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Abstract
Meteoritesandinterplanetarydustparticlescontainpresolarstardustgrains:solid samples
of starsthat canbe studiedin the laboratory. We review the role of thesegrainsfor the
sciencesof nucleosynthesis,stellar evolution, grain condensation,and chemicaland dy-
namicevolution of the Galaxy. We explain what stardustis, prediscovery ideasaboutit,
how it is collectedandrecognized,andhow evidenceof thermalcondensationandmeasured
isotopicabundanceratiosplacesindividual grainsinto relatedfamilies. Uniquescientific
informationderivesprimarily from the high precision( in somecases� 1%) of the mea-
suredisotopicratiosof largenumbersof elementsin singlestardustgrains. To clarify the
new scientificscope,wefocusonthreeof thestardustfamilies:mainstreamSiCgrainsfrom
asymptoticgiantbranchcarbonstars,oxidegrainsfrom oxygen-richredgiants,andcarbide
grainscondensedwithin interiorsof youngexpandingsupernovae. Stardustscienceis just
now reachingmaturityandwill remainanincreasinglysignificantaspectof nucleosynthesis
applications.

1.1 Intr oduction
Presolarstardustgrainsaresolid samplesof starsthatcanbestudiedin thelabora-

tory. They condensedduringcoolingof gasesin stellaroutflowsandexplosionsandbecame
a part of the interstellarmedium(ISM) from which our SolarSystemultimately formed.
Theword “stardust”distinguishessuchinterstellardustfrom thelargermassof interstellar
dustthat formedin otherways. Theword “presolar” indicatesthat thesegrainsformedin
starsthatevolvedprior to thebirth of theSun.Presolargrainsareoverwhelminglyextracted
from themostprimitive meteorites,smallasteroidfragmentswhoseorbitshave intersected
theEarth,andfrom interplanetarydustparticles,cometaryandasteroidalparticlescollected
at high altitudesin the atmosphere.Asteroidsandcometsboth formedduring the earliest
stagesof solarsystemformation. The stardustgrainsthey containmustnecessarilyhave
formedfrom pre-existingstars,andeachstardustgrainis henceolderthantheSun.Stardust
grainsthat condensedin starsyoungerthanthe Suncertainlyexist in the ISM today, but
samplesof themhavenot yet beencollected.ThecurrentNASA STARDUSTmissionmay
returnthefirst samplesof youngerstardust.

Presolargrainsarerecognizedassuchby their highly unusualisotopiccompositions,in
essentiallyeveryelementthatthey contain,relative to all othermaterialsavailablefor labo-
ratorystudy. Their isotopicvariationsaretoo large( � 4 ordersof magnitudein somecases)
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Table1.1. Types of presolar grains in meteorites and interplanetary dust particles (IDPs).

Phase Abundance Size References
(ppm)

Diamond 1400 2 nm [1]
SiC 14 0.1–20� m [1]
Graphite 10 1–20 � m [1]
TiC, ZrC, MoC, RuC,FeC,Fe-Ni (sub-grainsin graphite) 5–220nm [2,3]
SiliconNitride (Si3N4) � 0.002 � 1 � m [4]
Spinel(MgAl2O4) 1 0.1–3� m [4]
Corundum(Al2O3) � 0.1 0.1–3� m [5]
Hibonite(CaAl12O19) 0.002 � 2 � m [6]
Silicates 500(in IDPs) 0.3–1� m [7]

Key to references:[1] Huss,Hutcheon,& Wasserburg 1997,[2] Bernatowicz etal. 1996,
[3] Croatetal. 2003,[4] Nittler etal. 1995,[5] Zinneretal. 2003,[6] Choi,Wasserburg, &
Huss1999,[7] Messengeretal. 2003.

to be explainedby chemicalor physicalfractionations.Rather, many of thesevariations
clearlypoint to nuclearreactionsoccurringin individualstars.Quitea largeliteratureexists
documentingthe discovery of thesegrainsandtheir astrophysicalconsequences.We cite
several key papersaswe proceed,but our goal is moreto indicatethe typesof arguments
andconclusionsthatthey have uniquelybroughtto astrophysics.Thestate-of-the-artin the
field hasbeenreviewedrecentlyby Zinner (1998)andNittler (2003). Many detailsof the
astrophysicalimplicationsof stardustmaybefoundin thevolumeeditedby Bernatowicz &
Zinner(1997).

Theknown typesof presolarstardustarelistedalongwith their sizesandabundancesin
Table1.1. Figure1.1 shows scanningelectronmicroscopeimagesof two presolarstardust
grains.Bothexamplesaresinglecrystalsof siliconcarbide(SiC),but their isotopiccompo-
sitions(indicatedin thecaption)revealthatthey formedin quitedifferentstars.Figure1.1a
showsaso-calledmainstreamgrain,andFigure1.1b showsaso-calledX grain.Bothgrains
area few � m in diameter, largerthanis typical for bothinterstellardustandmeteoriticstar-
dust,butamenableto isotopicanalysis.New technologiesarenow allowing isotopicanalysis
of presolarstardustgrainswith moretypical sizes( � 500nm). A 1� m SiC graincontains

� 1011 atoms,sufficientfor statisticallyprecisemeasurementsof isotopicratiosnotonly for
C andSi but evenfor minor andtraceelementswithin theSiC (suchasN, Mg, Ca,Ti, and
othersin somecases).Suchgrainsarealsolargeenoughfor experimentaldeterminationof
theirmineralogyandmicrostructure.For example,mostSiCstardustgrainshavebeenfound
to besinglecrystalswith thecubicstructure( � -SiC),ratherthanoneof thehexagonalpoly-
morphs( � -SiC) commonin industrially producedSiC (Daultonet al. 2002). Crystalline
SiC is expectedto condensein a carbon-richgasas it cools from high temperaturesdue
to expansion,and � -SiC has,in fact, beenidentifiedin circumstellarenvelopesof carbon
stars(Speck,Hofmeister, & Barlow 1999). Theextremelynonsolarisotopiccompositions
of thegrainsindicatethat they completelycondensedandcooledprior to any mixing with
interstellarmatter.
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Fig. 1.1. Scanningelectronmicroscopeimagesof two presolarstardustgrainsof silicon
carbide(SiC). (a) “Mainstream”grain with: 12C/13C = 60 (solar ratio is 89), 14N/15N =
1,000(solarratio is 272), 29� 30Si/28Si = 1.05 � solar, inferred26Al/27Al � 10−3. This grain
formedin a presolarC-rich AGB star. (b) “X” grain with: 12C/13C = 300, 14N/15N = 60,
29Si/28Si = 0.7 � solar,30Si/28Si = 0.5 � solar, inferred26Al/27Al � 0.3.Thisgrainformedin
theejectaof a presolarsupernova.

