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Abstract.

Ninety-two refractoryoxidegrains(primarily Al O3) with highly unusuaO-isotopic
ratioshave beenfoundin acid-resistantesiduef five primitive meteoritesThirty-five
of thesealsohave largeexcessesf 26Mg, attributableto thein situ decayof radioactve
26 Al. The extremerangesof isotopiccompositionsof the grainsindicatethatthey are
unprocessestellarcondensates hegrainshave beendividedinto four groups.Group
1 grainshave 170 excessesand moderate'®O depletions relative to solar and most
likely formedaroundred giantsand asymptoticgiant branch(AGB) stars. However,
mary individual starswith differentmassesndinitial compositionsarerequiredto ex-
plaintherangeof O-isotopicratiosandinferred?6 Al/27 Al ratiosobsenedin thegrains.
Group3 grains,which have 170 and'® O depletionsprobablyoriginatedin O-rich red
giantsof verylow mass(M <1.4Mg) andlow metallicity. The Group3 grains’compo-
sitionsareprobablystronglyinfluencedby the chemicalevolution of the Galaxy;they
alsoprovide a newv methodof determininghe ageof our Galaxy Group?2 grainshave
large 80 depletions !0 enrichmentsindhigh inferred26 Al/27 Al ratios;they proba-
bly formedin low-massAGB starsin which extra mixing (“cool bottomprocessing”)
occurred. The four Group4 grainshave 120 enrichments.Possibleexplanationsfor
theseexcessesncludedredge-upof this isotopein early thermalpulsesin AGB stars
or anorigin in low-massred giantsof unusuallyhigh metallicity. Onegrain, T54, is
extremelyenrichedin 17O anddepletedn 20, andmay have formedin an AGB star
undegoing hot-bottom-turning. Presolaoxidesare underalindantin meteoritesrel-
ative to presolarSiC, perhapsbecauseAl condensesnore readily into silicatesthan
into refractoryoxidesor becausegresolarAl,O; hasafiner grainsizedistribution. No
presolaroxide grainsfrom supernwaehave beenidentified, despiteexpectationghat
they shouldbepresent.

| INTRODUCTION

Primitive meteoritesontaintiny grainsof stardust:unprocessedpecksof dust
grainsthatcondenseth stellarwindsand/orexplosionsandwerepartof the proto-
solarcloudfrom whichthe Sunformed. Thesegrainsarerecognizedy theirhighly
unusualsotopicratios,therangesf whichfarexceedhoseobseredin materialof
SolarSystenorigin. Sincethefirstisolationof presoladiamondsSiCandgraphite



(1-3), moststudiesof stardusin meteoriteshave focusedon C-rich phasesather
thanO-rich ones. This doesnot meanthat O-rich stardusis scarcen the Galaxy
Ratherit reflectsthefactthatprimitive meteoritesareessentiallycollectionsof O-
rich phaseghatformedin the early SolarSystem.Isotopicallyanomalougpresolar
oxidegrainsthatsurvived SolarSystenformationarethushiddenby alarge back-
groundof isotopicallynormaldustgrains. This is true evenin the highly concen-
tratedacid residuesn which presolarC-rich phasesare prevalent. Nevertheless,
sinceO-rich dustand C-rich dustform underdifferentconditions,andsincemost
of thedustin the Galaxyis believedto be O-rich, presolaroxidesprovide unique
astrophysicainformationandarewell worth the extra effort requiredto find them.
Thefirst evidencefor presolaoxidegrainsin ameteoriticacidresiduevasfound
by ZinnerandTang(4), who measured’O enrichmentsn bulk measurementsf
thousand®f tiny (0.1-0.2um) oxide grainsin a separatef the Murray carbona-
ceouschondrite. SubsequentlyHusset al. (5) reportedthe discovery of a highly
% Mg-enricheccorundum(Al,O;) grainfrom the Orgueil meteorite put of fifty-one
refractoryoxide grainsindividually analyzedfor Mg andAl. The inferredinitial
26 A1/27 Al ratio of this grainis muchhigherthantheupperimit of 5x 10~ obsered
in matterof SolarSystenorigin (6), andHussetal. tentatvely identifiedthis grain
aspresolaranidentificationlater confirmedby O-isotopicanalysig(7).
Contemporaryvith thework of Hussandhis coworkersat Caltechanion imag-
ing systemwas developedfor the WashingtonUniversity ion microprobe,partly
with the aim of efficiently locatingisotopically highly anomalougpresolaroxide
grains.Usingthis systemJow-precision'¢O/*# O ratiosof large numbersof grains
may be rapidly obtainedandanomalougrainsautomaticallyidentifiedfor further
study(seerefs.(8,9)for detaileddescription®f theion imagemappingtechnique).
Theinitial useof thision imagingmethodresultedn thefirst unambiguousliscov-
eryof apresolarAl,O; grain,in aresidueof theMurchisonmeteoritg(10). To date,
atotal of 92 presolaroxide grainshave beenfound—eighty-ninecorundumspne
spinel(MgAl,O,), andtwo grainswith compositionsntermediatebetweercorun-
dumandspinel—inacid residuef five meteorites.The meteoritesnvolved are
listed in Table1, alongwith the methodusedto find the grains(ion imaging or
standardyrain-by-grainanalysis)andestimatecconcentrationsThe grainsareall

TABLE 1. Themeteoritegsrom which presolaoxidegrainshave beenisolated.
The third columnindicateshow grainswere located: S=Singlegrain analysis;
I=lon imaging

Meteorite(Type) Number Method Concentratiorfppb) References

Orgueil (CI) 2 S 10 (5,7,11)
Murchison(CM) 1 I 3 (20)

Bishunpur(LL) 3 S 5 (12,13)
Tieschitz(H) 83 1(75) S(8) 30 (8,9,14)

Acfer 094(C) 3 | 3 (15)




0.5-4um in diameter Most of the grainswerefoundby ion imagingin aseparate
of theTieschitzordinarychondrite Althoughninety-two grainsis afarcry fromthe
severalthousandndividual SiC grainsthat have now beenindividually analyzed,
eventhis limited datasethasprovidedimportantastrophysicainformationnot ob-
tainedfrom otherpresolamphasesThis paperdiscusseshe isotopiccompositions
andastrophysicaimplicationsof the presolaroxide grains,with emphasivothon
thenew informationthe grainscangive usandon importantoutstandingproblems
associateavith the data. For moredetailson topicsdiscussedere,the readers
referredto two recentpaperg9,16).

