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Abstract.
Ninety-tworefractoryoxidegrains(primarilyAl � O� ) with highlyunusualO-isotopic

ratioshavebeenfoundin acid-resistantresiduesof fiveprimitivemeteorites.Thirty-five
of thesealsohavelargeexcessesof

���
Mg, attributableto thein situdecayof radioactive���

Al. Theextremerangesof isotopiccompositionsof thegrainsindicatethat they are
unprocessedstellarcondensates.Thegrainshavebeendividedinto four groups.Group
1 grainshave

���
O excessesandmoderate

���
O depletions,relative to solar, andmost

likely formedaroundred giantsandasymptoticgiant branch(AGB) stars. However,
many individualstarswith differentmassesandinitial compositionsarerequiredto ex-
plaintherangeof O-isotopicratiosandinferred

���
Al/

���
Al ratiosobservedin thegrains.

Group3 grains,which have
���

O and
���

O depletions,probablyoriginatedin O-rich red
giantsof very low mass(M 	 
 1.4M� ) andlow metallicity. TheGroup3 grains’compo-
sitionsareprobablystronglyinfluencedby thechemicalevolution of theGalaxy;they
alsoprovidea new methodof determiningtheageof our Galaxy. Group2 grainshave
large

���
O depletions,

���
O enrichmentsandhigh inferred

���
Al/

���
Al ratios;they proba-

bly formedin low-massAGB starsin which extra mixing (“cool bottomprocessing”)
occurred. The four Group4 grainshave

���
O enrichments.Possibleexplanationsfor

theseexcessesincludedredge-upof this isotopein early thermalpulsesin AGB stars
or an origin in low-massred giantsof unusuallyhigh metallicity. Onegrain,T54, is
extremelyenrichedin

���
O anddepletedin

���
O, andmayhave formedin anAGB star

undergoinghot-bottom-burning. Presolaroxidesareunderabundantin meteorites,rel-
ative to presolarSiC, perhapsbecauseAl condensesmore readily into silicatesthan
into refractoryoxidesor becausepresolarAl � O� hasa finer grainsizedistribution. No
presolaroxide grainsfrom supernovaehave beenidentified,despiteexpectationsthat
they shouldbepresent.

I INTRODUCTION

Primitive meteoritescontaintiny grainsof stardust:unprocessedspecksof dust
grainsthatcondensedin stellarwindsand/orexplosionsandwerepartof theproto-
solarcloudfrom whichtheSunformed.Thesegrainsarerecognizedby theirhighly
unusualisotopicratios,therangesof whichfarexceedthoseobservedin materialof
SolarSystemorigin. Sincethefirst isolationof presolardiamonds,SiCandgraphite



(1–3),moststudiesof stardustin meteoriteshave focusedon C-rich phasesrather
thanO-rich ones.This doesnot meanthatO-rich stardustis scarcein theGalaxy.
Rather, it reflectsthefactthatprimitivemeteoritesareessentiallycollectionsof O-
rich phasesthatformedin theearlySolarSystem.Isotopicallyanomalouspresolar
oxidegrainsthatsurvivedSolarSystemformationarethushiddenby a largeback-
groundof isotopicallynormaldustgrains.This is trueevenin thehighly concen-
tratedacid residuesin which presolarC-rich phasesareprevalent. Nevertheless,
sinceO-rich dustandC-rich dustform underdifferentconditions,andsincemost
of thedustin theGalaxyis believedto beO-rich, presolaroxidesprovide unique
astrophysicalinformationandarewell worth theextraeffort requiredto find them.

Thefirst evidencefor presolaroxidegrainsin ameteoriticacidresiduewasfound
by ZinnerandTang(4), who measured


��
O enrichmentsin bulk measurementsof

thousandsof tiny (0.1–0.2� m) oxidegrainsin a separateof theMurray carbona-
ceouschondrite.Subsequently, Husset al. (5) reportedthe discovery of a highly���

Mg-enrichedcorundum(Al � O� ) grainfromtheOrgueilmeteorite,outof fifty-one
refractoryoxide grainsindividually analyzedfor Mg andAl. The inferredinitial���

Al/
���

Al ratioof thisgrainis muchhigherthantheupperlimit of 5 ��������� observed
in matterof SolarSystemorigin (6), andHussetal. tentatively identifiedthisgrain
aspresolar, anidentificationlaterconfirmedby O-isotopicanalysis(7).

Contemporarywith thework of HussandhiscoworkersatCaltech,anion imag-
ing systemwasdevelopedfor the WashingtonUniversity ion microprobe,partly
with the aim of efficiently locatingisotopicallyhighly anomalouspresolaroxide
grains.Usingthis system,low-precision


��
O/


��
O ratiosof largenumbersof grains

mayberapidly obtainedandanomalousgrainsautomaticallyidentifiedfor further
study(seerefs.(8,9)for detaileddescriptionsof theion imagemappingtechnique).
Theinitial useof this ion imagingmethodresultedin thefirst unambiguousdiscov-
eryof apresolarAl � O� grain,in aresidueof theMurchisonmeteorite(10). To date,
a total of 92 presolaroxidegrainshave beenfound—eighty-ninecorundums,one
spinel(MgAl � O� ), andtwo grainswith compositionsintermediatebetweencorun-
dumandspinel—inacid residuesof five meteorites.Themeteoritesinvolvedare
listed in Table1, alongwith the methodusedto find the grains(ion imagingor
standardgrain-by-grainanalysis)andestimatedconcentrations.Thegrainsareall

TABLE 1. Themeteoritesfrom whichpresolaroxidegrainshavebeenisolated.
The third columnindicateshow grainswerelocated:S=Singlegrain analysis;
I=Ion imaging

Meteorite(Type) Number Method Concentration(ppb) References

Orgueil (CI) 2 S 10 (5,7,11)
Murchison(CM) 1 I 3 (10)
Bishunpur(LL) 3 S 5 (12,13)
Tieschitz(H) 83 I(75) S(8) 30 (8,9,14)
Acfer 094(C) 3 I 3 (15)



0.5–4 � m in diameter. Most of thegrainswerefoundby ion imagingin a separate
of theTieschitzordinarychondrite.Althoughninety-twograinsisafarcry from the
several thousandindividual SiC grainsthathave now beenindividually analyzed,
eventhis limited datasethasprovidedimportantastrophysicalinformationnotob-
tainedfrom otherpresolarphases.This paperdiscussestheisotopiccompositions
andastrophysicalimplicationsof thepresolaroxidegrains,with emphasisbothon
thenew informationthegrainscangiveusandon importantoutstandingproblems
associatedwith the data. For moredetailson topicsdiscussedhere,the readeris
referredto two recentpapers(9,16).

II ISOTOPIC COMPOSITIONS

With the exceptionof Orgueil-B, all of the known presolaroxide grainswere
identifiedby theiranomalousO-isotopicratios.The


��
O/


��
O and


��
O/


��
O ratiosof

thegrainsareshown in Fig. 1, togetherwith theratiosmeasuredspectroscopically
in redgiantandasymptoticgiantbranch(AGB) stars(17–22).Thesedataarenot
truly representative of the populationof presolaroxidesin the parentmeteorites.
This is becausegrainswith unusual


��
O/


��
O ratios,but


��
O/


��
O ratioscloseto the

solarvalueof 499 (

��

O/

��

O� 440-570),aremissedby the ion imagingtechnique
usedto find most of the grains. Ion probeanalysesof 400 single oxide grains
indicatedthatsome25–50%of thepresolaroxidegrainsin themeteoriticresidues
havebeenmissedby ion imagingsearches(9). However, thegrainsthataremissed
belongto the largestandbest-understoodgroupof presolaroxides(Group1, see
below).

