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The '°0/'70 and '°0/'®0 ratios of refractory oxide grains extractedfrom primitive meteorites
suggestthat they originatedin low-massred giant starsprior to the formation of the Solar System
4.6 X 10° yearsago. Detailedcomparisonof the isotopic compositionsof the grainswith modelsof
stellar evolution and galactic chemicalevolution imply that the age of the Galaxyis 14.4 Gyr with
a statisticalerror of =1.3 Gyr. Systematicuncertaintiesare of order severalGyr, however,and are
primarily dueto inadequacieén presentheoreticalimodeling. [S0031-9007(96)02080-7]

PACS numbers:98.35.Bd,26.45.+h,96.50.Mt, 98.80.Es

The first generationof starsin our galaxy consisted
mostly of H andHe from the big bang. Heavierelements
weresubsequentlgynthesizedn starsby nuclearburning
processes.We denotethe time that haselapsedrom the
time of the formation of the first starsto the presentas
the ageof the Galaxy,Tg. This agehaspreviouslybeen
estimatedby comparingHertzprung-Russelliagramsof
metal-poor globular clusters with theoretical isochrons
[1]. Apart from its inherentinterest,a knowledgeof T
providesa lower boundon the age of the Universe,Ty.
This agein turn, in conjunctionwith the Hubble constant,
H,, yields an estimateof the meanmassdensity of the
Universe. In this Letterwe reporta newway of estimating
the age of the Galaxy, from studiesof the O-isotopic
compositionof starduspreservedn primitive meteorites.

Most of the gas and dust that made up the protoso-
lar cloud from which the Sun andthe planetscondensed
was thoroughlymixed and homogenized. Consequently,
the isotopic ratios of the elementsmeasuredn material
from widely varying sourcessuchasthe earth,moon,so-
lar wind, andevenbulk samplesf meteoritesareclosely
similar. In remarkablecontrastare tiny grainswith iso-
topic compositiondifferent by ordersof magnitudefrom
the averagecompositionof the Solar System which have
been extractedfrom primitive meteorites[2,3]. These
grainsof SiC, graphite,Si;Ny4, Al,O3, and MgAl,O, are
believedto be pristine presolarmaterial which survived
the formation of the solar systemessentiallyunchanged.
Theyformedin stellaroutflowsor in supernovajectaand
retain the isotopic compositionsof their stellar sources.
As a result, they provide new informationon stellarevo-
lution, nucleosynthesigndmixing in stars,aswell asthe
chemical(elementabbundancegvolutionof the Galaxy.

Stardusts isolatedfrom bulk meteoriteshy a complex
seriesof chemicaland physical treatmentswhich result
in residueshighly enrichedin chemicallyresistaniphases
[4]. Althoughmoststudiesof presolamgrainshavefocused
on C-rich phasesn theseresiduesye areconcernechere
with thecompositionandsource®f presolaoxidegrains.
Theseare considerablymoredifficult to identify thancar-
bonaceoustardustueto thepresencef largenumberof
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isotopicallynormaloxide grainswhich formedin theearly
(mostly oxidizing) Solar System. Neverthelesswe have
locatedeighty-severpresolarxidegrains(out of ~30 000
measuredyrains), primarily corundum(Al,QO;), in mete-
oritic separate$5—8]. Most of thesewere identified by
meanf alow-precisionisotopic-ratioion imagemapping
technique,developedfor the WashingtonUniversity ion
microprobe[5]. The highly anomaloussotopic compo-
sitions of the grainswere confirmedby high-precisionO-
isotopic measurementand clearly distinguishthem from
grains of solar systemorigin. Five additional presolar
Al,0; grains have beenidentified by other researchers
[9-11]. Besidesbeinghighly anomalousn O, many of
the 92 presolaroxide grains have large Mg enrich-
mentsattributableto the radioactivedecayof 2°Al (¢, =
7.3 X 10° yr) presenwhenthe grainsformed[5-7,9,10].
The °0/70 and '90/'30 ratios for the 92 presolar
oxide grains are plotted in Fig. 1 and divided into four
groups following Nittler et al. [5,6]. Also shown are
the isotopic ratios measuredspectroscopicallyn several
types of red giant stars [12—-17]; the large error bars
(typically ~50%) of theseobservationsare left off for

FIG. 1. O-isotopic ratios observedin 92 meteoritic Al O
grains [5—-11] and the atmosphere®f O-rich ( ) and C-rich
() redgiantstars[12—17]. Dashedinesindicatesolarvalues
in this andthe subsequentigure.
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clarity. As previouslydiscussedb5], the similarity of the
stellar observationdo the group 1 oxide grains strongly
suggestghat thesegrainsformedin red giant stars. The
O-isotopic compositionsand possible origins of grains
from groups?2 and 4 are discussecelsewhereg6,18,19].
It is the group 3 grains that provide information about
the age of the Galaxy, and althoughthey do not have
identified stellar counterpartswe show below that their
O-isotopicratiosareconsistentvith anorigin in low-mass
redgiantsaswell.