Il 1SOTOPIC COMPOSITIONS

With the exceptionof Orgueil-B, all of the known presolaroxide grainswere
identifiedby their anomaloug-isotopicratios. The 150/:”O and!®O/*8 O ratiosof
thegrainsareshaovn in Fig. 1, togethemwith theratiosmeasuredpectroscopically
in red giantandasymptoticgiantbranch(AGB) stars(17—-22). Thesedataarenot
truly representate of the populationof presolaroxidesin the parentmeteorites.
This is becausgrainswith unusual*O/” O ratios,but **O/!80 ratioscloseto the
solarvalue of 499 (*¢0/*80~440-570),are missedby the ion imagingtechnique
usedto find mostof the grains. lon probeanalysesof 400 single oxide grains
indicatedthatsome25-50%of the presolaroxide grainsin the meteoriticresidues
have beenmissedby ion imagingsearche$§9). However, thegrainsthataremissed
belongto the largestand best-understoodroup of presolaroxides(Group1, see
below).

The presolargrainshave beendivided into four groupson the basisof their O-
isotopicratios(8,14); the isotopicpropertiesof the groupsaresummarizedn Ta-
ble 2. Onegrain, T54, doesnot appearto be relatedto any of the othergroups,
andis thuslistedseparatelyNotethatthe boundariebetweergroupsarenotsharp
andthe assignmenbf a particulargrain to a particulargroupis not always un-
ambiguous.In particular Groupsl, 2 and 3 all memge togetherin the region of
160/170>1000,500<60/*¥*0<1000,andgrainswhich lie in this areaof the plot

TABLE 2. Thecharacteristicsf thefour groupsof presolaoxidegrainsandtheuniquegrain T54

Fraction 26 Al/27 Al
Group Number  60/'70 160/'80 with 26 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- o0 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
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FIGURE 1. O-isotopicratiosof presolaroxide grains(7-16) andred giant stars(17-22). Error

bars(typically ~50%) are not shavn for stardatapointsfor clarity. Dashedines indicatesolar

isotopicratiosin this andsubsequerfigures.
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maywell berelatedto any of thesegroups.An additionalcomplicationis the pos-
sibility thation probemeasurementsf someof the grainsincludedextraneousO
from the samplemounts diluting theextrasolarsignatureslf thiswasthecasethe
true compositionof mary of the grainsmay be moreextreme(fartheraway from
solar)thanindicatedon the plot, particularlyfor grainswith depleted”O and80O.
In ary casethe generaisotopictrendsindicatedby the differentgroupsareclear
andmostlik ely reflectdifferentastrophysicaprocesses.

Becauseof small (¢ 1um) typical grain sizesandthe fact that corundumdoes
not readily incorporatemary traceelementsn its crystallattice, therehave been
few isotopicanalysef elementsotherthanO in presolaroxide grainsthusfar.
Only Mg hasbeenmeasuredn a significantnumberof grains,but Ti andN have
beenanalyzedn a few casesaswell. Fifty-two presolaroxide grainshave been
analyzedor their Mg-isotopiccomposition&ndAl/Mg ratios. Of thesethirty-five
have 2Mg/?*Mg ratiosmuchhigherthansolat almostcertainlydueto thein situ
decayof the short-lived radionuclide?®Al. Inferredinitial 26Al/?"Al ratiosrange
from 1 x 10~* upto 1.6 x 1072, Table2 shavstherangeandmeanof 26Al/2"Al
ratiosfor the oxide grain groupsaswell asthe fraction of eachgroupthat shaws
evidencefor 26Al (seealsoFig. 4). The groupdivisionsdefinedon the basisof
O-isotopesare supportedoy the Mg-Al results,in thatboth the fraction of grains
with 2Mg excessesndtheinferred?¢Al/2” Al ratiosincreasesystematicallyfrom



Group3to 1to 2 (therearetoo few Group4 grainsto make a meaningfulcompar
ison). All but two of the grainsanalyzedor Al-Mg have 2Mg/**Mg ratioswithin
analyticalerrorsof the terrestrialvalue. The exceptions,Orgueil-B (Group1) and
TieschitzT22 (Group4), have higherthan solar?>Mg/?*Mg ratios, by 25(6)%
and13(+3)%, respectrely (9,23). The formergrain alsohasunusualTi isotopic
ratios(23), with excessesn all isotopegelative to *®Ti andtheterrestrialisotopic
ratios. One Group1 grain hasbeenanalyzedor its N isotopiccomposition;it is
depletedn **N by about40(:18)%,relative to terrestrialN (11).

Il STELLAR SOURCES

The highly unusualisotopic compositionsof the oxide grainsdiscussecere
clearly establishtheir presolay circumstellarorigin. Two generalquestiongo be
addressetiereare: whattypeor typesof stellarervironmentscouldhave produced
thegrains,andwhatnew informationaboutthesestarscanthe grainsgive us?Red
giants,supegiants,novae,andsuperngaeareall believedto be sourcef O-rich
stardustin the Galaxy(24,25)andspectralfeaturesassociateavith silicateshave
beenobseredaroundall of theseexceptsupernvae(26-28). Theisotopiccompo-
sitionsof starsandhenceof thedustthey producereflectbothinitial compositions
andchangeghatariseasaresultof nucleosynthesiandstellarevolution. Ourtask
is to examinewhatis known aboutthe differentevolutionary pathstaken by the
differentstardussourcesandinfer which onesresultin isotopiccompositionghat
aremostconsistentvith theoxidegraindata.

The isotopic signaturesof mostof the grains, depleted'®O, enriched'’O and
high 26Al/27 Al ratios,all pointto hydrogerburning(29). Althoughhydrogerburn-
ing occursin all stars,severallines of evidencepoint to an origin in low andin-
termediatenass(1-8 M) red giantsand AGB starsfor a majority of the grains.
First, asshavn in Fig. 1, the O-isotopicratios obsered in red giantsand AGB
starsare similar to thoseobsenredin the largestgroupof oxide grains(Group1).
Secondestimate®f dustproductionin the Galaxyindicatethatredgiantsproduce
~90% of the O-rich circumstellardust(24,25,30).Third, a featureseenin thein-
fraredspectraof mary O-richredgiantshasbeententatvely associatedvith Al,O5
(31,32). Fourth, the isotopiccompositionsof mostof the grainscanbe quantita-
tively explainedby theoreticaimodelsof evolution, nucleosynthesiandmixing in
redgiants,but notby modelsof otherO-richdust-producingtars.Thefourth point
is discussedh detailin theremainderof this section.

A Groupsland3

Presolaonxidegrainsbelongingto Groupsl and3 have moderate®O depletions,
relative to solag andslightly depleted Group3) to highly enrichedGroup1) '7O.
Thesimilarity of the O-isotopicratiosobseredin Groupl grainsto thoseobsered
in redgiantsandAGB starsstronglysuggestshatthesegrainsformedin suchstars



(Fig. 1). Let usthusexaminethe evolutionary processeshat affect the isotopic
ratiosat the surfaceof redgiants.