Thepresolargrainshave beendividedinto four groupson thebasisof their O-
isotopicratios(8,14); the isotopicpropertiesof thegroupsaresummarizedin Ta-
ble 2. Onegrain, T54, doesnot appearto be relatedto any of the othergroups,
andis thuslistedseparately. Notethattheboundariesbetweengroupsarenotsharp
and the assignmentof a particulargrain to a particulargroup is not always un-
ambiguous.In particular, Groups1, 2 and3 all merge togetherin the region of
��

O/

��

O  1000,500! 
�� O/

��

O ! 1000,andgrainswhich lie in this areaof the plot

TABLE 2. Thecharacteristicsof thefour groupsof presolaroxidegrainsandtheuniquegrainT54

Fraction
���

Al/
���

Al
Group Number

���
O/
���

O
���

O/
���

O with
���

Al Range Mean

Solar 2610 499
1 48 349– 2232 465– 1122 16/23 0.00012– 0.0078 0.0023
2 23 735– 1804 1409– " 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

T54 1 70 # 2000 $%$&$ $&$%$ $&$&$



FIGURE 1. O-isotopicratiosof presolaroxide grains(7–16) andred giant stars(17–22). Error

bars(typically 	 50%) arenot shown for stardatapoints for clarity. Dashedlines indicatesolar
isotopicratiosin thisandsubsequentfigures.

maywell berelatedto any of thesegroups.An additionalcomplicationis thepos-
sibility that ion probemeasurementsof someof thegrainsincludedextraneousO
from thesamplemounts,diluting theextrasolarsignatures.If thiswasthecase,the
truecompositionsof many of thegrainsmaybemoreextreme(fartheraway from
solar)thanindicatedon theplot, particularlyfor grainswith depleted


��
O and


��
O.

In any case,thegeneralisotopictrendsindicatedby thedifferentgroupsareclear,
andmostlikely reflectdifferentastrophysicalprocesses.

Becauseof small ( � ! 1� m) typical grainsizesandthe fact that corundumdoes
not readily incorporatemany traceelementsin its crystal lattice, therehave been
few isotopicanalysesof elementsother thanO in presolaroxide grainsthus far.
Only Mg hasbeenmeasuredin a significantnumberof grains,but Ti andN have
beenanalyzedin a few casesaswell. Fifty-two presolaroxide grainshave been
analyzedfor theirMg-isotopiccompositionsandAl/Mg ratios.Of these,thirty-five
have

���
Mg/

� � Mg ratiosmuchhigherthansolar, almostcertainlydueto the in situ
decayof the short-lived radionuclide

���
Al. Inferredinitial

���
Al/

���
Al ratiosrange

from 1 � 10� � up to 1.6 � 10� � . Table2 shows therangeandmeanof
���

Al/
���

Al
ratiosfor the oxidegraingroupsaswell asthe fractionof eachgroupthat shows
evidencefor

���
Al (seealsoFig. 4). The groupdivisionsdefinedon the basisof

O-isotopesaresupportedby the Mg-Al results,in thatboth the fractionof grains
with

���
Mg excessesandthe inferred

���
Al/

���
Al ratiosincreasesystematicallyfrom



Group3 to 1 to 2 (therearetoo few Group4 grainsto makeameaningfulcompar-
ison). All but two of thegrainsanalyzedfor Al-Mg have

� � Mg/
� � Mg ratioswithin

analyticalerrorsof theterrestrialvalue.Theexceptions,Orgueil-B (Group1) and
TieschitzT22 (Group4), have higher thansolar

� � Mg/
� � Mg ratios,by 25(' 6)%

and13(' 3)%, respectively (9,23). The formergrain alsohasunusualTi isotopic
ratios(23),with excessesin all isotopesrelative to � � Ti andtheterrestrialisotopic
ratios. OneGroup1 grainhasbeenanalyzedfor its N isotopiccomposition;it is
depletedin


 � N by about40(' 18)%,relative to terrestrialN (11).

III STELLAR SOURCES

The highly unusualisotopic compositionsof the oxide grainsdiscussedhere
clearly establishtheir presolar, circumstellarorigin. Two generalquestionsto be
addressedhereare:whattypeor typesof stellarenvironmentscouldhaveproduced
thegrains,andwhatnew informationaboutthesestarscanthegrainsgiveus?Red
giants,supergiants,novae,andsupernovaeareall believedto besourcesof O-rich
stardustin the Galaxy(24,25)andspectralfeaturesassociatedwith silicateshave
beenobservedaroundall of theseexceptsupernovae(26–28). Theisotopiccompo-
sitionsof stars,andhenceof thedustthey produce,reflectbothinitial compositions
andchangesthatariseasa resultof nucleosynthesisandstellarevolution. Our task
is to examinewhat is known aboutthe differentevolutionarypathstaken by the
differentstardustsourcesandinfer whichonesresultin isotopiccompositionsthat
aremostconsistentwith theoxidegraindata.

The isotopicsignaturesof mostof the grains,depleted

��

O, enriched

��

O and
high

���
Al/

���
Al ratios,all point to hydrogenburning(29). Althoughhydrogenburn-

ing occursin all stars,several lines of evidencepoint to an origin in low andin-
termediatemass(1–8M ( ) redgiantsandAGB starsfor a majority of the grains.
First, asshown in Fig. 1, the O-isotopicratiosobserved in red giantsandAGB
starsaresimilar to thoseobserved in the largestgroupof oxidegrains(Group1).
Second,estimatesof dustproductionin theGalaxyindicatethatredgiantsproduce
� 90%of theO-rich circumstellardust(24,25,30).Third, a featureseenin thein-
fraredspectraof many O-richredgiantshasbeententativelyassociatedwith Al � O�
(31,32). Fourth, the isotopiccompositionsof mostof the grainscanbe quantita-
tively explainedby theoreticalmodelsof evolution,nucleosynthesisandmixing in
redgiants,but notby modelsof otherO-richdust-producingstars.Thefourthpoint
is discussedin detailin theremainderof thissection.

A Groups 1 and 3

Presolaroxidegrainsbelongingto Groups1 and3 havemoderate

��

O depletions,
relative to solar, andslightly depleted(Group3) to highly enriched(Group1)


��
O.

Thesimilarity of theO-isotopicratiosobservedin Group1 grainsto thoseobserved
in redgiantsandAGB starsstronglysuggeststhatthesegrainsformedin suchstars



(Fig. 1). Let us thusexaminethe evolutionaryprocessesthat affect the isotopic
ratiosat thesurfaceof redgiants.

