
Ñ ö ý peakandtheir measured

isotopic ratiosare lessaccurate.In any case,reliable isotopic ratio measurementsfrom

ion imagesseemto beconfinedto grainswith lower
Ñ ö ý ratios;for example,all of the

20 presolaroxidegrainsthatwereidentifiedin thedatasetof Fig. 2.15have
Ñ ö ý ratiosÊ 0.65.Typically, agaussianis fitted to thelowerpeakin histogramslike thatof Fig. 2.15,

andthetotalnumberof measuredgrainsis estimatedfrom thetotalareaunderthegaussian.

Definedgrainswhoseratiosaretoohighareexcludedfrom thedataset.
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Calibration of ImagedIsotopic Ratios

Oncetheabove criteriahave beenusedto restricta dataset,theresultingdataare

correctedfor effectsof MCPnonlinearityandbackgroundcontributionsasdescribedhere.

Figure2.16shows the “raw” imaged ä�å æ / ä í�æ ratio (calculatedusingEqn. 2.10),plotted

versusthe averageä�å æ pixel intensity(averagedover all definedpixels for a givengrain

andover both ä�å æ images),for Ð 17,000silicategrainsfrom theTieschitzmeteorite.Two

striking trendsareclear. One: themeasuredä�å æ / ä í æ ratiosof thegrainsaresignificantly

higherthantheirtrue(solar)ratiosof Ð 500,showingdirectlytheeffectof theMCP/FSnon-

linearity. Two: thereis a steepdropoff in themeasuredratioastheion intensitydecreases;

thisdecreaseis alwayspresentin ä�å æ / ä í�æ and ì�í�î�ï / $ � î�ï imaging.As mentionedabove,the

intensityprofilesof particleswithin ion imagesaredescribedwell by thesumof agaussian

anda slowly varyingbackground.This backgroundcontribution is primarily dueto ions

from thesamplesubstrate,althoughcloselysituatedparticlesalsohavecontributionsfrom

thegaussiantails of nearbygrains.Therelativecontributionof thebackgroundto isotopic

ratio measurementsis greaterfor small grainsthanfor large ones. Underthe low-mass-

resolutionconditionsusedherefor ion imaging,the ä í�æ and $ � î�ï imagescontainhydride

interferences( ä�å æ H �ì and ì�í�î�ï H �ì , respectively), which largely originatefrom the sample

mountratherthanfrom grains.Thus,a largerrelativecontributionof ionsfrom thesample

mountto theintegratedpixel intensitywithin adefinedparticletranslatesinto a lowermea-

suredä�å æ / ä í�æ or ì�í�î�ï / $ � î�ï ratioandthis is themostlikely explanationfor theisotopicratio

dropoff shown in Fig. 2.16.

Regardlessof thecauseof thelow-intensityratiodropoff, thedatasetcanbeempir-

ically corrected;theprocedure,appliedto thedataof Fig. 2.16,is illustratedin Fig. 2.17.

The filled circlesin Fig. 2.17representthe averagemeasuredä�å æ / ä í�æ ratio, Ö�ú�÷ , for all

grainswithin ä�å�æ imageintensity intervals, chosento include Ð 300 grainsper interval.
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Figure2.16: ä�å æ / ä í�æ ratiosplottedversusimageintensityfor Ð 17,000silicategrainsfrom
the Tieschitzmeteorite. The measuredratios are higher than solar becauseof the non-
linearity of the MCP/FS.The dropoff in ä�å æ / ä í�æ ratio for low imageintensitiesis due
to increasedbackgroundcontributions to the measurements.(seethe text for a detailed
discussion)
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Figure2.17: Dataof Fig 2.16averagedfor intensitybins containing300 grainsper bin.
Thesolidcurve is theresultof a least-squaresfit to Eqn.2.15.
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Thesedatahavebeenfoundto befittedwell by a functionof theform:Ö�ú�÷
Ú·Ö
ç ô ð Ö
ç ô Ö�È�ó�Í þ ð ß ó (2.15)

where Ö�È is the“background”isotopicratio, Ö
ç is the“true” ratio, ß is theimageintensity

and

þ ð ß ó is givenby: þ ð ß ó4Ú&% ä � �
' ��(�) ð � ô % ä ó � �
'+* ( 	 (2.16)

If wetake Ö�È asthey-interceptof astraightline fittedto thefirst few pointsof Fig.2.17andÖ
ç to betheaveragevalueof thelastfew (asymptotic)valuesof Ö�ú�÷ , theshapeof thecurve

is determinedby thefitting parameters,% â . Thesolid line throughthedatain Fig. 2.17is

theresultof a weightedleast-squaresfit to Eq.2.15with

þ ð ß ó givenby Eq.2.16.Oncethe

best-fitparametershave beenfound,a correctedisotopicratio is obtainedfor eachgrain ã
in thedataset: Ö�,.- ù�ù ä Ø â Ú Ö
Ù'Ø â ) ð Ö�ç ô Ö�È�ó�Í þ ð ß�â ó0/ (2.17)

where Ö�Ù Ø â is themeasuredratio and ß%â theaverageimageintensityof grain ã . (Thesub-

script 132 ÿ ÿ � indicatesthatthis is afirst correction.)

Anothercorrectionthatcanbeappliedto thedatasetarisesfrom thenon-uniform

responseof the MCP/FSdetectoracrossits surface. As discussedabove in ê 2.3.4, this

non-uniformityleadsto a gradualdecreasein measuredä�å æ / ä í æ and ì�í î�ï / $ � î�ï ratiosasa

function of distancefrom the MCP center(Fig. 2.7). To correctfor this effect, we view

the decreaseasaneffective decreasein the MCP/FSnonlinearityexponentn in Eqn.2.8

andassumeanaveragevalue, Ö�- , for thebulk of the imagedgrains. In this way, we can

usethe dataset itself to determineand correctfor n. First, the averagevalueof R,.- ù ù ä
(Eqn.2.17)is foundfor grainswhosecenterslie within givenintervalsof distancefrom the

imagecenter. Thedistanceintervalsarechosento give equalareason theMCP. For each
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distanceinterval, n is next calculatedby4 Ú!�5� ð7698;:�ð Ö�,.- ù�ù ä ó ó��� ð Ö�-�ó 	
(2.18)

Fig. 2.18shows n, calculatedwith Ö�-
Ú Ö=<7-�> ú�ù¤Í � 	  � Ú@?  +A for thedataof Figures2.16–

2.17asa functionof MCP position.Themultiplicative factorof 1.02in theassumedratio

reflectsa typical instrumentalmassfractionationin the ä�å æ / ä í�æ ratio during sputtering,

ionizationandtransmission.Thesolid curve is theresultof a third orderpolynomialfit to

thedata,giving n asafunctionof
ÿ
, thedistancefrom theMCPcenter. With theparameters

of thisfit, afinal correctedisotopicratio for eachgrain ã of thedatasetmaybeobtained:Ö�,.- ù�ù�Ø â Ú Ö èBDC �FEHG,I-�ù�ù ä Ø â 	 (2.19)

The distance
ÿ â for particle ã is given by

ÿ â Ú J ð.K â ô K ,�ó ì ) ðIL â ô L ,�ó ì , where
ð.K â / L â ó

aretheaveragepixel coordinatesof grain ã and
ð.K ,M/ L ,�ó Ú ð � ��N / � �ON ó is the centerof the

imageP . Thefinal resultsof the ratio calibrationprocedureareshown in Fig. 2.19,which

shows Ö�,.- ù ù�Ø â asa functionof ä�å æ imageintensity. (Comparewith theuncorrecteddataof

Fig. 2.16.)

Notethat thecalibrationsdescribedherehave madelittle differenceoverall for the

ion imagingdatapresentedin thisthesis.Theprimaryreasonfor this is thatthecalibrations

have their biggesteffect for very smallgrains.Evenif thedatacorrectionsrevealpresolar

grainsthatwouldhavebeenmissedwithoutcorrection,thegrainsarelikely to betoosmall

for re-analysisbeyondtheion imagingmeasurement,for exampleby high-mass-resolution

isotopicanalysis.I includedetaileddescriptionshereof thecalibrationtechniques,how-

ever, becausethey have beenimportantin somecases;for example,somepresolargrainsQ
Strictly speaking,thecenterof theimagemaynot beexactly alignedwith thecenterof theMCP “non-

uniformity.” However, ion imagesof a uniform sample(Si wafer) indicatethat thenon-uniformitycenteris
within 20pixelsof thecenterof theCCD image;a systematicmisalignmentof thetwo centersby this much
haslittle effecton thecorrectiondescribedhere.
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Figure2.18: MCP/FSnonlinearityexponentinferredfrom measuredisotopicratiosasa
functionof distancefrom theimage(MCP)centerfor thedataof Fig. 2.16,correctedusing
Eqn.2.17.Solid line is a third-orderpolynomialfit to thedata.
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Figure2.19:Dataof Fig 2.16correctedfor backgroundandMCP/FSnonlinearity
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with slightly higherthanaverageä�å�æ / ä í æ ratioshave beenfound that would have other-

wisebeenmissed.Moreover, thecalibrationsarelikely to bemoreimportantin futureion

imagingsearcheswheretheprimarygoal is thatof determiningrelative concentrationsof

differenttypesof presolargrains.For suchstudies,theion imaginganalysisis likely to be

sufficientwithout furtherisotopicmeasurements.

Selectionof PresolarGrain Candidates

After an imagingdatasethasbeencut andcorrectedasdescribedabove, presolar

graincandidatesarechosenasthosegrainswhosecorrectedisotopicratiosaresignificantly

differentfrom average,where“significantlydifferent” is operationallydefinedin termsof

the width ( ü ) of the distribution of (mostly normal)measuredratiosin the dataset. For

muchof the imagingwork reportedin this thesis,a gaussianwasfitted to a histogramof

ratios for the entiredataset. Candidateswerethenchosenas thosegrainsthat deviated

by morethan3ü from the average,where ü is the width of the gaussian.However, it is

clearfrom Fig. 2.19thatthewidth of theratiodistribution increasesastheimageintensity

decreases,reflectinglargercounting-statisticserrors. This hasbeentaken into accountin

many casesby fitting gaussiansto histogramsof correctedratiosof small (low intensity)

andlarge(high intensity)grainsseparately.

A bettermethodof selectingcandidatesinvolvesthedeterminationof ü asanan-

alytical function of imageintensity, ß . We assumethat the width of the isotopic ratio

distribution, ü � , is a combinationof an intrinsic width ü � Ø â anda counting-statisticserrorü � Ø , . (Theintrinsicwidth is in turnduebothto non-statisticalinstrumentaluncertaintyand

any intrinsicvariationin theisotopicratiosof the“normal” grains.)Fig. 2.20shows R �� as

a functionof ß for 8,150oxide grainsimagedfrom the Tieschitzmeteorite.In this plot,ü � and Ö arethestandarddeviationandaverage,respectively, of ä�å æ / ä í æ ratios(corrected
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Figure2.20:Relativeerrorof correctedä�å æ / ä í�æ ratiosasa functionof imageintensityfor
Tieschitzoxidegraindataof Fig. 2.21.Thedashedline is theresultof fitting Eqn.2.21to
thesedata.

accordingto Eqns.2.15and2.16)for grainswithin ß (averageä�å æ intensity)intervalscho-

sento include450 grainsper interval. Obviouscandidategrainsthat deviatedby a large

amountfrom themaindistributionwereexcludedfrom thedatasetbeforetheaverageand

standarddeviationwerecalculated.GivenaratioR=A/B, therelativeerrordueto counting

statisticsis givenby: S ü � Ø ,Ö T ÚVU �Ó)Ô ) �Ó´Õ Ú WXXY �Z) ç\[çH] ÖÓ)Ô (2.20)

whereÓ â is thetotalnumberof countedsecondaryionsand Ë â is thecountingtimefor massã . Sinceboth the averagevalueof R for this correcteddatasetandthe O-isotopicimage

exposuretimesareconstants,wecantake thenumeratorof thelastfractionto beconstant,

and ^ R �+_ `�badc J äe [ . Recall that the imageintensity ß of imageA is proportionalto ÓgfÔ
wheren is theMCP/FSnonlinearityexponent(Eqn.2.8). Thus, Ó´Ô c ß èB and,combining
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errorsin theusualway, wefind:S ü �Ö T ì Ú ü ì� Ø âÖ ì )ihß èBkj h ä )lh ìß èé (2.21)

Thedashedline in Fig.2.20showstheresultsof aleast-squaresfit to Eqn.2.21,with

fitting parametersh ä and h ì andn takento be1.05.Eqn.2.21,with thefittedparameters,

is thedesiredanalyticalexpressionfor theuncertaintyasafunctionof imageintensity. Note

thatathighimageintensity, thesecondtermof Eqn.2.21becomesnegligible andthewidth

of the distribution is given by the “intrinsic” width ( ü � Ø â ö Ö Ú � h ä ). This asymptotic

width determinesthe limit to how anomalousa grain mustbe beforeit canbe identified

by the ion imaging techniqueand, as mentionedabove, dependsboth on the analytical

uncertaintyof ion imagingandthetruerangeof isotopicratiosof thedataset.In Fig. 2.20,ü � Ø â ö Önm � 	 �po . In fact,for the ä�å æ / ä í�æ and ì�í�î�ï / $ � î�ï imagingstudiesof thisthesis,typicalü � Ø â ö Ö valuesarebetween2 and3%.

Presolargraincandidatesareselectedasthosegrainsfor which:É Öq,I-�ù�ù ô Ö�- Éü � ð ß ó ësr (2.22)

where Ö�,.- ù�ù is given by Eqn.2.19, Ö�- is the averagecorrectedratio of the dataset, I is

the averageimageintensityof a givengrain,and ü � ð ß ó is givenby Eqn.2.21. Fig. 2.21

showstheactualdatausedto deriveFig. 2.20.Non-candidate(“normal”) grainsareshown

aspoints,candidateschosenusingtheabovecriterionareshown ascircles.Thesolid lines

indicate3ü curvesaccordingto Eqn.2.21. Many of thesecandidatesweresubsequently

confirmedto bepresolart � ì æ $ grains(seeChapter3).

Oncecandidatesarechosen,the original ion imagescontainingthemareclosely

scrutinizedto removecandidateswhose“anomalous”isotopiccompositionsareartifactsof

the imageformationand/orprocessing.Althoughmostsuchartifactsareeliminatedfrom

the datasetby the “cuts” describedabove, a fraction getsthrough. Among the possible
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Figure2.21: Correctedä�å�æ / ä í æ ratiosasa functionof imageintensityfor 8150Tieschitz
oxide grains. Curves indicate3 ü limits beyond which presolaroxide grain candidates
(circles)arechosenfor furtheranalysis.
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causesof artifactsare imageshifts, optical distortionsat imageedges,andbright pixels

dueto cosmicraysstriking the CCD. Also, candidategrainsareoften re-imagedat this

point to excludegrainswhoseapparentanomalouscompositionsaretheresultof statistical

variations. Candidatesthat still appearto be anomalousafter inspectionof the images

and/orre-imagingarethenselectedfor furtherstudy, usuallymeaningSEM examination

andhigh-mass-resolutionisotopicanalysis.

Determination of StageCoordinates

In orderto re-locatecandidategrainsin theionprobe(or theSEM;seeAppendixE),

it is usefulto determinetheir stagecoordinates.For eachimagingrun, the mappingpro-

gram recordsthe ion probestageposition
ðvu /Mw ó of the entire image,and the particle-

definitionalgorithmsdescribedabove recordtheaverage
ðvK â / L â ó pixel coordinatesof each

definedgrain.With this information,stagecoordinates
ð.K / L ó of individualgrainsaregiven

by K Ú u ) ð.K â ôyx ó�Í K <7,®úz> ø (2.23)L Ú&w ) ðIL â ôd{ ó4Í L <7,®úz> ø (2.24)

where
ð x / { ó specifythepixel locationin theimagecorrespondingto ion probecoordinatesð.u /Mw ó , and

K ðIL ó|<I,®ú|> ø specifiesthenumberof micronsperpixel in the
K ð.L ó direction.Note

that x and { aresomewhatarbitrary;choosingdifferentvaluesfor themamountsto asimple

translation.Thescalefactors,
K <7,®ú|> ø and

L <I,�úz> ø , mustbedeterminedfor eachsetof imaging

runs,however, by directly determiningthe stagecoordinatesandpixel coordinatesfor a

numberof grainsin an ion image. For the usualimagingconditionsusedin this thesis,K <7,®úz> ø Ú L <I,�úz> ø}m ä �~���0�ì~� å × â�� ø�>�< Ú  	 r+A Ï�� /pixel.

71



PresolarGrain AbundanceEstimates

In additionto identifying raretypesof presolargrainsin meteoriticseparates,ion

imagingcanalsobeusedto estimatetheconcentrationsof thesetypesof grainsin mete-

oritesor the relative abundancesof differentpresolargrain typesin a givensample.For

example,in Chapter3, the resultsof ion imagingsearchesareusedto estimatethe con-

centrationsof presolaroxidegrainsin differentmeteorites.In Chapter5, ion imagingdata

areusedto estimatetherelative abundancesof presolarSiC of typeX, presolarî�ï $��g� and

“mainstream”SiC in differentmeteorites.Notethat,becauseof thedifficultiesmentioned

in thenext paragraph,theseestimatesaresometimesveryroughandshouldbeviewedwith

someskepticism. However, estimatesof relative numbersof different typesof presolar

grainsaregenerallymoreaccuratethanestimatesof absolutemeteoriticabundances.

To estimatethe concentrationof presolargrainsof type A in a given meteorite,

onemustdeterminethetotal numberof grainsin an imageddataset,thenumberof these

grainsthatbelongto typeA, andthecompositionsof the imagedgrains. In addition,the

concentrationsand,in somecases,thesizedistributionsof differentmineralphasesin the

meteoritefrom whichthesamplewasseparatedmustbeindependentlydeterminedby SEM

work. How well all of thesethingscanbedeterminedfor agivendatasetdependsstrongly

bothontheparticularsampleandontheion imagingconditions.Difficultiescanstemfrom

suchthingsasthespatialdensityof grainson thesamplemount,how well the ion optics

aretuned,andthepossibleandvariablepresenceof contamination.Thedensityof a grain

mountis particularlyimportant;if a mountis very crowded,imagesof individual grains

canoverlapto the point that multiple grainsaredefinedasoneor that the isotopicratio

of an anomalouspresolargrain is washedout by the normal ratio of a nearbygrain. In

suchcases,both the total numberof grainsimagedandthenumberof presolargrainsare

uncertain.A similar problemholdsif the opticsarenot focusedproperlyandimagesof
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neighboringgrainsareblurredtogether. Thecompositionsof imagedgrainscanoftenbe

determinedby obtainingelementalratiosin additionto isotopicratios,andsuchimaging

alsosometimesprovidesamethodfor eliminatingcontaminationgrainsfromadataset.For

example,in someion imagingsearchesfor presolaroxide grains,O� /AlO � andO� /Si�
ratios have beenobtainedin addition to ä�å æ / ä í�æ ratios, to distinguishbetweenAl-rich

meteoriticgrains(primarily t � ì æ $ and � : t � ì æ � ) andquartzcontaminantgrainson the

samplemounts.However, even if elementalratiosallow oneto distinguishsomemineral

phasesin a givensamplefrom oneanother, an independentdeterminationby SEM-EDX

of therelativeabundancesof differentmineralphaseson samplemountsis usuallyneeded

aswell. Becauseof the difficultiesentailedin estimatingpresolargrainabundances,and

becausethe reliability of suchestimatesdependson the particularconditionsof a given

imagingrun, I will discusseachsampleasaspecialcase.

2.4.4 High-Mass-ResolutionMapping

Althoughion imagingat low massresolutionis quiteeffectivefor identifyingsome

raretypesof presolargrainsin meteorites,othertypesof grainscannotbefoundsoeasily.

For example,theraresub-groupof presolarSiCknown asgrainsY is distinguishedby high

( ë 120) ä ì0� / ä $D� ratios(Hoppeet al., 1994a).Thesegrainshave Si-isotopicratiossimilar

to themainstreampopulationof SiC (Hoppeet al., 1994a,Chapter1) andthuscannotbe

found by imagingof ì�í î�ï / $ � î�ï . Anotherexampleis givenby somepresolaroxide grains

thathave highly anomalousä�å æ / ä7� æ ratios,but normal ä�å æ / ä í�æ ratios.Suchgrainswould

be missedby the ion imagingsearchesdescribedin this thesis,that identify grainswith

unusualä�å æ / ä í�æ ratios. The isotopicratiosthatdistinguishboth thesetypesof grainsre-

quirehigh mass-resolvingconditionsfor their measurement,dueto isobaricinterferences

( ä ì � H interfereswith ä $ � and ä�å æ H with ä7� æ ). Tuningtheion microprobefor high-mass-

resolutionconditionsmakes ion imaging difficult, becausethe available imagedareais
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reducedandopticaldistortionsareintroduced,andbecausesuchconditionsentaila large

loss of secondaryion signal. A preliminarystudy hasshown that high-mass-resolution

imagingof ä ìD� / ä $M� ratiosis feasible(Amari et al., 1996a),but distortionsin the images

led to somedifficultieswith theparticle-definitionalgorithm.Furthermore,thelossof sig-

nal led to muchlargerstatisticaluncertaintiesthanthoseobtainedby low-mass-resolution

imaging. Despitetheseproblems,ä ì � / ä $ � ion imagingdid identify a numberof new SiC

grainsY andthetechniquelookspromising.

In contrastto ä $ � , imaging of ä7��æ is impracticalwith our ion imaging system,

bothbecauseof thevery low naturalabundanceof this isotopeandthemuchhighermass-

resolvingpower neededto separateä�å�æ H ions from ä7��æ ions thanthat neededto resolveä ì0� H from ä $D� . SinceI wantedto determinewhat fraction of presolaroxide grainsare

missedby mappingin ä�å�æ / ä í æ , I developeda “semi-automated”methodfor high-mass-

resolution ä�å æ / ä7� æ ratio measurements.In this technique,ion imaging is usedto map

samplemountsin ä�å æ and ì � t � ä�å æ , andtheimageprocessingtechniquesdescribedin pre-

vioussectionsareusedto determinetheion probestagecoordinatesof Al-rich oxidegrains.

By not imagingin ä í�æ , this methodminimizesthe total time that grainsaresputteredby

theprimary ion beamprior to thehigh-mass-resolutionanalysis.Oncethecoordinatesof

grainsaredeterminedby ion imaging,aprogramis run thatautomaticallymovesthestage

from grain to grain. For eachgrain, the experimenterchecksthat the primary ion beam

is focusedonto the grain andperformsa three-cycle measurementof ä�å æ , ä7� æ and ä í�æ .

Grainsthatappearanomalousduringsuchashortanalysiscanimmediatelybesubjectedto

a full, higher-precisionmeasurement.

Althoughthis mappingtechniquerequiresfar moretediouswork on thepartof the

researcherthantheautomatedion imagingmethod,it doesindeedallow largenumbersof

grainsto be analyzedat high massresolutionrelatively quickly. The resultsof the first

useof this methodto searchfor presolaroxide grainsis describedin Section2.4.4. For
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this search,total countingtimesfor ä�å�æ , ä7��æ and ä í æ were3, 18,and15 seconds,respec-

tively, resultingin typical 2ü analyticaluncertainties(dueto countingstatistics)of 20%

for ä7� æ / ä�å æ and10%for ä í�æ / ä�å æ . The total time for eachgrainmeasurement,including

locatingthegrain,centeringtheprimary ion beamandcountingsecondaryions,wasless

thanthreeminutes. In contrast,a presolargrain measurementusingstandardtechniques

maytake aslong asfifteenor twentyminutesto complete,a significantfractionof which

is spentfinding thegrain.

75



Chapter 3

Oxygen-rich Stardust in Meteorites I. Samplesand Results

3.1 Intr oduction

At thetimethatthisthesisresearchwasinitiatedin 1992,theknown presolarphases

in meteorites– SiC, graphiteanddiamond– wereall C-rich (seeChapter1). Although

astronomicalobservationsof O-rich dust both in circumstellarenvelopesaroundO-rich

starsandin theinterstellarmediumled to theexpectationthatO-rich stardustshouldalso

bepresentin meteorites,presolaroxidegrainsprovedto beconsiderablymoredifficult to

locatein meteoritesthancarbonaceousones.Theprimaryreasonfor this is thattheSunis

rich in oxygen,andchondriticmeteoritesareessentiallycollectionsof isotopicallyuniform

O-rich phasesthat formedin thesolarnebula. Presolaroxidegrainsarethushiddenby a

largebackgroundof isotopicallynormaldustgrains,evenin thehighly concentratedacid

residuesin whichpresolarC-richphasesareprevalent.

Thefirst evidencefor presolaroxidegrainsin ameteoriticacidresiduewasfoundby

ZinnerandTang(1988),who found ä7� æ enrichmentsin bulk measurementsof thousands

of tiny oxide grainsin a separateof the Murray carbonaceouschondrite. Subsequently,

Husset al. (1992)reportedthediscoveryof a highly ì å � : -enrichedt � ì æ $ grainfrom the

Orgueil meteorite(out of fifty-one refractoryoxide grainsanalyzedfor Al-Mg). The in-

ferredinitial ì å t � / ì � t � ratio of this grainis 18 timesashigh astheupperlimit of 5 Î �  � �
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observedin matterof solarsystemorigin (MacPhersonetal., 1995),andHusset al. tenta-

tively identifiedthis grainascircumstellar, anidentificationlaterconfirmedby O-isotopic

analysis.

The ä�å æ / ä í�æ ion imagingmappingtechniquedescribedin the previouschapteris

ideallysuitedto locatingpresolaroxidegrains,whichareswimmingin aseaof isotopically

normalgrains.In fact,theproblemof locatingpresolaroxidegrainswasverymuchin mind

during the initial developmentof the ion imagingsystemandoneof the first usesof ion

imagingwasa successfulsearchfor presolaroxidegrainsin a separateof theMurchison

meteorite(Nittler et al., 1993).I havesinceusedion imagingto searchfor O-richstardust

in residuesof fivedifferentmeteoritesandidentifiedandanalyzedathighmassresolutiona

total of seventy-ninepresolaroxidegrains.An additionaleightpresolargrainswerefound

by ahigh-mass-resolutionsearch.In thischapter, I summarizeanddiscusstheion imaging

dataandpresentthehigh-mass-resolutionisotopicdatafor the87presolargrainsthatwere

found.A detaileddiscussionof theastrophysicalimplicationsof thesedatais presentedin

Chapter4. I notethatmuchof thischapterandessentiallyall of Chapter4 aretakenfrom a

manuscriptof a papersubmittedto theAstrophysicalJournal(Nittler et al., 1996b).Also,

someof thedatahavebeenpreviouslypublished(Nittler etal., 1994;Nittler etal., 1995b).

3.2 Ion Imaging Results

Table3.1 summarizesthe resultsof my ion imagingsearchesfor presolaroxide

grains,in chronologicalorder. For eachsamplemountthat wasmapped,the tablegives

the meteoritefrom which the sampleoriginated,the numberof imaging runs that were

acquired,thenumberof grainsthatweredefined,thealgorithmusedfor particledefinition

and the numberof confirmedpresolargrainsthat were found. The namesgiven to the

differentmountsarebasedon the namesgiven to particularresiduesby the peoplewho
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Table3.1: Ion imagingsearchesfor presolaroxidegrainsin meteorites.

Mount Meteorite Runs DefinedGrains� Algorithm� PresolarGrains

ORCC Orgueil 96 550 1 0
KJG-6� Murchison 205 800 1 1
ORCD1 Orgueil 130 1200 M 0
OREF Orgueil 400 1650 2 0
T8A Tieschitz 415 3000 2 12
T8B Tieschitz 252 3300 2 9
T8C4 Tieschitz 285 4000 2 5
T8C3 Tieschitz 171 4700 2 11
IN28b-B Indarch 153 1100 3 0
IN28a-B Indarch 153 2100 3 0
T8D1 Tieschitz 410 17000 3 38
AF15b-B Acfer 094 438 6600 3 3�

Numberafter“cuts” describedin Chapter2 applied.�
Algorithm usedfor particledefinition(seeChapter2). 1: First algorithm–particlesdefinedby thresholding;
M: Particlesdefinedmanuallyby userwith a mouse;2: Early versionof currentalgorithm–particlesdefined
by expandingin circlesaroundlocalmaximauntil a critical numberof pixelsarebelow a thresholdintensity
level; 3: Currentversionof algorithm–particlesdefinedby examiningimageprofilesandtheir derivatives
radiallyaroundlocalmaxima.

preparedthem. For example,“ORCC” is a mountof theOrgueil-CCresiduepreparedby

Roy Lewis andmountswhosenamesbegin with “T8” containmaterialfrom Xia Gao’s

Tieschitz-T8separate.

