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ABSTRACT OF THE DISSERATION
Quantitatve IsotopicRatiolon Imagingandits
Applicationto Studiesof Presered Stardusin

Meteorites
by
Larry RogerNittler

ProfessoRobertM. Walker, Chairperson

Thisthesisreportson anew ion imagingtechniqueor theautomatiadetermination
of isotopicratiosin micron-sizeddustgrains. In this technique mass-filteredsecondary
ion images,producedby an ion microprobe,are digitized by a chage-coupleddevice
(CCD) cameraand image processings usedto quantitatvely determineisotopicratios.
The softwarealgorithmsdevelopedfor imageanddataprocessingredescribedn detail.
lon imagingwas usedto efficiently find raretypesof isotopically highly anomalouscir-
cumstellardustgrainsin acid-resistantesiduesof primitive meteorites.These“presolar”
grainsformedin distantstarsbeforethe formationof the solar systemand provide new
informationaboutastrophysicaprocessesIwo ion imagingstudiesof presolargrainsare
reportedhere. First,imagingof 1°O/'#0 ratioswasusedto find 87 presolaroxide grains
(primarily Al,O3) in meteoriticresidues.Thesegrainswerefurtheranalyzed usingstan-
dardtechniquesfor theirisotopicratiosof O andMg. Comparisorof theirisotopicratios
with astronomicabbsenationsandtheoreticalpredictionsandicateshatmostor all of the
grainsformedin red giant stars. Many individual starswith differentmassesand initial
compositionsarerequiredto explain the rangeof isotopic compositionsobsenred in the
grains. Someof the grainshave compositionsunlike thosepredictedby standardstellar
modelsandthis mayindicatethatnon-standardnixing processesccurredn the progeni-

tor stars.Onegroupof Al,O3 grainsprovidesa new, albeitmodel-dependentnethodfor



determininghe ageof our galaxy Secondimagingof 22Si/*’Si ratioswasusedto identify
a large numberof circumstellarSiC grainsof type X, aswell asa new presolarphasen
meteoritesSizN,. Thesegrainsmake up a smallfraction (~1%) of presolarSiC present
in meteorites.A total of 81 grainsX and6 presolarSizN, grainswereanalyzedor their
isotopic compositionsof C, N, Si, Al-Mg, CaandTi. The isotopic signaturesof these
grainspointto anorigin in Typell supernwae,but importantdiscrepanciesxist between

theobsenedcompositionandcurrentsuperngamodels.
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Chapter 1

Intr oduction

The Sunis amassof incandescerngas
A giganticnuclearfurnace
Building hydrogeninto helium
At atemperaturef millions of degrees
They Might be Giants
We arestardust

Joni Mitchell

1.1 Astronomyin the Laboratory: Stardustin Meteorites

We areindeed"stardust’in the sensehatour bodiescontainatomsthat, like most
elementandtheirisotopesn the SolarSystemweremanugcturedoy nuclearreactionsn
stars.However, this thesisis concernedvith stardusin a moreliteral sensepnamelywith
dustgrainsthatformedin stellaratmospheresr in expandingsupernea ejectaandhave
beenrecoveredfrom primitive meteoritesThis processs illustratedby the cartoonshowvn
in Figure 1.1: dustgrainswere ejectedinto the interstellarmediumby differenttypesof
stars,becamepart of the molecularcloud from which the Solar Systemcondensedand
weretrappedin primitive meteorites.We canliberatethe presolargrainsof stardustoy
chemicallyprocessingneteoritesn thelaboratory Becausehesegrainshave survivedes-

sentiallyunchangedincetheir formation,they retaintheisotopicandchemicalsignatures
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Figurel.1: Cartoonillustratingthe processy which stardusformedin stars,wasmixed
into the interstellarmedium,wasincorporatednto the Solar Systemandis now extracted
from meteorites



of their stellarsourcesandsene asdetailedprobesof physicalandchemicalprocessethat
occurinsidestars.The laboratorystudyof stardusin meteoritess thusa complementary
techniqudo obsenationalastronomyor obtainingdiverseastrophysicaihformationabout
stellarevolution andnucleosynthesisnixing processes stars the physicalandchemical
conditionsof stellaratmosphereandthe chemicalevolution of the Galaxy

In someways, stardusistudiesareforming the basisof a new “laboratoryastron-
omy” Insteadof relying on remoteobsenationsfor the elucidationof certainstellarprop-
erties,especiallychemicalandisotopiccompositionsye cananalyzeactualpiecesof stars
in the laboratory usingmassspectrometerand electronmicroscopessour “telecopes.
Someof the instrumentatiorof traditional astronomyhaseven carriedover to this new
astronomy One of the basictools of the modernobsenationalastronomerthe chage-
coupleddevice (CCD) camera,plays a fundamentakole in this thesis,althoughherea
CCD camerads attachedo theendof aion microprobensteadof to atelescopelt is really
quite profoundthat detailedinformationaboutobjectsaslarge asred giant stars(of order
10%° kg) canbe obtainedthroughthe analysisof grainsat mosta few micronsin diameter
(~ 1071 kg).

This chapterwill provide somebackgroundn this new astronomy My primary
purposes to make clearthe typesof astrophysicainformationthat canbe gleanedirom
stardustn meteoritesnot to provide an exhaustve review of this rapidly-graving field.
More detailedbackgroundnformationon presolargrainsmay befoundin reviews by An-
dersandZinner(1993),0tt (1993),andZinner(1995;1996). Note, however, thatbecause
thisis anew andexplosively-growing field (thefirst presolamgrainswereisolatedin 1987),
reviews maysoonbeoutof date.Thereadeiis thusencouragedb seekoutthe currentsci-
entificliteraturein additionto thereferencesitedhere.Theinterpretatiorof presolaigrain
datais intimately tied to theoriesof stellarevolution andnucleosynthesisA good, brief

introductionto this subjectcanbefoundin thereview paperby AndersandZinner(1993).



For morein-depthinformation,thetextbooksby RolfsandRodne (Rolfs& Rodne, 1988)
andClayton(1983b)areindispensable.

Finally, the nomenclaturdoundin the literatureis somevhat confusing,so a few
wordsof clarificationareneededThewords“presolay” “interstellag” “circumstellay” and
“stellar” have all beenusedto describegrainsof stardusfoundin meteoritesin particulay
“interstellar” waswidely useduntil about1995, but hassincefallenout of favor, because
the grainsstudiedherehave little in commonwith mostof what astronomergonsideras
interstellardust. Clayton(1978)hassuggestethe useof theacroryms“STARDUST” and
“SUNOCONS"to describggrainsthatformedin stellaratmosphereandsuperneaejecta,
respectrely, but theseermshave notgainedacceptancby otherresearcherdn thisthesis,
| will primarily describegrainsof stellarorigin as“presolar’and“circumstellay” with the
lattertermgenerallyreseredfor grainsthatlik ely formedin circumstellaratmospheresf

late-typestars(asopposedo aformationin superneae).

1.2 A Brief Intr oduction to PresolarGrains

Thetheoryof stellarnucleosynthesiwasfirst sketchecdbut,in mostlymodernform,
in classicpaperdyy Burbidgeetal. (1957)andCameron(1957). Stimulatedby thediscov-
ery of spectrallines from the unstableelementtechnetiumin the spectraof S-typestars
(Merrill, 1952)andby obsenationsof regularitiesin the solarsystem(“cosmic”) distribu-
tion of the elementgSuess& Urey, 1956),theseauthorsproposedhat the elementsare
synthesizedy at leasteightnuclearprocessesccurringin differentstarsunderdifferent
conditions.Theseprocessesanproduceawide rangeof isotopiccompositionssothatthe
materialejectedrom onestaris lik ely to have anisotopiccompositiorcompletelydifferent
from thatejectedby anotherstar The SolarSystemitself formedfrom a cloud of material

contributedby mary isotopicallydistinctstellarsourcesat differenttimes. However, most



of thegasanddustthatmadeup the protosolarcloudwasthoroughlyprocessednixedand
homogenizedAs a result,the isotopiccompositionf nearlyall solarsystemmaterials,
from differentiatedoodieslik e the earthto bulk sampleof undifferentiatedprimitive me-
teoritesarecloselysimilar. Mostvariationsn isotopicratiosbetweerdifferentsamplesre
dueto well understoogrocessesdecayof long-livedradionuclidesinteractionwith cos-
mic rays,andmass-dependeigotopicfractionation.In fact, until the early 1970s,it was
widely believedthatthe presolamehula hadbeencompletelyisotopicallyhomogenizedt
temperaturesohigh thatno original solid grainscould have survived.
Researchenseganto find evidencein themid 1960sindicatingthatall wasnot hot,
gaseousndisotopicallyhomogeneous the very early solarsystem. The first evidence
that someof the original solid materialfrom which the Solar Systemformedmight have
survivedintactwasthediscovery of isotopicallyanomalougomponentsf thenoblegases
Xe andNein someprimitive meteoritegReynolds& Turner 1964;Black & Pepin,1969).
Becaus®f theirvolatility, thesegasesreextremelyrarein meteoriteandtheverysurvial
of the anomalousomponentsuggestedhat they weretrappedin solid grains. Isotopic
anomaliesn suchminor constituentof meteoritesas the noble gasesdid not corvince
mary scientistgo give uptheideaof a perfectlyhomogeneousehula.! Nonethelesghese
anomalousnoble gases,as well as otherisotopically anomalousnoble gascomponents
thatwerediscoveredlater (Black, 1972; Srinivasan& Anders,1978),arenow known to
be carriedby presolargrainsthat were not vaporizedin the solarnelula. In fact, it was
the searchfor the carriersof the noble gasisotopic anomaliesthat led to the isolation

of stardustin meteorites. By usingthe noble gasesas tracers,Edward Andersand his

11t wasthe discovery by Claytonet al. (1973) of isotopic anomaliesn oxygenin refractorycalcium-
aluminume-richinclusiong(CAls) thatfinally led meteoriticistdo accepthatthe solarnelulawasisotopically
inhomogeneousA large variety of isotopicanomalieshave sincebeendiscoveredin CAls (Podosek;1978;
Wasserhrg & Papanastassiod982;Claytonetal., 1985;Claytonetal., 1988;Lee,1988). Theseanomalies
aremuchsmallerin magnitudethanthoseobsenedin the unprocessegresolargrainsstudiedin this thesis,
andprobablyreflectreprocessingnddilution of presolamaterial.



colleaguesat the University of Chicagodevelopedchemicaland physicalstrateyies for

concentratinghecarrierphasesgulminatingin thediscovery of presoladiamondssilicon
carbide(SiC), andgraphitein acid-resistantesiduef primitive meteoritegLewis etal.,

1987;Tangetal., 1988;Bernatavicz etal., 1987;Zinneretal., 1987;Amari etal., 1990).
Additionaltypesof presolaigrains whichapparentlydonotcontainnoblegaseshave since
beenfoundin the sameresidues.Theseincluderefractorycarbidesof Ti, Mo, Zr, andFe,
identifiedby transmissiorelectronmicroscoly assub-grainsn presolarSiC andgraphite
grains(Bernatavicz et al., 1991; Bernatavicz et al., 1992; Bernatavicz et al., 1996),as
well asAl,O3 (Husset al., 1992; Hutcheonet al., 1994; Nittler etal., 1994; Husset al.,

1994b)andSizN, (Hoppeetal., 1994b;Nittler etal., 1995c),identifiedby ion microprobe
isotopicmeasurements.

Although presolargrainswere originally identified by meansof their isotopically
anomalousoblegasestheir stellarorigin is confirmedby theisotopicratiosof their other
majorandtraceelementsyhich canvary over ordersof magnitude An importantdistinc-
tion shouldbenotedbetweerthediamondsandtherefractorycarbidesub-grainsywhichare
toosmallto analyzandividually (~2nmand5-200nmrespectiely), andtheotherpresolar
phaseswhich canbelargeenough(> 1m) to allow isotopicanalysisof severalelements
onindividual grains. The ion microprobe with its ability to accuratelymeasurasotopic
ratiosof micron-sizedsampleshasbeenthekey instrumenfor laboratorystudiesof single
grainsof stardust. For example,the isotopicratios of several elementsjncluding C, N,
O, Mg, Si, CaandTi, have beendeterminedoy ion probemassspectrometryn a large
numberof individual presolarSiC and graphitegrains,andshowv a tremendougliversity
(Alexander 1993;Hoppeetal., 1995;Hoppeetal., 1996b).

Sincetheinceptionof nucleosynthesitheory its majorthrusthasbeenexplaining

the bulk compositionof the Solar Systemas a mixture from different stellar processes.



Much directinformationaboutthe processethemseleshasbeenobtainedby astronomi-
cal obsenationsof theelementahndchemicalabundance stars put thesearelimited in
bothaccurag andthenumberof elementghatcanbe measuredBecauséndividualgrains
of stardustcarry an unalteredchemicalandisotopicmemoryof their sourcesthey area
new sourceof informationaboutthe nucleay physicaland chemicalprocessesccurring
in specificstellarsites. It shouldbe stressedhowever, that extractinginformationfrom
presolargrainsis aniterative process.Currentideasof stellarevolution, basedon a com-
binationof existing theoryandastronomicabbsenations,are usedto infer likely stellar
sourcedor differentgrains. Precisesotopicmeasurementsf majorandminor elements
in the grains—madavith a dynamicrangeandaccurag far exceedingthatwhich canbe
achieved astronomically—ar¢henusedto testandrefinetheoreticaimodels,leadingto a
deepemunderstandingf stellarprocesses.

By farthebeststudiedpresolamphasesn meteoritesaarethethreeC-rich typesthat
were known whenthis thesisresearctbegan: diamonds,SiC, and graphite. Becauseof
their extremely small size, diamondscannotbe analyzedas single grains,and| will not
discussghemary further In the remainderof this section,l will briefly review the basic
characteristicef presolarSiC andgraphite. The otherknown presolamphasesSiz N, and

Al,O3, werecharacterizedspartof thisthesisandarediscussedh detailin laterchapters.

1.2.1 Silicon Carbide

SiC wasfirst identified (Bernatavicz et al., 1987)asthe carrierof two noble-gas
components Xe-S and Ne-E(H) (Xenon-Shasthe isotopic patternexpectedfor the s-
processof nucleosynthesisand Ne-E(H) is a 2?Ne-enrichedcomponenthat is released
at High temperature.Bincethen,a large numberof individual SiC grainshave beenana-
lyzedindividually for their isotopiccompositionf C, N, Si, Mg (alongwith Al), Caand

Ti (seeAndersandZinner 1993andthe referencesherein,Alexanderl993,Hoppeet al.



1994),andheavier elementsincluding Xe, Kr, Sr, Ba, Nd, andSm,have beenmeasureah
“bulk samples”j.e., collectionsof large numbersof SiC grains(Lewis etal., 1990;0tt &
Begemann;1990;Promboetal., 1993;Zinneretal., 1991;Richteretal., 1993).

The isotopic datafor the bulk measurementand for the vast majority of single
grains(namedthe “mainstream”population)pointto anorigin in C-rich red giantsduring
the so-calledthermally-pulsingasymptoticgiant branch(AGB) phaseof stellarevolution
(Gallinoetal., 1990;Lewis etal., 1990;Stoneetal., 1991;Viragetal., 1992;Hoppeetal.,
1994a).An AGB starorigin for mostpresolaiSiCis supportedy severallinesof evidence:
(1) thedistribution of 2C/*3C ratiosin singleSiC grains(Hoppeetal., 1994a)matcheghat
obseredin carbonstars(Smith& Lambert,1990);(2) carbonstarsarebelievedto bethe
dominantsourceof C-rich stardustn the Galaxy(Gehrz,1989); (3) the presencef SiC
in thedustyatmospheresf C-rich AGB starsis indicatedby a spectraffeatureat 11.2um
(Whittet, 1989)and(4) theisotopiccomposition®f the heary elementsneasuredn bulk
SiC samplesareindicative of the sprocessf stellarnucleosynthesiand AGB starsare
believedto betheprimaryproducersf sproceselementg{Gallinoetal., 1990).

The mainstreansiC grainshave providedinsightsinto a numberof astrophysical
processesFor example,the isotopiccompositionf the heavy traceelementameasured
in SiC have provided informationon detailsof the sfprocesshatis impossibleto obtain
by othermeang(Ott et al., 1993),and have even helpedconstrainnuclearcross-sections
(Gallinoetal., 1990). Discrepancie#n detail betweentheisotopicratiosof the light ele-
mentsmeasuredh singleSiC grainsandpredictionsof currentAGB starmodelsposenew
challengedor theoriesof stellar evolution and nucleosynthesis For instance,although
mostof the grainshave C andN isotopicratiosthatgenerallyagreewith expectationdor
carbonstars(3C and*N excesses)gertaingrainshave C- andN-isotopicratiosincom-
patiblewith currentstellarmodels(Hoppeetal., 1994a).Also, the Si- andTi-isotopicratio

trendsobsenredfor SiC do not conformwith the predictedcompositiondor slowv neutron



capturein AGB stars. A likely explanationis that the distribution of Si- and Ti-isotopic
ratiosin SiC grainsreflectscontributionsfrom differentstarswith differentstartingcom-
positions ratherthannucleosynthetiprocessesccurringin asinglestar(Alexandey 1993;
Hoppeetal., 1994a).A rangeof initial isotopiccomposition®of starswould ariseasa re-
sultof the chemicalevolution of the Galaxy andthe SiC grainsthuscanalsoprovide new
informationon this vasttopic (Gallino et al., 1994; Timmes& Clayton,1996; Clayton&
Timmes,1996).

AlthoughmostcircumstellaiSiC grainsapparentlyoriginatedn AGB stars,jon mi-
croprobemeasurements singlegrainshave alsorevealedsub-group®f presolarSiCwith
completelydifferentisotopiccharacteristicfrom thoseof the mainstreanpopulation;.e.,
“anomalousanomalies. Thefirst suchgroupidentifiedwasnamedX, sincethesegrains
eXhibit eXtremelyeXotic isotopicratios (Amari et al., 1992b). Subsequengroupswere
namedyY, Z, andwith theendof thealphabetat hand,A andB (Hoppeetal., 1994b).The
distinctisotopiccompositionf theserare sub-groupgseflecteithercompletelydifferent
typesof stellarsourcesr specialconditionsin an AGB source For example,SiC grainsX
probablyformedin superneae(Amari et al., 1992a),whereagyrainsY probablyformed
in oneor afew AGB starsthatwerefurtherevolvedthanthe AGB sourcesf mostof the
grains(Hoppeetal., 1994a).In ary case the sub-group$rovide importantnew informa-
tion, not obtainedfrom studiesof the mainstreangrains,anda majorthrustof this thesis

wasto identify morememberof raresub-group®f SiC (seebelow).

1.2.2 Graphite

Presolalgraphitewasfirst identified(Amari etal., 1990)asthe carrierof Ne-E(L)
(essentiallypure??Ne thatis releasedat Low temperature)and shavs the greatestom-

plexity of all the known presolarphases.The isotopic propertiesof the grainsvary with



size,densityandmorphologyandindicateseveraltypesof stellarsourcesincludingsuper
novae,AGB starsandnovae(Amari etal., 1990;Nicholsetal., 1992;Amarietal., 1995a;
Hoppeetal., 1995;Nittler etal., 1996a).In additionto providing informationon stellarnu-
cleosynthesiandchemicalevolution, thegraphitegrainshave providednovel information,
notyet obtainedby othertypesof presolamgrains. For example,Bernatavicz etal. (1996)
have performeddetailedstudiesof the chemical structuralandcrystallographigroperties
of individual presolargraphitegrains. They usedthesedata,alongwith thermodynamic
equilibriumandkinetic graingrowth modelsto putimportantconstraintson the rangesof
pressuretemperatureand chemicalcompositionsn stellaratmosphereand ejecta. An
exciting recentdevelopments the discovery of organicmoleculesspecificallypolycyclic
aromatichydrocarbongPAHS), in individual graphitegrains(Clemettet al., 1995; Mes-
sengeret al., 1995). Someof thesemoleculeshave anomalous?C/*3C ratioscorrelated
with thoseof thegrains.Thisindicateghatsomeof theobsered PAHs formedeitherfrom
the C atomsof individualgrainsor in closeproximity in time andspaceo theformationof

thegrains,i.e., in thesamestellarsource.

1.2.3 PresolarGrains and Meteorites

Presolamgrainsarepresenin the leastmetamorphose(l.e., the most“primiti ve”)
membersof all chondriteclassegAlexanderet al., 1990a;Huss,1990; Huss& Lewis,
1994). The pristine,unalteredhatureof the grainsmeanghatthey cannotin andof them-
selvesprovide muchdirectinformationaboutprocesses the early Solar System.How-
ever, the extentto which they have survivedin differentmeteoritesanddifferenttypesof
meteoritescanprovide cluesto thethermalhistory of differentmeteoriteclassesandthus
potentiallyto the thermalhistory of the solarnehula (Huss& Lewis, 1994). The largest
surwey to dateof the relatve alundance®f presolamphasesn differentmeteoriteHuss,

1990;Huss& Lewis, 1994)did notmeasureresolagrainalundanceslirectly, butinstead
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usednoble-gasneasurements infer abundancesf known, noble-gagarryinggrains.An
ongoingprojectat WashingtonUniversity involvesthe detailed,direct characterizatiomf
differentpresolamphasesn differentmeteoritesy correlatedon probe,SEM, andnoble-
gasmassspectrometrymeasurementsThis thesisrepresentgust one small part of this

grandsuney.

1.3 The Work of This Thesis

As discussedbore, the ion microprobehasprovento be an essentiatool for the
isotopiccharacterizatiomf individual micron-sizedpresolargrainsin meteorites.Tradi-
tionalion probemeasurements singlegrainsarerelatively time-consuminghowever. As
aresult,it is quitedifficult to find andcharacterizén appreciabl@iumbersertainraretypes
of grains,suchasthe X andY sub-group®f presolarSiC. Thisthesisdiscussea new ion
imagingtechniquefor rapidly andautomaticallydeterminingisotopicratiosin smalldust
grains.Theimagingtechniquds usedprimarily to “map” isotopicratiosof large numbers
of grainsin orderto identify isotopicallyanomalougyrains. Oncefound by ion imaging,
thesemay be studiedin detail by othertechniquesFor example,their isotopicratiosmay
bedeterminedisingtraditionalion microprobetechniques.

lonimagingwasusedhereto identify member®f two generatlasse®f rarepreso-
lar grains. First, imaging of *¢O/!80 ratios was usedto identify presolaroxide grains,
Al,O3 andMgAl, Oy, in acidresidueof anumberof meteoritesPriorto thiswork, known
presolargrainswereall carbonaceouand providedinformationaboutC-rich stellarsites.
Theresultspresentedherehave extendedthe studyof presolargrainsto materialfrom O-
rich stars,andthushave broadenedhe typesof astrophysicainformationobtainedfrom
studiesof stardusin meteoritesSecondjmagingof 28Si/*°Si ratioswasusedto identify a

large numberof presolarSiC grainsof type X (seeabove). As abonus,Siion imagingalso
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resultedin the unambiguousdentificationof a new presolarphasein meteoritesSizNy,
whichis isotopicallysimilarto SiC grainsX. Theseresultsincreasedhe SiC-X datasetby
afactorof ~10andprovidedstrongevidencefor a supern@aorigin of thegrains.

The experimentalproceduresisedfor this researclarediscussedn Chapter2. In
additionto a review of the basicproceduredor ion probeanalysisof isotopicratiosin
small dustgrains,the new ion imaging systemis discussedn detail, asarethe software
algorithmsdevelopedfor imageanddataprocessingChapter3 describegsheion imaging
andhigh-mass-resolutiomeasurementesultsof my presolaroxide grain studiesin dif-
ferentmeteorites.The astrophysicaimplicationsof the oxide grain dataare discussedn
detailin Chapterd. Chapters presentghe resultsof ion imagingsearchesor grainswith
unusuaP®Si/*°Si ratios,including a discussiorof the relative abundance®f presolarSiC
grainsof type X andpresolarSizN, in four differentmeteoritesof widely differing type.
Discussion®f theisotopiccompositionsaandastrophysicaimplicationsof the SiC grains
X andpresolarSiz N, have beenpreviously published(Nittler etal., 1995c;Nittler, 1996),

andthesepapersarereproducedn the Appendices.
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Chapter 2

Experimental Techniques

2.1 SamplePreparation and Characterization

All samplesliscussedh this thesiswereproducedy chemicalandphysicalsepa-
rationsof chondriticmeteoritesusingproceduresriginally developedat the University of
Chicago.Descriptionsof the basicseparatiorproceduresanbefoundin Tang& Anders
(1988)andAmarietal. (1994).Samplesrom residuesf MurchisonandOrgueil prepared
attheUniversityof Chicagowerekindly providedby Roy Lewis andSachilo Amari. Sam-
plesfrom Tieschitz,IndarchandAcfer 094werepreparedat Washingtorniversityby Xia
Gaousing a slightly modified versionof the Chicagotreatments.Dust grainsfrom the
meteoriticresiduesvereputinto isoproponakuspensioanddepositedn sputtercleaned
goldfoils pressednto aluminumstubs.Thetechniqueusedto make thegold mountsis de-
scribedby McKeggan(1987a). Terrestrialstandardgor ion probeisotopicmeasurements
wereplacedon the samplemountsusinga micromanipulatar

Eachsamplemountwascharacterizedor grainsize,dispersioron the mountand
composition,using a JEOL 840 scanningelectronmicroscope(SEM) equippedwith a
TracorNorthernenegy-dispersre x-ray (EDX) system.TheEDX systemusesa Li-drifted
Sidetectotto detectx-raysgeneratedby electronbombardmendf thesample Thedetector
is coveredwith an*“ultrathin” window, allowing x-raysfrom light elementgC, N andO)

to beidentifiedin enegy spectraTypically, asmallregion (~ 250x 250 zm) of eachgrain
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mountwaschosenby eye ashaving an“average”graindensity Therelatve numbersof
differentmineralphase®n eachgrain mountweredeterminedrom EDX spectreof each
grainin the selectecarea. EDX spectrawerealsousedto determinethe compositionof
presolagraincandidategdentifiedby ion imagingin theion microprobgseebelon). Note
thatmineralphasesvereidentifiedby qualitatve comparisorof EDX spectraof samples

with thoseof standardspot by precisequantitatve analysis.

2.2 Secondarylon Mass Spectrometry

All isotopicratio measurementsereperformedoy secondaryon massspectrom-
etry (SIMS) on the WashingtonUniversity CAMECA IMS-3F ion microprobe. This in-
strumenthasbeenextensvely modifiedto allow routineisotopicanalysisof smallgrains.
Two distincttypesof isotopicmeasurementserecarriedout. First,alow-mass-resolution
ion imagingtechniquewvasusedto “map” samplemountsandidentify isotopicallyhighly
anomalougrains. The developmentof this techniqudies at the heartof this thesisandis
describedn depthin § 2.3and2.4. Secondfollowing SEM characterizatioifjseeabove),
presolamgraincandidatesverere-locatedn theion probeandanalyzedat high massreso-
lution, usingwell establishedechniquedor isotopicratio analysis.

The designof the IMS-3F ion probe has beendescribedin detail by Lepareur
(1980). In addition, a wealth of information on the design,modifications,characteriza-
tion andusefor isotopicratio measurementsf theIMS-3F canbefoundin thePhDtheses
of McKeggan(1987a)andFahe (1988)andin review paperdy Zinner(1989)andlireland
(1995). Thesedetailswill only bebriefly reviewedhere.
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2.2.1 Overview of the IMS-3F

In SIMS, a beamof “primary” ionsis acceleratedo an enegy of order 10 keV
andfocussedntothe samplebeingstudied. The collisionsbetweerprimaryionsandthe
surfaceresultin particles(atoms electronsmoleculesmoleculefragmentsgtc.) beingre-
moved(sputteredjrom thesurface.A smallfractionof theseparticless ionizedduringthe
sputteringorocessaindthesearethe secondaryonsin “secondaryion massspectrometry
Thesemaybeacceleratetb severalkeV, separatedccordingo theirmassn amassspec-
trometer anddetectedlsotopicratiosaredeterminedy ratioingsecondaryon intensities
for differentisotopes.

Theion opticaldesignof the CAMECA IMS-3F secondaryon massspectrometer
(ion microprobe/microscope)s shavn schematicallyn Fig. 2.1. The primary columnis
equippedwith two ion sources:a cesiumgun anda duoplasmatronCs' ions produced
by thermalionizationat atungsterfritt areusedto producenegative secondaryons,while
160~ ionsproducedn ahollow-cathodeplasmadischagein theduoplasmatroareusedio
producepositive secondariegAlthoughthe duoplasmatroeanalsoproduce'®O+ ionsor
primaryionsof othergasesik e argon,only 0O~ ionswereusedfor measuremenia this
thesis.)Usingelectropositie Cs" ionsasaprimaryion beanmspeciediastheadvantagehat
cesiumlowersthework functionof the surface,enhancingheyield of negative secondary
ions by mary ordersof magnitude.Similarly, electrongatve O~ ionsincreasethe yield
of positive secondaryons. Primaryions of 10-12keV enegy are extractedfrom either
sourcemass-selecteid amagnetiqrism,andfocussedvith aseriesof electrostatidenses
anddeflectoroontothe sample ata nominalincidentangleof 60°.

The sampleitself is nominally keptat a voltage+4.5 kV, with respecto ground,
with thesigndependingon thepolaritiesof thesecondaryons(- for Cs"/negy. secondaries;

+ for O~ /pos. secondaries).Sputteredions from the sampleare acceleratedowardsa
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Figure2.1: A schematiaiagramof the ion-opticalsystemof the CAMECA IMS-3F ion
microprobe(draving courtesyof Trevor Ireland).



groundedextractionplatethatsits five mm from the sampleandformsthefirst elementof
the“immersion”lens. Theextractionelectrodeactslik e adivergentlensandformsavirtual
imageof thesamplesurfaceandavirtual cross@er. Thecrosseerimagereflectsheenegy
andangulardistributionsof thesecondaryons;anion with kineticenepgy E thatleavesthe
sampleatangled, relative to normal,appear$o comefrom a pointonthecross@erimage
a distanceproportionalto E'/? sin § from the optical axis. Theimmersionlenstransports
the two virtual imagesfrom the high-field extractionregion into the field-free secondary
column.

Theremainderof theion-opticalsystemsenesto magnifyandtransportheseim-
agesthrougha double-focusingnassspectrometeand onto ion detectors. The transfer
lenssystemmagnifiesthe sampleimageandfocusest ontothe field aperturewhich can
be usedto maskout secondaryons from unwantedpartsof the samplesurface. Simul-
taneouslytheselensesocusthe cross@er imageonto the planeof the contrastaperture,
which restrictsthe diameterof the crosseer. Becauseéhis reduceghe angulardivergence
of the detectedsecondaryons, the spatialresolutionof theion imageincreasessthethe
size of the contrastapertureis decreased.The improved imageresolutioncomesat the
expenseof reducedsensitvity, however, sincea fraction of sputteredons areblocked by
theaperturdrom reachinghedetector Theentrancgsourceslit of themassspectrometer
alsolies in the focal planeof the cross@er andis usedto producea vertical line image
of the crosswer, neededo distinguishbetweersecondargpecief closelysimilar mass
(high massresolution). Although the threetransferlensesprovide a wide rangeof mag-
nifications,all measurementeportedin this thesiswere performedwith only the second
transfedensenepgized,resultingin a 150-20Q:m imagedfield. This settinghaspreviously
beenfoundto beidealin termsof spatialresolution/sensitvity for isotopicratio measure-
mentsat high-mass-resolutioMcKeegan,1987a;Fahey, 1988).

Themassspectrometeof the IMS-3F consistof a sphericaklectrostatianalyzer
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(ESA) and a magneticprism. It is called double-focusingpecauseat focusessecondary
ionsof agivenmasgo chage (m/q) ratio to thesamepositionregardles®f enegy. Of key
importanceo thisthesisis thefactthatthe massspectrometecantransporion imagespy
meansof anelectrostatidens(“spectrometetens”) couplingthe ESA to the magnet.The
ESAtransportanimageof the crosseer dispersedn enegy alongtheradialdirectionof
theESA.Theenenpy slit allows only ionsof agivenbandwidthof enegiesto passhrough
to the magneticprism. This is usefulboth for reducingchromaticaberrationsof the ion
imagesandfor discriminatingagainstcomple« molecularinterferenceswhosesecondary
ion enegy distributionstendto be much more narrav thanthoseof atomicions. This
latter “eney filtering” technique(Zinner & Crozaz,1986)hasprovento be mostuseful
for trace-elementhemicalanalysesbut hasbeenappliedin a few casedo isotopicratio
measurementaswell (Zinneretal., 1991; Hervig & Steele,1992; Riciputi & Paterson,
1994).

Following the enegy slit andthe spectrometelens(Fig. 2.1) is a magnetigprism,
which disperseghe beamin the massto chage ratio andenepgy. The enegy-focussed
imageof the entranceslit is selectedor ions of a given m/q by changingthe currentin
the magnetcoils, andis focussedn the exit slit, which in turn masksout unwantedions
from interferingmasspeaks.The secondaryons selectedy the exit slit impingeon one
of threepossibleion detectors—amicrochannebplate/ fluorescentscreen(MCP/FS),an
electronmultiplier (EM), or a Faradaycup. For ion imaging,two projectorlensesareused
to transportarealimageof eitherthe sampleor thecrosseerontothe MCP/FS.

Isotopicratio measurement®portedn this thesiswereperformedusingeitherthe
MCP/FSimaging detector(describedn detail below in § 2.3) or the EM operatingin a
pulse-countingnode. The EM pulse-countingystemhasbeendiscussedy Fahey (1988)
andwill not be describedfurther here. The Faradaycup detectorwas not usedfor ary

measuremennseportemere.
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2.2.2 High-mass-resolutionisotopic Ratio Measurements
Overview

Becausealetailedtreatment®f isotopicratio measurementsy SIMS maybefound
elsavhere(McKeeganetal., 1985;McKeeggan,1987a;Fahey, 1988;Zinner, 1989;Ireland,
1995),in this sectionl only briefly discussthe specificexperimentatechniquesisedfor
the high-mass-resolutiorsotopicratio measurementgresentedn this thesis. | pay par
ticular attentionto the specialconsiderationsequiredto analyzevery small (<3um) but
isotopicallyhighly anomalouslustgrains.