For mostof alow or intermediatemassstar’slifetime, it is poweredby H-burning
in thecoreandits surfaceO-isotopiccompositionis thatof thegasfrom which the
starformed.Following coreH-burning,thestarleavesthemainsequenceandbe-
comesaredgiant.At thispoint,deepconvectionmixestheashesof mainsequence
nucleosynthesisinto the envelope,a processknown asthe “first dredge-up”(33).
BecausepartialcoreH-burningby theCNO-cyclesenriches


��
O anddestroys


��
O

(29), thesurface

��

O/

��

O ratio is decreasedandthe

��

O/

��

O ratio increasedby the
first dredge-up(34–36). Following the red giant phaseandsubsequentcoreHe-
burning,thestarbecomesa thermallypulsingAGB star. Early in theAGB phase,
starsof massM �  3M ( undergoa“seconddredge-up”whichcanmodify thesurface
O-isotopicratiossomewhatmore(37). Theeffectsof seconddredge-updependon
metallicity. For starsof solarmetallicity, the seconddredge-updoesnot signifi-
cantly changethe O-isotopicratios. For lower-metallicity stars,the effect of the
first dredge-upis diminishedbut that of the seconddredge-upis enhanced.The
net result is that, following both the first andseconddredge-ups,starsof a given
massM �  3M ( have similar


��
O/


��
O ratios, regardlessof their metallicity. Most

starshavemasseslowerthan3M ( , sotheeffectsof first dredge-upareemphasized
in therestof thispaper. However, it shouldbeunderstoodthatif any grainsformed
in moremassive stars,their O-isotopicratioshave probablybeenaffectedby the
seconddredge-upaswell.

Figure2 shows modelpredictionsof the effectsof first andseconddredge-up
onO-isotopicratiosfor starsof massM=0.85–9M( andtwo differentmetallicities:
Z=0.012and0.02 (0.6 and1.0 Z ( ) (37). The initial


��
O/


��
O and


��
O/


��
O ratios

of theZ=0.02starswereassumedto besolar, whereasthoseof theZ=0.012stars
wereadjustedaccordingto a Galacticchemicalevolution model(38, see ) IV).
For low mass(M � ! 2.5M ( ) stars,thepredictedsurface


��
O/


��
O ratiofollowing first

dredge-upis a steepfunctionof stellarmass;this reflectsthe increasingdepthof
dredge-upwith increasingstellarmass. For highermassstars,the


��
O/


��
O ratio

is controlledby the destructionof

��

O in the nuclearreactions

��

O(*,+.- )

 � N and
��

O(*,+0/ )

��

F, which operatemoreefficiently at thehighertemperaturesreachedin
thesestars. Exceptfor starsof very low mass(M � ! 1.4M( ), the final


��
O/


��
O ra-

tio is essentiallyindependentof its initial valuesincemuchmore

��

O is mixedto
thesurfacethanwasinitially present.Substantialvariationsexist betweendifferent
publishedpredictionsof


��
O/


��
O asa function of stellarmassin red giants(39).

For low-massstars,thesedifferencesreflectmainly thedifferenttreatmentsof con-
vection; for higher-massstars,they area resultof largeuncertaintiesin the cross
sectionsfor the


��
O destructionreactions.Dredge-upcalculationscarriedoutusing

a recent,highly accuratedeterminationof thesereactionrates(40,41)agreewithin
about20%with themodelsshown in Fig. 2.

In contrastto

��

O/

��

O, the predicted

��

O/

��

O ratio following first and second
dredge-upis not a strongfunctionof stellarmass.Using the bestestimateof the
��

O(*,+1- )

 � N reactionrate,modelspredictthat the first andseconddredge-upin-



FIGURE 2. Predictionsof theO-isotopicratiosin theenvelopesof redgiantstarsfollowing first

andseconddredge-up,asa functionof stellarmassandmetallicity. Only starswith mass	 2 3M �
undergoseconddredge-up(37).

creasesthesurface

��

O/

��

O ratioby 30–50%from its initial value,in starsof mass
M �  2M ( (35–37,39).Starsof lower masshave smallerrelative increases(Fig. 2).
Largervariationsthan � 30–50%betweenredgiants(or grainsderivedfrom them)
thusrequirea rangeof initial compositions(36). Thedip in


��
O/


��
O observed in

Fig.2at � 7M ( hasnotbeenconfirmedbyothermodels,soit will notbeconsidered
here.

The first-dredge-upcalculationsof Fig. 2 for starsof massM=0.85–3M( are
shown againin Fig. 3, superimposedon theoxidegraindatawith


��
O/


��
O ! 1700.

Eachopencircle representsa differentstarof a givenmassandmetallicity. Solid
curvesconnectthepredictionsfor starsof a givenmetallicity anddottedlines in-
dicateothervaluesextrapolatedor interpolatedfrom thecalculatedvalues.Group
1 grainsclearlyhave O-isotopicratiosconsistentwith anorigin in redgiantstars,
providedthey formedin severaldistinctstarswith distinctmassesandinitial com-
positions.Moreover, theO-isotopicratiosof mostGroup3 grainsalsoagreewith
thepredictions,indicatingthat thesegrainslikely alsohadanorigin in redgiants.
However, if this is the case,Group3 grainsmusthave formedin very low-mass
stars(M ! 1.4M( ) with initial


��
O/


��
O and


��
O/


��
O ratioshigherthanthesolarval-

ues. The mostlikely explanationfor the rangeof initial O-isotopiccompositions
requiredof theprogenitorstarsof Group1 and3 grainsis thechemicalevolution
of theGalaxy;this topic is discussedin moredetailbelow in ) IV.

Note that thedredge-upmodelspredicta minimum

��

O/

��

O ratio of � 200-250
for starsof mass2.5M( (Fig. 2). TheGroup1


��
O/


��
O distribution, on theother

hand,hasa lower limit of � 350, even for a wide rangeof

��

O/

��

O ratios. The



FIGURE 3. Comparisonof presolaroxide grain datawith predictionsof first dredge-upin red
giantstarsof initial mass0.85–3M� andmetallicity 3547698 69:0; –0.025(37, Fig. 2). Error barson

grain measurementsarenot shown for clarity. Eachopencircle correspondsto predictionsfor a
distinctstar. Thedottedlinesindicateinterpolatedvaluesfor massesandmetallicitiesintermediate
to thosecalculated.Oxidegrainsbelongingto Groups1 and3 haveisotopiccompositionsconsistent
with thesepredictions,providedthatthey formedin severaldifferentstarswith distinctmassesand
initial compositions.

discrepancy mightsimplyreflectpoorstatisticsandindicatethatnoneof theknown
Group1 grainsformedin starsof massM � 2.5–3M( . Alternatively, Group1 grains
might have originatedin starswith a rangeof massesincluding 2.5–3M( , and
the predictedminima aresystematicallytoo low. If this is the case,the presolar
oxidegrainsmayprovide new constraintson both the depthof dredge-upandon
thenucleosynthesisof


��
O duringcoreH-burning. Theidentificationof additional

Group1 grainswouldhelpto decidethequestion.
Starsin theAGB phaseof theirevolutionconsistof aninertC-Ocoresurrounded

by thin He- andH-burningshellsanda largeconvective envelope. They undergo
periodicHe-shellflashes(thermalpulses)followedby “third dredge-up”episodes,
whereconvectionmixesmaterialfrom theH andHe shellswith theenvelope.The
dredged-upmaterialis mostly � He and


��
C andthe third dredge-upgraduallyin-

creasesthe surfaceC/O ratio, eventuallyturning the star into a carbonstar. The
third dredge-upis unlikely to significantly changethe surfaceO-isotopicratios
from their first andseconddredge-upvalues,sincethe total amountof the three
O isotopesmixed into the envelopeis relatively small (36). This is supportedby



observationsof O-rich AGB stars(21),but a possiblerareexceptionin thecaseof
��
O is discussedbelow in ) III C.