Theparticle-definitionalgorithmslabeled“1” and“3” in Table3.1aretheoriginal

algorithm,developedby PeterHoppeandRicky Becker, and the currentalgorithm,de-

velopedby myself, respectively. Thesearedescribedin Chapter2. For the grain mount

ORCD1,I definedparticlesmanually(hencealgorithm“M”) by drawing contourson im-

ageswith themouse.Algorithm “2” refersto anearlyversionof thecurrentalgorithm.In

thisearlieralgorithm,particlesweredefinedby expandingin circlesaroundlocal intensity

maximain theimagesuntil acritical numberof pixelswithin thecircularregionwerebelow
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a thresholdintensitylevel. In general,the numberof particlesidentifiedandthe number

of closelyneighboringgrainsthatweredistinguishedincreasedwith eachnew algorithm.

Essentiallyno grainsaremissedwith algorithm3, but this programhasthesideeffect of

defining“f alse”particles(seeChapter2).

In the remainderof this section,I will discussthe ion imaging resultsfor each

meteorite,and,wherepossible,estimatetheabundanceof presolaroxidegrainsin thegiven

meteorite.Thereaderis cautionedto take theseestimateswith agrainof salt,however. As

discussedin Chapter2, estimatingpresolargrain concentrationsin meteoritesfrom ion

imagingdatais complicatedby suchissuesasthedispersionof grainsonthesamplemount

andthepresenceof contamination.An additionalcomplicationis thefactthatasignificant

fraction (1/4–1/2; see ê 3.3) of presolaroxide grainshave solar ä�å æ / ä í�æ ratios and are

thusoverlookedin ion imagingsearcheslike thosediscussedhere.Also, sincethe image

processinganddatareductiontechniquesdescribedin Chapter2 weredevelopedgradually

throughoutthe courseof this thesisresearch,the analysistechniquesappliedto eachion

imagingdatasetdifferedto varyingdegrees.This complicatescomparisonsof theresults

from differentmeteorites,or eventheresultsfrom differentmountsof thesamemeteorite

separate.

3.2.1 Orgueil

TheOrgueil meteorite(typeCI) waschosenfor thefirst ion imagingsearch,both

becausethis wasthemeteoritein which Husset al. (1992)hadfoundstrongevidencefor

a presolart � ì æ $ grainandbecauseOrgueil hasnoCa-Al-rich inclusions(CAI) thatcould

provide isotopicallynormalrefractoryoxidegrainsto acidresidues,thusdiluting thepop-

ulationof presolaroxides.Thefirst samplemapped,Orgueil-CC,wasa 2–4Ï m separate,

which accordingto SEM-EDX analysisconsistedmostly (86%)of Cr-rich oxides,gener-

ically referredto hereas“chromites,” followedby spinel(8%), TiO ì (4%) andvery little
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( Ð Ê 1%each)t � ì æ $ , hiboniteandSiC.Theresultof thissearchwasnegative,andthefollow-

ing searchwascarriedoutona4–8 Ï m separate(Orgueil-CD,mountORCD1)thatresulted

from further treatmentof Orgueil-CCwith perchloricacid to remove chromites.Indeed,

thechromiteabundanceof ORCD1wasreducedto about10%,andthe t � ì æ $ abundance

increasedto Ð 8%. Even so,no presolargrainswerefoundon this mounteither. Unfor-

tunately, a crackedcentrifugetubeendedany possibilityof furthersearchesin thesmaller

sizefractionof thisOrgueilsample.Thethird andfinal Orgueilsearchwasthuscarriedout

on anentirelydifferentresidue,Orgeuil-EF. This samplehadthedisadvantagethat it had

beenmixed (prior to acid dissolution)with plant materialandterrestrialsoil someyears

earlier in an attemptedlife-in-meteoriteshoax (R. Lewis, privatecommunication).Ap-

parently, this contaminationintroduceda significantamountof smallacid-resistantoxide

grains. The t � ì æ $ abundanceon the Orgueil-EFsamplemountOREFwaslessthan1%

andno presolargrainswerefoundby ion imaging. In summary, the ion imagingsearches

of Orgueil residuesidentifiednopresolaroxidegrains.However, only Ð Ê 130 t � ì æ $ grains

wereamongthoseimaged,andwith thehindsightthatpresolaroxidesarepredominatelyt � ì æ $ , weseethatthesearcheswerehamperedby low statistics.

3.2.2 Mur chison

Onesamplemount,KJG-6� , of acid-resistantdustgrainsfrom theMurchisonme-

teoritewasmappedin ä�å�æ / ä í æ for presolargrains. It containedmaterialfrom the2–4Ï m

sizeseparate(KJG) from the Murchison“K-series” (Amari et al., 1994). Although the

KJ residuesprimarily containvery-puresamplesof presolarSiC, the largersizefractions,

including KJG, containsignificantnumbersof refractoryoxide grains. SinceMurchison

is a CM chondrite,mostof theseoxide grainsareprobablyfragmentsof CAIs. Never-

theless,ion imagingdid identify a presolart � ì æ $ grain,namedM-83-5, on KJG-6� ; this
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was the first unambiguousdiscovery of a circumstellaroxide grain in a meteorite(Nit-

tler et al., 1993). Basedon SEM-EDX analysisof 105 grains,KJG contains70% SiC

and23%corundumwith theremainderotherphases(mostlycarbonaceuoscontamination),

andtheion imagingresultsthussuggesta presolart � ì æ $ to presolarSiC numberratio of

1/(800Î 0.70/0.23)m 1/2400,or, sincetheSiCabundancein Murchisonis 6ppm,anabun-

danceof 2.5ppbfor circumstellart � ì æ $ in Murchison. However, this estimateis highly

uncertain,relying asit doeson oneidentifiedpresolargrain,andon the(probablywrong)

assumptionthatpresolarSiCandpresolart � ì æ $ havethesamesizedistributionin Murchi-

son.

3.2.3 Tieschitz

TheordinarychondriteTieschitz(H3.6)hasturnedout to bethemostfruitful me-

teoriteto datein termsof identifiedpresolaroxidegrains. A total of five samplemounts

of separateT8 havebeenimagedin ä�å æ / ä í�æ with 73confirmedcircumstellart � ì æ $ grains

andtwo circumstellar� : t � ì æ � grainsidentified.An additionaleightpresolargrainswere

foundonasixthT8 mount,T8E1,by theion imaging/high-mass-resolutionmappingtech-

niquedescribedin ê 2.4.4;see ê 3.3. For a brief descriptionof thepreparationof T8, see

Nittler etal. (1996b).SEM-EDXanalysisof 190grainsshowedT8 containsapproximately

34% t � ì æ $ , 18% � : t � ì æ � , 12%Cr-rich oxides,and23%SiC,with theremainderbeing

madeupof other, mostlyO-rich,phases.However, ion imagingof elementalratiosclearly

showedthatsomeof theT8 mountshada significantlyhigherfractionof “other” phases,

mostlycontaminantquartzparticles.For example,only Ð ä ö $ of theO-rich grainsfound

by ion imagingof mountT8E1wereestimatedto be t � ì æ $ or � : t � ì æ � ( ê 3.3),in contrast

to the ì ö $ expectedfrom theEDX results.A higherlevel of contaminationwill not affect

therelativeproportionsof SiC, t � ì æ $ , and � : t � ì æ � in theresidue,however.

All of the imagedTieschitzmountswerevery denselycrowdedwith grains(see,
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for example,Fig. 2.13,takenfrom the imagingrunsof TieschitzmountT8D1). This was

partly accidental,sinceit is difficult to control thegraindispersionwhendepositingsam-

ples,andpartly deliberate,in orderto maximizethenumberof grainsper imageandthus

the efficiency of ion imaging. The high grain densityhadthe unfortunatedisadvantage,

however, thatmany presolargrainswerenodoubtmissedby theion imagingsearchessim-

ply becausetheir anomalousä�å�æ / ä í æ ratiosweredilutedby thetails of larger, isotopically

normalgrainsnearby. Also, somegoodpresolargraincandidatesweretoo closeto other

grainsto beaccuratelyanalyzedathighmassresolution.

Thehighgraindensityof theTieschitzmountsalsomakesany estimateof theabun-

danceof presolart � ì æ $ in this meteoritefrom the ion imagingdatasuspect.The high-

mass-resolutionmappingresultsfor TieschitzmountT8E1 ( ê 3.3) provide a moredirect

methodfor estimatingthis abundance.Theresultsof theT8E1studyindicatethatoneout

of fifty T8 Al-rich ( t � ì æ $ and � : t � ì æ � ) grains,andthusoneout of thirty t � ì æ $ grains,

is of presolarorigin. With theEDX resultsmentionedin thepreviousparagraph,andthe

estimatethatSiC in T8 amountsto 1ppmP of themeteorite,we estimatetheabundanceof

presolart � ì æ $ in Tieschitzto be30ppb.

3.2.4 Indarch

Indarchis an enstatitechondrite(EH4). Suchmeteoritesformedundermorere-

ducingconditionsthanotherchondrites,andoneapparentresultof this is that theresidue

studiedhere,IN28 consistsalmostentirely of reducedphases(SiC, î�ï $��g� , C) with very

few oxide grains. A brief descriptionof the preparationof IN28 canbe found in Gaoet

al. (1995). Theresiduewassize-separatedinto two fractions:IN28a( Ê � Ï m) andIN28b

( ë � Ï m) and one mount of each(IN28a-B and IN28b-B, respectively) was mappedinQ
This estimateis basedon quantitative x-ray analysisin the SEM (Xia Gao,privatecommunication).

However, about ���M� of theSiC in T8 is terrestrialcontamination,sotheestimatedpresolarSiC abundnacein
Tieschitzis 0.3ppm.
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ä�å�æ / ä í æ for presolaroxidegrains.Imageswerealsoacquiredfor eachmountin ì ��t � ä�å�æ �
and ì�í�î�ï � , to distinguishquartz,which was known to be a contaminanton the sample

mounts,from t � ì æ $ and � : t � ì æ � . Roughly400Al-rich grainswereimagedin bothsize

fractions(the O/AlO ratio wasusedto determineAl-rich grains),but no presolaroxide

grainswerefirmly identified.

3.2.5 Acfer 094

TheSaharanmeteoriteAcfer 094is anunusualcarbonaceouschondrite,with prop-

ertiesbetweenCO3andCM2 meteorites(Newtonetal., 1995;Gaoetal., 1996).A prelim-

inary studyof this rock by Newton et al. (1995)suggestedthat it hashigh concentrations

of presolarC-rich phases,anda samplewasprovided to WashingtonUniversitywherea

residue,AF15,waspreparedby Xia Gao.AF15wasfurthersize-separatedandtwo mounts

of the0.3–4Ï m sizefraction(AF15b)wereimagedfor presolaroxidegrains.Oneof these

mountsis not includedin Table3.1 becausepoor tuningof the ion opticsblurredthe im-

agesso asto be useless.Imagingof the othermount,AF15b-B,wasmoresuccessful;3

presolart � ì æ $ grainswereconfirmedon this mount. A fourth t � ì æ $ grain wasclearly

anomalousin ä�å æ / ä í�æ from the ion images,but couldnot beanalyzedat high massreso-

lution. SEM-EDX analysisof 591AF15bgrainsshowedthat this residueconsistsof 73%

SiC, 19% � : t � ì æ � , 3% t � ì æ $ , and5% quartz. Theseresultsindicatethat,of the 6600

grainsdefinedin the O-isotopicion images,Ð 730 weredistinct t � ì æ $ grains. However,

therewasa large spatialoverlapbetweenimagingrunson this mount,dueto a problem

with thesamplestagecontrolelectronics,andapproximately ä ö � of thegrainsin thedata

setweremeasuredtwice. Thus,some550 different t � ì æ $ grainswereimaged,with the

resultingestimatethataboutonein 140Acfer 094 t � ì æ $ grainsis of presolarorigin. This

is alowerlimit sincecircumstellargrainswith solar ä�å æ / ä í æ aremissedby theion imaging.

If we assumethatall circumstellart � ì æ $ grainsin this meteoritearein thesizerangeof
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theAF15bseparate,andcombinetheEDX resultswith theobservationthatSiC in AF15b

representsÐ 8ppmof the bulk meteorite(Xia Gao,privatecommunication),we estimate

theabundanceof circumstellart � ì æ $ in Acfer 094to be Ð ë 3ppb.

3.2.6 Searchesfor PresolarSilicates

O-rich dustin circumstellarenvironmentsandtheinterstellarmediumis known to

bedominatedby acid-solublesilicates,not acid-resistantoxidegrainslike theonesfound

in meteoriticresidues.Usingsomesimpleassumptions,Alexander(1995)estimatesthat

presolarsilicatesmay be presentin the matrix of primitive meteoritesat a level of sev-

eralwt.%. Althoughthereis no guaranteethatpresolarsilicates,which areexpectedto be

amorphous,would survivesolarnebular processing,meteoriteparentbodyformation,and

metamorphismto theextent thatpresolart � ì æ $ , SiC, graphiteanddiamondgrainshave,

thepossibleexistenceof presolarsilicategrainsin meteoritesis very muchanopenques-

tion. In afirst-orderattemptto answerthisquestion,I conductedtwo separateion imaging

searchesfor presolarsilicates,in non-etchedsize separatesof Murchisonand Tieschitz

( Ên?àÏ m and Ð Ê � Ï m, respectively). A total of 3500grainsin Murchisonand20,000in Ti-

eschitzweredefined,but no strongevidencefor isotopicallyhighly anomalousgrainswas

foundin eithersearch.Theseresultsdonotplacestronglimits ontheabundanceof presolar

silicategrainsin eithermeteorite,primarily becausebothsamplemountswereextremely

crowdedwith grains.

3.3 High-mass-resolutionMapping Results

To determinehow many presolaroxide grainshave normal ä�å æ / ä í�æ ratios, but

anomalousä�å æ / ä7� æ ratios,I appliedthe “semi-automated”mappingtechniquedescribed

in ê 2.4.4to aTieschitzT8 samplemount,T8E1.Of the9000grainsdefinedonthismount
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by ion imagingof O, Si, andAlO, Ð 3500were identifiedasbeing t � ì æ $ or � : t � ì æ � .
This identificationwasbasedon associatingregionsof a plot of O/AlO ratiosversusO/Si

ratios (determinedby ion imaging)with differentmineralphases.In particular, Al-rich

grainswerechosenasthosewith O/AlO Ð Ê 15 andO/Si Ð ë 50. This rangewasconfirmed

by subsequentcomparisonsbetweenSEM-EDX dataandion imagingdatafor 60 grains

on the mount; I estimatethat lessthan20% of the grainschosenas t � ì æ $ or � : t � ì æ �
areactuallyotherAl-rich phases.Five hundredof the Al-rich grainsweresubjectedto a

low-precisionmeasurementof their O-isotopicratiosat high massresolution. However,

97 of thesegrainshadsecondaryion signalsthat changedby morethan60% during the

shortmeasurementandwereeliminatedfrom thedataset.TheO-isotopicratiosof there-

maining403grainsareshown in Fig. 3.1. Eightof thesegrains(opensymbolsin Fig. 3.1)

have O-isotopicratios indicative of a circumstellarorigin, confirmedby subsequentfull

measurements.Theshadedareain Fig. 3.1showstheapproximaterangeof ä í�æ / ä�å æ ratios

measuredby ion imagingin thebulk of oxidegrainsfrom Tieschitz;presolargrainsmust

lie outsidethis region to be identifiedby ion imaging. Two of thecircumstellargrainsin

Fig. 3.1 fall in theshadedregion andtwo fall well outsideof it ( ä í�æ / ä�å æ Ð Ê 0.001).Of the

otherfour presolargrains,two have large ä7� æ enrichmentsand ä í�æ / ä�å æ ratioscloseto the

ion imaginglimit, andtwo haveapproximatelynormal ä7� æ / ä�å æ ratiosandintermediateä í�æ
depletions( ä í æ / ä�å�æXÐ 0.0015). Dependingon whetheror not thegrainsat theedgeof the

shadedregion would be identifiedasanomalousby ion imaging,thesedataindicatethat

from 1/4 to 1/2 of presolaroxide grainsin Tieschitzhave ä7� æ enrichmentsgreaterthanÐ 30%but ä í�æ / ä�å æ ratioscloseenoughto solarto bemissedby ion imagingmappingofä�å æ / ä í�æ ratios.Note,however, thatthegrainsthataremissedbelongto thebest-understood

groupof presolaroxides(seechapter4).

85



0.000 0.002 0.004
18O/16O

0.0000

0.0005

0.0010

0.0015

0.0020

17
O

/16
O

Figure3.1: Resultsof low-precisionO-isotopicmeasurementsof 403acid-resistantoxide
grainsfrom the Tieschitzmeteorite. Error barsare 2ü and dashedlines indicatesolar
isotopicratiosin this andsubsequentfigures.Theshadedregion denotestheapproximate
rangeof ä í�æ / ä�å æ of the bulk of ion imagingmeasurements( � 13% aroundthe average
ratio; seeChapter2); presolargrainswithin this region would not beselectedaspresolar
graincandidatesfrom the ion imagingdata. Theeightgrainsmarkedby opencirclesare
highly anomalousandthusidentifiedascircumstellargrains.
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3.4 Propertiesof PresolarOxide Grains

In the remainderof this chapter, I will describethe physicalandisotopiccharac-

teristicsof the92 presolaroxidegrainsthathave beenfoundto date–87 foundin the ion

imagingsearchesdescribedabove andfive found by other researchers(Hutcheonet al.,

1994;Hussetal., 1994b;Hussetal., 1994a;Strebeletal., 1996).

3.4.1 ChemicalComposition

SEM-EDXanalysisof thecircumstellaroxidegrainsrevealedonly Al andO X-ray

peaksin all but two grains,T3 andT44, which alsohave a Mg peak.Thegrainsarethus

inferredto becorundum( t � ì æ $ ), with theexceptionof T3 andT44. TheAl/Mg ratio of

T3,measuredby ion probe,is four timesthatexpectedfor purespinel( � : t � ì æ � ), andmay

thusbeanintergrowth of spinelandcorundum(Nittler et al., 1994). In contrast,theEDX

spectrumof T44 is similar to thatobtainedon a terrestrialspinelstandardandthis grainis

probablyapurespinel.

3.4.2 Sizesand Mor phologies

The sizedistribution of presolaroxide grains,estimatedfrom SEM micrographs,

is shown in Fig. 3.2. Only grainsfrom Tieschitzgrain mountT8D1 areincludedin this

plot, becausefor this mount,presolargrain candidateswereexaminedin the SEM prior

to high-mass-resolutionanalysis.For othermounts,theSEM analysisfollowedthehigh-

mass-resolutionanalysis,andthegrainswerethussputteredconsiderablymorethanthose

of T8D1beforeSEMinspection.For roundgrains,thegivensizeis thediameter. For non-

roundgrains,thesizewastakenas � ÎyJ Ô � , whereA is theestimatedcross-sectionalarea

of thegrain. Thedarker region indicatestencandidategrainsthathave highly anomalousä�å æ / ä í�æ ratiosaccordingto their ion images,but that wereeithertoo small or could not
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Figure3.2: Sizedistribution of circumstellaroxide grainsfrom Tieschitzsamplemount
T8D1. Thedarker region indicatestengrainsfor which ion imagingindicatedisotopically
highly anomalousä�å æ / ä í�æ ratios,but whichcouldnotbeanalyzedathigh-mass-resolution.
Mostpresolaroxidegrainsin ourTieschitzresiduesareverysmall( Ð Ê 1.5Ï m), limiting the
amountof materialavailablefor isotopicratiomeasurements.
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besufficiently distinguishedfrom neighboringgrainsto beanalyzedat high massresolu-

tion. Thesizedistribution in Fig. 3.2probablydiffersfrom thetruedistributionwithin the

meteoritefor several reasons.First, the grainshave beensputteredsomewhatduring ion

imaging.Theobservedsizeof a grainthusdependson theextentof this sputtering,which

is likely to vary from grainto graindueto geometryeffects.Second,theion imagingtech-

niqueusedto find presolargrainsis moresensitive to larger grains,which have smaller

analyticaluncertaintyandlower relative backgroundcontributions. Finally, the chemical

treatmentsusedto preparetheTieschitzresiduearelikely to preferentiallydestroy or lose

smalloxidegrainsrelative to largeones.Evenif themeasureddistributiondoesreflectthat

in themeteorite,however, it is unlikely to bethesameasin thestellarsources,sincesmall

grainswereprobablypreferentiallydestroyedduringpassagefrom their sourcesto theSo-

lar System.In any case,it is clearfrom Fig. 3.2thatmostof thecircumstellaroxidegrains

in TieschitzT8 are Ð Ê � 	 ?àÏ m in diameter. Becauseof their smallsizesandbecauset � ì æ $
takesuptraceelementslessreadilythanSiCor graphite,isotopicstudiesof elementsother

thanO andMg in singlecircumstellaroxidegrainsaredifficult atpresent.

Becausethe presolaroxide grainsfound by ion imaginghave beensputteredby

anion beamprior to SEM examination,it is difficult to ascertainwhat their original mor-

phologieswere.Moreover, thesmallsizesof mostof thegrains(Fig. 3.2)make it difficult

to distinguishsurfacetextures.Nevertheless,thepresolaroxidegrainsappear, in general,

quite similar to mostcircumstellarSiC grainsfound in meteorites(Hoppeet al., 1994a,

seeFig. 2.9).Many haveaplatyappearance,andsomeshow well-definedcrystalsurfaces.

They frequentlyappearto have tiny grainson their surfaces,but whethertheseare real

sub-grainsor unrelatedgrainsfrom themeteoriteseparatesis unknown.
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3.4.3 Isotopic Compositions

The O-isotopicratios,Mg-isotopic ratiosand inferred initial ì å t � / ì � t � ratios for

the87 presolaroxidegrainsreportedin this thesisaregivenin TablesA.1 andA.2 of Ap-

pendixA. Not shown in thetables,but includedin figuresandthediscussionof Chapter4

areOrgueilgrainsB andDD27,andBishunpurgrainsB39,B155andB129,foundby other

laboratories(Hussetal., 1994b;Strebeletal., 1996,G. Huss,privatecommunication).

O isotopes

TheO-isotopiccompositionsof 91 of the 92 presolaroxidegrainsthathave been

foundto dateareshown in Fig. 3.3,plottedas ä�å æ / ä í�æ versusä�å æ / ä7� æ ratios. Onegrain,

T75,wasinadvertentlynotanalyzedfor ä�å�æ / ä7��æ , but its ä�å�æ / ä í æ (determinedby ion imag-

ing) andinferred ì å t � / ì � t � ratiosaregivenin TablesA.1 andA.2. Logarithmicscalesare

usedin Fig. 3.3 to cover theenormousrangeof compositionsexhibitedby thegrains;the

observedrangeof O-isotopiccompositionsin theSolarSystem,excludingpresolargrains,

falls within the solarsymbol. Fig. 3.4 presentsanotherview of the O-isotopiccomposi-

tionsof mostof thegrains,plottedas ä í�æ / ä�å æ versusä7� æ / ä�å æ on a linearscale.Thedata

havebeendividedinto four distinctgroupsonthebasisof theirO-isotopicratios(Nittler et

al. 1994,1995a)asanaid to thediscussion;the isotopicpropertiesof the four groupsare

summarizedin Table3.2. Thereaderis cautionedthattheassignmentof a particulargrain

to a particulargroupis somewhatarbitraryin many cases.GeneralO-isotopictrendsare

quiteclear, however, andprobablyreflectdifferentprocessesoperatingin theparentstars

of thegrains.

Most of thepresolaroxidegrainslie in the lower-right quadrantof Fig. 3.3 corre-

spondingto lower thansolar ä�å æ / ä7� æ andhigherthansolar ä�å æ / ä í�æ ratios(enrichedä7� æ
anddepletedä í�æ ). A histogramof the ä í�æ / ä�å æ ratios for the grainsin this quadrantis

90



102 103 104 105

16O/18O

100

1000

10000
16

O
/17

O

Group 1

Group 2

Group 3

Group 4

Uncl.

T54

Figure3.3: ä�å æ / ä7� æ and ä�å æ / ä í�æ ratios(1ü errors)of 88 circumstellaroxide grainsex-
tractedfrom primitive meteorites.The grainshave beendivided into four groupson the
basisof this plot; seetext andTable3.2 for groupdefinitions. Grain T54 is unlike any
othersandis notassignedto agroup.

Table3.2: Groupsof circumstellaroxidegrains�.�M�
/
�I�M� �.�M�

/
�I�M� � �|��� / � �|� �

Group Number Range Range Fractionwith � �¡��� Range Mean

1 48 349– 2232 465– 1122 16/23 0.00012– 0.0078 0.0023
2 23 735– 1804 1409– 39206 12/13 0.001– 0.016 0.0060
3 15 2409– 5195 505– 1530 4/11 0.00013– 0.00062 0.0004
4 4 1017– 1902 164– 320 2/3 0.001– 0.0031 0.0021
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shown in thetop panelof Fig. 3.5. Thedistribution is double-peakedandwe have divided

thesegrainsinto two separategroupson thebasisof this plot. Group1 grainshave solarä�å æ / ä í�æ or moderateä í�æ depletions( ä�å æ / ä í�æ Ê 1250; ä í�æ / ä�å æ ë 0.0008),whereasGroup

2 grainshave muchmoreextreme ä í�æ depletions( ä�å æ / ä í�æ ë 1250;ä í�æ / ä�å æ Ê 0.0008).Be-

sideshaving lower ä í�æ / ä�å æ ratios,Group2 grainsalsodiffer from Group1 in their much

narrower rangeof ä7��æ / ä�å�æ ratios(Table3.2 andFig. 3.4). Note that mostcircumstellart � ì æ $ grainswith solar ä�å æ / ä í�æ ratiosbelongto Group1. Theresultspresentedin ê 3.3

indicatethat Group1 grainsareunder-representedin this datasetcomparedto their true

proportionin the populationof circumstellaroxide grainsin the Tieschitzmeteoriteby a

factorof Ð � 	 ? ô r .
Theremainingtwo groupsof circumstellart � ì æ $ grainsfall in differentquadrants

of Fig. 3.3. Grainsthat have solaror smallerthan solar ä7��æ / ä�å�æ ratiosare assignedto

Group3. The bottompanelof Fig. 3.5 shows that Group3 grainstendto have ä í�æ / ä�å æ
ratios that overlapwith the lower rangeof the Group1 distribution. Exceptionsarethe

two grainsT3 andT8, whichhavesolar ä í�æ / ä�å æ ratios(Nittler etal., 1994)andgrainT67,

with ä í�æ / ä�å æ =0.00065.Usingthesolar ä7� æ / ä�å æ ratio asthedividing line betweenGroups

1 and3 is somewhatarbitraryasthereis noclearbreakin theO-isotopicdistributionat this

ratio. However, the distributionsof inferred ì å t � / ì � t � ratiosareclearly differentfor the

two groups( ê 3.4.3),lendingsomesupportto dividing thedatain thisway. Thefour grains

with highly enrichedä í�æ and ä7� æ , relative to solar, areclassifiedasbelongingto Group4.

Onegrain,T54,hasan ä7� æ / ä�å æ ratio 37 timesthesolarvalue. Its ä�å æ / ä7� æ ratio of

71 is lower thanany thathasbeenpreviously observedin naturalsamples.Themeasuredä�å æ / ä í�æ ratio for T54 is about2000,but is consistentat a 2.5ü level with ¢ . Thefew ä í�æ
ionscountedduringthemeasurementcouldhavebeenfrom neighboringgrainsor residual

oxygenon the samplemount. Unfortunately, the grain wascompletelydestroyed during

themeasurement,andwe cannotunambiguouslydecidethequestion.In any case,T54 is
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Figure3.5: Histogramof ä í�æ / ä�å æ ratiosof circumstellaroxidegrainsbelongingto Groups
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of Group3 grains( ä7� æ / ä�å æn¤ solar)overlapthelowerendof Group1.
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notobviously relatedto Groups1 through4, andit will betreatedseparately.