Note that thegrainsdiscussedherearenot typical of themainmassof dustin the ISM.
Mostdustmassis believedto consistof atomsandmoleculesaccretedontorefractorygrain
coreswhenthediffuseISM joins clouds(Draine2003). Becausetheatomsandmolecules
thatmakeupthegrainmantlesoriginatedin diversenucleosyntheticsites,mostof theinter-
stellardustmassis probablyisotopicallyhomogeneous( � solarin theSun’s parentmolec-
ular cloud). It is evident that the stardustgrainscould not have formed by a processof
heatingof interstellarmantlesaccretedin molecularclouds,bothbecausethey areminerals
(not amorphoussolids)andbecausetheir isotopicratiosaretoo extremeandindicative of
individual stars.For example,the highly nonsolarisotopicratiosof the SiC grainsshown
in Figure1.1arenot expectedin interstellar-grainmantles,but, basedon bothobservations
andtheoreticalmodels,theseratiosspeakstronglyin favor of thermalcondensationwithin
asymptoticgiantbranch(AGB) C-starwinds(mainstreamgrain)andsupernovainteriors(X
grain).

1.1.1 Isolation and Analysis of Presolar Stardust
Presolarstardustcomprisesa small fraction of interstellardustandof meteorites

(Table1.1). Meteoriticevidenceis thatstardustaccountsfor muchlessthan1% of refrac-
tory atomsin solarsystemsolids,thoughhow muchpreexisting dustwasdestroyedduring
solarsystemformationis unknown. Identifying this small fractionof stardustwithin a me-
teoriterock is notaneasymatter. Mostpresolargrainshavebeenidentifiedin acid-resistant
residuesleft overaftermostof themassof themeteoritehasbeendissolvedin strongacids.
The chemicaldissolutionprocedureswere developedexperimentallyas a meansof con-
centratingthe unknown carriersof isotopicallyanomalousnoblegases(Lewis & Anders
1983).Oncethesecarrierconcentrationswereachieved,theresidueswereshown to contain
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many of themineralphaseslistedin Table1.1(Amari, Lewis, & Anders1994).Thesethen
wereanalyzedgrainby grainfor mineralstructure,primarily by electrondiffraction,andfor
isotopicratiosby secondary-ionmassspectrometry(SIMS). Suchstudies,which required
breathtakingtechniquesfor handlingandanalysisof microparticles,confirmedthatindivid-
ual stardustgrainswerethecarriersof thenoblegasanomaliesandhadisotopicvariations
in their major elementsaswell (Bernatowicz et al. 1987;Zinner, Tang,& Anders1987).
Identificationof evenrarerpresolarphases(e.g.,oxideminerals,Si3N4, andTiC) required
developmentof automatedparticleanalysistechniques(Nittler etal. 1995,1997;Choietal.
1998)andultramicrotomyandtransmissionelectronmicroscopy techniques(Bernatowicz
etal. 1996).Recently, thedevelopmentof new SIMSinstrumentationhasresultedin thedis-
covery of presolarsilicatestardustin interplanetarydustparticles(Messengeret al. 2003).
Suchgrainswouldhavebeendestroyedin theprior acidtreatments.

1.1.2 Astronomical Context
To glimpsetheastrophysicalpotentialof presolarstardustonecanimaginea tele-

scopecapableof measuringisotoperatiosto betterthan1%precisionin stars.Imaginewhat
scienceonecoulddo with sucha telescope:nucleosynthesisin stars,stellarstructure,and
chemicalevolution of the Galaxy. Theseareexactly the topicsthat the measuredpresolar
grainsclarify. But becausethe isotopicratiosaremeasuredwith considerablygreaterpre-
cisionthanis possiblefor astronomers,thequestionsthatcanbepursuedaremoreprecise
andnovel. Theproblemwith this rosypictureis thateachgrainbearsno label identifying
its parentstar! Theparentstarhaslong beengone,soat bestonecanidentify the typeof
starandits evolutionarystatus.Knowledgeof starsandtheir nucleosynthesisis requiredto
identify thedonorstars.Knowledgeof condensationchemistryis alsorequired.However,
oncethetypeof donorstaris identified,thegraindatacanprovidenew knowledgeaboutit.
New sciencealwaysfollows from precisenew information,andstardustis no exceptionto
thatrule.

1.1.3 Theoretical Precursors
The 1987discovery of presolargrainsfrom starsdid not occur in a vacuum. In

addition to a hugeliteratureon interstellardust thereexisted the following specificidea:
dustcondensedwithin starsandstellaroutflows will recordthe isotopicsignaturesof that
starand,asa naturalcomponentof theISM, maybefoundin meteorites.Much of theob-
servableexpectationat the time lay in possiblecosmicchemicalmemory(Clayton1982)
of anomalousISM dustwithin solidsthat weregrown from that dust in the solarsystem.
Early suggestionswerethat the 16O-richnessof millimeter-sizedsolarsystemrockscalled
calcium-aluminum-richinclusionsresultedfrom their containingin their precursorsdust
thatcondensedin someundefinedmannernearsupernovae(Clayton,Grossman,& Mayeda
1973)andthata 22Ne-rich gascomponentwithin meteoritesarosefrom themeteoritescon-
tainingpresolardustrich in 22Ne(Black1972).Theseworksdid notsuggestanorigin for the
isotopicanomaliesin thermalcondensationin stars,but they contributedto theemergence
of theideathatisotopesmight identify presolarmaterialor rocksgrown from it. Whatcame
asasurprisewasthelaterisolationandcharacterizationof severalISM stardustcomponents
themselves,apparentlyunchanged,within themeteorites.

In thatearlyandfragmentarysetting,thefollowing ideasweresetforth.
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(1) Dustshouldcondensethermallybothin theinteriorof expandingsupernovaeandin redgiant
windsandbeevidencedby hugeandpredictableisotopicanomalies(Clayton1975,1978).

(2) Supernova dustshouldhave excessdaughterabundancesfrom extinct radioactivities (22Na,
26Al, 40K, 41Ca,44Ti, and53Mn) thatwerestill alive whenthegrainscondensedandstable
isotopeanomaliesreflectingthecompositionsof thedistinctsupernova condensationzones.

(3) Differing grainphaseswould reflectdiffering supernova zonechemicalcompositions,such
as sulfidesreplacingoxidesin O-depletedinner supernova shells(Clayton & Ramadurai
1977).

(4) Stardustfrom redgiantstarsshouldcontains-processisotopes(Clayton& Ward1978;Srini-
vasan& Anders1978),with carbonaceouss-processcarriersoriginatingin AGB carbonstars
(Clayton1982,1983;Swart etal. 1983).