For mostof alow or intermediatenassstarslifetime, it is poweredby H-burning
in thecoreandits surfaceO-isotopiccompositions thatof thegasfrom whichthe
starformed. Following coreH-burning, the starleavesthe main sequenceandbe-
comesaredgiant. At this point, deepcorvectionmixestheasheof mainsequence
nucleosynthesisto the envelope,a procesknown asthe “first dredge-up’(33).
Becausepartial coreH-burning by the CNO-g/clesenriches'”O anddestrys 180
(29), the surface!®*O/"O ratio is decreasedndthe °O/*80 ratio increasedy the
first dredge-up(34—36). Following the red giant phaseand subsequentore He-
burning,the starbecomes thermallypulsingAGB star Early in the AGB phase,
starsof masdV >3M., undegoa“seconddredge-upivhichcanmodify thesurface
O-isotopicratiossomavhatmore(37). Theeffectsof seconddredge-upependn
metallicity. For starsof solarmetallicity, the seconddredge-updoesnot signifi-
cantly changethe O-isotopicratios. For lowermetallicity stars,the effect of the
first dredge-ups diminishedbut that of the seconddredge-ups enhanced.The
netresultis that, following both the first and seconddredge-upsstarsof a given
massM >3M, have similar *O/*7O ratios, regardlessof their metallicity. Most
starshave massesowerthan3M, sotheeffectsof first dredge-umreemphasized
in therestof this paper However, it shouldbe understoodhatif ary grainsformed
in more massve stars,their O-isotopicratios have probablybeenaffectedby the
seconddredge-umswell.

Figure 2 shavs model predictionsof the effects of first and seconddredge-up
on O-isotopicratiosfor starsof massVi=0.85-9M, andtwo differentmetallicities:
Z=0.012and0.02 (0.6 and 1.0 Z) (37). Theinitial 1*0/**0O and'¢O/70O ratios
of the Z=0.02starswereassumedo be solar whereaghoseof the Z=0.012stars
were adjustedaccordingto a Galacticchemicalevolution model (38, see§ 1V).
For low masgM <2.5M,,) starsthepredictedsurface'®O/*7O ratiofollowing first
dredge-ugs a steepfunction of stellarmass;this reflectsthe increasingdepthof
dredge-upwith increasingstellarmass. For higher massstars,the 10/'7O ratio
is controlledby the destructionof 17O in the nuclearreactions'’O(p, o)'*N and
170(p, v)'8F, which operatemoreefficiently at the highertemperatureseachedn
thesestars. Exceptfor starsof very low mass(M<<1.4M,), the final **O/*7O ra-
tio is essentiallyindependentf its initial valuesincemuchmore!”O is mixedto
thesurfacethanwasinitially presentSubstantialariationsexist betweerdifferent
publishedpredictionsof *O/7O asa function of stellarmassin red giants(39).
For low-massstars thesedifferenceseflectmainly thedifferenttreatment®f con-
vection;for highermassstars,they area resultof large uncertaintiesn the cross
sectiondor the'”O destructiorreactions Dredge-upalculationsarriedout using
arecenthighly accurataleterminatiorof thesereactionrates(40,41)agreewithin
about20%with themodelsshavn in Fig. 2.

In contrastto O/'70, the predicted'*O/'80 ratio following first and second
dredge-ups not a strongfunction of stellarmass. Using the bestestimateof the
180(p, a)'°N reactionrate, modelspredictthat the first and seconddredge-ugn-
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FIGURE 2. Predictionsof the O-isotopicratiosin the envelopesof red giant starsfollowing first
andseconddredge-upasa function of stellarmassandmetallicity. Only starswith mass>3Mg,
undegoseconddredge-ud37).

creaseshesurface!®O/80 ratio by 30-50%from its initial value,in starsof mass
M>2Mg (35-37,39). Starsof lower masshave smallerrelative increasegFig. 2).
Largervariationsthan~30-50%betweernred giants(or grainsderivedfrom them)
thusrequirea rangeof initial compositiong36). The dip in **O/**0O obseredin
Fig.2at~7Mg hasnotbeenconfirmedoy othermodels soit will notbeconsidered
here.

The first-dredge-upcalculationsof Fig. 2 for starsof massM=0.85-3M,, are
shavn againin Fig. 3, superimposedn the oxide grain datawith **O/#0<1700.
Eachopencircle represents differentstarof a givenmassandmetallicity. Solid
curvesconnectthe predictionsfor starsof a given metallicity anddottedlinesin-
dicateothervaluesextrapolatedor interpolatedrom the calculatedvalues.Group
1 grainsclearly have O-isotopicratiosconsistentvith anorigin in red giantstars,
providedthey formedin severaldistinctstarswith distinctmasses&ndinitial com-
positions.Moreover, the O-isotopicratiosof mostGroup3 grainsalsoagreewith
the predictions jndicatingthatthesegrainslikely alsohadan origin in red giants.
However, if this is the case,Group 3 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 the progenitorstarsof Groupl and3 grainsis the chemicalevolution
of the Galaxy;this topicis discussedh moredetailbelov in § IV.

Note thatthe dredge-upmodelspredicta minimum $0/*7O ratio of ~200-250
for starsof mass2.5M,, (Fig. 2). The Group1 '°O/*"O distribution, on the other
hand,hasa lower limit of ~350, even for a wide rangeof O/'80 ratios. The
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FIGURE 3. Comparisorof presolaroxide grain datawith predictionsof first dredge-upn red

giantstarsof initial mass0.85-3M, andmetallicity Z = 0.012—0.025(37, Fig. 2). Error barson

grain measurementare not shown for clarity. Eachopencircle correspondso predictionsfor a

distinctstar The dottedlinesindicateinterpolatedvaluesfor masseandmetallicitiesintermediate
tothosecalculated Oxidegrainsbelongingto Groupsl and3 haveisotopiccompositiongonsistent
with thesepredictions providedthatthey formedin severaldifferentstarswith distinctmassesnd

initial compositions.

discrepang mightsimplyreflectpoorstatisticsandindicatethatnoneof theknown

Groupl grainsformedin starsof masaVi~2.5-3M,. Alternatively, Groupl grains
might have originatedin starswith a rangeof massesncluding 2.5-3M,, and
the predictedminima are systematicallytoo low. If this is the case,the presolar
oxide grainsmay provide nev constrainton both the depthof dredge-upandon

the nucleosynthesief 17O during coreH-burning. Theidentificationof additional
Group1 grainswould helpto decidethe question.

Starsn the AGB phaseof theirevolution consistof aninert C-O coresurrounded
by thin He- andH-burning shellsanda large corvective ervelope. They undego
periodicHe-shellflasheqthermalpulses)ollowedby “third dredge-up’episodes,
wherecornvectionmixesmaterialfrom the H andHe shellswith theernvelope.The
dredged-upmaterialis mostly “He and 2C andthe third dredge-upgraduallyin-
creaseshe surfaceC/O ratio, eventuallyturning the starinto a carbonstar The
third dredge-upis unlikely to significantly changethe surface O-isotopicratios
from their first and seconddredge-upvalues,sincethe total amountof the three
O isotopesmixedinto the envelopeis relatvely small (36). This is supportedoy



obsenationsof O-rich AGB stars(21), but a possiblerareexceptionin the caseof
180 is discussedbelov in § 11l C.