Mg-Al isotopes

Of the fifty presolaroxide grainsof this studythat wereanalyzedfor Al-Mg, 33

have large ì å � : excesses(with ì å � : / ì��3� : ratiosup to 300Î thesolarratio), but normalì~� � : / ì�� � : ratios.Theseexcessesarealmostcertainlydueto the in situdecayof ì åMt � that

waspresentin thegrainswhenthey formed.Inferredinitial ì åMt � / ì ��t � ratiosfor thesegrains

aregiven in TableA.2; 2ü upperlimits aregivenfor grainsthatdid not have measurable

excessesof ì å � : . Combiningthesedatawith Al-Mg measurementsof two presolaroxide

grainsfoundatCaltech(Hutcheonetal., 1994;Hussetal., 1994a),wefind that35outof 52

grainsmeasuredfor Al-Mg have evidencefor ì å t � , with inferred ì å t � / ì � t � ratiosbetween

1.2 Î �  � � and1.6 Î �  � ì . All but two of thecircumstellaroxidegrainsanalyzedfor Mg-

Al have ì~�M� : / ì��0� : ratiosthataresolarwithin theanalyticaluncertainties.Theexceptions

areOrgueilgrainB, for whichHussetal. (1994a)havepreviouslyreporteda Ð 25%excess

of ì~� � : , relative to solar, andTieschitzgrainT22,which has ì~� � : / ì�� � : =0.1430(46)andì å � : / ì��3� : =0.1722(53)(Nittler et al., 1995b). Theseratiosare Ð 13%and Ð 24%larger,

respectively, thanthesolarratios( ì~�0� : / ì��0� : =0.12663,ì å � : / ì��0� : =0.13932,Catanzaroet

al.1966).Becausetheisotopicanomaliesof bothrareMg isotopesaresimilarin magnitude

in grainT22,we cannotascribethe ì å � : excessin thisgrainto thedecayof ì å t � (norcan

we rule it out). Assumingthat the ì å0� : is in fact due to ì åMt � decay, grain T22 hasan

inferred initial ì å t � / ì � t � ratio of 1.3Î �  � $ , and this valueis given asan upperlimit in

TableA.2. As this grainis oneof therareGroup4 grains,we will discussits unusualMg

isotopiccompositionin moredetailbelow.

Thedivisionof thepresolargrainsinto sub-groupsbasedontheirO-isotopes(previ-

oussection)seemsto extendto inferredì å t � / ì � t � ratios.Thiscanbeseenin Fig.3.6,where

histogramsof theinferred ì å t � / ì � t � ratiosof thestellaroxidegrainsareplottedfor thefour
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Figure 3.6: Initial ¥~¦�t�§ / ¥ � tq§ ratios inferred from ¥~¦D�©¨ excessesof circumstellaroxide
grains,dividedinto groupsaccordingto theirO-isotopicratios.Peaksat ¥~¦¡ª�§ / ¥¬«¡ª�§ =0 indi-
categrainswithoutevidencefor theoriginalpresenceof ¥~¦�ª�§ . Theverticalline corresponds
to the apparentupperlimit of ¥~¦�ª�§ / ¥¬«¡ªq§ =5 ­¯®±°;²;³ observed in early solarsystemconden-
sates(MacPhersonetal., 1995).Thedistributionsareapparentlydifferentfor thedifferent
groups,in particularthefractionof grainswith ¥~¦0´©¨ excesses.
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groupsdefinedaccordingto their O-isotopes.Grainswithout evidencefor ¥~¦ ª�§ areshown

aspeaksat the left sideof the diagram. The distributionsarequite differentfor Groups

1–3,andfor thesake of discussioncanbeviewedasa sequencein theorder3–1–2,with

increasingaverage¥~¦�ªq§ / ¥¬«¡ª�§ ratio andincreasingfractionof grainswith ¥~¦Mª�§ (Table3.2).

Thepoorstatisticsfor Group4 grainsprecludecomparisonwith theothergroups,but it is

worth notingthat the two Group4 grainswith unambiguousevidencefor thepresenceof¥~¦Mª�§ have inferred ¥~¦Mªq§ / ¥¬«�ª�§ ratiossimilar to theaverageof Group1. Wealsonotethatthe

unusualgrainT22(seeabove)hasaninferred ¥~¦ ªq§ / ¥¬« ª�§ ratioof 1.3­¯®±° ²;µ , quitesimilar to

thoseof theotherGroup4 grains,if its ¥~¦ ´¶¨ excessis attributedto theradioactive decay

of ¥~¦ ªq§ .
Titanium isotopes

Husset al. (1994a)previously reportedunusualTi-isotopic ratios in the presolarª�§ ¥D·=µ grainOrgueil-B, but normalTi in theBishunpurgrainB39. For this work, I mea-

suredtitaniumisotopesin five of the largestpresolarª�§ ¥M·¸µ grainsfrom Tieschitzmount

T8D1. However, Ti countrateswereverylow andthemeasuredratiosweresolarwithin the

relatively largeerrorbars.BecausenoTi-isotopicanomalieswerefound,I will notdiscuss

titaniumany further, in thecontext of presolaroxidegrains.
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Chapter 4

Oxygen-rich Stardust in Meteorites II. Discussionand

Conclusions

Theunusualisotopiccompositionsof the ªq§ ¥D·=µ and ´¶¨+ª�§ ¥M·�¹ grainsdescribedin Chapter

3 leavenodoubtthatthesegrainsarestellarcondensatesthatsurvivedthepassagethrough

theinterstellarmediumandtheformationof theSolarSystem.Becausethey formedunder

differentchemicalconditionsthanthebetter-studiedcarbonaceouscircumstellargrainsin

meteorites,andsinceasignificantfractionof interstellardustisbelievedtobeO-rich(Whit-

tet, 1992),suchgrainsprovide uniqueinsightsinto importantastrophysicalprocesses.In

thischapterI discussthecircumstellaroxidegraindatasetwith aneyeonansweringsome

key questions:

1. What arethe stellarsourcesof presolaroxide grainsand,given that certaingrains

camefrom a particulartypeor typesof star, whatcluescanthey provide to further

ourunderstandingof how thesestarswork?

2. What canwe infer aboutthe chemical(isotopic)evolution of the Galaxyfrom the

isotopiccompositionsof stellaroxidegrains?

3. How many starscontributedO-richstardustto theSolarSystem?

4. Why have far fewer presolaroxide grainsbeenfound in meteoritesthan presolar

C-richones?
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In addition,someof thegrainsmayprovidecosmologicalinformation,in theform

of a lower boundon the ageof the galaxy. This topic is discussedin a manuscript(?)

submittedto PhysicalReview Letters, reproducedin Appendix??.

4.1 Sourcesof Stellar Oxide Grains

Theisotopicsignaturesof mostof thecircumstellaroxidegrainsarecharacteristic

of H-burning: º7« · enrichmentsand ºI» · depletionsarethe resultof the CNO cyclesand¥~¦Mª�§ is producedby proton captureson ¥~³D´©¨ (Al-Mg chain) (see,e. g., Clayton 1983;

Rolfs & Rodney 1988). Although H-burning occursin all stars,the authorsof previous

discussionsof presolaroxidegrainshaveproposedthatmostgrainsformedaroundlow and

intermediatemass(M=1–8M¼ ) O-rich redgiantandasymptoticgiantbranchstars(AGB)

(Hutcheonet al. 1994,Husset al. 1994a,Nittler et al. 1994,1995a).This propositionis

basedonanumberof observations:

1. O-richdustis observedspectroscopicallyin theatmospheresof O-richredgiantsand

AGB stars,andsuchstarsarebelievedto producethemajor fractionof O-rich dust

in theGalaxy.

2. TheO-isotopiccompositionsof many circumstellaroxidegrainsfrom meteoritesare

similar to thosemeasuredspectroscopicallyin theatmospheresof O-rich redgiants

andAGB stars.

3. TheO-isotopiccompositionsof mostof thegrainsarequantitatively consistentwith

thepredictionsof calculationsof evolution,nucleosynthesisandmixing in redgiants.

4. AlthoughO-isotopicmeasurementsarenotavailablefor othertypesof dust-producing

stars,suchasnovaeandsupernovae,theoreticalmodelspredictisotopiccompositions
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for suchstarsunlike thoseobservedin mostof thegrains.Moreover, thesetypesof

starsprobablyproducefar lessO-richdustthando redgiantsandAGB stars.

Thenew datareportedherelendfurthersupportto thehypothesisof aredgiantand

AGBstarorigin for mostof thecircumstellaroxidegrainsfoundtodate.Wewill discussthe

argumentsin turn,payingparticularattentionto recenttheoreticalwork onnucleosynthesis

andmixing within redgiantstars.

4.1.1 Observationsand Formation of Cir cumstellar O-rich Dust

In stellarenvironmentsconduciveto dustformation,themostimportantfactorgov-

erning the compositionof condensedsolids is the gasphaseC to O ratio. For O ½ C,

mostof theC is lockedup in CO molecules,with theexcessO beingavailableto combine

with otherelementsto form oxidegrains.Conversely, if C ½ O, carbonaceousdustforms.

This is reflectedspectroscopically;C-rich dust-producingstarstypically show an11.2¾ m

infraredemissionfeature,characteristicof SiC,while O-richstarsshow featuresat9.7and

18.5 ¾ m, associatedwith stretchingandbendingmodesin silicates.The latterhave been

observedin bothemissionandabsorptionspectraof many circumstellarenvironments,in-

cludingO-richredgiants(Treffers& Cohen,1974;Little-Marenin,1986),O-richplanetary

nebulae(Aitkenet al., 1979),andnovae(Bodeet al., 1984;Gehrzet al., 1986). In a few

exceptionalcases,silicatefeatureshave alsobeenseenin starsthatareoptically classified

ascarbonstars,in apparentconflictwith thestatementthatO-rich dustformationrequires

anO-richenvironment(Little-Marenin,1986;Willems& De Jong,1986).However, these

starsarelikely transitionalobjectsbetweenO-rich andC-rich stars,andtheobservedsili-

catefeaturesarethoughtto bedueto pre-existingdustshellsproducedwhile thestarswere

O-rich (Willems& DeJong,1986;Kwok & Chan,1993).
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Althoughsilicatefeaturesarewidely observed in circumstellarenvironments,ob-

servationalevidencefor morerefractoryoxideslike ª�§ ¥M·=µ and ´©¨+ªq§ ¥D·�¹ is rare.Neverthe-

less,thermodynamiccalculationsof graincondensationpredict ªq§ ¥�·¸µ to bethefirst solid

produceduponcooling of an O-rich gaswith approximatelysolarcomposition. Typical

condensationtemperaturesare in the range ¿ 1400–1700K,dependingon the gaspres-

sure(Lattimeret al., 1978;Sharp& Wasserburg, 1995;Lodders& Fegley, 1995). Some

200-300Kbelow thecondensationpoint of ªq§ ¥D·=µ , the ª�§ ¥M·¸µ reactswith the gasto form´©¨+ªq§ ¥D·�¹ . At temperaturesslightly lower still, magnesium-richsilicatesbegin to appear.

Onakaet al. (1989)studiedthe low resolutionIRAS spectrafor 109 Mira variablestars,

andattributeda broad12¾ m featurein many starsto ªq§ ¥D·=µ grains. They furthershowed

thatmany of thestarshavespectraconsistentwith circumstellarshellscontainingmixtures

of ª�§ ¥D·=µ andamorphoussilicates,andsuggestedthatsilicatesin circumstellarshellsmay

grow on pre-existing ªq§ ¥D·=µ particles. Note that ªq§ ¥M·=µ is predictedto condenseat some

temperature,no matterwhat the initial C/O ratio. However, for C/O½ 1, ª�§ ¥D·=µ formsby

reactionof pre-existing AlN with thegasandis only stableover a very small temperature

interval ( À 20–50K)(Lattimeret al., 1978). Moreover, thereis evidencethatmuchof the

Al presentin C-richcircumstellarshellsis lockedupin AlN in solidsolutionin SiCgrains,

reducingtheamountavailableto form ªq§ ¥D·=µ undersuchconditions(Hoppeet al., 1994a;

Hutcheonet al., 1994;Amari et al., 1995b;Lodders& Fegley, 1995). We thusconclude

that ªq§ ¥D·=µ is far more likely to form andsurvive in O-rich environmentsthanin C-rich

sites(Lattimeretal., 1978).

Gehrz(1989)hascompiledestimatesof mass-lossrates,spatialdensitiesanddust

to gasratiosfor many typesof dust-producingstars,andinferredthatover90%of dustin-

jectedby starsinto theinterstellarmediumcomesfrom low or intermediatemassredgiants

andthatsome80%of thisdustis O-rich. However, thisestimateof therelativeO-rich rich

dustproductionin redgiantsmaybetoo high. JuraandKleinmann(1989)have estimated
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thenumbersof mass-losingO-rich andC-rich AGB starsin thesolarneighborhoodto be

comparableandtheO-rich to C-richdustproductionratioof AGB starsmaythusbecloser

to 1:1ratherthan8:2. Thismakesnodifferenceto therelativecontributionof AGB starsto

thetotal O-richdustin theGalaxy, however. Overall,morethan90%of O-rich stardustis

expectedto comefrom redgiantsandAGB stars,with theremainderfrom redsupergiants,

supernovae,andnovae.

4.1.2 Isotopic Measurementsof RedGiant Stars

Spectroscopicdeterminationsof isotopicratiosfrom atomicspectrallines areex-

tremelydifficult dueto thesmall isotopicshiftsof theselines. Molecularlineshave much

larger relative isotopicshifts, however, andhave beenwidely usedto determineisotopic

ratios in starscool enoughfor moleculesto be present,especiallyred giantsand AGB

stars(e.g.,Gustafsson1989). Fig. 4.1 shows the ºI¦ · / º7« · and ºI¦ · / ºI» · ratiosmeasured

spectroscopicallyin a numberof cool giantsof variousspectraltypes. Typical errorbars

( ¿ 25-50%)areshown for onestarof eachtype. The O-isotopicratiosof all of the stars

weredeterminedfrom molecularlinesin theinfrared,exceptfor thoseof theC envelopes,

which weredeterminedfrom radiospectra.Also shown areellipsesindicatingtheranges

in O-isotopicspacespannedby thefour groupsof circumstellaroxidegrains(seeFig. 3.3).

TheK andM starsin Fig. 4.1areO-rich redgiantswhich havenot yet reachedthe

thermallypulsingAGB phase(Harris& Lambert1984a,1984b;Harris,Lambert,& Smith

1988). Thesestarshave ºI¦ · / ºI» · ratioscloseto the solarratio and º7« · excessessimilar

to or larger thanthoseobserved in Group1 oxide grains. Theseratiosarein reasonably

goodaccordwith theoreticalpredictionsfor redgiants.Weshalldeferadiscussionof these

theoreticalpredictionsuntil Á 4.1.3.FollowingSmith& Lambert(1990),theMSandSstars

shown in Fig. 4.1aredividedinto two groupsdependingonwhetheror not they show lines

of theunstableelementtechnetium,which is producedby thes-processin theHe-burning
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Figure4.1: O-isotopicratiosmeasuredspectroscopicallyin differentclassesof red giant
stars;characteristicerrorbarsareshown for onestarof eachtype.Also shown areellipses
indicatingrangesof compositionsof thefour groupsof presolaroxidegrains.Many of the
observedstarshave O-isotopicratiossimilar to Group1 oxide grains. Dataarefrom: K
andM stars(Harris& Lambert,1984a;Harris& Lambert,1984b;Harrisetal., 1988);MS
& S stars(Smith & Lambert,1990); N-type carbonstars(Harris et al., 1987)anddusty
C-rich envelopes(Kahaneet al., 1992). Thearrow in the lower-left cornerpointstoward
anunusualbariumstar, HD-101013(Harrisetal., 1985).Seetext for discussion.
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shell of AGB stars.Thosewith Tc arethusO-rich AGB stars;their O-isotopicratiosare

quite similar to thoseof Group1 grainsandarealsowell-explainedby standardstellar

models.Severalof theMS andS starswithoutTc have ºI¦ · / º7« · and ºI¦ · / ºI» · ratioshigher

thanthoseobserved in theAGB starswith Tc. SmithandLambert(1990)have proposed

thatthesestarsareevolvedbariumstars;i.e., theirsurfacecompositionshavebeenmodified

by masstransferfrom AGB starbinarycompanionsandarethusnot easilyexplainedby

modelsof evolution of andmixing within singlestars. Not shown in Fig. 4.1 arethe O-

isotopicratiosof six bariumstarsmeasuredby Harriset al. Harris85.Most of thesestars

have O-isotopicratiossimilar to theK andM stars.Onebariumstar, HD 101013,is quite

differentfrom all otherobservedstars;it is highly enrichedin both º7« · ( ºI¦ · / º7« · =100)andºI» · ( ºI¦ · / ºI» · =60),relative to their solarabundances.

TheN-starsshown in Fig.4.1areC-richAGB stars;they haveO-isotopicratiosthat

aresystematicallyhigherthanthoseobserved in O-rich AGB starsandtheir ratiosplot in

the intermediateregion betweenGroup1 andGroup2 oxidegrains(Harriset al., 1987).

Theseratiosarequitedifficult to explain by standardmodelsof AGB evolution. Thedata

pointsdesignatedasC envelopesin Fig. 4.1 representdustycircumstellarshellsaround

late-typeAGB stars(Kahaneet al., 1992). Unlike theN stars,they do not appearto have

higher ºI¦ · / º7« · and ºI¦ · / ºI» · ratiosthanO-rich AGB stars.Carbonstarsof anothertype,

J stars,aredistinguishedby very low ºI¥0Â / ºIµ0Â ratiosanda lack of the s-processelement

enhancementscharacteristicof AGB stars. The J starsthat have beenanalyzedfor O-

isotopicratiosarenot shown in Fig. 4.1, but they have ºI¦ · / º7« · ratiossimilar to thoseof

theO-rich AGB starsandseveralhave lower limits on their ºI¦ · / ºI» · ratios(Harriset al.,

1987).

Theisotopicratiosof Mg havebeenanalyzedfor anumberof bariumstarsandMS

andS stars,usingMgH linesin thevisualspectrum,near513nm(Lambert,1991). These

studiesfoundratiosidenticalto thesolarratioswithin measurementerrors,andthis result
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hasbeenusedto argueagainstthe ¥~¥DÃqÄ+Å7ÆÈÇ�ÉËÊ¬¥~³ ´©¨ reactionasthesourceof neutronsfor

thes-processin low-massAGB stars.Previousattemptsto measure¥~¦�ªq§ / ¥¬«|ª�§ ratiosin red

giantsandAGB starsyieldedonly upperlimits (Lambert,1991),but Guélin et al. (1995)

have recentlyreportedthe possibledetectionof the J=7–6transitionline of ¥~¦Mªq§ F in the

millimeterspectrumof thecircumstellarenvelopeIRC-10216.If their identificationof this

line is correct,their inferred ¥~¦ ª�§ / ¥¬« ªq§ ratio for this star is 0.037; if not, this ratio is an

upperlimit. IRC-10216is thedustyshellaroundthelate-typeC-richAGB starcw Leoand

is oneof thedatapointsdesignatedasaC envelopein Fig. 4.1.

In summary, thereis considerableoverlapbetweentheO-isotopiccompositionsof

thecircumstellaroxidegrainsreportedhereandthecompositionsof redgiantsandAGB

stars.In particular, many O-richredgiantsandmostO-richAGB starslie within theregion

occupiedby Group1 grainsonanO-isotopeplot (Fig. 4.1). In addition,mostC-richgiants

(N starsanddustyenvelopesaroundAGB stars)have O-isotopicratiossimilar to thoseof

the most ºI» · -depletedGroup1 grainsandthe least ºI» · -depletedGroup2 grains. J stars

mayhaveratiossimilar to Group2 grains,sincethereportedlower limits on their ºI¦ · / ºI» ·
ratios indicatethey have very little or no ºI» · . This agreementbetweenthe O-isotopic

ratiosof oxide grainsmeasuredin the laboratory, and thoseobtainedfrom astronomical

observationsof stars,stronglysuggestsaredgiantor AGB starorigin for at leasttheGroup

1 oxide grains. The other groupsof oxide grains,particularlyGroups3 and 4, do not

have any spectroscopicequivalents,however, but we will arguein Á 4.1.3that they likely

formedin redgiantsaswell. Finally, the ¥~¦Mª�§ / ¥¬«�ª�§ ratio observed in theC-rich envelope

IRC-10216,if confirmed,is within a factorof ¿ 2 of thehighestinferred ¥~¦Mª�§ / ¥¬«�ªq§ ratioof

circumstellaroxidegrainsfrom meteorites.
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4.1.3 Evolution and Nucleosynthesisin RedGiants

First and seconddredge-up

Mostof thelifetime of astaris spentburninghydrogenin its corewhile onthemain

sequence.Whenhydrogenbecomesdepletedin thecore,thestarleavesthemainsequence

andapproachestheredgiantbranch(RGB).As it climbstheRGB,modelspredictthatdeep

convectionmixestheashesof mainsequencenucleosynthesisinto theenvelope,changing

thesurfaceisotopicandelementalcomposition.This first dredge-uphasbeenextensively

studiedfor severaldecadesnow (see,e.g.,Iben 1967). Most recently, several theoretical

studieshave lookedin detailat thesurfaceisotopicratiosof theCNO elementsfollowing

the first dredge-up(Landŕe et al., 1990; Dearborn,1992; Schalleret al., 1992; Bressan

etal., 1993;El Eid,1994;Boothroyd etal., 1994;Mowlavi, 1995).El Eid (1994)compared

severalfirst dredge-upcalculationswith eachotherandfoundsubstantialdifferencesin the

predictedisotopicratiosbetweendifferentmodelsdueto variationsin stellarparameters

suchasmassandinitial compositionandto differenttreatmentsof convectionaswell as

differentadoptednuclearreactionrates.Nevertheless,somegeneralfeaturesarecommon

toall modelsandconformreasonablywell toobservations,althoughtheselatterareplagued

by relatively largeuncertainties.

Main-sequenceH-burning by the CNO cyclesdestroys essentiallyall of the ºI» ·
thatwasoriginally presentin the core,andresultsin a layerhighly enrichedin º7« · ( º7« ·
“pocket”). Consequently, dependingon thedepthof mixing, following first dredge-upthe

surface ºI¦ · / º7« · ratiocanbemuchlowerandthesurface ºI¦ · / ºI» · ratioslightly higherthan

theinitial surfaceratios.ThepredictedºI¦ · / º7« · dependsstronglyon thestar’s initial mass.

For low-massstars(M ¿ À 2.5M¼ ), thisdependenceresultsprimarily from theincreaseof the

depthof dredge-upwith stellarmass.Mixing in a 1M ¼ starbarelyreachesthe º7« · pocket

andthesurfaceretainsits initial ºI¦ · / º7« · ratio,whereasenoughof the º7« · pocket is mixed
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into theenvelopeof a 2.5M¼ starto decreasetheratio to ¿ 200.For higher-massstars,the

entire º7« · pocket is dredgedup,but sincemore º7« · is destroyedat theH-burningtempera-

turesof thesestarsthepeakconcentrationin the º7« · pocket is smallerandthesurfaceis not

ashighly enrichedin º7« · asfor 2.5M¼ stars.Publishedpredictionsof ºI¦ · / º7« · ratiosin the

massrangeM Ì 2.5–10M¼ arehighlyvariable,dueto largeuncertaintiesin the º7« · (p,Æ ) º.¹ Ã
and º7« · (p,Í ) ºI»DÎ reactionratesat stellartemperatures.However, a directmeasurementof

the º7« · (p,Æ ) crosssectionat stellarenergieswith muchreduceduncertaintieshasrecently

beenreported(Blackmonet al., 1995). The new rate is closeto the minimum valueal-

lowedby themeasurementsof Landŕe et al. (1990)andfirst dredge-upcalculationsusing

thenew ratepredict ºI¦ · / º7« · ratiossimilar to thoseof previouscalculationsthatusedthe

Landŕeetal. (1990)rate(M. F. El Eid,privatecommunication).Comparisonsof dredge-up

modelswith observationsof K andM starshave previously led Boothroyd et al. (1994)to

thesameconclusion,namelythatthetrue º7« · (p,Æ ) rateis closeto therateof Landŕe et al.

(1990).Modelsusingthis ratepredictsurface ºI¦ · / º7« · ratiosthatincreasewith solarmass

from theminimumvalueof ¿ 200for a2.5M¼ starto ¿ 800for a10M¼ star(Boothroyd &

Sackmann,1996).

As statedabove, becausethematerialmixed into theenvelopeis depletedin ºI» · ,

thesurfaceºI¦ · / ºI» · ratiois expectedto increaseafterthefirst dredge-up.However, because

theproportionof ºI» · -depletedmaterialmixedinto theenvelopeis relatively small,thepre-

dictedchangein thesurface ºI¦ · / ºI» · ratio is muchsmalleranddependsmuchlesssteeply

onstellarmassthanthechangein the ºI¦ · / º7« · ratio. Again,thepredictedratiodependson

apoorlyknown nuclearreactionrate,in thiscasethatgoverningthereactionºI» · (p,Æ ) ºI³ Ã ,

andobservationsof redgiantshavebeenusedto arguethatthisrateis closeto its lowestex-

perimentallyallowedvalue(Harris& Lambert,1984b;Dearborn,1992;Boothroyd et al.,

1994). Modelsusingthe preferredºI» · destructionratepredicta changeof ¿ 10–50%in

thesurface ºI¦ · / ºI» · ratio afterfirst dredge-upfor starsfrom 1–15M¼ (Dearborn,1992;El
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Eid, 1994;Boothroyd etal., 1994).

The RGB phaseendswith the initiation of a coreHe-burning phase,andthe star

shrinks. Following exhaustionof He in the stellar core, the star againascendsthe gi-

ant branch,this time asa thermallypulsingasymptoticgiantbranch(TP-AGB) star. For

starsof massM ¿ ½ 3M ¼ , this phasebeginswith anotherdeepeningof theconvective enve-

lope, mixing morenuclear-processedmaterialto the surface,the seconddredge-up. For

metallicitiescloseto solar, the seconddredge-upis not expectedto substantiallychange

thesurfaceO-isotopicratiosfrom their first dredge-upvalues(El Eid, 1994;Boothroyd &

Sackmann,1996). This is not true for starsof lower metallicity, sincesuchstarsexperi-

enceshallower (or no) first dredge-up,but theseconddredge-upin thesestarsis predicted

to producesurfaceO-isotopicratiossimilar to thoseobtainedfrom the first dredge-upin

higher-metallicity stars. Thus,starsat the beginning of the TP-AGB phaseareexpected

to have surfaceO-isotopicratiosasdescribedabove for the first dredge-up.A possible

exceptionwasfoundfor 7M ¼ starsin themodelsof Boothroyd andSackmann(1996).The

seconddredge-upin thesemodelsreachedlayersthatwereenrichedin ºI» · from partialHe-

burning, leadingto decreasedsurface ºI¦ · / ºI» · ratios. Becausethis hasnot yet beenseen

in othermodelsandsince7M ¼ stars,dueto their relatively low abundance,areunlikely to

havecontributedasignificantfractionof thepresolaroxidegrainsreportedhere,thiseffect

will notbediscussedfurther.

Fig. 4.2 shows predictionsby Boothroyd andSackmann(1996)for thesurfaceO-

isotopicratiosof differentstarsfollowing thefirst andseconddredge-ups,alongwith the

datafor oxidegrainsof Groups1–3.In thisplot, eachopencirclerepresentsadifferentstar

of a givenmassandmetallicity. TheO-isotopictrendsdescribedabove areapparent.For

starsof mass¿ À 2.5M¼ , the ºI¦ · / º7« · ratioisastrongfunctionof stellarmass,and,for starsof

mass¿ ½ 1.4M¼ , is largelyindependentof its initial value.Foragivenmetallicitythe ºI¦ · / ºI» ·
ratio varieslittle with mass,andvariationslarger than ¿ 50% mustbe dueto differences
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Figure4.2: Comparisonof oxidegraindatawith predictionsof O-isotopicratiosfollowing
first andseconddredge-upin redgiantstars(Boothroyd & Sackmann,1996).For thesake
of clarity, errorbarson grainmeasurementsarenot shown hereor in subsequentfigures.
Eachopencircle representsa distinctstarof differentmassandoneof two initial compo-
sitions,or metallicities. Two possibletrendsfor the galacticevolution of O-isotopesare
alsoshown; “GCE-I” wasusedto relatestellarcompositionto metallicity in thedredge-up
models,and“GCE-II’ is thetrendimpliedby observationsof molecularcloudsthroughout
the galaxy(see Á 4.2). The predictedpost-dredge-upºIã · / º7« · ratio dependsstronglyon
stellarmass,whereasthe ºIã · / ºI» · ratio changeslittle from its initial value. TheGroup1
and3 oxidegrainshave isotopiccompositionsconsistentwith thesepredictions,provided
they comefrom severaldifferentstarswith distinctmassesandinitial compositions.See
text for furtherdiscussion.
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in initial O-isotopiccomposition,as originally pointedout by Boothroyd et al. (1994).