(5) Dustshouldalsocondensein novaeandbeevidencedby extinct 26Al and22Na,30Si-richSi,
13C-richC, and15N-rich N (Clayton& Hoyle 1976).

(6) Finally, 13C-rich carbonresiduescorrelatedwith s-processXe were attributed to stardust
from a late-typeredgianthaving C/O 	 0.9in orderto condensecarbon(Swartetal. 1983).

Oncepresolargrainswereisolatedin 1987,their isotopiccompositionswereinvestigated
for every elementmeasurableat the time. Many of the isotopicsignatureswerefound to
agreewith theprior predictions.Moreover, thesetheoreticalprecursors,andeventhecon-
troversythatthey generated,providedfertilesoil for quickinterpretationof thefirst measure-
mentsof extremeisotopicanomaliesin presolargrainsafterthey werefoundin meteorites.
Theissuesthenbecameidentificationof theparentstarsfrom theisotopicsignaturesof the
presolargrainsandthewaysin which thepreciseisotopicratiosconfrontedstellarmodels.

1.1.4 A Watershed of s/r Decomposition
Many papersat thisconferenceevaluateimplicationsof astronomicalobservations

of s-processandr-processelements,requiringthateachheavy elementbedecomposedinto
contributions from thosenucleosynthesiscomponents.Basedon sucha decomposition,
presolarstardustprovidedthefirst unambiguousdemonstrationthat the s-processisotopes
weresynthesizedin a specialtype of starandadmixed into the ISM, including our solar
system4.6Gyr ago.Quantitativedecompositionof Solarheavy-elementabundancesinto s-
processandr-processcontributionswasfirst performedby Claytonetal. (1961),following
theirmathematicalsolutionandevaluationof thes-processabundances.TheirTable4 listed
Nr/Ns for eachheavy element,andClayton& Fowler (1961)provided the samefor each
of their isotopes.Thesefirst estimateswerenumericallyroughbecausefor Nr they utilized
coarse,steady-stater-processcalculationsby B2FH (Burbidgeet al. 1957). An improved
ideawasintroducedby Seeger, Fowler, & Clayton(1965),who introducedtheexponential
distributionof neutronfluencestocalculateNs anddeterminedNr by subtractingNs fromthe
total isotopicabundance.This improvedprocedurehasbecomethemethodof choice,and
wasadoptedby theKarlsruheprogramof s-processstudies,whichhascontinuedto present
improved numericalevaluationsof that sameprocedure(Käppeleret al. 1982; Käppeler
1999).

Nonetheless,thedecompositionof solarabundancesremainedanactof theoreticalfaith
until apparentlypures-processxenongaswasdiscoveredin anacid-resistantresidueof the
Murchisoncarbonaceousmeteorite(Srinivasan& Anders1978). Their Figure2 compared
theisotopiccompositionof theXegasdrivenfromthatcarbonaceousresiduebyhighheating
with thes-processdecompositionof Xe calculatedearlierby Clayton& Ward(1978). The
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Fig. 1.2. Mo isotopicratiosmeasuredin two presolarSiCgrains.Ratiosareexpressedas 
 -
values,permildeviationsfrom aterrestrialisotopestandard:
 R = (Rmeas� Rstandard− 1) � 103.
All isotopesin themainstreamgrainaredepletedrelative to thes-processonly 96Mo. Thus,
this grain clearly revealsan s-processsignature,confirmingan origin in a low-massAGB
staratmosphere.In contrast,theX grain(known to haveformedin asupernova)is unusually
enrichedin 95Mo and97Mo, indicating“neutronburst” nucleosynthesis(§1.5). Datafrom
Nicolussietal. (1998)andPellinetal. (2000).

stunningagreementshown in that figure was the first occasionon which essentiallypure
s-processisotopescould be measuredexperimentally. It advancednaturalphilosophyby
demonstratingthatthes-processideais correct,that it occurredin individual stars,andthat
the theoreticaldecompositionof the Solarmixture into s and r was justified. Clayton&
Ward (1978)also arguedthat purely s-processisotopescould be sequesteredin the ISM
within redgiantstardust,andthey hademphasizedXe becauseotherisotopicvariationsof
Xe isotopeswerealreadyknown; but, curiously, their predictionin 1975wasnot accepted
for publicationuntil 1978 when the detection(Srinivasan& Anders1978) supportedits
ideas.Building on this finding, Swart et al. (1983)showedthat the s-process-richresidue
wasalsovery 13C-rich,abouttwice theSolarcomplement,comparedto 12C, andsuggested
thatdustfrom carbonstarscarriedbothsignaturesinto themeteoriticacid-resistantresidue.
An engaginghistoricalaccountof this developmentcanbe found in ScientificAmerican
(Lewis & Anders1983).

Thedemonstrationthatsomeunknown 13C-rich chemicalform of redgiantstardustwas
presentwithin themeteoritesprovidedoneof severalmotivationsfor furtherpurificationof
thatresidueuntil thes-processcarrierswereidentifiedasmicron-sizedgrainsof crystalline
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SiC (Bernatowicz et al. 1987),which werethenshown to collectively carry s-processXe
(Lewis, Amari, & Anders1994)and13C-rich carbon(Zinneret al. 1987). In this way the
s-processpattern,andalso22Ne-rich gas,contributedto the discovery of stardustandthe
isotopicastronomythat hasbeenmadepossibleby it. Newer high-sensitivity techniques
in M. Pellin’s laboratoryat Argonnehave beenableto measures-processisotopicpatterns
in individual presolarstardustgrains(ratherthancollectionsof grains)for somerefractory
elements(Nicolussiet al. 1997,1998;Pellin et al. 2000). Figure1.2shows their measure-
mentof molybdenumisotopesin two SiC grains(Nicolussietal. 1998).The“mainstream”
grain containsessentiallypure s-processMo. As discussedin greaterdetail below, other
isotopicdatafor themainstreamSiC stardustgrainsindicateanorigin in AGB carbon-star
atmospheres.Thus,thegrainsprovide anunprecedentedopportunityfor confrontingAGB
stars-processnucleosynthesismodelswith high-precisionobservationaldata(Lugaroet al.
2003).

1.2 Classificationof Isotopic Familiesof Stardust
For sake of illustration,supposefour elementscanbemeasuredisotopically(fre-

quentlytrue)in asinglestardustgrain.Thisprovidesatleastone,andprobablymore,isotope
ratio for eachelement.For example,in themost-studiedstardustgraintype,SiC (Fig. 1.1),
elementsroutinelymeasuredareSi, C, andN. The independentisotopicratiosthatcanbe
formedareSi (2), C (1), andN (1). Thosemeasuredratios form the basisof a multidi-
mensionalspace,4-dimensionalin this example,within whicheachgrainassumesa unique
position(a point). That spaceis mostlyempty;but filled volumesenableidentificationof
clusteredgroupsandtrends. Isotopically relatedgrainsform the basisof a classification
systemandenablescienceto beconstructed.Thesignificanceof this classificationsystem
for stardustgrainscanbe likenedto the significancefor starsof spectraltypes,the main
sequence,andtheHertzsprung-Russelldiagram.