Isotopic measurementare madein an automaticpeak-jumpingmode,wherethe
magneticfield is cycled througha seriesof masspeaks,and secondaryion signalsare
countedon the electronmultiplier for presettimesat eachpeak. A measurementonsists
of mary suchcycles, arbitrarily divided into blocksof four cycleseach. Countratesare
correctedor countingsystemdeadtimdossesasa matterof coursefollowing Fahey etal.
(1987).However, deadtimecorrectionsareonly significantfor high countrates(>, 5 x 10°)
andarengyligible for the smallgrainsreportedchere whosemaximumcountratesaretypi-
cally < afew times10! c/s. Priorto ameasurementhemagnetidield settingscorrespond-
ing to thecenterf differentmasspeaksareautomaticallydeterminedafterbeingroughly
setmanuallyby the user).At leastonepeakis centereduringthefirst cycle of eachmea-
suremenblock; peakshiftsin the centeredoeak(s)are usedto determineshifts for those
thatarenotindividually centered Samplechaging is monitoredthroughoutthe measure-
mentby periodicallycheckingthe positionof the secondaryon enegy distributionin the
eneqgy slit andoffsettingthe acceleratingroltage,if necessaryto keepa constanenepgy
band-passWhenmeasuringgsmallgrains,suchasthoseanalyzedn this thesis,secondary

ion beamintensitiesendto declinerapidly duringa measuremerdsthe grainsareeroded
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away. Sinceion countingof differentmasspeakswithin a cycle is donesequentiallyin or-
derof increasingnassthechangan countratesmustbetakeninto accountor the heavier
masspeakswill be underestimatedelative to the lighterions. Within eachmeasurement
block, the dataare correctedby fitting a straightline to the measureaountratesof the
mostalundantisotopeasa function of time andinterpolatingthe intensitiesof the other
isotopesaccordingo thetimesatwhichthey areacquired.

For theisotopicratio measurementeportedhere the above stepswerecarriedout
usingone of two programswritten in BASIC, on the HP9845Bion probecontrol com-
puter:“ISON-9” or “ISO-LO” (or theearlierversions ISON-8;" or “ISO-HLI.”). Theseare
the latestgeneratiorof a generalisotopicmeasuremergrogramoriginally developedand
written by ErnstZinner. Thetwo areessentiallyidenticalexceptin the way isotopicratios
andtheiruncertaintiemrecalculatedrom secondaryon intensities.Thebasicstructureof
theseprogramshasnot changedn mary yearsandis describedn McKeegan(1987a).The
primary additionl have madein goingfrom ISON-8to ISON-9 (andISO-HI to ISO-LO)
is the ability to selectat the beginning of eachmeasuremerthe isotopesof a massseries
to bemeasuredThisis usefulfor presolargrainmeasurementsheredifferentgrainsmay
have widely varyingtrace-elementoncentrationsOnecansetup the programto measure
isotopicratiosof mary elementsandthenfor a givengrainonly measurghoseelements
thatareactuallypresentita measurabléevel.

After a presetnumberof blocks,the measuremens completedandisotopicratios
andtheiruncertaintiegredeterminedprintedandtransferredsia serialline (RS-232)from
theHP9845Bto a Silicon GraphicsAD/35workstationfor furtherprocessingTheprogram
ISON-9 calculatessotopicratiosfor eachblock, from the time-correctedountrates,and
givesthe final resultas the averageof the block ratios; the uncertaintyis the standard
errorof themean.ISO-LO, ontheotherhand,assumethattheuncertaintydueto counting

statisticddominate®verothersource®f error This programdoesnotcalculateanisotopic
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ratiofor eachblock;insteadt calculatesfinalisotopicratiofromthecorrecteccountrates,
averagedover all blocks,andcalculatesuncertaintiesrom the overall countingstatistics.
For the isotopically highly anomalougyrainsstudiedhere, the differencesn the results
of the two programsare unimportant. However, for very small grains,the uncertaintyis
usually due primarily to countingstatisticsand ISO-LO was thus usedfor most of the

measurementis thisthesis.

Instrumental MassFractionation and Err or Analysis

The measuredsotopicratiosin a samplediffer from the true ratiosdueto mass-
dependenprocessesluring sputtering,transmissiorand detection. The effects of these
processearecollectively referredto as“instrumentalmassfractionationi. Themagnitude
of this fractionationdependstronglyon theinstrumentatuning conditions aswell asthe
chemicalcompositionof the sampleandthe elementbeinganalyzed.Thus,it is important
to measurasotopicstandardsisingidenticalinstrumentuning conditionsto thoseof the
unknovns. Measuredatiosin thesamplecanthenbenormalizedo theknown ratiosof the
standardshut caremustbetakento fold theuncertaintiesn the measuremendf standards
into theanalysisof theunknawvns.

Isotopicratiosarecustomarilyreportedasd-valuesdeviationsin permil (%o) from
standardatios. Although this notationis not really appropriateor the large isotopicef-
fectsoftenobseredin presolargrains,it wasusedhereto normalizeisotopicratio mea-
surementsmostly becausehe dataanalysisprogramswerewritten thatway. Denotinga
samples measuredndtrue isotopicratiosby R,, and R;, respecirely, andthe isotopic

ratio of thenormalizingstandardy R,, themeasure@ndtrue §-valuesaredefinedas:

Ry,
= —1|-1
Om [Ro ] 000
R
b = [E’f - 1] -1000 (2.1)
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andtheinstrumentamassractionationis definedas

F— [% — 1] -1000 . 2.2)

t

By combiningequation®.1and2.2,thetrue deltavaluecanbe obtainedrom §,, andF:

O + 1
5, = om 1900 600 (2.3)
1 F
+ 7000
with associateérror:
1 5\’
o=—" ofn—i-(l—i——) o (2.4)
1+ 15 J 1000

Following McKeegan (1987a),0r is takento be the standarddeviation of repeatednea-
surement®f standardsanalyzedon the givenday The value usedfor the measurement
uncertainty o,,,, dependson which programwasusedfor the analysis. |t is the counting
statisticerrorif ISO-LOwasusedandeitherthestandaraerrorof themeanor theweighted
uncertaintyof themeanwhicheveris larger, for dataacquiredusinglSON-9.
Isotopicratiosareusuallyreportedwith the mostalundantisotopeasthe denomi-
nator, reflectingthe factthatthe statisticaluncertaintyin the measuredatio is dominated
by the lessahundantisotope.For presolargrain studies however, variationsfrom grainto
grainin someisotopicratios(e.g., thoseof C, N, andO) areso large thatreportingratios
with the lessalundantisotopein the denominators preferablgparticularlyfor graphical
display).Thisis alsonecessarjor comparisorwith isotopicratiosmeasuredpectroscop-
ically in stars,which areoftenreportedwith the mostalundantisotopein the numerator
Givenanisotoperatio, R, andits correspondin@rror, oz, we canestimateheasymmetric
errorso ando;, of thereciprocalratio R’ = }lz:

— 1 1 OR
O, = = — -
E R R+or R+R-op

(2.5)
Ly v o
R—or R R:2—R-op
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If ‘% <Ll,o, ~ a;, = %—’t;, whichis the expressiorexpectedrom elementarypropaga-
tion of errors.Asymmetricerrorsin plotsandtablesthroughouthis thesiswerecalculated

usingEquation.5.

Oxygenlsotopic Measurements

Oxygenisotopeswere measuredn oxide grainsusing techniquesdescribedpre-
viously by McKeegan (1987b). The threestableO isotopesand **OH were measureds
negative secondaryonsproducediy aCs' primaryion beamata mass-resolvingower of
~5000,which s sufficient to resole 17O~ ionsfrom OH~ ions. Burmaspinel(USNM
#135273)wasusedastheisotopicstandardThe '*OH~ signalwastypically 10-100times
ashigh asthe 17O~ signalandwasfoundto comeprimarily from residualwateron the
samplemountandnot from the grains. To checkthat the tail of the !0OH~ peakdid not
significantly contritute to the 1O peak,measurementsf presolargrain candidatesvere
intersperseavith measurementsf non-candidatgrains,underidenticalconditions.These
measurementsdicatethat ‘0OH contritutionsto the 1O signalwerewell below the an-
alytical uncertaintydue to countingstatistics. Note that the “tail” correctiontechnique
describedy McKeegan(1987b)is only valid if the peakshape®f O and'®OH areiden-
tical, which is not the caseif the hydride signalcomesfrom an extendedregion on the
samplemount. Thus,tail correctionsverenot appliedhere.A maskingaperturevasused
duringall measurement® block contritutionsfrom nearbygrains,but in afew casesuch
contributionswereunavoidable,andthe true isotopiccompositionf someof the grains

thusmaybe evenmoreextremethanreported.

Al-Mg Isotopic Measurements

MagnesiumisotopesandAl weremeasureéspositive secondaryonsunder'¢O-

bombardmentiollowing thetechniquesiescribedy McKeeganetal. (1985),Fahey etal.
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(1987),andVirag etal. (1991). A mass-resolvingpower of 3000, sufficientto resole all
importantinterferenceswas used. Burmaspinelwasusedasa standardor oxide grain
measurement-augitewasusedfor SiCandSi;N, measurement$n mostgrainsthe Mg
concentrationsverevery low soonly the 2’ Al* peakwascenteredall of the peakswere
centeredn standardsMeasuredvig isotopicratioswerecorrectedor instrumentalmass
fractionation,asdescribecabore. The measured®Mg/?*Mg ratioswerenot correctedfor
“intrinsic” massfractionation,however, both becauserrorson 2>Mg/?*Mg measurements
werelargeandbecauseleviationsof the?*Mg/?*Mg ratiofrom normal,if presentn preso-
lar grains,are not necessarilydue to massdependenisotopicfractionationbut could be
theresultof nucleosynthetieffects. Since?* Mg/?*Mg ratioswerenormal(within thelarge
errors)in mostof the grains,we ascribeobsered ?* Mg excessedo in situ decayof 26Al
after grain formation. Initial 26 A1/2” Al ratioswereinferredfor the 2 Mg-enrichedgrains

usingtheformula:

AL ( (*Mg/*Mg)gran — (*Meg/*Me) s
Al ( 2ATT 24Mg ™ x A ) (2.6)
The standard®Mg/?*Mg ratio wastakento be 0.13932following Catanzaret al. (1966).
The sensitvity factor A relatingthe measured”Al/>*Mg ion ratio to the true ratio was
determinedor eachstudyfrom the analysisof standardsln seseralcasesMg and/orAl

contributionsfrom nearbygrainscouldnot be excludedfrom a measuremeni headdition
of isotopically normal Mg doesnot affect the inferred 26 A1/27 Al ratio, but extra Al will

decreas¢heinferredratio from its true value. In suchcasessecondaryon imagesof Mg

andAl wereacquiredsee§ 2.3)andthecontribution of “extra” Al estimatedandcorrected

from theseémages.

24



Carbon, Nitr ogenand Silicon Isotopic Measurements

Carbonandnitrogenisotopicratiosweremeasuredh SiC andSisN, grainsasneg-
ativeions(C~ andCN") with aCs" primarybeam,usingtechniqueslescribedy Zinner
etal. (1989). A mass-resolvingpower of ~5000wasused,andisotopicstandardsvere
syntheticSiC and1-hydroxybenzotriazole-hydrate.

Silicon wasmeasureckitherasnegative or positive secondaryons, dependingn
the particularproblem. For very small grainsthat would probablynot survive extended
measurementst was usually analyzedalongwith C (andsometimedN) asSi~—. Larger
grainswereusuallyanalyzedirst for C andN underCs"™ bombardmenandthenfor Al-
Mg, Si (and sometimesCa and Ti) with an O~ primary beam. This latter methodhas
theadwantagethat Si andMg requirealower mass-resolvingower (~3000)thanN, with
resultinghigher sensitvity. SyntheticSiC and K-augite were usedas standardgor the
Si-isotopicmeasurement®r negative andpositive secondaryons,respectrely.

Silicon isotopicmeasurementsf standardsisuallyreveal a rangein instrumental
fractionationthat is much greaterthan the individual measuremengrrors. Becausen-
strumentalfractionationis mass-dependenimeasurementsf individual standardgrains
scattemmainly alongaslope;} massfractionationline ona Si 3-isotopeplot (5*°Si/?*Si ver-
susé?°Si/2Si). Theresultinguncertaintyin theinstrumentamassfractionationcorrection
leadsto correlatecerrorsin the measured?Si/?Si and3°Si/?Si ratiosof unknavns. For
thegraphicakepresentatioof Si-isotopicratiosin AppendixC, thiswastakeninto account
by combiningtheerrorin thefractionationcorrectionwith individual measuremerdrrors,
following Virag etal. (1992)andAlexander(1993). Theerrorellipsesresultingfrom this
correctionareinclined at an angleto the plot axesthat dependn which sourceof error
dominates.The errorsfor Si-isotopicratiosquotedin tablesin this thesisarethe projec-

tionsof theellipsesontothe plot axes. (Notethatthis techniquevasalsousedby Virag et
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al. (1991)to correctO-isotopicmeasurementsdowever, correlationsn the fractionation-
corrected”’O/*%0 and!'#0/*°O ratiosreportedin this thesiswerefound to be negligible,

duebothto extremeisotopiceffectsandthe dominanceof counting-statisticerrors.)

Calcium and Titanium Isotopic Measurements

Isotopicratiosof calcium(**Ca/*°Ca) andtitanium(all ratios)weremeasureéh se-
lectedSiC andoxidegrains,dependingpn whethersufficient countratesof theseelements
were obtained. Both elementsvere measuredalongwith Mg-Al and/orSi) as positive
secondaryons. A mass-resolvingower of 3000wasfoundto be sufficientto distinguish
TiH from **Ti andandSiO from #4Ca (calciumcountrateswerealwayslow enoughthat
16Ca and*®Ca did not contrikute significantlyto the measuremenaf “Ti and*®Ti). Ti
isotopicratioswere correctedor instrumentafractionationusinga Madagascahibonite
standard.Chromium-52was also measuredo monitor possible*’Cr interferenceto the
50T peak.

Ca-44excessesneasuredn someSiC grains(Chapter5 and AppendixD) areat-
tributableto the radioactve decayof *4Ti (tz ~ 50y). For thesegrains,initial 4T84

ratioswereinferredfrom measureadountratesby theformula:

44
44Ti 44Ca+ — 4OCa+ X (IO%)SM 97
T BT % A @)

whereA is the Ca/Ti sensitvity factor: *8Ti/*Ca = A x ®Ti"/*Ca™ andthe standard
14 (Cal'’Ca ratiowastakento be0.02121(Niederer& Papanastassiod984). Thereis some
ambiguityasto thevalueof A appropriatdor SiC. A valueof 3.0wasusedhere,basedn

the analysisof the Madagascahibonitestandard.This valueis consistentwith the range
of 2.1-2.92foundfor a suiteof silicatestandardst the University of Bern (PeterHoppe;
privatecommunication) However, terrestrialperovsskite wasfoundto have a muchhigher

valueof 5.5 (Sachilo Amari; privatecommunication) Althoughonemight expectSiC to
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bemoresimilarto Si-bearingmineralsthanto anoxidelik e perosskiteor hibonite,without
a SiC standardwith known Ca and Ti concentrationsthe propervalueis unknovn and

inferred**Ti/*8Ti ratioshave a systematiaincertaintyof a factorof ~ 2.

2.3 lon Imaging System

2.3.1 Overview

As discusse@borein § 2.2.1,theion opticsof the IMS-3F ion probearesuchthat
direct mass-selectemn imagesof the samplesurfaceare obtainedat high magnification
and high spatialresolution. This ion microscopecapability of the IMS-nF seriesof ion
probeshasbeenexploitedfor a broadrangeof applicationsn thebiological, materialsand
geologicalsciencegOdom, 1994). A variety of methodshave beenusedto recordion
images:photographidilm, fastvideo camerasresistve anodeencoder§RAE), or, asin
this thesis,scientificgradeslow-scanchage-coupleddevice (CCD) camerasystems.In
mostapplicationsjon imaginghasbeenusedto qualitatvely determinethe spatialdistri-
bution of major or traceconstituentsn a wide variety of samples.Quantitatve analysis
using SIMS imageshasseenmorelimited application. This is primarily dueto the same
problemdacingothertypesof SIMS analysesparticularlycomplex matrix effectson sput-
tering/ionizationyields, as well as nonlinearityand non-uniformity of image detectors.
Nonethelessguantitatve direction imaginghasbeensuccessfullyappliedto someprob-
lems,for exampleto determindocal areadepthprofilesof boronin silicon (Hunteretal.,
1991).

Prior to this work, anion imagingsystemcomprisedf a GeneralElectricchage-
injectiondevice (CID) camerawith associatedfame-grabbindnardwareandanalysissoft-

ware was occasionallyusedon the WashingtonUniversity ion probe. In particular this
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systemwasusedwith somesuccesby Kevin McKeeganto determinequalitatvely thespa-

tial distribution of differentelementsand,in onecase hydrogensotopesn interplanetary
dustparticles(McKeeagan,1987a).The CID camerahadseriousdravbacksfor quantitatve

study however. Theseincludedhigh dark currentswhich precludedong imageexposure
times, a relatively low dynamicrange,andthe limitations imposedby 8-bit digitization

(256 grayscales).

Thedesireto quantitatvely determingsotopicratiosby ion imagingled to thede-
velopmenbf theimprovedimagingsystenusecdhere;ablockdiagrams shavnin Fig. 2.2.
Systemcomponentsvere chosenby PeterHoppe, Eric Inazakiand RobertWalker; the
original characterizationf the systemwasdoneby PeterHoppe.The systenconsistf a
chage-coupledievice (CCD)cameracoupledto themicrochanneplate/fluorescerdcreen
imagedetector/intensifieof the IMS-3F, aswell asthe associateelectronics,computer
controlsystemsandsoftware. In this section] will describehebasicfeaturesof theimage
detectioranddigitizationhardwareandsoftware. Themethoddor inferring isotopicratios

from ion imagesandmappingto locatepresolamgrainsaredescribedn latersections.
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Figure2.2: Schematidrawving of ion imagingsysteminstalledon the Washingtoriniver-
sity ion probe.




2.3.2 Micr ochannelPlate/ FluorescentScreen

Theion imagedetectorin theion microprobeis a dualmicrochanneplate(MCP),
manubcturedby the Galileo Electro-OpticsCorporation,coupledto a fluorescenscreen.
ThewholeMCP/FSassemblyvasprovidedby SurfaceScienceNestern A MCP (Fig. 2.3)
is essentiallyan array of 10'~10° miniature (diameter~10um in our MCP) “channels),
eachof which actsasanindependenglectronmultiplier (Wiza, 1979). The microchannels
aremadeof a Pbglasstreatedfor optimizationof secondaryelectronemissionandcoated
with a semiconductindayer to allow chage replenishmentWhena positive or negative
secondaryon strikesthe groundedfaceof the MCP, secondaryelectronsare ejectedand
multiplieddown thelengthof achannel.Thegainof theplatedependgrimarily onthepo-
tentialdropacrosst, and,to alesserextent,onthelengthto diameteratio of theindividual

channels.

\ Secondary

Secondary \Electrons

Output
Electrons

Glass Channels
(with semiconducting layer)

Figure2.3: Microchanneplate(notto scale)

The geometryof the dual MCP detectorinstalledin our ion probeis shavn in
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Fig. 2.4. Themicrochannelareorientedatanangleof ~8° to theinputsurfaceto increase
thelikelihoodthatincidentionswill impactthe surfaceof channels.The channelf the
two MCPsarearrangedn a “chevron” geometrywith respecto eachother This inhibits
positive ions producedby electroncollisions with residualgas moleculesat the output
of the seconadplate from drifting backto the input of the first plate and producingfalse
electronpulses.The maximumgainis aboutl(® electrongperincidention. Uponleaving
the secondMCP, the output electronpulseis acceleratednd strikes a P-20 phosphor
coatedfiberopticplate (fluorescenscreen)producingphotons.in this way, the secondary
ion imageis corvertedto animagein greenlight thatcanbe viewedon avideomonitoror

digitizedby a CCD camera.

Secondary
lon

B LAY g

Microchannel

g

| Phosphor

Output photons/v

Figure2.4: Chevron geometryof dualmicrochanneplateinstalledin the WashingtorJni-
versityion probe.

2.3.3 CCD Camera

A slow-scan(notvideorate) CCD camergPhotometricR00series)s usedto dig-

itize ion images.An opticalimageproducedy the MCP/FSdetectoiis focussedy means
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of a standardohotographidenssystemonto a Thomson7895B CCD chip. The CCD is
a silicon chip, consistingof anarrayof 512 by 512 squardight-sensitve elementq*pix-
els”), eachof which is capableof storingandtransferringaccumulatecdhages. Photons
incidenton the chip generateelectron-holgoairsin the silicon lattice andthe electronsare
collectedin MOS (metaloxide semiconductorgapacitorsFollowing a periodof light col-
lectionthe storedchagesaretransferredo anoutputdiodeby varyingthe voltageson the
capacitorgates. Thus,the CCD convertsan opticalimageinto a time-distributedvoltage
signal, which is subsequentlgigitized. A Photometric€CE200cameraelectronicsunit
providescircuitry for chage-transfeclocks,shuttercontrol,temperatureontrolandana-
log to digital corversion. Digitized imagesare transferredoy meansof a VME busto a
Silicon GraphicsAD/35workstation. Softwareon the Silicon Graphicscomputercontrols
the CCD throughthe CE200unit.

Someimportantcharacteristicef our CCD cameraaredescribecdere.
Quantum Efficiency: Thequantumefficiengy (or sensitvity) of the CCD is definedasthe
ratio of the numberof collectedphotochagesto the numberof incidentphotons;it is a
strongfunction of wavelength. The Thomson7895B hasa quantumefficiency of ~30%
for thegreenlight emittedby the P20phosphor
Digitization: The analogvideo outputof the CCD is amplifiedandthendigitized in the
CE200electronicsunit to a precisionof 16 bits. Thatis, it is quantizedinto 2'°=65536
levels. Theresultingvaluesassignedo pixels (“intensities”) in the digital imagesarere-
ferredto in analogdigital units (ADUSs). The post-CCDamplifierhastwo userselectable
gainsettingsoneor four. While thelattersettingis usefulfor very low-intensityimaging,
all imagesn thisthesiswereacquiredusinganamplifiersettingof one. At this setting,the
electronto ADU corversionratiois 5.15e~/ADU.
Linearity: One of the major advantagesof slow-scanCCD camerasover other light-

sensitve detectords their high degreeof linearity. This canbe seenin Fig. 2.5, where
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theintegratedintensityof ion imagess plottedversusmageexposuretime, for a uniform
light source(room light with camerdensdefocussed)Theimageintensityis linear with
exposuretime with a correlationcoeficient of 0.999996. The intensity of the imageis
non-zeroat zeroexposuretime, dueto thetime requiredto openthe camerashutter This
time is determinedrom the x-axiscrossingn Fig. 2.5to be 12ms,andmustbetakeninto
accountin acquiringion images. For example,for a desired100msimageexposure the

camerashouldbe setfor an88msexposure.
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Figure2.5: Linearity of CCD camera

Noise: CCD camerashave threeprimary typesof noise: photonnoise,dark currentand
readnoise.
Photonnoiseis the uncertaintythat arisesfrom the quantumnatureof light. The

numberof photoelectrongollectedby a CCD is proportionalto the numberof incident
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photons,which variesaccordingto a Poissondistribution. Thus,the photonnoisein the
outputelectronsignalis equalto the squareroot of the signal;this is the dominantsource
of uncertaintyintroducedby the CCD camerdor theimagingconditionsusedhere.

Dark current refersto electronsgeneratedvithin the CCD by thermalagitations
of the silicon lattice. Theseelectronsare collectedalongwith thosearisingfrom the de-
siredphotonsignalandcanbe a majorsourceof backgroundn the CCD. Thedarksignal
is proportionalto time and decreasesharplywith decreasingemperature.To minimize
darkcurrent,the CCD cameras keptatatemperaturef -42° C by meansf a Photomet-
rics LC200 liquid cooling unit. Moreover, the cameramay be operatedn the so-called
multi-pinnedphasg MPP) mode,which drasticallyreduceslark current(Buil, 1991).The
combinatiorof coolingandMPPmoderesultsin averylow darkcurrentof ~0.75electron
per secondper pixel. For every imageacquiredin this thesis,a darkimageof the same
exposuretime wasacquiredandsubtractedrom theimage. To first order this subtraction
removesboththe dark currentandthe “bias” currentthat arisesfrom the DC level of the
CCDreadoutiode.

Readnoiseis generatedy the on-chipoutputpreamplifier For our system,read
noiserangedrom anaverageof 7.8 electronger pixel for anamplifiergainof one,to 4.6
electrongerpixel for againof four.

Dynamic Range: Themaximumnumberof electronsa pixel mayaccumulatés ~300,000;
this correspond#o the saturatiorstate(i. e., pixel intensityequalto 65535). The dynamic
rangeis definedastheratio of the saturationintensityto thereadnoiseof the CCD, thatis,

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

Binning: Binning meanghatthe chagescollectedin multiple pixelsarecombinedonthe

CCD chip prior to digitization,combiningseveral pixelsinto “superpiels’ This hasthe

effect of increasingthe dynamicrangeandthe signalto noiseratio, sincethe saturation

level increaseshut thereadouinoisestaysthesame All imageseportecherewerebinned
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by a factorof 2 in eachdirection (four pixels were combinedto make one)resultingin
256 by 256 pixel ion images.Althoughbinning reduceghe spatialresolution,the overall
spatialresolutionof theion imagess determinegrimarily by theion opticsof the IMS-3F
andnotby the MCP/FSor CCD cameraEvenwith 2 by 2 binning,eachpixel of the CCD
corresponds$o about0.4 um in theion imageat the magnificationusedhere,smallerthan

theoverallresolutionof ~1um.

2.3.4 Characterization of The MCP/FS

To quantitatvely relatepixel intensitiesin digitized ion imagesto secondaryon
intensities,it is essentiako accuratelycharacterizehe behaior of the image detection
systems.As shovn aborve, the CCD camerahasextremely goodimaging characteristics
(high degreeof linearity, high dynamicrange,low backgroundandmay thusbe usedto
characterizéhe MCP/FS Previousstudieshave shavn thatMCPsoftenshawv nonlinearity
non-uniformityof responsenoise,and/ordifferentsensitvities for differentmassegMan-
tus& Morrison,1990;Hunteretal., 1991).1 addressll of theseissueshereasthey relate

to our particularMCP/FS.

Linearity

Althoughsinglemicrochanneplatedetectordhave beenshavn to be highly linear
for awide rangeof appliedvoltages(Mantus& Morrison,1990),the dualMCP usedhere
is nonlinear Thatis, thelight outputcountratereadby the CCD camera(C,, is notlinearly
proportionalto the countrate of secondaryonsincidenton the MCPR, C;. Instead,C, is
givenby:

Co x G (2.8)

34



H

o
[y
N

1010
Q
2 .
< 10
OO
10°
100
102 10° 10% 10° 106 10’

C; (Countg/s)

Figure2.6: Theoutputintensity C, of theMCP/FS(measuredby the CCD cameraplotted
versusthe incidentsecondaryon countratefor two differentMCP voltages(CPV). The
indicatedvaluesof CPV are the voltagesof the microchannebplate control circuit, not
the actualvoltagesacrosshe MCP. C, is nonlinearwith respecto C;; for eachCPV, the
nonlinearityexponentn is givenby the slopeof a straightline fit onthislog-log plot.
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wheren#1. Thisnonlinearityof thedualMCP hasbeenseerby otherinvestigatorgHunter
etal., 1991).Fig. 2.6 shavsthesummedCCD imageintensityplottedversughesecondary
ion intensity measuredby theelectronmultiplier, for sputteredsi— from a Si waferfor two
differentchannelplatevoltages(CPV). A field aperturevasusedto ensurethatall of the
signalmeasuredby the EM wasincludedin thedigitizedimage.Notethatthenonlinearity
exponentn is greaterthanunity, i.e., thereis anet“gain” in the signal. Moreover, n is not
aconstanbut depend®ntheappliedvoltage.In fact,carefulinvestigatiorof the MCP/FS
installedin the Universityof Bernion microprobehasshavn thatn is acomplicatedunc-
tion notonly of the CPV, but alsoof theincidention countrateandtype of impactingion
(P. Hoppe,privatecommunication) BecausesingleMCPsshaw linearresponsethe non-
linearity obsened hereis probablyrelatedto the dual natureof the detector A probable
explanationis thespreadingf theelectronpulse,dueto spacechageeffects,from asingle
channelof the first MCP into several channelsof the secondplate (Wiza, 1979; Hunter
etal., 1991),giving riseto theincreasedjainat high countrates.

Quantificationof ion imagesseeminglyrequiresthat the nonlinearityexponentn
in Equation2.8 be preciselydeterminedas a function of microchanneplate voltage,in
orderthatcorrectiongo measuredsotopicand/or elementaftatioscanbemade.However,
this turnsout not to be critical for the work presentedn this thesis. lon imagingis used
in this thesisto searchfor outliers,objectsthat areisotopicallyclearly differentfrom 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 averagemeasuredatios of grainsto an assumedrue
ratio,theappropriatenonlinearityexponentfor that particular datasetmaybedetermined.
However, this calibrationrequiresthatall imagesbe acquiredat a singlevoltagesincethe

MCP nonlinearitydependon the appliedvoltage. This calibrationis discussedn more
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detailin § 2.4.3.

MCP Homogeneity

The responsef the MCP is not uniform acrossits surface(Mantus& Morrison,
1990; Hunteret al., 1991);in particularthe centerregion is markedly lesssensitve than
the outerpartsbecaus®f overuse. The MCP inhomogeneitys largely canceledut when
dividing oneimageby anotherandthushaslittle effectonisotopicratiosdeterminedrom
ion images. However, isotopic ratios determinedby ion imaging do dependslightly on
positionon the MCP. This canbe seenin Fig. 2.7, where¢O/*#0 ratios determinedby
ion imagingfor 22,000isotopicallynormaloxidegrains,areplottedagainstMCP position.
Thetechniquesusedto infer isotopicratiosfrom ion imagesaredescribedn § 2.4. Each
pointin Fig. 2.7 correspond$o theaveragemeasuredatio (normalizedo thecentervalue)
andstandarcerrorof themeanfor grainswhich lie within agiveninterval of distancefrom
theimagecenter Thedistanceantervalswerechoseno give equalareasonthe MCP. The
cleardropof in 1°O/'80 ratiowith distancerom the centerof the MCP maybeviewedas
adecreasén thenonlinearityexponentn in Equation2.8, probablyasa resultof thelower
guantumefficiengy of the MCP centralregion. Regardlesof the causemeasuredsotopic
ratiosmay be correctedor the MCP inhomogeneityoy curve-fitting to plotslike Fig. 2.7

(see§ 2.4.3).

Noise

Microchannelplateimagescontainsignalnot only from secondaryons sputtered
from thesamplesurface but alsobackgroundoise.Thisnoiseis revealedoy CCD images
of the MCP/FSwithout anincidentsecondaryon beam;singlebackgroundon eventson
the MCP manifestthemseles as bright clustersof a few (up to ten) pixels. The noise

pulsesaredueprimarily to eitherionizedgasmoleculesor ionsproducedy theion pumps
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Figure 2.7: Average'®O/'®0 ratios of 22,0000xide grains,determinedby ion imaging,

asa function of distancefrom the imagecenter Datapointsrepresenthe averageratio

(normalizedo the centerratio) for all grainsthatlie within equal-areantervalsof distance
from theimagecenter

on the secondaryion column. The mostimportantnoisesourceis the post-magneton
pump. With this pump operating,the frequenyg of backgroundeventsis significantand
risessteeplywith increasingvoltageacrosshe MCP. This ion pumpwasthusleft off for

all imagesacquiredhere;theremainingnoisesignalis essentiallyneggligible.

MassDependence

Mantusetal. (1990)have shavnthatthesensitvity of MCP detectordiasacomplec
dependencenthe massof theimpactingspeciesat leastfor positively chagedsecondary

ions. Someisotopiceffectswerevisible in their data,particularlyfor Li andB. However,
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for theelementxonsideredhere—OandSi—shiftsin themeasuredasotopicratiosdueto dif-
ferentdetectiorefficienciesof thedifferentisotopesareunlikely to besignificantcompared
to the effectsof the MCP nonlinearity In ary casethe calibrationsusedhereto correct
isotopicratiosdeterminedy ion imagingimplicitly takesinto accountary effectsdueto
themass-dependenoé the MCP detectiorefficiengy.

Themass-dependenoé the MCP is potentiallymoreproblematidor the determi-
nationof elementatatiosby ionimaging.For example ,animportantuseof imagingin this
thesisis to estimatefor differentmeteoritesthefractionof presolarSiC grainsthatbelong
to the raresub-classcalledgrains X (seeChapterb). This requiresthe determinatiorof
Si/Cratiosby ion imaging,to infer thenumberof imagedgrainsthatareSiC andnot other
Si-bearingphasesHowever, C seemdo be moreefficiently detectedby the MCP thanSi,
eventhoughthesetwo elementdhave very similar ionizationefficiencies.Fig. 2.8 shovs a
histogramof Si/C ratiosmeasuredby ion imagingof 3600SiC grains.Theaverageratiois
0.66, muchsmallerthanthe averagevalueof 1 typically measuredy the electronmulti-
plier. Thus,it is importantto keepin mind thatelementaratiosmeasuredy ion imaging
are not necessariljthe sameasthosedeterminedoy ion countingon the electronmulti-
plier. In practice,of course|f the chemicalcomposition(spf grainsin animagedsample
areknown (asin the caseof this SiC example),theimagingdatasetitself may be usedto

normalizedifferentelementalatios.

2.3.5 Computer Control

Theion imagingsystemis controlledby a Silicon GraphicsAD/35computer(SGI)
thathasa 35 MHz RISC processoand32 megabytesof RAM. Control of the CCD cam-
erais accomplishedy the CE200electronicsunit via a dedicatedPhotometriccardin
a VME bus. The cameracontrol software, called WHIP, wasprovided by G. Hannavay

andAssociates.lt consistsof a seriesof UNIX commandsvhich may be calleddirectly
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Figure 2.8: Histogramof Si/C ratiosmeasuredy ion imagingof 3600SiC grains. The
averagemeasuredatiois lowerthanl, probablydueto differentMCP detectiorefficiencies
for CandSi.
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from a commandine or combinedinto programscripts. (Functionlibrariesare provided
for customsoftwaredevelopmentaswell, but werenotusedhere.)All aspect®f the CCD
are controllable,from parametersuchas binning and exposuretime to imageand dark
imageacquisition.Imagesarereaddirectly into resened areasof the SGI memory called
framehuffers,wherethey maybemanipulatedr savedto disk.

Automatic mappingof a samplerequiresthat the ion probebe controllablefrom
the SGI. This hasbeenaccomplishedy meansof the GPIB (IEE-488, GeneralPurpose
InterfaceBus)connectiorbetweerthe SGlandthe Hewlett Packard9845B(HP)ion probe
control computer To changesomeparametenf the ion probe(stageposition, magnetic
field setting,beamon/off, etc.) duringmapping.a programis run onthe SGl thatrequests
servicefrom the“mastercontroller’onthe GPIB,theHP, andsendsa codespecifyingwhat
actionto take. A programrunningsimultaneouslyn the HP repeatedlyperformswhatis
calleda“parallel poll,” checkingthe GPIB for messagetom the SGl andperformingthe
requestecction.