Themostlikely causeof variationsin initial compositionis thechemicalevolution of the

Galaxy. For thetwo dredge-upcurvesshown in Fig. 4.2,Boothroyd et al. (1996)assumed

initial O-isotopicratiosthatareinverselyproportionalto stellarmetallicity(dot-dot-dashed

line labeled“GCE-I” in Fig. 4.2), following the chemicalevolution modelof Timmeset

al. (1995). The grey line labeled“GCE-II” in Fig. 4.2 representsthe galacticchemical

evolution trendimplied by radioobservationsof molecularcloudsthroughouttheGalaxy;

thistrendmaybemorerepresentativeof theO-isotopicevolutionof theaverageinterstellar

mediumthantheevolution line usedfor thefirst dredge-upcalculationsof Boothroyd and

Sackmann(seeÁ 4.2).

It is clearfrom fig. 4.2 that the O-isotopicratiosof the Group1 oxide grainsare

well explainedby first dredge-upin redgiantstars,providedthegrainscomefrom several

differentstarswith distinctmassesandinitial O-isotopicratios. It is apparentaswell that

theO-isotopiccompositionsof Group3 grainsprobablyalsoreflectanorigin in redgiant

stars.However, if this is thecase,their stellarsourcesmusthave hadinitial ºIã · / º7« · andºIã · / ºI» · ratioshigherthanthe solarvaluesandmasseslow enough( ¿ À 1.4M¼ ) that they

did not dredgeup enoughº7« · to substantiallylower their high initial ºIã · / º7« · ratios. It is

likely that the Group3 grainslargely retainthe original O-isotopicratiosof their parent

starsand thus provide importantinformation aboutthe galacticevolution of O-isotopic

ratios. The issueof galacticchemicalevolution and its implicationsfor presolaroxide

grainsarediscussedin moredetailin Á 4.2.

Third dredge-upin TP-AGB stars

Starsin theTP-AGB phaseof theirevolutionconsistof anelectron-degenerateC-O

coresurroundedby thin He-burningandH-burningshellsanda largeconvectiveenvelope.

They undergo periodicHe-shellflashes(thermalpulses)in which theHe-shellburnsvery
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strongly, temporarilyextinguishingtheoverlayingH-shell. Subsequentconvectionmixes

materialprocessedin thetwo burningshellsinto theconvectiveenvelope;theseconvective

episodesarecollectively referredto asthe third dredge-up(e.g.,IbenandRenzini1983).

The dredged-upmaterial is primarily ¹0ä�å and ºIæ Â , but also includesthe productsof s-

processneutroncapturenucleosynthesis,and,of primary importancehere, æ~ã�ª�ç produced

in theH-shellby theMg-Al chain.Forestini,PaulusandArnould(1991)obtainedasurfaceæ~ãMª�ç / æ¬«|ª�ç ratio of ®+è#éê­n®±°�²;µ from third dredge-upin a 3M ¼ AGB star. Other models

give similar ratios,in therange10²;µ –ëì­í®±° ²;æ (Gallino et al., 1994;Guélin et al., 1995;

Wasserburg etal., 1994).

Most of the presolaroxide grainswhich show evidencefor the prior presenceofæ~ãMª�ç have inferred æ~ãMªqç / æ¬«¡ª�ç ratiosin the rangeof theoreticalpredictionsfor AGB stars,

strengtheningtheargumentthatmany of thegrainsoriginatedin suchsites.However, the

grainswhoseO-isotopicratiosreflect the first dredge-upbut that do not have æ~ãMª�ç must

have formedeitherin red giantsbeforethe TP-AGB phase,or in AGB starsthat did not

experienceenoughthird dredge-upepisodesto bring appreciableamountsof æ~ãMªqç to the

surface.Notethatdustproductionis stronglyrelatedto mass-lossrates,which arehighest

duringthelatestageson theAGB. Low-mass(M ¿ À 1.2M¼ ) starsarepredictedto losemost

of theirmasswhile on theRGB,beforereachingtheAGB, whereashigher-massstarslose

little massbeforethe onsetof thermalpulses(Boothroyd & Sackmann,1988). Sincea

low-massstarthusbegins theTP-AGB phasewith a muchdiminishedenvelopemass,its

entireenvelopemay be lost after only a few thermalpulses,beforeany third dredge-up

convectiveepisodesoccur. Thattheoccurrenceof third dredge-updependsstronglyon the

massof anAGB staris supportedby thecalculationsof Gallinoetal. (privatecomm.),who

self-consistentlypredictthird dredge-upin a1.5M¼ AGB star, but not in a1M ¼ star. Group

3 grainshaveO-isotopicratiosreflectingfirst dredge-upin low-massstars(M ¿ À 1.4M¼ , see

above). Basedon theabove discussion,it is expectedthata large fractionof thesegrains
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formedin starsthatdid notexperiencethethird dredge-up,consistentwith theobservation

thatamuchsmallerfractionof Group3 grainshasæ~ãMªqç , comparedto Group1 grains,which

probablyformed in starsof higher mass. An alternative sourcefor someof the grains

without æ~ãMª�ç is planetarynebulae(PN),afterthe æ~ã�ª�ç dredgedupontheAGB hasdecayed.

However, sinceit is not certainthatany of thedustobservedin planetarynebulaeactually

formedduringthePN stage(Whittet,1992),thisscenariois lesslikely (seeÁ 4.1.4).

Thehighestpredictedæ~ãMª�ç / æ¬«¡ªqç ratios( ¿ ½î®±°;²;æ ) obtainedby dredge-upof H-shell

materialarereachedonly aftermany thermalpulsesandwith extensive lossof thestellar

envelopeby winds. AGB starsat theselate stagesareexpectedto have becomecarbon

starsfrom thedredge-upof ºIæ0Â andthusto producecarbonaceousdustinsteadof oxides.

Thattheapparentæ~ãMª�ç / æ¬«¡ªqç ratioof 0.04observedin IRC-10216,thedustyshellaroundthe

very-late-stageC-starcw Leo( Á 4.1.2),is higherthantheinferredratio in any of the ª�ç æD·=µ
grainsis consistentwith this sincetheoxidegrainspresumablyformedbeforetheir parent

starsbecameC-rich. However, in this regard,it is somewhatof a surprisethat thebulk of

meteoriticpresolarSiCgrains,whichprobablycomefrom C-richAGB stars,have inferredæ~ãMª�ç / æ¬«|ª�ç ratiosquitesimilar to thoseof theoxidegrainsandnotsignificantlyhigherratios

(Hoppeetal., 1994a).

Sincethepresenceof æ~ã�ªqç in many presolaroxidegrainsindicatesthatthey formed

aroundTP-AGB stars,we mustaddressthe issueof the effect of the third dredge-upon

their surfaceO-isotopicratios. Only small changesfrom the first andseconddredge-up

valuesareexpectedif the amountof the threeoxygenisotopesmixed into the envelope

is small relative to the total amountof O in the envelope. This is probablythe caseforºIã · and º7« · andthe third dredge-upis unlikely to changethe surface ºIã · / º7« · ratiosby

morethan ¿ 10% (Boothroyd et al., 1994,A. Boothroyd, privatecomm.). The situation

for ºIã · / ºI» · is morecomplicated,however. Oxygen-18is both created(by the reactions
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º.¹0Ã ( ÆZÇ Í ) ºI»MÎ ( å±ï ÇDð ) ºI» · ) anddestroyed(by ºI» · ( ÆZÇ Í ) æ~æDÃqÄ ) duringHe-burning. Early ther-

mal pulsescould thusproducelarge amountsof ºI» · , which could be dredgedup before

it is destroyed in later pulses(Boothroyd & Sackmann1988; Boothroyd et al. 1994; N.

Mowlavi, privatecomm.). Observationsof AGB starsthat have experiencedsomethird

dredge-upepisodes(MS andS starswith Tc andothers-processelementsÁ 4.1.2)do not

show large ºI» · excesses.TheO-isotopicratiosin thesestarsaresimilar to thefirst dredge-

up valuesseenin K and M giants,suggestingthat the third dredge-upindeedhaslittle

effect on thesurfaceO-isotopiccompositionsof mostAGB stars.A similar conclusionis

indicatedby theGroup1 oxidegrains,sincethesehave O-isotopicratiosthatarewell ex-

plainedby theoreticalpredictionsof first andseconddredge-upeventhoughæ~ã ´©¨ excesses

show thatmostof the grainsformedin starsthatmusthave experiencedthird dredge-up.

Moreover, thereis no correlationbetweeninferred æ~ã ª�ç / æ¬« ª�ç ratiosandO-isotopicratios

for Group1 grains.

Although a large decreasein the surface ºIã · / ºI» · ratio from the third dredge-up

afterearly thermalpulsesis apparentlyruledout for mostAGB stars,Harriset al. (1985)

proposedthis mechanismto explain the low ºIã · / ºI» · ratio observed in the barium star

HD 101013( Á 4.1.2). Dredge-upof ºI» · after early thermalpulsesmay alsoaccountfor

the ºI» · excessesobserved in Group4 oxidegrains.Thesegrainshave inferred æ~ãMª�ç / æ¬«�ª�ç
ratios in the rangeexpectedfor third dredge-upof H-shell materialand ºIã · / º7« · ratios

consistentwith first dredge-upin low-massstars(M ¿ À 1.5M¼ ). In addition,the æ~³0´©¨ andæ~ã0´©¨ excessesobserved in the Group4 grain T22 are consistentwith predictionsof n-

capturein theHe-shellfollowedby third dredge-up.Sofar, nomodelhasself-consistently

predicteddredge-upof ºI» · from theHe-shellandthecalculationsarehamperedby large

uncertaintiesin the ºI» · ( ÆÈÇ Í ) æ~æ ÃgÄ reactionrate(Wiescheret al., 1993). The possibility

thatthelow ºIã · / ºI» · ratiosin Group4 grainsreflectsuchdredge-up,however, accentuates

theneedfor furtherdetailedmodelingto determinewhetherthis is a viablescenario.An
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alternativeexplanationfor the ºI» · excessesin Group4 grainsis galacticchemicalevolution

andis discussedfurtherin Á 4.2.

Hot-bottom burning

We addressnow the Group2 circumstellaroxide grains. An origin in AGB stars

for Group2 grainsis suggestedby their inferred æ~ã ª�ç / æ¬« ªqç ratios,which arein the range

predictedfor TP-AGB stars,andtheir ºIã · / º7« · ratios,which aresimilar to thoseof many

Group1 grains. However, the degreeof ºI» · depletionobserved in thesegrainsis much

larger thancanbeexplainedby theadmixtureof nuclear-processedmaterialinto thestel-

lar envelopeby thedredge-upprocessesdiscussedthusfar. Oneproposedmechanismfor

loweringthe ºI» · abundanceat thesurfaceof relatively-high-massTP-AGB stars(M Ì 4–

7M ¼ ) is “hot-bottomburning” (HBB), wherethebaseof theconvectiveenvelopebecomes

hot enoughfor H-burningreactionsto occur(Sugimoto,1971;Cameron& Fowler, 1971).

Becauseit is fully convective, the entireenvelopeis cycled throughthe hot region at its

base,sothattheproductsof CNO-cyclenucleosynthesisareenrichedat thestellarsurface.

Boothroyd etal. (1995)havecalculatedtheeffectsof HBB onO-isotopicratiosandshown

that for starsof 4.5–7M¼ , HBB rapidly destroys essentiallyall of theenvelope’s ºI» · and

thengraduallyconverts ºIã · to º7« · , decreasingthe ºIã · / º7« · ratio from its seconddredge-

up value. Thepredictedsurfaceisotopicratiosdependon many parameters,in particular

on uncertainreactionratesandmass-lossrates. Nevertheless,theseauthorscameto two

importantconclusionswith regardto circumstellaroxidegrains.One,the ºI» · destruction

is completeandrapid, ruling out HBB asan explanationfor the large but not total ºI» ·
depletionsobserved in severalGroup2 grains( ºIã · / ºI» · ¿ 1,000–4,000).Althoughthe in-

termediateºI» · depletionsobservedin someof thesegrainsmaybedueto contribution of

backgroundO on thesamplemountsto the isotopicmeasurements,for someof thelarger

grainsthis canbe ruledout. Two, the maximumfinal ºIã · / º7« · ratio resultingfrom HBB
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is ¿ 1,000for a 7M ¼ star, andthis only with thehighestº7« · destructionratesallowedby

the Landŕe et al. (1990)compilation. However, the º7« · (ñ ÇMÆ ) º.¹ Ã and º7« · (ñ Ç Í ) ºI» Î rates

have recentlybeenshown to becloseto theminimumLandŕe et al.(1990)values(Black-

mon et al., 1995),and the maximumHBB ºIã · / º7« · ratio with thesenew ratesis ¿ 600

(Boothroyd et al., 1995). BecausemostGroup2 oxidegrainshave ºIã · / º7« · ratioshigher

thanthis, indicatingthat they formedin low-mass(M ¿ Àiò+óô¼ ) stars,HBB is apparently

ruled out asan explanationfor the compositionsof thesegrains. This is not surprising

sincestarsof mass½ 4M ¼ aremuchlesscommonthanstarsof lower massandthusless

likely to have contributedmuchdustto theSolarSystem.Notethat,althoughHBB is also

expectedto produceæ~ã ª�ç , inferred æ~ã ª�ç / æ¬« ªqç ratiosof oxidegrainsaremuchlessdiagnos-

tic thantheO-isotopicratiossinceæ~ãMªqç / æ¬«¡ª�ç ratiospredictedby HBB modelsaresimilar to

thoseexpectedfrom dredge-upof H-shellmaterial(Nørgaard,1980;Cameron,1993;Frost

& Lattanzio,1996).

Although hot-bottom-burningAGB starsarethusan unlikely sourcefor Group2

grains,HBB may have producedthe compositionof the highly º7« · -enrichedgrain T54

( ºI» · / ºIã · ¿ À 0.0005; º7« · / ºIã · =0.014). If this grain’s true ºI» · / ºIã · ratio is muchlower than

its measuredvalue, as suggestedabove, its compositionis similar to the predictionsof

Boothroyd etal. (1995)for thefinal compositionof aHBB 7M ¼ star( ºI» · / ºIã · Ì 0; º7« · / ºIã ·Ì 0.009).Thediscoveryof additionalgrainslike T54 couldpotentiallyprovide important

constraintsonHBB in AGB stars.

Cool bottom processing

The fact that hot-bottomburningcannotquantitatively explain the ºI» · depletions

observed in Group 2 circumstellaroxide grainsled Boothroyd et al. (1995) to propose

thatsomeform of extra mixing might occurin low-massAGB stars,called“cool bottom

processing”(CBP) by theseauthors.The conjectureis that this processwould transport
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materialfrom theconvectiveenvelopeto regionshotenoughfor someH-burningreactions

to occurandthentransportit backto theenvelope.Extramixing hasalsobeenproposed

to explain low ºIæ Â / ºIµ Â ratiosin low-massstarson theRGB(Gilroy 1989,Gilroy & Brown

1991,Charbonnel1994,1995). A plausiblephysicalmechanismfor suchdeepmixing

is the interactionbetweenrotation-inducedturbulenceandmeridionalcirculations(Zahn,

1992; Charbonnel,1994). To explore the effectsof CBP on the CNO isotopesin low-

massredgiants,Wasserburg etal. (1995)computedparameterizedmodelsanddetermined

that both the observed ºIæDÂ / ºIµDÂ ratios in red giantsandthe O-isotopicratios in Group2

oxide grains(andN-type C stars)could be reproducedwith identicalmodelparameters

(essentiallythe differencein temperaturebetweenthe baseof the extra mixing and the

H-burning shell). The isotopiccompositionsresultingfrom CBP were found to depend

primarily on the temperaturein thezonereachedby the mixing, not on the detailsof the

mixing processitself. In thesemodels,CBPon theRGB reachedlayerswith high enough

temperaturesto reducethe ºIæ Â / ºIµ Â ratio of the envelopeto a low value,but the oxygen

isotopeswere modifiedonly at the higher temperaturesreachedby deepmixing on the

AGB.

Thepredictedeffects(Wasserburg etal., 1995)of coolbottomprocessingontheO-

isotopicratiosof AGB starsof mass1, 1.5and1.65M¼ andsolarmetallicityareshown in

Fig. 4.3.The ºIã · / ºI» · ratiowasfoundto increaseexponentiallywith timeon theAGB and

the ºIã · / º7« · ratio to graduallydecrease.Clearly, theseresultsneedto beconfirmedby full

stellarevolutionarycalculations,includingboththird dredge-upandsomephysicalmodel

of deepmixing. Nevertheless,the goodagreementbetweentheseparametricmodelsand

thecompositionsof Group2 grains,aswell asthegenericnatureof themixing calculation

supportsthesuggestionthatsomesortof CPBis indeedresponsiblefor the ºI» · depletions

in thesegrains. The high inferred æ~ã�ªqç / æ¬«�ª�ç ratiosof Group2 grainsareconsistentwith

sucha scenarioas well, sincethermalpulsesand third dredge-upof æ~ãMªqç shouldoccur
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Figure4.3: Comparisonof O-isotopicratiosin presolaroxidegrainsof Groups1–3with
thosepredictedfrom cool bottomprocessing,deepextra mixing in low massAGB stars
(Wasserburg et al., 1995). Grainsymbolsarethesameasin previousfiguresandthefirst
dredge-upcurve (dottedline) is the sameas the Z=0.02curve shown in Fig. 4.2. Cool
bottomprocessingincreasesthe ºIã · / ºI» · ratio from its first dredge-upvalueanddecreases
the ºIã · / º7« · ratio. Thegoodagreementof thismodelwith theGroup2 graindatasuggests
thatextra mixing is indeedresponsiblefor the ºI» · depletionsin thesegrains.Thesedata
furtherimply thatcoolbottomprocessingonly occursin starsof lowermassthan ¿ 1.5M¼ .
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alongwith theCBP.

Cool bottom processingcan only occur if thereis no discontinuityin the mean

molecularweightto preventit (Charbonnel,1994).For example,a largecomposition(and

thus,molecularweight) discontinuityis left behindafter deepestconvectionduring first

dredge-up,but is soonerasedby theadvancingH-burningshell. Basedon thepresenceor

lack of suchmolecularweightdiscontinuitiesat differentstagesof evolution for different

stars,Boothroyd andSackmann(1996)have estimatedthatCBPcanoccurthroughoutthe

TP-AGB phasefor starsof mass¿ À 3.5M¼ . However, thecircumstellaroxidegraindatasug-

gestthatthemassrangeoverwhichCBPsufficientto changetheO-isotopicratiosoccursis

narrower. As seenin Fig.4.3,all of theGroup2 grainoxygendatacanbeexplainedby CBP

in starswith masseslessthan ¿ 1.5M¼ . In fact,sinceCBPis expectedto decreasethesur-

face ºIã · / º7« · ratio from its first dredge-upvalue,thefirst dredge-uppredictionsdescribed

aboveshow thatCBPin starsof mass2–3.5M¼ will resultin substantialºI» · depletionsand

in ºIã · / º7« · ratiosin therange¿ 200–500.Becauseno grainswith suchcompositionshave

beenfound,we proposethat if cool bottomprocessingdoes,in fact, occurin AGB stars

in the2–3.5M¼ massrange,it doessowithoutalteringthesurfaceO-isotopicratiosof the

stars.This is unlikely to bedueto lack of grainsfrom starsin this massrange,sincethe

compositionsof someGroup1 grainsareadequatelyexplainedby first dredge-upin such

starsandCBPwoulddestroy theaccord.

4.1.4 Other PossibleSourcesof Stellar Oxide Grains

In additionto low andintermediatemassredgiantsandAGB stars,Gehrz(1988)

includesplanetarynebulae,redsupergiants,supernovae,Wolf-Rayetstarsandnovaein his

inventoryof stellar typesthat produceO-rich dust. Exceptfor planetarynebulae,which

likely do not producedust (Whittet, 1992),all of thesemustbe consideredaspotential

sourcesof presolaroxidegrains.Massivestars(redsupergiants,supernovaeof typeII and
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Wolf-Rayetstars)areestimatedto produce5–10%of O-rich stardustin the ISM (Gehrz,

1989; Whittet, 1992). O-rich dust is observed to condensein red supergiantsandthese

starsare expectedto mix the productsof coreand shell H-burning into their envelopes

in dredge-upepisodes,just asdo their lower-masscousinsdescribedin previoussections.

Two M supergiants,Æ Ori and Æ Sco,areamongtheK andM starswhosedataareplotted

in Fig. 4.1,andtheirO-isotopicratiosclearlyreflectthefirst dredge-up(Harris& Lambert,

1984a).For solarmetallicitystarsof mass9–25M¼ , thefirst dredge-upmodelsof Schaller

et al. (1992)predict ºIã · / º7« · ratiosof ¿ 900-1200and ºIã · / ºI» · ratios ¿ 20%higherthan

theinitial values.Theseauthorsuseda valuefor the º7« · (ñ ÇMÆ ) º.¹DÃ reactionrateabout70%

higher thanthe (moreprecise)Blackmonet al. (1995)rate,however, andthusprobably

overestimatedthe ºIã · / º7« · ratio. UsingtheBlackmonet al. (1995)rate,M. F. El Eid (pri-

vatecomm.) predicts ºIã · / º7« · ratiosof ¿ 600–1100for starsof mass11–15M¼ . We take

this rangeasbeingrepresentative of supergiantsfollowing first dredge-up.Althoughstars

with M ¿ ½ 10M¼ do not experiencethermalpulses,æ~ã ªqç producedduring shell H-burning

is expectedto be mixed to the surfaceof thesestars. Woosley andWeaver (1995)pre-

dict æ~ãMªqç / æ¬«�ª�ç ratiosin the range1.7­¯®±°;²�¹ –2.0­g®9°;²;æ in theH-envelopeof starsof mass

13–25M¼ , similar to therangepredictedfor AGB starsandobservedin theoxidegrains.

Approximatelyonefourthof thecircumstellaroxidegrainshave ºIã · / º7« · ratiosin therange

600–1100,ºIã · / ºI» · ratiosin therange500-1000,andvarying æ~ã ª�ç / æ¬« ª�ç ratios;redsuper-

giantsshouldbeconsideredapotentialsourceof theseGroup1 grains.

Somemeteoriticgrainsof SiC, graphiteand õ
ö µ Ã ¹ have isotopiccompositionsin-

dicating that they formed in Type II supernovae(SN) (Amari et al. 1992, Nittler et al.

1995b,1996).However, muchmoreoxygenis ejectedin SN explosionsthancarbon.For

example,Woosley andWeaver (1995)predictO/C=2–8for theejectaof SN of mass11–

25M¼ , leadingoneto expectto find O-richSNcondensatesin meteoritesin additionto the

119



C-rich grainsalreadyfound. Dustformationhasbeenconfirmedobservationallyin super-

nova 1987Abothby increasedinfraredflux andshiftsof opticalemissionlines (see,e.g.

Colganetal.,1994)and ªqç æM·=µ maybeanimportantconstituentof thisdust(Kozasaetal.,

1991). Beforea massive starexplodesasa supernova, it is believedto have moreor less

an“onion-skin” structure,consistingof concentriczoneswith differentchemicalandiso-

topic compositionsdueto differentnuclearburninghistories.Astronomicalobservations,

hydrodynamicmodels,andthe isotopiccompositionsof C-rich SN dustin meteoritesall

show that significant,but selective, mixing betweenthe zonesmust occur in the ejecta

(Shigeyama& Nomoto,1990;Herant& Woosley, 1994;Nittler etal., 1996a).

Most oxidegrainsfrom SN would form from materialin O-rich shells(He, C and

Neburningzones).AlthoughtheO-isotopicratiosof SNgrainswill dependontheextentof

mixing aswell astheinitial massof thepre-SNstar, thesezoneswill producegrainshighly

enrichedin ºIã · . Suchgrainswould plot in theextremeupperright cornerof Fig. 3.3; no

oxide grainswith this isotopicsignaturehave beenfound and thereis thusno evidence

for SN grainsin thecurrentdataset. Notethat, in principle,grainscouldcondensein the

hydrogenenvelopeunmixedwith otherzones;thesewould have O-isotopicratiossimilar

to red supergiants. However, the O in the envelopeconstitutesonly a small fraction ( ¿ À
12%; Woosley & Weaver 1995)of the total oxygenin the ejectaandmostgrainsshould

bevery ºIã · -rich. Moreover, thelackof shiftsin hydrogenemissionlineswith theonsetof

dustformationin SN1987Asuggeststhatdustcondensesprimarily in the inner, ºIã · -rich

regionsof theejecta(Colganetal., 1994).

Wolf-Rayet(WR) starsarevery massive stars(M ½ 25M¼ ) in which extrememass

loss by stellarwinds hasstrippedoff the outer layers,exposingthe productsof H- and

He-burningat thesurface.They have O ½ C in theso-calledOf andWN phasesandcould,

in principle,produceoxidegrainsduringthesestages.Note,however, thatdustformation

in WR starshasonly beenconfirmedobservationally in the late, C-rich, WC phaseof
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evolutionandnot duringtheOf andWN phases(Gehrz,1989).Nevertheless,duringthese

stagestheproductsof coreCNO-cycle nucleosynthesisappearat thesurfaceof thestars.

This would result in O-isotopicratiossimilar to thosepredictedfor extremehot-bottom-

burningin AGB stars(Boothroyd et al., 1995,seeÁ 4.1.3),namely ºIã · / ºI» · Ì@÷ andvery

low ºIã · / º7« · ratios( ºIã · / º7« · ¿ À 100)(seePrantzoset al. 1986).As describedabove, ª�ç æD·=µ
grainT54 is theonly grainthathassuchanisotopicsignature.If thetrue ºIã · / ºI» · ratio of

T54 is closeto infinity, thenaWolf-Rayetstarorigin for thisgrainis possible.

Novaeandsupernovaeof typeIa (SNI)arebothbelievedto resultfrom theaccretion

of matterfrom a binarycompanionontoa white dwarf, followedby a thermonuclearrun-

away. In theformercase,it is theaccretedmatterthatexplodes;in thelattertheentirestaris

disrupted.Nucleosynthesisin novaeis characterizedby hydrogenburningat high temper-

atures,wheretheenergy generationis mainly from thehot CNO cycles(Woosley, 1986).

Hot CNO-cycle burning usuallyproducesC ½ O, andin mostcaseswheredusthasbeen

observed aroundnovae, it is C-rich (Gehrz,1988). The observation of infraredfeatures

associatedwith silicatesin afew novae(Bodeetal., 1984;Gehrzetal., 1986)indicatesthe

possibilitythatoxidegrainsform in suchexplosions.However, hot CNO cycle burningin

novaeis predictedto producevery largeexcessesof º7« · and ºI» · , relative to ºIã · andsolar,

with ºIã · / º7« · and ºIã · / ºI» · typically ¿ À 10–20(Woosley, 1986;Politanoet al., 1995).None

of theoxidegrainsconsideredherehave thesecompositionsandnovaearethushighly un-

likely to have producedany of them.Nucleosynthesisin SNI is predictedto producevery

high ºIã · / º7« · and ºIã · / ºI» · ratios( ½ø®±°Où ) (Thielemannet al., 1986)andsothesestarsalso

canberuledoutassourcesfor thebulk of thecircumstellaroxidegrains.
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4.2 Galactic ChemicalEvolution and Cir cumstellar Oxide Grains

As we have shown in Á 4.1.3, the O-isotopicratiosof Group1 andGroup3 cir-

cumstellaroxidegrainsareconsistentwith predictionsfor thefirst dredge-upin redgiants,

providedthestarsthatproducedthegrainshada rangeof initial O-isotopiccompositions.

Oneplausibleexplanationfor suchvariationsis thechemicalevolution of theGalaxy: as

theGalaxyevolves,new generationsof starsarebornanddie,returningfreshlysynthesized

nucleito theinterstellarmedium(ISM). In thisway, theabundancesof theheavy elements

haveincreasedthroughoutthehistoryof theGalaxyandstarsformedatdifferenttimes(and

places)have,on average, differentchemicalandisotopiccompositions.Since ºIã · canbe

synthesizedin a starof initially pureH andHe, it is considereda “primary” nucleosyn-

thesisproduct,whoseabundanceincreaseslinearly with metallicity, Z. On theotherhand,º7« · and ºI» · requirepre-existingCNOnucleifor theirsynthesis(theformerby ºIã · +p; the

latterby º.¹ Ã + Æ ) andaretermed“secondary”nuclei; their abundancesshouldincreaseas

Z æ (Clayton,1988). Onemaythus,asa first approximation,assumethat theaverageISMº7« · / ºIã · and ºI» · / ºIã · ratiosincreaselinearly with metallicity. Furthermore,if theaverage

metallicity of theGalaxyincreasesmonotonicallywith time, theseratiosshouldbe lower

in olderstarsthanin youngerones.