TheSiC classificationis illustratedby Figure1.3,which shows the14N/15N vs. 12C/13C
isotopic subspace.Differing symbolsshown in theseplots and associatedlabels(main-
stream,A+B, X, Y, Z) havearisenhistorically(Hoppeetal. 1994)to labelclustersor trends
of individualSiC grainsthatarebelievedto berelated.Thatthegroupingsarenot arbitrary
is indicatedalsoby consideringtheSi-isotopespace(Fig. 1.4). For example,theY grains
aredefinedon thebasisof having 12C/13C � 100,but plot largely to the right of theslope
4/3 line formedby the mainstreamgrainson the Si 3-isotopeplot. The Z grains,on the
otherhandhave similar C isotopesto themainstream,but quitedifferentSi isotopes.Such
considerationsshow thealphabetfamiliesto belessarbitrarythanthey might at first seem.
In many SiC grains,it is alsopossibleto measuremoreisotopicratiosthanthoseof Si, C,
andN (Hoppeet al. 1994,1996; Hoppe& Ott 1997; Nittler & Alexander2003). These
include: 46� 47� 49� 50Ti/48Ti; initial 26Al/27Al ratiosinferredfrom excessradiogenic26Mg; Ca
isotoperatios,enablingalsothedeterminationof initial 44Ti/48Ti ratiosfrom radiogenic44Ca
excessesandTi/Ca ratios(Nittler et al., 1996);and,with speciallasertechniques,isotopic
ratiosof noblegasesHe andNe (Nicholset al. 2003)andtheheavy traceelementsBa,Fe,
Sr, Mo, andZr (Nicolussiet al. 1997;Pellin et al. 2000;Savina et al. 2003).Any of these
helpfurtherconstrainthedonorstartypesfor individualSiC grains.

Similarisotopicclusteringhasallowedsubclassificationof otherstardustmineralsaswell,
includinggraphiteandoxides.In thispaperwewill discussbut a few presolargrainclasses
to illustrate main arenasof scientific impact, beginning with the mainstreamSiC grains,
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Fig.1.3. C andN isotopicratiosmeasuredin individualpresolarSiCandSi3N4 grains(Data
from: Hoppeet al. 1994,2000;Nittler et al. 1995;Hoppe& Ott 1997;Husset al. 1997).
DottedlinesindicatetheSolarisotoperatioshereandin subsequentfigures.

whichserveto illustratehow distinctivegrainfamiliesarerecognizedandattributedtostellar
sources.Spacewill prevent detaileddiscussionof the SiC grainsof type Y (Amari et al.
2001a),A+B (Amari et al. 2001b),and of nova grains(Amari et al. 2001c). Type X
SiC will be discussedin §1.5. Also it must be said that the numbersof isotopic ratios
that can be measuredin stardustgrainsdependson the type of grain (Table1.1), whose
mineralstructureandpropertiesdeterminetheabundancesof traceelementsthatcondensed
sufficiently abundantlyto yield isotopic measurementsand grain size, which determines
the total numberof atomsavailable for measurement.Moreover, the SIMS techniqueis
destructive,sothatsomegrainscanbeconsumedbeforeall elementscanbemeasured.

1.3 MainstreamSiC
The mainstreamgrains, which comprise � 90% of the presolarSiC population

(Figs.1.3 and1.4) wereformedduringmasslossfrom AGB carbonstars.This is attested
to by: (1) their 12C/13C ratiosdistributedaboutthe value60, just asare the carbonstars
(Smith & Lambert1990); (2) large 14N/15N ratiosowing to the dredge-upeventsthat en-
rich theatmospherein CN-burningproducts(Boothroyd & Sackmann1999)alongwith the
He-shell-burningproducts(Busso,Gallino,& Wasserburg 1999);(3) nearlypures-process
compositionsof heavy elements(Srinivasan& Anders1978;Promboetal. 1993;Nicolussi
et al. 1997),but includingevidenceof s-processbranchinguniqueto AGB stars(Gallino,
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Fig. 1.4. Si isotopic ratios, expressedas 
 -values,for presolarSiC grainsof type main-
stream,X, Y andZ (Datafrom: Hoppeet al. 1994,2000;Hoppe& Ott 1997;Husset al.
1997; Nittler & Alexander2003). A+B grainshave similar isotopic ratios to the main-
stream,while theX grainsextendto muchmore28Si-rich compositionsthanshown (lower
left quadrant).Mainstreamgrainsform an arraywith slope1.3 (solid line). Long-dashed
line indicatestrajectoryexpectedfor dredge-upof He-shellmaterialin an individual AGB
star(seetext).

Busso,& Lugaro1997;Lugaroetal. 2003);(4) 26Al/27Al initial ratiosup to � 10−3 (Hoppe
& Ott 1997)asexpectedfor AGB stars(Forestini,Paulus,& Arnould 1991);and(5) no-
blegasisotopesreflectinga mixturebetweenHe-shells-processandinitial atmosphericgas
(Lewis, Amari, & Anders1990;Nicholset al. 2003),just asAGB modelsyield. Further-
more, an infrared featureassociatedwith SiC hasbeenobserved aroundC stars(Speck,
Barlow, & Skinner1997),confirmingthe thermodynamicexpectationthat C-basedsolids
(e.g.,SiC)condenseonly in gashaving C abundancecomparableto or greaterthanO abun-
dance(e.g.,Lodders& Fegley 1995).Todayit seemsbeyonddoubtthatAGB C starsarethe
birthplacesof mainstreamSiC.

The goodlinearcorrelationof mainstreamgrainSi isotopesin Figure1.4 surelyattests
to the mainstreambeinga physicalfamily ratherthanan arbitrarily definedsubgroupof
stardust.However, a key observation is that the mainstreamSi arrayhasa muchsteeper
slopeon the Si 3-isotopeplot anda larger rangethanexpectedfrom AGB stardredge-up
processes(Gallino et al. 1994;Lugaroet al. 1999). Almost certainly, this arrayreflectsa
rangeof initial compositionsin theSi isotopesof thestardustparentAGB stars.A related
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Fig. 1.5. Correlationof Si andTi isotopicratios in mainstreampresolarSiC grains. The
slopeof thecorrelationis distinct from thatexpectedfor AGB stardredge-up,but compat-
ible with modelsof Galacticchemicalevolution. Dataarefrom Hoppeet al. (1994)and
Alexander& Nittler (1999).

propertyof themainstreamgrainsis a strongcorrelationbetweenSi andTi isotopicratios
(Hoppeet al. 1994;Alexander& Nittler 1999),illustratedin Figure1.5 for 29Si/28Si and
46Ti/48Ti. Again, the observedcorrelationis primarily oneof initial compositionsfor the
AGB starsbecausetheslopeandextentof the line differ stronglyfrom theexpectedshifts
of theseisotopesowing to s-processdredge-upin individualAGB stars.