Eventhoughthethird dredge-updoesnot modify theO-isotopicratios,it is ex-
pectedto bring

���
Al from theH-shellto thesurfaceof AGB stars,andis thusof key

importanceto theunderstandingof thepresolaroxidegrains.Inferred
���

Al/
���

Al ra-
tiosareplottedin Fig. 4 against


��
O/


��
O ratiosfor the

���
Mg-enrichedoxidegrains.

Also shown asverticallinesto theright of theplot aretherangesof
���

Al/
���

Al ratios
predictedby third dredge-upmodels(42,43).Thepredictedratiosarein excellent
agreementwith the ratios inferredfor the grains. However, � 40% of the Group
1 and3 grainsanalyzedfor Mg andAl apparentlyhadno

���
Al whenthey formed

(Table2). SincetheO-isotopicratiosof thesegrainsreflectthefirst dredge-up,they
musthave formedeitherin redgiantsbeforetheAGB phaseor early in theAGB
phase,beforemany episodesof third dredge-uphadoccurred.Thus,thepresence
or lack of

���
Al in presolaroxide grainsgivesinformationon the timing of mass-

lossandgrainformationin AGB stars.For example,notethatmostGroup3 grains
did not have

���
Al whenthey formedandtheoneswith

���
Mg excesseshave signif-

icantly lower inferred
���

Al/
���

Al ratiosthanGroup1 grains.This suggeststhat, in

FIGURE 4. Inferred
���

Al/
���

Al ratiosplottedagainst
���

O/
���

O ratiosfor
���

Mg-enrichedpresolar
oxidegrains.Verticallinesat right indicaterangesof

���
Al/

���
Al ratiospredictedfor third dredge-up

in AGB starsof mass3M � (42) and1.5–1.7M� (43). The jaggedline indicatesa predictedtrend
for a1.2M� starundergoingcoolbottomprocessingduringtheAGB phases(seethetext).



very low-mass( � ! 1.4M( ) AGB stars,mostdustformationoccursprior to thethird
dredge-up.This is supportedby sometheoreticalmodels,which show that very
low-massstarslosemostof theirmassbeforereachingtheAGB (37,44).

Although the AGB phaseonly occursin starsof M � ! 8M ( (45), moremassive
starsalsodredgeup materialwhich hasexperiencedcoreandshellH-burninginto
their envelopes.Theoreticalmodelsof massive starevolution (41,46,47)suggest
thatdustgrainsfrom redsupergiants(of mass10–25M( ) have


��
O/


��
O=600–1100,
��

O/

��

O=500–1000and
���

Al/
���

Al ratiossimilar to thosepredictedfor AGB stars
(9). Approximatelyone fourth of the Group 1 oxide grainshave theseisotopic
compositionsandthusmighthave formedin massiveredsupergiantsratherin than
low or intermediatemassAGB stars. An origin in the latter seemsmore likely,
sincetherearefarmorelow-massstarsthanhigh-massones,but unknown selection
effects(dueto grainsize,for instance)couldbiasoursampletowardsmassivestars.

B Group 2

Group2 grainshave

��

O enrichments,moderateto extreme

��

O depletions,and
high inferred

���
Al/

���
Al ratios. The


��
O/


��
O ratiosof thesegrainsareconsistent

with anorigin in low-mass(M ! 2M ( ) AGB stars,but thedegreeof

��

O depletion
is greaterthancanbeexplainedby thedredge-upof


��
O-depletedmatterinto the

envelopeof near-solar-metallicity stars. In principle, the high

��

O/

��

O ratios of
the grainscould be dueto high initial ratiosin the progenitorstars. However, if
this were the case,onewould expect the Group2 grainsto have a large spread
in


��
O/


��
O, similar to that observed in Groups1 and3, insteadof the ratherlim-

ited observedrange.Moreover, themost

��

O-poorgrainswould requireanorigin
in extremelylow-metallicity stars(i.e., PopulationII), which arenot observed in
theGalacticdisk. It is thereforemorelikely that the


��
O originally presentat the

surfaceof theprogenitorstarswasdestroyedby nuclearreactions;let usconsider
possiblemechanisms.

One proposedmechanismfor destroying

��

O at the surfaceof AGB starsis
“hot-bottomburning” (HBB). In this process,thebaseof theconvective envelope
reachestemperatureshigh enoughfor CNO-cycle nuclearreactionsto occur, and
convectionmixestheentireenvelopethroughthehot region (48). AlthoughHBB
will leadto very high


��
O/


��
O ratiosandalsoproduce

���
Al, it is believedonly to

occurin relatively high-massAGB stars,M=4–7M( (49,50).HBB is thusahighly
unlikely explanationfor the


��
O depletionsof Group2 grains,sincethe


��
O/


��
O

ratiosof the grainsindicatethat they formedin starsof lower mass. In fact, de-
tailed calculationshave shown that the Group2 grainshave O-isotopiccomposi-
tionswhichareinaccessibleto HBB with any reasonablemodelparameters(49).

A moreplausibleexplanationfor the isotopiccompositionsof Group2 grains
is that materialat the baseof the convective envelopeis slowly cycled through
the hotter regions nearthe H-burning shell in low-massstars,a mixing process
that hasbeennamed“cool bottomprocessing”(CBP) (51). CBP hasalsobeen



invokedto explain low

��

C/

 � C ratiosin low-massredgiants(37,52)andhigh Na

andAl abundancesobservedin someglobularclustergiants(53,54).Two different
parametrizedcalculationshaveaddressedtheeffectof CBPonO-isotopicratiosin
low-massred giants(55) andAGB stars(51). Although thesemodelswerevery
differentin their treatmentof deepmixing, bothgavesimilar resultsandwereable
to reproducetheO-isotopicratiosof Group2 oxidegrains.Essentially, it wasfound
thattheenvelopeO-isotopiccompositionresultingfrom CBPdependscritically on
themaximumtemperatureseenby themixedmaterial,but notontheprecisedetails
of the mixing mechanismitself. The goodagreementbetweenthe modelpredic-
tionsandtheobservationssupportsa CBPorigin for the


��
O depletionsin Group

2 grains,but thismustbeconfirmedby full stellarevolutionarymodelsincludinga
reasonablephysicalprescriptionfor deepmixing.