Eventhoughthe third dredge-upgloesnot modify the O-isotopicratios, it is ex-
pectedo bring2°Al from theH-shellto thesurfaceof AGB stars andis thusof key
importanceo theunderstandingf the presolaoxidegrains.Inferred?¢Al/27 Al ra-
tios areplottedin Fig. 4 against®O/*7O ratiosfor the2Mg-enrichedoxide grains.
Also shavn asverticallinesto theright of theplot aretherangesf 26Al/27Al ratios
predictedby third dredge-upmodels(42,43). The predictedratiosarein excellent
agreementvith the ratiosinferredfor the grains. However, ~40% of the Group
1 and3 grainsanalyzedior Mg andAl apparentlyhadno 26Al whenthey formed
(Table2). Sincethe O-isotopicratiosof thesegrainsreflectthefirst dredge-upthey
musthave formedeitherin red giantsbeforethe AGB phaseor earlyin the AGB
phasepeforemary episodef third dredge-uphadoccurred.Thus,the presence
or lack of 2°Al in presolaroxide grainsgivesinformationon the timing of mass-
lossandgrainformationin AGB stars.For example,notethatmostGroup3 grains
did not have 26 Al whenthey formedandthe oneswith 2Mg excessehave signif-
icantly lower inferred?6Al/?” Al ratiosthanGroup1 grains. This suggestshat, in
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FIGURE 4. Inferred26Al/27 Al ratiosplottedagainst'®O/17O ratiosfor 26Mg-enrichedpresolar
oxidegrains.Verticallinesatright indicaterangesof 26 Al/27 Al ratiospredictedor third dredge-up
in AGB starsof mass3Mg, (42) and1.5-1.7M; (43). Thejaggedline indicatesa predictedtrend
for al.2Mg starundegoingcool bottomprocessingluringthe AGB phasegseethetext).



verylow-mass(<1.4M;) AGB stars,mostdustformationoccursprior to thethird
dredge-up.This is supportedoy sometheoreticalmodels,which showv that very
low-massstarslosemostof their massbeforereachinghe AGB (37,44).
Althoughthe AGB phaseonly occursin starsof M<8Mg, (45), more massve
starsalsodredgeup materialwhich hasexperiencedcoreandshellH-burninginto
their envelopes. Theoreticalmodelsof massve starevolution (41,46,47)suggest
thatdustgrainsfrom redsupegiants(of mass10-25M,) have 10/'”0=600-1100,
160/'80=500-1000and26Al/2" Al ratiossimilar to thosepredictedfor AGB stars
(9). Approximatelyone fourth of the Group 1 oxide grainshave theseisotopic
compositionandthusmighthave formedin massve redsupegiantsratherin than
low or intermediatemassAGB stars. An origin in the latter seemsmorelikely,
sincetherearefar morelow-massstarsthanhigh-mas®nes but unknavn selection
effects(dueto grainsize,for instanceouldbiasour sampleowardsmassve stars.

B Group?2

Group?2 grainshave 7O enrichmentsmoderateo extreme!'8O depletionsand
high inferred 26Al/?" Al ratios. The *O/!7O ratios of thesegrainsare consistent
with anorigin in low-mass(M<2M.) AGB stars,but the degreeof '#O depletion
is greaterthancanbe explainedby the dredge-upof *O-depletedmatterinto the
envelopeof nearsolarmetallicity stars. In principle, the high **O/*¥O ratios of
the grainscould be dueto high initial ratiosin the progenitorstars. However, if
this were the case,one would expectthe Group 2 grainsto have a large spread
in 10/*70, similar to that obseredin Groupsl and3, insteadof the ratherlim-
ited obseredrange. Moreover, the most!#O-poorgrainswould requirean origin
in extremelylow-metallicity stars(i.e., Populationll), which are not obseredin
the Galacticdisk. It is thereforemorelikely thatthe 2O originally presentat the
surfaceof the progenitorstarswasdestryed by nuclearreactionsjet us consider
possiblemechanisms.

One proposedmechanismfor destrging 80 at the surface of AGB starsis
“hot-bottomburning” (HBB). In this processthe baseof the corvective envelope
reachegemperaturesigh enoughfor CNO-gy/cle nuclearreactionsto occut and
cornvectionmixesthe entireenvelopethroughthe hot region (48). AlthoughHBB
will leadto very high **O/*®0 ratiosandalsoproduce®®Al, it is believedonly to
occurin relatvely high-massAGB stars M=4—-7M,, (49,50).HBB is thusahighly
unlikely explanationfor the 180 depletionsof Group 2 grains,sincethe 1°0/'"O
ratiosof the grainsindicatethatthey formedin starsof lower mass. In fact, de-
tailed calculationshave shavn thatthe Group 2 grainshave O-isotopiccomposi-
tionswhich areinaccessibléo HBB with any reasonablenodelparameter§49).

A more plausibleexplanationfor the isotopiccompositionsof Group2 grains
is that materialat the baseof the cornvective envelopeis slowly cycled through
the hotter regions nearthe H-burning shell in low-massstars,a mixing process
that hasbeennamed“cool bottom processing’(CBP) (51). CBP hasalso been



invokedto explain low 2C/*3C ratiosin low-massred giants(37,52)andhigh Na
andAl alundancesbseredin someglobular clustergiants(53,54). Two different
parametrizedalculationsdhave addressethe effect of CBP on O-isotopicratiosin

low-massred giants(55) and AGB stars(51). Although thesemodelswerevery
differentin theirtreatmenbf deepmixing, bothgave similar resultsandwereable
to reproduceheO-isotopicratiosof Group2 oxidegrains.Essentiallyit wasfound
thatthe ernvelopeO-isotopiccompositionresultingfrom CBP dependsritically on

themaximumtemperaturseerby themixedmaterial but notontheprecisedetails
of the mixing mechanismitself. The goodagreemenbetweenthe modelpredic-
tions andthe obsenationssupportsa CBP origin for the *O depletionsn Group
2 grains,but this mustbe confirmedby full stellarevolutionarymodelsincludinga
reasonabl@hysicalprescriptiorfor deepmixing.