Theseideasaresupportedbothby radioobservationsof O-isotopicratiosin molec-

ular cloudsthroughoutthe Galaxy and by the circumstellaroxide grain data. The for-

mershow a remarkableuniformity of the ºI» · / º7« · ratio ( Ì 3.5) andnegative gradientsofº7« · / ºIã · and ºI» · / ºIã · with galactocentricradius(Penzias,1981; Wilson & Rood,1994;

Henkel etal., 1995).Suchbehavior is expectedif ºIã · is primaryand º7« · and ºI» · areboth

purelysecondaryasdescribedabove. (Thewell-known problemof fitting thesolarabun-

dancesinto this scenariois describedbelow.) The low º7« · / ºIã · ratiosof Group3 oxide

grains(Fig. 3.4) indicateboth that thesegrainsformedin low-mass( À 1.4M¼ ) starsand
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that thesestarshadlower thansolarinitial º7« · / ºIã · ratios. The latter point canbe easily

understoodin termsof chemicalevolution. Due to their longerevolutionarytimescales,

thelow-massstarswhichproducedGroup3 grainsprobablyformedatanearliertimethan

thehigher-massprogenitorsof Group1 grainsandthusformed,onaverage,from lesspro-

cessedmaterial.

To exploretheseideasin moredepth,we combinechemicalevolution anddredge-

up modelsto predictaverageO-isotopicratios for a setof starsof mass1.1 to 3 M ¼ , a

likely rangefor starsthatprovidedgrainsto thesolarsystem.Welet ú (M,Z) bethelifetime

of astarof massM andmetallicityZ, asgivenby Mathewsetal. (1992),andT û (Z) bethe

ageof theGalaxywhentheaveragemetallicityhadgrown to thevalueZ, determinedfrom

thegalacticevolutionage-metallicityrelationof Timmeset al. (1995).Then,for eachstar

of massM, themetallicityZ is chosento satisfytheequation

ú Å ´ ÇDüËÊËýíþ û Å7üËÊ ÿ þ ¼ (4.1)

whereT ¼ is theageof theGalaxyat thetime of solarsystemformation,heretakento be

10.5Ga.Thefirst-dredge-upO-isotopicratiosfor theresultingsetof massesandmetallic-

ities, aswell asfor thesamesetof masses,but somewhathigherandlower metallicities,

wereinterpolated(or extrapolated,if necessary)from the calculationsof Boothroyd and

Sackmann(1996).Theseauthors,following Timmeset al. (1995),assumedthattheinitialºIã · / º7« · and ºIã · / ºI» · ratiosof starsvary in inverseproportionto [Fe/H], which they relate

simply to Z (Boothroyd & Sackmann,1996). This evolution trendis indicatedin fig. 4.2

by thedashedline labeled“GCE-I.”

Resultsof our modelareshown in Fig. 4.4, overlainon the Group1 and3 oxide

data. The theoreticaltrendsareplottedas: ‘X’ symbolsconnectedby a solid line for the

“average”trend,long-dashlines for 25% higher(left) and25% lower (right) metallicity,

anddot-dot-dot-dashedlinesfor 45%higher(left) and45%lower (right) metallicity. Each
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Figure4.4: Comparisonof circumstellaroxidegrains(symbolsarethesameasin previous
figures)with the resultsof a simplegalacticchemicalevolution model. The centralthe-
oreticaltrend(’X’ s connectedby a thick line) representsa seriesof starsof mass1.1M¼
(top of curve) to 3M ¼ (bottomof curve) andmetallicitieschosenfrom stellarlifetime and
chemicalevolution modelssuchthat they endedtheir life at the time of solarsystemfor-
mation(seetext). The tracksto the right and left representthe samesetof masses,but
with 25% (long-dashlines) and45% (dot-dot-dot-dashedlines) lower andhighermetal-
licities, respectively, comparedto thecentral“average”trend.Thegoodagreementshows
thatchemicalevolutionplaysanessentialrole in establishingtheO-isotopiccompositions
of Group1 and3 oxidegrainsalthoughtheremusthave beena spreadabouttheaverage
metallicitiesfor starsthatprovidedO-richdustto theSolarSystem.
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point alongthe centraltrack representsthe predictedaverageO-isotopiccompositionof

starsof agivenmassthatendedtheir livesat thetimeof solarsystemformation;this trend

passesthroughthecentersof theGroup1 and3 O-isotopicdistributions.Thesurprisingly

good agreementbetweenthis simple model and the distribution in O-isotopicspaceof

Group1 andGroup3 oxidegrainsstrengthenstheconclusionthat thesegrainsdid indeed

form in redgiantsandthatgalacticchemicalevolutionplaysanessentialrolein determining

theisotopiccompositionsof thegrains.Edvardssenetal. (1993)havedeterminedelemental

abundancesin 189field diskdwarfsandfoundthat,althoughtheaveragemetallicity in the

Galaxyhasincreasedwith time, thereis considerablevariationin themetallicitiesof stars

bornat any giventime. Theseauthorsestimatea spreadaboutthemeanof ¿ �
45%in Z

for starsthatformedat thesametimeandsamegalactocentricradiusastheSun.As canbe

seenin Fig.4.4,aspreadof
�

45%(outermosttheoreticaltrends)in metallicityis consistent

with therangeof O-isotopicratiosof Group1 and3 grains.However, mostof theGroup1

and3 datalie within thecurvescorrespondingto asmallerrangeof
�

25%.In fact,thefive

Group1 grainsthat fall outsidethis rangehave ºIã · / º7« · ratiossimilar to Group2 grains

andmaybelongto them(cf. Fig. 3.3).

AlthoughtheO-isotopicratiosobservedin molecularcloudsthroughouttheGalaxy

can be understoodin termsof the expectedprimary/secondary/secondaryproductionofºIã · / º7« · / ºI» · , the measuredratiosof the SolarSystemdo not fit easily into this picture

(Kahaneet al., 1992;Wilson & Rood,1994).In particular, the ºI» · / º7« · ratio of theSunis

5.2,whereastheinterstellarmediumhasthemuchlower ratio of 3.5, regardlessof galac-

tocentricradius. Furthermore,thecurrentlocal ISM ºIã · / ºI» · ratio is 560
�

25 (Wilson &

Rood,1994),higherthanthesolarvalueof 499. This is difficult to understand;thesimple

pictureof chemicalevolution discussedabove predictsa substantiallylower valuein the

presentISM thanin the SolarSystem,sincethe ºI» · abundanceis expectedto have built

upmorethan ºIã · in the4.6billion yearssincesolarsystemformation.Fromtheirgalactic
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chemicalevolution study, Edvardssenet al. (1993)concludedthat the Sunis a “typical”

starfor its age,metallicityandgalacticorbit. Thisdoesnotprecludeisotopicpeculiarities,

however. Severalresearchershavesuggestedthatapossibleexplanationfor theO-isotopic

discrepanciesis thatthecloudfrom whichtheSunformedwaspreferentiallyenrichedwith

materialfrom massive stars,relative to the generalISM (e.g.,Schramm& Olive, 1982;

Henkel & Mauersberger1993;Henkel etal. 1995;Prantzos,Aubert,& Audouze1996).In

sucha scenario,theSolarSystemwould have atypicalelementalandisotopicabundances

comparedto theaverageISM at thetime whenit formed.

Theaveragegalacticevolutionof O-isotopicratiosimpliedby radioobservationsof

molecularcloudsis indicatedin Fig. 4.2,by thegrey arrow labeled“GCE-II.” Wenotethat

this trendpassesthroughtheGroup3 oxidegraindistribution. In fact, if thetwo Group3

grainswith solar ºIã · / ºI» · ratiosareexcluded,the averageºI» · / º7« · ratio for this groupis

3.6, remarkablysimilar to theISM value. This suggeststhat thesourcesof someof these

grainsmayhave hadisotopiccompositionsmoretypical of the ISM thantheSunandthe

grainsmaythusbeusedto tracetheaveragechemicalevolutionof theGalaxy.

Group4 presolaroxidegrainsareenhancedin º7« · and ºI» · , relative to ºIã · andthe

solarO-isotopicratios. As we discussedabove in Á 4.1.3,the ºI» · enrichmentsobserved

in thesefour grainsmayreflectdredge-upof ºI» · in someAGB stars.However, ascanbe

seenin Fig. 4.2, Group4 grainslie at the high-metallicityendof the trendsexpectedfor

galacticchemicalevolutionof O-isotopes.If they originatedin redgiantswith higherthan

solarmetallicity, their ºIã · / ºI» · ratioscouldsimply reflectthe initial ratiosof their parent

stars,without theneedto invokedredge-upof ºI» · in earlythermalpulses.Thehigherthan

solar æ~³0´©¨ / æ�¹3´©¨ and æ~ã0´©¨ / æ�¹0´©¨ ratiosobservedin Group4 grainT22alsofit in well with

this idea,becausethesetwo ratiosarealsoexpectedto increasein the Galaxywith time

(Clayton,1988;Timmeset al., 1995).Theprimarydifficulty with this scenariois thehigh

metallicitiesneededto explain the data. With the assumptionthat º7« · / ºIã · and ºI» · / ºIã ·
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increaselinearlywith Z, ametallicityabout1.6timesashig assolarisneededto explainthe

leastextremegrain,andZ ¿ 3 ­ Z ¼ is requiredto explainthelowestobserved ºIã · / ºI» · ratio.

Moreover, their relatively high ºIã · / º7« · ratiossuggestthat thesegrainsoriginatedin low-

massstars(M À 2M ¼ ) but it is highly unlikely that very high-Z, low-mass(andtherefore

old) starshadbeenpresentto contributedustto theprotosolarcloud.While wecannotrule

out low initial ºIã · / ºI» · ratiosin theparentstarsof Group4 grains,we proposeasa more

likely explanationthatdredge-upof ºI» · occursin somelow-massAGB stars.

It shouldbeclearfrom theprecedingdiscussionthatisotopicmeasurementsof cir-

cumstellaroxidegrainsprovideanew approachto thestudyof thechemicalevolutionof the

Galaxy. In particular, somegrains(Group3) clearlyreflecttheO-isotopictrendsexpected

for older(low-mass)starsandmayprovide cluesto theprecisedependenceof O-isotopic

ratiosonstellarmetallicity. Furtherprogresswill requireabettertheoreticalunderstanding

of thenucleosyntheticsourcesof theoxygenisotopesaswell asthegalacticdynamicsthat

leadto a spreadin compositionsevenat a giventime andplacein theGalaxy. Theanal-

ysis of many moreGroup3 oxide grainsis desirableaswell, particularlymeasurements

of isotopicratiosof additionalelementsthatcouldprovide independentinformationabout

chemicalevolution. For example,Huss,Fahey, & Wasserburg (1995)have proposedthat

the unusualMg andTi isotopicratiosobserved in a circumstellar(Group1) ªqç æD·=µ grain

cannotbeexplainedby nucleosyntheticprocesseswithin asinglestarof initially solarcom-

position,but maybeunderstoodin termsof galacticchemicalevolution. Similarly, galactic

chemicalevolution hasbeeninvoked to explainedthe Si andTi isotopiccompositionsof

circumstellarSiC grainsextractedfrom primitive meteorites(Gallino et al., 1994;Hoppe

etal., 1994a;Timmes& Clayton,1996;Clayton& Timmes,1996).
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4.3 Number of Stellar Sources

Eventhoughwe have arguedthatmostor all of thepresolaroxidegrainsfoundin

meteoritescamefrom a singletypeof star, namelyO-rich redgiants,therangeof compo-

sitionsobserved in the grainscannotbe explainedby an origin in a singlestar. The iso-

topic characteristicsof presolarSiC alsoseemto requiremany AGB sources(Alexander,

1993;Hoppeetal., 1994a).Uncertaintiesin isotopicratiomeasurementsandin theoretical

predictionsof stellarnucleosynthesismake it difficult to determinetheprecisenumberof

sourcesinvolved,but we canmake somegeneralestimates.As discussedin Á 4.1.3,the

O-isotopicratiosof Group1 and3 grainsreflectthe first dredge-upin red giants. Since

mostmassloss(andthusgrainformation)occursafter thefirst dredge-upandthesurface

O-isotopicratiosprobablydo not changeafterthis point,distinctO-isotopiccompositions

imply distinctstellarsources.In fact,wereit not for measurementuncertainty, thenumber

of sourcesrequiredto explain thesegrainswould becloseto the numberof grainsin the

dataset.Takingthesignificantoverlapof errorbarsof many grainsinto account,however,

we estimatethata minimumof ¿ 20 starsareneededto explain theO-isotopicrangesfor

thesetwo groups.Becausethisestimatedoesnottakeinto accountthe“missed”grainswith

normal ºIã · / ºI» · ratiosbut anomalousºIã · / º7« · ratios( Á 3.3) therealnumberof sourcesis

almostcertainlyhigher.

The casefor multiple sourcesof Group 2 oxide grains is lessclear-cut. Cool-

bottom-processingis expectedto occur throughoutthe AGB phaseof the evolution of

low-massstars,graduallyincreasingthesurface ºIã · / ºI» · ratioanddecreasingthe ºIã · / º7« ·
ratio (Wasserburg et al., 1995). Sincemass-lossandgrain formationprobablyalsooccur

throughoutthe AGB, mostGroup2 grainscould have originatedin the sameAGB star,

with grainshighly depletedin ºI» · having formedafterthosewith moremoderateºI» · de-

pletions. The clusterof four Group2 grainsindicatedby an ellipsein Fig. 3.4 deviates
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from the standardGroup2 trendandprobablyrequiresa sourcedistinct from that of the

mainGroup2 population,however. The typeof starthatproducedthe Group4 grainsis

not known andwe thuscannotestimatethenumberof sourcesneedto accountfor them,

althoughthelargeerrorsof two Group4 grainsmakesanorigin in asinglestarfor all four

Group4 grainspossible.

To summarize,the isotopicdataseemto requirea minimumof ¿ 25 starsto have

contributed ª�ç æM·¸µ to theearlySolarSystem.Note that this numberis comparableto the

estimateof Alexander(1993),who usedsizesandlifetimesof molecularcloudsandbirth

ratesof AGB starsto estimatethat10–100AGB starscontributedSiC to thesolarsystem.

SinceO-rich and C-rich AGB starsare presentin approximatelyequalnumbersin the

solarneighborhood(Jura& Kleinmann,1989),thisestimateis probablyvalid for theAGB

sourcesof O-richdustaswell.

4.4 Abundanceof Stellar Oxide Grains

Previousauthorshave remarkedon theapparentdeficit of preservedO-richdustof

stellarorigin in meteorites,relative to carbonaceousphases(Hutcheonet al., 1994;Nittler

etal., 1994;Hussetal., 1994b).As discussedin Chapter2, theabundanceof circumstellarª�ç æD·=µ in Tieschitzis about0.03ppm,a factorof ¿ 10 lower thanour estimatefor thatof

presolarSiCin thismeteorite.In fact,a largefractionof theSiCin Tieschitz,but no ª�ç æD·=µ ,
may have beendestroyed by mild metamorphism(Huss& Lewis, 1994),and the initial

ratio of circumstellarSiC to ªqç æD·=µ in this meteoritewasprobablyevenhigher. Hutcheon

et al. (1994)have estimatedpresolarSiC in theOrgueil CI meteoriteto bemoreabundant

than presolar ª�ç æ�·=µ by a factor of ¿ 50, basedon the identificationof a single ª�ç æD·=µ
grain. An evenhigherSiC/ªqç æD·=µ ratio mayhold for theMurchisonCM meteorite,based

againon onegrain (Nittler et al., 1993). Without a betterdeterminationof the relative

129



proportionsof different typesof presolarphases,including ª�ç æM·=µ , in different typesof

meteorites,it is difficult to determinewhatwasthe true ratio of presolarSiC to ªqç æ�·¸µ in

the early SolarSystem.We can,however, estimatethe expectedSiC/ªqç æM·=µ ratio in dust

from AGB stars,theprimarysourcesof both typesof presolargrainsin meteorites.With

the simpleassumptionsthat all Al goesinto ª�ç æM·=µ in O-rich starswhile all Si goesinto

SiC in C-rich stars,the expectedSiC/ª�ç æD·=µ massratio is equalto 0.8­ (Si/Al) ­ (dust

from C-stars)/(dustfrom O-stars). The massratio of dust from C-starsto that from O-

starsis estimatedto be º�� µ –1 (Gehrz,1989;Whittet,1992;Jura& Kleinmann,1989),and

if Si/Al=(Si/Al) ¼íÌ 12, we obtainanexpectedpresolarSiC/ªqç æD·=µ ratio of Ì 3–10,lower

thanthe,admittedlypoorly known, observedratiosin meteorites.Therefore,thereindeed

appearsto beapaucityof presolarO-richdustin meteorites.Thisis somewhatsurprisingin

light of thefactthatC-richdustis expectedto bebelessstablein theoxidizingconditions

of theinterstellarmediumandtheearlySolarSystem.

Oxygen-richstardustis probablynot preferentiallydestroyedover C-rich dust,ei-

ther in spaceor during samplepreparation(Hutcheonet al., 1994). More likely, the low

abundanceof presolaroxidegrainsis relatedto their chemicalcompositionandgrainsize.

Most O-richdustobservedaroundAGB starsandin theinterstellarmediumis in theform

of silicates,not ªqç æD·=µ . Presolarsilicatesmayor maynot bepreservedin meteorites.For

example,circumstellarandinterstellarsilicatesarebelieved to have anamorphousstruc-

ture(see,e.g.,Whittet 1992),andperhapsdid not surviveprocessingon theparentbodies

of meteorites.Indeed,it hasbeensuggestedthatsmall,glassymetal-richobjects(GEMs)

seenin interplanetarydustparticles,but not in meteorites,areinterstellarO-rich material

thatwaspresentin theearlySolarSystem(Bradley, 1994). Even if presolarsilicatedust

is presentin meteorites,it wouldhavebeendestroyedby thechemicaltreatmentscurrently

usedto isolatecircumstellargrains. In a preliminarysearch,we have usedour ion imag-

ing techniqueto mapthe ºIã · / ºI» · ratiosof ¿ 30,0001¾ m silicategrainsfrom non-etched
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samplesof Tieschitzandfoundnoneof presolarorigin.

A significantfraction of presolaroxide grainsmight be muchfiner-grainedthan

presolarSiC.Themaximumsizeof grainscondensingin astellaratmospheredependsboth

onmass-lossratesandon theabundanceof availablecondensibleatomsin thegas(Draine

& Salpeter, 1977;Bernatowicz et al., 1996). Mass-lossratesareexpectedon theoretical

groundsto behigherin C-rich AGB stars,particularlyin the lateejectionstagewhenthe

starsbecomeplanetarynebulaeandshed ¿ 1M ¼ in � ®±°�¹ years(Renzini,1981). Even

at theseenhancedmass-lossrates,grain growth calculationsdo not predictmicron-sized

grains,andthepresenceof largepresolarC-richgrainsfromAGBstarsledto thesuggestion

that at leastsomemass-lossoccursin high densityclumpssporadicallyejectedfrom the

stellarsurface(Virag et al., 1992; Bernatowicz et al., 1996). Sincemicron-sizedª�ç æD·=µ
grainsfrom O-richAGB starsdo exist, a similarprocessmightoccuralsoin suchstars.In

fact,Jura(1996)hasreportedthediscoveryof largegrainsaroundtheO-richredsupergiant

IRC+10420.Given,however, thehigheraveragemass-lossratesof carbonstarsthanO-rich

stars,afinergrainsizedistributionfor presolarO-richdustthanfor SiC is not implausible.

Zinner and Tang (1988) found º7« · enrichmentsin bulk measurementsof thousandsof

tiny oxide grainsin a separatefrom the Murray CM meteorite. If the medianvalueofºIã · / º7« · =1300observed in circumstellarª�ç æM·¸µ grainsis representative, the Zinner and

Tangdatacanbeexplainedby thepresenceof presolarª�ç æD·=µ ata level of ¿ 1%. Sincethe

separatesusedfor their studycontainedpredominatelyspinels,but presolaracid-resistant

oxidegrainsaremostly ª�ç æD·=µ this resultmayindeedindicateahigherfractionof presolarª�ç æD·=µ at grain sizes � 1¾ m thanamong1¾ m grains. O-isotopicratio measurementsof

purifiedfine-grainedª�ç æM·¸µ separatesfrom primitive meteoriteswould helpshedlight on

theissue.

Theabundanceof circumstellarspinel( ´��Oª�ç æM·=¹ ) in meteoritesis ¿ 50timeslower
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lower thanthatof presolarª�ç æM·¸µ . As describedin Á 4.1.1,spinelis predictedby thermo-

chemicalcalculationsto form from ªqç æM·=µ 200-300Kbelow thecondensationtemperature

of ª�ç æD·=µ (Lattimeretal., 1978;Sharp& Wasserburg, 1995;Lodders& Fegley, 1995).The

lowerabundanceof spinelmaybedueto thesmallertemperaturerangeover which spinel

is stablecomparedto thatof ª�ç æD·=µ (41K comparedto 240Kfor agasof solarcomposition

andapressureof 2 ­g®±° ²;» atm,Lattimeretal. 1978).

An issuerelatedto theoverall underabundanceof presolarª�ç æM·¸µ is the failure to

find, asyet,oxidegrainsthatcondensedin supernovaejecta.SiC,graphite,and õ
ö µ Ã ¹ dust

grainsthatalmostcertainlyoriginatedin TypeII supernovaehavebeenfoundin meteorites

(Amari et al., 1992a;Nittler et al., 1995b;Nittler et al., 1996a).As discussedin Á 4.1.4,

oxide grainsareexpectedto alsoform in suchexplosionssincemuchmoreO thanC is

ejectedandcomparisonof theoreticalcalculationswith observationsof SN1987Asuggests

thatO-rich dust,including ª�ç æM·¸µ , formedin this supernova (Kozasaet al., 1991;Colgan

et al., 1994). If all Al in O-rich supernova shellsgoesinto ªqç æD·=µ andall Si in C-rich

shellsgoesinto SiC, the calculatedsupernova yields of Woosley & Weaver (1995)giveª�ç æD·=µ /SiCratiosof ¿ 4–20by massin theejectaof starsof mass15-25M¼ . If wecombine

theseratioswith our above estimateof 3–10for the SiC/ª�ç æD·=µ ratio in dust from AGB

stars,andwith theobservedratio of presolarmeteoriticSiC from supernovaeto that from

AGB stars,1% (Amari et al., 1992a;Nittler et al., 1995b),we estimatethat the ratio of

presolarª�ç æ�·=µ from supernovaeto that from AGB starsshouldbe at least0.1–2. This

estimateis in sharpcontrastto the upperlimit of a few percentobserved in the current

presolaroxidegraindataset. Grainsizemayagainplay a role. Kozasaet al. (1991)have

suggestedthat the infraredlight curve observed in supernova 1987A is dueto very small

(10Å) ªqç æ�·¸µ grainscondensingin theejecta.
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Regardlessof theoreticalexpectationsof SNdustproduction,thepresenceof preso-

lar oxidegrainsfrom supernovaehasbeensuggestedfor morethan20yearsto explainen-

demic ºIã · enrichmentsin themostrefractorysolarsystemphasesin meteorites(Clayton,

Grossman,& Mayeda1973,Clayton1977,Clayton1993). However, our datashow no

evidencefor ºIã · -rich presolaroxidegrainsin thesolarnebula. Thediscoveryof chemical

processesthatresultin mass-independentfractionationof O-isotopes(Thiemens& Heiden-

reich,1983)removesthe requirementthat ºIã · excessesin meteoritesarenucleosynthetic

in origin but aconnectionbetweensuchprocessesandprocessesin theearlySolarSystem

hasyet to beproven.

4.5 Summary and Conclusions

Theisotopicdataof the92 presolaroxidegrainsthathavebeenfoundto datehave

beendivided into four distinctgroups(Table3.2). An additionalgroupof grainsmay be

representedby a singlemember, the extremely º7« · -enrichedgrain T54. The datawere

discussedin thecontext of astronomicalobservationsandtheoreticalmodelsof stellarevo-

lution, nucleosynthesis,andgalacticchemicalevolution. Theprimaryconclusionscanbe

summarizedasfollows:

1. Most or all of thegrainsprobablyformedin stellarwindsfrom low to intermediate

massredgiantsandAGB stars.However, thecompositionsof thedifferentgroups

of grainsreflectdifferentastrophysicalprocessesoccurringin the parentstarsand

providenew informationabouttheseprocesses.

Group1 grainshave O-isotopiccompositionsconsistentwith theresultsof calcula-

tions of the first dredge-upthat occursin red giantsat the endof coreH-burning.

Many alsohave æ~ã0´�� excesses,with inferred æ~ãMªqç / æ¬«¡ª�ç ratiosin therangepredicted

for third dredge-upin AGB stars.Grainswithoutevidencefor æ~ãMªqç probablyformed
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beforetheAGB phaseof evolution,eventhoughthehigh mass-lossratesneededto

grow micron-sizedgrainsarethoughtnot to occuruntil theAGB. Furthermore,the

similarity of theO-isotopicratiosof Group1 grainswith andwithout æ~ã�ªqç indicates

thatthethird dredge-updoesnotappreciablychangethesurfaceO-isotopicratiosof

mostO-richAGB stars.

TheO-isotopicratiosof Group2 grainsaremostplausiblyexplainedby “extramix-

ing” of materialat thebaseof theconvectiveenvelopeto thehotterregionsnearthe

H-burning shell in AGB stars(“Cool-bottomprocessing,” Wasserburg et al. 1995),

althoughrealisticmixing modelsareneededto testthishypothesis.Comparinggrain

datawith parameterizedcalculations(Wasserburg etal., 1995),weestimatethatcool-

bottomprocessingsufficientto destroy ºI» · in AGB starsoccursonly in starsof mass¿ À 1.5M¼ .

Group3, likeGroup1,grainshaveO-isotopicratiosthatappearto reflectfirst dredge-

up in red giant stars. However, their high ( ¿ ½ solar) ºIã · / º7« · ratiosimply that they

originatedin very-low-mass(1.2–1.4M¼ ) stars.Furthermore,thestellarsourcesof

thesegrainsmusthave hadinitial ºIã · / º7« · and ºIã · / ºI» · ratioshigherthanthesolar

values.Thepresenceof excessæ~ã0´�� in onlyasmallfractionof thesegrainsis consis-

tentwith theoreticalpredictionsthat, in very-low-massstars,mostmasslossoccurs

beforetheAGB phaseandits third dredge-up(Boothroyd & Sackmann,1988).

Group4 grainshave large ºI» · enrichments,relative to solar. The ºIã · / º7« · ratiosand

Mg-isotopiccompositionsof thesegrainsareconsistentwith anorigin in low-mass

AGBstars,but theoriginof theexcessºI» · isunknown. PossibleexplanationsarethatºI» · , producedby Æ captureson º.¹DÃ in early thermalpulses,is dredgedup in some

starsbeforeit is convertedto æ~æ ÃqÄ or that the grainscomefrom high-metallicity

starswhoseinitial ºI» · abundancewashigh. Although the datado not allow us to
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distinguishbetweenthesetwo explanations,we considerthe latterpossibility to be

unlikely sinceit wouldrequirelow-massstarswith metallicitymuchhigherthanthat

of theSunto have endedtheir livesat thetime theSolarSystemformed. However,

the possibility of dredge-upof ºI» · in someAGB starsneedsto be confirmedby

detailedstellarmodels.

Grain T54hasa substantialºI» · depletionandan º7« · / ºIã · ratio 37 timesthatof the

solarvalue.If the ºIã · / ºI» · ratioof thisgrainis themeasuredvalueweareunawareof

any stellarsourcethatcouldproduceits composition.If, however, the ºI» · measured

in thisgraincamefrom thesupportingsamplemount(adistinctpossibility),T54has

theO-isotopiccompositionexpectedof hot-bottomburning in relatively high-mass

( ½ 4–5M¼ ) AGB starsor of the surfaceof massive mass-losingstars(Wolf-Rayet)

in the Of-WN stagesof evolution. Additional dataon grainsof this type mayhelp

distinguishbetweenthesepossibilities.

2. Thepresolaroxide grainsrequireat least30 distinctAGB sources,consistentwith

estimatesof thenumberof suchstarsthatprovideddustto theSolarSystem(Alexan-

der, 1993).Notethatthetruenumberof sourcesis highersincemany Group1 grains

have no doubt beenmissedin the ion imaging searchesusedto find most of the

grains.