Group2 grainshave, on average,higher
���

Al/
���

Al ratiosthanGroup1 grains,
andthereis ahint of anegativecorrelationbetween

���
Al/

���
Al and


��
O/


��
O for these

grainsaswell (Fig. 4). Thesefactssuggestthatthecoolbottomprocessingthatde-
stroyedthe


��
O in theGroup2 parentstarsoccurredduringtheAGB phase,aresult

previously foundby CBPmodels(37,51). Cool bottomprocessingis expectedto
occuralongwith third dredge-upthroughouttheAGB phase(althoughthishasnot
beenshown by any self-consistentmodel),soa correlationbetween


��
O and

���
Al

enrichmentmight be expected.To make this statementa little morequantitative,
theresultsof a simplemodelof thedredge-upof

���
Al in a 1.2M( , solarmetallic-

ity AGB starundergoingcool bottomprocessingarepresentedin Fig. 4. Thestar
wasassumedto undergo tenthermalpulsesin 1 Myr, duringwhich timeCBPcon-
tinuouslydecreasesthe


��
O/


��
O ratio from its first dredge-upvalueof � 2400to a

valueof 1600(51). Following Gallinoetal. (43),we assumedthateachdredge-up
episodemixes � 10� � M ( of

���
Al into the envelope,which hasan assumedmass

at the first thermalpulseof 0.24M( (44). Mass-losswasnot taken into account,
but the

���
Al in theenvelopewasallowedto decayduringthe10� y betweenthermal

pulses. The resultingpredictedisotopic trend is shown as the black jaggedline
in Fig. 4. This line agreesroughlywith thegeneralGroup2 trend,but it doesnot
reach

���
Al/

���
Al ratiosashighasthoseobservedin many grains.In fact,if thestaris

assumedto evolvefurthersothatits

��

O/

��

O ratiodecreasesto thelowestobserved
Group2 value,thepredicted

���
Al/

���
Al ratiolevelsoutatavalueof � 0.007,afactor

of 2 lower thanthe highestobserved value. Therearetwo waysin which higher���
Al/

���
Al ratiosmight beobtained.First, the predictedratio dependsstronglyon

themassof theenvelopeinto whichthedredged-up
���

Al is mixed.If ourmodelstar
hasanassumedfixedmass-lossrateof 2 � 10� � M ( /y, it losesmostof its envelope
at theendof 1 My, andweobtaina

���
Al/

���
Al ratioof 0.01.Second,theO-isotopic

ratios of Group 2 grainsare best-explainedby CBP at a maximumtemperature
of � 33 � 10

�
K (51) andsynthesisof

���
Al is marginally possibleat this tempera-

ture (42). Thus,cool bottomprocessingmight produce
���

Al directly, resultingin���
Al/

���
Al ratiosin theenvelopethatarehigherthanthoseobtainedsolelyby third

dredge-up.No modelshave yet addressedthe productionof
���

Al by cool bottom
processingin AGB stars.A potentiallydiagnosticindicatoris the

� � Mg/
� � Mg ratio



of extremeGroup2 presolaroxidegrains;
���

Al productioncomesat theexpenseof� � Mg, so this ratio shouldbe lower if high
���

Al/
���

Al ratiosaredueto CBPrather
thanthird dredge-up.In thisregard,it wouldbeusefulto find presolarspinelgrains
with Group2 O-isotopicsignatures.The above discussionunderscoresthe need
for improvedmodelingof low-massAGB stars,in orderto betterunderstandthe
interactionsbetweenCBP, third dredge-up,mass-lossandgrainformation.

RecentmodelsraisethealternativepossibilitythatsomeGroup2 grainsformed
in Wolf-Rayetstars,verymassive(M  25M( ) starswhoseouterlayersareshedby
extrememass-loss(56). As thesestarsevolve from the main sequenceto the O-
andN-rich WN phase,their surfaceO-isotopicand

���
Al/

���
Al ratiosarepredicted

to evolve in a similar fashionto thoseof AGB starsundergoingcool bottompro-
cessing,and they are thus possiblesourcesof Group 2 oxide grains. However,
mass-lossratesaremuchhigherduringtheWN phasethanduringthestageslead-
ing up to it, andWN starsarepredictedto have


��
O/


��
O ratiosof 10� –10

�
(56).

Onemight thusexpectmostWolf-Rayetoxidegrainsto have larger

��

O depletions
thanobservedin mostof thegrains.In fact,dustformationhasonly beenobserved
in later-typeC-richWolf-Rayetstars(57)andnot in O-richWolf-Rayetstars.This
observation andthe fact that Wolf-Rayetstarsaremuchrarer in the Galaxythan
starsof lower masssuggestthat AGB starsarea more likely sourceof Group2
grainsthanWolf-Rayetstars,but clearlymuchmorework needsto bedone.

C Group 4

Group4 grainshave

��

O excesses,relative to solar, and

��

O/

��

O and
���

Al/
���

Al
ratiossimilar to thoseof Group2 grains. Onegrain, T22, alsohasexcessesof� � Mg and

���
Mg. The


��
O/


��
O and inferred

���
Al/

���
Al ratios of thesegrainsare

consistentwith anorigin in low-massAGB stars,but theorigin of theexcess

��

O
in suchstarsis unknown. Onepossibility is that


��
O is producedin the He-shell

by - captureson

 � N duringearlythermalpulses,andis dredged-upto thesurface

beforeit canbeconvertedto
���

Ne (44,58). So far, no modelhasself-consistently
predicteddredge-upof


��
O in AGB stars.Moreover, theO-isotopiccompositions

observed in AGB stars(21, Fig. 1) andGroup1 oxidegrainsindicatethat most
AGB starsdonotdredge-uplargeamountsof


��
O. Theexistenceof Group4 grains

suggeststhatsuchdredge-upmight occurin specialcases,however, andindicates
theneedfor detailedmodelingto seeif this is a viablescenario.Alternatively, the
��

O excessesobservedin Group4 grainsmight reflectahigh initial

��

O abundance
in theparentstars.Extrapolatingfrom thedredge-upcalculationsshown in Figs.2
and3, this would requirethat the grainsformed in starswith metallicitiesfrom
1.6–3Z( andlow masses(M � 1M ( ). It is highly unlikely that starsof suchlow
massand high metallicity were presentto contribute dust to the presolarcloud,
makingthis scenariolessattractive thanthird dredge-upasanexplanationfor the
low


��
O/


��
O ratiosof Group4 grains.Notethatthe

� � Mg excessobservedin T22is
notverydiagnostic,sincesuchanexcessis expectedbothfrom < -capturereactions



in AGB stars(59)andin theinitial compositionsof high-metallicitystars(60).

D T54

GrainT54 has

��

O/

��

O=71,muchlower thanany of theothergrains,anda sub-
stantial


��
O depletion(


��
O/


��
O = 2000).No known stellarsourceis predictedor ob-

servedto havethisO-isotopiccomposition.However, onecanimaginecomplicated
scenarioswheremass-transferfrom abinarycompanionmightplaya role. For ex-
ample,T54mighthaveformedin astarwhichhadaccretedmatterhighly-enriched
in


��
O from ahot-bottomburningAGB starcompanionandthenundergoneits own

first dredge-up.However, sucha pictureis ad hocandwould certainlyneedto be
confirmedby models.

On the other hand,T54 was completelydestroyed during the ion microprobe
analysisand the few


��
O atomsmeasuredin this grain could simply be due to

a blank contribution from the samplemountor a tiny neighboringSolarSystem
grain. If so,thetrue


��
O/


��
O ratio of this grain is similar to > . This composition

is closeto thatpredictedfor extremehot-bottomburningin a 7M ( AGB star(49),
althoughtheobserved


��
O/


��
O ratio is slightly lower thanthepredictedfinal ratio

of � 110.