Group 2 grainshave, on average higher?6Al/?"Al ratiosthanGroup1 grains,
andthereis ahint of anegative correlationbetweerf®Al/2 Al and'®O/'7O for these
grainsaswell (Fig. 4). Thesefactssuggesthatthecool bottomprocessinghatde-
stroyedthe!#0 in the Group2 parentstarsoccurredduringthe AGB phasearesult
previously found by CBP models(37,51). Cool bottomprocessings expectedto
occuralongwith third dredge-ughroughouthe AGB phasgalthoughthis hasnot
beenshowvn by ary self-consistentodel),so a correlationbetween”’O and?6Al
enrichmenimight be expected. To malke this statement little morequantitatve,
the resultsof a simplemodelof the dredge-upf 2°Al in a1.2M,, solarmetallic-
ity AGB starundegoing cool bottomprocessingrepresentedn Fig. 4. The star
wasassumedo undegotenthermalpulsesn 1 Myr, duringwhichtime CBPcon-
tinuouslydecreasethe 'O/ 7O ratio from its first dredge-upvalueof ~2400to a
valueof 1600(51). Following Gallino etal. (43), we assumedhateachdredge-up
episodemixes~10-8M, of 2°Al into the ervelope,which hasan assumednass
at the first thermalpulseof 0.24M,, (44). Mass-lossvasnot takeninto account,
but the?Al in theernvelopewasallowedto decayduringthe 10°y betweerthermal
pulses. The resultingpredictedisotopictrendis shavn asthe black jaggedline
in Fig. 4. Thisline agreegoughlywith the generalGroup2 trend,but it doesnot
reach?®Al/?" Al ratiosashighasthoseobseredin mary grains.In fact,if thestaris
assumedo evolve furthersothatits '°O/'7O ratio decreasew thelowestobsened
Group2 value thepredicted?®Al /2" Al ratiolevelsoutatavalueof ~0.007 afactor
of 2 lower thanthe highestobsened value. Therearetwo waysin which higher
26 Al/27 Al ratiosmight be obtained. First, the predictedratio dependsstronglyon
themassof theervelopeinto whichthedredged-ug®Al is mixed. If ourmodelstar
hasanassumedixed mass-lossateof 2x10~"My, it losesmostof its envelope
attheendof 1 My, andwe obtaina 26 Al/2” Al ratio of 0.01.Secondthe O-isotopic
ratios of Group 2 grainsare best-aplainedby CBP at a maximumtemperature
of ~33x10°K (51) andsynthesisof 26Al is maginally possibleat this tempera-
ture (42). Thus,cool bottomprocessingnight produce* Al directly, resultingin
26 Al/27 Al ratiosin the ernvelopethatarehigherthanthoseobtainedsolely by third
dredge-up.No modelshave yet addressethe productionof 26Al by cool bottom
processingn AGB stars.A potentiallydiagnostidndicatoris the?>Mg/?*Mg ratio



of extremeGroup2 presolaxidegrains;? Al productioncomesat the expenseof
%5Mg, sothis ratio shouldbe lower if high 26Al/2”Al ratiosaredueto CBP rather
thanthird dredge-uplIn thisregard,it would be usefulto find presolaispinelgrains
with Group 2 O-isotopicsignatures.The above discussiorunderscoreshe need
for improved modelingof low-massAGB stars,in orderto betterunderstandhe
interactiondetweernCBR third dredge-upmass-losandgrainformation.
Recentmodelsraisethe alternatve possibilitythatsomeGroup?2 grainsformed
in Wolf-Rayetstars very massve (M>25M,,) starswhoseouterlayersareshedby
extrememass-losg56). As thesestarsevolve from the main sequencéo the O-
andN-rich WN phase their surfaceO-isotopicand?6Al/? Al ratiosare predicted
to evolve in a similar fashionto thoseof AGB starsundegoing cool bottompro-
cessing,andthey arethus possiblesourcesof Group 2 oxide grains. However,
mass-lossatesaremuchhigherduringthe WN phasehanduringthe stagedead-
ing up to it, and WN starsare predictedto have *O/*80 ratiosof 10°-10 (56).
OnemightthusexpectmostWolf-Rayetoxide grainsto have larger®O depletions
thanobsenedin mostof thegrains.In fact,dustformationhasonly beenobsered
in latertype C-rich Wolf-Rayetstars(57) andnotin O-rich Wolf-Rayetstars.This
obsenation andthe factthat Wolf-Rayet starsare muchrarerin the Galaxythan
starsof lower masssuggesthat AGB starsarea morelikely sourceof Group 2
grainsthanWolf-Rayetstars but clearlymuchmorework needgo bedone.

C Group4

Group4 grainshave 80 excessestelative to solag and'60O/'"O and?6Al/?7Al
ratios similar to thoseof Group 2 grains. One grain, T22, also hasexcesseof
Mg and?Mg. The *O/*"0 andinferred 26Al/27Al ratios of thesegrainsare
consistenwith anorigin in low-massAGB stars,but the origin of the excess'®O
in suchstarsis unknavn. Onepossibilityis that'#O is producedn the He-shell
by o captureon *N duringearlythermalpulses andis dredged-upto the surface
beforeit canbe convertedto 2Ne (44,58). Sofar, no modelhasself-consistently
predicteddredge-upof 180 in AGB stars. Moreover, the O-isotopiccompositions
obsenedin AGB stars(21, Fig. 1) andGroupl oxide grainsindicatethat most
AGB starsdo notdredge-uparge amountsof 180. Theexistenceof Group4 grains
suggestshatsuchdredge-upmight occurin specialcaseshowever, andindicates
the needfor detailedmodelingto seeif thisis aviable scenario Alternatively, the
180 excessesbsenredin Group4 grainsmightreflecta highinitial 180 aktundance
in the parentstars.Extrapolatingfrom the dredge-ugalculationsshavn in Figs.2
and 3, this would requirethat the grainsformedin starswith metallicitiesfrom
1.6-3%, andlow massesM~1M;). It is highly unlikely that starsof suchlow
massand high metallicity were presentto contritute dustto the presolarcloud,
makingthis scenaridessattractve thanthird dredge-upasan explanationfor the
low *O/*80 ratiosof Group4 grains.Notethatthe?>Mg excesobseredin T22is
notvery diagnosticsincesuchanexcesss expectedoothfrom n-capturereactions



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

D T54

GrainT54 has'®0/'"0=71,muchlower thanary of the othergrains,anda sub-
stantial"®O depletion(}*O/*80>2000).No known stellarsources predictedbr ob-
senedto havethis O-isotopiccomposition However, onecanimaginecomplicated
scenariosvheremass-transfefrom a binary companiormight play arole. For ex-
ample, T54 mighthave formedin a starwhich hadaccretednatterhighly-enriched
in 170 from a hot-bottomburning AGB starcompaniorandthenundegoneits own
first dredge-up However, sucha pictureis ad hocandwould certainlyneedto be
confirmedby models.

On the other hand, T54 was completelydestrgyed during the ion microprobe
analysisand the few O atomsmeasuredn this grain could simply be dueto
a blank contribution from the samplemountor a tiny neighboringSolar System
grain. If so,thetrue'®0/*®0 ratio of this grainis similarto co. This composition
is closeto thatpredictedfor extremehot-bottomburningin a 7M., AGB star(49),
althoughthe obsered O/ 70 ratio is slightly lower thanthe predictedfinal ratio
of ~110.