3. Galacticchemicalevolution plays a recognizablerole in determiningthe isotopic

compositionsof many circumstellaroxidegrains.In particular, thehigherthansolarºIã · / º7« · and ºIã · / ºI» · ratiosof Group3 grainsindicatethatthey comefrom low-mass

redgiantsformedearlyin theGalaxywhentheinterstellarmediumwas,onaverage,

lessenrichedin thesecondaryisotopesº7« · and ºI» · , relative to theprimaryisotopeºIã · . The rangeof ºIã · / ºI» · ratiosof grainsin Groups1 and 3 is consistentwith

observationsthat indicatea wide spreadin metallicity for starsthat form at a given
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timeandplacein theGalaxy(Edvardssenetal., 1993).

4. Possibleexplanationsfor the apparentunderabundanceof presolarO-rich dust in

meteoritesrelative to presolarcarbonaceousphasesare: (1) mostO-rich stardustis

in the form of acid-solublesilicates,not acid-resistantoxidessuchas ªqç æ�·¸µ and´��Oª�ç æM·=¹ , andis thusdestroyedin thetreatmentsusedto enrichpresolargrains;(2)

relativemass-lossratesof O-richAGB starsandcarbonstarssuggestthatO-richdust

hasa finer grainsizedistribution thanC-rich dustandmaythereforego undetected

in our ion probestudies.The lack of oxidegrainsfrom supernovaeis surprising,it

mayalsoberelatedto grainsize.

This work demonstratesthatstellaroxidedustgrainsin meteorites,althoughdiffi-

cult to locate,area new sourceof information,complementaryto astronomicalobserva-

tions,for abetterunderstandingof diverseastrophysicalprocesses,from stellarnucleosyn-

thesisandmixing to thechemicalevolutionof theGalaxy.
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Chapter 5

Dust fr om Supernovae: SiC Grains X and PresolarSi� N 	
5.1 Intr oduction

As discussedin Chapter1, ion probemeasurementsof individual SiC grainsex-

tractedfrom primitive meteoriteshave revealeda wide rangeof isotopiccompositionsin

essentiallyall majorandminor elements.However, thevastmajority of circumstellarSiC

grainssharesomecommoncharacteristics:isotopicallyheavy C, isotopicallylight N, and

slight (up to 20%) excessesof the neutron-richisotopesof Si, relative to æ~» õ
ö andsolar

Si-isotopicratios. Closeto two thousandof these“mainstream”grainshave now been

analyzedindividually (Alexander, 1993;Hoppeet al., 1994a;Hoppeet al., 1996a)anda

consistentpicturehasemergedthat they mostlikely formedin carbonstars—intermediate

andlow-massredgiantstarsin the laststagesof their evolution. Thesingle-grainstudies

alsorevealedisotopicallydistinctsub-groups,however. Becauseof their rarity ( ¿ À ò�
 of

the total SiC population),thesegroups,namedX, Y andZ, have not beenstudiedat any-

wherenearthe level accordedto the mainstreamgrains. Of particularrelevancehereare

thegrainsX, characterizedby largedepletionsof æ~ù õ
ö and µ
� õ
ö , relativeto æ~» õ
ö , isotopically

heavy N, andextreme æ~ã0´�� excesses(with inferredinitial æ~ãMª�ç / æ¬«¡ªqç ratiosup to 0.6). In

their initial studyof fiveX-grains,Amari etal. (1992a)suggestedthatthesegrainsformed

in TypeII supernovae.BecauseSiC grainsof typeX have æ~»0õ
ö / µ
�Mõ
ö ratioscompletelydif-

ferentfrom mostSiC in meteoriticresidues,andthis isotopicratio canbemeasuredunder
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low mass-resolving-powerconditions,suchgrainswereanobviouschoicefor ion imaging

searches.An additionalimpetusfor conductingion imagingsearchesin æ~»0õ
ö / µ
�Mõ
ö came

from someprior studiesthatgaveevidencefor thepresenceof anew Si-richpresolarphase

in meteorites,silicon nitride ( õ
ö µ Ã ¹ ), with isotopicpropertiessimilar to thoseof the SiC

grainsX (Alexanderetal., 1990b;Leeetal., 1992;Alexander, 1993;Hoppeetal., 1994b).

In this chapter, I presentthe resultsof æ~» õ
ö / µ
� õ
ö ion imagingsearchesin residues

of four meteorites:Murchison(CM), Tieschitz(H), Indarch(EH) and Acfer 094 (C?).

Therewerethreeprimarygoalsof thesestudies.First, I wantedto identify a largenumber

of SiC grainsX in order to bettercharacterizetheir propertiesand confirm or deny the

proposedsupernova origin of thesegrains. Secondly, I wantedto searchfor new, as-yet-

undiscoveredsub-groupsof presolarSiC and new presolarSi-rich phases,in particularõ
ö µ Ã ¹ . Thirdly, I wantedto determinethe relative abundancesof mainstreamandX-type

SiC grains(andpresolarõ
ö µ Ã ¹ , oncethis phasewas discovered)in a few meteoritesof

widely differing type.� All of thesegoalswere met with somesuccess.In particular,

thepresenceof presolarõ
ö µ Ã ¹ in meteoriteswasconfirmed,with severalsuchgrainsbeing

foundin eachmeteoritestudied(Nittler etal., 1995c).Also,atotalof 81SiCgrainsX and6

presolarõ
ö µ Ã ¹ grainswereanalyzedathighmassresolutionfor theirisotopiccompositions.

The isotopiccompositionsof thesegrainsstronglypoint to Type II supernovaeas their

sources,andprovideimportantconstraintsto modelsof suchstellarexplosions.Thesedata

havebeenpreviouslydiscussedin two publishedpapers(Nittler etal., 1995c;Nittler etal.,

1996a),reproducedherein AppendicesC andD, so they will only be briefly discussed

in this chapter. I will discussin somewhat moredetail the abundanceestimatesfor the

differentmeteoritesstudied.�
Theseabundancestudieswereconductedin collaborationwith Xia GaoandPatSwanaspartof ageneral

ongoingsurvey atWashingtonUniversityof presolarphasesin differentmeteorites.
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5.2 Ion Imaging Results

Theresultsof the æ~»Dõ
ö / µ
�Dõ
ö ion imagingsearchesaresummarizedin Table5.1,which

is analogousto Table3.1 for the presolaroxidegrainsearches(andincludessomeof the

samesamplemounts).For mostof thesesamples,imageswereacquiredin ºIæ0Âq² , ºIã · ² , andºIæ0Âgº.¹0Ã ² , in additionto the Si-isotopes,to aid in distinguishingdifferentmineralphases.

For eachsamplemount that was imaged,the table gives the meteoritefrom which the

sampleoriginated,the numberof imagingrunsthat wereacquired,the numberof grains

thatweredefined(afterthecutsdescribedin Chapter2 areapplied),thenumberof defined

grainsbelievedto beSiC (discussedbelow), thealgorithmusedfor particledefinitionand

thenumberof presolarSiC grainsX and õ
ö µ Ã ¹ grainsthatwerefound. I will discussthe

ion imagingresultsfor thefour meteoritesseparately. Notethata generaldistinctionmay

be madebetweenthe Murchisonstudieson the onehand,andthe other threemeteorite

studieson the other. The Murchisonresiduestudiedhere,KJG, is a 2–4 ¾ m, very pure

separate,containingSiCandrefractoryoxidegrains(Amarietal., 1994).BecauseKJGSIC

grainsarefairly large,theisotopicratiosof severalelementscanbemeasuredathighmass

resolutionin individual grains. The MurchisonKJG searcheswere thus usedprimarily

to characterizegrainsX in detail. For the other threemeteorites,the residuesare less

pureandtypically containsmallergrainsthanthe KJG samples.The main emphasisfor

thesestudieswason thedeterminationof relative abundancesof certaintypesof presolar

grains.SinceSiCgrainsX and õ
ö µ Ã ¹ canbeclearlyidentifiedasisotopicallyanomalousby

the ion imagingmeasurements(providedthey have �pµ
�0õ
ö ¿ À -50‰), relative abundancesof

thesetypesof grainscanbeestimatedevenwithout furtherhigh-mass-resolutionanalyses.

However, asdiscussedin Chapter2, suchabundanceestimatesaresubjectto potentially

largeuncertainties,dependingbothonthegivensampleandontheion imagingconditions.
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Table5.1: Ion imagingsearchesfor SiC grainsof type X andothergrainswith unusualæ~»0õ
ö / µ
�Dõ;ö ratios.

Mount Meteorite Runs DefinedGrains� SiCgrains Algorithm� SiC-X�nõ
ö µ Ã ¹ �
KJG-6� Murchison 154 1180 1180 1 9 0
T8C3 Tieschitz 171 5548 1200 2 0 (1) 0 (2)
KJGL1 Murchison 461 1650 1650 2 22 0
KJGM2 Murchison 321 2250 2248 2 21 2
KJGM4 Murchison 350 1975 1974 2 25 1
IN28b-B Indarch 153 2400 400 3 2 (1) 1
IN28a-C Indarch 428 9700 2300 3 0 (24) 0 (6)
T8D1 Tieschitz 410 11500 2500 3 0 (7) 2 (8)
AF15b-B Acfer 094 438 6400 6000 3 2 (58) 0 (5)

�
Numberafter“cuts” describedin Chapter2 applied.�
Algorithm usedfor particledefinition(seeChapter2 for detailsaboutalgorithms.1: Firstalgorithm–particles
definedby thresholding;2: Early versionof currentalgorithm–particlesdefinedby expandingin circles
aroundlocal maximauntil a critical numberof pixelsarebelow a thresholdintensitylevel; 3: Currentver-
sionof algorithm–particlesdefinedby examiningimageprofilesandtheir derivativesradially aroundlocal
maxima.�
Numberof presolargrainsof the indicatedtype analyzedat high massresolution;numbersin parenthesis
indicategrainsfoundby ion imagingbut notanalyzedathighmassresolution.
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5.2.1 Mur chison

Foursamplemountsof theMurchisonseparateKJG,providedby Roy Lewis, were

mappedin æ~»Dõ
ö / µ
�Dõ
ö (Table5.1). Out of some7000imagedSi-rich grains(mostly SiC),

a total of eighty candidategrainswereconfirmedby high-mass-resolutionmeasurements

to have higherthansolar æ~»0õ
ö / µ
�0õ
ö ratios. SEM-EDX identifiedseventy-sevenof theseas

SiC andthreeas õ
ö µ Ã ¹ (Nittler et al., 1995c).Thegrainswereanalyzedunderhigh-mass-

resolutionconditionsfor their isotopiccompositionsof C, N, Al-Mg, Si, CaandTi. Not all

of theseelementsweremeasuredin all of thegrains,becauseof variableconcentrationsof

traceelements.Also, fourteenof thegrainsX foundontheKJGL1mountwereanalyzedby

CharlieKehmfor their noblegasconcentrationsandisotopiccompositions(Nittler et al.,

1995a).However, noneof thesegrainscarriednoblegasesabovethedetectionlimits of the

noble-gasmassspectrometer. Themeasuredisotopicratiosof thegrainsarepresentedin

AppendixB anddiscussedin Á 5.3.

The ion imagingresultsfor KJG indicatethat SiC grainsX make up Ì 1% of the

total SiC populationin this Murchisonresidue,in goodagreementwith that previously

observedby ion probemeasurementsof singlegrains(Hoppeet al., 1994a).Notethatthe

grainswererelatively well-dispersedon themounts,sotheproblemsassociatedwith grain

overlapin estimatingthe total numberof measuredgrains(Chapter2) wereunimportant.

Becauseof this fact, and becausethereare essentiallyno silicon-bearingphaseson the

KJG mountsbesidesSiC (andthe few presolarõ
ö µ Ã ¹ grains),this estimateof 1% for the

abundanceof SiC X-grains is probablyreliable. In fact, single grain and ion imaging

measurementsof thesmallerSiCMurchisonseparatesKJE( ¿@® ¾ m) andKJD ( ¿ ° è�ëO¾ m),

performedat theUniversityof Bern,havealsoshown a 1%abundanceratioof grainsX to

mainstreamSiC grains(Nittler et al., 1995c;Hoppeet al., 1996a).This ratio will thusbe

takenasa standardagainstwhich SiC from othermeteoritesis comparedin theremainder
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of thischapter.

5.2.2 Tieschitz

Although ion imaging studiesof the Tieschitzordinary chondritehave been,in

someways,mostsuccessfulat finding largenumberof circumstellarª�ç æD·=µ grains(Chap-

ters3 and4), oneof the original goalsin studyingthis meteoriteby ion imagingwasto

searchfor presolarõ
ö µ Ã ¹ . Steppedcombustionexperimentsof Tieschitzacidresidueshad

previously hintedat the presenceof an isotopicallyanomalousnitride (Alexanderet al.,

1990b),and õ
ö µ Ã ¹ wasfound in the sameresiduesby transmissionelectronmicroscopy

(Leeet al., 1992). Furthermore,Alexander(1993)founda Si-rich, C-poorgrain in a Ti-

eschitzresiduewith Si-isotopicratiossimilar to SiC grainsX. The residuestudiedhere,

T8, hasbeendescribedabove in Chapter3 (seealsoGaoet al. (1994)andNittler et al.

(1996b)).

For theinitial T8 ion imagingsearches(mountsT8A andT8B, seeTable3.1), im-

ageswereacquiredin æ~» õ;ö , ºIæ0Â and ºIæ0Âqº.¹DÃ secondaryions in the hopethat õ
ö µ Ã ¹ could

be foundon the basisof high Si/C and/orCN/C ratios. Two problemsbecameapparent,

however, that precludedthe identificationof õ
ö µ Ã ¹ by this method. First, a majority of

theparticlespresentin the ion imagesshoweda strongCN signal,regardlessof mineral-

ogy. This wasprobablydueto anorganicresidueleft on thegrainsfrom thesolventused

to transfermaterialto the samplemounts. The secondproblemwasthe relatively large

numberof quartzcontaminationgrainson the samplemounts,which showed high Si/C

ratios(andoften high CN/C ratiosbecauseof the first problem)in the ion images.This

difficulty could, in principle,beavoidedby examiningSi/O ratiosof thegrains,but after

the initial results,it wasclearthat imagingof æ~»0õ
ö / µ
�0õ
ö ratioswasa betterway to search

for presolarõ
ö µ Ã ¹ . This wasborneout by the imagingsearchcarriedout on the mount

labeledT8C3. Of the four candidategrainsfound in this searchwith significantlyhigher
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thansolar æ~» õ;ö / µ
� õ
ö ratios,two wereconfirmedby SEM-EDX to be õ
ö µ Ã ¹ , onewasSiC

andonehadbeensputteredcompletelyawayduringtheion imagingmeasurement.Unfor-

tunately, the two õ;ö µ Ã ¹ grainswereapparentlyvery thin, sincethey sputteredaway very

quickly uponattemptsto re-measurethemathighmassresolution,thisdespitethefactthat

they appearedin theSEM to be ¿ 2–3¾ m in diameter!Thesubsequentsearchof Tieschitz

mountT8D1 wassomewhat moresuccessful,largely becausethe currentversionof the

particle-definitionprogramwasused,with the resultthat a larger numberof grainswere

analyzed.Of the 17 µ
� õ
ö -depletedcandidategrainsfoundon this mount,7 wereSiC and

10 were õ
ö µ Ã ¹ , andtwo of the latterwerelargeenoughto survive a high-mass-resolution

isotopicmeasurement(seeAppendixB).

Figure5.1showstheSi/OratioplottedversustheSi/Cratio for 7070Si-richgrains

from TieschitzsamplemountT8D1. Theseratiosaretheraw dataobtainedby ion imaging,

with no correctionsor calibrationsapplied.SEM-EDX analysisof individual grainsindi-

catesthattheonly Si-richphasespresentin T8 areSiC andquartz(seeÁ 3.2.3).However,

thedatashown in Fig. 5.1 aresuggestive of mixing betweeneitherSiC or quartz(labeled

“Qtz”) andan unknown C- andO-rich phase(labeled“??”). The grainswith relatively

low imagedSi/O andSi/C ratiosarealsoobserved to have low Si/CN ratios, indicating

that they arealsorich in nitrogen.Very likely, theC-, N- andO-rich phaseis not really a

separatemineralphaseat all. Instead,the observationsprobablyreflectvaryingamounts

of organicmaterialon thesurfaceof SiC andquartzgrains,perhapsfrom theisoproponal

usedto depositthe sampleon the mount. Unfortunately, it is not possibleto determine

from theion imagingdatathemineralogyof grainsthat lie in theoverlapregion between

theSiCandquartztrends,andthusthetotalnumberof SiCgrainsanalyzedon thismount.

For a roughestimate,let usassumethatall SiC grainshave Si/O½ 0.05( ¿ theupperlimit

for thequartztrend)andSi/C in therangeof 0.2–1.5(therangeobservedfor ion imaging

of MurchisonSiC; Fig. 2.8). Of the 11,500grainsfound by Si-isotopicion imagingof
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Figure5.1: Si/O versusSi/C ratios,obtainedby ion imaging,for 7070Si-rich grainsfrom
TieschitzmountT8D1.

the mountT8D1, ¿ 2500have Si/O andSi/C ratios in this range. Thus,sinceeight SiC

grainsX werefoundon this mount,the ion imagingresultsimply a SiC-X/SiC-totalratio

of 0.3%,a factorof threesmallerthanthatof Murchison.However, T8 containsa signif-

icant amountof syntheticSiC contaminationintroducedduring samplepreparation(Xia

Gao,privatecommunication).Basedon ion probemeasurementsof singleT8 SiC grains,

theratio of indigenousSiC to contaminationSiC is estimatedto beabout º � µ . Therefore,

despitelargeuncertainitesin boththeimagingresultsandtheamountof terrestrialcontam-

ination of the sample,the fraction of SiC grainsthat areof type X appearsto be similar

in Tieschitzto that in Murchison.TheimagingresultsalsoindicatethatSiC grainsX and

presolarõ
ö µ Ã ¹ grainshave roughlysimilar abundancesin Tieschitz.This is in contrastto

Murchison,wheretherearefar fewerpresolarõ
ö µ Ã ¹ grainsthanSiCgrainsX. Therelative

abundancesof SiCgrainsX andpresolarõ
ö µ Ã ¹ arediscussedbelow in Á 5.4.
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5.2.3 Indarch

Gaoet al. (1995)have reportedpreliminaryresultsona presolargrainstudyof the

enstatitechondriteIndarch,andI will only discussthe ion imagingresults. The Indarch

residuewasdivided into two sizefractions: IN28a ( À ®9¾ m) andIN28b ( ½ ®9¾ m). Two

mountsof the formerandoneof the latterwerestudiedby ion imaging;however, blurry

imagescombinedwith closelypacked grainsrenderedthe Si-imagingdatafrom one of

theIN28amounts(IN28a-B,seeTable3.1)uselessandonly theothermount,IN28a-C,is

consideredhere.Thesub-micronfractionwasfoundby SEM-EDXanalysisof 73grainsto

consistof approximately60%SiC,26% õ
ö µ Ã ¹ , 5%C grainsand5%Cwith minorSi. Of 37

grainsanalyzedfrom thelargerfraction,5 wereSiC,5 were õ;ö µ Ã ¹ , 16 wereC with minor

Si, 3 wererefractoryoxidesandtheremainderwereotherphases.NotethatAlexanderet

al. (1994)found isotopicallynormal õ
ö µ Ã ¹ grains,probablyexsolutionproducts,in theE

chondriteQingzhen.Thevastmajority of õ
ö µ Ã ¹ in Indarchis almostcertainlysimilar and

of solarsystemorigin.

ThreeSiC grainsX andonepresolarõ;ö µ Ã ¹ grain were found by ion imagingofæ~»0õ
ö / µ
�Dõ;ö ratioson IndarchmountIN28b-B ( ½ ®9¾ m). To estimatethe fractionof Indarch

SiC that belongsto type X, we mustdeterminethe total numberof SiC grainsthat were

measured.As wasdonefor Tieschitz(above)wecanusetheimagedSi/CandSi/Oratiosof

thedataset.Figure5.2showstheseratiosfor the2400grainsdefinedin Si ion imagesfrom

this mount. About 300grainshave Si/OÀ 0.08(dashedline), indicatingthey areprobably

quartz,andwereremovedfrom thedataset.TheSi/C ratiosof theremaining2100grains

form acontinuousdistribution,from very low valuescorrespondingto C grainswith minor

amountsof Si, to very high ratios,correspondingto õ
ö µ Ã ¹ . Unfortunately, both of these

trendsoverlapwith theSi/C rangeof SiC,makingit difficult to determinehow many SiC

grainsweremeasured.To addressthis issue,43grainswith imagedSi/Oratioshigherthan
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Figure5.2: Si/O versusSi/C ratios,obtainedby ion imaging,for 2400Si-rich grainsfrom
IndarchmountIN28b-B( ½ ®9¾ m).

0.08 were re-locatedin the SEM and their mineralogydeterminedby EDX. This study

indicatedthat ¿ º � æ of the900grainswith imagedSi/C ratiosin the range0.3 to 1.3 are

SiC and ¿ º � æ are õ
ö µ Ã ¹ . The600 grainswith Si/C½ 1.3 areprobablyall õ;ö µ Ã ¹ . Taking

into accountthefactthat ¿ 25%of thegrainsin thedatasetarerepeatmeasurements,due

to significantoverlapbetweenimagingruns,we estimatethat 350 differentSiC and800

different õ;ö µ Ã ¹ grainswereimaged,giving aSiC-X/SiC-totalratioof ¿ 0.9%.Thepresolarõ
ö µ Ã ¹ to SiC-X ratio is 1:3. However, õ
ö µ Ã ¹ is “over-sampled”in theion imagingdataset,

comparedto SiC. That is, 2 ­ asmany õ;ö µ Ã ¹ grainsasSiC grainswereimaged,despite

similar abundancesof the two phasesin theresidue,so the trueratio of presolarõ
ö µ Ã ¹ to

SiCgrainsX is probablycloserto 1:6.
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For thesmallerIndarchfractiononmountIN28a-C,24SiCgrainsX and6 presolarõ
ö µ Ã ¹ grainswereidentifiedby ion imaging;thegrainsweretoo small to analyzeat high

massresolution,however. The grain densityon this mount was very high, so the total

numberof distinct grainsanalyzedis somewhatuncertain.To estimatethe total number

of SiC and õ
ö µ Ã ¹ grainsanalyzedby ion imaging,we re-locatedin the SEM 58 defined

“grains” from an IN28a-Cimagingrun anddeterminedtheir mineralogy. Distinct single

grainsof SiC, õ
ö µ Ã ¹ , andC with minorSi madeup ¿ 22%, ¿ 26%,and ¿ 10%,respectively,

of thetotal; theremainderwereactuallytwo or moregrainsdefinedasonein theion image.

With theassumptionthatonly singlegrainsgave a reliableion imagingmeasurement,we

estimatethat ¿ 2100SiCgrainsandasimilarnumberof õ;ö µ Ã ¹ grainsweremeasured.This

resultindicatesthat, like the larger Indarchsizefraction,SiC grainsX make up about1%

of the total SiC populationin IN28a. Again correctingfor over-samplingof õ
ö µ Ã ¹ in the

ion imaging(seepreviousparagraph),weestimateapresolarõ
ö µ Ã ¹ to SiC-X ratioof 1:8.

5.2.4 Acfer 094

In theirpreliminarystudyof theunusualcarbonaceouschondrite,Acfer 094,New-

ton et al. (1995)suggestedthattheproportionof SiC grainsX is 20 ­ higherin this mete-

oritethanthe1%foundin Murchisonandothermeteorites(seeabove).Thissuggestionwas

basedon steppedcombustiondatathatshoweda ºI³ Ã enrichment,characteristicof grains

X, at the temperatureassociatedwith the combustionof SiC. Ion imagingclearly offers

a relatively efficient methodfor testingthis hypothesis,andwasappliedhereto a sample

mount,AF15b-B, containingmaterialfrom the residueAF15b, preparedat Washington

University. A preliminaryreportof this residuecanbefoundin Gaoet al. (1996).AF15b

is a0.3–4¾ m separatecontainingapproximately73%SiC,10% ´��+ª�ç æD·�¹ , 3% ª�ç æ�·=µ , and

5%quartz(basedonEDX analysisof 591grains).
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Silicon ion imagingof mountAF15b-B identified6400Si-rich grains(after cor-

rection for overlapbetweenadjacentimages). A total of 65 candidategrainswith highæ~»0õ
ö / µ
�Dõ;ö ratioswerefound: 60 SiC andfive õ
ö µ Ã ¹ . (Two µ
�Dõ;ö -enrichedgrainswerealso

found;seeÁ 5.5.)Figure5.3showstheSi/OratioplottedversusSi/Cratio for thegrainsof

thisdataset.In contrastto theTieschitzimagingdata(Fig. 5.1),SiCgrainsin thisdataset

canbedistinguishedby their imagedSi/C ratios. If we assumethatall grainswith Si/C in

therangeof 0.4–1.3areSiC,thetotalnumberof imagedSiCgrainsis 5700.Alternatively,

wecanusetheEDX resultsto estimatethatSiCmakesup94%of thepopulationof Si-rich

grainson the mount,giving a total of 6000imagedSiC grains. In any case,the propor-

tion of the SiC populationthat is of type X is clearly closeto 1%, the sameasobserved

in theothermeteorites.Theratio of presolarõ
ö µ Ã ¹ to SiC-X is 5/60Ì 8%. Notethatsim-

ilar numbersof O-rich andSi-rich grainswerefoundby ion imagingof mountAF15b-B

(Tables3.1and5.1),despitethefactthattheEDX resultsindicatea Si-rich/O-richratioof¿ 3. Thediscrepancy is dueto grainsize;SiC is very fine-grainedin this meteorite(Gao

et al., 1996),andion imagingis moreefficient at finding largergrainsthansmallerones.

By comparingthe sizedistributionsof oxide grainsandSiC in AF15b, we estimatethat

mostof theSiCgrainsanalyzedby ion imagingaregreaterthan0.4 ¾ m in diameter.

5.3 Propertiesof SiC Grains X and PresolarSi� N �
TheSi-, C- andN-isotopicratios,inferred æ~ã ªqç / æ¬« ª�ç ratiosandCN² /C² ion ratios

of the81 SiC grainsX and6 presolarõ
ö µ Ã ¹ grainsthatwereidentifiedby theion imaging

searchesdescribedaboveandanalyzedathighmassresolutionarepresentedin tabularform

in AppendixB. Most of thesedataarediscussed,alongwith SiC and õ
ö µ Ã ¹ datafrom the

Universityof Bernandgraphitedatafrom WashingtonUniversity, in thetwo papers(Nittler

et al., 1995b;Nittler et al., 1996a)reproducedherein AppendicesC andD. Here,I will
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Figure5.3: Si/O versusSi/C ratios,obtainedby ion imaging,for 6400Si-rich grainsfrom
Acfer 094mountAF15bB.
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only briefly summarizethe isotopicdata.Thereaderis referredto theabove-citedpapers

andto the earlierpaperon SiC grainsX by Amari et al. (1992a)for detaileddiscussions

of theproposedorigin in TypeII supernovaejectafor thegrains,includinga discussionof

importantdiscrepanciesbetwencurrentsupernovamodelsandtheisotopicsignauresof the

grains.

Thebasicfeaturesof theisotopicandelementalratiosof SiCgrainsX andpresolarõ
ö µ Ã ¹ grainsaresummarizedbelow:

1. All but oneof thegrainsaredepletedin æ~ùMõ
ö and µ
�0õ
ö , relative to æ~»Dõ
ö andthesolar

Si-isotopicratios(negative � -values).Mostof thegrainsarerelatively moredepleted

in µ
�0õ
ö than æ~ùDõ
ö andclusterarounda line of slope0.67on a silicon 3-isotopedelta-

valueplot (seeFig. 2 of AppendixC), althoughtherearesomegrainscloseto or

below theslope1 mixing line betweenpure æ~»0õ
ö andsolarSi. Onegrain,KJGM2-

293-2, is depletedin µ
�Dõ
ö like the other grains,but hasa significant æ~ù0õ
ö excess,

� æ~ù õ
ö =123‰.Despitethisdifference,KJGM2-293-2is still classifiedasanX-grain,

sinceit is similar to the othergrainsX in termsof its C andN isotopicratiosand

inferred æ~ãMªqç / æ¬«¡ª�ç ratio.

2. The grainshave large ºI³ Ã excesses,with ºI³ Ã / º.¹ Ã ratiosup to a factorof 13 times

ashigh asthesolarratio. Carbonrangesfrom isotopicallyvery heavy ( ºIæ Â / ºIµ Â =18)

to isotopicallyvery light ( ºIæ Â / ºIµ Â =2200),with ¿ 75%of thegrainshaving ºIæ Â / ºIµ Â
ratioshigherthanthesolarratioof 89. (seeFig. 3 of AppendixC).