Image and dataprocessingare accomplishedusing the PV\WAVE programming
language(Visual Numerics,Inc.). PV-\WAVE is a structuredlanguagedesignedfor in-
teractve scientificvisualization;it includesmary built-in high-level functionsfor image
processinganddisplay datamanipulationand applicationinterfacebuilding. Moreover,
PV-WAVE programsancommunicatevith programsaritten in otherlanguagesndwith
the UNIX operatingsystem.This latter ability is extremelyuseful, sinceit allows UNIX
scriptsthat control the CCD cameraand programghat control the ion probeto be called
from within PVAWAVE. Thus,a singleprogram,writtenin PV-WAVE, canbe usedto ac-

guireimageschangeon probeparameterandprocesgsheimages.
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2.4 |sotopic Ratio lon Imaging

Theionimagingsystendescribedn theprevioussectionwvasdevelopedandusedn
this thesisprimarily for automatiasotopicratio “mapping; in orderto locateraretypesof
presolamgrains.By digitizing ion imagesof differentisotopesandusingimageprocessing
to determineisotopic ratios of individual grainsin the images,large numbersof grains
may be analyzedrelatively quickly and easily Grainswith unusualisotopicratios can
thenbe picked out for further study for exampleby high-mass-resolutiorsotopic ratio
measurementssingthe techniqueslescribedn § 2.2.2. Notethatthe majorthrustof ion
imagingin this thesishasbeento measureg*0/'80 and?Si/*°Si ratios. Thesehave the
adwantagethat they canbe obtainedunderthe low mass-resolvingpower conditionsfor
whichtheion microscopecapabilitiesof the IMS-3F areoptimal. Thediscussiorherewill
thusfocuson low-mass-resolutiormaging;somerecentpreliminarywork onion imaging
of C isotopicratiosat high-mass-resolutiowill briefly discussedbelow, aswell.

Thebasicstepsnvolvedin isotopicratio mappingusingsecondaryon imagesare:

1. A setof imagesof differentisotopess acquiredor agivenareaof thesamplemount.
For imaging,the 5-10nAprimary ion beamis defocusedo make it slightly larger
thantheimagedarea.Also, the primarybeamsputterdhe samplefor 30—60seconds
prior to imagingto ensurean equilibrium Cs concentrations reached.enhancing
the secondaryion signal. A typical setof imagedisotopesis givenin Table 2.1.
Notethatfor eachisotopepair (10,20 or 285i,%°Si), the more alundantisotopeis
imagedbeforeandafterthelessabundantsotope.Thisprovidesawayto compensate
for changingcountratesdueto sputteringduring long imageexposuref the less

alundantisotopes.

2. If imagesare misalignedwith one anothey Fourier transformtechniquescross-

correlation)areusedto automaticallyre-alignthem.
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3. Particlesare“defined” in theimages. Thatis, pixelsareassignedo eitherspecific

grainsin theimagesor to background.

4. Isotopic (or elementalyratios are determinedfor eachdefinedparticle by ratioing
integratedpixel intensitiesof differentmassesTheresultingratios,aswell asother
datafor eachdefinedparticle (averagepixel intensities positionin imagesegtc.),are

savedin datafiles.

5. (Optional) If a grainappeardo have an unusualisotopicratio, the samplestageis
automaticallymoved to bring the grain to the centerof the imagedfield and the

processstartsagainat stepl.

6. Thesamplestagds movedto anew locationandthewholeprocesss repeatedOnce
a pre-definedrectangulaareaof the samplemounthasbeencovered,the mapping

stops.

7. Oncea setof imagesis acquiredandprocessedhe individual datafiles containing
processingesultsfor eachrun aresequentiallyeadandthe dataarecombinednto
(large) singlefiles, so that all of the datafor the samplemount may be analyzed
togethemand“interesting”(usuallymeaningsotopicallyanomalousgandidategrains

choserfor furtherstudy

Theimageprocessingteps(2—4)areusuallyperformedoff-line. Thatis, the map-
ping is accomplishedisingtwo programs:onethat acquireshe imagesandanotherthat
waits for a setof imagesto be acquiredandthenprocessethemasthe next setis being
acquiredby thefirst program. This greatlyincreaseshe efficiengy of mappingsinceim-
ageacquisitionandprocessingredoneconcurrently In this case step5 is not done,but
grainswith unusualratiosareoftenre-imagedollowing anentireblock of imagingruns.

Also, for eachsetof imagestheimageprocessingtepsareusuallyrepeateda few times
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Isotope| Exposurelime
(s)
12¢ 1.0
160 0.1
180 50
160 0.1
2CHUN 1.0
BGi 1.0
30Si 30.0
BSi 1.0

Table 2.1: Typical set of isotopesand exposuretimes usedfor ion imaging mapping
searchegor rare typesof presolargrains. In additionto the ¢0,'*O and?85i,%°Si iso-
topicratio pairs,additionalimageghere,C andCN) areusuallyacquiredo aidin locating
grainsonthesamplemounts Exposurdimesfor eachisotopearechoserfor optimalimage
brightness.

to determinesereral differentisotopicratios. For example,for the setof isotopesggivenin
Table2.1, theratios'®O/*#0 and$0/%Si may be determinedusingthe threeO-isotopic
imagesfor particledefinition (obtainingthe O/Si ratio for definedgrainsis usefulfor ex-
cludingquartzcontaminangrainsfrom furtheranalysis) Similarly, 28Si/3°Si, aswell asSi
overC, CN andO maybedeterminedisingparticlesdefinedn thethreeSi-isotopamages.
Theion imaging mappingtechniqueis illustratedby Fig. 2.9. Panelsa—cof this
figure aresamplefalse-colorion images,n 60O, O and?Si, respectiely, of dustgrains
separatedrom the Tieschitzmeteorite. The *O and!'80 (aandb) imageintensitieshave
beenscaledfor displaysuchthatgrainswith solar¢O/'#0 ratios (~500) appearsimilar
in bothimages. The grainmarked with anarraw is clearly depletedn #*O andwassub-
sequentlyconfirmedto be a presolarAl,O3 grain (seeChapter3). Sincethe Si signalis
primarily from SiC andnot from oxide grains,the Si image(c) differsfrom the O images.
Thecontoursshovnin Fig. 2.9dindicategrainboundarieslefinedfor the O-isotopamages

by the “particle-definition” program(step3, above; § 2.4.2). An SEM micrographof the
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Figure2.9: Sampleonimagesof a100u x 100u areaof asamplemountcontaininggrains
extractedfrom the Tieschitzmeteorite. Imagesare: a: 160, b: 20, c: 28Si, d: contours
shawving resultsof automaticparticle definitionin oxygenimages. (Figure continuedon
next page)
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Figure2.9: (Continued)e: SEM micrographof sameareaasion imagesof a—d,andf:
high magnificationmicrographof isotopicallyanomalougpresolarAl,O3 grainindicated
by arrow in a,b,andd.

sameareaastheion imagesis shavn in Fig. 2.9e;notethethreelarge grainsin the upper
left cornerof the SEM imagecorrespondo thethreebrightregionsin theupperleft corner
of the O-isotopicimages.A high-magnificatiormicrographof the presolarAl, O3 grainin
this areais shown in Fig. 2.9f. Note thattheseimagesare “typical” in thatthey contain
mary grainsof widely varyingsizes;they areatypicalin thatthey containanisotopically
anomalougrain.

In the remainderof this section,l will discussn detailthe algorithmsusedin the
image processingsteps2—4 listed above, i.e., image alignment,particle definition, and
isotopicratio determinationfollowedby thevariouscorrectionghatmaybeappliedto the
imagingdataandthetechniquesisedfor choosingcandidategrainsfrom theentireimaging

dataset.
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2.4.1 Alignment of lon Images

It is essentiathation imagesbe alignedwith oneanotherif they areto be usedto
infer isotopicratios. Thisis particularlytruefor smallgrains,wherea shift of a few pixels
may causethe pixels defininga grainin oneimageto overlapmostly with backgroundn
anotherimage,leadingto erroneoussotopicratios. In general,imagemisalignmentan
be avoidedby takingcarebeforeimagingto exactly alignthe magnetidield settingsof the
differentimagedmasspeaks,andto alwaysapproachmasspeaksfrom below, i.e., from
lower magnetidields. In the casewhereanisotopeis repeateaut of increasingorder, for
examplethesecond®0O andsecond®Si imagesn Table2.1,thefield shouldfirst be setto
alowermass('2C, say)beforebeingsetto the desiredpeak.

If for somereasonthe imagesusedto determineisotopic ratios are shifted with
respecto oneanotheyonemayautomaticallyalign themby finding their so-called‘cross-
correlationi. Thecross-correlationf two discretefunctions(images), ( )and (),

is definedas: (Gonzalez& Woo0ds,1992):

() )= C )+ +) (2.9)

m O0n 0O

where denotescomplex conjugationandx=0,1,...,M-1 andy=0,1,...,N-1. If and
areidentical,their cross-correlatioficalledauto-correlationn this case)hasits maximum
valueat( ) = (0 0). If they arevery similar to eachother(e.g., two differentisotopic
imagesof the samearea)but slightly shiftedfrom oneanotherthe cross-correlatiomax-
imumwill bedisplacedrom (0,0) by the samenumberof pixelsin x andy astheimages
areshifted.

In practice,the cross-correlations computedin frequenyg space,exploiting the
correlation theoem Denotingthe Fourier transformsof ( )and ( )as ( )
and (), respectrely, thistheoremstateghatthe Fouriertransformof the correlation

is equalto theproduct () ( ). Thus,insteadof usingthe computationally
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intensive Eq. 2.9,onecanuseefficient FFT (fastFouriertransform)algorithmsto compute
the transformsof the two images multiply the complex conjugateof one transformwith
the other andtransformbackto real space. A detaileddiscussiorof the useof Fourier
transformsn imageprocessings beyond the scopeof this thesis. However, notethatin
implementinga cross-correlatiommagealignmenttechnique caremustbe taken to avoid
“wraparound’errorsdueto the periodicnatureof Fouriertransformgsee.e. g., Gonzalez
andWoods1992;Anuta1970).Oncethe cross-correlatiois calculatedihe pixel location
of its maximumis locatedandtheappropriatemageis shiftedinto alignmenteforefurther

processindi.e., particle-definitiorandisotopicratio determinationjakesplace.

2.4.2 Particle Definition and Isotopic Ratio Determination

Automaticimage segmentation thatis, the division of an imageinto regions of
interest,s oneof themostdifficult problemsof digital imageprocessinglt is surprisingly
hardto teacha computerto “see” whatappeato the humaneye to be obviousdistinctions.
Thereis, neverthelessa hugeliteratureon differenttechniquegor a wide rangeof image
segmentationproblems,including thresholdingoy intensity or color, applicationof edge-
finding filters, morphologicabperationsandmary others(see for example,Gonzalezand
Woods(1992)andRuss(1992)).However, therearea numberof difficultiesspecificto the
problemaddressetiereof defininggrainsin ionimagesandit provedeasieito developand
implementour own algorithmsthanto adaptthe well-known techniquesidescribedn the
abovereferencesA smallsection(40x40pixels)of anionimagecontainingafew particles
isshavnin Fig. 2.10. Theimageis shovn in Fig. 2.10aasa grey scalerepresentatiomwith
intensity contoursoverlayed,while the samedataareshavn in 2.10basa shadedsurface
plot. The particlesmanifestthemselesas“mountains”’roughly gaussiann shape.Two
of the majordifficultiesin automaticallydefiningparticlesin theion imagesof this study

areillustratedby Fig. 2.10: the wide rangeof imageintensities correspondingo arange
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Figure2.10: Sectionof anion imagecontainingthreeparticles.Ontheleft is a grey-scale
representatiowith intensitycontoursontheright is a shadedurfaceplot.

of particle sizes,and the close proximity of someparticlesto eachother This section
describeghe algorithmsusedfor particle definition, along with someof the associated
problemsandsolutions.

Thefirst particle-definitioralgorithmusedherewasdevelopedoy Ricky Becler (at
the time an undegraduaten the Earth and PlanetarySciencedDept.) and PeterHoppe
andis basedon thresholding.Basically all pixels with intensityabove a threshold(0. x
the maximumintensityin the image)are setto one (“on”), andall pixels below to zero
(“off”). Then,this imageis scannedand ary groupof adjacent'on” pixelsis labeleda
uniqueparticle. Finally, the imageis re-analyzedand eachparticleis restrictedto only
thosepixelswith intensitygreaterthan0.5 x the maximumintensityof the givenpatrticle.
This techniquenasa numberof dravbackswhich becameclearuponits use.First, closely
situatedparticlesare oftenidentifiedasone,unlessthe thresholds fortuitously setin the
rangeof the narrav dip betweenthem. Second,if a samplemounthasa wide rangeof

particle sizes,the initial thresholdmustbe setvery low to include both large and small
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grains.Thisexacerbatethefirst problem;for exampleif thethresholdveresetlow enough
to find thevery smallparticleatthetop of Fig. 2.10athetwo largerparticlesin thisimage
would be definedasone. Third, asimplementedthe algorithmis fairly slow, entailingas
it doesmultiple scanningpixel by pixel, row by row, of eachimage.

Becausef the problemsencounteredh the original particledefinition program,|
developedandimplementedin PV-WAVE) a new algorithm,which expandsaroundinten-
sity peakgqparticlecentersuntil eitheranintensitythresholdor anotheparticleis encoun-
tered. In the remainderof this section,l will discussthis algorithmin detail. Although
muchof theimagingdatapresentedh this thesiswasanalyzedisingearlyversionsof this
algorithm,l will only discussn detailthecurrentlyusedversionsinceit is relatively robust
andpresumablywill be usedby peoplewho follow mein the WashingtonUniversityion
probegroup.

Thefirst stepin definingparticlesis to find the local maximain theimage,thatis
pixelswhich have intensitieshigherthanall the surroundingpixels. Thesemaximacorre-
spondto the centersof particles. Becausenoisein the imagescanleadto local maxima
thatdo not correspondo particlepeaks,magesarefirst smoothedvith a boxcaraverage
of width threeor five pixels (Eachpixel in theimageis replacedoy the averagevalue of
the 3x3 or 5x5 pixel block of whichit is the centey smoothingout spikesin theimage).
Also, backgroundixels,definedasall pixelsbelow a threshold(2—10%o0f the maximum
intensityin the image),are setto zerobeforefinding local maxima. Onceidentified, the
maximaare sortedin descendingrderof intensity andthe particle-definitionalgorithm
proper(hereaftejust“algorithm”) is appliedto eachoneto determinawvhich pixelsbelong
to the correspondingparticle.

Thebasictaskof the algorithmis to find the edgeof the particlewhosecenteris a
givenlocal maximum. This is doneby examiningintensity profilesalonglines radiating

from the centerto a maximumdistanceof 25 pixels. The particleedgealongary given
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directionis taken asthe point at which the imageprofile no longerdecreasesniformly.
The methodis illustratedin Figure2.11. Here,we areattemptingto find the edgeof the
largegrainto theleft in Fig. 2.10. Three25 pixel radiallinesfrom the centerof thisparticle,
labeledA, B, andC, areindicatedin thetop left imageof Fig. 2.11;the boxcarsmoothed
profilesandcorrespondinglerivativesare shavn in the bottomplot. The derivativesare
numericallydeterminedoy three-pointLagrangianinterpolation. Profile A hasa definite
minimum, sinceit crossesdoththe particle of interestandthe smallergrainon the right.
Similarly, profile C crosses very smallgrainin the upperright (seecontoursin fig. 2.10)
andalsohasa minimum. Along both theseprofiles, the particle edgeis taken to be the
zero-crossingf the profile derivative,i.e., theminimumin theprofile. Profile B levelsout
slightly asit skirts the edgeof anotherparticle, but the derivative doesnot changesign.
Theleveling off is seen however, asa “bump” in the derivative about10-12pixels from
thecenteyandthemaximumpointof thisbumpis takenastheedgein thisdirection.In this
way, thealgorithmavoidsincludingpixelsthatbelongto thesmallergrainin the definition
of the currentpatrticle. The edgepointsdefinedalongthe threeprofilesareindicatedby
crossesn thetop left imageandvertical dottedlinesin the bottomplot of Fig. 2.11. For
profilesthatdecreaseniformly withoutencounteringptherparticles(i.e., nozero-crossing
or “bump” in the profile derivative), the edgeis taken asthe last point of the profile. This
profile-dervative methodof choosingooundarypointsis followedfor sixty evenly spaced
(in angle)radiallines;theresultingedgefor our exampleis indicatedby crossesn thetop
rightimagein Fig. 2.11; notehow this boundaryincludesthe desiredparticlebut not the
neighboringgrains.

Oncea particle boundaryis definedas describedn the previous paragraphthe
particleitself is definedasthosepixelswithin the outline that have intensitieshigherthan
a threshold(usually 35%) of the peakintensity of the grain. The solid contourshavn in

the top right imageof Fig. 2.11 indicatesthe borderof this final particle definition for
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Figure2.11: Exampleof particle-definitioralgorithmappliedto thelargest(darkest)parti-
clein theimagesattop. Plotat bottomshaws intensityprofilesandtheir derivativesfor the
threelinesindicatedin theimageattop left. The outeredgeof the particle,determinedy
thealgorithm,is indicatedfor thesethreedirectionsby verticaldashedinesin the plot and
crossesn thetop left image.Crossesn thetop right imageindicatethe outeredgefor 60
radialdirections.Oncethis boundaryis found,the particleis definedasthosepixelswithin
it thathave intensitygreaterthan35% of the maximumintensityof the particle. The solid
contourin thetop-rightindicateghis 35%boundaryandhencehefinal definededgeof the
grain.
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Figure2.12: Schematiaiagramillustrating (a) potentialproblemswith particledefinition
algorithmand(b) definedparticleedgeaftercorrectingfor problemsn (a).

our example. At this point, the algorithm setsall the pixels within the larger outline to
zeroto ensurethey arenot re-definedaspartof otherparticles savesthe pixel coordinates
within thethresholdedreain anarray andmovesonto thenext localmaximumin thelist.
Often,two or moreimagesareusedfor the particledefinition. In suchcasesgachimageis
processeth turn,with all of thelocal maximain oneimagebeingexaminedbeforemoving
onto the next image. However, a given particleis never definedin morethanoneimage,;
all the pixelscorrespondindo definedparticlesin oneimagearesetto zeroin subsequent
imagesbheforethey areprocessed.

Althoughthe edge-findingechniquedescribedabore generallyworks well, using
local maxima(“bumps”) in the profile derivative to definean edgecanbe problematic.A
schematicontourdiagramof two particles(circular contours)with a definededge(thick
line) for the left oneis shown in Fig. 2.12a. Noisein the imagesoften leadsto a slight

leveling off of a particleprofile andthusa bumpin the derwvative profile, evenwhenthere
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areno othergrainsnearby If this happensthe edgein thatdirectioncould be definedtoo
closeto the particle centerwith a resultingwedge-shapetole in the definedparticle,as
indicatedby A in Fig. 2.12a. The algorithmavoids this by requiringthatthe valueof the
profile derivative bumpbe“closeenoughto zero.Denotingtheimageprofile at pixel x as
p(x) andits derivative asp (x), thisrequiremenguantitatvely meanghatadervative bump
atpixel x musthave p(x) p(x ) to bedefinedasthe particleedge wherethe value
of specifiesaathreshold.Thisapproactcausesnothemproblem,however. If thethreshold
is settoo low, “real” derivative bumpsmay be excluded,with the resultthat the defined
particle containsa significantnumberof pixels from neighboringgrains,for exampleB
in Fig. 2.12a. A thresholdvalue of 0.05 hasbeendeterminedoy trial-and-errorto yield
areasonablygoodbalancebetweereliminatingfalsederivative bumpsandincludingreal
ones. Evenwith this threshold however, somefalsebumpsoccasionallyhave valuesthat
satisfythe thresholdcriterion and somereal bumpsdo not, with a resultingdefinededge
asshownin Fig. 2.12a.To correctfor suchcasesthealgorithmexamineshe definededge
andsmoothsoutany deepwedgedike A andstretche®dgedike B backsothatthey cross
lessof the neighboringgrain. Theresultfollowing this laststepis shavn in Fig. 2.12b

Thisalgorithmhasprovento work verywell asillustratedin Fig. 2.13,whichshowvs
al00 100 mimagewith andwithoutdefinedparticlecontoursoverlain. Closelyneigh-
boring grainsaredistinguishedandvery bright aswell asvery faint grainsarefound. The
algorithmhasbeenprogrammedo take advantageof optimizedarrayroutinesincludedas
partof thePV-WAVE programmindanguagelt thusrunsrelatively fast,especiallyconsid-
eringthatit calculategrofilesanddervativesfor 60 linesaroundeachlocal maximum.
The 128 particlesdefinedin theimageof Fig. 2.13werefoundin 60 secondn the SGI
4D/35computerandin 30 second®na 166 MHz PentiumPC.

Someof the definedcontoursin Fig. 2.13 do not seemto correspondo actual

particlesin theimage(yellow contours).Evenwith smoothingsomenoiseremainsn the
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Figure2.13: Resultsof particle-definitioralgorithmappliedto anion image.Contourghat
donotcorrespondo realgrainsareshavn in yellow.
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imagesandoccasionallyeadsto thedefinitionof “f alse”particles.This makesit somevhat
difficult to determine=xactly how mary grainshave beenanalyzedn agivensetof images,
but it seemspreferableto include somefalsegrainsin the datasetthanto exclude real
ones. Also, a methodfor eliminatingfalsegrainsfrom the dataset,basedon the ratio of

the averageto the maximumpixel intensityis presentedelow in the discussiorof post-
imagingdatacorrectionsandcalibrations.

After particlesaredefinedin ion images preliminaryisotopic(or elementalyatios
arecalculatedrom pixel intensities.Techniquesisedto correctthesepreliminaryresults
for effectsof grain sizeandpositionaredescribedn the next section. Givenion images

and , with respectre exposuretimes andT , themeasuredatio, —, fora
definedparticle is givenby

N (2.10)

where istheaveragantensityof thepixelswithin thedefinedcontour inimage . Note
thattheparticle-definitioralgorithmdefineseachparticleonly once,i.e., in only oneimage
of anisotopicratio pair, sothe samecontouris usedto calculateboth and . Inthe
casethatisotope is imagedtwice (e.g., in Table2.1), ratiosarecalculatedusingboth
imagesandthenaveraged. Although the imagesare smoothedoy the particle-definition
programdescribedabore, the raw, unsmoothedmagedataareusedto determingsotopic

ratios. Trueisotopicratios, arerelatedto measuredatiosby:
(2.11)

wheren is the MCP/FSnonlinearityexponentdefinedin Eqn 2.8. For the preliminary
analysisof ion imagesh is assumedo be 1.05;“internal” calibrationsthatcandetermine
n for a particulardatasetaredescribedn the next section.For eachimagingrun, datafiles
are saved, containingthe pixel subscriptsand processingesultsof eachdefinedparticle.

In additionto calculatedsotopicratios, the saved parametergor eachgrainincludethe
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numberof pixels, the averageand maximumpixel intensitiesin the relevantion images,

andthe positionwithin theimageof the particle’s center

2.4.3 Image Data Processingand Selectionof PresolarGrain Candidates

After a setof ion imagingrunshasbeenacquiredfor asamplemountandhasbeen
processeasdescribedibove (particlesdefined,jsotopicratiosdetermined)the datasaved
for individual runsare combinedinto a singledatafile to allow further processingf the
datasetasa whole. Becauseseveral parametersre saved for eachgrain definedin ion
imagesgquitedetailedexaminationof thedatais possible. Therearegenerallytwo primary
goalsof the post-imagingdataprocessing:to identify isotopically anomalouscandidate
grainsandto determinethe total numberof grains(of a given composition)for which
theimagingisotopicmeasuremeris accurate.To aid in thesegoals,a numberof criteria,
describedelow, areusedo restrictdatasetsandexclude*bad” measurement£alibration
techniquesarethenappliedto measuredsotopicratiosto correctfor effectsof MCP/FS
nonlinearity grain size andimage position. The processingof imaging datasetsis an
interactve processwith examinationof the datasetasa whole interspersedavith detailed
re-examinationof ion images.Notethatnotall of thedataprocessingechniqueslescribed
in this sectionhave beenappliedto all of the imaging datapresentedn later chapters,

reflectingthefactthattheir developmenthasbeenanongoingprocess.

“Cuts” onimaging data sets

Thereare several criteriathat are usuallyusedto restrictdatasets. Definedparti-
clesareexcludedif theirion signalssaturatethe detectorif their ion countrateschange
significantlyfasterthan averageduring imaging, if testsindicatethey are artifactsof the

particle-definitionalgorithm, or if they have too high a backgroundcontrikution to yield
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areliableisotopicmeasurementAll of thesemay be monitoredby examiningimagein-
tensitiesasdiscussedelon. In additionto thesecriteria, otherrequirementsnay alsobe
usedto restrictthe data,dependingn the particularproblem.Most oftentheseadditional
constraintsnvolve elementatatios,for exampleonly grainswith Si/C ratiosindicative of
SiCareconsidered.
Saturtion: CCD pixels becomesaturatedvhen their limit of photoelectrornstorageis
reached 2.3.3);this statecorrespondso animagevalue of 65535ADU ( 64000af-
ter darkimagesubtraction).Oncea CCD pixel reaches saturatiorstate it canrecordno
additionalphotonsthat may strike it. At best,imagesaturatiorresultsin a lower (upper)
limit onameasuredsotopicratioif only thenumerato(denominator)magehassaturated
pixels. At worst,it canyield meaninglessesultsjf bothimagesaresaturatedNeithercase
is desirablesograinswith saturategixelsareroutinelyexcludedfrom datasets.
Change in image intensity: For isotopicratioion imaging,the morealbundantisotopeof an
isotopicratio pairis imagedbothbeforeandafterthelessabundantone(Table2.1). By ex-
amining pixel intensitiesof individual grainsin the repeatedmages,the rate of change
of secondaryion countratesduring ion imaging may be monitored. Fig. 2.14 shovs
a histogramof the relatve changein intensity betweenthe first and second images
for 3100imagedSiC grainsfrom the Murchisonmete-
orite. Theaveragechangen intensityis -1%, dueto sputtering(anegative changaneans
adecreas@ intensity)andmostof thedistributionlieswithin thegaussiariit (solid curwe).
The non-gaussiatail towardslarge negative changesn Fig. 2.14,is dueto small grains
thatsputterfasterthanaveragegrains. Significantdeviationsfrom the averageindicatean
errorwith themeasurementor example,grainsthatsputterawvay very quickly andgrains
for which acosmicray strikesthe CCD, producingbright pixelsin oneof thetwo images,
would bothyield erroneousneasuremen@ndlarge (absolutehangesn imageintensity

Usually all grainswhoserelative changesn intensity from the first imageto the second
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differ by morethan3 from theaveragechangeareexcludedfrom the dataset,where is

determinedy gaussiariits of thesortshovn in Fig. 2.14.
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Figure2.14: Histogramof the relatve changen imageintensitybetweerfirst andsecond
imagedor 3100SiC grainsfrom the Murchisonmeteorite. Thesolidline is agaussian
fit to thedata.Grainsoutsidethe maindistribution shouldbe excludedfrom the dataset.

Average/MaximunRatio: A third criterion,usedto excludefrom thedatasetbothartifacts
of the particle-definitionalgorithmandgrainswith too high a backgroundontritution, is
theratio of averageto maximumpixel intensityfor definedgrains.To understanavhy this
ratiois ausefulquantity consideranidealizedparticlethathasa 2-dimensiona(circularly
symmetric)gaussiammageintensityprofile,with maximumintensity , describedn polar

coordinatedpy
— (2.12)
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The averagevalue of this intensity profile, averagedover pixels within aradius of the

particlecenteris givenby
S — - —_— - (2.13)

Recallthatthe grain-findingalgorithm( 2.4.2)includesin a particle contouronly those
pixelswith intensityhigherthanathresholdchoserasafraction of theparticlemaximum.
For our idealizedcase,this correspondso choosing suchthat , thatis

~ . Substitutingthis into Equation2.13, we find the averagevalue of this
particleis

(2.14)

Thus,at leastfor purely gaussiarparticles the averageto maximumintensityratio, ,
depend®nly onthethresholdraction usedfor particledefinition. For thetypical thresh-
old valueof 35%,Eqn.2.14gives =0.62.

In fact, examinationof low-mass-resolutioon imageshasshovn that mostpar
ticles have intensity profilesthat arewell describedy a sumof a gaussiaranda slowly
varyingor constanbackgroundThus,the above analysigs approximatelycorrectfor real
ion imagesalthoughthe backgrouncadditionleadsto slightly lower average ratios
thanthosepredictedby Eqn.2.14. Thebackgroundontritution alsoleadsto aslightgrain
sizedependencef ratios; smallergrainshave larger backgroundontritutionsand
lower ratios. A histogramof ratios (from images)for 12,5000-rich
“grains” definedin ion imagesof a samplemountfrom the Tieschitzmeteorites shavn in
Fig. 2.15.As expectedrom the precedingliscussiona large fractionof grainshave
ratiosslightly lower thanthe puregaussiarvalueof 0.62 (they peakat 0.54). However,
therearealsomary grainswith muchhigherratios. High valueshave beenfoundto

usuallyindicatethat a given definedparticleis not a grainat all. Rathey suchgrainsare

artifactsof theimageprocessingFor example,the contoursshovn in yellow in Fig. 2.13
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Figure2.15: Average/maximum  pixel intensityratiosfor 12,5000xide grainsdefined
inionimages.Thelowerpeakcomprisesgood” measurementsggrainswith highratiosare
mostlyartifactsof the particledefinitionprogram but somereflecta very high background
contribution.
all have anddo not representctualgrainsin theion image. Somedefined
grainswith high ratiosdo appeato berealgrainsandnot artifacts,but thesehase a much
higherbackgrounccontribution thanthe grainsin the low peakandtheir measured
isotopicratios are lessaccurate.In ary case,reliableisotopicratio measurementsom
ion imagesseemto be confinedto grainswith lower ratios; for example,all of the
20 presolaroxide grainsthatwereidentifiedin the datasetof Fig. 2.15have ratios
0.65. Typically, agaussiars fitted to the lower peakin histogramdik e thatof Fig. 2.15,

andthetotalnumberof measuredrainsis estimatedrom thetotal areaunderthegaussian.

Definedgrainswhoseratiosaretoo high areexcludedfrom the dataset.
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Calibration of Imaged Isotopic Ratios

Oncethe above criteriahave beenusedto restricta dataset,the resultingdataare
correctedor effectsof MCP nonlinearityandbackgroundtontritutionsasdescribedere.
Figure2.16 shaws the “raw” imaged  / ratio (calculatedusing Eqn. 2.10), plotted
versusthe average  pixel intensity (averagedover all definedpixelsfor a givengrain
andover both images)for 17,000silicategrainsfrom the Tieschitzmeteorite.Two
striking trendsareclear One:themeasured /  ratiosof the grainsaresignificantly
higherthantheirtrue(solar)ratiosof 500,shawving directlytheeffectof theMCP/FSnon-
linearity. Two: thereis a steepdropof in themeasuredatio astheion intensitydecreases;
thisdecreaseés alwayspresenin  / and /  imaging.As mentionedabove,the
intensityprofilesof particleswithin ion imagesaredescribedvell by thesumof agaussian
anda slowly varying background.This backgrounccontribution is primarily dueto ions
from the samplesubstratealthoughcloselysituatedparticlesalsohave contributionsfrom
the gaussiarails of nearbygrains. Therelative contribution of the backgroundo isotopic
ratio measurementss greaterfor small grainsthanfor large ones. Underthe low-mass-
resolutionconditionsusedherefor ion imaging,the and imagescontainhydride
interferenceg H and H , respectrely), which largely originatefrom the sample
mountratherthanfrom grains.Thus,alargerrelative contritution of ionsfrom the sample
mountto theintegratedpixel intensitywithin adefinedparticletranslatesnto alowermea-
sured / or / ratioandthisis themostlikely explanationfor theisotopicratio
dropof shovnin Fig. 2.16.

Regardles®f thecauseof thelow-intensityratio dropof, thedatasetcanbeempir
ically correctedthe procedureappliedto the dataof Fig. 2.16,is illustratedin Fig. 2.17.
Thefilled circlesin Fig. 2.17 representhe averagemeasured / ratio, , for all

grainswithin imageintensity intervals, chosento include 300 grainsper interval.
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Figure2.16: /  ratiosplottedversusmageintensityfor 17,000silicategrainsfrom
the Tieschitzmeteorite. The measuredatios are higherthan solar becauseof the non-
linearity of the MCP/FS.The dropof in / ratio for low imageintensitiesis due
to increasedackgroundcontritutionsto the measurements(seethe text for a detailed
discussion)
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Figure2.17: Dataof Fig 2.16 averagedfor intensity bins containing300 grainsper bin.
Thesolid cunveis theresultof aleast-squarefit to Eqn.2.15.
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Thesedatahave beenfoundto befitted well by a functionof theform:

(2.15)

where isthe“background”isotopicratio, isthe“true” ratio, istheimageintensity
and is givenby:

(2.16)

If wetake asthey-intercepiwf astraightine fittedto thefirst few pointsof Fig.2.17and

to betheaveragevalueof thelastfew (asymptoticyvaluesof  , theshapeof thecurve
is determinedoy thefitting parameters, . Thesolid line throughthe datain Fig. 2.17is
theresultof aweightedeast-squarest to Eqg. 2.15with givenby Eq.2.16.0ncethe
best-fitparameterdiave beenfound, a correctedsotopicratio is obtainedfor eachgrain
in thedataset:

(2.17)

where is themeasuredatioand theaverageimageintensityof grain . (Thesub-
script indicateghatthisis afirst correction.)

Anothercorrectionthatcanbe appliedto the datasetarisesfrom the non-uniform
responsef the MCP/FSdetectoracrossits surface. As discussedbore in  2.3.4,this
non-uniformityleadsto a gradualdecreasén measured / and / ratiosasa
function of distancefrom the MCP center(Fig. 2.7). To correctfor this effect, we view
the decreasasan effective decreasén the MCP/FSnonlinearityexponentn in Eqn. 2.8
andassumen averagevalue, , for the bulk of theimagedgrains. In this way, we can
usethe datasetitself to determineand correctfor n. First, the averagevalue of R
(Egn.2.17)is foundfor grainswhosecenterdie within givenintervalsof distanceérom the

imagecenter The distancentervals arechoserno give equalareason the MCP. For each
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distancdntenal, n is next calculatedoy

(2.18)

Fig. 2.18shaws n, calculatedwith for thedataof Figures2.16—
2.17asafunctionof MCP position. The multiplicative factorof 1.02in the assumedatio
reflectsa typical instrumentalmassfractionationin the  / ratio during sputtering,
ionizationandtransmissionThe solid curwve is theresultof a third orderpolynomialfit to
thedata,giving n asafunctionof , thedistancdrom theMCP center With theparameters

of thisfit, afinal correctedsotopicratiofor eachgrain of the datasetmaybe obtained:

(2.19)

The distance for particle is given by , Where
arethe averagepixel coordinateof grain and is the centerof the
image. Thefinal resultsof theratio calibrationprocedureareshown in Fig. 2.19,which
shows asafunctionof imageintensity (Comparewith the uncorrectediataof
Fig.2.16.)