1.3.1 New Astrophysics with Mainstream Grains
Severalastrophysicalissuesareraisedby themainstreamgrains.Thesehave led to

new astrophysicalknowledge.We illustrateonly a few majorissueshere.

1.3.1.1 AGB Neutron Sources
Solarabundancesalreadyofferedevidenceof competitionat branchpointsin the

s-processpathbetweenneutroncaptureand temperature-dependent� decayrates(Ward,
Newman,& Clayton1976).Themainstreamgrainsintensifiedthisgreatlysincethey areso
closeto pures-processin their heavy elements.Their datarevealedthatno singletemper-
atureandneutronflux could simultaneouslymatchthe many branchings.A new physical
modelof theAGB s-processwasdevelopedin part becauseof this data-inducedcrisis. In

10



D. D. Clayton and L. R. Nittler

thatmodel,the13C(� ,n)16O neutronsourceis themajorsourceof theneutronfluence.The
13C is producedby a pocket of mixing betweenenvelopeH andnew 12C after eachther-
malshellflash.The13C soproducedburns,releasingits neutronsin hydrostaticequilibrium
(nn = 107 cm−3, kT = 8 keV)duringtheinterpulsephaseof theAGB (Gallinoetal. 1998;Ar-
landini et al. 1999).SubsequentlyduringtheHe-shellflash,the22Ne sourceis activatedto
providedifferingbranchconditions(nn = 1010 cm−3, kT = 23keV) for asmallerneutronflu-
ence,andthishigher-T , higher-neutron-fluxcapturepartiallyresetsthebranchesestablished
duringthe13C-burninginterpulse.Theresultingagreementsnot only broughtmany branch
pointsinto closerconcordancebut clearlyestablishedthe13C neutronsourceasproviderof
themajorfluencefor thes-process.Thenew AGB modelevenprovidesanexplanationfor
thebizarreobservation that largerSiC grainshave a greaters-processproductionratio for
86Kr/82Kr thandosmallergrains(Lewis etal. 1994),if higher-massAGB stars(whichhave
hotter22Ne flashes,largernn, andthusmore86Kr) alsoproducethelargerSiC grains.This
two-neutron-sourceAGB modelhasnotonly beenestablishedby theSiC dataandby mod-
elsof AGB stars,it hasalsorejuvenatedthescienceof accurate10–30keV neutroncapture
measurementsfor thes-process(Arlandini etal. 1999;Käppeler1999).

1.3.1.2 Presolar Metallicity Greater than Solar with Slope = 4/3
Figures1.4 and1.5 show thatmostof theAGB starsdonatingmainstreamgrains

had29Si/28Si and30Si/28Si ratiosgreaterthansolar(lying betweenabout95%and120%of
solar). This raisesthe questionof how starsthat wereborn andevolvedprior to the birth
of the Sunacquiredsuchcompositions.Clayton(1988)hadsuggestedthat the chemical
evolutionof theGalaxywouldcorrelate29Si/28Si and30Si/28Si initial ratioswithin stars;but
in a mixed-ISM,one-zonemodelthat producesthe Sun,presolarratiosshouldall be less
thansolar(Timmes& Clayton1996).Furthermore,Timmes& Clayton(1996)showedthat
theirdeviationsfrom solarshouldbeequalwhennormalizedto solarabundances(correlated
alongalineof slope1), ratherthandistributedalongalineof slope4/3,asobserved.Because
thes-processin AGB starsenrichestheseratiosby only about10and30permil,respectively
(Lugaroet al. 1999),much lessthantheir observed spreadalongthe mainstreamline in
Figure1.4, themainstreamcorrelationis indeeda correlationin initial stellarabundances,
aschemicalevolution anticipates.But why thedifferentslopeandwhy arethemainstream
grainsisotopicallyheavier in Si thantheSun?This is a greatandunexpectedfinding about
the presolarMilk y Way and/or the Sun. Attemptsto resolve this crisis have taken four
directions.

First, if the Sun(ratherthan the mainstreamgrains)is taken to be abnormal,then the
heavy-isotoperichnessof presolarAGB starscanberegardedasaheavy-isotopedeficiency
of the Sun. Clayton& Timmes(1997)showedthat it is hardto understandhow theslope
4/3, which requiresvery differentsolar29Si/28Si and30Si/28Si isotoperatiosthanthoseof
theevolving ISM, can,miraculously, alsoproducea Sunthatliesalmoston themainstream
line. Clayton& Timmes’Figure4 showsthatto dosorequiresavery large(about30%)en-
richmentof 30Si within eachAGB star, muchin excessof AGB modelexpectationsandalso
apparentlyruled out by C-isotopicratiosof AGB starsandmainstreamgrains(Alexander
& Nittler 1999).Alternatively, it cannotberuledout thatthetrueISM Si isotopeevolution
occursalongaslope4/3 line. However, thiswouldlikely requirethat30Si is greatlyoverpro-
ducedrelative to 29Si in low-metallicitysupernovae,andthereis nohint of suchbehavior in
currentsupernovacalculationsor reasonto expectit from astrophysicalconsiderations.
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Second,Clayton (1997) proposedthat new AGB starsborn central to the solar orbit,
wheretheGalacticmetallicitygradientcouldresultin starshaving higherinitial 29� 30Si/28Si
ratios,scatteroutwardfrom molecularcloudsor otherGalacticfeaturesto donatetheir SiC
grainsat the larger solarbirth radius. Sellwood & Binney (2002)have given supportto
thegeneralastronomicalideaby calculatingradialmigrationof low-massstarsasresultof
their “surfing” spiral densitywaves(ratherthanscatteringfrom clouds). A semi-analytic
modelby Nittler & Alexander(1999)indicatesthatsuchoutwardorbital diffusionof stars
wouldnotnecessarilyresultin theobservedSi isotopicdistributionof theSiC,but additional
researchis clearlyneeded.

Third, Lugaroet al. (1999)utilized thedistinction(Timmes& Clayton1996,Fig. 2) be-
tweenlow-massandhigh-masssupernovaeSi ejectato constructaninhomogeneouschem-
ical evolution model that producedstochasticallya slope4/3 in the Si three-isotopeplot.
Theirmodelis certainlyoversimplifiedandcontainssomearbitraryaspectsthatcouldinval-
idateit. Moreover, Nittler (2002)hasshown that it doesnot reproducethestrongobserved
correlationbetween46Ti/48Ti and29Si/28Si ratios.TheSi-Ti correlationdoesallow someof
thespreadin thedatato beexplainedby sucha model,but it seemsunlikely thatheteroge-
neousevolutioncanaccountfor theentiremainstreamSi distribution.