E Summary of Stellar Sources

TheO-isotopicratiosof thepresolaroxidegrainsareshown againin Fig 5, to-
getherwith the trendsdiscussedabove for red giantsandAGB stars(dredge-up,
cool bottomprocessingandhot-bottomburning)andWolf-Rayetstarsin theWN
phase.Also shown is theexpectedevolutionof O-isotopicratiosin theGalaxy(38,
seenext section)andthepredictedcompositionsof novae(61,62)anddifferentin-
terior zonesof a 25M( TypeII supernova (63). Clearly, thegrainsof Groups1–4
arebestexplainedby anorigin in redgiantsandAGB stars,althoughtheGroup4
grainsrequireatypicaldredge-upof


��
O to occurin someAGB stars.Thesource

of grainT54 is unclear, but might have beenanAGB starundergoinghot-bottom-
burning. Noneof thegrainsdiscussedherehave compositionsconsistentwith an
origin in novaeor supernovae. In principle, grainscould condensein the O-rich
envelopeof a Type II supernova, with O-isotopiccompositionsin the lower part
of theGroup1 field. However, only � 10%of theejectedO is from theenvelope
(63),somostsupernovaoxidesshouldform from theinner


��
O-rich zones.More-

over, observationsindicatethatdustformationin Supernova1987Aoccursmainly
in theinnerzones(64). It is thereforehighly unlikely thatany of theGroup1 grains
formedin supernovae(althoughsomecouldhavecondensedaroundredsupergiants
prior to asupernovaexplosion).



FIGURE 5. O-isotopicratios of presolaroxide grainsand predictionsfor differentastrophysi-

cal sitesandprocesses:Galacticchemicalevolution (38), dredge-upin redgiants,redsupergiants
and/orAGB stars(37,58),coolbottomprocessingin low-massAGB stars(51,55),hot-bottomburn-
ing in intermediate-massAGB stars(49), Wolf-Rayet stars(56), novae (61,62)and O-rich and
C-richshellsof a25M� TypeII supernova(63).

IV GALACTIC CHEMICAL EVOLUTION AND THE AGE
OF THE GALAXY

Thusfaremphasishasbeenmainlyon thenucleosyntheticandstellarevolution-
ary processesthatarerecordedin the isotopicsignaturesof presolaroxidegrains.
In this section,it is shown how the grainsalsogive informationon Galacticevo-
lution. As previously discussed,theisotopiccompositionsof Group1 and3 oxide
grainsareconsistentwith redgiantandAGB starmodelsonly if they formedin a
rangeof starswith distinctmassesandinitial O-isotopiccompositions.Variations
in thechemicalcompositionsof new starsarethoughtto arisenaturallyasaconse-
quenceof thechemical(abundance)evolutionof theGalaxy. Addressedhereis the
questionof whethertheinferreddistributionof O-isotopicratiosin theparentstars
of theGroup1 and3 grainsis consistentwith whatis known abouttheevolutionary
historyof theMilk y Way. Furthermore,a new methodfor constrainingtheageof
theGalaxyusingthepresolaroxidegraindatais briefly discussed.

As the Galaxyevolves, freshly synthesizedelementsfrom dying starsare re-
turnedto theinterstellarmediumwherethey areincorporatedinto new stars.As a
result,theabundanceof theheavy elements(i.e., metallicity) increasesthroughout
thehistoryof theGalaxy, andstarsformedatdifferenttimes(andGalactocentricra-



dius)have,on average,differentchemicalandisotopiccompositions.Becausethe
differentisotopesof O aresynthesizedby differentprocesses,their relative abun-
dancesin the interstellarmedium,andhencein new stars,areexpectedto change
astheGalaxyevolves.Theisotope


��
O is considereda “primary” nucleosynthetic

product,sinceit canbeproducedin astarof initially pureH andHe(Z=0). Thesyn-
thesisof


��
O and


��
O,ontheotherhand,requirespre-existingCNOnuclei,sothese

O isotopesare“secondary”nuclei. To a goodapproximation,secondary/primary
ratiosareexpectedto increaselinearly with metallicity (60). Also, sincetheaver-
agemetallicityof theGalaxyincreasesover time (65), initial


��
O/


��
O and


��
O/


��
O

ratiosshouldbelower in olderstarsthanin youngerones.Thisbasicpictureof O-
isotopicevolution(normalizedto thesolarO-isotopicratios)is indicatedon Fig. 5
by thearrow labeled“Galacticevolution.” A linearrelationshipbetweenO-isotopic
ratiosandmetallicityhasbeenfoundby detailedGalacticchemicalevolutionmod-
elsaswell (38,66),andwasusedto relatetheinitial compositionsof redgiantsto
theirmetallicity in thedredge-upmodelsdiscussedin thispaper.

The first-dredge-uppredictionsshown in Figs.2 and3 definean irregulargrid
in O-isotopicspace,from whichwecaninfer themassesandmetallicitiesof oxide
grain parentstars. The inferredmassandmetallicity distributionsof the parents
of Group1 and3 grainsareshown in Fig. 6. The two Group3 grainswith solar
��

O/

��

O ratiosarenot included,sincetheircompositionsarenotconsistentwith the
dredge-upmodelsandthey thusmight have a differentorigin thanthe restof the
grains.Therearea numberof factorswhich complicatetheinterpretationof these
distributions.First, it hasbeenassumedthatall of theparentstarshadmassesless

FIGURE 6. Massesandmetallicitiesof theredgiantprogenitorsof Groups1 and3 presolaroxide

grains,inferredfrom thefirst-dredge-upmodelsof Figs.2 and3.



than2.5M( , but in fact grainswith

��

O/

��

O� ! 1000could have comefrom more
massive stars(Fig. 2). The peakat M ? 2M ( in Fig. 6 might suggestthat some
of the grainsdo indeedcomefrom starsof higher mass,if the total production
of micron-sizedstardustis a decreasingfunction of stellarmass.Second,grains
from high-metallicity(Z=0.02–0.03)starsareunder-representedhere,sincethey
have


��
O/


��
O ratiosin theregion missedby ion imagingsearchesfor presolarox-

ides(seealsoref. (30)). Thesetwo difficultieshave little effect on the remainder
of the discussionsincewe aremoreinterestedin the grainsfrom low-mass,low-
metallicity stars.A potentiallymoredamagingproblemis the dependenceof the
metallicity distribution on the assumedrelationshipbetweeninitial O-isotopicra-
tiosandmetallicityusedin thedredge-upmodels;if theassumedtrendis incorrect,
the inferredZ values(andfor M � ! 1.5M( , the inferredmasses)maybesystemati-
cally off. This is discussedfurtherbelow.

It is clearfrom Fig 6 thattheprogenitorstarsof Group3 presolaroxidegrainsnot
only hadlowermassesthanthoseof Group1 grains,asdiscussedin ) III A, but also
had,onaverage,lowermetallicities.This is easilyunderstoodin termsof Galactic
chemicalevolution. In orderfor thepresolaroxidegrainsto have beenpresentat
thetimeof SolarSystemformation,theirparentstarsmustall haveendedtheirlives
closeto this time, probablywithin � 10