3. The grainshave extreme æ~ã0´�� excesses,with very high inferred initial æ~ãMª�ç / æ¬«�ª�ç
ratiosup to 0.34in this dataset,andup to 0.6 for all known grainsX (Amari et al.,

1992a)).In fact,for many of thegrainmeasurements,theMg wasessentiallymono-

isotopic æ~ã0´�� !
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Figure5.4: TheCN² /C ² secondaryion ratiosof 81 SiC grainsX from this studyand75
mainstreamSiC grains(Hoppeet al., 1994b).SiC grainsof typeX tendto have higherN
contents(higherCN/C) thanmainstreamSiC.

4. FiveMurchisongrainsX havemeasureableexcessesof ¹~¹ Â�� , whichareattributedto

the in situ radioactive decayof short-lived ¹~¹ þ ö . Oneof these¹~¹ Â�� -enrichedgrains,

KJGM2-66-3,alsohadexcess¹¬ù�þ ö and ³
��þ ö , relative to ¹¬»Mþ ö andsolar, andanother,

KJGM2-290-2,alsohada ³
� þ ö excess.Thesedataarepresentedin Table1 of Ap-

pendixD.

5. SiC grainsX tend to have highernitrogencontents,qualitatively measuredas the

CN² /C² secondaryion ratio, thanmainstreamSiC. This is illustratedby Fig. 5.4,

which shows histogramsof CN² /C ² ratiosof 81 SiC grainsX from this studyand

75 MurchisonKJG mainstreamSiC grains(Hoppeet al., 1994b). Themedianand

meanvaluesof CN² /C² for theX-grainsare0.37and0.47,respectively, andfor the

mainstreamSiC,0.17and0.24.
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Table5.2: Relativeabundancesof SiCgrainsX andpresolarõ;ö µ Ã ¹
Meteorite(Residue) GrainSize SiCabundance� SiC-X/totalSiC Presolarõ
ö µ Ã ¹ /SiC-X

( ¾ m) (ppm)

Murchison(KJG) 2–4 6 77/7000=1.1% 3/77=0.04
Tieschitz(T8) 1–5 0.3 8/2500=0.3%� 12/8=1.5
Indarch(IN28a) À 1 6 24/2100=1.1% 6/24=0.25(0.13)�
Indarch(IN28b) ½ 1 6 3/350=0.9% 1/3=0.33(0.17)�
Acfer 094(AF15b) 0.4–3 15 60/6000=1.0% 5/60=0.08

�
Whole-rockabundancestaken from: Murchison(Amari et al., 1994),Tieschitz(X. Gao,privatecomm.),
Indarch(Gaoetal., 1995),Acfer 094(Gaoetal., 1996)�
Thetrueratio is � ��� higher, dueto contaminationof sampleby terrestrialSiC.�
Takesinto account“over-sampling”of �! #"%$'& in Indarchimagingdata

5.4 Abundancesof SiC Grains X and PresolarSi� N �
Table5.2summarizesthebestestimatesof therelativeabundancesof SiCgrainsX

andpresolarõ
ö µ Ã ¹ grainsfor thefour meteoritesof this study. SeeÁ 5.2 for thederivation

of theseestimates.For eachmeteoriticresidue,this tablegivestherangeof grainsizes,the

whole-rockSiC abundance,therelativeproportionof grainsX in thetotal SiCpopulation,

andtheratioof presolarõ
ö µ Ã ¹ to SiCgrainsX. Thenumbersof grainsusedto deriveratios

aregivenin additionto thenumericalratios,to aid in assessingthestatisticaluncertainties

for thevariousestimates.Systematicuncertainties,dueto thedifferentassumptionsused

in deriving the total numberof SiC grainsanalyzedin eachresidue,aremoredifficult to

assess,but arealmostcertainlylessthan50%.

The primary result indicatedby Table 5.2 is the constantvalue of ¿ 1% for the

relative proportionof SiC grainsX in the differentmeteorites.In the caseof Acfer 094,

this resultcontradictsprevioussteppedcombustiondatathatsuggesta significantlyhigher
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fraction of SiC grainsX in this meteorite(Newton et al., 1995). That the relative abun-

dancesof differenttypesof SiC grainsshouldbe the samein differentmeteoritesis not

entirelyunexpected.HussandLewis (1995)havearguedthatall chondriteclassessampled

the samemixture of presolargrainsin the solarnebula andthat secondaryprocessingin

meteoriteparentbodiescanexplaintheobservedabundancevariationsof differentpresolar

phasesbetweendifferentmeteorites.Suchprocessingwould not distinguishbetweendif-

ferentisotopicsub-groupsof thesamemineralphase,however. Perhapsmoresurprisingis

theconstancy of thegrainX abundancefor awiderangeof grainsizes.SincegrainsX and

mainstreamSiC grainsformedin completelydistinctenvironments(supernovaeandAGB

stars,respectively), thereis no reasonto expectthatthetwo typesof grainshave thesame

sizedistributions. The relative abundancedatapresentedheremay thushave important

implicationsfor dustformationprocessesin differentstellarenvironments.

Poorstatisticslimit comparisonsof theratioof presolarõ
ö µ Ã ¹ to SiCgrainsX in the

differentmeteoritesof thisstudy. Makingmattersworseis thefactthat õ;ö µ Ã ¹ is apparently

preferentiallydestroyed, relative to SiC, by the chemicaltreatmentsusedto producethe

meteoriticresidues.For example,theratio of õ
ö µ Ã ¹ to SiC is five timeslower in thefinal

IndarchresidueIN28 thanit hadbeenin a samplefrom an earlierstagein the chemical

processing.Theonly reasonablycertainconclusionthatcanbedrawn from Table5.2is that

thisratiois significantlyhigherin Tieschitzthanin theotherthreemeteorites.Tieschitzhas

amuchlowerSiCabundancethantheothermeteorites(Table5.2),almostcertainlydueto

thermalmetamorphism(Huss& Lewis,1995).Thehigherratioof presolarõ
ö µ Ã ¹ to SiCX-

grainsin thismeteoritemaythusindicatethat õ
ö µ Ã ¹ is lessefficiently destroyedby thermal

processingthanSiC.

Without a rigorousdeterminationof how muchrelative destructionof õ
ö µ Ã ¹ and

SiCoccursduringthermalmetamorphismandsamplepreparation,wecannotinferwhatthe

trueratio of presolarõ
ö µ Ã ¹ to SiC grainsX wasin thesolarnebula. This ratio potentially
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hasimportantimplicationsfor our understandingof dust formation in supernova ejecta.

Although both SiC and õ;ö µ Ã ¹ requirereducingconditions(C ½ O) to form, equilibrium

condensationcalculationsindicatethat õ
ö µ Ã ¹ is notstableunlessthepartialpressureof N is

high, relative to thatof carbon(Lodders& Fegley, 1995;Nittler et al., 1995c,K. Lodders,

privatecommunication).A relatively high N/C ratio in the regionsof supernovaewhere

thesegrainsform mayalsobeindicatedby thehigh N contentsof SiC grainsX (Fig. 5.4).

It is difficult to reconcileahighN/C ratiowith theisotopicsignaturesof thegrainsandwith

currentsupernova models,however. For example,thegrainsarebelievedto form largely

from materialfrom theso-calledHe/Clayerof supernovae,which is rich in C from partial

He-burning (AppendixC). The N in this region is predictedto be isotopicallyheavy, as

observed in thegrains,but theoverall abundanceof N is very small (N/C¿ ®±°�²�¹ ; Meyer

et al. 1995). In contrast,the He/N zone,which hasexperiencedcompleteH-burning, is

predictedto haveN/C¿ 30,sotheexistenceof õ;ö µ Ã ¹ andthehigh N conentsof SiC grains

X mayindicateacontributionfrom thiszone.Theextremelyhigh inferred æ~ã ª�ç / æ¬« ªqç ratios

of thegrainsalsoimply sucha contribution. Themajorproblemis thattheN in theHe/N

zoneis is essentiallypure º.¹ Ã (Meyer et al., 1995)sowe would expectto find grainswith

high º.¹ Ã / ºI³ Ã ratios,not grainswith low ratios,suchasthepresolarõ;ö µ Ã ¹ andSiC grains

X. Thisproblemis discussedin AppendixC.

5.5 PresolarGrains with Low (*) Si/�*+ Si Ratios?

The above discussionshave focusedon SiC grainsX andpresolarõ
ö µ Ã ¹ , both of

whicharecharacterizedby µ
� õ;ö depletions,i.e., high æ~» õ
ö / µ
� õ;ö ratios.However, ion imaging

alsoidentifiesgrainswith æ~»0õ
ö / µ
�0õ
ö ratiosmuchlower thansolar, if suchgrainsarepresent

in meteoriticresidues.In fact,somecircumstellargraphitegrainswith very largeexcesses

of æ~ù0õ;ö and µ
�0õ;ö , relative to æ~»Mõ
ö andsolar, have indeedbeenfound(Amari et al., 1996b),
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suggestingthatonemightfind SiCgrainswith a similarSi-isotopicsignature.Suchgrains

areapparentlyquiterarein mostof theresiduesanalyzedhere,however. In all of thesilicon

ion imagingsearchesdescribedabove in Á 5.2, thereweremany µ
�0õ;ö -enrichedcandidate

grains.Unfortunately, mostturnedoutto beartifactsdueto NO² secondaryionsfrom large

oxidegrainscontributing to the µ
�0õ
ö ion images.For latersearches,thesefalsecandidates

wereeliminatedfrom the datasetsby obtainingSi/O ratiosin additionto æ~» õ;ö / µ
� õ
ö ratios

andremoving grainswith verylow Si/Oratios.Theonly positiveresultthusfar, in termsof

theidentificationof µ
� õ
ö -rich grainswasobtainedfrom theion imagingsearchof theAcfer

094 grain mount AF15b. Two AF15bB candidategrainswere confirmedto have largeµ
� õ
ö enrichments(Gaoet al., 1996). Onehasan isotopiccomposition( � æ~ù õ
ö ÿ-, ®pé�. ‰;

�pµ
�0õ
ö ÿ ò�ë ò ‰), similar to, but more extremethan, the sub-classof SiC called grains

Z (Alexander, 1993). The other, AF15bB-429-3,has � æ~ù õ;övÌ 0 and � µ
� õ
ö =1227‰,andis

unlikeany previously identifiedSiC grain. This grainthusprobablyrepresentsa new sub-

classof presolarSiC. Furtherion imagingsearchesof Acfer 094 and/orothermeteorites

will hopefullyrevealyetmore µ
�0õ
ö -enrichedgrains.
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Chapter 6

Concluding Remarks

Thework of this thesiswasconductedover a periodof time spanningroughlyhalf of the

total timesincestardustwasfirst discoveredin meteorites,andthefield hasseenenormous

growth during thesefive years.A significantcontributor to thatgrowth wasthedevelop-

mentof theion imagingtechniquedescribedin thisthesis.With thistechnique,certainrare

typesof presolardustgrainsthatwereonceverydifficult to find in appreciablenumberscan

now beidentifiedratherroutinelyandstudiedatalevel formerlyaccessibleonly to themost

commontypesof grains.To a largeextent,studiesof stardustcanbe lumpedinto oneor

moreof threegeneralcategories:thediscoveryof new typesof presolargrains,thedetailed

characterizationof classesof presolargrains,andthesynthesisof presolargraindatawith

astronomicalobservationsandtheoreticalmodelsto arrive at new astrophysicalinsights.

Theion imagingstudiesreportedin thisthesishaveencompassedall threecategories.Over

thecourseof this research,studiesof presolaroxidegrainsin meteoriteshave gonefrom

essentiallybeing“fishing expeditions,” i.e., measurementsof singlegrainsconductedin the

hopeof finding somethatarepresolar(Amari et al., 1992b),throughphasesof discovery

andcharacterization(Husset al., 1992;Nittler et al., 1993),to thepoint thatwe now have

obtaineddetailedinformationabouta varietyof astrophysicalprocessesfrom a significant

numberof grains(Chapter4 andAppendix??). Similarly, ion imaginghasbothconfirmed

thepresenceof õ
ö µ Ã ¹ asa presolarphasein meteoritesandgreatlyincreasedthenumber

of known SiCgrainsof typeX (Chapter5 andAppendixC).
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Thestudiespresentedhereonly scratchthesurfaceof whatis possiblewith thisnew

ion imagingtechnique,andtherearea numberof importantscientificgoalsthatcouldbe

addressedby futurework. While not by any meansanexhaustive list, I will sketchout a

few studiesthatI think areof highestpriority:

1. Imagingshouldbeusedto find a muchlargernumberof presolaroxidegrains,SiC

grainsX and presolar õ;ö µ Ã ¹ grainsin acid-resistantresiduesof meteorites. New

information will certainly comefrom additionalion probemeasurementsof such

grains. For example,thedeterminationof Ti-isotopicratiosof circumstellarª�ç æD·=µ
grainsmaygive new insightsinto boththestellarsourcesof thegrainsandinto the

chemicalevolutionof theGalaxy(Husset al., 1994a;Husset al., 1995).We should

not limit ourselvesto ion probemeasurements,however. Oncenew membersof rare

typesof presolargrainsarefoundby ion imaging,they canandshouldbeanalyzed

by the whole barrageof micro-analyticaltechniquesavailabletoday. A greatdeal

of new informationhascomeout of TEM studiesof presolargraphitegrains,for

instance(seeÁ 1.2.2andBernatowicz etal. 1996),andsimilarstudiesof othertypes

of grainsaresureto befruitful.

2. Ion imagingshouldbeusedto searchfor new, as-yet-undiscovered,typesof preso-

lar grainsandnew sub-groupsof known presolarphasesin meteoriticacid-resistant

residues.For example,refractoryoxidesother than ª�ç æD·=µ and ´��+ªqç æD·�¹ may be

presentin meteorites.Also, additionalhighly µ
�0õ
ö -enrichedSiC grains,like those

foundin Acfer 094(seeÁ 5.5),shouldbeidentifiedandcharacterizedin detail.

3. The preliminary searchesfor presolarsilicatesdescribedin Chapter3 shouldbe

greatlyextendedin non-etchedsamplesof meteoritesfor which the matrix hasnot

beenextensively alteredby eitheraqueousor thermalprocesses.
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4. Ion imagingshouldbeusedto determinetherelativeabundancesof differentisotopic

sub-groupsof Si-rich presolargrainsfor different grain size fractionsof a larger

numberof meteorites,i.e., the studiespresentedin Chapter5 shouldbe extended.

Greatcareshouldbetakento preparesamplemountsthatarefreeof contamination

andhavegrainswell-separatedfrom oneanother, in orderto minimizetheproblems

thatwereencounteredherein estimatingabundancesby ion imaging.

5. As discussedin Chapter2, initial attemptsto useion imagingto determineºIæ0Â / ºIµ0Â
ratiosat high-mass-resolutionwerepromising(Amari et al., 1996a).Furtherhigh-

mass-resolutionion imagingstudiesof bothC- andandSi-isotopicratiosshouldbe

usedto identify moremembersof raresub-groupsof bothSiCandgraphite.

Althoughthescientificstudyof stardustin meteoriteshascomea long way in the

last tenyears,presolargraininvestigationsarestill at thestagewherenew discoveriesare

madeon a regular basis. However, it shouldbe stressedthat the presolargrainsstudied

hereare probablynot representative of the materialthat went into the formationof the

SolarSystem,bothbecausethey aremuchlarger thanmostdustgrainsin the interstellar

medium(typical size ¿ ° èH®9¾ m) andbecausethey survivedsolarsystemformation,unlike

the overwhelmingmajority of presolarmaterial. Importantnew breakthroughsmay well

requirebothnew instrumentationthatallowstheaccurateisotopicanalysisof muchsmaller

grainsthanis now possibleandnew techniquesto detectandisolateacid-solublepresolar

grains.For example,³�¹ Â0/ excesseshave beenobservedin theOrgueil meteoritethatmay

becarriedby anew Cr-rich, acid-solublepresolargrain(Podoseketal., 1995).
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Appendix A

Isotopic Ratiosof PresolarOxide Grains

ThisappendixpresentstheO andMg-Al isotopicratiodatafor the87presolaroxidegrains

identified in the studiesdescribedin Chapter3. In the two tablesthat follow, the first

character(s)of thenameof a givengrainindicateswhichmeteoritein which it wasfound:

M=Murchison,T=TieschitzandAF=Acfer 094. All errorsare1V andupperlimits are2V .

Asymmetricerrorsarecalculatedasdescribedin Chapter2. In TableA.2, 2
A N�OXW is the

excessof 2
A*N�O aftersubtractionof thesolar 2
A9NPO / 2F6*N�O ratio.
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TableA.1: O-isotopicratiosfor 87presolaroxidegrains.

Grain Group 13A Q / 1 « Q 13A Q / 13U Q 1 « Q / 13A Q 13U Q / 13A Q
M83-5 1 1261Y 5
UZ 5
A 658Y 2
2Z 2;1 7.93(23) []\_^ Z 6 1.52(5) [@\_^ Z 5
T1 1 1996Y 13A
UZ 176
6 602Y 6 «Z 6`1 5.01(39) []\_^ Z 6 1.66(12) [@\_^ Z 5
T2 1 1515Y 5 K 5Z 2;13A 694Y 13A KZ 1
1 K 6.6(1.1)[@\!^ Z 6 1.44(27) [@\_^ Z 5
T3 3 3425Y 5 « UZ 5 K
a 505Y 5 JZ 5;1 2.92(29) []\_^ Z 6 1.98(13) [@\_^ Z 5
T4 2 794Y « AZ AF6 6803Y a 5
2
AZ 2F6 a 2 1.26(11) []\_^ Z 5 1.47(85) [@\_^ Z 6
T5 3 3175Y 1
1 JZ 1 K « 980Y 5 KZ 2
U 3.15(11) []\_^ Z 6 1.02(3) [@\_^ Z 5
T6 2 877Y A
AZ J U 23256Y 5 J
J A
UZ U « A
5 1.14(8) []\_^ Z 5 4.3(2.5)[]\_^ Z J
T7 1 1980Y a
KZ U
5 645Y 5;1Z 2
U 5.05(22) []\_^ Z 6 1.55(7) [@\_^ Z 5
T8 3 5208Y 13U
UF6Z 1 K
a 5 541Y 1 K
KZ « 5 1.92(51) []\_^ Z 6 1.85(29) [@\_^ Z 5
T9 1 380Y «Z « 787Y 5
2Z 5 K 2.63(5) []\_^ Z 5 1.27(5) [@\_^ Z 5
T10 1 901Y 2 JZ 2F6 735Y 5F6Z 5;1 1.11(3) []\_^ Z 5 1.36(6) [@\_^ Z 5
T11 1 877Y 6 KZ 5 « 625Y 6b2Z 5 « 1.14(5) []\_^ Z 5 1.60(10) [@\_^ Z 5
T12 2 735Y 2
2Z 2;1 6667Y J 2
UZ 6 J
J 1.36(4) []\_^ Z 5 1.50(11) [@\_^ Z 6
T13 2 1473Y J 6Z J
K 6944Y J 13UZ 6 J 1 6.79(24) []\_^ Z 6 1.44(10) [@\_^ Z 6
T14 1 671Y 2
UZ 2
A 625Y 5 «Z 5
5 1.49(6) []\_^ Z 5 1.60(9) [@\_^ Z 5
T15 3 3096Y 2
5 «Z 2 K A 775Y 6
6Z 6 K 3.23(23) []\_^ Z 6 1.29(7) [@\_^ Z 5
T16 2 980Y « 2Z A
5 1575Y 1 J 2Z 132
U 1.02(7) []\_^ Z 5 6.35(56) [@\_^ Z 6
T17 2 1096Y 1 K
KZ UF6 2326Y A K «Z 5 a
a 9.12(76) []\_^ Z 6 4.30(89) [@\_^ Z 6
T18 1 840Y A;1Z J 5 741Y a 5Z « 6 1.19(8) []\_^ Z 5 1.35(15) [@\_^ Z 5
T19 1 1333Y 176bAZ 132 K 613Y U;1Z AF6 7.50(74) []\_^ Z 6 1.63(19) [@\_^ Z 5
T20 1 1842Y J AZ J 5 592Y 13UZ 1 « 5.43(16) []\_^ Z 6 1.69(5) [@\_^ Z 5
T21 3 3049Y 13A «Z 1 J
K 758Y 5
AZ 5
5 3.28(17) []\_^ Z 6 1.32(6) [@\_^ Z 5
T22 4 1431Y J
JZ J 1 234Y «Z A 6.99(26) []\_^ Z 6 4.28(12) [@\_^ Z 5
T23 3 3125Y 1 J 6Z 176 K 680Y 2 aZ 2 « 3.20(15) []\_^ Z 6 1.47(6) [@\_^ Z 5
T24 1 1597Y AF6Z J
a 752Y 5
AZ 5
2 6.26(24) []\_^ Z 6 1.33(6) [@\_^ Z 5
T25 2 735Y J UZ J
K c 7752 1.36(10) []\_^ Z 5 d 1.29 []\_^ Z 6
T26 2 1805Y a AZ U « 1408Y 1
13AZ 1 K
K 5.54(28) []\_^ Z 6 7.10(54) [@\_^ Z 6
T27 2 1256Y 5 «Z 5 J 1727Y 1 K UZ a A 7.96(23) []\_^ Z 6 5.79(34) [@\_^ Z 6
T28 1 1079Y 5
AZ 5F6 800Y 6 KZ 5 « 9.27(30) []\_^ Z 6 1.25(6) [@\_^ Z 5
T29 1 1712Y 5 aZ 5 « 752Y 1 «Z 1 « 5.84(13) []\_^ Z 6 1.33(3) [@\_^ Z 5
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TableA.1: continued

Grain Group 13A Q / 1 « Q 13A Q / 13U Q 1 « Q / 13A Q 13U Q / 13A Q
T30 1 2132Y 135 KZ 1
13A 581Y 5
2Z 2 a 4.69(27) []\_^ Z 6 1.72(9) []\_^ Z 5
T31 3 2469Y 5 K 1Z 2F6b2 676Y « AZ A
2 4.05(44) []\_^ Z 6 1.48(15) []\_^ Z 5
T32 1 1650Y 2 K
aZ 13A
A 599Y U;1Z AF6 6.06(68) []\_^ Z 6 1.67(20) []\_^ Z 5
T33 4 1901Y 6`1 aZ 2 a 1 319Y 6bUZ 5 « 5.26(95) []\_^ Z 6 3.13(41) []\_^ Z 5
T34 4 1020Y 2 a
JZ 13U « 164Y 6
6Z 2 a 9.8(2.2)[@\_^ Z 6 6.1(1.3)[@\!^ Z 5
T35 1 1563Y 2 K «Z 13AF6 847Y 1 J 5Z 1
132 6.40(75) []\_^ Z 6 1.18(18) []\_^ Z 5
T36 1 826Y 176Z 135 526Y 176Z 135 1.21(2) []\_^ Z 5 1.90(5) []\_^ Z 5
T37 2 1148Y A JZ J
a 2273Y 5F6 JZ 2
A J 8.71(47) []\_^ Z 6 4.40(58) []\_^ Z 6
T38 1 2066Y 2 K «Z 1 « 2 680Y A
AZ J
J 4.84(44) []\_^ Z 6 1.47(13) []\_^ Z 5
T39 2 893Y 6b2Z 5
U 2070Y 2
U
5Z 2
2
2 1.12(5) []\_^ Z 5 4.83(58) []\_^ Z 6
T40 1 476Y aZ a 699Y 2 KZ 1 a 2.10(4) []\_^ Z 5 1.43(4) []\_^ Z 5
T41 2 935Y 6bAZ 6b2 3559Y A a «Z J
K 1 1.07(5) []\_^ Z 5 2.81(46) []\_^ Z 6
T42 2 1433Y 6 «Z 6
6 3623Y 5
2 aZ 2 « a 6.98(22) []\_^ Z 6 2.76(23) []\_^ Z 6
T43 1 2232Y 176 aZ 135;1 575Y 5 JZ 5;1 4.48(28) []\_^ Z 6 1.74(10) []\_^ Z 5
T44 1 1493Y 2
2 aZ 1 « J 763Y 1 J 6Z 1
1 K 6.70(89) []\_^ Z 6 1.31(22) []\_^ Z 5
T45 3 3610Y 2
5
AZ 2 K
a 870Y 6bUZ 6b5 2.77(17) []\_^ Z 6 1.15(6) []\_^ Z 5
T46 1 407Y 2
5Z 2 K 613Y « 1Z J U 2.46(13) []\_^ Z 5 1.63(17) []\_^ Z 5
T47 2 952Y A
UZ A K 2967Y « J
KZ 6 a U 1.05(7) []\_^ Z 5 3.37(68) []\_^ Z 6
T48 2 1408Y 2
U
AZ 2 K 6 3030Y 2 J 2 JZ a 6 « 7.1(1.2)[@\_^ Z 6 3.3(1.5)[@\!^ Z 6
T49 1 610Y 2 «Z 2 J 541Y 5 «Z 5
5 1.64(7) []\_^ Z 5 1.85(12) []\_^ Z 5
T50 2 1318Y U
5Z « 6 3021Y J
J
KZ 6 K 5 7.59(45) []\_^ Z 6 3.31(51) []\_^ Z 6
T51 3 2532Y A
2
5Z 6`1 « 730Y 13A
5Z 1
135 3.95(78) []\_^ Z 6 1.37(25) []\_^ Z 5
T52 1 350Y 2
AZ 2
5 794Y 13A
UZ 1
13U 2.86(20) []\_^ Z 5 1.26(22) []\_^ Z 5
T53 2 877Y J «Z J 1 2421Y J
J
JZ 5
U K 1.14(7) []\_^ Z 5 4.13(77) []\_^ Z 6
T54 e_e_e 71Y 5Z 2 2000Y 135
5
5Z J « 1 1.41(5) []\_^ Z 2 5.0(2.0)[@\!^ Z 6
T55 2 833Y a 5Z « A 5000Y 5F6 « JZ 176 J 6 1.20(12) []\_^ Z 5 2.00(82) []\_^ Z 6
T56 1 685Y 1 aZ 13U 800Y 5
5Z 5;1 1.46(4) []\_^ Z 5 1.25(5) []\_^ Z 5
T57 1 1639Y 2F6 KZ 13U
A 556Y U;1Z A
5 6.10(78) []\_^ Z 6 1.80(23) []\_^ Z 5
T58 2 862Y 5;1Z 2 a 39216Y 2
5
A «~«Z 1 K « 2
A 1.16(4) []\_^ Z 5 2.55(96) []\_^ Z J
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TableA.1: continued