Notethatthe calibrationsdescribedherehave madelittle differenceoverallfor the
ionimagingdatapresentedh thisthesis.Theprimaryreasorfor thisis thatthecalibrations
have their biggesteffect for very smallgrains.Evenif the datacorrectiongeveal presolar
grainsthatwould have beenmissedwithout correction thegrainsarelik ely to betoo small
for re-analysideyondtheion imagingmeasurementor exampleby high-mass-resolution
isotopicanalysis.| includedetaileddescriptionshereof the calibrationtechniqueshow-

ever, becausehey have beenimportantin somecasesfor example,somepresolargrains

Strictly speakingthe centerof theimagemay not be exactly alignedwith the centerof the MCP “non-
uniformity.” However, ion imagesof a uniform sample(Si wafer) indicatethatthe non-uniformitycenteris
within 20 pixelsof the centerof the CCD image;a systematianisalignmenbf thetwo centersby this much
haslittle effectonthecorrectiondescribedere.
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with slightly higherthanaverage /  ratioshave beenfound that would have other
wise beenmissed.Moreover, the calibrationsarelik ely to be moreimportantin futureion
imagingsearchesvherethe primary goalis thatof determiningrelative concentrationsf
differenttypesof presolagrains.For suchstudiestheion imaginganalysiss likely to be

sufficientwithout furtherisotopicmeasurements.

Selectionof PresolarGrain Candidates

After animagingdatasethasbeencut andcorrectedasdescribedcabove, presolar
graincandidatearechoserasthosegrainswhosecorrectedsotopicratiosaresignificantly
differentfrom average where“significantly different” is operationallydefinedin termsof
the width ( ) of the distribution of (mostly normal) measuredatiosin the dataset. For
muchof the imagingwork reportedin this thesis,a gaussiarwasfitted to a histogramof
ratiosfor the entire dataset. Candidatesverethenchosenasthosegrainsthat deviated
by morethan3 from the average,where is the width of the gaussian.However, it is
clearfrom Fig. 2.19thatthewidth of theratio distributionincreasesstheimageintensity
decreaseggflectinglarger counting-statisticerrors. This hasbeentakeninto accountin
mary casedy fitting gaussianso histogramsof correctedratiosof small (low intensity)
andlarge (highintensity)grainsseparately

A bettermethodof selectingcandidatesnvolvesthe determinatiorof asanan-
alytical function of imageintensity . We assumethat the width of the isotopic ratio
distribution, , is a combinationof anintrinsic width anda counting-statisticerror

. (Theintrinsicwidth is in turn duebothto non-statisticainstrumentalincertaintyand
ary intrinsic variationin theisotopicratiosof the“normal” grains.)Fig. 2.20shovs — as
afunctionof for 8,1500xide grainsimagedfrom the Tieschitzmeteorite. In this plot,

and arethestandardleviationandaveragefrespectiely,of /  ratios(corrected
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Figure2.20: Relatve errorof corrected /  ratiosasafunctionof imageintensityfor
Tieschitzoxide graindataof Fig. 2.21. Thedashedine is theresultof fitting Eqn.2.21to
thesedata.

accordingo Eqns.2.15and2.16)for grainswithin (average  intensity)intervalscho-
sento include 450 grainsper interval. Obvious candidategrainsthat deviatedby a large
amountfrom the maindistribution wereexcludedfrom the datasetbeforethe averageand
standardieviation werecalculated Givenaratio R=A/B, therelative errordueto counting

statisticgs givenby:

— - (2.20)

where isthetotalnumberof countedsecondaryonsand is thecountingtime for mass
. Sinceboththe averagevalue of R for this correcteddatasetandthe O-isotopicimage
exposurdgimesareconstantsywe cantake thenumeratoiof thelastfractionto be constant,

and — —. Recallthatthe imageintensity of imageA is proportionalto

wheren is the MCP/FSnonlinearityexponent(Eqn.2.8). Thus, ~ and,combining
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errorsin theusualway, we find:
— —_— — — (2.21)

Thedashedinein Fig. 2.20shovstheresultsof aleast-squareft to Eqn.2.21,with
fitting parameters and andntakento be1.05.Eqn.2.21,with thefitted parameters,
isthedesiredanalyticalexpressiorfor theuncertaintyasafunctionof imageintensity Note
thatathighimageintensity thesecondermof Eqn.2.21becomesggligible andthewidth
of the distribution is given by the “intrinsic” width ( ). This asymptotic
width determineghe limit to how anomalousa grain mustbe beforeit canbe identified
by the ion imagingtechniqueand, as mentionedabove, dependsoth on the analytical
uncertaintyof ion imagingandthetruerangeof isotopicratiosof thedataset.In Fig. 2.20,

.Infact,forthe / and / imagingstudiesof thisthesistypical
valuesarebetweer? and3%.

Presolagraincandidatesireselectedasthosegrainsfor which:

(2.22)
where is givenby Eqn.2.19, s the averagecorrectedratio of the dataset, | is
the averageimageintensity of a givengrain, and is givenby Eqn.2.21. Fig. 2.21

shawvs theactualdatausedto derive Fig. 2.20.Non-candidaté“normal”) grainsareshavn
aspoints,candidateshoserusingthe above criterionareshavn ascircles. Thesolid lines
indicate3 curvesaccordingto Eqn.2.21. Many of thesecandidatesvere subsequently
confirmedto be presolar grains(seeChapter3).

Oncecandidatesare chosenthe original ion imagescontainingthem are closely
scrutinizedo remove candidatesvhose‘anomalous’isotopiccompositionsreartifactsof
theimageformationand/orprocessing Although mostsuchartifactsareeliminatedfrom

the datasetby the “cuts” describedabove, a fraction getsthrough. Among the possible
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causesf artifactsareimageshifts, optical distortionsat imageedges,and bright pixels
dueto cosmicraysstriking the CCD. Also, candidategrainsare often re-imagedat this
pointto excludegrainswhoseapparenanomalougompositionsretheresultof statistical
variations. Candidateghat still appearto be anomalousafter inspectionof the images
and/orre-imagingarethenselectedor further study usuallymeaningSEM examination

andhigh-mass-resolutioisotopicanalysis.

Determination of StageCoordinates

In orderto re-locatecandidateyrainsin theion probe(or the SEM; seeAppendixE),
it is usefulto determinetheir stagecoordinates.For eachimagingrun, the mappingpro-
gramrecordsthe ion probe stageposition of the entireimage, and the particle-
definitionalgorithmsdescribedabove recordthe average pixel coordinate®f each

definedgrain. With thisinformation,stagecoordinates of individualgrainsaregiven

by
(2.23)
(2.24)
where specifythe pixel locationin theimagecorrespondingo ion probecoordinates
,and specifiegshe numberof micronsper pixel in the direction.Note

that and aresomaeavhatarbitrary;choosingdifferentvaluesfor themamountgo asimple
translation.The scalefactors, and , mustbe determinedor eachsetof imaging
runs, however, by directly determiningthe stagecoordinatesand pixel coordinatedor a
numberof grainsin anion image. For the usualimaging conditionsusedin this thesis,

— Ipixel.
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PresolarGrain AbundanceEstimates

In additionto identifying raretypesof presolargrainsin meteoriticseparatespn
imagingcanalsobe usedto estimatethe concentrationsf thesetypesof grainsin mete-
oritesor the relatve abundance®f differentpresolargraintypesin a given sample. For
example,in Chapter3, the resultsof ion imaging searchesre usedto estimatethe con-
centration®f presolaroxide grainsin differentmeteoritesin Chapters, ion imagingdata
areusedto estimatetherelatve abundance®f presolarSiC of type X, presolar and
“mainstream”SiC in differentmeteorites Notethat, becaus®f the difficultiesmentioned
in thenext paragraphtheseestimatesresometimesery roughandshouldbeviewedwith
someskepticism. However, estimatesof relative numbersof differenttypesof presolar
grainsaregenerallymoreaccuratéehanestimate®f absolutemeteoriticabundances.

To estimatethe concentratiorof presolargrainsof type A in a given meteorite,
onemustdeterminghe total numberof grainsin animageddataset,the numberof these
grainsthatbelongto type A, andthe compositionf theimagedgrains. In addition,the
concentrationsind,in somecasesthe sizedistributionsof differentmineralphasesn the
meteoritefrom whichthesamplevasseparatedustbeindependentlgeterminedy SEM
work. How well all of thesethingscanbe determinedor a givendatasetdependstrongly
bothontheparticularsampleandontheion imagingconditions.Difficultiescanstemfrom
suchthingsasthe spatialdensityof grainson the samplemount,how well theion optics
aretuned,andthe possibleandvariablepresenc®f contaminationThe densityof agrain
mountis particularlyimportant;if a mountis very crovded,imagesof individual grains
canoverlapto the point that multiple grainsare definedas one or that the isotopicratio
of an anomalouspresolargrainis washedout by the normalratio of a nearbygrain. In
suchcaseshoththe total numberof grainsimagedandthe numberof presolargrainsare

uncertain. A similar problemholdsif the opticsare not focusedproperlyandimagesof
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neighboringgrainsareblurredtogether The compositionf imagedgrainscanoftenbe
determinedoy obtainingelementaratiosin additionto isotopicratios,andsuchimaging
alsosometimegprovidesamethodfor eliminatingcontaminatiorgrainsfrom adataset. For
example,in someion imagingsearchegor presolaroxide grains,O /AIO andO /Si
ratios have beenobtainedin additionto  / ratios, to distinguishbetweenAl-rich
meteoriticgrains(primarily and ) and quartzcontaminangrainson the
samplemounts. However, evenif elementafatiosallow oneto distinguishsomemineral
phasesn a given samplefrom oneanotheranindependentleterminatiorby SEM-EDX
of therelatve alundance®f differentmineralphase®n samplemountsis usuallyneeded
aswell. Becauseof the difficulties entailedin estimatingpresolargrain abundancesand
becausehe reliability of suchestimateslependson the particularconditionsof a given

imagingrun, | will discusseachsampleasa specialcase.

2.4.4 High-Mass-ResolutionMapping

Althoughionimagingatlow massesolutionis quite effective for identifyingsome
raretypesof presolargrainsin meteoritespthertypesof grainscannotbefoundsoeasily
For example theraresub-groupf presolaiSiC known asgrainsy is distinguishedy high
( 120) [/ ratios(Hoppeetal., 1994a). Thesegrainshave Si-isotopicratiossimilar
to the mainstreanpopulationof SiC (Hoppeetal., 1994a,Chapterl) andthuscannotbe
found by imaging of /. Anotherexampleis given by somepresolaroxide grains
thathave highly anomalous /  ratios,butnormal /  ratios. Suchgrainswould
be missedby the ion imaging searcheslescribedn this thesis,that identify grainswith
unusual /  ratios. Theisotopicratiosthatdistinguishboth thesetypesof grainsre-
quire high mass-resolvingonditionsfor their measurementjueto isobaricinterferences
( Hinterfereswith and Hwith ). Tuningtheion microprobefor high-mass-

resolutionconditionsmakes ion imaging difficult, becausehe available imagedareais
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reducedandoptical distortionsareintroduced,andbecauseuchconditionsentail a large
loss of secondaryion signal. A preliminary study hasshown that high-mass-resolution
imagingof /  ratiosis feasible(Amari et al., 1996a),but distortionsin the images
led to somedifficultieswith the particle-definitionalgorithm.Furthermorethe lossof sig-
nal led to muchlarger statisticaluncertaintieshanthoseobtainedby low-mass-resolution
imaging. Despitetheseproblems, /  ionimagingdid identify a numberof new SiC
grainsY andthetechniqudookspromising.

In contrastto , imaging of is impracticalwith our ion imaging system,
bothbecaus@f thevery low naturalabundanceof thisisotopeandthe muchhighermass-
resolvingpower neededo separate H ionsfrom ionsthanthatneededo resole

H from . Sincel wantedto determinewhat fraction of presolaroxide grainsare
missedby mappingin [, | developeda “semi-automated’methodfor high-mass-
resolution / ratio measurementsin this technique,ion imagingis usedto map
samplemountsin and , andtheimageprocessindechniqueslescribedn pre-
vioussectionsareusedo determingheion probestagecoordinatesf Al-rich oxidegrains.
By notimagingin , this methodminimizesthe total time that grainsare sputteredoy
the primaryion beamprior to the high-mass-resolutioanalysis.Oncethe coordinateof
grainsaredeterminedy ion imaging,a programis run thatautomaticallymovesthe stage
from grainto grain. For eachgrain, the experimenterchecksthat the primary ion beam
is focusedonto the grain and performsa three-gcle measurementf : and
Grainsthatappeaanomalousluringsuchashortanalysiscanimmediatelybesubjectedo
afull, higherprecisionmeasurement.

Althoughthis mappingtechniquerequiresfar moretediouswork on the partof the
researchethanthe automatedon imagingmethod,it doesindeedallow large numbersof
grainsto be analyzedat high massresolutionrelatively quickly. The resultsof the first

useof this methodto searchfor presolaroxide grainsis describedn Section2.4.4. For

74



this searchtotal countingtimesfor and  were3, 18,and15 secondstespec-
tively, resultingin typical 2 analyticaluncertaintiegdueto countingstatistics)of 20%
for / andl0%for / . Thetotaltime for eachgrainmeasuremenincluding
locatingthe grain, centeringthe primaryion beamandcountingsecondaryons, wasless
thanthreeminutes. In contrast,a presolargrain measuremenising standardechniques
may take aslong asfifteen or twenty minutesto complete a significantfraction of which

is spentfinding thegrain.

75



Chapter 3

Oxygen-rich Stardustin Meteorites|. Samplesand Results

3.1 Intr oduction

At thetimethatthisthesisresearchvasinitiatedin 1992,theknown presolaiphases
in meteorites- SiC, graphiteand diamond- wereall C-rich (seeChapterl). Although
astronomicabbsenationsof O-rich dustboth in circumstellarenvelopesaroundO-rich
starsandin theinterstellarmediumled to the expectationthat O-rich stardusshouldalso
be presenin meteoritespresolaroxide grainsprovedto be considerablymoredifficult to
locatein meteoritegshancarbonaceousnes.The primaryreasorfor thisis thatthe Sunis
rich in oxygen,andchondriticmeteoritesareessentiallycollectionsof isotopicallyuniform
O-rich phaseghatformedin the solarnehula. Presolamoxide grainsarethushiddenby a
large backgroundf isotopicallynormaldustgrains,evenin the highly concentratea@cid
residuesn which presolarC-rich phasesreprevalent.

Thefirst evidencefor presolaoxidegrainsin ameteoriticacidresiduevasfoundby
ZinnerandTang(1988),who found enrichmentsn bulk measurementsf thousands
of tiny oxide grainsin a separateof the Murray carbonaceoushondrite. Subsequently
Hussetal. (1992)reportedthe discovery of a highly -enriched grainfrom the
Orgueil meteorite(out of fifty-one refractoryoxide grainsanalyzedfor Al-Mg). Thein-

ferredinitial / ratio of this grainis 18 timesashigh asthe upperlimit of 5
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obsenedin matterof solarsystemorigin (MacPhersortal., 1995),andHussetal. tenta-
tively identifiedthis grainascircumstellay anidentificationlater confirmedby O-isotopic
analysis.

The [/ ion imagingmappingtechniquedescribedn the previous chapteris
ideally suitedto locatingpresolamoxidegrains whichareswimmingin aseaof isotopically
normalgrains.In fact,the problemof locatingpresolaioxidegrainswasvery muchin mind
duringtheinitial developmentof the ion imagingsystemandone of the first usesof ion
imagingwasa successfusearchfor presolaroxide grainsin a separatef the Murchison
meteorite(Nittler etal., 1993).1 have sinceusedion imagingto searchifor O-rich stardust
in residue®f five differentmeteoriteandidentifiedandanalyzedat highmassesolutiona
total of seventy-ninepresolaroxide grains.An additionaleightpresolamgrainswerefound
by a high-mass-resolutiosearchin this chapteyl summarizeanddiscusgheionimaging
dataandpresenthehigh-mass-resolutioisotopicdatafor the 87 presolamgrainsthatwere
found. A detaileddiscussiorof theastrophysicaimplicationsof thesedatais presentedn
Chapterd. | notethatmuchof this chapterandessentiallyall of Chapted aretakenfrom a
manuscripbf a papersubmittedto the Astrophysicallournal(Nittler etal., 1996b).Also,
someof thedatahave beenpreviously publishedNittler etal., 1994;Nittler etal., 1995b).

3.2 lon Imaging Results

Table 3.1 summarizeghe resultsof my ion imaging searchegor presolaroxide
grains,in chronologicalorder For eachsamplemountthatwas mappedthe table gives
the meteoritefrom which the sampleoriginated,the numberof imaging runs that were
acquiredthe numberof grainsthatweredefined the algorithmusedfor particledefinition
andthe numberof confirmedpresolargrainsthat were found. The namesgivento the

differentmountsare basedon the namesgivento particularresiduesby the peoplewho
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Table3.1: lon imagingsearche$or presolamoxidegrainsin meteorites.

Mount Meteorite Runs DefinedGrains Algorithm PresolaiGrains

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 Acfer094 438 6600 3 3

Numberafter“cuts” describedn Chapter2 applied.

Algorithm usedfor particledefinition (seeChapter2). 1: First algorithm—particleslefinedby thresholding;
M: Particlesdefinedmanuallyby userwith amouse;2: Early versionof currentalgorithm—particleslefined
by expandingin circlesaroundliocal maximauntil a critical numberof pixelsarebelown athresholdntensity
level; 3: Currentversionof algorithm—particlesdefinedby examiningimageprofilesandtheir derivatives
radially aroundlocal maxima.

preparedhem. For example,"ORCC” is a mountof the Orgueil-CCresiduepreparedy
Roy Lewis and mountswhosenamesbegin with “T8” containmaterialfrom Xia Gaos
Tieschitz-T8separate.

The particle-definitionalgorithmslabeled*l” and“3” in Table3.1aretheoriginal
algorithm, developedby PeterHoppeand Ricky Becker, andthe currentalgorithm, de-
velopedby myself, respectiely. Thesearedescribedn Chapter2. For the grain mount
ORCD1,I definedparticlesmanually(hencealgorithm“M”) by drawving contourson im-
ageswith themouse.Algorithm “2” refersto anearlyversionof the currentalgorithm.In

this earlieralgorithm,particlesweredefinedby expandingin circlesaroundlocal intensity

maximain theimagesauntil acritical numberof pixelswithin thecircularregionwerebelow
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a thresholdintensitylevel. In generalthe numberof particlesidentifiedandthe number
of closelyneighboringgrainsthatweredistinguishedncreasedvith eachnew algorithm.
Essentiallyno grainsare missedwith algorithm3, but this programhasthe side effect of
defining“false”particles(seeChapter2).

In the remainderof this section,| will discussthe ion imaging resultsfor each
meteoriteand,wherepossible gstimateéhealundancef presolaioxidegrainsin thegiven
meteorite. Thereadelis cautionedo take theseestimatesvith a grainof salt,however. As
discussedn Chapter2, estimatingpresolargrain concentrationsn meteoritesfrom ion
imagingdatais complicatedy suchissuesasthedispersiorof grainsonthesamplemount
andthe presenc®f contaminationAn additionalcomplicationis thefactthata significant
fraction (1/4-1/2;see 3.3) of presolaroxide grainshave solar  / ratiosandare
thusoverlookedin ion imagingsearchedik e thosediscussedhere. Also, sincetheimage
processin@nddatareductiontechniqueslescribedn Chapter2 weredevelopedgradually
throughoutthe courseof this thesisresearchthe analysistechniquesappliedto eachion
imagingdatasetdifferedto varyingdegrees.This complicatecomparison®f the results
from differentmeteoritespr eventheresultsfrom differentmountsof the samemeteorite

separate.

3.2.1 Orguell

The Orgueil meteorite(type Cl) waschoserfor the first ion imagingsearchpoth
becausehis wasthe meteoritein which Husset al. (1992)hadfound strongevidencefor
apresolar grainandbecaus@®rgueil hasno Ca-Al-richinclusions(CAl) thatcould
provide isotopicallynormalrefractoryoxide grainsto acidresiduesthusdiluting the pop-
ulationof presolaroxides. Thefirst samplemapped Orgueil-CC,wasa 2—-4 m separate,
which accordingto SEM-EDX analysisconsistednostly (86%) of Cr-rich oxides,gener

ically referredto hereas“chromites; followed by spinel(8%), TiO (4%) andvery little
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( 1%each) , hiboniteandSiC. Theresultof this searclwasnegative,andthefollow-
ing searchwascarriedoutona4—-8 m separat¢Orgueil-CD,mountORCD1)thatresulted
from further treatmentof Orgueil-CCwith perchloricacid to remove chromites. Indeed,
the chromiteabundanceof ORCD1wasreducedo about10%, andthe alundance
increasedo 8%. Evenso, no presolargrainswere found on this mounteither Unfor-
tunately a craclked centrifugetubeendedary possibility of furthersearche# the smaller
sizefractionof this Orgueil sample.Thethird andfinal Orgueil searchwasthuscarriedout
on anentirely differentresidue Orgeuil-EF This samplehadthe disadwantagethatit had
beenmixed (prior to acid dissolution)with plant materialandterrestrialsoil someyears
earlierin an attemptedife-in-meteoriteshoax (R. Lewis, private communication). Ap-
parently this contaminationintroduceda significantamountof small acid-resistanbxide
grains. The alhundanceon the Orgueil-EF samplemountOREFwaslessthan1%
andno presolamgrainswerefoundby ion imaging. In summarytheion imagingsearches
of Orgueil residuesdentifiedno presolaroxide grains.However, only 130 grains
wereamongthoseimaged,andwith the hindsightthat presolaroxidesare predominately

, we seethatthe searchesverehamperedy low statistics.

3.2.2 Murchison

Onesamplemount,KJG-6 , of acid-resistantlustgrainsfrom the Murchisonme-
teoritewasmappedn | for presolargrains. It containedmaterialfrom the2—4 m
size separatdKJG) from the Murchison“K-series” (Amari et al., 1994). Althoughthe
KJ residuegrimarily containvery-puresamplesof presolarSiC, thelarger sizefractions,
including KJG, containsignificantnumbersof refractoryoxide grains. SinceMurchison
is a CM chondrite,mostof theseoxide grainsare probablyfragmentsof CAls. Never-

thelessjon imagingdid identify a presolar grain,namedM-83-5, on KJG-6 ; this
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was the first unambiguousliscovery of a circumstellaroxide grain in a meteorite(Nit-
tler et al., 1993). Basedon SEM-EDX analysisof 105 grains,KJG contains70% SiC
and23%corundumwith theremaindeotherphasegmostlycarbonaceuosontamination),
andtheion imagingresultsthussuggesa presolar to presolarSiC numberratio of
1/(800 0.70/0.23) 1/2400,0r, sincethe SiC abundancen Murchisonis 6ppm,anatun-
danceof 2.5ppbfor circumstellar in Murchison. However, this estimateis highly
uncertainfelying asit doeson oneidentifiedpresolargrain,andon the (probablywrong)
assumptionhatpresolaiSiC andpresolar havethesamesizedistributionin Murchi-

son.

3.2.3 Tieschitz

The ordinarychondriteTieschitz(H3.6) hasturnedout to be the mostfruitful me-
teoriteto datein termsof identifiedpresolaroxide grains. A total of five samplemounts
of separatd 8 have beenimagedin /  with 73 confirmedcircumstellar grains
andtwo circumstellar grainsidentified. An additionaleightpresolamgrainswere
foundonasixth T8 mount, T8E1,by theion imaging/high-mass-resolutiomappingtech-
niquedescribedn 2.4.4;see 3.3. For abrief descriptionof the preparatiorof T8, see
Nittler etal. (1996b).SEM-EDXanalysisof 190grainsshoved T8 containsapproximately
34% , 18% , 12% Cr-rich oxides,and23% SiC, with theremaindetbeing
madeup of othet mostly O-rich, phasesHowever, ion imagingof elementalatiosclearly
shavedthat someof the T8 mountshada significantlyhigherfraction of “other” phases,
mostly contaminantjuartzparticles. For example,only of the O-rich grainsfound
by ionimagingof mountT8E1wereestimatedo be or ( 3.3),in contrast
tothe  expectedirom the EDX results.A higherlevel of contaminatiorwill not affect
therelative proportionsof SiC, ,and in theresidue however.

All of theimagedTieschitzmountswere very denselycrovdedwith grains(see,
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for example,Fig. 2.13,takenfrom the imagingrunsof TieschitzmountT8D1). This was
partly accidental sinceit is difficult to controlthe grain dispersiorwhendepositingsam-
ples,andpartly deliberatejn orderto maximizethe numberof grainsperimageandthus
the efficiency of ion imaging. The high grain densityhadthe unfortunatedisadwantage,
however, thatmary presolaigrainswereno doubtmissedy theion imagingsearchesim-

ply because¢heiranomalous /  ratiosweredilutedby thetails of larger, isotopically
normalgrainsnearby Also, somegood presolargrain candidatesveretoo closeto other
grainsto beaccuratelyanalyzedat high massesolution.

Thehigh graindensityof the Tieschitzmountsalsomakesary estimateof thealun-
danceof presolar in this meteoritefrom the ion imaging datasuspect.The high-
mass-resolutiomappingresultsfor TieschitzmountT8E1 ( 3.3) provide a moredirect
methodfor estimatingthis abundance Theresultsof the T8E1 studyindicatethatoneout
of fifty T8 Al-rich ( and ) grains,andthusoneout of thirty grains,
is of presolarorigin. With the EDX resultsmentionedn the previous paragraphandthe
estimatethatSiC in T8 amountgo 1ppm of the meteorite we estimatethe abundanceof

presolar in Tieschitzto be 30ppb

3.2.4 Indarch

Indarchis an enstatitechondrite(EH4). Suchmeteorite§ormedundermorere-
ducingconditionsthanotherchondritesandoneapparentesultof this is thattheresidue
studiedhere,IN28 consistsalmostentirely of reducedphaseqSiC, , C) with very
few oxide grains. A brief descriptionof the preparatiorof IN28 canbe foundin Gaoet
al. (1995). Theresiduewassize-separateito two fractions:IN28a ( m) andIN28b

( m) and one mountof each(IN28a-B and IN28b-B, respectrely) was mappedin

This estimateis basedon quantitatve x-ray analysisin the SEM (Xia Gao, private communication).
However, about  of theSiCin T8 is terrestrialcontaminationsothe estimategresolarSiC abundnacen
Tieschitzis 0.3ppm.
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| for presolaroxide grains.Imageswerealsoacquiredfor eachmountin
and , to distinguishquartz, which was known to be a contaminanton the sample
mounts,from and . Roughly400Al-rich grainswereimagedin bothsize
fractions(the O/AIO ratio was usedto determineAl-rich grains),but no presolaroxide

grainswerefirmly identified.

3.2.5 Acfer 094

The SaharaimeteoriteAcfer 094is anunusuakarbonaceoushondrite with prop-
ertiesbetweerCO3andCM2 meteoritegNewtonetal., 1995;Gaoetal., 1996).A prelim-
inary studyof this rock by Newton et al. (1995)suggestedhatit hashigh concentrations
of presolarC-rich phasesanda samplewas provided to WashingtonUniversity wherea
residue AF15,waspreparedy Xia Gao.AF15wasfurthersize-separateahdtwo mounts
of the0.3—4 m sizefraction (AF15b)wereimagedfor presolaroxidegrains.Oneof these
mountsis not includedin Table 3.1 becausgoortuning of theion opticsblurredtheim-
agesso asto be useless.Imagingof the othermount, AF15b-B, was more successful3
presolar grainswere confirmedon this mount. A fourth grain wasclearly
anomalousn /  from theion images but could not be analyzedat high massreso-
lution. SEM-EDX analysisof 591 AF15bgrainsshovedthatthis residueconsistof 73%
SiC, 19% , 3% , and 5% quartz. Theseresultsindicatethat, of the 6600
grainsdefinedin the O-isotopicion images, 730weredistinct grains. However,
therewasa large spatialoverlapbetweenimagingrunson this mount,dueto a problem
with the samplestagecontrol electronicsandapproximately  of the grainsin the data
setweremeasuredwice. Thus,some550 different grainswereimaged,with the
resultingestimatethataboutonein 140 Acfer 094 grainsis of presolarorigin. This
isalowerlimit sincecircumstellagrainswith solar /  aremissedoy theionimaging.

If we assumehatall circumstellar grainsin this meteoritearein the sizerangeof
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the AF15bseparateandcombinethe EDX resultswith the obserationthatSiCin AF15b
represents 8ppmof the bulk meteorite(Xia Gao, privatecommunication)we estimate

thealundanceof circumstellar in Acfer 094tobe 3pph

3.2.6 Searchesfor PresolarSilicates

O-rich dustin circumstellarervironmentsandthe interstellarmediumis known to
be dominatedby acid-solublesilicates,not acid-resistanbxide grainslik e the onesfound
in meteoriticresidues.Using somesimple assumptionsAlexander(1995) estimateghat
presolarsilicatesmay be presentin the matrix of primitive meteoritesat a level of sev-
eralwt.%. Althoughthereis no guarante¢hatpresolarsilicates,which areexpectedo be
amorphouswould survive solarnehular processingmeteoriteparentbody formation,and
metamorphisnto the extentthat presolar , SiC, graphiteanddiamondgrainshave,
the possibleexistenceof presolarsilicategrainsin meteoritess very muchanopenques-
tion. In afirst-orderattemptto answetrthis question] conductedwo separatéon imaging
searchedor presolarsilicates,in non-etchedsize separate®f Murchisonand Tieschitz
( m and m, respectiely). A total of 3500grainsin Murchisonand20,000in Ti-
eschitzweredefined but no strongevidencefor isotopicallyhighly anomalougrainswas
foundin eithersearch Theseresultsdo notplacestronglimits onthealbundancef presolar
silicategrainsin eithermeteorite primarily becausdoth samplemountswere extremely

crowdedwith grains.

3.3 High-mass-resolutionMapping Results

To determinehow mary presolaroxide grainshave normal  / ratios, but
anomalous / ratios,| appliedthe “semi-automatedimappingtechniquedescribed

in  2.4.4to aTieschitzT8 samplemount, T8E1. Of the9000grainsdefinedon this mount
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by ion imagingof O, Si, andAIO, 3500wereidentifiedasbeing or
This identificationwasbasedon associatingegionsof a plot of O/AIO ratiosversusO/Si
ratios (determinedby ion imaging) with differentmineral phases.In particular Al-rich
grainswere chosenasthosewith O/AIO 15andO/Si  50. This rangewasconfirmed
by subsequentomparisondetweenSEM-EDX dataandion imagingdatafor 60 grains
on the mount; | estimatethatlessthan20% of the grainschosenas or
areactuallyotherAl-rich phases.Five hundredof the Al-rich grainsweresubjectedo a
low-precisionmeasuremendf their O-isotopicratios at high massresolution. However,
97 of thesegrainshad secondaryon signalsthat changedy more than60% during the
shortmeasuremerdandwereeliminatedfrom the dataset. The O-isotopicratiosof there-
maining403grainsareshavnin Fig. 3.1. Eight of thesegrains(opensymbolsin Fig. 3.1)
have O-isotopicratiosindicative of a circumstellarorigin, confirmedby subsequentull
measurement3.heshadedareain Fig. 3.1shavstheapproximateangeof /  ratios
measuredby ion imagingin the bulk of oxide grainsfrom Tieschitz;presolargrainsmust
lie outsidethis region to beidentifiedby ion imaging. Two of the circumstellargrainsin
Fig. 3.1fall in theshadedegion andtwo fall well outsideof it (  / 0.001).0Of the
otherfour presolargrains,two have large enrichmentand /  ratioscloseto the
ionimaginglimit, andtwo haveapproximatelynormal /  ratiosandintermediate
depletiony / 0.0015). Dependingon whetheror not the grainsat the edgeof the
shadedegion would be identifiedasanomalousy ion imaging, thesedataindicatethat
from 1/4 to 1/2 of presolaroxide grainsin Tieschitzhave enrichmentgreaterthan
30%but /  ratioscloseenoughto solarto be missedby ion imaging mappingof
/| ratios.Note,however, thatthegrainsthataremissedelongto the best-understood

groupof presolamoxides(seechapter).
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Figure3.1: Resultsof low-precisionO-isotopicmeasurementsf 403 acid-resistanbxide

grainsfrom the Tieschitzmeteorite. Error barsare2 and dashedines indicate solar

isotopicratiosin this andsubsequerfigures. The shadedegion denoteghe approximate
rangeof / of the bulk of ion imaging measurementé 13% aroundthe average
ratio; seeChapter2); presolargrainswithin this region would not be selectedaspresolar
grain candidategrom the ion imagingdata. The eightgrainsmarked by opencirclesare

highly anomalousandthusidentifiedascircumstellagrains.
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3.4 Propertiesof PresolarOxide Grains

In the remainderof this chapter | will describethe physicalandisotopiccharac-
teristicsof the 92 presolaroxide grainsthat have beenfoundto date—87 foundin theion
imaging searcheslescribedabove andfive found by otherresearchergHutcheonet al.,

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

3.4.1 Chemical Composition

SEM-EDX analysisof thecircumstellaoxidegrainsrevealedonly Al andO X-ray
peaksin all but two grains,T3 andT44, which alsohave a Mg peak. The grainsarethus
inferredto be corundum( ), with the exceptionof T3 andT44. The Al/Mg ratio of
T3, measuretby ion probe,is four timesthatexpectedor purespinel( ), andmay
thusbeanintergrowth of spinelandcorundum(Nittler etal., 1994).In contrastthe EDX
spectrunof T44 is similar to thatobtainedon a terrestrialspinelstandardandthis grainis

probablya purespinel.

3.4.2 Sizesand Mor phologies

The sizedistribution of presolaroxide grains,estimatedrom SEM micrographs,
is showvn in Fig. 3.2. Only grainsfrom Tieschitzgrain mountT8D1 areincludedin this
plot, becausdor this mount, presolargrain candidatesvere examinedin the SEM prior
to high-mass-resolutioanalysis.For othermounts,the SEM analysisfollowedthe high-
mass-resolutioanalysisandthe grainswerethussputterecconsiderablynorethanthose
of T8D1 beforeSEM inspection.For roundgrains,thegivensizeis the diameter For non-
roundgrains,thesizewastakenas —, whereA is the estimatectross-sectionarea
of thegrain. The darker region indicatesten candidategrainsthat have highly anomalous

/ ratiosaccordingto their ion images,but that were eithertoo small or could not

87



15

Number of Grains

Size (um)

Figure 3.2: Sizedistribution of circumstellaroxide grainsfrom Tieschitzsamplemount
T8D1. Thedarker regionindicatestengrainsfor which ion imagingindicatedisotopically
highlyanomalous /  ratios,butwhichcouldnotbeanalyzedthigh-mass-resolution.
Most presolaroxide grainsin our Tieschitzresiduesreverysmall( 1.5 m), limiting the
amountof materialavailablefor isotopicratio measurements.
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be sufficiently distinguishedrom neighboringgrainsto be analyzedat high massresolu-
tion. Thesizedistributionin Fig. 3.2 probablydiffersfrom thetrue distribution within the
meteoritefor several reasons.First, the grainshave beensputteredsomeavhat duringion
imaging. Theobsenedsizeof a grainthusdepend®n the extentof this sputteringwhich
is likely to vary from grainto graindueto geometryeffects. Secondtheion imagingtech-
nique usedto find presolargrainsis more sensitve to larger grains,which have smaller
analyticaluncertaintyandlower relatve backgroundcontrikutions. Finally, the chemical
treatmentsisedto preparethe Tieschitzresiduearelik ely to preferentiallydestry or lose
smalloxidegrainsrelative to largeones.Evenif the measurediistribution doesreflectthat
in themeteorite however, it is unlikely to bethe sameasin the stellarsourcessincesmall
grainswereprobablypreferentiallydestroyed duringpassagérom their sourcego the So-
lar System.n ary casejt is clearfrom Fig. 3.2thatmostof the circumstellaroxide grains
in TieschitzT8 are m in diameter Becausef their smallsizesandbecause
takesuptraceelementdessreadilythanSiC or graphite jsotopicstudiesof elementother
thanO andMg in singlecircumstellaoxide grainsaredifficult at present.