�
years.Sincelow-massstarsevolve more

slowly thanhigher-massstars,this meansthat theGroup3 parentsformedearlier
thantheGroup1 parentsandconsequentlyhadlower metallicity. To explore this
relationshipbetweenmassandmetallicity in moredepth,the progenitorstarsare
plottedon an“age-metallicity”diagram(Fig. 7), andcomparedwith astronomical
observationsandtheoreticalpredictions. In this plot, the inferredmetallicity for
eachgrain,dividedby thesolarvalue,is plottedagainsttheminimumtime before
todaywhenthe parentstarformed. The latterwasobtainedby addingtheageof
the SolarSystem,4.6 Gyr, to the lifetime predictedfor a starof the given mass
andmetallicity (67). Also shown, asopensquares,arethe observedmetallicities
(Fe/H)andinferredagesof disk dwarf starsof the sameGalactocentricradiusas
the Sun (65). The y-error barsfor thesepoints indicatethe observed spreadin
metallicity for starswithin differentagebins,indicatedby thehorizontalbars.The
thick black curve is the age-metallicityrelationpredictedby the detailedmodel
of Galacticchemicalevolution of Timmeset al. (38); the dot-dot-dashedcurves
aboveandbelow theblackcurverepresentthetheoreticaltrendscaledupanddown
respectively, by 35%

Thereis surprisinglygoodagreementbetweentheinferreddistribution of grain
parentstarsandthetheoreticalage-metallicityrelation;in particular, thepredicted
age-metallicityrelationpassescloseto thecenterof theprogenitorstarfield. Also,
theshapeof thedistribution is consistentwith therehaving beena �@' 35%range
aroundthe averagemetallicity for parentstarsformed at different times in the
Galaxy (dot-dot-dashedcurves). The overall consistency of the Group 1 and 3
graindatawith modelsof Galacticchemicalevolution, first dredge-up,andstellar
lifetimesstronglysupportstheconclusionthat thegrainsformedin redgiantsand
that chemicalevolution significantly influencedthe grains’ compositions.How-



FIGURE 7. Metallicity of oxide grain progenitorstarsplottedagainstthe time at which the star

musthave formedin order to contribute dust to the early SolarSystem. White squaresindicate
the binnedobservationaldataof Edvardssenet al. (65) of disk dwarf starsat the solarGalacto-
centricradius. The solid curve is a theoreticalage-metallicityrelationof Timmeset al. (38); the
dot-dot-dashedcurvesarethesamerelationarbitrarily scaledup or down by a factorof 1.35. The

totalmetallicity(Z) is plottedfor thegrainprogenitorsandthetheoreticalcurves;Fe/His plottedfor
stellarobservations.Althoughtheiron abundanceandtotalmetallicityarenotdirectlycomparable,
thedifferencesbetweenthetwo areprobablysmallerthantherangesof valueson theplot.

ever, althoughtheprogenitorstarsoverlapwith theobserveddiskstars,theaverage
metallicity of the grain parentstarsformedat any given time (andthat predicted
by the model) is higherthanthe averageobserved in currentstarsthat formedat
thesametime. Anotherdiscrepancy suggestedby Fig. 7 is thattheapparentmetal-
licity spreadof ' 35% implied by the grain datais smallerthanthat observed in
disk stars,but it is not clearwhetheror not this differenceis significant,giventhe
uncertaintiesin boththemodelsandobservations.

Given that someof the presolaroxide grains originated in low-mass, low-
metallicity redgiants,their compositionsmaybeusedto constraintheageof our
Galaxy(16). Sincestarsproducedustat theendof their lives,in orderfor a star
to have provided dust to the SolarSystem,the ageof the Galaxymustbe larger
than the lifetime of the staraddedto that of the Sun, i.e., the valuesplotted for
grainprogenitorson theabscissaof Fig. 7. Thesevaluesarethuslower limits on
the Galacticage. If the onestarplotting at � 14 Gyr that is not within the main
distribution is excluded,thedataindicatethattheMilk y Waydisk is at least10–11
Gyr old. Theexcellentagreementof theGalacticchemicalevolution modelwith



the graindatasuggeststhat theageof the Galaxyis closeto that assumedby the
model,15 Gyr; a detailedanalysisof thedatagivesanestimateof 14.4Gyr (16).
Thesystematicuncertaintiesaffectingthis estimate,dueprimarily to uncertainties
in chemicalevolution andstellardredge-upmodels,arepotentiallylarge (several
Gyr) anddiscussedin detailin (16).

The inferred massand metallicity valuesof the progenitorsof presolaroxide
grainsdependon theassumptionthat the


��
O/


��
O and


��
O/


��
O ratiosincreasein a

linear fashionwith metallicity andthat they have thesolarvaluesin starsof solar
metallicity. This Galacticchemicalevolution trendfor O-isotopesis by no means
certain,however. Someinformationon thechemicalevolutionof isotopicratiosis
obtainedfrom radioobservationsof molecularcloudsthroughouttheGalaxy. Such
observationshave found a remarkablyuniform


��
O/


��
O ratio of 3.6 andpositive

gradientsof

��

O/

��

O and

��

O/

��

O with Galactocentricradius(68,69,66). These
datasupportthe ideasthat


��
O and


��
O areboth secondaryisotopesandhave in-

creaseduniformly with metallicity, relative to primary

��

O. However, thereare
importantdiscrepanciesbetweentheelementalandisotopicabundancesobserved
in molecularcloudsandthoseof theSolarSystem,sothenormalizationof theas-
sumedO-isotopicevolution trendto solarvaluesmaybeinvalid. In particular, the
Sunseemsto have a higherrelative abundanceof


��
O thanexpectedfor starsof

its ageandGalactocentricradius. Proposedexplanationsfor the “atypical” com-
positionof the Sunincludethat the protosolarcloud from which the Sunformed
waspreferentiallyenrichedin materialfrom massivestars(70,66),andthattheSun
formedat a smallerGalactocentricradiusthanthat of its currentposition(71,72)
and later migratedout to its currentorbit. In any case,the goodagreementbe-
tweenthe variousmodelsdiscussedabove and the compositionsof the presolar
oxidegrainssuggeststhattheassumedevolution of O-isotopicratiosis not too far
removedfrom reality, at leastfor thematerialthatwentinto themakingof theSolar
System.Thatis, thegrainsmight reflecta “local” Galacticchemicalevolution that
resultedin thecompositionof theSun,but which differedin detail from theaver-
agechemicalhistoryof theGalaxyasa whole. Theisotopicanalysisof additional
elementsin presolaroxidegrainswouldhelpshedlight ontheissuesdiscussedhere
by providing additionalconstraintson theinfluenceof Galacticchemicalevolution
onthegraincompositions.For example,Hussetal. (73)havearguedthatchemical
evolution might provide a naturalexplanationfor theunusualMg andTi-isotopic
ratiosobservedin onepresolarAl � O� grain,Orgueil-B. Similarly, Galacticchem-
ical evolution hasbeeninvoked to explain theSi andTi isotopiccompositionsof
presolarSiC in meteorites(43,74–76).

V OXIDE GRAIN PUZZLES

It is clearfrom theprecedingdiscussionsthattheoriginsof mostpresolaroxide
grains,in particularthosebelongingto Groups1 and3, arereasonablywell under-
stoodin termsof boththeevolutionof theGalaxyandstellarevolutionaryprocesses



in redgiantsandAGB stars.However, therearestill a numberof mysteriescon-
cerningpresolaroxide grains. The most pressingquestionsyet to be answered
aboutthe isotopicdataare: 1) what werethe sourcesof the Group4 grainsand
grain T54? and2) what is the physicalcauseof the extra mixing (cool bottom
processing)thatprobablyoccurredin theparentstarsof Group2 grains?Both of
theseissuesarelikely to beresolvedwith improvedstellarmodelingandwith the
identificationof moregrains.