Fourth,theinitial compositionsof theAGB starswould have correlatedisotopiccompo-
sitionsif they werevaryingmixturesof two distinctisotopicreservoirs. Clayton(2003)has
advancedthisashaving beencausedby agalacticmergerabout6.5Gyr agobetweenthegas
of theMilk y Waydiskandthatof alower-metallicitysatellitegalaxythatthereforehaslower
29Si/28Si and30Si/28Si isotoperatios. TheAGB starsappearedin a burstof starformation
stimulatedby themerger. TheSun,which formedabout2 Gyr later, hadbeenenrichedby
supernova lessmassive than25 M � , whoseejectado not increaseandmayevenlower the
Sun’s 29� 30Si/28Si ratios,allowing theSunto remainat thelowerextremeof themainstream
three-isotopeSi plot (Fig. 1.4).Thissuggestionstill needsto berigorouslyinvestigated,but
it appearspromisingto explaina rangeof observations.

1.4 PresolarOxide Grains
Presolaroxideminerals(spinel,corundum,hibonite,TiO2, andsilicates)aremore

difficult to locatein meteoritesthanis C-richdustdueto a largebackgroundof isotopically
solardustformedin thesolarsystem.Nonetheless,severalhundredgrainshave now been
found, mostly throughautomatedtechniques(e.g.,Nittler et al. 1997; Choi et al. 1998).
O isotopedataareshown in Figure1.6; theisotoperatiosspanseveralordersof magnitude
and,aswasseenabove for SiC, tendto definedistinct trendsallowing for a classification
system. Additional isotopicdatafor somegrains,including inferred26Al/27Al ratiosand
Ti andMg isotopicratios,have helpedfurther constrainstellarorigins of the grains. The
majority of the grains(Groups1 and 3, accordingto Nittler et al. 1997) have isotopic
compositionsin goodagreementwith observationsof O-rich redgiantandAGB stars(e.g.,
Harris& Lambert1984)andwith theoreticalexpectationsfor 17O dredge-upin suchstars
(Boothroyd& Sackmann1999).Comparisonwith thestellarmodelsindicatesthatthegrains
formed from starswith a rangeof masses( � 1 
 2− 5M � ) andwith initial 18O/16O ratios
probablyreflectingGalacticchemicalevolution. A supernova origin hasbeensuggested
for two grains,andtheorigin of theGroup4 grainsremainsenigmatic(Galacticchemical
evolutionandsupernovamixing havebeensuggested).The18O-depletedGroup2 grainsare
discussedbelow.
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Fig. 1.6. O isotopic ratios measuredin presolaroxide stardust. Grey ellipsesindicate
Groupdefinitionsof Nittler et al. (1997). Theoreticalexpectationsfor Galacticevolution
(Timmes,Woosley, & Weaver 1995),redgiantdredge-up(Boothroyd & Sackmann1999),
cool-bottomprocessing(CBP;Nollett, Busso,& Wasserburg 2003)andhot-bottomburning
(HBB; Boothroyd, Sackmann,& Wasserburg 1995)areschematicallyshown. Data from
Nittler (1997,andreferencestherein),Choi et al. (1998,1999),Nittler et al. (2003),and
Zinneretal. (2003).

1.4.1 New Astrophysics with Presolar Oxide Grains

1.4.1.1 Extra Mixing in Red Giant and AGB Stars
Some10%of presolaroxidegrains(Group2) havelower18O/16O ratiosandhigher

26Al/27Al ratiosthancanbe explainedby standardstellarevolutionarymodels,indicating
partial H-burning of the parentstars’envelopes.Two proposedmechanismsfor this pro-
cessingarehot-bottomburning (HBB) in intermediate-massAGB stars(Boothroyd et al.
1995)andcool-bottomprocessing(CBP)in low-massAGB stars(Wasserburg et al. 1995).
CBP, alsocalled“extra” or “deep” mixing, haspreviously beeninvokedto explain anoma-
lously low 12C/13C ratiosin low-massredgiants(Charbonnel1994)aswell ashighNa and
Al abundancesin globular clustergiants(Shetrone1996). Recentcalculationsby Nollett
et al. (2003)stronglyfavor a CBPexplanationfor mostof theGroup2 oxidesandindicate
thatthegraincompositionscanconstrainmixing ratesandtemperatures.Thus,thestardust
grainsreveal that CBP occursin AGB starsaswell asred giants,andit is hopedthat the
graindatawill helpidentify thestill unknown physicalmechanism(s)driving theextramix-
ing. HBB is ruledout for mostof theGroup2 oxidegrains,becauseit canexplain neither
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grainswith intermediate18O/16O ratiosnor grainswith 17O/16O ratios � 0.001(Boothroyd
etal. 1995).However, Nittler etal. (2003)foundanextremeGroup2 spinelgrainwith very
high 25Mg/24Mg and26Mg/24Mg ratios. The compositionof this grain is mostconsistent
with anorigin in a � 4− 5M � HBB AGB star. This resultindicatesthat intermediate-mass
starsweredustcontributorsto theprotosolarcloud.Moreover, it emphasizestheimportance
of usingmultipleelementsin individualgrainsto betterconstrainstellarorigins.

1.4.1.2 Galactic Chemical Evolution and the Age of the Galaxy
Thedistributionof 18O/16O ratiosobservedin Group1 and3 oxidegrainsis in good

agreementwith expectationsfor Galacticchemicalevolution, which predictsthat 17O/16O
and 18O/16O ratios shouldincreasewith metallicity (Clayton 1988; Nittler et al. 1997).
This agreementindicatesthat the Galacticchemicalevolution of O isotopesis reasonably
well understood,andthusmetallicitiesof parentstarscanbeinferredfrom grainO-isotope
ratiosandtheoreticalmodels. The grainscanthenbe usedto traceevolutionaryhistories
of otherisotopesystems.For example,25Mg/24Mg ratiosmeasuredin presolarspineland
corundumgrains(Nittler et al. 2003) indicatethat this ratio evolvesmuch more slowly
nearsolarmetallicity thanis predictedby numericalevolution models(e.g.,Timmeset al.
1995). This resultis in agreementwith astronomicalobservations(Gay& Lambert2000)
andmight indicateanimportantAGB starcontributionto theMg isotopebudgetatrelatively
low metallicity. Ti isotopesin a few corundumgrainsalsoseemto reflectGalacticchemical
evolution (Choi et al. 1998;Hoppeet al. 2003).Finally, Nittler & Cowsik (1997)usedthe
inferredmassesandmetallicitiesof theparentstarsof Group3 grainsto put boundson the
ageof theMilk y Way. Theagethey derived(14Gyr) haslargesystematicuncertainties,but
is reasonablyconsistentwith otherestimatesandwasderivedin a fundamentallynew way.