Becausehe presolaroxide grainsfound by ion imaging have beensputteredoy
anion beamprior to SEM examination,it is difficult to ascertairwhattheir original mor-
phologiesvere.Moreover, the smallsizesof mostof the grains(Fig. 3.2) make it difficult
to distinguishsurfacetextures. Neverthelessthe presolaroxide grainsappearin general,
quite similar to mostcircumstellarSiC grainsfound in meteoritegHoppeet al., 1994a,
seeFig. 2.9). Many have a platy appearanceandsomeshown well-definedcrystalsurfaces.
They frequentlyappearto have tiny grainson their surfaces,but whetherthesearereal

sub-grainr unrelatedyrainsfrom the meteoriteseparates unknaown.
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3.4.3 Isotopic Compositions

The O-isotopicratios, Mg-isotopic ratios and inferred initial / ratios for
the 87 presolaroxide grainsreportedn this thesisaregivenin TablesA.1 andA.2 of Ap-
pendixA. Not shavn in thetables but includedin figuresandthe discussiorof Chapter4
areOrgueilgrainsB andDD27,andBishunpurgrainsB39,B155andB129,foundby other

laboratoriegHussetal., 1994b;Strebeletal., 1996,G. Huss,privatecommunication).

O isotopes

The O-isotopiccompositionsof 91 of the 92 presolaroxide grainsthat have been
foundto dateareshowvn in Fig. 3.3,plottedas  /  versus /  ratios. Onegrain,
T75,wasinadwertentlynotanalyzedor / ,butits /  (determinedyionimag-
ing) andinferred / ratiosaregivenin TablesA.1 andA.2. Logarithmicscalesare
usedin Fig. 3.3to cover the enormougangeof compositionsexhibited by the grains;the
obseredrangeof O-isotopiccompositionsn the SolarSystem excluding presolargrains,
falls within the solarsymbol. Fig. 3.4 presentsanotherview of the O-isotopiccomposi-
tionsof mostof thegrains,plottedas / versus /  onalinearscale.Thedata
have beendividedinto four distinctgroupson the basisof their O-isotopicratios(Nittler et
al. 1994,1995a)asan aid to the discussiontheisotopicpropertiesof the four groupsare
summarizedn Table3.2. Thereaderis cautionedhatthe assignmenof a particulargrain
to a particulargroupis somevhatarbitraryin mary cases.GeneralO-isotopictrendsare
quite clear however, andprobablyreflectdifferentprocessesperatingin the parentstars
of thegrains.

Most of the presolaroxide grainslie in the lowerright quadranof Fig. 3.3 corre-
spondingto lowerthansolar /  andhigherthansolar /  ratios(enriched

anddepleted ). A histogramof the / ratiosfor the grainsin this quadrantis
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Figure 3.3: / and / ratios(1 errors)of 88 circumstellaroxide grainsex-
tractedfrom primitive meteorites.The grainshave beendivided into four groupson the
basisof this plot; seetext and Table 3.2 for group definitions. Grain T54 is unlike ary
othersandis notassignedo agroup.

Table3.2: Groupsof circumstellaroxidegrains

/ / /

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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In contrasto Fig. 3.3,dataareplottedon alinearscale.Dash-dottecellipsesurroundgour
Group2 grainsthatmaybedistinctfrom themainGroup?2 trend.



shawvn in thetop panelof Fig. 3.5. Thedistributionis double-pea&dandwe have divided
thesegrainsinto two separatgroupson the basisof this plot. Group1 grainshave solar
/  ormoderate  depletions( / 1250; / 0.0008),whereasGroup

2 grainshave muchmoreextreme  depletiony / 1250; / 0.0008).Be-
sideshavinglower /  ratios,Group2 grainsalsodiffer from Group1l in their much
narraver rangeof  / ratios (Table 3.2 and Fig. 3.4). Note that mostcircumstellar

grainswith solar /  ratiosbelongto Groupl. Theresultspresentedn 3.3
indicatethat Group 1 grainsare underrepresentedh this datasetcomparedo their true
proportionin the populationof circumstellaroxide grainsin the Tieschitzmeteoriteby a
factorof

Theremainingtwo groupsof circumstellar grainsfall in differentquadrants
of Fig. 3.3. Grainsthat have solaror smallerthansolar  / ratios are assignedo
Group3. The bottom panelof Fig. 3.5 shavs that Group 3 grainstendto have  /
ratiosthat overlap with the lower rangeof the Group 1 distribution. Exceptionsarethe
two grainsT3 andT8, whichhavesolar /  ratios(Nittler etal., 1994)andgrainT67,
with / =0.00065.Usingthesolar /  ratioasthedividing line betweenGroups
1 and3 is somavhatarbitraryasthereis no clearbreakin the O-isotopicdistribution atthis
ratio. However, the distributionsof inferred / ratiosare clearly differentfor the
two groups( 3.4.3),lendingsomesupportto dividing thedatain thisway. Thefour grains
with highly enriched and , relativeto solar areclassifiedasbelongingto Group4.

Onegrain, T54,hasan  / ratio 37 timesthesolarvalue.lts  / ratio of
71is lower thanary thathasbeenpreviously obsenedin naturalsamples.The measured

| ratiofor T54is about2000,but is consistenata 2.5 levelwith . Thefew

ionscountedduringthe measuremerdould have beenfrom neighboringgrainsor residual
oxygenon the samplemount. Unfortunately the grain was completelydestrgyed during

the measuremengndwe cannotunambiguouslylecidethe question.In ary case,T54 is
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Figure3.5: Histogramof /  ratiosof circumstellaroxide grainsbelongingto Groups
1-3.Thedistributionfor grainswith  /  greatethanthesolarvaluehasaminimumat
0.0008andthis valueis usedto distinguishGroup1 andGroup2 grains. /  ratios
of Group3 grains( / solar)overlapthe lowerendof Groupl.
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notobviously relatedto Groupsl through4, andit will betreatedseparately

Mg-Al isotopes

Of thefifty presolaroxide grainsof this studythat were analyzedfor Al-Mg, 33

have large excessegwith / ratiosup to 300 thesolarratio), but normal

/ ratios. Theseexcessesrealmostcertainlydueto thein situ decayof that

waspresentn thegrainswhenthey formed.Inferredinitial / ratiosfor thesegrains
aregivenin TableA.2; 2 upperlimits aregivenfor grainsthatdid not have measurable

excessesf . Combiningthesedatawith Al-Mg measurementsf two presolaroxide

grainsfoundat Caltech(Hutcheoretal., 1994;Hussetal., 1994a) wefind that35 outof 52

grainsmeasuredor Al-Mg have evidencefor , with inferred  / ratiosbetween
1.2 andl.6 . All but two of the circumstellaroxide grainsanalyzedor Mg-
Al have / ratiosthataresolarwithin theanalyticaluncertaintiesThe exceptions

areOrgueilgrainB, for whichHussetal. (1994a)ave previouslyreporteda  25%excess

of , relative to solatr andTieschitzgrain T22, which has / =0.1430(46)nd
/ =0.1722(53)Nittler etal., 1995b). Theseratiosare 13%and 24%larger,

respectrely, thanthesolarratios( / =0.12663, / =0.13932Catanzaret

al. 1966).Becauseheisotopicanomalie®f bothrareMg isotopesaresimilarin magnitude

in grainT22, we cannotascribethe excessn this grainto the decayof (norcan
we rule it out). Assumingthatthe is in factdueto decay grain T22 hasan
inferredinitial / ratio of 1.3 , andthis valueis given asan upperlimit in

TableA.2. As thisgrainis oneof therare Group4 grains,we will discussts unusualMg
isotopiccompositionin moredetailbelow.

Thedivisionof thepresolaigrainsinto sub-group®asedntheir O-isotopegprevi-
oussectionseemdo extendtoinferred  / ratios. Thiscanbeseenn Fig. 3.6,where

histogramf theinferred  / ratiosof thestellaroxidegrainsareplottedfor thefour
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Figure 3.6: Initial / ratios inferred from excessef circumstellaroxide
grains,dividedinto groupsaccordingo their O-isotopicratios. Peaksat /[ =0indi-
categrainswithoutevidencefor theoriginal presencef . Theverticalline corresponds
to the apparenupperlimit of /=5 obseredin early solarsystemconden-
satedMacPhersomtal., 1995). Thedistributionsareapparentlydifferentfor the different
groups,n particularthefractionof grainswith excesses.

o
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groupsdefinedaccordingto their O-isotopes Grainswithout evidencefor areshavn
aspeaksat the left side of the diagram. The distributionsare quite differentfor Groups
1-3,andfor the sale of discussiorcanbe viewed asa sequencén the order3—-1-2,with
increasingaverage  / ratio andincreasingraction of grainswith (Table3.2).
Thepoorstatisticsfor Group4 grainsprecludecomparisorwith the othergroups,butit is
worth notingthatthe two Group4 grainswith unambiguougvidencefor the presencef

haveinferred  / ratiossimilar to theaverageof Groupl. We alsonotethatthe

unusuabrainT22 (seeabove) hasaninferred  / ratioof 1.3 , quitesimilarto
thoseof the otherGroup4 grains,if its excessis attributedto theradioactve decay
of

Titanium isotopes

Husset al. (1994a)previously reportedunusualTi-isotopic ratiosin the presolar
grain Orgueil-B, but normalTi in the Bishunpurgrain B39. For this work, | mea-
suredtitaniumisotopesn five of the largestpresolar grainsfrom Tieschitzmount
T8D1. However, Ti countrateswereverylow andthemeasuredatiosweresolarwithin the
relatively largeerrorbars.Becausano Ti-isotopicanomaliesverefound,| will notdiscuss

titaniumary further, in the context of presolaroxidegrains.
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Chapter 4

Oxygen-rich Stardustin Meteoritesll. Discussionand

Conclusions

Theunusualsotopiccomposition®f the and grainsdescribedn Chapter
3 leave no doubtthatthesegrainsarestellarcondensatethatsurvivedthe passagéhrough
theinterstellaimediumandtheformationof the SolarSystem Becausehey formedunder
differentchemicalconditionsthanthe betterstudiedcarbonaceousircumstellargrainsin
meteoritesandsinceasignificantfractionof interstellardustis believedto be O-rich (Whit-
tet, 1992),suchgrainsprovide uniqueinsightsinto importantastrophysicaprocessesin
this chapteil discusghecircumstellaroxidegraindatasetwith aneye on answeringsome

key questions:

1. Whatarethe stellarsourcesof presolaroxide grainsand, given that certaingrains
camefrom a particulartype or typesof star what cluescanthey provide to further

our understandingf how thesestarswork?

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

isotopiccomposition®f stellaroxidegrains?
3. How mary starscontritutedO-rich stardusto the SolarSystem?

4. Why have far fewer presolaroxide grainsbeenfound in meteoritesthan presolar

C-richones?
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In addition,someof the grainsmay provide cosmologicalnformation,in theform
of a lower boundon the ageof the galaxy This topic is discussedn a manuscript(?)

submittedio PhysicalReview Letters, reproducedn Appendix??.

4.1 Sourcesof Stellar Oxide Grains

Theisotopicsignatureof mostof the circumstellaroxide grainsare characteristic
of H-burning: enrichmentsand depletionsarethe resultof the CNO cyclesand
is producedby proton captureson (Al-Mg chain) (see,e. g., Clayton 1983;
Rolfs & Rodng 1988). Although H-burning occursin all stars,the authorsof previous
discussionsf presolaoxidegrainshave proposedhatmostgrainsformedaroundow and
intermediatanass(M=1-8M ) O-rich red giantandasymptotiogiantbranchstars(AGB)
(Hutcheonet al. 1994,Husset al. 1994a,Nittler etal. 1994,1995a). This propositionis

basedn anumberof obsenations:

1. O-richdustis obseredspectroscopicallin theatmospheresf O-richredgiantsand
AGB stars,andsuchstarsarebelievedto producethe major fraction of O-rich dust

in the Galaxy

2. TheO-isotopiccomposition®f mary circumstellaoxidegrainsfrom meteoritesre
similar to thosemeasuredpectroscopicallyn the atmospheresf O-rich red giants

andAGB stars.

3. TheO-isotopiccomposition®f mostof the grainsarequantitatvely consistentvith

thepredictionsof calculationf evolution, nucleosynthesigndmixing in redgiants.

4. AlthoughO-isotopicmeasurementrenotavailablefor othertypesof dust-producing

starssuchasnovaeandsupernwae theoreticamodelspredictisotopiccompositions

99



for suchstarsunlike thoseobseredin mostof the grains. Moreover, thesetypesof

starsprobablyproducefar lessO-rich dustthando redgiantsandAGB stars.

Thenew datareportedherelendfurthersupportto thehypothesiof aredgiantand
AGB starorigin for mostof thecircumstellaioxidegrainsfoundto date.Wewill discusghe
argumentsn turn, payingparticularattentionto recenttheoreticalvork on nucleosynthesis

andmixing within redgiantstars.

4.1.1 Obsewationsand Formation of Cir cumstellar O-rich Dust

In stellarervironmentsconducye to dustformation,themostimportantfactorgov-
erning the compositionof condensedolidsis the gasphaseC to O ratio. ForO C,
mostof the C is lockedupin CO moleculeswith the excessO beingavailableto combine
with otherelementgo form oxidegrains.Converselyif C O, carbonaceoudustforms.
This is reflectedspectroscopicallyC-rich dust-producingstarstypically shav an11.2 m
infraredemissionfeature characteristiof SiC, while O-rich starsshav featuresat9.7and
18.5 m, associateavith stretchingandbendingmodesin silicates. The latter have been
obseredin bothemissionandabsorptiorspectraof mary circumstellarervironmentsjn-
cludingO-richredgiants(Treffers& Cohen1974;Little-Marenin,1986),0-rich planetary
nelulae(Aitkenetal., 1979),andnovae(Bodeetal., 1984;Gehrzetal., 1986). In afew
exceptionalcasessilicatefeatureshave alsobeenseenin starsthatareoptically classified
ascarbonstars,in apparentonflict with the statementhat O-rich dustformationrequires
an O-rich ervironment(Little-Marenin,1986;Willems & De Jong,1986).However, these
starsarelik ely transitionalobjectsbetweenO-rich andC-rich stars,andthe obseredsili-
catefeaturesarethoughtto bedueto pre-&isting dustshellsproducedvhile the starswere

O-rich (Willems & De Jong,1986;Kwok & Chan,1993).
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Althoughssilicate featuresarewidely obsenedin circumstellarervironments,ob-
senationalevidencefor morerefractoryoxideslike and israre.Neverthe-
less,thermodynamicalculationsof graincondensatiopredict to bethefirst solid
producedupon cooling of an O-rich gaswith approximatelysolarcomposition. Typical
condensationnemperaturesre in the range 1400-1700K,dependingon the gaspres-
sure(Lattimeretal., 1978; Sharp& Wasserhrg, 1995; Lodders& Feyley, 1995). Some
200-300Kbelav the condensatiomoint of , the reactswith the gasto form

. At temperatureslightly lower still, magnesium-rictsilicatesbegin to appear
Onakaet al. (1989)studiedthe low resolutionlRAS spectrafor 109 Mira variablestars,
andattributeda broad12 m featurein mary starsto grains. They further shoved
thatmary of the starshave spectraconsistentith circumstellarshellscontainingmixtures
of andamorphousilicates,andsuggestedhatsilicatesin circumstellarshellsmay
grow on pre-isting particles. Note that is predictedto condenset some
temperatureno matterwhatthe initial C/O ratio. However, for C/O 1, forms by
reactionof pre-isting AIN with the gasandis only stableover a very smalltemperature
intenval ( 20-50K)(Lattimeret al., 1978). Moreover, thereis evidencethatmuchof the
Al presentn C-richcircumstellarshellsis lockedupin AIN in solid solutionin SiC grains,
reducingthe amountavailableto form undersuchconditions(Hoppeetal., 19944,
Hutcheonetal., 1994; Amari etal., 1995b;Lodders& Fegley, 1995). We thusconclude
that is far morelikely to form andsurvive in O-rich ervironmentsthanin C-rich
sites(Lattimeretal., 1978).

Gehrz(1989)hascompiledestimate®f mass-lossates,spatialdensitiesanddust
to gasratiosfor mary typesof dust-producingtarsandinferredthatover 90% of dustin-
jectedby starsinto theinterstellamediumcomedrom low or intermediatenassedgiants
andthatsome80%of this dustis O-rich. However, this estimateof therelatve O-richrich

dustproductionin redgiantsmaybetoo high. JuraandKleinmann(1989)have estimated
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the numbersof mass-losing)-rich and C-rich AGB starsin the solarneighborhoodo be
comparablendthe O-richto C-rich dustproductionratio of AGB starsmaythusbecloser
to 1:1ratherthan8:2. This makesno differenceto therelative contritution of AGB starsto
thetotal O-rich dustin the Galaxy however. Overall, morethan90% of O-rich stardusis
expectedo comefrom redgiantsandAGB starswith theremaindefrom redsupegiants,

supernuae,andnwae.

4.1.2 Isotopic Measurementsof Red Giant Stars

Spectroscopicetermination®f isotopicratiosfrom atomicspectrallines are ex-
tremelydifficult dueto the smallisotopicshifts of theselines. Molecularlines have much
larger relative isotopic shifts, however, and have beenwidely usedto determineisotopic
ratiosin starscool enoughfor moleculesto be present,especiallyred giantsand AGB
stars(e.g., Gustafssor1989). Fig. 4.1 shavsthe  / and / ratios measured
spectroscopicallyn a numberof cool giantsof variousspectraltypes. Typical error bars
( 25-50%)areshownn for one starof eachtype. The O-isotopicratiosof all of the stars
weredeterminedrom molecularinesin theinfrared,exceptfor thoseof the C envelopes,
which weredeterminedrom radio spectra.Also shavn areellipsesindicatingthe ranges
in O-isotopicspacespannedy thefour groupsof circumstellaroxidegrains(seeFig. 3.3).

TheK andM starsin Fig. 4.1 areO-rich red giantswhich have not yetreachedhe
thermallypulsingAGB phasgHarris& Lambert1984a,1984b;Harris,Lambert,& Smith
1988). Thesestarshave  / ratios closeto the solarratio and excessesimilar
to or largerthanthoseobseredin Group1 oxide grains. Theseratiosarein reasonably
goodaccordwith theoreticapredictiondor redgiants.We shalldefera discussiorof these
theoreticapredictionauntil 4.1.3.Following Smith& Lambert(1990),theMS andSstars
shavnin Fig. 4.1aredividedinto two groupsdependingpn whetheror notthey show lines

of the unstableelementechnetiumwhich is producedoy the s-processn the He-turning
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Figure4.1: O-isotopicratios measuredpectroscopicallyn differentclassef red giant
stars;characteristi@rrorbarsareshovn for onestarof eachtype. Also shovn areellipses
indicatingrangesof compositionf thefour groupsof presolaroxidegrains.Many of the
obsenred starshave O-isotopicratiossimilar to Group 1 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)and dusty
C-rich ervelopes(Kahaneet al., 1992). The arrow in the lower-left cornerpointstoward
anunusuabariumstar 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 Group 1 grainsand are also well-explainedby standardstellar
models.Severalof theMS andS starswithoutTchave / and /  ratioshigher
thanthoseobsenedin the AGB starswith Tc. SmithandLambert(1990)have proposed
thatthesestarsareevolvedbariumstarsj.e., their surfacecompositiondave beenmodified
by masstransferfrom AGB starbinary companionsandarethusnot easily explainedby
modelsof evolution of and mixing within singlestars. Not shovn in Fig. 4.1 arethe O-
isotopicratiosof six bariumstarsmeasuredy Harriset al. Harris85. Most of thesestars
have O-isotopicratiossimilarto theK andM stars.Onebariumstar HD 101013,is quite
differentfrom all otherobsenredstars;it is highly enrichedn both ( / =100)and
( / =60),relatveto their solarabundances.

TheN-starsshovnin Fig. 4.1areC-rich AGB stars;they have O-isotopicratiosthat
aresystematicallyhigherthanthoseobseredin O-rich AGB starsandtheir ratiosplot in
the intermediateegion betweenGroup 1 and Group 2 oxide grains(Harriset al., 1987).
Theseratiosarequite difficult to explain by standardnodelsof AGB evolution. Thedata
points designatedas C ervelopesin Fig. 4.1 representusty circumstellarshellsaround
late-typeAGB stars(Kahaneet al., 1992). Unlike the N stars,they do not appeato have
higher / and / ratiosthan O-rich AGB stars. Carbonstarsof anothertype,
J stars,aredistinguishedoy verylow /  ratiosanda lack of the s-proces®lement
enhancementsharacteristioof AGB stars. The J starsthat have beenanalyzedfor O-
isotopicratiosarenot shavn in Fig. 4.1, but they have  / ratiossimilar to thoseof
the O-rich AGB starsandseveral have lower limits ontheir  / ratios(Harrisetal.,
1987).

Theisotopicratiosof Mg have beenanalyzedor a numberof bariumstarsandMS
andS stars,usingMgH linesin the visual spectrumpear513nm(Lambert,1991). These

studiesfoundratiosidenticalto the solarratioswithin measuremergrrors,andthis result
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hasbeenusedto amgue againstthe reactionasthe sourceof neutronsor
thes-proces low-massAGB stars.Previousattemptgo measure  / ratiosin red
giantsand AGB starsyieldedonly upperlimits (Lambert,1991),but Guélin etal. (1995)
have recentlyreportedthe possibledetectionof the J=7—6transitionline of F in the
millimeter spectrunof the circumstellarernvelopelRC-10216.If theiridentificationof this
line is correct,their inferred / ratio for this staris 0.037;if not, this ratio is an
upperlimit. IRC-10216is thedustyshellaroundthelate-typeC-rich AGB starcw Leoand
is oneof thedatapointsdesignated@sa C ervelopein Fig. 4.1.

In summarythereis considerabl@verlapbetweerthe O-isotopiccompositionof
the circumstellaroxide grainsreportedhereandthe compositionf red giantsand AGB
stars.In particulay mary O-richredgiantsandmostO-rich AGB starslie within theregion
occupiedby Groupl grainsonanO-isotopeplot (Fig. 4.1). In addition,mostC-rich giants
(N starsanddustyernvelopesaroundAGB stars)have O-isotopicratiossimilar to thoseof
themost -depletedGroupl grainsandtheleast -depletedGroup?2 grains. J stars
may have ratiossimilarto Group2 grains,sincethereportedower limits ontheir  /
ratios indicatethey have very little or no . This agreemenbetweenthe O-isotopic
ratios of oxide grainsmeasuredn the laboratory and thoseobtainedfrom astronomical
obsenationsof stars stronglysuggestaredgiantor AGB starorigin for atleasttheGroup
1 oxide grains. The other groupsof oxide grains, particularly Groups3 and 4, do not
have ary spectroscopiequialents,however, but we will aguein 4.1.3thatthey likely
formedin red giantsaswell. Finally, the / ratio obseredin the C-rich ervelope
IRC-10216,if confirmed,s within afactorof 2 of the highestinferred / ratio of

circumstellaroxidegrainsfrom meteorites.
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4.1.3 Evolution and Nucleosynthesisn Red Giants
First and seconddredge-up

Mostof thelifetime of astaris spentourninghydrogenn its corewhile onthemain
sequenceWhenhydrogenbecomeslepletedn thecore,the starleavesthemainsequence
andapproachetheredgiantbranch(RGB).As it climbstheRGB, modelspredictthatdeep
cornvectionmixesthe ashef mainsequencaucleosynthesimto the ervelope,changing
the surfaceisotopicandelementacomposition.This first dredge-uphasbeenextensvely
studiedfor severaldecadesiow (see,e.g.,lben 1967). Most recently severaltheoretical
studieshave lookedin detail at the surfaceisotopicratiosof the CNO elementdollowing
the first dredge-up(Landi 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-ugalculationswith eachotherandfoundsubstantiatlifferencesn the
predictedisotopicratios betweendifferentmodelsdueto variationsin stellarparameters
suchasmassandinitial compositionandto differenttreatmentf corvectionaswell as
differentadoptedhuclearreactionrates.Neverthelesssomegeneralffeaturesarecommon
to all modelsandconformreasonablyvell to obsenations althoughthesdatterareplagued
by relatively large uncertainties.

Main-sequencéi-burning by the CNO cyclesdestrys essentiallyall of the
thatwasoriginally presenin the core,andresultsin a layer highly enrichedin (
“pocket”). Consequentlydependingon the depthof mixing, following first dredge-ughe
surace /  ratiocanbemuchlowerandthesurface /  ratioslightly higherthan
theinitial surfaceratios. Thepredicted /  dependstronglyonthestarsinitial mass.
Forlow-massstars(M 2.5M ), thisdependenceesultsprimarily from theincreaseof the
depthof dredge-upwith stellarmass.Mixing in alM starbarelyreacheghe pocket

andthesurfaceretainsits initial ~ /  ratio, whereasnoughof the pocketis mixed
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into theernvelopeof a2.5M starto decreas¢heratioto 200. For highermassstars the
entire  pocketis dredgedup, but sincemore is destreyedattheH-burningtempera-
turesof thesestarsthepeakconcentratioin the  pocketis smallerandthesurfaceis not
ashighly enrichedn asfor 2.5M stars.Publishepredictionsof /  ratiosin the
masgangeM 2.5-10M arehighlyvariable duetolargeuncertaintiesnthe  (p, )
and (p, ) reactionratesat stellartemperaturesHowever, a directmeasuremeruf
the (p, ) crosssectionat stellarenegieswith muchreduceduncertaintiehasrecently
beenreported(Blackmonet al., 1995). The new rateis closeto the minimum value al-
lowed by the measurementsf Landg et al. (1990)andfirst dredge-upcalculationsusing
thenew ratepredict /  ratiossimilar to thoseof previous calculationghat usedthe
Landéetal. (1990)rate(M. F. El Eid, privatecommunication)Comparisonsf dredge-up
modelswith obsenationsof K andM starshave previously led Boothroyd etal. (1994)to
thesameconclusionnamelythatthetrue  (p, ) rateis closeto therateof Landi€ etal.
(1990).Modelsusingthisratepredictsurface /  ratiosthatincreasewith solarmass
from theminimumvalueof 200fora2.5M starto 800foralOM star(Boothro/d &
Sackmannl1996).

As statedabove, becausehe materialmixedinto the ervelopeis depletedn ,
thesurface /  ratiois expectedoincreasalfterthefirstdredge-upHowever, because
theproportionof  -depletednaterialmixedinto theenvelopeis relatvely small,the pre-
dictedchangean thesurface /  ratiois muchsmalleranddependsnuchlesssteeply
onstellarmasshanthechangenthe /  ratio. Again,thepredictedratiodepend®n
apoorly known nuclearreactionrate,in this casethatgoverningthereaction (p, ) ,
andobsenationsof redgiantshave beenusedto arguethatthisrateis closeto its lowestex-
perimentallyallowedvalue(Harris& Lambert,1984b;Dearborn,1992;Boothro/d et al.,
1994). Modelsusingthe preferred  destructiorrate predicta changeof 10-50%in

thesurface /  ratio afterfirst dredge-ugdor starsfrom 1-15M (Dearborn,1992;El
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Eid, 1994;Boothroyd etal., 1994).

The RGB phaseendswith the initiation of a core He-kurning phase andthe star
shrinks. Following exhaustionof He in the stellar core, the star againascendshe gi-
antbranch,this time asa thermally pulsingasymptoticgiant branch(TP-AGB) star For
starsof massM 3M , this phasebeginswith anotherdeepeningf the corvective enve-
lope, mixing more nuclearprocessedanaterialto the surface,the seconddredge-up For
metallicitiescloseto solat the seconddredge-ugs not expectedto substantiallychange
the surfaceO-isotopicratiosfrom their first dredge-upralues(El Eid, 1994;Boothroyd &
Sackmannl1996). Thisis not true for starsof lower metallicity, sincesuchstarsexperi-
enceshallaver (or no) first dredge-upbut the seconddredge-upn thesestarsis predicted
to producesurfaceO-isotopicratiossimilar to thoseobtainedfrom the first dredge-ugn
highermetallicity stars. Thus, starsat the beginning of the TP-AGB phaseare expected
to have surface O-isotopicratios as describedabove for the first dredge-up.A possible
exceptionwasfoundfor 7M starsin themodelsof Boothroyd andSackmani{1996).The
seconddredge-upn thesemodelsreachedayersthatwereenrichedn from partialHe-
burning, leadingto decreasedurface /  ratios. Becausehis hasnot yet beenseen
in othermodelsandsince7M stars,dueto theirrelatively low abundanceareunlikely to
have contrituteda significantfractionof the presolaroxide grainsreportedhere this effect
will notbediscussedurther

Fig. 4.2 shavs predictionsby Boothroyd and Sackmanr(1996)for the surfaceO-
isotopicratiosof differentstarsfollowing the first andseconddredge-upsalongwith the
datafor oxidegrainsof Groupsl-3. In thisplot, eachopencircle representadifferentstar
of a givenmassandmetallicity. The O-isotopictrendsdescribecabove areapparent.For
starsof mass 2.5M ,the / ratioisastrongfunctionof stellarmassand,for starsof
mass 1.4M ,islargelyindependentf itsinitial value.Foragivenmetallicitythe  /

ratio varieslittle with mass,andvariationslargerthan 50% mustbe dueto differences
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Figure4.2: Comparisorof oxidegraindatawith predictionsof O-isotopicratiosfollowing

first andseconddredge-upn redgiantstars(Boothroyd & Sackmannl1996). For the sale

of clarity, error barson grain measurementsre not shavn hereor in subsequenfigures.
Eachopencircle represents distinctstarof differentmassandoneof two initial compo-
sitions, or metallicities. Two possibletrendsfor the galacticevolution of O-isotopesare

alsoshown; “GCE-1” wasusedto relatestellarcompositiorto metallicity in thedredge-up
models,and“GCE-II’ is thetrendimplied by obsenationsof molecularcloudsthroughout
the galaxy(see 4.2). The predictedpost-dredge-up / ratio dependsstronglyon

stellarmass,whereagshe /  ratio changedittle from its initial value. The Group1

and3 oxide grainshave isotopiccompositiongonsistentith thesepredictions provided

they comefrom several differentstarswith distinctmassesndinitial compositions.See
text for furtherdiscussion.
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in initial O-isotopiccomposition,as originally pointedout by Boothroyd et al. (1994).
The mostlikely causeof variationsin initial compositionis the chemicalevolution of the
Galaxy For thetwo dredge-ugurvesshaovn in Fig. 4.2,Boothroyd etal. (1996)assumed
initial O-isotopicratiosthatareinverselyproportionako 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 representshe galacticchemical
evolution trendimplied by radio obsenationsof molecularcloudsthroughoutthe Galaxy;
thistrendmaybemorerepresentate of the O-isotopicevolution of theaverageanterstellar
mediumthanthe evolution line usedfor thefirst dredge-ugalculationsof Boothroyd and
Sackmanr{see 4.2).

It is clearfrom fig. 4.2 thatthe O-isotopicratiosof the Group1 oxide grainsare
well explainedby first dredge-upn red giantstars providedthe grainscomefrom several
differentstarswith distinctmassesndinitial O-isotopicratios. It is apparenaswell that
the O-isotopiccompositionf Group3 grainsprobablyalsoreflectanorigin in red giant
stars. However, if thisis the case their stellarsourceamusthave hadinitial /[ and

/ ratioshigherthanthe solarvaluesandmassedow enough( 1.4M ) thatthey
did notdredgeup enough  to substantiallyjower their high initial [ ratios.ltis
likely thatthe Group 3 grainslargely retainthe original O-isotopicratios of their parent
starsand thus provide importantinformation aboutthe galacticevolution of O-isotopic
ratios. The issueof galacticchemicalevolution and its implicationsfor presolaroxide

grainsarediscussedn moredetailin  4.2.

Third dredge-upin TP-AGB stars

Starsin the TP-AGB phaseof their evolution consistof anelectron-dgenerate€-O
coresurroundedy thin He-kurningandH-burningshellsandalarge corvective ervelope.

They undego periodicHe-shellflashegthermalpulses)in which the He-shellburnsvery
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strongly temporarilyextinguishingthe overlayingH-shell. Subsequentornvectionmixes
materialprocesseth thetwo burningshellsinto the corvective envelope;thesecorvectve
episodesarecollectively referredto asthe third dredge-upe.g.,IbenandRenzini1983).
The dredged-upmaterialis primarily and , but alsoincludesthe productsof s-
processneutroncapturenucleosynthesisnd,of primaryimportancehere, produced
in theH-shellby theMg-Al chain.Forestini,PaulusandArnould (1991)obtainedasurface
/ ratio of from third dredge-upn a 3M AGB star Othermodels
give similar ratios,in therangel0 - (Gallinoetal., 1994;Guelin etal., 1995;
Wasserhrg etal., 1994).
Most of the presolaroxide grainswhich shov evidencefor the prior presenceof
have inferred / ratiosin the rangeof theoreticalpredictionsfor AGB stars,
strengtheninghe agumentthatmary of the grainsoriginatedin suchsites. However, the
grainswhoseO-isotopicratios reflectthe first dredge-upout that do not have must
have formedeitherin red giantsbeforethe TP-AGB phaseor in AGB starsthat did not
experienceenoughthird dredge-upepisodedo bring appreciableamountsof to the
surface.Notethatdustproductionis stronglyrelatedto mass-lossates,which arehighest
duringthelatestageonthe AGB. Low-masgM 1.2M ) starsarepredictedto losemost
of their masswhile onthe RGB, beforereachinghe AGB, whereaighermassstarslose
little massbeforethe onsetof thermalpulses(Boothroyd & Sackmann,1988). Sincea
low-massstarthusbeginsthe TP-AGB phasewith a muchdiminishedervelopemass,its
entire envelopemay be lost after only a few thermalpulses,beforeary third dredge-up
corvective episode®ccur Thattheoccurrencef third dredge-uglependstronglyonthe
massof anAGB staris supportedy thecalculationof Gallinoetal. (privatecomm.),who
self-consistentlypredictthird dredge-upn a1l.5M AGB star butnotinalM star Group
3 grainshave O-isotopicratiosreflectingfirst dredge-upn low-massstars(M 1.4M , see

above). Basedon the above discussionit is expectedthata large fraction of thesegrains
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formedin starsthatdid not experiencehethird dredge-upgconsistentvith the obsenation

thatamuchsmallerfractionof Group3 grainshas  , comparedo Groupl grains,which

probablyformedin starsof higher mass. An alternatve sourcefor someof the grains
without is planetarynetulae(PN), afterthe dredgeduponthe AGB hasdecayed.
However, sinceit is not certainthatary of thedustobseredin planetarynehulaeactually
formedduringthe PN stage(Whittet, 1992),this scenarias lesslikely (see 4.1.4).