Perhapsthemostimportantunansweredquestionconcerningpresolaroxidesis
relatedto theirabundance.Themeteoriticconcentrationof presolaroxidegrainsof
size �  0.5� m is muchlower thanthatof presolarSiC in thesamesizerange( � 10
ppb versus� 5 ppm). This is in sharpcontrastto expectationsbasedon what is
known aboutdustproductionin the Galaxy. With the assumptionsthat all Al in
O-richredgiantscondensesinto Al � O� andall Si in C-starsinto SiC,andby taking
into accountastronomicalestimatesof therelative dustproductionratesof C-rich
andO-richredgiantsin theGalaxy, themassratioof presolarSiCto presolarAl � O�
in meteoritesis predictedto be 1–10(9,30),muchlower thanthe ratio observed
in differentmeteorites.Al � O� shouldnot be preferentiallydestroyed, relative to
SiC, either by processesin spaceor by the chemicaltreatmentsusedto isolate
presolargrainsfrom meteorites(7). In fact,SiC shouldbemorereadilydestroyed
thanAl � O� in theoxidizing conditionsof the interstellarmediumandearlySolar
System.

Thelow abundanceof presolaroxidesmight beexplainedif presolarAl � O� has
a finer grainsizedistribution thanpresolarSiC. Thesizeof grainscondensingin
a stellaratmospheredependsto a large extent on mass-lossrates(77), which are
predictedto behigherin thelatestC-rich stagesof AGB starevolution thanin the
earlierO-rich stages(78). A grainsizedistribution that is finer for Al � O� stardust
thanfor SiC stardustis thusplausibleon theoreticalgrounds.However, the size
distribution of dustobservedaroundO-rich redgiantsandAGB starsis similar to
thatobservedaroundC-rich AGB stars(79) andmicron-sizedgrainsareobserved
aroundboth C-rich andO-rich red giants(79,80). Alternatively, the underabun-
danceof presolaroxidegrainsmight indicatethatonly asmallfractionof theAl in
AGB windscondensesinto Al � O� . Most circumstellarandinterstellarO-rich dust
is in the form of silicates,not refractoryoxidessuchasAl � O� andMgAl � O� , so
a major fractionof Al in AGB atmospheresmight condenseinto silicates.This is
supportedby the resultsof Begemannet al. (32) who found that at most25% of
theavailableAl canbein theform of Al � O� in thoseO-rich AGB starswith spec-
troscopicevidencefor thepresenceof crystallineAl � O� . Presolarsilicategrains,if
presentin meteorites,wouldhavebeendestroyedby thechemicaltreatmentsof the
meteoritesstudiedthusfar.

Anothermajor puzzleis the fact that no oxide grainshave beenidentifiedthat
appearto have condensedin Type II supernova ejecta. Grainsof SiC, graphite,
andSi� N � grainswith isotopiccompositionsindicatingasupernovaorigin haveall
beenfound in meteorites(81–83). O-rich dustgrainsshouldform in supernovae
in additionto the reducedphases,sincemuchmoreO thanC is ejectedin super-



nova explosions(63,47). Estimatesbasedon publishedcalculationsof supernova
yields(47)suggestthatAl � O� grainsfrom supernovaeshouldmake up10–70%of
presolaroxidegrainsin meteorites(9,30).No evidencefor extremely


��
O-enriched

refractoryoxidegrainslarger than � 0.1� m in meteoriteshasyet beenfound(4,9)
andsupernova-producedAl � O� is thusmarkedlyunderabundantin thecurrentdata
set.As in thecaseof theoverallpaucityof presolaroxidegrainsin meteorites,the
lackof supernovagrainsmight indicatethatmostAl doesnotcondenseinto Al � O�
or thatsupernovaeunderproduceoxidegrainslargerthan � 0.1� m, relativeto AGB
stars.Thelatterpossibilityis supportedby thecalculationsof Kozasaetal. (84) for
dustin supernova1987A.Thelackof


��
O-richsupernovaoxidesis importantfrom

thepointof view of meteoriticsaswell, sincethepresenceof suchgrainshasbeen
proposedfor over twentyyearsto explain


��
O enrichmentsin refractoryinclusions

in meteorites(85–87). Thatpresolargrainshighly enrichedin

��

O have not been
found might indicatethe needto look elsewherefor an explanationfor the me-
teoritic


��
O excesses,for exampleto non-mass-dependentfractionationprocesses

(88).

VI SUMMARY

Ninety-twometeoriticoxidegrains(mostlyAl � O� ) havebeenidentifiedaspreso-
lar grainson the basisof their highly unusualisotopiccompositions.The grains
have beendivided into four groupson the basisof their O-isotopicratios; one
grain, T54, is ungrouped.Group 1 and 3 grainsmost likely formed in low- or
intermediate-massred giantsandasymptoticgiant branch(AGB) stars. Their O-
isotopic ratiosarewell explainedby modelsof Galacticchemicalevolution and
thefirst dredge-up.The inferredprior presenceof

���
Al in many of thegrainscan

be quantitatively explainedby third dredge-upin AGB stars. The grainswithout
evidencefor

���
Al musthave formedbeforethethermallypulsingAGB phase.The

compositionsof Group3 grainsindicatethattheGalaxyis 14–15billion yearsold,
but this estimatehaspotentitalsystematicerrorsof several Gyr. Large


��
O de-

pletionsin Group 2 grainsindicatethat they probablyformedin low-massAGB
starsundergoing cool bottomprocessing.The high inferredinitial

���
Al/

���
Al ra-

tios of Group2 grainssuggestthatcool bottomprocessingcansynthesize
���

Al in
AGB envelopes,a possibilitynot yetaddressedby models.An alternative,but less
likely, possiblesourceof Group2 grainsis in Wolf-Rayetstarsprior to the WN
phaseof evolution. Group4 grainsareenrichedin


��
O, suggestingthatsomeAGB

starsdredgeup this isotopein early thermalpulses. Alternatively, thesegrains
might have formedin low-massAGB starsof unusuallyhigh metallicity. Grain
T54is extremelyenrichedin


��
O anddepletedin


��
O. Its compositionmightreflect

hot-bottomburning in an intermediatemassAGB star. Presolaroxide grainsare
underabundantin meteorites,relative to presolarSiCgrains,by oneto threeorders
of magnitude.ExplanationsincludethepossibilitythatmostAl in AGB starscon-
densesinto silicatesandnot into Al � O� andthatpresolaroxidegrainsin meteorites



have a finer grainsizedistribution thanpresolarSiC grains. Althoughboth theo-
reticalmodelsand


��
O enrichmentsin meteoritessuggestthatasignificantfraction

of presolaroxidegrainsshouldhave formedin TypeII supernovae,no grainswith
extreme


��
O enrichmentsindicatingsuchanorigin havebeenfound.

Althoughpresolaroxidegrainsin meteoritesaresomewhatdifficult to identify,
they clearlyprovide importantastrophysicalinformationandarethusworth theef-
fort requiredto locatethem. As hashappenedwith the detailedcharacterization
of largenumbersof presolarSiC andgraphitegrains,we shouldexpectmany new
surprisesandinsightsasmoreandmorepresolaroxidegrainsareidentifiedin me-
teorites.Improvementsin astrophysicalmodelsandastronomicalobservationswill
nodoubtaid in theresolutionof someof theoutstandingproblemsassociatedwith
thecurrentpresolaroxidegraindatasetaswell.
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