1.5 PresolarSupernova Grains
Figures1.3and1.4show thatSiC“X” grainsform anisotopicallydistinctclass,in

many wayscomplementaryto themainstream.It is now well establishedthat thesegrains,
aswell asa major fractionof presolargraphitegrainsandall known presolarSi3N4 grains,
all condensedwithin the expandingejectaof supernova explosions(seereview by Amari
& Zinner 1997). Although a specialType Ia supernova model was proposedto explain
many of theobservedisotopicsignatures(Claytonet al. 1997),it now appearsmostlikely
that the grainsformedin Type II events(SN II). Many of the observed isotopesignatures
(e.g.,28Si and 15N excesses,a wide rangeof 12C/13C ratios,andextremelyhigh inferred
26Al/27Al ratios(upto 0.6)arequalitativelyconsistentwith modelsof SNII nucleosynthesis.
The smokinggun for a supernova origin (Clayton 1975) is the inferred presenceof the
extinct nuclides44Ti (Fig. 1.7) and49V, seenin the grainsas44Ca and49Ti (Nittler et al.
1996;Hoppe& Besmehn2002),sincetheseshort-livednucleiareonly synthesizedwithin
supernovae.Excessesin 22Ne canin somecasesalsobeattributedto supernovaproduction
of 22Na (Nichols et al. 2003). The inferred 44Ti/48Ti ratios in 44Ca-enrichedgrainsare
consistentwith theoreticalexpectationsfor SN II. Moreover, they correlatewith 29� 30Si/28Si
ratios(Fig. 1.7),consistentwith thegrainscontainingmaterialfrom theinnermost28Si-rich
zones,where44Ti is synthesizedduring an � -rich freeze-out.Detaileddiscussionsof the
isotopicsignaturesof supernova grainscanbefoundin Amari & Zinner (1997),Travaglio
et al. (1999),andHoppeet al. (2000).Of key importanceis theobservationthatthegrains
carrytheisotopicsignaturesof differentmasszonesof theparentsupernovae.This indicates
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 -29Si ratiosplottedversusinferred44Ti/48Ti ratiosfor presolarSiCX grains(Nit-
tler et al. 1996;Hoppeet al. 2000;Besmehn& Hoppe2003).Thepresenceof extinct 44Ti
in thegrainsprovesa supernovaorigin.

theneedfor selective mixing of materialfrom differentlayers,with profoundimplications
for processesof gastransportanddustnucleationandgrowth in SNII ejecta(see§ 1.5.2).

1.5.1 New Nucleosynthesis Information from Supernova Grains
As we have alreadydiscussedfor mainstreamSiC grainsandpresolaroxides,the

supernovagrainsprovidenew informationaboutnucleosynthesiswithin their formationen-
vironments.We discusstwo illustrativeexamples.

1.5.1.1 Nitrogen-15
Nitrogen-15is producedin SNII modelsprimarily by neutrinospallationfrom 16O

in innershells(Woosley & Weaver1995).Supernovapresolargrainshavelarge15N excesses
coupledwith isotopicsignaturesof H burning(very high 26Al/27Al ratios,low 12C/13C ra-
tios in somegrains).This hasposeda significantproblemfor quantitatively explainingthe
graindata,sinceH-burningproducesabundant14N-rich N. Themeasured15N/14N ratiosare
higherthancanbe readilyexplainedby SN II mixing models,if it is assumedthatC � O
for SiC or graphitecondensation(Travaglio et al. 1999;Hoppeet al. 2000). Relaxingthe
C � O restrictionmight allow for SiC formationin the 15N- andO-rich inner zones(see
§ 1.5.2),possiblyremoving theproblem.Alternatively, recentobservationalevidence(Chin
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etal. 1999)supportsmuchhigherbulk 15N productionby SNII thanis predictedby current
models. Moreover, massive starmodelsincorporatingrotationindicatethat abundant15N
could be madehydrostaticallywhenprotonsfrom the H shell get mixed into the He shell
(Langeret al. 1998).Theserecenttheoreticalandobservationresultscouldhelpreducethe
difficulty in explainingthegraindata,if the 13C and15N in thegrainsin factoriginatedin
theHeshell.

1.5.1.2 Neutron-Burst Nucleosynthesis
Pellinetal. (2000)andDavis etal. (2002)reportedSr, Zr, Mo, Ba,andFeisotopic

compositionsfor severalSiC X grains.Figure1.2 shows theMo isotopepatternfor oneX
grain.This 95Mo- and97Mo-enrichedpatternis clearlydistinct,notonly from thes-process
signatureof the plottedmainstreamgrain,but alsofrom the compositionexpectedfor the
r-process,associatedwith SN II. Similar resultsarefound for the otherstudiedelements.
Meyer, Clayton,& The(2000)showedthattheX grainZr andMo isotopesignaturescould
beexplainedby a new kind of “neutronburst” nucleosynthesis,occurringwhena largeflux
of neutronsarereleasedastheshockwavepassesthroughtheHeshellof theSNII. Although
this processis but a minor contributor to bulk Mo isotopesin comparisonwith the s andr
processes,unknownreasonsapparentlyexist for its preferentialenrichmentof SiCX grains.
This resultclearlyshows thepower of presolargrainsfor probingconditionsandprocesses
in local regionsof SNII ejecta.

1.5.2 Condensation Problems within Supernovae
Thesupernovainterioroffersauniquelaboratoryfor condensationphysics.It guar-

anteesthatchemistrymustbegin with gaseousatoms,with no traceof previousmolecules
or grains. Thenucleosynthesisproblemsposedby isotopicratiosin supernova grainscan
notbedecoupledfrom physicalquestionsabouttheircondensation.It is notphysicallyclear
whetherthemixing apparentlyrequiredby theisotopedatarepresentsmolecularmixing in
theyoungremnantor transportof a growing grainfrom onecompositionzoneinto another.
Intimatelyrelatedis anelementalcompositionquestion,namely, whetherthebulk C abun-
dancemustexceedtheO abundanceto condenseC-rich dustwithin supernovae.If theC/O
ratio is lessthanunity, equilibriumcondensationdictatesthatall carbonis lockedup in the
stableCO molecule,precludingcondensationof SiC andgraphite.Travaglio et al. (1999)
performedSN II mixing models,assumingthat the mixing is molecular, prior to conden-
sation,andthat only materialwith C � O could supportgraphiteformation. In contrast,
Clayton,Liu, & Dalgarno(1999)andClayton,Deneault,& Meyer (2001)arguedthat ra-
dioactive destructionof CO moleculesremovestheC � O requirement.They advanceda
kinetic theoryof graphitegrowth andcalculatedits consequencesin detailafteradvocating
a specificnucleationmodel. They furtherarguedthatsmall graphiteparticlesin a hot gas
of C andO will associatewith C fasterthanthey will beoxidizedby themoreabundantO.
Thus,eventhoughoxidationwouldbetheultimateend,givenadequatetime,theexpansion
will terminatethe chemistryafter abouttwo years,with large graphitegrainsremaining.
This theorybuilt on thefinding thata largemassof CO wasindeeddestroyedin supernova
1987A(Liu & Dalgarno1994,1995).However, this theoryis far from complete.For exam-
ple,it is notknownwhethergrainsof TiC andFe-Nimetalwouldcondensewith thegraphite
in thisscenario,asrequiredby observationsof supernovagraphites(Croatetal. 2003).