E Summary of Stellar Sources

The O-isotopicratiosof the presolaroxide grainsareshowvn againin Fig 5, to-
getherwith the trendsdiscussedborve for red giantsand AGB stars(dredge-up,
cool bottomprocessingand hot-bottomburning) and Wolf-Rayetstarsin the WN
phase Also shavn is theexpectedevolution of O-isotopicratiosin the Galaxy(38,
seenext section)andthe predictedcomposition®f novae(61,62)anddifferentin-
terior zonesof a 25M,, Typell supernea (63). Clearly the grainsof Groupsl-4
arebestexplainedby anorigin in redgiantsand AGB stars,althoughthe Group4
grainsrequireatypicaldredge-upof #O to occurin someAGB stars. The source
of grain T54 is uncleay but might have beenan AGB starundegoing hot-bottom-
burning. None of the grainsdiscussederehave compositiononsistentwith an
origin in novaeor superngae. In principle, grainscould condensen the O-rich
ervelopeof a Type Il superne@a, with O-isotopiccompositionsn the lower part
of the Group 1 field. However, only ~10% of the ejectedO is from the ernvelope
(63), somostsupernwa oxidesshouldform from theinner¢O-rich zones.More-
over, obsenationsindicatethatdustformationin Supernea 1987Aoccursmainly
in theinnerzoneq64). It is thereforehighly unlikely thatary of theGroup1 grains
formedin superneae(althoughsomecouldhave condensedroundredsupegiants
prior to asuperneaexplosion).
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FIGURE 5. O-isotopicratios of presolaroxi(g/grgnsand predictionsfor differentastrophysi-
cal sitesandprocessesGalacticchemicalevolution (38), dredge-ugn red giants,red supegiants
and/orAGB starg(37,58),cool bottomprocessingn low-massAGB stars(51,55),hot-bottomburn-
ing in intermediate-masAGB stars(49), Wolf-Rayet stars(56), novae (61,62) and O-rich and
C-rich shellsof a25Mg, Typell supernoa(63).

IV  GALACTIC CHEMICAL EVOLUTION AND THE AGE
OF THE GALAXY

Thusfaremphasifiasbeenmainly onthe nucleosynthetiandstellarevolution-
ary processethatarerecordedn theisotopicsignature®f presolaroxide grains.
In this section,it is shovn how the grainsalsogive informationon Galacticevo-
lution. As previously discussedtheisotopiccomposition®f Groupl and3 oxide
grainsareconsistentith redgiantand AGB starmodelsonly if they formedin a
rangeof starswith distinctmassesndinitial O-isotopiccompositions.Variations
in thechemicalcomposition®f new starsarethoughtto arisenaturallyasa conse-
guenceof thechemical(abundancepvolution of the Galaxy Addressedhereis the
guestionof whethertheinferreddistribution of O-isotopicratiosin the parentstars
of theGroupl and3 grainsis consistenwith whatis known aboutthe evolutionary
history of the Milky Way. Furthermorea nev methodfor constraininghe ageof
the Galaxyusingthe presolaroxidegraindatais briefly discussed.

As the Galaxy evolves, freshly synthesizecelementsfrom dying starsare re-
turnedto theinterstellarmediumwherethey areincorporatednto new stars.As a
result,theabundanceof the heavry elementgi.e., metallicity) increaseshroughout
thehistoryof the Galaxy andstarsformedatdifferenttimes(andGalactocentrica-



dius) have, on average differentchemicalandisotopiccompositionsBecausghe
differentisotopesof O aresynthesizedy differentprocessegheir relative alun-
dancesn theinterstellarmedium,andhencein new stars,areexpectedto change
asthe Galaxyevolves. Theisotope!®O is considered “primary” nucleosynthetic
product.sinceit canbeproducedn astarof initially pureH andHe (Z=0). Thesyn-
thesisof 7O and'®O, ontheotherhand requirespre-&isting CNO nuclei,sothese
O isotopesare“secondary’nuclei. To a goodapproximationsecondary/primary
ratiosareexpectedto increasdinearly with metallicity (60). Also, sincethe aver-
agemetallicity of the Galaxyincreasegvertime (65), initial 1"O/*0 and®0O/*¢O
ratiosshouldbe lowerin olderstarsthanin youngerones.This basicpictureof O-
isotopicevolution (normalizedo the solarO-isotopicratios)is indicatedon Fig. 5
by thearrav labeled‘Galacticevolution”” A linearrelationshipbetweerO-isotopic
ratiosandmetallicity hasbeenfoundby detailedGalacticchemicalevolution mod-
elsaswell (38,66),andwasusedto relatethe initial compositionof red giantsto
their metallicity in thedredge-upmodelsdiscussedn this paper

The first-dredge-uppredictionsshavn in Figs. 2 and 3 definean irregular grid
in O-isotopicspacefrom whichwe caninfer the massesndmetallicitiesof oxide
grain parentstars. The inferred massand metallicity distributions of the parents
of Group 1 and3 grainsareshown in Fig. 6. Thetwo Group3 grainswith solar
160/ 0 ratiosarenotincluded sincetheir compositionsrenot consistentith the
dredge-upmodelsandthey thusmight have a differentorigin thanthe restof the
grains. Therearea numberof factorswhich complicatethe interpretatiorof these
distributions. First, it hasbeenassumedhatall of the parentstarshadmassesess
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FIGURE 6. Massesandmetallicitiesof theredgiantprogenitorof Groupsl and3 presolamoxide
grains,inferredfrom thefirst-dredge-upnodelsof Figs.2 and3.



than 2.5M,, but in fact grainswith 0O/'"O<1000 could have comefrom more
massve stars(Fig. 2). The peakat Max~2M,, in Fig. 6 might suggesthat some
of the grainsdo indeedcome from starsof higher mass,if the total production
of micron-sizedstardustis a decreasingunction of stellarmass. Second grains
from high-metallicity (Z=0.02—-0.03)starsare underrepresentedhere, sincethey
have $O/*80 ratiosin the region missedby ion imagingsearches$or presolarox-
ides(seealsoref. (30)). Thesetwo difficulties have little effect on the remainder
of the discussiorsincewe aremoreinterestedn the grainsfrom low-mass,Jow-
metallicity stars. A potentiallymoredamagingproblemis the dependencef the
metallicity distribution on the assumedelationshipbetweeninitial O-isotopicra-
tiosandmetallicity usedin thedredge-upnodels;f theassumedrendis incorrect,
theinferredZ values(andfor M1.5M,, the inferredmassesjnay be systemati-
cally off. Thisis discussedurtherbelow.