Grain Group 13A Q / 1 « Q 13A Q / 13U Q 1 « Q / 13A Q 13U Q / 13A Q
T59 1 1475Y 176`1Z 1
13U 980Y 176b5Z 1
1
1 6.78(59) []\_^ Z 6 1.02(13) []\_^ Z 5
T60 1 1610Y 2;1 JZ 13A a 990Y 13U
AZ 135 J 6.21(73) []\_^ Z 6 1.01(16) []\_^ Z 5
T61 4 1645Y a «Z U « 244Y «Z A 6.08(34) []\_^ Z 6 4.09(11) []\_^ Z 5
T62 3 2597Y 6 K AZ 5 K
a 840Y U
AZ « 1 3.85(52) []\_^ Z 6 1.19(11) []\_^ Z 5
T63 1 1149Y 13A
AZ 132 a 1124Y 2;1 KZ 1 J 5 8.7(1.1)[@\_^ Z 6 8.9(1.4)[@\!^ Z 6
T64 3 3226Y 6b2F6Z 5
5
A 1005Y U
UZ « J 3.10(36) []\_^ Z 6 9.95(80) []\_^ Z 6
T65 2 806Y 6`1Z 5 « 2899Y 5
U KZ 5 K 1 1.24(6) []\_^ Z 5 3.45(40) []\_^ Z 6
T66 3 2410Y 2
U
AZ 2
5;1 847Y « KZ A K 4.15(44) []\_^ Z 6 1.18(9) []\_^ Z 5
T67 3 3610Y 6 K AZ 5
5;1 1531Y 135 JZ 1
1 J 2.77(28) []\_^ Z 6 6.53(53) []\_^ Z 6
T68 1 690Y 5 KZ 2 « 671Y 5
UZ 5F6 1.45(6) []\_^ Z 5 1.49(8) []\_^ Z 5
T69 1 847Y 1 JZ 176 855Y 1 JZ 176 1.18(2) []\_^ Z 5 1.17(2) []\_^ Z 5
T70 1 1271Y 1
13UZ 1 K
K 658Y J AZ 6bU 7.87(67) []\_^ Z 6 1.52(12) []\_^ Z 5
T71 1 1745Y A
5Z J
a 752Y 2
5Z 2
2 5.73(20) []\_^ Z 6 1.33(4) []\_^ Z 5
T72 1 1773Y « JZ A a 667Y 2
5Z 2
2 5.64(23) []\_^ Z 6 1.50(5) []\_^ Z 5
T73 1 1140Y 2 KZ 1 a 952Y 13UZ 13U 8.77(15) []\_^ Z 6 1.05(2) []\_^ Z 5
T74 3 3012Y « 6Z « 1 735Y 1
1Z 1
1 3.32(8) []\_^ Z 6 1.36(2) []\_^ Z 5
T75 e_e_e e_e_e c 7000 e_e_e d 1.43 [@\!^ Z 6
T76 1 1495Y 2 J «Z 1 a 1 549Y A KZ 6 a 6.69(98) []\_^ Z 6 1.82(18) []\_^ Z 5
T77 2 971Y 5 aZ 5
A 2179Y 1 J 2Z 135F6 1.03(4) []\_^ Z 5 4.59(30) []\_^ Z 6
T78 1 427Y 2
5Z 2;1 474Y 5;1Z 2
U 2.34(12) []\_^ Z 5 2.11(13) []\_^ Z 5
T79 1 1280Y « 1Z AF6 595Y 2
AZ 2F6 7.81(41) []\_^ Z 6 1.68(7) []\_^ Z 5
T80 3 2532Y A
AZ A
5 699Y 1 KZ 1 K 3.95(10) []\_^ Z 6 1.43(2) []\_^ Z 5
T81 1 1471Y 2 J 6Z 13U a 1031Y 13A KZ 132
2 6.8(1.0)[@\_^ Z 6 9.7(1.3)[@\!^ Z 6
T82 1 962Y A aZ A;1 610Y 6 KZ 5 J 1.04(7) []\_^ Z 5 1.64(10) []\_^ Z 5
T83 1 2079Y 1 J 5Z 135
5 654Y 5;1Z 2 a 4.81(33) []\_^ Z 6 1.53(7) []\_^ Z 5
AF1 2 781Y 132Z 132 46948Y 6bU
A JZ 6 K 5 K 1.28(2) []\_^ Z 5 2.13(20) []\_^ Z J
AF2 1 389Y 5Z 5 625Y UZ U 2.57(2) []\_^ Z 5 1.60(2) []\_^ Z 5
AF3 2 893Y J 1Z 6 J 2083Y 13U aZ 13A K 1.12(6) []\_^ Z 5 4.80(40) []\_^ Z 6
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TableA.2: Al-Mg isotopiccompositionsof presolaroxidegrains

Grain Group 2
A N�O / 2F6 N�O 2
A NPOXW / 2F6 N�O 2 « BMD / 2F6 N�O 2
A BED / 2 « BED
M83-5 1 2.10(11) 1.96(11) 2250(110) 8.73(64) [@\_^ Z 6
T1 1 0.144(14) d 0.033 209(32) d 1.6 []\_^ Z 6
T2 1 2.18(19) 2.04(19) 263(65) 7.8(2.0)[]\_^ Z 5
T3 3 0.139(2) d 0.0048 8.06(1.04) d 6.0 []\_^ Z 6
T4 2 0.204(13) 0.0642(129) 17.0(2.3) 3.77(91) [@\_^ Z 5
T5 3 0.141(4) d 0.0099 46.7(6.1) d 2.1 []\_^ Z 6
T6 2 0.563(57) 0.423(57) 106(16) 4.01(82) [@\_^ Z 5
T7 1 0.508(15) 0.369(15) 139(18) 2.65(37) [@\_^ Z 5
T9 1 0.725(83) 0.586(83) 1090(100) 5.40(90) [@\_^ Z 6
T10 1 0.143(19) d 0.042 402(37) d 1.0 []\_^ Z 6
T12 2 1.11(8) 0.969(81) 135(11) 7.19(83) [@\_^ Z 5
T13 2 10.5(1.3) 10.4(1.3) 5440(710) 1.90(35) [@\_^ Z 5
T14 1 0.302(81) 0.163(81) 1350(270) 1.20(64) [@\_^ Z 6
T20 1 0.170(1) 0.0304(14) 41.4(1.7) 7.34(46) [@\_^ Z 6
T21 3 0.144(10) d 0.025 549(33) d 4.6 []\_^ Z J
T22 4 0.172(5) 0.033(5) 25.5(4.6) d 1.3 []\_^ Z 5
T23 3 0.180(19) 0.0410(187) 306(58) 1.34(66) [@\_^ Z 6
T24 1 1.53(5) 1.40(5) 204(37) 6.8(1.3)[]\_^ Z 5
T25 2 2.99(18) 2.85(18) 173(32) 1.65(33) [@\_^ Z 2
T26 2 0.176(6) 0.0365(57) 18.7(3.4) 1.95(46) [@\_^ Z 5
T27 2 1.98(6) 1.84(6) 1740(120) 1.05(8) [@\!^ Z 5
T28 1 0.148(19) d 0.047 2910(290) d 1.6 []\_^ Z J
T31 3 0.221(7) 0.0819(67) 133(9) 6.16(64) [@\_^ Z 6
T34 4 0.165(3) 0.0256(31) 22.9(1.4) 1.12(15) [@\_^ Z 5
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TableA.2: continued

Grain Group 2
A N�O / 2F6 N�O 2
A NPOfW / 2F6 N�O 2 « BMD / 2F6 N�O 2
A BMD / 2 « BED
T36 1 0.142(4) d 0.0100 77.9(4.9) d 1.3 []\_^ Z 6
T37 2 0.150(6) d 0.023 93.7(6.1) d 2.4 []\_^ Z 6
T39 2 0.990(43) 0.851(43) 245(13) 3.47(11) [@\_^ Z 5
T40 1 0.149(10) d 0.029 271(9) d 6.2 []\_^ Z 6
T41 2 12.2(1.4) 12.1(1.4) 876(106) 1.38(3) [@\_^ Z 2
T42 2 9.04(37) 8.90(37) 1010(60) 8.83(10) [@\_^ Z 5
T45 3 0.131(17) d 0.027 342(25) d 5.0 []\_^ Z 6
T46 1 0.130(21) d 0.033 512(43) d 3.4 []\_^ Z 6
T47 2 42.2(17.9) 42.0(17.9) 10200(4300) 4.13(20) [@\_^ Z 5
T49 1 4.29(1.53) 4.16(1.53) 6080(2070) 6.83(83) [@\_^ Z 6
T50 2 0.788(50) 0.649(50) 308(20) 2.11(10) [@\_^ Z 5
T51 3 0.125(30) d 0.046 779(90) d 2.0 []\_^ Z 6
T52 1 0.998(300) 0.858(300) 1340(330) 6.4(1.3)[]\_^ Z 6
T56 1 0.862(44) 0.723(44) 600(35) 1.20(5) [@\_^ Z 5
T58 2 6.12(40) 5.98(40) 632(48) 9.46(19) [@\_^ Z 5
T61 4 0.412(7) 0.273(7) 88.0(3.8) 3.10(6) [@\_^ Z 5
T64 3 0.219(16) 0.0797(163) 279(16) 2.86(53) [@\_^ Z 6
T66 3 0.145(28) d 0.062 93.6(9.4) d 6.6 []\_^ Z 6
T67 3 0.307(38) 0.168(38) 417(36) 4.03(76) [@\_^ Z 6
T68 1 0.150(8) d 0.026 159(8) d 1.6 []\_^ Z 6
T69 1 0.360(4) 0.220(4) 79.0(3.3) 2.79(4) [@\_^ Z 5
T71 1 4.59(20) 4.45(20) 726(43) 6.12(10) [@\_^ Z 5
T72 1 0.404(8) 0.264(8) 163(7) 1.63(4) [@\_^ Z 5
T73 1 1.83(5) 1.69(5) 922(45) 1.83(3) [@\_^ Z 5
T74 3 0.139(13) d 0.024 4120(240) d 4.0 []\_^ Z J
T75 e_e_e 0.282(12) 0.143(12) 77.5(3.8) 1.84(13) [@\_^ Z 5
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Appendix B

Isotopic Ratiosof SiC of TypeX and Sig N h
Thisappendixcontainstheisotopicdatafor 81presolarSiCgrainsof typeX andsix preso-

lar S < 5 8 6 grains,all foundby ion imaging(seeChapter5). Thenameof eachgrain is of

theform mount-run-#, wherethegrainwasthe#thdefinedgrainin imagingrun run on the

samplemountmount(seeTable5.1).Lowerlimits oninferred2
A BED / 2 «`BMD ratiosindicatethat

themeasurementincludedAl ionsfrom neighboringAl-rich grainson thesamplemounts.

Asymmetricerrorsarecalculatedasdescribedin Chapter2. Fiveof theseSiCgrainswere

alsoanalyzedfor their isotopiccompositionsof Ca andTi; seeTable1 of AppendixD

(Nittler etal., 1996a).
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TableB.1: Compositionsof SiCgrainsX andpresolarS < 5 8 6 grains

Grain Type iFjlknm%o (‰) iqpsr%mno (‰) tuj
v / twpbv twx
y / tuzFy CN { /C { jl|F}�~ / js��}�~
KJG6L-103-1 SiC -420 � 4 -480 � 8 40.4� r�� �{_r�� � 55.3� p�� t{_jq� � 0.124 �7�q�
KJG6L-105-1 SiC -277 � 11 -404 � 9 289.9� zq� �{�zq� z 66.8� jq� p{_jq� j 0.128 �7�q�
KJG6L-111-1 SiC -402 � 4 -552 � 7 586� tw|{�tuz 57.0� r�� |{!r�� | 0.507 �7�q�
KJG6L-130-1 SiC -323 � 4 -484 � 7 617� tw|{�tuz 51.2� r�� k{!r�� � 0.299 3.40(10) � 1 K {�t
KJG6L-151-20 SiC -201 � 4 -362 � 7 123.3� jq� x{�jq� p 124.0� p�� �{!p�� z 0.248 �7�q�
KJG6L-47-3 SiC -456 � 3 -496 � 8 1272� |sp{�zs� 96.5� p�� �{!p�� x 0.119 � 1.3 � 1 K {_j
KJG6L-69-9 SiC -267 � 5 -373 � 9 195.0� tsts� r{_k�� k 90.2� tsts� p{!k�� r 0.101 � 7.8 � 1 K {!p
KJG6L-75-4 SiC -325 � 4 -468 � 7 317� p7j{�jl| 111.0� twr�� k{!k�� t 0.937 �7�q�
KJG6L-78-10 SiC -406 � 4 -658 � 7 216� tuz{�twp 65.1� jq� z{_jq� p 0.323 � 2.5 � 1 K {_j
KJGL1-221-1 SiC -224 � 6 -400 � 6 203.9� jq� p{�jq� j 63.5� r�� z{!r�� x 1.003 �7�q�
KJGL1-231-2 SiC -275 � 10 -473 � 7 315.1� twr�� x{_k�� � 54.7� r�� �{!r�� � 0.971 �7�q�
KJGL1-237-2 SiC -339 � 9 -493 � 15 1086� tujlr{_ks� 51.5� ts� x{�ts� x 0.378 �7�q�
KJGL1-245-4 SiC -561 � 9 -455 � 6 �7�q� �7�7� �7�q� �7�q�
KJGL1-247-1 SiC -248 � 21 -398 � 12 705� ps�{_p7z 42.7� r�� |{!r�� | 0.648 �7�q�
KJGL1-270-5 SiC -343 � 4 -333 � 7 21.4� r�� p{_r�� p 49.2� ts� �{�ts� | 0.179 �7�q�
KJGL1-285-1 SiC -219 � 9 -365 � 11 206.2� x�� x{_x�� j 48.5� r�� �{!r�� � 0.341 �7�q�
KJGL1-290-7 SiC -193 � 5 -321 � 8 114.3� x�� j{_p�� k 67.2� jq� t{_jq� r 0.449 �7�q�
KJGL1-312-1 SiC -353 � 4 -496 � 9 1413� tw�s|{�twx7� 46.9� ts� �{�ts� � 0.161 �7�q�
KJGL1-340-2 SiC -428 � 5 -617 � 6 115.6� p�� k{_p�� � 45.2� jq� t{�ts� k 0.710 �7�q�
KJGL1-345-3 SiC -237 � 3 -336 � 6 17.8� r�� j{_r�� j 58.0� r�� |{!r�� | 0.964 �7�q�
KJGL1-399-1 SiC -451 � 3 -719 � 6 534� tw|{�tuz 56.8� ts� r{!r�� k 0.178 �7�q�
KJGL1-452-1 SiC -283 � 3 -407 � 6 182.9� x�� �{_x�� z 128.7� p�� |{!p�� x 0.258 �7�q�
KJGL1-75-1 SiC -149 � 4 -262 � 7 101.9� jq� k{�jq� � 102.0� |�� t{_zq� z 0.366 �7�q�
KJGL1-82-4 SiC -348 � 6 -504 � 7 1229� �lr{_|sp 58.7� r�� �{!r�� � 0.785 �7�q�
KJGL1-181-3 SiC -152 � 4 -246 � 7 94.4� jq� �{�jq� z 68.1� jq� x{_jq� p 0.277 �7�q�
KJGL1-189-1 SiC -455 � 9 -705 � 6 317� tst{�twr 62.8� ts� �{�ts� � 0.258 �7�q�
KJGL1-271-3 SiC -272 � 5 -399 � 5 310.6� ��� �{_��� p 44.8� r�� z{!r�� z 0.620 �7�q�
KJGL1-222-3 SiC -89 � 14 -186 � 12 �7�q� �7�7� �7�q� �7�q�
KJGL1-233-6 SiC -71 � 4 -134 � 8 �7�q� �7�7� �7�q� �7�q�
KJGL1-255-1 SiC -338 � 9 -587 � 6 276.7� �q� r{_|�� � 58.9� p�� j{_jq� k 0.107 �7�q�
KJGL1-326-3 SiC -165 � 22 -318 � 12 �7�q� �7�7� �7�q� �7�q�
KJGM4-10-2 SiC -98 � 10 -191 � 9 126.6� ts� z{�ts� z 36.5� r�� x{!r�� x 1.295 2.12(4) � 1 K {�t
KJGM4-205-12 SiC -310 � 12 -419 � 11 102.7� ts� r{�ts� r 88.8� ts� |{�ts� z 0.238 � 1.0 � 1 K {_j
KJGM4-65-10 SiC -404 � 6 -508 � 5 1721� zlp{�zlr 56.9� jq� r{�ts� k 0.064 1.90(7) � 1 K {�t
KJGM4-74-5 SiC -181 � 123 -167 � 198 120.5� twr�� �{_k�� j 46.0� ts� t{�ts� r 0.691 4.80(76) � 1 K {_j
KJGM4-106-5 SiC -348 � 11 -594 � 8 677� jlp{�jqt 59.9� r�� z{!r�� z 1.327 1.58(28) � 1 K {�t
KJGM4-116-9 SiC -329 � 23 -384 � 24 92.4� ts� t{�ts� t 71.1� ts� t{�ts� r 1.267 1.50(3) � 1 K {�t
KJGM4-13-4 SiC -21 � 10 -44 � 10 50.8� r�� x{_r�� x 250.7� twp�� x{�tujq� t 0.380 3.25(14) � 1 K {_j
KJGM4-166-1 SiC -332 � 15 -467 � 13 348� jl|{�jsj 75.6� tsts� p{!��� � 0.336 1.42(27) � 1 K {�t
KJGM4-176-1 SiC -281 � 12 -240 � 16 76.9� ts� t{�ts� r 144.4� x�� p{!x�� t 0.207 6.20(31) � 1 K {_j
KJGM4-19-7 SiC -365 � 13 -491 � 16 151.2� zq� j{_x�� � 56.7� r�� �{!r�� � 0.513 6.59(17) � 1 K {_j
KJGM4-196-3 SiC -148 � 5 -249 � 6 84.3� r�� k{_r�� k 74.6� ts� j{�ts� t 0.527 1.71(1) � 1 K {�t
KJGM4-196-7 SiC -314 � 12 -469 � 10 1038� ps|{_psp 45.4� r�� �{!r�� � 0.137 1.54(13) � 1 K {�t
KJGM4-208-2 SiC -277 � 7 -406 � 9 166.1� jq� t{�jq� t 77.2� r�� k{!r�� k 0.429 1.62(6) � 1 K {�t
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TableB.1: continued

Grain Type i jlk m%o (‰) i psr m%o (‰) tuj v / twp v twx y / tuz y CN { /C { jl| }�~ / js� }f~
KJGM4-208-4 SiC -77 � 25 -68 � 25 88.3� ts� k{�ts� � 152.0� zq� t{!x�� � 0.153 � 5.0 � 1 K {!p
KJGM4-230-1 SiC -430 � 11 -572 � 9 448� tw�{�tu� 69.0� ts� t{�ts� t 0.581 1.34(4) � 1 K {�t
KJGM4-244-1 SiC -346 � 10 -589 � 9 729� xsp{_psk 40.6� r�� z{_r�� z 0.856 2.84(2) � 1 K {�t
KJGM4-244-10 SiC -203 � 9 -318 � 13 163.9� ��� x{��q� | 70.6� ts� j{�ts� j 1.275 �7�3�
KJGM4-244-2 SiC -293 � 9 -430 � 7 364� tw�{�tu� 82.3� jq� �{�jq� | 0.062 2.53(6) � 1 K {�t
KJGM4-249-4 SiC -55 � 18 -92 � 19 330.8� k�� t{_��� | 53.7� r�� |{_r�� | 0.519 � 2.5 � 1 K {!p
KJGM4-256-5 SiC -176 � 11 -263 � 18 117.2� ts� |{�ts� z 78.0� ts� r{_r�� k 0.626 � 5.4 � 1 K {!p
KJGM4-271-3 SiC -410 � 11 -568 � 13 26.1� r�� j{_r�� j 29.2� r�� p{_r�� p 0.370 1.73(6) � 1 K {�t
KJGM4-335-6 SiC -249 � 14 -375 � 13 234.7� ��� p{��q� � 63.0� ts� r{_r�� k 0.475 5.73(42) � 1 K {_j
KJGM4-39-3 SiC -151 � 15 -255 � 11 82.2� r�� �{_r�� � 71.9� jq� |{�jq� x 0.068 1.41(4) � 1 K {�t
KJGM4-40-8 SiC -350 � 6 -691 � 9 2224� twp�t{�tstu� 31.6� r�� j{_r�� j 0.481 2.64(7) � 1 K {�t
KJGM4-59-4 SiC -330 � 75 -467 � 36 119.3� jq� t{�jq� r 66.1� r�� �{_r�� � 0.443 1.62(1) � 1 K {�t
KJGM4-49-7 m%o p y x -229 � 10 -359 � 9 82.7� �q� |{_|�� x 38.8� jq� �{�jq� x 3.852 � 1.2 � 1 K {!p
KJGM2-105-14 SiC -156 � 21 -197 � 16 119.4� jq� r{�ts� k 110.4� p�� |{!p�� x 0.112 � 7.6 � 1 K {!x
KJGM2-109-2 SiC -314 � 13 -308 � 10 31.0� r�� �{_r�� � 48.1� r�� �{_r�� � 0.999 1.98(5) � 1 K {�t
KJGM2-141-6 SiC -319 � 24 -593 � 12 316.6� k�� t{_��� | 73.2� ts� �{�ts� � 0.204 � 6.9 � 1 K {!x
KJGM2-182-6 SiC -244 � 41 -381 � 36 274� jlr{�tu� 66.9� jq� j{�jq� r 0.620 � 2.5 � 1 K {!p
KJGM2-231-1 SiC -130 � 12 -199 � 15 35.6� r�� |{_r�� | 34.8� r�� |{_r�� | 0.159 2.18(6) � 1 K {�t
KJGM2-232-2 SiC -111 � 19 -101 � 38 236� zsj{_ps| 44.1� zq� z{_x�� x 0.702 1.02(12) � 1 K {�t
KJGM2-235-2 SiC -309 � 20 -504 � 17 150.5� ��� �{��q� k 54.6� ts� k{�ts� � 0.208 2.57(25) � 1 K {�t
KJGM2-243-9 SiC -448 � 16 -535 � 15 43.9� ts� r{_r�� k 20.5� r�� �{_r�� � 0.175 1.06(62) � 1 K {�t
KJGM2-244-6 SiC -301 � 13 -433 � 16 603� xsk{_x7j 25.8� r�� k{_r�� � 0.056 2.31(48) � 1 K {_j
KJGM2-254-3 SiC -177 � 12 -248 � 11 193.2� p�� �{_p�� � 56.4� p�� z{_p�� t 0.066 � 5.0 � 1 K {!x
KJGM2-264-13 SiC -81 � 13 -119 � 29 73.9� ts� �{�ts� | 164.5� �q� k{_�q� j 0.256 � 7.7 � 1 K {!x
KJGM2-288-1 SiC -208 � 19 -277 � 20 209.2� p�� k{_p�� � 66.2� ts� j{�ts� j 0.687 2.57(5) � 1 K {�t
KJGM2-290-2 SiC -235 � 10 -309 � 8 49.0� r�� �{_r�� � 71.1� ts� k{�ts� � 0.694 1.55(3) � 1 K {�t
KJGM2-293-2 SiC 123 � 21 -363 � 40 96.8� ts� |{�ts� z 34.5� r�� |{_r�� | 0.156 3.46(14) � 1 K {_j
KJGM2-3-2 SiC -295 � 26 -458 � 24 454� tu�{�tuz 49.3� ts� r{�ts� r 0.210 3.58(35) � 1 K {_j
KJGM2-312-2 SiC -314 � 6 -461 � 7 489� twx{�twx 70.2� r�� k{_r�� � 0.643 1.93(3) � 1 K {�t
KJGM2-35-8 SiC -282 � 7 -413 � 7 157.8� zq� �{�zq� x 69.3� �q� t{�zq� k 3.011 1.79(3) � 1 K {�t
KJGM2-50-8 SiC -198 � 25 -353 � 22 78.3� jq� p{�jq� j 112.3� |�� �{!|�� r 0.092 6.95(78) � 1 K {_j
KJGM2-55-5 SiC -307 � 7 -599 � 8 999� �s�{��sz 47.2� r�� x{_r�� x 0.866 2.49(5) � 1 K {�t
KJGM2-66-3 SiC -130 � 8 -205 � 9 74.7� jq� �{�jq� | 85.7� jq� |{�jq� x 0.251 1.36(5) � 1 K {�t
KJGM2-67-17 SiC -148 � 15 -244 � 12 114.3� ts� �{�ts� � 59.4� r�� |{_r�� | 0.890 1.54(2) � 1 K {�t
KJGM2-9-6 m%o p y x -44 � 38 -31 � 29 32.5� ts� t{�ts� r 100.9� |�� �{_zq� k 1.982 6.67(40) � 1 K {_j
KJGM2-155-5 m%o p y x -190 � 11 -326 � 10 168� twp{�tst 76.5� ts� �{�ts� | 12.213 2.16(5) � 1 K {�t
T8D1-100-9 m%o p y x -333 � 15 -445 � 13 88.6� zq� p{_x�� � �3�3� �7�3� �7�3�
T8D1-309-4 m%o p y x -115 � 29 -195 � 26 99� tuz{�tuj �3�3� �7�3� �7�3�
IN28bB-21-3 SiC -374 � 3 -448 � 5 881� tuj{�tst 47.2� r�� z{_r�� z 0.482 �7�3�
IN28bB-52-13 SiC -231 � 16 -361 � 14 133.3� zq� |{�zq� j 44.6� x�� j{_p�� z 0.478 �7�3�
IN28bB-32-2 m%o p y x -78 � 25 -185 � 23 61.8� twr�� r{��q� | 99.7� tuzq� |{�tsts� k 4.570 �7�3�
AF15bB-205-3 SiC -645 � 6 -612 � 6 2730� xsk7z{_ps|sp �3�3� �7�3� �7�3�
AF15bB-351-5 SiC -485 � 33 -344 � 39 321� �l|{�zsj �3�3� �7�3� �7�3�
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Appendix E

Transformation of Coordinate Systems

Presolargrain studiesoften involve analysisof the samegrainsin different instruments,

especiallythe SEM and ion probe. Becauseit can be difficult and time consumingto

re-locatemicron-sizedobjectsbetweendifferent machines,a methodwas developedto

transformrelatively easilybetweenthecoordinatesystemsof thedifferentsamplestages.

Essentiallya few grains(or other“reference”points)arefoundin bothcoordinatesystems,

establishingthetransformationparameters.Giventheseparametersa setof coordinatesin

onesystemcanbepredictedin theother.

Weconsiderthetransformationbetweentwo coordinatesystems,assumingrotation

and translationonly. We will refer to coordinatesin the first systemby �=�;� and in the

secondby �� �_�  . If thesecondcoordinatesystemis translatedby �f¡ ,  �¡ androtatedby angle¢
, comparedto thefirst, theequationsof transformationare:

�� £ �E¤¦¥�§ ¢@¨ �©§ <«ª ¢]¨ �f¡ (E.1)

�  £ ¬ �E§ <«ª ¢]¨ �­¤®¥�§ ¢]¨  �¡�¯
Thetransformationis uniquelydeterminedby the four parameters¤¦¥�§ ¢ , § <«ª ¢ , ��¡ ,

and  X¡ . If theseareknown onecanpredict the coordinatesin onesystemknowing the

coordinatesin theother. Thesimplestmethodis tofind twodifferentpointsin bothsystems;

plugging the coordinatesin above gives four equationsthat can be solved for the four

unknown transformationparameters.However, becauseof thingslike mechanicalslop in
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samplestagesandespeciallyhumanerrorin lining differentpointsupexactly, abetterway

is to find severalpointsin bothsystemsandsolvefor the“best” transformationparameters,

asdescribedbelow.

With thetransformationparameters:

° £ ¤¦¥�§ ¢± £ § <«ª ¢² £ ��¡
³ £  X¡

andgivenN referencepointswhosecoordinateś ��µ �  �µ �¶���µ ��� �µ �F· £ \ ¯!¯!¯ 8R¸ aredetermined

in bothsystems,the“best” valuesof theparameterswill be theoneswhich minimizethe

totaldistancebetweenpredictedcoordinatesandactualcoordinates,¹ :

¹ £»º µ ´ ° ��µ ¨ ±  �µ ¨ ² ¬ ���µ ¸ 2 ¨ ´ °  �µ ¨ ± ��µ ¨ ³ ¬ � �µ ¸ 2 ¯
To minimizeD, we take its partialderivativeswith respectto ° � ± � ² , and

³
andsetthemto

zero.Theresultingfour equationsmaybewritten in matrix form (afterunshown algebra):¼½½½½½½½½½½½½
¾

¿ ^ À Á
^ ¿ Á ¬ À
À Á ¹ ^
Á ¬ À ^ ¹

ÂnÃÃÃÃÃÃÃÃÃÃÃÃ
Ä

¼½½½½½½½½½½½½
¾

°
±
²
³

ÂnÃÃÃÃÃÃÃÃÃÃÃÃ
Ä
£

¼½½½½½½½½½½½½
¾

Å
Æ
Ç
È

ÂnÃÃÃÃÃÃÃÃÃÃÃÃ
Ä

(E.2)

with

¿ £ º µ ´ ��µ 2 ¨  �µ 2 ¸
À £ º µ ��µ
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Á £ º µ  �µ
¹ £ 8Å £ º µ ´ ��µ ���µ ¨  �µ � �µ ¸Æ £ º µ ´  �µ ���µ�¬É��µ � �µ ¸Ç £ º µ ���µÈ £ º µ � �µ�¯

SolvingEquationE.2for ° � ± � ² and
³

gives:

¼½½½½½½½½½½½½
¾

°
±
²
³

ÂnÃÃÃÃÃÃÃÃÃÃÃÃ
Ä
£ \¿ ¹ ¬ À 2 ¬ Á 2

ÊËËËËËËËËËËËËËËËËËË
Ì

¹ Å ¬ À Ç ¬ Á È
¹ Æ ¬ Á ÇÍ¨ À È
¬ À Å ¬ Á Æ ¨ ¿ Ç
¬ Á Å ¨ À Æ ¨ ¿ È

Î�ÏÏÏÏÏÏÏÏÏÏÏÏÏÏÏÏÏÏ
Ð

¯ (E.3)

Thus, given a set of referencepoints in two coordinatesystems,one may use

Eqn.E.3 to determinetheappropriateparametersneededto predictthe transformedcoor-

dinatesof pointswith Eqn.E.1. In practice,a PV-WAVE computerprogram(“transform”)

is usedto input referencepoint coordinates,calculatethe transformationparametersand

predictcoordinatesof otherpoints. If several referencepointsscatteredacrossa sample

mountareused,coordinatespredictedusingthismethodareroutinelywithin Ñ 5Ò m of the

actualcoordinates.
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