Similarbut differentquestionssurroundthecondensationof supernovaSiC,theX grains
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of Figures1.3 and1.4. It seemsplausiblethat radioactive liberationof freeC atomsfrom
COmoleculescouldalsofacilitatethecondensationof SiCin O-richgas.Althoughakinetic
routeto SiC condensationhasnot beenlaid out, Deneault,Clayton,& Heger (2003)have
formulateda physicaldescriptionof the ejecta,which appearspromisingto explain many
propertiesof SiCX grains.In theirmodel,areverseshockfrom increasing� r3 in theH enve-
lopebuilds,afteraboutamonth,adenseshellin aninnerlayerof thesupernova.Silicon-28
rich SiC condensesin this layer, allowedby theenhanceddensityandthe radioactive dis-
sociationof CO andSiO molecules.Mixing of a new type during condensationoccursif
thereverseshockfrom thepresupernovawind arrivesat thecondensationzonebetweensix
monthsto a year, becausethatshockslows thegasandforcesthepartially condensedSiC
grainsto propel forward throughthe deceleratinggasinto regionswith different isotopic
compositions.After � 103 yr, a third strongreverseshockfrom the ambientISM propels
SiC grainsforwardthroughoverlyingejectaat high speed(typically 500km s−1) suchthat
otheratomsareimplantedinto the grains,perhapsaccountingfor sometraceisotopes,as
suggestedfor Mo andFe(Claytonet al. 2002). Velocity-mixinginstabilitiesprior to these
reverseshockswill result in a spectrumof overlying columncompositionsso that grains
from differentsupernovae(or differentregionsof a givensupernova)couldhavea diversity
of compositions.

SuchphysicalmodelingsuggeststhatX grainsprovide new samplingtechniquesof the
detailedphysicalstructuresof supernova ejecta,but it remainsto be seenif the ideaswill
withstandthescrutiny of moredetailedmodels.Especiallythreateningis thepossibilityof
SiCdestructionby sputtering,oxidation,or ashockthatis toostrongfrom thepresupernova
wind (Deneaultetal. 2003).A key pointbecomesthespectrumof wind massesthataccom-
pany TypeII supernovae,for thosemassesprovide themassof theshock-generatingobsta-
cle. Especiallyneededare2-D and3-D hydrodynamiccalculationsof thereverseshocksand
of instability-inducedvelocity mixing by theprimaryoutgoingshockanda detailedstudy
of molecularmixing to ascertainthe degreeto which microscopicmixing can be called
uponduringthefirst year. Additionally, detailedmicrostructuralinvestigationsof supernova
grainsby analyticalelectronmicroscopy are likely to provide a greatdealof information
abouttheir formationprocesses(e.g.,Croatetal. 2003).

What now appearscertain,despitethesemany openquestions,is that supernova grains
studiedby isotopicanalysiswill provide, throughdetailsof condensationchemistry, a new
samplingspectrumof youngsupernova interiors, just as have gamma-raylines and hard
X rays. The radioactivity that causeseachtype of samplingraisesfundamentalchemical
questionsaswell.

1.6 Conclusions
Presolarstardustgrainshavebeenidentifiableby cosmochemistsbecausetheirsev-

eral isotopicratiosaretoo unusualto beexplainedby any origin otherthanwithin ejected
stellar matterprior to its mixing with the ISM. The high precisionof this isotopic data,
higherthantraditionally obtainableby astronomicalspectroscopy, supportsdetailedques-
tioning aboutthe starsthat producedthe grains. Stellarevolution theory, nucleosynthesis
theory, andchemicalevolution theoryfor theGalaxymusteachbecalleduponto interpret
thesolid samplesof theexplodingor mass-losingstars.New insightsinto eachhave been
demandedor suggestedby the preciseisotopicratiosof not only individual grainsbut of
familiesof grainswhoserelatednessis establishedby iterative procedures.Grainsgrouped
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initially by purely isotopiccriteria areexaminedwith standardtechniquesof science:hy-
pothesesaboutstarsof origin areiteratedwith computedstellarmodels;hypothesesabout
trendswithin relatedgrainsareiteratedwith astrophysicalmodelsof trend-determiningevo-
lution; hypothesesaboutnuclearreactionsin starsareiteratedwith thenuclearlaboratories.
By theseprocessesof classification,posedhypotheses,andchallengeby astrophysicalthe-
ory, an increasinglyrefinedscientificcorpushasbeenestablished.This maybe likenedto
thehistoricchallengeof thespectraltypesof starsandof their positionsandpopulationsin
theHertzsprung-Russelldiagram.

Stardustgrainshave alsoopenedpurelychemicalfrontiersof stellarphysics.It is neces-
saryto cometo gripswith detailsof thecondensationprocessesandof physicalaspectsof
starsthathadnotbeenpreviouslydemanded.How well mixedis theAGB dredge-upmatter
in theenvelope?How is its wind initiatedanddoesits stardustselectoverdenseepochsof
massloss?How doesthe radioactive dissociationof theCO moleculealterchemicalcon-
sequencesof theC/O ratio? How do reverseshocksin supernovaeenablesupernovagrains
to grow andsurvivewith theisotopeswe find within them?How andwhendoessupernova
mattermix? Thesequestionsarebut examplesof many new cosmochemicalfrontiersthat
automaticallyopenby theability to studygrainsof stardustin detailin thelaboratory.

Eachpresolarstardustgrain is a measurementof someunknown star, a measurement
undevelopeduntil cosmochemistsisolatethatgrainandinvestigateit in thelaboratory. Per-
hapstheir laboratorytechniquesmayjustifiablybecallednew telescopes.They aretheonly
telescopescapableof observingGalacticstarsthatdiedmorethan5 Gyr ago. Understand-
ing theearlystructureandchemicalevolution of our Galaxywill increasinglyrely on their
high-precisionmessage.
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