It is clearfrom Fig 6 thattheprogenitorstarsof Group3 presolaloxidegrainsnot
only hadlowermasseshanthoseof Groupl grains,asdiscussedh § Il A, butalso
had,on averageJower metallicities. Thisis easilyunderstoodn termsof Galactic
chemicalevolution. In orderfor the presolaroxide grainsto have beenpresentat
thetime of SolarSystenformation,theirparentstarsmustall have endedheirlives
closeto this time, probablywithin ~10® years.Sincelow-massstarsevolve more
slowly thanhighermassstars,this meanghatthe Group3 parent§ormedearlier
thanthe Group 1 parentsandconsequenthhadlower metallicity. To explore this
relationshipbetweenmassandmetallicity in moredepth,the progenitorstarsare
plottedon an“age-metallicity”diagram(Fig. 7), andcomparedvith astronomical
obsenrationsandtheoreticalpredictions. In this plot, the inferred metallicity for
eachgrain,divided by the solarvalue,is plottedagainsthe minimumtime before
todaywhenthe parentstarformed. The latter wasobtainedby addingthe ageof
the Solar System 4.6 Gyr, to the lifetime predictedfor a starof the given mass
andmetallicity (67). Also shavn, asopensquaresarethe obsered metallicities
(Fe/H) andinferredagesof disk dwarf starsof the sameGalactocentricadiusas
the Sun (65). The y-error barsfor thesepointsindicatethe obsened spreadin
metallicity for starswithin differentagebins,indicatedby the horizontalbars.The
thick black curve is the age-metallicityrelation predictedby the detailedmodel
of Galacticchemicalevolution of Timmeset al. (38); the dot-dot-dashedurves
above andbelow theblackcurve representhetheoreticatrendscaledup anddown
respectrely, by 35%

Thereis surprisinglygoodagreemenbetweenthe inferreddistribution of grain
parentstarsandthetheoreticalage-metallicityrelation;in particular the predicted
age-metallicityrelationpassesgloseto the centerof the progenitorstarfield. Also,
the shapeof thedistribution is consistentvith therehaving beena ~ +35%trange
aroundthe averagemetallicity for parentstarsformed at differenttimesin the
Galaxy (dot-dot-dashedaurves). The overall consisteng of the Group 1 and 3
graindatawith modelsof Galacticchemicalevolution, first dredge-upandstellar
lifetimesstronglysupportghe conclusionthatthe grainsformedin red giantsand
that chemicalevolution significantly influencedthe grains’ compositions. How-
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ever, althoughthe progenitorstarsoverlapwith theobsereddisk stars theaverage
metallicity of the grain parentstarsformedat ary giventime (andthat predicted
by the model)is higherthanthe averageobsenedin currentstarsthat formedat
thesametime. Anotherdiscrepang suggestedby Fig. 7 is thattheapparentnetal-
licity spreadof +35% implied by the grain datais smallerthanthat obseredin
disk stars,but it is not clearwhetheror not this differenceis significant,giventhe
uncertaintiesn boththe modelsandobsenations.

Given that some of the presolaroxide grains originatedin low-mass, low-
metallicity red giants,their compositiongnay be usedto constrainthe ageof our
Galaxy(16). Sincestarsproducedustat the endof their lives,in orderfor a star
to have provided dustto the Solar System,the ageof the Galaxy mustbe larger
thanthe lifetime of the staraddedto that of the Sun,i.e., the valuesplotted for
grain progenitorson the abscissaf Fig. 7. Thesevaluesarethuslower limits on
the Galacticage. If the onestar plotting at ~14 Gyr thatis not within the main
distributionis excluded thedataindicatethatthe Milk y Way diskis atleast10-11
Gyr old. The excellentagreemenbf the Galacticchemicalevolution modelwith



the grain datasuggestshat the ageof the Galaxyis closeto thatassumedy the
model,15 Gyr; a detailedanalysisof the datagivesan estimateof 14.4Gyr (16).
The systematiaincertaintiesffecting this estimate due primarily to uncertainties
in chemicalevolution andstellardredge-upmodels,are potentiallylarge (several
Gyr) anddiscussedh detailin (16).

The inferred massand metallicity valuesof the progenitorsof presolaroxide
grainsdependon the assumptiorthatthe 1’0/ and'80/*6O ratiosincreasen a
linearfashionwith metallicity andthatthey have the solarvaluesin starsof solar
metallicity. This Galacticchemicalevolution trendfor O-isotopess by no means
certain,however. Someinformationon the chemicalevolution of isotopicratiosis
obtainedrom radioobsenationsof molecularcloudsthroughouthe Galaxy Such
obsenrationshave found a remarkablyuniform #O/7O ratio of 3.6 and positive
gradientsof **O/*’O and **O/**O with Galactocentricadius(68,69,66). These
datasupportthe ideasthat 1O and!®O are both secondarysotopesand have in-
creaseduniformly with metallicity, relative to primary 1°O. However, thereare
importantdiscrepanciebetweenthe elementalndisotopicalbundance®bsened
in molecularcloudsandthoseof the Solar System sothe normalizationof the as-
sumedO-isotopicevolution trendto solarvaluesmaybeinvalid. In particular the
Sunseemso have a higherrelative alundanceof O than expectedfor starsof
its ageand Galactocentricadius. Proposedxplanationsfor the “atypical” com-
positionof the Sunincludethatthe protosolarcloud from which the Sunformed
waspreferentiallyenrichedn materialfrom massve stars(70,66),andthatthe Sun
formedat a smallerGalactocentricadiusthanthat of its currentposition(71,72)
and later migratedout to its currentorbit. In arny case,the good agreemenbe-
tweenthe variousmodelsdiscussedbore and the compositionsof the presolar
oxide grainssuggestshatthe assumeavolution of O-isotopicratiosis nottoo far
removedfrom reality, atleastfor the materialthatwentinto themakingof the Solar
System.Thatis, thegrainsmightreflecta “local” Galacticchemicalevolution that
resultedin the compositionof the Sun,but which differedin detail from the aver-
agechemicalhistory of the Galaxyasawhole. Theisotopicanalysisof additional
elementsn presolaoxidegrainswould helpshedight ontheissuesliscussedhere
by providing additionalconstrainton theinfluenceof Galacticchemicalevolution
onthegraincompositionsFor example ,Hussetal. (73) have arguedthatchemical
evolution might provide a naturalexplanationfor the unusualMg andTi-isotopic
ratiosobseredin onepresolarAl,O; grain, Orgueil-B. Similarly, Galacticchem-
ical evolution hasbeeninvokedto explain the Si andTi isotopiccompositionsof
presolarSiCin meteoriteg43,74-76).

V OXIDE GRAIN PUZZLES

It is clearfrom the precedingdiscussionshatthe origins of mostpresolaroxide
grains,in particularthosebelongingto Groupsl and3, arereasonablyvell under
stoodin termsof boththeevolutionof theGalaxyandstellarevolutionaryprocesses



in red giantsand AGB stars. However, therearestill a numberof mysteriescon-
cerningpresolaroxide grains. The most pressingquestionsyet to be answered
aboutthe isotopicdataare: 1) what were the sourcesof the Group4 grainsand
grain T54? and?2) what is the physicalcauseof the extra mixing (cool bottom
processingjhatprobablyoccurredin the parentstarsof Group?2 grains?Both of
theseissuesarelikely to be resohed with improved stellarmodelingandwith the
identificationof moregrains.