Thehighestpredicted  / ratios ( ) obtainedby dredge-upf H-shell
materialarereachednly after mary thermalpulsesandwith extensve lossof the stellar
ernvelopeby winds. AGB starsat theselate stagesare expectedto have becomecarbon
starsfrom the dredge-upof andthusto producecarbonaceoudustinsteadof oxides.
Thattheapparent / ratioof 0.04obsenredin IRC-10216 thedustyshellaroundhe
very-late-stag€-starcw Leo ( 4.1.2),is higherthantheinferredratioin ary of the
grainsis consistentvith this sincethe oxide grainspresumablyformedbeforetheir parent
starsbecameC-rich. However, in this regard, it is somavhatof a surprisethatthe bulk of
meteoriticpresolarSiC grains,which probablycomefrom C-rich AGB stars have inferred

/ ratiosquitesimilar to thoseof the oxidegrainsandnot significantlyhigherratios
(Hoppeetal., 1994a).

Sincethepresencef in mary presolaroxidegrainsindicateshatthey formed
aroundTP-AGB stars,we mustaddresshe issueof the effect of the third dredge-upon
their surface O-isotopicratios. Only small changedrom the first and seconddredge-up
valuesare expectedif the amountof the three oxygenisotopesmixed into the envelope
is small relative to the total amountof O in the envelope. This is probablythe casefor

and andthe third dredge-ugs unlikely to changethe surface  / ratiosby
morethan 10% (Boothroyd et al., 1994, A. Boothroyd, privatecomm.). The situation

for / is more complicated however. Oxygen-18is both created(by the reactions
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( ) ) )anddestrged(by ( ) ) duringHe-kurning. Early ther
mal pulsescould thus producelarge amountsof , Which could be dredgedup before
it is destryedin later pulses(Boothroyd & Sackmanmn988; Boothroyd et al. 1994; N.
Mowlavi, privatecomm.). Obsenationsof AGB starsthat have experiencedsomethird
dredge-upepisodegMS andS starswith Tc andothers-proces&lements 4.1.2)do not
show large excessesTheO-isotopicratiosin thesestarsaresimilarto thefirst dredge-
up valuesseenin K and M giants, suggestinghat the third dredge-upindeedhaslittle
effect on the surfaceO-isotopiccompositionf mostAGB stars.A similar conclusionis
indicatedby the Group 1 oxide grains,sincethesehave O-isotopicratiosthatarewell ex-
plainedby theoreticapredictionsof first andsecondiredge-upventhough excesses
shaw that mostof the grainsformedin starsthat musthave experiencedhird dredge-up.
Moreover, thereis no correlationbetweeninferred / ratiosand O-isotopicratios
for Group1 grains.

Although a large decreasen the surface  / ratio from the third dredge-up
afterearlythermalpulsesis apparentlyruled out for mostAGB stars,Harriset al. (1985)
proposedthis mechanisnto explain the low  / ratio obsered in the barium star
HD 101013( 4.1.2). Dredge-upof after early thermalpulsesmay also accountfor
the excesse®bsenedin Group4 oxide grains. Thesegrainshave inferred /
ratiosin the rangeexpectedfor third dredge-upof H-shell materialand ~ / ratios
consistentvith first dredge-ugn low-massstars(M 1.5M ). In addition,the and

excessebsened in the Group4 grain T22 are consistentwith predictionsof n-
capturein the He-shellfollowedby third dredge-upSofar, no modelhasself-consistently
predicteddredge-uof from the He-shellandthe calculationsarehamperedy large
uncertaintiesn the () reactionrate (Wiescheret al., 1993). The possibility
thatthelow /  ratiosin Group4 grainsreflectsuchdredge-uphowever, accentuates

the needfor further detailedmodelingto determinewhetherthis is a viable scenario.An
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alternatve explanatiorforthe  excesse# Group4 grainsis galacticchemicakevolution

andis discussedurtherin 4.2.

Hot-bottom burning

We addressiow the Group 2 circumstellaroxide grains. An origin in AGB stars
for Group2 grainsis suggestedby their inferred / ratios,which arein therange
predictedfor TP-AGB stars,andtheir  / ratios,which aresimilar to thoseof mary
Group1 grains. However, the degreeof depletionobsened in thesegrainsis much
largerthancanbe explainedby the admixtureof nuclearprocessednaterialinto the stel-
lar ervelopeby the dredge-upprocessesdiscussedhusfar. Oneproposednechanisnfor
loweringthe alundanceat the surfaceof relatvely-high-massI'P-AGB stars(M  4—
7M ) is “hot-bottomburning” (HBB), wherethe baseof the corvective ervelopebecomes
hot enoughfor H-burningreactiongo occur(Sugimoto,1971;Cameron& Fowler, 1971).
Becausaet is fully convective, the entire envelopeis cycled throughthe hot region at its
basesothatthe productsof CNO-gycle nucleosynthesiareenrichedat the stellarsurface.
Boothroyd etal. (1995)have calculatedhe effectsof HBB on O-isotopicratiosandshowvn
thatfor starsof 4.5-7M , HBB rapidly destrgs essentiallyall of the ervelopes and
thengraduallycorverts to ,decreasinghe /  ratiofrom its seconddredge-
up value. The predictedsurfaceisotopicratiosdependon mary parametersin particular
on uncertainreactionratesand mass-lossates. Neverthelesstheseauthorscameto two
importantconclusionswith regardto circumstellaroxide grains. One,the destruction
is completeand rapid, ruling out HBB as an explanationfor the large but not total
depletionsobseredin several Group?2 grains( / 1,000—4,000) Althoughthein-
termediate  depletionsobsenedin someof thesegrainsmay be dueto contrikbution of
backgroundD on the samplemountsto the isotopicmeasurement$or someof thelarger

grainsthis canbe ruled out. Two, the maximumfinal /  ratio resultingfrom HBB
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is 1,000for a7M star andthis only with the highest  destructiorratesallowedby

the Landie et al. (1990) compilation. However, the () and ( ) rates
have recentlybeenshownn to be closeto the minimum Landé et al.(1990)values(Black-

mon et al., 1995), andthe maximumHBB / ratio with thesenew ratesis 600

(Boothroyd etal., 1995). BecausenostGroup2 oxide grainshave  / ratioshigher
thanthis, indicatingthat they formedin low-mass(M ) stars,HBB is apparently
ruled out as an explanationfor the compositionsof thesegrains. This is not surprising
sincestarsof mass 4M aremuchlesscommonthanstarsof lower massandthusless
likely to have contributedmuchdustto the SolarSystem.Notethat,althoughHBB is also
expectedto produce ,inferred / ratiosof oxide grainsaremuchlessdiagnos-
tic thanthe O-isotopicratiossince  / ratiospredictedoy HBB modelsaresimilarto

thoseexpectedrom dredge-upf H-shellmaterial(Ngrgaard,1980;Cameron1993;Frost
& Lattanzio,1996).

Although hot-bottom-lirning AGB starsare thusan unlikely sourcefor Group 2
grains,HBB may have producedthe compositionof the highly -enrichedgrain T54
« / 0.0005; / =0.014).If thisgrain'strue /  ratiois muchlowerthan
its measured/alue, as suggesteabore, its compositionis similar to the predictionsof
Boothroyd etal. (1995)for thefinal compositiorof aHBB 7M  star(  / o, /

0.009).Thediscovery of additionalgrainslik e T54 could potentiallyprovide important

constrainton HBB in AGB stars.

Cool bottom processing

The fact that hot-bottomburning cannotquantitatvely explain the depletions
obsened in Group 2 circumstellaroxide grainsled Boothroyd et al. (1995)to propose
that someform 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 the corvective ervelopeto regionshotenoughfor someH-burningreactions
to occurandthentransportit backto the envelope. Extramixing hasalsobeenproposed
toexplainlow /  ratiosin low-massstarsontheRGB (Gilroy 1989,Gilroy & Brown
1991, Charbonnell994,1995). A plausiblephysicalmechanisnfor suchdeepmixing
is the interactionbetweenrotation-inducedurbulenceand meridionalcirculations(Zahn,
1992; Charbonnel 1994). To explore the effects of CBP on the CNO isotopesin low-
massredgiants,Wasserhrg etal. (1995)computecparameterizechodelsanddetermined
that both the obsered  / ratiosin red giantsandthe O-isotopicratiosin Group 2
oxide grains(and N-type C stars)could be reproducedwith identicalmodel parameters
(essentiallythe differencein temperaturdoetweenthe baseof the extra mixing and the
H-burning shell). The isotopiccompositiongesultingfrom CBP were found to depend
primarily on the temperaturen the zonereachedy the mixing, not on the detailsof the
mixing processtself. In thesemodels,CBP on the RGB reachedayerswith high enough
temperatureso reducethe /  ratio of the ervelopeto a low value, but the oxygen
isotopeswere modified only at the highertemperatureseachedoy deepmixing on the
AGB.

Thepredictedeffects(Wasserhrg etal., 1995)of cool bottomprocessingpnthe O-
isotopicratiosof AGB starsof massl, 1.5and1.65M andsolarmetallicity areshavn in
Fig.4.3.The [/ ratiowasfoundto increaseexponentiallywith time onthe AGB and
the / ratioto graduallydecreaseClearly, theseresultsneedto be confirmedby full
stellarevolutionarycalculationsjncluding boththird dredge-umndsomephysicalmodel
of deepmixing. Neverthelessthe goodagreemenbetweentheseparametrianodelsand
thecomposition®of Group2 grains,aswell asthe genericnatureof themixing calculation
supportghesuggestiorthatsomesortof CPBis indeedresponsibldor the depletions
in thesegrains. The high inferred / ratiosof Group?2 grainsare consistentwith

sucha scenarioas well, sincethermalpulsesandthird dredge-upof shouldoccur
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Figure4.3: Comparisorof O-isotopicratiosin presolaroxide grainsof Groupsl—-3with
thosepredictedfrom cool bottom processingdeepextra mixing in low massAGB stars
(Wasserhrg etal., 1995). Grainsymbolsarethe sameasin previousfiguresandthefirst
dredge-upcurve (dottedline) is the sameasthe Z=0.02 curve shown in Fig. 4.2. Cool
bottomprocessingncreaseshe /  ratiofromits first dredge-upvalueanddecreases
the /  ratio. Thegoodagreemenof this modelwith the Group2 graindatasuggests
thatextra mixing is indeedresponsibldor the depletiongn thesegrains. Thesedata
furtherimply thatcool bottomprocessingnly occursin starsof lowermasghan 1.5M .
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alongwith theCBRP.

Cool bottom processingcan only occurif thereis no discontinuityin the mean
molecularweightto preventit (Charbonnel1994).For example,alarge composition(and
thus, molecularweight) discontinuityis left behindafter deepestornvectionduring first
dredge-upbut is soonerasedy the advancingH-burning shell. Basedon the presencer
lack of suchmolecularweightdiscontinuitiesat differentstagesof evolution for different
stars,Boothroyd and Sackmanr{1996)have estimated¢hat CBP canoccurthroughouthe
TP-AGB phasdor starsof mass 3.5M . However, thecircumstellaoxidegraindatasug-
gestthatthemassangeoverwhich CBPsufficientto changehe O-isotopicratiosoccursis
narraver. As seernn Fig. 4.3,all of theGroup2 grainoxygendatacanbeexplainedoy CBP
in starswith massesessthan 1.5M . In fact,sinceCBPis expectedo decreas¢he sur
face / ratio from its first dredge-upvalue,thefirst dredge-uppredictionsdescribed
aboveshav thatCBPin starsof mass2—-3.5M will resultin substantial  depletionsand
in / ratiosin therange 200-500.Becauseo grainswith suchcompositiondhave
beenfound, we proposethatif cool bottomprocessingloes,in fact, occurin AGB stars
in the2—-3.5M massrange,it doessowithout alteringthe surfaceO-isotopicratiosof the
stars. This is unlikely to be dueto lack of grainsfrom starsin this massrange,sincethe
compositionof someGroupl grainsareadequatelyexplainedby first dredge-upn such

starsandCBPwould destrg theaccord.

4.1.4 Other PossibleSourcesof Stellar Oxide Grains

In additionto low andintermediatenassred giantsand AGB stars,Gehrz(1988)
includesplanetarynelulae,red supegiants,supernvae, Wolf-Rayetstarsandnovaein his
inventory of stellartypesthat produceO-rich dust. Exceptfor planetarynehulae, which
likely do not producedust (Whittet, 1992), all of thesemustbe consideredas potential

source®f presolamoxide grains.Massve stars(red supegiants,superneaeof typell and
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Wolf-Rayetstars)are estimatedo produce5—-10%of O-rich stardusin the ISM (Gehrz,
1989; Whittet, 1992). O-rich dustis obsenedto condensen red supegiantsandthese
starsare expectedto mix the productsof core and shell H-burning into their ervelopes
in dredge-upepisodesjust asdo their lowermasscousinsdescribedn previous sections.
Two M supegiants, Oriand Sco,areamongtheK andM starswhosedataareplotted
in Fig. 4.1,andtheir O-isotopicratiosclearlyreflectthefirst dredge-ugHarris& Lambert,
1984a).For solarmetallicity starsof mass9—25M , thefirst dredge-upmnodelsof Schaller
etal. (1992)predict / ratiosof 900-1200and / ratios 20% higherthan
theinitial values.Theseauthorsusedavalueforthe ()  reactionrateabout70%
higherthanthe (more precise)Blackmonet al. (1995) rate, however, andthus probably
overestimatedhe /  ratio. Usingthe Blackmonetal. (1995)rate,M. F. El Eid (pri-
vatecomm.) predicts /  ratiosof 600-1100for starsof mass11-15M . We take
this rangeasbeingrepresentatie of supegiantsfollowing first dredge-up Althoughstars
with M 10M do not experiencethermalpulses, producedduring shell H-burning
is expectedto be mixed to the surfaceof thesestars. Woosley and Weaver (1995) pre-
dict / ratiosin therangel.7 -2.0 in the H-ervelopeof starsof mass
13-25M , similar to therangepredictedfor AGB starsandobseredin the oxide grains.
Approximatelyonefourth of thecircumstellaoxidegrainshave  /  ratiosin therange
600-1100, /  ratiosin therange500-1000.andvarying / ratios; red super
giantsshouldbe considered potentialsourceof theseGroupl grains.
Somemeteoriticgrainsof SiC, graphiteand have isotopiccompositionsn-
dicating that they formedin Type Il superneae (SN) (Amari et al. 1992, Nittler et al.
1995b,1996). However, muchmoreoxygenis ejectedin SN explosionsthancarbon.For
example,Woosley andWearer (1995) predictO/C=2-8for the ejectaof SN of massll1—

25M , leadingoneto expectto find O-rich SN condensateisr meteoritesn additionto the
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C-rich grainsalreadyfound. Dustformationhasbeenconfirmedobsenationallyin super

nova 1987A both by increasednfraredflux andshifts of optical emissionlines (see,e.g.
Colganetal.,1994)and may beanimportantconstituenof this dust(Kozaseetal.,

1991). Beforea massve starexplodesasa supernea, it is believedto have moreor less
an“onion-skin” structure consistingof concentriczoneswith differentchemicalandiso-

topic compositiongdueto differentnuclearburning histories. Astronomicalobsenrations,
hydrodynamianodels,andthe isotopiccompositionsof C-rich SN dustin meteoritesall

show that significant, but selectve, mixing betweenthe zonesmustoccurin the ejecta
(Shiggyama& Nomoto,1990;Herant& Woosley, 1994;Nittler etal., 1996a).

Most oxide grainsfrom SN would form from materialin O-rich shells(He, C and
Neburningzones) Althoughthe O-isotopicratiosof SNgrainswill dependntheextentof
mixing aswell astheinitial massof the pre-SNstar thesezoneswill producegrainshighly
enrichedin . Suchgrainswould plot in the extremeupperright cornerof Fig. 3.3; no
oxide grainswith this isotopic signaturehave beenfound andthereis thus no evidence
for SN grainsin the currentdataset. Notethat,in principle,grainscould condensen the
hydrogenervelopeunmixed with otherzones;thesewould have O-isotopicratiossimilar
to red supegiants. However, the O in the ervelopeconstitutesonly a small fraction (
12%; Woosley & Weaver 1995) of the total oxygenin the ejectaand mostgrainsshould
bevery  -rich. Moreover, thelack of shiftsin hydrogenemissionliineswith the onsetof
dustformationin SN1987Asuggestshatdustcondensegrimarily in theinner, -rich
regionsof theejecta(Colganetal., 1994).

Wolf-Rayet(WR) starsarevery massve stars(M 25M ) in which extrememass
loss by stellarwinds hasstrippedoff the outer layers, exposingthe productsof H- and
He-turningatthesurface.They have O C in theso-calledOf andWN phasesndcould,
in principle, produceoxide grainsduring thesestages Note, however, thatdustformation

in WR starshasonly beenconfirmedobsenationally in the late, C-rich, WC phaseof
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evolutionandnot duringthe Of andWN phase4Gehrz,1989).Neverthelessguringthese
stageghe productsof core CNO-gycle nucleosynthesiappearat the surfaceof the stars.
This would resultin O-isotopicratiossimilar to thosepredictedfor extremehot-bottom-
burningin AGB stars(Boothroyd etal., 1995,see 4.1.3),namely / andvery
low / ratios( / 100) (seePrantzosetal. 1986). As describedabore,
grainT54 is theonly grainthathassuchanisotopicsignature If thetrue /  ratio of
T54 s closeto infinity, thena Wolf-Rayetstarorigin for this grainis possible.
Novaeandsupernoaeof typela (SNI) arebothbelievedto resultfrom theaccretion
of matterfrom a binary companioronto a white dwarf, followed by a thermonuclearun-
away. In theformercaseijt is theaccretednatterthatexplodes;n thelattertheentirestaris
disrupted.Nucleosynthesis) novaeis characterizethy hydrogenburningat high temper
atureswherethe enegy generatioris mainly from the hot CNO cycles(Woosley, 1986).
Hot CNO-gycle burning usually producesC O, andin mostcasesvheredusthasbeen
obsened aroundnovae, it is C-rich (Gehrz,1988). The obsenration of infraredfeatures
associateavith silicatesin afew novae(Bodeetal., 1984;Gehrzetal., 1986)indicateshe
possibilitythatoxide grainsform in suchexplosions.However, hot CNO cycle burningin
novaeis predictedo producevery large excessesf and |, relatveto andsolar
with / and [/ typically 10-20(Woosle, 1986;Politanoetal., 1995).None
of theoxide grainsconsideredherehave thesecompositionsandnovaearethushighly un-
likely to have producedary of them. Nucleosynthesigh SNI is predictedio producevery
high / and [/ ratios( ) (Thielemanretal., 1986)andsothesestarsalso

canberuledoutassourcedor thebulk of the circumstellaroxidegrains.
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4.2 Galactic Chemical Evolution and Cir cumstellar Oxide Grains

As we have shavn in  4.1.3,the O-isotopicratios of Group 1 and Group 3 cir-
cumstellaoxidegrainsareconsistentvith predictiondor thefirst dredge-upn redgiants,
providedthe starsthatproducedhe grainshada rangeof initial O-isotopiccompositions.
Oneplausibleexplanationfor suchvariationsis the chemicalevolution of the Galaxy: as
theGalaxyevolves,new generationsf starsarebornanddie, returningfreshlysynthesized
nucleito theinterstellatTmedium(ISM). In this way, thealundance®f theheary elements
haveincreasedhroughouthehistoryof the Galaxyandstarsformedatdifferenttimes(and
places)have, on average, differentchemicalandisotopiccompositions.Since canbe
synthesizedn a starof initially pureH andHe, it is considereda “primary” nucleosyn-
thesisproduct,whoseabundancencreasesinearly with metallicity, Z. On the otherhand,

and requirepre-&isting CNO nucleifor their synthesigtheformerby  +p;the
latter by + ) andaretermed‘secondary™nuclei;their abundanceshouldincreaseas
Z (Clayton,1988). Onemaythus,asa first approximationassumehatthe averagelSM

/ and [/ ratiosincreasdinearly with metallicity. Furthermorejf the average
metallicity of the Galaxyincreasesnonotonicallywith time, theseratiosshouldbe lower
in olderstarsthanin youngerones.

Thesadeasaresupportedothby radioobsenationsof O-isotopicratiosin molec-
ular cloudsthroughoutthe Galaxy and by the circumstellaroxide grain data. The for-
mer shov a remarkableuniformity of the  / ratio ( 3.5) andnegative gradientsof

/ and /  with galactocentricadius(Penzias, 1981; Wilson & Rood, 1994;
Henkel etal., 1995).Suchbehaior is expectedf is primaryand and areboth
purely secondaryasdescribedabove. (The well-known problemof fitting the solaralun-
dancesnto this scenariais describedoelon.) Thelow  / ratios of Group 3 oxide

grains(Fig. 3.4) indicateboth that thesegrainsformedin low-mass( 1.4M ) starsand
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thatthesestarshadlower thansolarinitial / ratios. The latter point canbe easily
understoodn termsof chemicalevolution. Due to their longerevolutionarytimescales,
thelow-massstarswhich producedsroup3 grainsprobablyformedat anearliertime than
thehighermassprogenitorsof Groupl grainsandthusformed,on averagefrom lesspro-
cessednaterial.

To exploretheseideasin moredepth,we combinechemicalevolution anddredge-
up modelsto predictaverageO-isotopicratiosfor a setof starsof massl.1to3 M , a
likely rangefor starsthatprovidedgrainsto thesolarsystemWelet (M,Z) bethelifetime
of astarof massM andmetallicity Z, asgivenby Mathewnsetal. (1992),andT (Z) bethe
ageof the Galaxywhenthe averagemetallicity hadgrown to thevalueZ, determinedrom
the galacticevolution age-metallicityrelationof Timmesetal. (1995). Then,for eachstar

of massM, themetallicity Z is choserto satisfythe equation

(4.1)

whereT is theageof the Galaxyatthetime of solarsystemformation,heretakento be
10.5Ga. Thefirst-dredge-ufD-isotopicratiosfor theresultingsetof massesandmetallic-
ities, aswell asfor the samesetof massesbut someavhat higherandlower metallicities,
wereinterpolated(or extrapolated,f necessaryjrom the calculationsof Boothroyd and
Sackmanr{1996). Theseauthorsfollowing Timmesetal. (1995),assumedhattheinitial
/[ and / ratiosof starsvaryin inverseproportionto [Fe/H], whichthey relate
simplyto Z (Boothroyd & Sackmann1996). This evolution trendis indicatedin fig. 4.2
by thedashedine labeled"GCE-I”
Resultsof our modelareshowvn in Fig. 4.4, overlainon the Group1 and 3 oxide
data. The theoreticalkrendsareplottedas: ‘X’ symbolsconnectedy a solid line for the
“average”trend,long-dashines for 25% higher (left) and 25% lower (right) metallicity;

anddot-dot-dot-dashelihesfor 45% higher(left) and45%lower (right) metallicity. Each
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Figure4.4: Comparisorof circumstellaoxidegrains(symbolsarethe sameasin previous
figures)with the resultsof a simple galacticchemicalevolution model. The centralthe-
oreticaltrend ("X’ s connectedy a thick line) represents seriesof starsof massl.1M
(top of curvwe)to 3M  (bottomof curve) andmetallicitieschoserfrom stellarlifetime and
chemicalevolution modelssuchthatthey endedtheir life at thetime of solarsystemfor-
mation (seetext). The tracksto the right andleft representhe sameset of massesbput
with 25% (long-dashlines) and 45% (dot-dot-dot-dashetines) lower and higher metal-
licities, respectrely, comparedo the central“average”trend. The goodagreemenshaws
thatchemicalevolution playsanessentiatole in establishinghe O-isotopiccompositions
of Group1 and3 oxide grainsalthoughtheremusthave beena spreadaboutthe average
metallicitiesfor starsthatprovided O-rich dustto the SolarSystem.
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point alongthe centraltrack representshe predictedaverageO-isotopiccompaositionof
starsof a givenmassthatendedheir livesat thetime of solarsystemformation;this trend
passeshroughthe centersof the Groupl and3 O-isotopicdistributions. The surprisingly
good agreemenbetweenthis simple model and the distribution in O-isotopic spaceof
Groupl andGroup3 oxide grainsstrengthenshe conclusionthatthesegrainsdid indeed
formin redgiantsandthatgalacticchemicalevolutionplaysanessentiatolein determining
theisotopiccomposition®f thegrains.Edvardssertal. (1993)have determineclemental
alundance# 189field disk dwarfsandfoundthat,althoughthe averagemetallicity in the
Galaxyhasincreasedvith time, thereis considerableariationin the metallicitiesof stars
bornatarny giventime. Theseauthorsestimatea spreadaboutthe meanof 45%in Z
for starsthatformedat the sameime andsamegalactocentricadiusasthe Sun.As canbe
seenn Fig.4.4,aspreadbf 45%(outermostheoreticatrends)n metallicityis consistent
with therangeof O-isotopicratiosof Groupl and3 grains.However, mostof the Groupl
and3 datalie within thecurvescorrespondingo asmallerrangeof 25%.In fact,thefive
Group1 grainsthatfall outsidethis rangehave  / ratiossimilar to Group2 grains
andmaybelongto them(cf. Fig. 3.3).
Althoughthe O-isotopicratiosobsenedin molecularcloudsthroughouthe Galaxy

can be understoodn termsof the expectedprimary/secondary/secondapyoductionof

/| , the measuredatios of the Solar Systemdo not fit easilyinto this picture
(Kahaneetal., 1992;Wilson & Rood,1994).In particularthe /  ratio of the Sunis
5.2, whereaghe interstellarmediumhasthe muchlower ratio of 3.5, regardlessf galac-
tocentricradius. Furthermorethe currentlocal ISM  /  ratiois 560 25 (Wilson &
Rood,1994),higherthanthe solarvalueof 499. This is difficult to understandthe simple
picture of chemicalevolution discussedbove predictsa substantialljiower valuein the
preseniSM thanin the Solar System,sincethe ahundances expectedto have built

up morethan in the4.6billion yearssincesolarsystemformation.Fromtheir galactic
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chemicalevolution study Edvardsseret al. (1993) concludedhatthe Sunis a “typical”
starfor its age,metallicity andgalacticorbit. This doesnot precludeisotopicpeculiarities,
however. SeveralresearcherbBave suggestedthata possibleexplanationfor the O-isotopic
discrepancies thatthecloudfrom which the Sunformedwaspreferentiallyenrichedwith
materialfrom massve stars,relative to the generallSM (e.g., Schramm& Olive, 1982;
Henlkel & Mauersbeger1993;Henkel etal. 1995;PrantzosAubert,& Audouzel996).In
sucha scenariothe Solar Systemwould have atypicalelementabndisotopicalundances
comparedo theaveragel SM atthetime whenit formed.

Theaveragegalacticevolution of O-isotopicratiosimplied by radioobsenationsof
molecularcloudsis indicatedin Fig. 4.2,by thegrey arrav labeled‘GCE-Il.” We notethat
this trendpasseshroughthe Group3 oxide graindistribution. In fact,if thetwo Group3
grainswith solar  / ratiosareexcluded,the average / ratio for this groupis
3.6, remarkablysimilar to the ISM value. This suggestshatthe sourcesof someof these
grainsmay have hadisotopiccompositionsnoretypical of the ISM thanthe Sunandthe
grainsmaythusbe usedto tracethe averagechemicalevolution of the Galaxy

Group4 presolarmoxide grainsareenhancedh and |, relatveto andthe
solarO-isotopicratios. As we discussedbove in  4.1.3,the enrichmentobsened
in thesefour grainsmay reflectdredge-upof in someAGB stars.However, ascanbe
seenin Fig. 4.2, Group4 grainslie at the high-metallicityendof the trendsexpectedfor
galacticchemicalevolution of O-isotopeslf they originatedin redgiantswith higherthan
solarmetallicity, their ~ / ratioscould simply reflecttheinitial ratiosof their parent
starswithouttheneedto invoke dredge-uf in earlythermalpulses.Thehigherthan
solar / and / ratiosobsenedin Group4 grainT22 alsofit in well with
this idea, becausdhesetwo ratiosare alsoexpectedto increasan the Galaxywith time
(Clayton,1988; Timmesetal., 1995). The primary difficulty with this scenarias the high

metallicitiesneededo explain the data. With the assumptiorthat / and /
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increasdinearlywith Z, ametallicityaboutl.6timesashig assolaris neededo explainthe
leastextremegrain,andZ 3 Z isrequiredio explainthelowestobsered /  ratio.

Moreover, theirrelatvely high ~ /  ratiossuggesthatthesegrainsoriginatedin low-

massstars(M 2M ) but it is highly unlikely that very high-Z, low-mass(andtherefore
old) starshadbeenpresento contribute dustto the protosolarcloud. While we cannotrule

outlow initial [ ratiosin the parentstarsof Group4 grains,we proposeasa more
likely explanationthatdredge-upof occursin somelow-massAGB stars.

It shouldbe clearfrom the precedingdiscussiorthatisotopicmeasurementsf cir-
cumstellaoxidegrainsprovide anew approacto thestudyof thechemicakevolutionof the
Galaxy In particular somegrains(Group3) clearlyreflectthe O-isotopictrendsexpected
for older (low-mass)starsandmay provide cluesto the precisedependencef O-isotopic
ratioson stellarmetallicity. Furtherprogresswill requireabettertheoreticaunderstanding
of thenucleosynthetisourcef the oxygenisotopesaswell asthe galacticdynamicghat
leadto a spreadn compositioneven at a giventime andplacein the Galaxy The anal-
ysis of mary more Group 3 oxide grainsis desirableaswell, particularlymeasurements
of isotopicratiosof additionalelementghatcould provide independeninformationabout
chemicalevolution. For example,Huss,Fahe/, & Wasserhrg (1995) have proposedhat
the unusualMg andTi isotopicratiosobseredin a circumstellar(Group1) grain
cannotbeexplainedby nucleosynthetiprocessewithin asinglestarof initially solarcom-
position,but maybeunderstoodn termsof galacticchemicalevolution. Similarly, galactic
chemicalevolution hasbeeninvoked to explainedthe Si and Ti isotopiccompositionof
circumstellarSiC grainsextractedfrom primitive meteoritegGallino etal., 1994;Hoppe

etal., 1994a;Timmes& Clayton,1996;Clayton& Timmes,1996).
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4.3 Number of Stellar Sources

Eventhoughwe have arguedthat mostor all of the presolaroxide grainsfoundin
meteoritesamefrom a singletypeof star namelyO-rich red giants,the rangeof compo-
sitionsobseredin the grainscannotbe explainedby anorigin in a singlestar Theiso-
topic characteristicef presolarSiC alsoseemto requiremary AGB sourceqAlexander
1993;Hoppeetal., 1994a).Uncertaintiesn isotopicratio measurementndin theoretical
predictionsof stellarnucleosynthesimale it difficult to determinehe precisenumberof
sourcesnvolved, but we canmake somegeneralestimates.As discussedn 4.1.3,the
O-isotopicratiosof Group1 and 3 grainsreflectthe first dredge-upgn red giants. Since
mostmassloss(andthusgrainformation)occursafterthefirst dredge-umndthe surface
O-isotopicratiosprobablydo not changeafterthis point, distinct O-isotopiccompositions
imply distinctstellarsourcesln fact,wereit notfor measuremenincertaintythe number
of sourcegequiredto explain thesegrainswould be closeto the numberof grainsin the
dataset. Takingthe significantoverlapof errorbarsof mary grainsinto accounthowever,
we estimatehata minimumof 20 starsareneededo explain the O-isotopicrangesor
thesawo groups.Becausehis estimataloesnottakeinto accounthe“missed’grainswith
normal /  ratiosbutanomalous /  ratios( 3.3)therealnumberof sourcess
almostcertainlyhighet

The casefor multiple sourcesof Group 2 oxide grainsis lessclearcut. Cool-
bottom-processings expectedto occur throughoutthe AGB phaseof the evolution of
low-massstars,graduallyincreasinghesurface /  ratioanddecreasinghe  /
ratio (Wasserhrg et al., 1995). Sincemass-lossandgrain formationprobablyalsooccur
throughoutthe AGB, mostGroup 2 grainscould have originatedin the sameAGB stat
with grainshighly depletedn having formedafterthosewith moremoderate  de-

pletions. The clusterof four Group 2 grainsindicatedby an ellipsein Fig. 3.4 deviates
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from the standardGroup 2 trendand probablyrequiresa sourcedistinct from that of the
main Group 2 population,however. The type of starthatproducedhe Group4 grainsis
not known andwe thuscannotestimatethe numberof sourceseedto accountfor them,
althoughthelarge errorsof two Group4 grainsmakesanorigin in asinglestarfor all four
Group4 grainspossible.

To summarizethe isotopicdataseemto requirea minimumof 25 starsto have
contributed to the early Solar System.Note that this numberis comparabléo the
estimateof Alexander(1993),who usedsizesandlifetimes of molecularcloudsandbirth
ratesof AGB starsto estimatethat 10—100AGB starscontritutedSiC to the solarsystem.
Since O-rich and C-rich AGB starsare presentin approximatelyequalnumbersin the
solarneighborhoodJura& Kleinmann,1989),this estimatdas probablyvalid for the AGB

source®f O-rich dustaswell.

4.4 Abundanceof Stellar Oxide Grains

Previousauthorshave remarked on the apparenteficit of presered O-rich dustof
stellarorigin in meteoritesrelative to carbonaceoughasegHutcheoretal., 1994;Nittler
etal., 1994;Hussetal., 1994b).As discussedh Chapter2, theabundanceof circumstellar

in Tieschitzis about0.03ppm, afactorof 10 lowerthanour estimatefor that of
presolaiSiCin thismeteorite In fact,alargefractionof theSiCin Tieschitz,but no ,
may have beendestryed by mild metamorphisnm{Huss& Lewis, 1994),andthe initial
ratio of circumstellarSiC to in this meteoritewasprobablyevenhigher Hutcheon
etal. (1994)have estimatedpresolarSiC in the Orgueil Cl meteoriteto be moreahbundant
than presolar by a factorof 50, basedon the identificationof a single
grain. An evenhigherSiC/ ratio may hold for the MurchisonCM meteorite based

againon onegrain (Nittler et al., 1993). Without a betterdeterminationof the relatve
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proportionsof differenttypesof presolarphasesjncluding , In differenttypesof
meteoritesijt is difficult to determinewhatwasthe true ratio of presolarSiC to in

the early Solar System. We can, however, estimatethe expectedSiC/ ratio in dust
from AGB stars,the primary sourcesof bothtypesof presolargrainsin meteorites.With

the simpleassumptionshatall Al goesinto in O-rich starswhile all Si goesinto
SiC in C-rich stars,the expectedSiC/ massratio is equalto 0.8 (Si/Al)  (dust
from C-stars)/(dusfrom O-stars). The massratio of dustfrom C-starsto that from O-
starsis estimatedo be -1 (Gehrz,1989;Whittet, 1992;Jura& Kleinmann,1989),and
if Si/Al=(Si/Al) 12, we obtainan expectedpresolarSiC/ ratioof 3-10,lower
thanthe,admittedlypoorly known, obsenedratiosin meteorites.Therefore thereindeed
appearso beapaucityof presolaiO-richdustin meteoritesThisis somavhatsurprisingn

light of thefactthatC-rich dustis expectedo be be lessstablein the oxidizing conditions
of theinterstellammediumandtheearly SolarSystem.

Oxygen-richstardusis probablynot preferentiallydestrgyed over C-rich dust, ei-
therin spaceor during samplepreparationHutcheonet al., 1994). More likely, the low
alundanceof presolaroxide grainsis relatedto their chemicalcompositionandgrainsize.
Most O-rich dustobseredaroundAGB starsandin theinterstellairmediumis in theform
of silicates,not . Presolassilicatesmay or may not be preseredin meteorites.For
example,circumstellarandinterstellarsilicatesare believed to have anamorphousstruc-
ture (see,e.g.,Whittet 1992),andperhapslid not survive processingn the parentbodies
of meteorites.Indeed,it hasbeensuggestedhatsmall, glassymetal-richobjects(GEMS)
seenin interplanetarydustparticles,but notin meteoritesareinterstellarO-rich material
thatwaspresentn the early Solar System(Bradley, 1994). Evenif presolarsilicatedust
is presentn meteoritesit would have beendestrgyedby the chemicalkreatmentgurrently
usedto isolatecircumstellargrains. In a preliminarysearchwe have usedour ion imag-

ing techniqgueto mapthe /  ratiosof 30,0001 m silicategrainsfrom non-etched
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samplef Tieschitzandfoundnoneof presolarorigin.

A significantfraction of presolaroxide grainsmight be much finergrainedthan
presolaiSiC. Themaximumsizeof grainscondensingn astellaratmosphereepend®oth
onmass-lossatesandon thealundanceof availablecondensibletomsin the gas(Draine
& Salpeter1977;Bernatavicz et al., 1996). Mass-losgatesare expectedon theoretical
groundsto be higherin C-rich AGB stars,particularlyin the late ejectionstagewhenthe
starsbecomeplanetarynehulaeandshed 1M in years(Renzini, 1981). Even
at theseenhancednass-lossates,grain growth calculationsdo not predictmicron-sized
grains,andthepresencef largepresolarC-richgrainsfrom AGB stardedto thesuggestion
that at leastsomemass-los®ccursin high densityclumpssporadicallyejectedfrom the
stellarsurface(Virag et al., 1992; Bernatavicz et al., 1996). Sincemicron-sized
grainsfrom O-rich AGB starsdo exist, a similar processnight occuralsoin suchstars.In
fact,Jura(1996)hasreportedhediscoveryof largegrainsaroundthe O-richredsupegiant
IRC+10420.Given,however, thehigheraveraganass-lossatesof carbonstarsthanO-rich
starsafinergrainsizedistributionfor presolarO-rich dustthanfor SiCis notimplausible.
Zinner and Tang (1988) found enrichmentsn bulk measurementsf thousandsof
tiny oxide grainsin a separatdrom the Murray CM meteorite. If the medianvalue of

| =13000bsered in circumstellar grainsis representate, the Zinner and
Tangdatacanbeexplainedby the presenc®f presolar atalevelof 1%. Sincethe
separatesisedfor their study containedoredominatelyspinels,but presolaracid-resistant
oxidegrainsaremostly thisresultmayindeedindicatea higherfractionof presolar

atgrainsizes 1 mthanamongl m grains. O-isotopicratio measurementsf

purified fine-grained separatefrom primitive meteoritesvould help shedlight on
theissue.
Thealhundancef circumstellaispinel( ) in meteoritess 50timeslower
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lower thanthatof presolar . As describedn 4.1.1,spinelis predictedby thermo-
chemicalcalculationgo form from 200-300Kbelaw the condensatiotemperature
of (Lattimeretal., 1978;Sharp& Wasserhrg, 1995;Lodders& Feyley, 1995).The
lower alundanceof spinelmaybe dueto the smallertemperaturgangeover which spinel
is stablecomparedo thatof (41K comparedo 240K for agasof solarcomposition
andapressuref 2 atm,Lattimeretal. 1978).

An issuerelatedto the overall underabindanceof presolar is thefailureto
find, asyet, oxidegrainsthatcondenseth superneaejecta.SiC, graphiteand dust
grainsthatalmostcertainlyoriginatedin Typell supern@aehave beenfoundin meteorites
(Amari etal., 1992a;Nittler etal., 1995b;Nittler etal., 1996a).As discussedn 4.1.4,
oxide grainsare expectedto alsoform in suchexplosionssincemuchmore O thanC is
ejectedandcomparisorof theoreticakalculationswith obserationsof SN1987Asuggests
that O-rich dust,including , formedin this supernwa (Kozasaet al., 1991;Colgan
et al.,, 1994). If all Al in O-rich supernea shellsgoesinto andall Siin C-rich
shellsgoesinto SiC, the calculatedsupernoa yields of Woosley & Weaver (1995) give

/SiCratiosof 4—-20by massn theejectaof starsof massl5-25M . If we combine
theseratioswith our above estimateof 3—10for the SiC/ ratio in dustfrom AGB
stars,andwith the obseredratio of presolammeteoriticSiC from supernwaeto thatfrom
AGB stars,1% (Amari et al., 1992a;Nittler et al., 1995b),we estimatethat the ratio of
presolar from superneaeto that from AGB starsshouldbe at least0.1-2. This
estimateis in sharpcontrastto the upperlimit of a few percentobseredin the current
presolaroxide grain dataset. Grainsizemayagainplay arole. Kozasaetal. (1991)have
suggestedhatthe infraredlight curve obseredin supernwa 1987Ais dueto very small

(10A) grainscondensingn theejecta.

132



Regardles®of theoreticakxpectation®f SN dustproductionthepresencef preso-
lar oxide grainsfrom supern@aehasbeensuggestedor morethan20 yearsto explainen-
demic enrichmentsn the mostrefractorysolarsystemphasesn meteoritegClayton,
Grossman& Mayedal973,Clayton1977,Clayton1993). However, our datashov no
evidencefor  -rich presolaroxidegrainsin the solarnehula. Thediscovery of chemical
processethatresultin mass-independefractionationof O-isotopegThiemens& Heiden-
reich, 1983)removesthe requirementhat excessesn meteoritesarenucleosynthetic
in origin but a connectiorbetweersuchprocesseandprocesses theearly SolarSystem

hasyetto beproven.

4.5 Summary and Conclusions

Theisotopicdataof the 92 presolaroxide grainsthathave beenfoundto datehave
beendividedinto four distinctgroups(Table3.2). An additionalgroupof grainsmay be
representedby a single membey the extremely  -enrichedgrain T54. The datawere
discussedh thecontext of astronomicabbsenrationsandtheoreticainodelsof stellarevo-
lution, nucleosynthesisandgalacticchemicalevolution. The primary conclusionsanbe

summarizedsfollows:

1. Mostor all of the grainsprobablyformedin stellarwindsfrom low to intermediate
massred giantsand AGB stars. However, the compositionsof the differentgroups
of grainsreflectdifferentastrophysicaprocessesccurringin the parentstarsand

provide new informationabouttheseprocesses.

Group 1 grainshave O-isotopiccompositiongonsistentvith the resultsof calcula-
tions of the first dredge-ughat occursin red giantsat the end of core H-burning.
Many alsohave excessesyith inferred  / ratiosin therangepredicted

for third dredge-upn AGB stars.Grainswithout evidencefor probablyformed
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beforethe AGB phaseof evolution, eventhoughthe high mass-lossatesneededo
grow micron-sizedgrainsarethoughtnot to occuruntil the AGB. Furthermorethe
similarity of the O-isotopicratiosof Group1 grainswith andwithout indicates
thatthethird dredge-upmoesnot appreciablychangethe surfaceO-isotopicratiosof

mostO-rich AGB stars.

TheO-isotopicratiosof Group2 grainsaremostplausiblyexplainedby “extramix-
ing” of materialat the baseof the corvective ervelopeto the hotterregionsnearthe
H-burning shellin AGB stars(“Cool-bottomprocessing, Wasserhrg et al. 1995),
althoughrealisticmixing modelsareneededo testthis hypothesisComparinggrain
datawith parameterizedalculationgWasserhrg etal., 1995) ,we estimatehatcool-
bottomprocessinguficientto destry in AGB starsoccursonly in starsof mass

1.5M .

Group3, likeGroupl, grainshave O-isotopicratiosthatappeato reflectfirst dredge-
up in red giant stars. However, their high ( solar) / ratiosimply thatthey
originatedin very-lov-mass(1.2—1.4M ) stars. Furthermorethe stellarsourcesof
thesegrainsmusthave hadinitial / and / ratioshigherthanthe solar
values.Thepresencef excess in only asmallfractionof thesggrainsis consis-
tentwith theoreticapredictionsthat,in very-lov-massstars,mostmasslossoccurs

beforethe AGB phaseandits third dredge-ugBoothroyd & Sackmann1988).

Group4 grainshave large enrichmentstelatveto solar The /  ratiosand
Mg-isotopiccompositionsof thesegrainsare consistentith anorigin in low-mass
AGB starsputtheoriginof theexcess  isunknavn. Possiblexplanationsarethat

, producedby captureon in earlythermalpulses,s dredgedup in some
starsbeforeit is convertedto or that the grainscomefrom high-metallicity

starswhoseinitial alundancewashigh. Althoughthe datado not allow usto

134



distinguishbetweenthesetwo explanationswe considerthe latter possibility to be
unlikely sinceit would requirelow-massstarswith metallicity muchhigherthanthat
of the Sunto have endedtheir livesat the time the Solar Systemformed. However,
the possibility of dredge-upof in someAGB starsneedsto be confirmedby

detailedstellarmodels.

Grain T54 hasasubstantial  depletionandan  / ratio 37 timesthatof the
solarvalue.If the /  ratioof thisgrainis themeasuredaluewe areunavareof
ary stellarsourcethatcouldproducets composition.f, however, the measured
in this graincamefrom the supportingsamplemount(a distinctpossibility), T54 has
the O-isotopiccompositionexpectedof hot-bottomburningin relatively high-mass
( 4-5M ) AGB starsor of the surfaceof massve mass-losingstars(Wolf-Rayet)
in the Of-WN stagesf evolution. Additional dataon grainsof this type may help

distinguishbetweerthesepossibilities.

. The presolaroxide grainsrequireat least30 distinct AGB sourcesgconsisteniwith

estimate®f thenumberof suchstarsthatprovideddustto the SolarSystem(Alexan-
der, 1993).Notethatthetruenumberof sourcess highersincemary Groupl grains
have no doubtbeenmissedin the ion imaging searchesisedto find mostof the

grains.

. Galacticchemicalevolution plays a recognizableole in determiningthe isotopic
composition®f mary circumstellaoxide grains.In particular the higherthansolar
[ and [/ ratiosof Group3 grainsindicatethatthey comefrom low-mass
redgiantsformedearlyin the GalaxywhentheinterstellaiTmediumwas,on average,
lessenrichedin thesecondarysotopes and |, relative to the primaryisotope
. Therangeof / ratios of grainsin Groupsl and 3 is consistentwith

obsenrationsthatindicatea wide spreadn metallicity for starsthatform at a given
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time andplacein the Galaxy(Edvardsseretal., 1993).

4. Possibleexplanationsfor the apparentunderalindanceof presolarO-rich dustin
meteoritegelative to presolarcarbonaceouphasesre: (1) mostO-rich stardusis
in the form of acid-solublesilicates,not acid-resistanbxidessuchas and

, andis thusdestryedin thetreatmentsisedto enrichpresolargrains;(2)
relatve mass-lossatesof O-rich AGB starsandcarbonstarssuggesthatO-richdust
hasa finer grain sizedistribution thanC-rich dustandmay thereforego undetected
in our ion probestudies.The lack of oxide grainsfrom supern@aeis surprising,it

mayalsoberelatedto grainsize.

This work demonstratethat stellaroxide dustgrainsin meteoritesalthoughdiffi-
cult to locate,area new sourceof information,complementaryo astronomicabbsena-
tions,for abetterunderstandingf diverseastrophysicaprocessedrom stellarnucleosyn-

thesisandmixing to the chemicalevolution of the Galaxy
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Chapter 5

Dust from Supemovae: SiC Grains X and PresolarSi N

5.1 Intr oduction

As discussedn Chapterl, ion probemeasurementsf individual SiC grainsex-
tractedfrom primitive meteoriteshave revealeda wide rangeof isotopiccompositionsn
essentiallyall majorandminor elements However, the vastmajority of circumstellarSiC
grainssharesomecommoncharacteristicsisotopicallyheavy C, isotopicallylight N, and
slight (up to 20%) excessef the neutron-richisotopesof Si, relatve to andsolar
Si-isotopicratios. Closeto two thousandof these“mainstream”grainshave now been
analyzedndividually (Alexandey 1993; Hoppeet al., 1994a;Hoppeet al., 1996a)anda
consistenpicturehasemegedthatthey mostlikely formedin carbonstars—intermediate
andlow-massred giantstarsin the laststagef their evolution. The single-grainstudies
alsorevealedisotopicallydistinct sub-groupshowever. Becauseof their rarity ( of
thetotal SiC population) thesegroups,namedX, Y andZ, have not beenstudiedat any-
wherenearthe level accordedo the mainstreangrains. Of particularrelevancehereare
thegrainsX, characterizety largedepletionsof and ,relatveto , isotopically
heary N, andextreme excessegwith inferredinitial / ratiosup to 0.6). In
theirinitial studyof five X-grains,Amari etal. (1992a)suggestethatthesegrainsformed
in Typell supernwae. BecausesiC grainsof type X have  / ratioscompletelydif-

ferentfrom mostSiC in meteoriticresiduesandthis isotopicratio canbe measuredinder
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low mass-resolving-peer conditions suchgrainswereanobviouschoicefor ion imaging
searches.An additionalimpetusfor conductingion imaging searchesn / came
from someprior studieghatgave evidencefor thepresencef anew Si-rich presolaphase
in meteoritessilicon nitride ( ), with isotopic propertiessimilar to thoseof the SiC
grainsX (Alexanderetal., 1990b;Leeetal., 1992;Alexander 1993;Hoppeetal., 1994b).
In this chapter | presentthe resultsof / ion imaging searchesn residues
of four meteorites:Murchison(CM), Tieschitz(H), Indarch(EH) and Acfer 094 (C?).
Therewerethreeprimary goalsof thesestudies.First, | wantedto identify alarge number
of SIC grainsX in orderto bettercharacterizeheir propertiesand confirm or dery the
proposedsupernea origin of thesegrains. Secondly| wantedto searchfor new, as-yet-
undiscoveredsub-groupsof presolarSiC and new presolarSi-rich phasesjn particular
. Thirdly, | wantedto determinethe relative abundance®f mainstrearmand X-type
SiC grains(and presolar , oncethis phasewas discovered)in a few meteoritesof
widely differing type. All of thesegoalswere met with somesuccess.In particular
thepresencef presolar in meteoritesvasconfirmed with severalsuchgrainsbeing
foundin eachmeteoritestudied(Nittler etal., 1995c).Also, atotalof 81 SiCgrainsX and6
presolar grainswereanalyzedithighmasgesolutiorfor theirisotopiccompositions.
The isotopic compositionsof thesegrainsstrongly point to Type Il superneae astheir
sourcesandprovide importantconstraintdo modelsof suchstellarexplosions.Thesedata
have beenpreviously discussedh two publishedpapergNittler etal., 1995c;Nittler etal.,
1996a),reproducecherein AppendicesC andD, so they will only be briefly discussed
in this chapter | will discussin somavhat more detail the abundanceestimatedor the

differentmeteoritestudied.

Thesealundancestudiesvereconductedn collaboratiorwith Xia GaoandPat Swanaspartof ageneral
ongoingsuney at WashingtorlJniversity of presolaphasesn differentmeteorites.
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5.2 lon Imaging Results

Theresultsofthe /  ionimagingsearchearesummarizedh Table5.1,which
is analogougo Table 3.1 for the presolaroxide grain searcheg¢andincludessomeof the
samesamplemounts).For mostof thesesamplesimageswvereacquiredn , , and

, in additionto the Si-isotopesto aid in distinguishingdifferentmineralphases.
For eachsamplemount that was imaged,the table gives the meteoritefrom which the
sampleoriginated,the numberof imagingrunsthat wereacquired,the numberof grains
thatweredefined(afterthe cutsdescribedn Chapter2 areapplied),the numberof defined
grainsbelievedto be SiC (discussedbelow), the algorithmusedfor particledefinitionand
the numberof presolarSiC grainsX and grainsthatwerefound. | will discusshe
ion imagingresultsfor the four meteoritesseparatelyNote thata generaldistinctionmay
be madebetweenthe Murchisonstudieson the one hand,andthe otherthree meteorite
studieson the other The Murchisonresiduestudiedhere,KJG, is a 2—-4 m, very pure
separatecontainingSiC andrefractoryoxidegrains(Amarietal., 1994).Becaus&JG SIC
grainsarefairly large, theisotopicratiosof severalelementsanbe measureét highmass
resolutionin individual grains. The MurchisonKJG searchesvere thus usedprimarily
to characterizegrains X in detail. For the otherthree meteoritesthe residuesare less
pureandtypically containsmallergrainsthanthe KJG samples.The main emphasidor
thesestudieswason the determinatiorof relatve abundance®f certaintypesof presolar
grains.SinceSiCgrainsX and canbeclearlyidentifiedasisotopicallyanomalouby
theion imagingmeasurement@provided they have -50%o), relatve abundance®f
thesetypesof grainscanbe estimatedevenwithout furtherhigh-mass-resolutioanalyses.
However, asdiscussedn Chapter2, suchalbundanceestimatesare subjectto potentially

largeuncertaintiesgependindothonthegivensampleandontheion imagingconditions.
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Table5.1: lon imaging searchegor SiC grainsof type X andothergrainswith unusual
[ ratios.

Mount Meteorite Runs DefinedGrains SiCgrains Algorithm SiC-X

KJG-6 Murchison 154 1180 1180 1 9 0
T8C3 Tieschitz 171 5548 1200 2 01 02
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() 2(8)
AF15b-B Acfer094 438 6400 6000 3 2(58) 0(5)

Numberafter“cuts” describedn Chapter2 applied.

Algorithm usedfor particledefinition(seeChapter for detailsaboutalgorithms.1: Firstalgorithm—particles
definedby thresholding;2: Early versionof currentalgorithm—particleglefinedby expandingin circles
aroundlocal maximauntil a critical numberof pixels arebelow a thresholdintensitylevel; 3: Currentver
sion of algorithm—particlesdefinedby examiningimageprofilesandtheir derivativesradially aroundlocal
maxima.

Numberof presolargrainsof the indicatedtype analyzedat high massresolution;numbersin parenthesis
indicategrainsfoundby ion imagingbut not analyzedat high massresolution.
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5.2.1 Mur chison

Four samplemountsof the Murchisonseparat&JG, providedby Roy Lewis, were
mappedin / (Table5.1). Out of some7000imagedSi-rich grains(mostly SiC),
a total of eighty candidategrainswere confirmedby high-mass-resolutiomeasurements
to have higherthansolar  / ratios. SEM-EDX identified seventy-seen of theseas
SiC andthreeas (Nittler etal., 1995c). The grainswereanalyzedunderhigh-mass-
resolutionconditionsfor theirisotopiccomposition®f C, N, Al-Mg, Si, CaandTi. Notall
of theseelementaveremeasuredh all of thegrains,becausef variableconcentrationsf
traceelementsAlso, fourteenof thegrainsX foundontheKJGL1 mountwereanalyzedy
CharlieKehmfor their noblegasconcentrationgindisotopiccompositiongNittler etal.,
1995a).However, noneof thesegrainscarriednoblegasesabove thedetectionimits of the
noble-gagnassspectrometerThe measuredsotopicratiosof the grainsare presentedn
AppendixB anddiscussedn 5.3.

Theion imagingresultsfor KJG indicatethat SiC grainsX make up 1% of the
total SiC populationin this Murchisonresidue,in good agreementvith that previously
obseredby ion probemeasurementsf singlegrains(Hoppeetal., 1994a).Notethatthe
grainswererelatively well-dispersean the mounts sothe problemsassociateavith grain
overlapin estimatingthe total numberof measuredyrains(Chapter2) wereunimportant.
Becauseof this fact, and becausehereare essentiallyno silicon-bearingphaseson the
KJG mountsbesidesSiC (andthe few presolar grains),this estimateof 1% for the
alundanceof SiC X-grainsis probablyreliable. In fact, single grain and ion imaging
measurementisf the smallerSiC Murchisonseparate&JE ( m) andKJD ( m),
performedatthe Universityof Bern,have alsoshavn a 1% alundanceatio of grainsX to
mainstreansiC grains(Nittler etal., 1995c;Hoppeetal., 1996a).This ratio will thusbe

takenasa standardagainstwhich SiC from othermeteoritess comparedn theremainder
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of this chapter

5.2.2 Tieschitz

Although ion imaging studiesof the Tieschitzordinary chondritehave been,in
someways, mostsuccessfuat finding large numberof circumstellar grains(Chap-
ters3 and4), oneof the original goalsin studyingthis meteoriteby ion imagingwasto
searcHhor presolar . Steppedomhustionexperimentsf Tieschitzacidresiduesad
previously hinted at the presenceof anisotopicallyanomalousitride (Alexanderet al.,
1990b),and wasfoundin the sameresiduesby transmissiorelectronmicroscoy
(Leeetal., 1992). FurthermoreAlexander(1993)found a Si-rich, C-poorgrainin a Ti-
eschitzresiduewith Si-isotopicratiossimilar to SiC grainsX. The residuestudiedhere,
T8, hasbeendescribedabore in Chapter3 (seealsoGaoet al. (1994)and Nittler et al.
(1996bh)).

For theinitial T8 ion imagingsearchegmountsT8A andT8B, seeTable3.1),im-
ageswereacquiredin : and secondaryonsin the hopethat could
be found on the basisof high Si/C and/orCN/C ratios. Two problemsbecameapparent,
however, that precludedthe identificationof by this method. First, a majority of
the particlespresenin theion imagesshoveda strongCN signal,regardlessof mineral-
ogy. Thiswasprobablydueto anorganicresidueleft on the grainsfrom the solventused
to transfermaterialto the samplemounts. The secondproblemwasthe relatively large
numberof quartzcontaminatiorgrainson the samplemounts,which shoved high Si/C
ratios (and often high CN/C ratios becausef the first problem)in the ion images. This
difficulty could, in principle, be avoidedby examining Si/O ratiosof the grains,but after
theinitial results,it wasclearthatimagingof  / ratioswasa betterway to search
for presolar . This wasborneout by the imaging searchcarriedout on the mount

labeledT8C3. Of the four candidategrainsfoundin this searchwith significantlyhigher
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thansolar / ratios, two were confirmedby SEM-EDX to be , onewas SiC
andonehadbeensputtereccompletelyaway duringtheion imagingmeasurementJnfor-
tunately the two grainswere apparentlyery thin, sincethey sputterecaway very
quickly uponattemptdo re-measuréhemat high massresolution this despitethefactthat
they appearedn the SEMtobe 2-3 min diameter!Thesubsequergearchof Tieschitz
mount T8D1 was somavhat more successfullargely becausdhe currentversionof the
particle-definitionprogramwasused,with the resultthat a larger numberof grainswere
analyzed.Of thel7  -depletedcandidategrainsfound on this mount,7 were SiC and
10 were , andtwo of the latter werelarge enoughto survive a high-mass-resolution
isotopicmeasuremer{seeAppendixB).

Figure5.1shavsthe Si/Oratio plottedversusthe Si/Cratio for 7070Si-rich grains
from TieschitzsamplemountT8D1. Theseatiosaretheraw dataobtainedby ion imaging,
with no correctionsor calibrationsapplied. SEM-EDX analysisof individual grainsindi-
catesthattheonly Si-rich phasegresenin T8 areSiC andquartz(see 3.2.3).However,
thedatashovn in Fig. 5.1 aresuggestre of mixing betweereitherSiC or quartz(labeled
“Qtz”) andan unknavn C- and O-rich phase(labeled“??”). The grainswith relatively
low imagedSi/O and Si/C ratiosare also obsered to have low Si/CN ratios, indicating
thatthey arealsorich in nitrogen. Very likely, the C-, N- andO-rich phases notreally a
separatanineralphaseat all. Instead the obserationsprobablyreflectvaryingamounts
of organicmaterialon the surfaceof SiC andquartzgrains,perhapgrom theisoproponal
usedto depositthe sampleon the mount. Unfortunately it is not possibleto determine
from theion imagingdatathe mineralogyof grainsthatlie in the overlapregion between
the SiC andquartztrends,andthusthetotal numberof SiC grainsanalyzedn this mount.
For aroughestimatejet usassumehatall SiC grainshave Si/O 0.05( theupperlimit
for the quartztrend)andSi/C in therangeof 0.2—-1.5(therangeobsenedfor ion imaging

of MurchisonSiC; Fig. 2.8). Of the 11,500grainsfound by Si-isotopicion imaging of
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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 ratiosin this range. Thus, sinceeight SiC
grainsX werefound on this mount,theion imagingresultsimply a SiC-X/SiC-totalratio
of 0.3%,a factorof threesmallerthanthatof Murchison. However, T8 containsa signif-
icantamountof syntheticSiC contaminationntroducedduring samplepreparationXia
Gao,privatecommunication) Basedon ion probemeasurementsf singleT8 SiC grains,
theratio of indigenousSiC to contaminatiorSiC is estimatedo beabout . Therefore,
despitdargeuncertainitesn boththeimagingresultsandtheamountof terrestrialcontam-
ination of the sample the fraction of SiC grainsthatare of type X appeardo be similar
in Tieschitzto thatin Murchison. Theimagingresultsalsoindicatethat SiC grainsX and
presolar grainshave roughly similar abundancesn Tieschitz. Thisis in contrasto
Murchison,wheretherearefar fewer presolar grainsthanSiC grainsX. Therelative

alundance®f SiC grainsX andpresolar arediscussedbelov in 5.4,
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5.2.3 Indarch

Gaoetal. (1995)have reportedpreliminaryresultson a presolamgrain studyof the
enstatitechondritelndarch,andl will only discussthe ion imagingresults. The Indarch
residuewasdivided into two sizefractions: IN28a ( m) andIN28b ( m). Two
mountsof the formerandoneof the latter were studiedby ion imaging; however, blurry
imagescombinedwith closely pacled grainsrenderedthe Si-imagingdatafrom one of
theIN28amounts(IN28a-B,seeTable3.1) uselessandonly the othermount,IN28a-C,is
consideredhere.Thesub-microrfractionwasfoundby SEM-EDX analysisof 73 grainsto
consistof approximately60%SiC,26% , 5% C grainsand5% C with minor Si. Of 37
grainsanalyzedrom thelargerfraction,5 wereSiC, 5 were , 16 wereC with minor
Si, 3 wererefractoryoxidesandthe remaindemwereotherphasesNote that Alexanderet
al. (1994)foundisotopicallynormal grains,probablyexsolutionproducts,n the E
chondriteQingzhen.The vastmajority of in Indarchis almostcertainlysimilar and
of solarsystemorigin.

Three SiC grainsX andone presolar grain were found by ion imaging of

/ ratioson IndarchmountIN28b-B ( m). To estimatethe fraction of Indarch
SiC thatbelongsto type X, we mustdeterminethe total numberof SiC grainsthatwere
measuredAs wasdonefor Tieschitz(abore) we canusetheimagedSi/C andSi/O ratiosof
thedataset.Figure5.2shavstheseratiosfor the2400grainsdefinedn Siionimagedrom
this mount. About 300 grainshave Si/O 0.08(dashedine), indicatingthey areprobably
guartz,andwereremovedfrom the dataset. The Si/C ratiosof theremaining2100grains
form a continuoudistribution, from very low valuescorrespondingo C grainswith minor
amountsof Si, to very high ratios, correspondingo . Unfortunately both of these
trendsoverlapwith the Si/C rangeof SiC, makingit difficult to determinehow mary SiC

grainsweremeasuredTo addresshisissue 43 grainswith imagedSi/O ratioshigherthan
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Figure5.2: Si/O versusSi/C ratios,obtainedby ion imaging,for 2400Si-rich grainsfrom
IndarchmountIN28b-B ( m).

0.08 were re-locatedin the SEM and their mineralogydeterminedoy EDX. This study
indicatedthat of the 900 grainswith imagedSi/C ratiosin therange0.3to 1.3 are
SiCand are . The 600 grainswith Si/C 1.3 areprobablyall . Taking
into accounthefactthat 25% of thegrainsin the datasetarerepeatmeasurementsiue
to significantoverlap betweenimagingruns, we estimatethat 350 differentSiC and 800
different grainswereimaged giving a SiC-X/SiC-totalratioof 0.9%.Thepresolar
to SiC-Xratiois 1:3. However, is “over-sampled’in theion imagingdataset,
comparedo SiC. Thatis, 2 asmary grainsas SiC grainswereimaged,despite
similar abundance®f thetwo phasesn theresidue sothe true ratio of presolar to

SiCgrainsX is probablycloserto 1:6.
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For thesmallerindarchfractionon mountIN28a-C,24 SiC grainsX and6 presolar
grainswereidentifiedby ion imaging;the grainsweretoo smallto analyzeat high
massresolution,however. The grain densityon this mountwas very high, so the total
numberof distinctgrainsanalyzeds someavhat uncertain. To estimatethe total number
of SiC and grainsanalyzedby ion imaging, we re-locatedn the SEM 58 defined
“grains” from anIN28a-Cimagingrun anddeterminedheir mineralogy Distinct single
grainsof SiC, ,andC with minorSimadeup 22%, 26%,and 10%,respectiely,
of thetotal; theremaindemwereactuallytwo or moregrainsdefinedasonein theionimage.
With the assumptiorthatonly singlegrainsgave a reliableion imagingmeasurementye
estimateghat 2100SiC grainsanda similar numberof grainsweremeasuredT his
resultindicatesthat, lik e thelarger Indarchsizefraction, SiC grainsX make up about1%
of thetotal SiC populationin IN28a. Again correctingfor over-samplingof in the

ion imaging(seepreviousparagraph)ye estimatea presolar to SiC-X ratioof 1:8.

5.2.4 Acfer 094

In their preliminarystudyof theunusuakarbonaceoushondrite Acfer 094, New-
tonetal. (1995)suggestedhatthe proportionof SiC grainsX is 20 higherin this mete-
oritethanthe1%foundin Murchisonandothermeteoritegseeabove). Thissuggestionvas
basedon steppeccomhustiondatathat shoved a enrichmentcharacteristiof grains
X, at the temperaturessociatedvith the comhustionof SiC. lon imagingclearly offers
arelatiely efficient methodfor testingthis hypothesisandwasappliedhereto a sample
mount, AF15b-B, containingmaterialfrom the residueAF15b, preparedat Washington
University. A preliminaryreportof this residuecanbefoundin Gaoetal. (1996). AF15b
is a0.3—4 m separateontainingapproximately73%SiC, 10% , 3% ,and
5% quartz(basedn EDX analysisof 591 grains).
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Silicon ion imaging of mount AF15b-B identified 6400 Si-rich grains(after cor
rectionfor overlap betweenadjacentmages). A total of 65 candidategrainswith high
/ ratioswerefound: 60 SiC andfive . (Two -enrichedgrainswerealso
found;see 5.5.)Figure5.3shavstheSi/Oratio plottedversusSi/C ratio for thegrainsof
this dataset.In contrasto the Tieschitzimagingdata(Fig. 5.1), SiC grainsin this dataset
canbedistinguishedy theirimagedSi/C ratios. If we assumehatall grainswith Si/Cin
therangeof 0.4-1.3areSiC, thetotal numberof imagedSiC grainsis 5700.Alternatively,
we canusethe EDX resultsto estimatehat SiC makesup 94% of the populationof Si-rich
grainson the mount, giving a total of 6000imagedSiC grains. In ary case,the propor
tion of the SiC populationthatis of type X is clearly closeto 1%, the sameasobsered
in the othermeteorites.Theratio of presolar to SIC-Xis 5/60 8%. Notethatsim-
ilar numbersof O-rich and Si-rich grainswerefound by ion imagingof mountAF15b-B
(Tables3.1and5.1),despitethefactthatthe EDX resultsindicatea Si-rich/O-richratio of
3. Thediscrepang is dueto grainsize; SiC is very fine-grainedn this meteorite(Gao
etal., 1996),andion imagingis moreefficient at finding larger grainsthansmallerones.
By comparingthe sizedistributionsof oxide grainsand SiC in AF15b, we estimatethat

mostof the SiC grainsanalyzedy ion imagingaregreatetthan0.4 m in diameter

5.3 Propertiesof SiC Grains X and PresolarSi N

The Si-, C- andN-isotopicratios,inferred  / ratiosandCN /C ion ratios
of the81 SiC grainsX and6 presolar grainsthatwereidentifiedby theion imaging
searchedescribe@bore andanalyzedathighmasgesolutiorarepresenteth tabularform
in AppendixB. Most of thesedataarediscussedalongwith SiC and datafrom the
Universityof Bernandgraphitedatafrom Washingtoriniversity, in thetwo papergNittler
etal., 1995b;Nittler et al., 1996a)reproducederein Appendice<C andD. Here,| 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 summarizehe isotopicdata. Thereaders referredto the above-citedpapers
andto the earlierpaperon SiC grainsX by Amari et al. (1992a)for detaileddiscussions
of the proposedrigin in Typell superneaejectafor the grains,includinga discussiorof
importantdiscrepanciebetwencurrentsupernsamodelsandtheisotopicsignaure®f the
grains.

Thebasicfeaturesof theisotopicandelementatatiosof SiC grainsX andpresolar

grainsaresummarizedelow:

1. All but oneof the grainsaredepletedn and , relatveto andthe solar
Si-isotopicratios(negative -values).Mostof thegrainsarerelatively moredepleted
in than andclusterarounda line of slope0.67on a silicon 3-isotopedelta-
value plot (seeFig. 2 of AppendixC), althoughthereare somegrainscloseto or
belav the slopel mixing line betweenpure andsolarSi. Onegrain, KIGM2-
293-2,is depletedin like the other grains, but hasa significant excess,

=123%o. Despitethis difference KIGM2-293-2is still classifiedasan X-grain,
sinceit is similar to the othergrainsX in termsof its C and N isotopicratiosand

inferred / ratio.

2. Thegrainshave large excesseswith  /  ratiosup to a factorof 13 times
ashigh asthe solarratio. Carbonrangedrom isotopicallyveryheary ( / =18)
to isotopicallyverylight ( / =2200),with 75% of the grainshaving  /
ratioshigherthanthe solarratio of 89. (seeFig. 3 of AppendixC).

3. The grainshave extreme excesseswith very high inferredinitial /
ratiosup to 0.34in this dataset,andup to 0.6 for all known grainsX (Amari etal.,
1992a)).In fact,for mary of thegrainmeasurementshe Mg wasessentiallynono-

isotopic !
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Figure5.4: TheCN /C secondaryon ratiosof 81 SiC grainsX from this studyand75

mainstreansiC grains(Hoppeet al., 1994b). SiC grainsof type X tendto have higherN
contentghigherCN/C) thanmainstreansiC.