Perhapghe mostimportantunansweredjuestionconcerningpresolaroxidesis
relatedto theirabundanceThemeteoriticconcentratiorf presolaroxidegrainsof
size >0.5um is muchlower thanthatof presolarSiC in the samesizerange(~10
ppb versus~5 ppm). This is in sharpcontrastto expectationshasedon whatis
known aboutdustproductionin the Galaxy With the assumptionshatall Al in
O-richredgiantscondensemto Al,O3 andall Siin C-stardnto SiC,andby taking
into accountastronomicakstimate®f the relatve dustproductionratesof C-rich
andO-richredgiantsin theGalaxy themasgatio of presolaiSiCto presolaAl ;O3
in meteoritess predictedto be 1-10(9,30), muchlower thanthe ratio obsered
in differentmeteorites.Al,O; shouldnot be preferentiallydestryed, relative to
SIC, either by processesn spaceor by the chemicaltreatmentsusedto isolate
presolamgrainsfrom meteoriteq7). In fact, SiC shouldbe morereadily destryed
thanAl,O; in the oxidizing conditionsof the interstellarmediumandearly Solar
System.

Thelow alundanceof presolaroxidesmight be explainedif presolarAl,O; has
a finer grain size distribution than presolarSiC. The size of grainscondensingn
a stellaratmospherelependdo a large extent on mass-lossates(77), which are
predictedto be higherin thelatestC-rich stagef AGB starevolution thanin the
earlierO-rich stageq78). A grainsizedistributionthatis finer for Al,O3 stardust
thanfor SiC stardusts thusplausibleon theoreticalgrounds. However, the size
distribution of dustobsened aroundO-rich red giantsand AGB starsis similar to
thatobsenedaroundC-rich AGB stars(79) andmicron-sizedgrainsareobsered
aroundboth C-rich and O-rich red giants(79,80). Alternatiely, the underalbin-
danceof presolaoxidegrainsmightindicatethatonly a smallfractionof the Al in
AGB windscondensesto Al,0O;. Most circumstellarandinterstellarO-rich dust
is in the form of silicates,not refractoryoxidessuchasAl,O; andMgAl;04, SO
amajorfractionof Al in AGB atmospheremight condensento silicates. Thisis
supportedoy the resultsof Begemannret al. (32) who found that at most25% of
theavailableAl canbein theform of Al,O; in thoseO-rich AGB starswith spec-
troscopicevidencefor thepresencef crystallineAl,O;. Presolassilicategrains,if
presentn meteoritesyould have beendestryedby thechemicatreatment®f the
meteoritestudiedthusfar.

Anothermajor puzzleis the fact that no oxide grainshave beenidentified that
appearto have condensedn Type Il supernea ejecta. Grainsof SiC, graphite,
andSisN4 grainswith isotopiccompositionsndicatinga superngaorigin have all
beenfoundin meteoriteg81-83). O-rich dustgrainsshouldform in superneae
in additionto the reducedphasessincemuchmoreO thanC is ejectedin supef



nova explosions(63,47). Estimatesasedon publishedcalculationsof supernea
yields(47) suggesthatAl,0O5 grainsfrom supernwaeshouldmake up 10—70%of
presolaioxidegrainsin meteorite€9,30). No evidencefor extremely'¢O-enriched
refractoryoxide grainslargerthan~0.1;m in meteoritedhasyet beenfound (4,9)
andsupernea-produced\l,0; is thusmarkedly underabindantin thecurrentdata
set.As in the caseof the overall paucityof presolamoxide grainsin meteoritesthe
lack of superneagrainsmightindicatethatmostAl doesnotcondenseénto Al,03
or thatsuperneaeunderproducexidegrainslargerthan~0.1um, relatveto AGB
stars.Thelatterpossibilityis supportedy the calculationsof Kozasaetal. (84) for
dustin supernea1987A.Thelack of 1°O-rich supernwaoxidesis importantfrom
the point of view of meteoriticsaswell, sincethe presencef suchgrainshasbeen
proposedor over twentyyearsto explain 1O enrichmentsn refractoryinclusions
in meteoriteg85-87). That presolargrainshighly enrichedin O have not been
found might indicatethe needto look elsavherefor an explanationfor the me-
teoritic 0O excessesfor exampleto non-mass-dependefrictionationprocesses
(88).

VI SUMMARY

Ninety-two meteoriticoxidegrains(mostlyAl,Os) have beenidentifiedaspreso-
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 grainsmostlikely formedin low- or
intermediate-masied giantsand asymptoticgiant branch(AGB) stars. Their O-
isotopicratios are well explainedby modelsof Galacticchemicalevolution and
thefirst dredge-up.Theinferredprior presencef 2°Al in mary of the grainscan
be quantitatvely explainedby third dredge-ugn AGB stars. The grainswithout
evidencefor 26Al musthave formedbeforethethermallypulsingAGB phase The
composition®f Group3 grainsindicatethatthe Galaxyis 14—15billion yearsold,
but this estimatehas potentital systematicerrorsof several Gyr. Large 20 de-
pletionsin Group 2 grainsindicatethatthey probablyformedin low-massAGB
starsundegoing cool bottom processing.The high inferredinitial 26Al/27Al ra-
tios of Group2 grainssuggesthatcool bottomprocessingansynthesizé®Al in
AGB envelopesa possibilitynotyetaddressedy models.An alternatve, but less
likely, possiblesourceof Group 2 grainsis in Wolf-Rayetstarsprior to the WN
phaseof evolution. Group4 grainsareenrichedn 180, suggestinghatsomeAGB
starsdredgeup this isotopein early thermalpulses. Alternatively, thesegrains
might have formedin low-massAGB starsof unusuallyhigh metallicity. Grain
T54is extremelyenrichedn 7O anddepletedn '80. Its compositiormightreflect
hot-bottomburning in anintermediatenassAGB star Presolaroxide grainsare
underalbindantin meteoritesrelative to presolarSiC grains,by oneto threeorders
of magnitude Explanationsncludethe possibilitythatmostAl in AGB starscon-
densesgnto silicatesandnotinto Al,O5; andthatpresolaroxidegrainsin meteorites



have afiner grain sizedistribution than presolarSiC grains. Although both theo-
reticalmodelsand*®O enrichment$n meteoritesuggesthata significantfraction
of presolamoxide grainsshouldhave formedin Typell supern@ae,no grainswith
extreme'®0 enrichmentsndicatingsuchanorigin have beenfound.

Although presolaroxide grainsin meteoritesare someavhatdifficult to identify,
they clearlyprovide importantastrophysicainformationandarethusworththe ef-
fort requiredto locatethem. As hashappenedvith the detailedcharacterization
of large numbersof presolarSiC andgraphitegrains,we shouldexpectmary nev
surprisesandinsightsasmoreandmorepresolaroxide grainsareidentifiedin me-
teorites.Improvementsn astrophysicamnodelsandastronomicabbsenationswill
no doubtaidin theresolutionof someof the outstandingproblemsassociatedvith
thecurrentpresolaroxidegraindatasetaswell.
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