4. Five MurchisongrainsX have measureablexcessesf , Which areattributedto
thein situ radioactve decayof short-lved . Oneof these -enrichedgrains,
KJGM2-66-3,alsohadexcess and , relatve to andsolar andanother

KJGM2-290-2,alsohada excess. Thesedataare presentedn Table 1 of Ap-
pendixD.

5. SiC grainsX tendto have highernitrogencontents,qualitatvely measuredsthe
CN /C secondaryon ratio, than mainstreansiC. This is illustratedby Fig. 5.4,
which shaws histogramsf CN /C ratiosof 81 SiC grainsX from this studyand
75 MurchisonKJG mainstreansiC grains(Hoppeet al., 1994b). The medianand
meanvaluesof CN /C for the X-grainsare0.37and0.47,respectrely, andfor the

mainstreansiC,0.17and0.24.
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Table5.2: Relatve abhundancesf SiC grainsX andpresolar

Meteorite(Residue) GrainSize SiCalundance SiC-X/totalSiC Presolar /SiC-X

(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) 1 6 24/2100=1.1%  6/24=0.250.13)
Indarch(IN28b) 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-rockalundancegaken from: Murchison(Amari et al., 1994), Tieschitz(X. Gao, private comm.),
Indarch(Gaoetal., 1995),Acfer 094 (Gaoetal., 1996)

Thetrueratiois higher, dueto contaminatiorof sampleby terrestrialSiC.

Takesinto account'oversampling”of in Indarchimagingdata

5.4 Abundancesof SiC Grains X and PresolarSi N

Table5.2 summarizeshe bestestimate®f therelatve abundance®f SiC grainsX
andpresolar grainsfor the four meteoritef this study See 5.2for thedervation
of theseestimatesFor eachmeteoriticresiduethistablegivestherangeof grainsizesthe
whole-rockSiC alundancetherelative proportionof grainsX in thetotal SiC population,
andtheratio of presolar to SiC grainsX. Thenumbersf grainsusedto deriveratios
aregivenin additionto the numericalratios,to aid in assessinghe statisticaluncertainties
for the variousestimates.Systematiaincertaintiesdueto the differentassumptionsised
in derwving the total numberof SiC grainsanalyzedn eachresidue are moredifficult to
assesdyut arealmostcertainlylessthan50%.

The primary resultindicatedby Table 5.2 is the constantvalueof 1% for the
relative proportionof SiC grainsX in the differentmeteorites.In the caseof Acfer 094,

this resultcontradictgrevious steppeccomhustiondatathatsuggesa significantlyhigher
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fraction of SiC grainsX in this meteorite(Newton et al., 1995). Thatthe relatve alun-
dancesof differenttypesof SiC grainsshouldbe the samein differentmeteoritess not
entirelyunexpected HussandLewis (1995)have arguedthatall chondriteclassesampled
the samemixture of presolargrainsin the solarnehula andthat secondaryprocessingn
meteoritgparentodiescanexplaintheobseredabundancevariationsof differentpresolar
phasedetweerdifferentmeteorites.Suchprocessingvould not distinguishbetweendif-
ferentisotopicsub-group®f the samemineralphasehowever. Perhapsnoresurprisingis
theconstang of thegrain X albundancdor awide rangeof grainsizes.SincegrainsX and
mainstrean8iC grainsformedin completelydistincternvironments(superngaeandAGB
stars respectrely), thereis no reasorto expectthatthe two typesof grainshave the same
size distributions. The relatve abundancedatapresentechere may thus have important
implicationsfor dustformationprocesses differentstellarernvironments.

Poorstatisticdimit comparisonsf theratio of presolar to SiCgrainsX in the
differentmeteoritef this study Making matterswvorseis thefactthat is apparently
preferentiallydestryed, relative to SiC, by the chemicaltreatmentsusedto producethe
meteoriticresidues.For example,the ratio of to SiC s five timeslower in thefinal
IndarchresiduelN28 thanit hadbeenin a samplefrom an earlier stagein the chemical
processingTheonly reasonablgertainconclusiorthatcanbedravn from Table5.2is that
thisratiois significantlyhigherin Tieschitzthanin theotherthreemeteoritesTieschitzhas
amuchlower SiC alundancehanthe othermeteoriteg Table5.2), almostcertainlydueto
thermalmetamorphisnfHuss& Lewis, 1995). Thehigherratio of presolar to SIC X-
grainsin this meteoritemaythusindicatethat is lessefficiently destrgyedby thermal
processinghanSicC.

Without a rigorousdeterminatiorof how muchrelative destructionof and
SiCoccursduringthermalmetamorphisnandsamplepreparationye cannotinfer whatthe

trueratio of presolar to SiC grainsX wasin the solarnehula. This ratio potentially
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hasimportantimplicationsfor our understandingf dustformationin supernea ejecta.
Although both SiC and requirereducingconditions(C O) to form, equilibrium
condensatiopalculationsndicatethat is notstableunlesghepartialpressuref N is

high, relative to thatof carbon(Lodders& Fegley, 1995;Nittler etal., 1995c,K. Lodders,
privatecommunication).A relatively high N/C ratio in the regionsof supern@aewhere
thesegrainsform may alsobe indicatedby the high N contentsf SiC grainsX (Fig. 5.4).
It is difficult to reconcileahigh N/C ratiowith theisotopicsignature®f thegrainsandwith

currentsupernea models,however. For example,the grainsarebelievedto form largely
from materialfrom the so-calledHe/Clayerof supern@ae,whichis rich in C from partial
He-turning (AppendixC). The N in this region is predictedto be isotopicallyheavy, as
obsenedin the grains,but the overall abundanceof N is very small (N/C ; Meyer
etal. 1995). In contrast,the He/N zone,which hasexperiencedcompleteH-burning, is

predictedto have N/C 30, sothe existenceof andthe high N conentsof SiC grains
X mayindicatea contritutionfrom thiszone.Theextremelyhighinferred  / ratios
of the grainsalsoimply sucha contritution. The majorproblemis thattheN in the He/N

zoneis is essentiallypure  (Meyeretal., 1995)sowe would expectto find grainswith

high /  ratios,notgrainswith low ratios,suchasthe presolar andSiC grains

X. This problemis discussedn AppendixC.

5.5 PresolarGrains with Low Si/ SiRatios?

The above discussiondhave focusedon SiC grainsX andpresolar , both of
whicharecharacterizetly depletionsi.e.,high  / ratios.However, ionimaging
alsoidentifiesgrainswith ~ /  ratiosmuchlowerthansolar if suchgrainsarepresent
in meteoriticresiduesin fact,somecircumstellargraphitegrainswith very large excesses

of and , relatveto andsolar have indeedbeenfound (Amari et al., 1996b),
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suggestinghatonemightfind SiC grainswith a similar Si-isotopicsignature Suchgrains
areapparenthguiterarein mostof theresiduesnalyzedere however. In all of thesilicon
ion imagingsearcheslescribedabove in 5.2, therewere mary -enrichedcandidate
grains.Unfortunatelymostturnedoutto beartifactsdueto NO secondaryonsfrom large
oxide grainscontrituting to the ion images.For later searcheghesefalsecandidates
wereeliminatedfrom the datasetsby obtainingSi/O ratiosin additionto ~ / ratios
andremaoving grainswith verylow Si/Oratios. Theonly positiveresultthusfar, in termsof
theidentificationof -rich grainswasobtainedrom theion imagingsearctof the Acfer
094 grain mountAF15h Two AF15bB candidategrainswere confirmedto have large
enrichmentgGaoet al., 1996). Onehasan isotopiccomposition( %o,
%0), similar to, but more extremethan, the sub-classof SiC called grains
Z (Alexander 1993). The other AF15bB-429-3 has 0 and =1227%o,andis
unlike any previouslyidentifiedSiC grain. This grainthusprobablyrepresents new sub-
classof presolarSiC. Furtherion imagingsearche®f Acfer 094 and/orothermeteorites

will hopefullyrevealyetmore  -enrichedgrains.
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Chapter 6

Concluding Remarks

Thework of this thesiswasconductedver a periodof time spanningoughly half of the
total time sincestarduswasfirst discoreredin meteoritesandthefield hasseerenormous
growth duringthesefive years. A significantcontributor to that growth wasthe develop-
mentof theionimagingtechniquedescribedn thisthesis.With thistechniquecertainrare
typesof presoladustgrainsthatwereonceverydifficult to find in appreciableumbersan
now beidentifiedrathemroutinelyandstudiedatalevel formerlyaccessiblenly to themost
commontypesof grains. To a large extent, studiesof stardusicanbe lumpedinto oneor
moreof threegenerakateyories:thediscovery of new typesof presolagrains,thedetailed
characterizationf classe®f presolagrains,andthe synthesiof presolargraindatawith
astronomicabbsenationsandtheoreticalmodelsto arrive at new astrophysicainsights.
Theionimagingstudieseportedn thisthesishave encompasseall threecateyories.Over
the courseof this researchstudiesof presolaroxide grainsin meteoriteshave gonefrom
essentiallypeing“fishing expeditions, i.e., measurementsf singlegrainsconductedn the
hopeof finding somethatarepresolarfAmari etal., 1992b),throughphase®f discorery
andcharacterizatiofHussetal., 1992;Nittler etal., 1993),to the pointthatwe now have
obtaineddetailedinformationabouta variety of astrophysicaprocessefrom a significant
numberof grains(Chaptedd andAppendix??). Similarly, ion imaginghasbothconfirmed
the presencef asa presolarphasein meteoritesandgreatlyincreased¢he number

of known SiC grainsof type X (Chaptes andAppendixC).
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Thestudiegpresentethereonly scratchthesurfaceof whatis possiblewith thisnew
ion imagingtechnique andtherearea numberof importantscientificgoalsthatcould be
addressetby futurework. While not by any meansan exhaustve list, | will sketchouta

few studieghatl think areof highestpriority:

1. Imagingshouldbe usedto find a muchlarger numberof presolaroxide grains,SiC
grainsX and presolar grainsin acid-resistantesiduesof meteorites. New
informationwill certainly comefrom additionalion probe measurementsf such
grains. For example,the determinatiorof Ti-isotopicratiosof circumstellar
grainsmay give new insightsinto boththe stellarsourcef the grainsandinto the
chemicalevolution of the Galaxy(Hussetal., 1994a;Hussetal., 1995). We should
notlimit ourselesto ion probemeasurementsiowvever. Oncenenv membersf rare
typesof presolargrainsarefoundby ion imaging,they canandshouldbe analyzed
by the whole barrageof micro-analyticaltechniquesavailabletoday A greatdeal
of new informationhascomeout of TEM studiesof presolargraphitegrains,for
instancesee 1.2.2andBernatavicz etal. 1996),andsimilar studiesof othertypes

of grainsaresureto befruitful.

2. lon imagingshouldbe usedto searchfor new, as-yet-undisceered,typesof preso-
lar grainsandnew sub-group®f known presolamphasesn meteoriticacid-resistant
residues. For example,refractoryoxidesotherthan and may be
presentn meteorites.Also, additionalhighly -enrichedSiC grains, like those

foundin Acfer 094 (see 5.5),shouldbeidentifiedandcharacterizeth detalil.

3. The preliminary searchedor presolarsilicatesdescribedin Chapter3 shouldbe
greatlyextendedin non-etchedsamplesof meteoritedor which the matrix hasnot

beenextensvely alteredby eitheraqueou®r thermalprocesses.
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4. lonimagingshouldbeusedo determingherelatve abundancesf differentisotopic
sub-groupsof Si-rich presolargrainsfor differentgrain size fractionsof a larger
numberof meteoritesj.e., the studiespresentedn Chapter5 shouldbe extended.
Greatcareshouldbetakento preparesamplemountsthatarefree of contamination
andhave grainswell-separatedrom oneanotheyin orderto minimizethe problems

thatwereencounteretierein estimatingabundance$y ion imaging.

5. As discussedn Chapter2, initial attemptgo useion imagingto determine  /
ratiosat high-mass-resolutiowere promising(Amari et al., 1996a). Furtherhigh-
mass-resolutioron imagingstudiesof both C- andandSi-isotopicratiosshouldbe

usedto identify morememberf raresub-group®f both SiC andgraphite.

Althoughthe scientificstudyof stardusin meteoriteshascomea longway in the
lasttenyears,presolargraininvestigationsarestill atthe stagewherenew discoveriesare
madeon a regular basis. However, it shouldbe stressedhat the presolargrainsstudied
hereare probablynot representate of the materialthat wentinto the formation of the
Solar Systemboth because¢hey are muchlargerthanmostdustgrainsin the interstellar
medium(typical size m) andbecausehey survived solarsystemformation,unlike
the overwhelmingmajority of presolamrmaterial. Importantnen breakthroughsnay well
requirebothnew instrumentatiothatallowstheaccuratesotopicanalysisof muchsmaller
grainsthanis now possibleandnew techniquedo detectandisolateacid-solublepresolar
grains. For example, excessehave beenobseredin the Orgueil meteoritethatmay

becarriedby anew Cr-rich, acid-solublepresolamgrain(Podoseletal., 1995).
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Appendix A

Isotopic Ratios of PresolarOxide Grains

Thisappendixpresentshe O andMg-Al isotopicratio datafor the87 presolaoxidegrains
identified in the studiesdescribedn Chapter3. In the two tablesthat follow, the first
character(spf the nameof a givengrainindicateswhich meteoritein which it wasfound:
M=Murchison,T=TieschitzandAF=Acfer 094. All errorsarel andupperlimits are2 .
Asymmetricerrorsare calculatedas describedn Chapter2. In TableA.2, is the

excesof aftersubtractiorf thesolar / ratio.

174



TableA.1: O-isotopicratiosfor 87 presolaroxidegrains.

Grain  Group / / / /

M83-5 1 1261 658 7.93(23) 1.52(5)
T1 1 1996 602 5.01(39) 1.66(12)
T2 1 1515 694 6.6(1.1) 1.44(27)
T3 3 3425 505 2.92(29) 1.98(13)
T4 2 794 6803 1.26(11) 1.47(85)
T5 3 3175 980 3.15(11) 1.02(3)
T6 2 877 23256 1.14(8) 4.3(2.5)
T7 1 1980 645 5.05(22) 1.55(7)
T8 3 5208 541 1.92(51) 1.85(29)
T9 1 380 787 2.63(5) 1.27(5)
T10 1 901 735 1.11(3) 1.36(6)
T11 1 877 625 1.14(5) 1.60(10)
T12 2 735 6667 1.36(4) 1.50(11)
T13 2 1473 6944 6.79(24) 1.44(10)
T14 1 671 625 1.49(6) 1.60(9)
T15 3 3096 775 3.23(23) 1.29(7)
T16 2 980 1575 1.02(7) 6.35(56)
T17 2 1096 2326 9.12(76) 4.30(89)
T18 1 840 741 1.19(8) 1.35(15)
T19 1 1333 613 7.50(74) 1.63(19)
T20 1 1842 592 5.43(16) 1.69(5)
T21 3 3049 758 3.28(17) 1.32(6)
T22 4 1431 234 6.99(26) 4.28(12)
T23 3 3125 680 3.20(15) 1.47(6)
T24 1 1597 752 6.26(24) 1.33(6)
T25 2 735 7752  1.36(10) 1.29

T26 2 1805 1408 5.54(28) 7.10(54)
T27 2 1256 1727 7.96(23) 5.79(34)
T28 1 1079 800 9.27(30) 1.25(6)
T29 1 1712 752 5.84(13) 1.33(3)
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TableA.1: continued

Grain Group / / / /

T30 1 2132 581 4.69(27) 1.72(9)
T31 3 2469 676 4.05(44) 1.48(15)
T32 1 1650 599 6.06(68) 1.67(20)
T33 4 1901 319 5.26(95) 3.13(41)
T34 4 1020 164 9.8(2.2) 6.1(1.3)
T35 1 1563 847 6.40(75) 1.18(18)
T36 1 826 526 1.21(2) 1.90(5)
T37 2 1148 2273 8.71(47) 4.40(58)
T38 1 2066 680 4.84(44) 1.47(13)
T39 2 893 2070 1.12(5) 4.83(58)
T40 1 476 699 2.10(4) 1.43(4)
T41 2 935 3559 1.07(5) 2.81(46)
T42 2 1433 3623 6.98(22) 2.76(23)
T43 1 2232 575 4.48(28) 1.74(10)
T44 1 1493 763 6.70(89) 1.31(22)
T45 3 3610 870 2.77(17) 1.15(6)
T46 1 407 613 2.46(13) 1.63(17)
T47 2 952 2967 1.05(7) 3.37(68)
T48 2 1408 3030 7.1(1.2) 3.3(1.5)
T49 1 610 541 1.64(7) 1.85(12)
T50 2 1318 3021 7.59(45) 3.31(51)
T51 3 2532 730 3.95(78) 1.37(25)
T52 1 350 794 2.86(20) 1.26(22)
T53 2 877 2421 1.14(7) 4.13(77)
T54 71 2000 1.41(5) 5.0(2.0)
T55 2 833 5000 1.20(12) 2.00(82)
T56 1 685 800 1.46(4) 1.25(5)
T57 1 1639 556 6.10(78) 1.80(23)
T58 2 862 39216 1.16(4) 2.55(96)
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TableA.1: continued

Grain Group / / / /

T59 1 1475 980 6.78(59) 1.02(13)
T60 1 1610 990 6.21(73) 1.01(16)
T61 4 1645 244 6.08(34) 4.09(11)
T62 3 2597 840 3.85(52) 1.19(11)
T63 1 1149 1124 8.7(1.1) 8.9(1.4)
T64 3 3226 1005 3.10(36) 9.95(80)
T65 2 806 2899 1.24(6) 3.45(40)
T66 3 2410 847 4.15(44) 1.18(9)
T67 3 3610 1531 2.77(28) 6.53(53)
T68 1 690 671 1.45(6) 1.49(8)
T69 1 847 855 1.18(2) 1.17(2)
T70 1 1271 658 7.87(67) 1.52(12)
T71 1 1745 752 5.73(20) 1.33(4)
T72 1 1773 667 5.64(23) 1.50(5)
T73 1 1140 952 8.77(15) 1.05(2)
T74 3 3012 735 3.32(8) 1.36(2)
T75 7000 1.43

T76 1 1495 549 6.69(98) 1.82(18)
T77 2 971 2179 1.03(4) 4.59(30)
T78 1 427 474 2.34(12) 2.11(13)
T79 1 1280 595 7.81(41) 1.68(7)
T80 3 2532 699 3.95(10) 1.43(2)
T81 1 1471 1031 6.8(1.0) 9.7(1.3)
T82 1 962 610 1.04(7) 1.64(10)
T83 1 2079 654 4.81(33) 1.53(7)
AF1 2 781 46948 1.28(2) 2.13(20)
AF2 1 389 625 2.57(2) 1.60(2)
AF3 2 893 2083 1.12(6) 4.80(40)
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TableA.2: Al-Mg isotopiccomposition®of presolaoxidegrains

Grain  Group / / / /
M83-5 1 2.10(11) 1.96(11) 2250(110) 8.73(64)
T1 1 0.144(14) 0.033 209(32) 1.6
T2 1 2.18(19) 2.04(19) 263(65) 7.8(2.0)
T3 3 0.139(2) 0.0048 8.06(1.04) 6.0
T4 2 0.204(13) 0.0642(129) 17.0(2.3) 3.77(91)
T5 3 0.141(4) 0.0099 46.7(6.1) 2.1
T6 2 0.563(57) 0.423(57) 106(16) 4.01(82)
T7 1 0.508(15) 0.369(15) 139(18) 2.65(37)
T9 1 0.725(83) 0.586(83) 1090(100) 5.40(90)
T10 1 0.143(19) 0.042 402(37) 1.0
T12 2 1.11(8) 0.969(81) 135(11) 7.19(83)
T13 2 10.5(1.3) 10.4(1.3) 5440(710) 1.90(35)
T14 1 0.302(81) 0.163(81) 1350(270) 1.20(64)
T20 1 0.170(2) 0.0304(14) 41.4(1.7) 7.34(46)
T21 3 0.144(10) 0.025 549(33) 4.6
T22 4 0.172(5) 0.033(5) 25.5(4.6) 1.3
T23 3 0.180(19) 0.0410(187) 306(58) 1.34(66)
T24 1 1.53(5) 1.40(5) 204(37) 6.8(1.3)
T25 2 2.99(18) 2.85(18) 173(32) 1.65(33)
T26 2 0.176(6) 0.0365(57) 18.7(3.4) 1.95(46)
T27 2 1.98(6) 1.84(6) 1740(120)  1.05(8)
T28 1 0.148(19) 0.047 2910(290) 1.6
T31 3 0.221(7) 0.0819(67) 133(9) 6.16(64)
T34 4 0.165(3) 0.0256(31) 22.9(1.4) 1.12(15)
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TableA.2: continued

Grain Group / / / /
T36 1 0.142(4) 0.0100 77.9(4.9) 1.3
T37 2 0.150(6) 0.023 93.7(6.1) 2.4
T39 2 0.990(43) 0.851(43) 245(13) 3.47(11)
T40 1 0.149(10) 0.029 271(9) 6.2
T41 2 12.2(1.4) 12.1(1.4) 876(106)  1.38(3)
T42 2 9.04(37) 8.90(37) 1010(60) 8.83(10)
T45 3 0.131(17) 0.027 342(25) 5.0
T46 1 0.130(21) 0.033 512(43) 3.4
T47 2 42.2(17.9) 42.0(17.9) 10200(4300) 4.13(20)
T49 1 4.29(1.53) 4.16(1.53) 6080(2070) 6.83(83)
T50 2 0.788(50) 0.649(50) 308(20) 2.11(10)
T51 3 0.125(30) 0.046 779(90) 2.0
T52 1 0.998(300) 0.858(300) 1340(330) 6.4(1.3)
T56 1 0.862(44) 0.723(44) 600(35) 1.20(5)
T58 2 6.12(40) 5.98(40) 632(48) 9.46(19)
T61 4 0.412(7) 0.273(7) 88.0(3.8) 3.10(6)
T64 3 0.219(16) 0.0797(163) 279(16) 2.86(53)
T66 3 0.145(28) 0.062 93.6(9.4) 6.6
T67 3 0.307(38) 0.168(38) 417(36) 4.03(76)
T68 1 0.150(8) 0.026 159(8) 1.6
T69 1 0.360(4) 0.220(4) 79.0(3.3) 2.79(4)
T71 1 4.59(20) 4.45(20) 726(43)  6.12(10)
T72 1 0.404(8) 0.264(8) 163(7) 1.63(4)
T73 1 1.83(5) 1.69(5) 922(45) 1.83(3)
T74 3 0.139(13) 0.024 4120(240) 4.0
T75 0.282(12) 0.143(12) 77.5(3.8) 1.84(13)
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Appendix B

Isotopic Ratios of SiC of Type X and Si N

Thisappendixontaingheisotopicdatafor 81 presolaiSiC grainsof type X andsix preso-
lar grains,all found by ion imaging(seeChapters). The nameof eachgrainis of

theform mount-run-#wherethe grainwasthe#th definedgrainin imagingrunrun onthe
samplemountmount(seeTable5.1). Lowerlimits oninferred  / ratiosindicatethat
themeasuremenhcludedAl ionsfrom neighboringAl-rich grainson the samplemounts.
Asymmetricerrorsarecalculatecasdescribedn Chapter2. Five of theseSiC grainswere
also analyzedfor their isotopic compositionsof CaandTi; seeTable 1 of AppendixD

(Nittler etal., 1996a).
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TableB.1: Composition®f SiC grainsX andpresolar grains
Grain Type (%o) (%o) / / CN /C /
KJG6L-103-1 SiC -420 4 -480 8 40.4 55.3 0.124
KJG6L-105-1 SiC 277 11 -404 9 289.9 66.8 0.128
KJG6L-111-1 SiC -402 4 552 7 586 57.0 0.507
KJG6L-130-1 SiC -323 4 -484 7 617 51.2 0.299 3.40(10)
KJG6L-151-20 SiC -201 4 -362 7 123.3 124.0 0.248
KJG6L-47-3 SiC -456 3 -496 8 1272 96.5 0.119 1.3
KJG6L-69-9 SiC -267 5 -373 9 195.0 90.2 0.101 7.8
KJG6L-75-4 SiC -325 4 -468 7 317 111.0 0.937
KJG6L-78-10 SiC -406 4 -658 7 216 65.1 0.323 2.5
KJGL1-221-1 SiC -224 6 -400 6 203.9 63.5 1.003
KJGL1-231-2 SiC -275 10 -473 7 315.1 54.7 0.971
KJGL1-237-2 SiC -339 9 -493 15 1086 51.5 0.378
KJGL1-245-4 SiC -561 9 -455 6
KJGL1-247-1 SiC -248 21 -398 12 705 42.7 0.648
KJGL1-270-5 SiC -343 4 -333 7 21.4 49.2 0.179
KJGL1-285-1 SiC 219 9 -365 11 206.2 48.5 0.341
KJGL1-290-7 SiC -193 5 -321 8 114.3 67.2 0.449
KJGL1-312-1 SiC -353 4 -496 9 1413 46.9 0.161
KJGL1-340-2 SiC -428 5 -617 6 115.6 45.2 0.710
KJGL1-345-3 SiC -237 3 -336 6 17.8 58.0 0.964
KJGL1-399-1 SiC -451 3 -719 6 534 56.8 0.178
KJGL1-452-1 SiC -283 3 -407 6 182.9 128.7 0.258
KJGL1-75-1 SiC -149 4 262 7 101.9 102.0 0.366
KJGL1-82-4 SiC -348 6 504 7 1229 58.7 0.785
KJGL1-181-3 SiC -152 4 -246 7 94.4 68.1 0.277
KJGL1-189-1 SiC -455 9 -705 6 317 62.8 0.258
KJGL1-271-3 SiC -272 5 -399 5 310.6 44.8 0.620
KJGL1-222-3 SiC -89 14 -186 12
KJGL1-233-6 SiC 71 4 -134 8
KJGL1-255-1 SiC -338 9 -587 6 276.7 58.9 0.107
KJGL1-326-3 SiC -165 22 -318 12
KJGM4-10-2 SiC -98 10 -191 9 126.6 36.5 1.295 2.12(4)
KJGM4-205-12 SiC -310 12 -419 11 102.7 88.8 0.238 1.0
KJGM4-65-10 SiC -404 6 -508 5 1721 56.9 0.064 1.90(7)
KJGM4-74-5 SiC -181 123 -167 198 120.5 46.0 0.691 4.80(76)
KJGM4-106-5 SiC -348 11 -594 8 677 59.9 1.327 1.58(28)
KIJGM4-116-9 SiC -329 23 -384 24 92.4 71.1 1.267 1.50(3)
KIJGM4-13-4 SiC -21 10 -44 10 50.8 250.7 0.380 3.25(14)
KIJGM4-166-1 SiC -332 15 -467 13 348 75.6 0.336 1.42(27)
KJGM4-176-1 SiC -281 12 -240 16 76.9 144.4 0.207 6.20(31)
KJGM4-19-7 SiC -365 13 -491 16 151.2 56.7 0.513 6.59(17)
KJGM4-196-3 SiC -148 5 -249 6 84.3 74.6 0.527 1.71(1)
KJGM4-196-7 SiC -314 12 -469 10 1038 45.4 0.137 1.54(13)
KJGM4-208-2 SiC 277 7 -406 9 166.1 77.2 0.429 1.62(6)
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TableB.1: continued

Grain Type (%o0) (%o0) / / CN /C /
KIGM4-208-4  SiC 77 25 68 25 88.3 152.0 0.153 5.0
KIJGM4-230-1  SiC  -430 11  -572 9 448 69.0 0.581 1.34(4)
KIGM4-244-1  SiIC  -346 10  -589 9 729 40.6 0.856 2.84(2)
KIJGM4-244-10 SiC  -203 9 318 13 163.9 70.6 1.275
KIGM4-244-2  SiC  -293 9 430 7 364 82.3 0.062 2.53(6)
KIGM4-249-4  SiC 55 18 92 19 330.8 53.7 0.519 2.5
KIGM4-256-5  SiC  -176 11  -263 18 117.2 78.0 0.626 5.4
KIJGM4-271-3  SiC  -410 11  -568 13 26.1 29.2 0.370 1.73(6)
KIJGM4-335-6  SiIC  -249 14  -375 13 234.7 63.0 0.475  5.73(42)
KIGM4-39-3 sic  -151 15  -255 11 82.2 71.9 0.068 1.41(4)
KJIGM4-40-8 SiC  -350 6 691 9 2224 316 0.481 2.64(7)
KIGM4-59-4 Sic  -330 75  -467 36 119.3 66.1 0.443 1.62(1)
KIGM4-49-7 229 10  -359 9 82.7 38.8 3.852 1.2
KIGM2-105-14 SiC  -156 21  -197 16 119.4 110.4 0.112 7.6
KIJGM2-109-2  SiC  -314 13  -308 10 31.0 48.1 0.999 1.98(5)
KIGM2-141-6  SiIC  -319 24  -593 12 316.6 732 0.204 6.9
KIGM2-182-6  SiIC  -244 41  -381 36 274 66.9 0.620 2.5
KIGM2-231-1  SiC  -130 12  -199 15 35.6 34.8 0.159 2.18(6)
KIGM2-232-2  SiC  -111 19  -101 38 236 44.1 0702 1.02(12)
KIGM2-235-2  SiC  -309 20  -504 17 150.5 54.6 0.208  2.57(25)
KIGM2-243-9  SiIC  -448 16  -535 15 43.9 20.5 0.175  1.06(62)
KIGM2-244-6  SiIC  -301 13  -433 16 603 25.8 0.056  2.31(48)
KIGM2-254-3  SiC  -177 12  -248 11 193.2 56.4 0.066 5.0
KIGM2-264-13  SiC 81 13  -119 29 73.9 164.5 0.256 7.7
KIGM2-288-1  SiC  -208 19  -277 20 209.2 66.2 0.687 2.57(5)
KIGM2-290-2  SiC  -235 10  -309 8 49.0 711 0.694 1.55(3)
KIGM2-293-2  SiC 123 21 -363 40 96.8 345 0.156  3.46(14)
KIGM2-3-2 SiC  -295 26  -458 24 454 49.3 0.210  3.58(35)
KIGM2-312-2  SiC  -314 6 461 7 489 70.2 0.643 1.93(3)
KIGM2-35-8 sic 282 7 413 7 157.8 69.3 3.011 1.79(3)
KIGM2-50-8 Sic  -198 25  -353 22 78.3 112.3 0.092  6.95(78)
KIGM2-55-5 sic 307 7 599 8 999 47.2 0.866 2.49(5)
KIGM2-66-3 Sic  -130 8 205 9 74.7 85.7 0.251 1.36(5)
KIGM2-67-17  SiIC  -148 15  -244 12 114.3 59.4 0.890 1.54(2)
KIGM2-9-6 44 38 31 29 325 100.9 1.982  6.67(40)
KIGM2-155-5 4190 11 -326 10 168 76.5 12213 2.16(5)
T8D1-100-9 333 15  -445 13 88.6

T8D1-309-4 4115 29 -195 26 99

IN28bB-21-3 Sic  -374 3 448 5 881 47.2 0.482
IN28bB-52-13  SiC  -231 16  -361 14 133.3 44.6 0.478
IN28bB-32-2 78 25  -185 23 61.8 99.7 4.570
AF15bB-205-3 SiC  -645 6 612 6 2730

AF15bB-351-5 SiC  -485 33  -344 39 321

182



Appendix C

Silicon Nitride From Superneae
Larry R. Nittler , PeterHoppe, ConelM. O.D. Alexander , Sachilo Amari , Peter
Eberhardt, Xia Gao, Roy S.Lewis , RogerStrebel, RobertM. Walker andErnst

Zinner
TheAstophysicallournal, 453 L25-1.28

McDonnell Centerfor the SpaceSciencesand PhysicsDepartmentWashingtonUniversity, St. Louis,
MO 63130,USA

PhysikalischenstitutderUniversitit Bern, Sidlerstr 5, CH-3012Bern, Switzerland

Departmenbof TerrestrialMagnetism,Carngie Institution of Washington,5241 Broad Branch Road
NW, WashingtorD. C. 20015,USA

Enrico Fermilnstitute,Universityof Chicago,5630Ellis Ave.,ChicagoL 60637 ,USA

183



184



185



186



187



Appendix D

Extinct in presolagraphiteandSiC: Proofof a
supern@aorigin

Larry R. Nittler , Sachilo Amari , ErnstZinner , S.E. Woosleg/ , andRoy S. Lewis
TheAstrophysicaldournal, 462 L31-L34

McDonnell Centerfor the SpaceSciencesand PhysicsDepartmentWashingtonUniversity, St. Louis,
MO 63130,USA

University of California Obsenatories/Lick Obsenatory, Board of Studiesin Astronomyand Astro-
physics,Universityof California,SantaCruz,SantaCruz,CA 95064,USA

Enrico Fermilnstitute,Universityof Chicago,5630Ellis Ave.,ChicagoL 60637 ,USA

188



189



190



191



192



193



Appendix E

Transformation of Coordinate Systems

Presolargrain studiesoften involve analysisof the samegrainsin differentinstruments,
especiallythe SEM andion probe. Becauset can be difficult and time consumingto
re-locatemicron-sizedobjectsbetweendifferent machines,a methodwas developedto
transformrelatively easilybetweerthe coordinatesystemf the differentsamplestages.
Essentiallyafew grains(or other“reference”points)arefoundin bothcoordinatesystems,
establishinghe transformatiorparametersGiventheseparameters setof coordinatesn
onesystemcanbe predictedn theother

We considetthetransformatiorbetweernwo coordinatesystemsassumingotation
andtranslationonly. We will referto coordinatesn the first systemby andin the
secondoy . If theseconccoordinatesystemis translatecdy , androtatedby angle

, comparedo thefirst, theequation®of transformatiorare:

(E.1)

Thetransformatioris uniquelydeterminedoy the four parameters v
and . If theseare known one canpredictthe coordinatesn one systemknowing the
coordinatesn theother Thesimplesimethods to find two differentpointsin bothsystems;
plugging the coordinatesn above givesfour equationsthat can be solved for the four

unknavn transformatiorparametersHowever, becausef thingslike mechanicaklopin
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samplestagesaandespeciallyhumanerrorin lining differentpointsup exactly, a betterway
is to find severalpointsin bothsystemsandsolve for the“best” transformatiorparameters,
asdescribedelow.

With thetransformatiorparameters:

andgivenN referencegointswhosecoordinates aredetermined
in both systemsthe “best” valuesof the parametersvill be the oneswhich minimize the

total distancebetweerpredictedcoordinategandactualcoordinates,

To minimize D, we take its partial derivativeswith respecto ,and andsetthemto

zero.Theresultingfour equationsnay be written in matrix form (afterunshavn algebra):

(E.2)

with
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Solving EquationE.2for and gives:

(E.3)

Thus, given a set of referencepointsin two coordinatesystems,one may use
Eqgn.E.3to determinethe appropriatgparametersieededo predictthe transformeccoor
dinatesof pointswith Eqn.E.1. In practice,a P\V-WAVE computemprogram(“transform”)
is usedto input referencepoint coordinatescalculatethe transformatiorparametersand
predictcoordinatef otherpoints. If several referencepointsscatteredacrossa sample
mountareused coordinatepredictedusingthis methodareroutinelywithin 5 m of the

actualcoordinates.
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