The surfaceO-isotopic compositionsof red giantsare
believedto be establishedy the “first dredge-up,’when
deep convection following core H burning mixes the
productsof main-sequencaucleosynthesigith the outer
layers of the star [20,21]. Partial H burning by the
CNO cyclesproducesa layer highly enrichedin O and
depletedn O deepwithin thestar. Consequentlyhefirst
dredge-ugs expectedo significantlyincreasehe surface

O abundancélower O O) anddecreasslightly the

abundancehigher ), asis observedin red
giants (Fig. 1). Detailed calculationshave shown that
the resultant ratio following first dredge-upis
a strong function of stellar mass [20-22]. For low-
massstars( ), thisdependenceesultsprimarily
from the increaseddepthof dredge-upwith stellarmass,

mixing more to the surface. For higher-massstars
( ), the ratio is controlled by the
destructionof in the nuclearreactions

and , which operatemore efficiently at the

highertemperaturesbtainedin thesestars. The
ratio,howeveryariedlittle with stellarmassandvariations
in this ratio of greaterthan 20%-50% are most likely
explainedby variationsin the initial compositionsof the
stars[21], resulting from the chemical evolution of the
Galaxy. The isotope is producedby He-, C-, and
Ne-burningreactionsand canbe synthesizedn starsthat
initially consistonly of H andHe. TherarerO isotopes,
and , are producedby proton captureson

and captureson , respectively,and thus can only
be synthesizedn starswhich start out with some CNO
nuclei. As aresult,the abundancesf and in the
Galaxyareexpectedo increaseawith time, andstarsof low
metallicity shouldhavehighinitial and
ratios[23].

Displayedin Fig. 2 arethe O-isotopicratios of groups
1 and 3 Al O grains,and superimposeare theoretical
predictions for first dredge-upin low-massred giants
[22]. Each open circle representsa different star of
a given mass| - ] and metallicity (

— ); solid curvesconnectthe predictionsfor a
given metallicity and dotted lines indicate intermediate
values determined by bilinear interpolation. Clearly,
most group 1 and group 3 grains have O-isotopicratios
consistentwith an origin in red giants, provided they
formed in severaldistinct starswith distinct massesand
initial compositions. In particular, group 3 grains must
have formedin very low-massstars( ) with
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FIG. 2. Comparisonof oxide grain data for groups 1 and
3 (seeFig. 1 for symbol definitions) with predictionsof O-
isotopic ratios following first dredge-upin red giant stars of
initial mass - and metallicity - [22].
For the sakeof clarity, error barson grain measurementare
not shown. Each open circle correspondgo predictionsfor
a distinct star. The dotted lines indicate interpolatedvalues
for massesand metallicities intermediateto those calculated.
Oxide grains belonging to groups 1 and 3 have isotopic
compositionsconsistentwith these predictions, provided that
they comefrom severaldifferent starswith distinct massesand
initial compositions.

initial and ratios higher than the solar
values. Becauselow-massstars live longer than stars
of higher mass,the high initial ratios of group 3 grains
indicatethat the parentstarsof thesegrainsformedat an
early time in the Galaxy whenthe average  and
abundancewerelower thanthosein the Sun.

Given that group 3 grains originatedin low-massred
giants which endedtheir life before the formation of
the Sun, we may use their compositionsand predicted
stellar lifetimes to determinethe age of the Galaxy,
The massesandmetallicitiesinferredfrom first dredge-up
modelsfor the parentstarsof group 3 grainsare given
in columns4 and5 of Tablel; the statederrorsare the
rangesllowedbythe uncertaintie®f theisotopic-ratio
measurementsWe do notincludethe two group3 grains
with solar ratiossincethesehavelargeerrorbars
andtheir O-isotopiccompositionsare not consistentwvith
thefirst dredge-ugalculationsjndicatingtheymighthave
adifferentorigin. Column6 showsthe predictedifetimes
for theprogenitorstars, , takenfrom the metallicity-and
mass-dependestellar-lifetimeexpressiorof Mathewset
al. [24]. We shouldnow addthe ageof the solarsystem,
4.6 Gyr [25], to the agesof the red giantsthat are listed
in column 6 to obtain lower boundsto the age of the
Galaxy, , aslistedin column?. To calculate , we
mustestimatethe meantime, , thathasto elapsefrom
the birth of the Galaxyto build up the metallicity to the
levelsestimatedor the progenitorstars. Observationof
elementalabundance field disk dwarf starsshow that
even though the averagemetallicity of the Galaxy has
increasedthroughoutthe history of the disk, thereis a
very wide dispersiornof the actualmetallicitiesaroundthe
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TABLE |
isotopicratiosare given with

Inferredmassesietallicities( ), andlifetimes( ) for progenitorred giant starsof selectedpresolaroxide grains. O-
in the denominator(in contrastto the figures)sincein the reversecasethe errorsare asymmetric

andnonlinear. Seethe text for the definitionsof and
Grain 180 160 170 %0 Mass

M (Gyr) (Gyr) (Gyr)
Solar 20.05 3.83 1.00 0.02
T67 6.54 0.53 277 0.28 1.32 0.03 0.0100 0.0004 8.4 12.3
T66 11.8 0.9 4,15 0.44 1.36 0.03 0.0153 0.0006 8.6 12.5
T62 119 1.1 3.85 0.52 1.32 0.05 0.0152 0.0007 8.9 12.8
T64 9.95 0.80 3.10 0.36 1.28 0.04 0.0133 0.0005 9.3 13.2
T5 10.2 0.3 3.15 0.10 1.28 0.01 0.0136 0.0002 9.3 13.2
T51 13.7 25 395 0.78 1.28 0.09 0.0167 0.0015 9.6 13.5
T80 143 0.2 3.95 0.10 1.27 0.01 0.0173 0.0001 10.0 13.9
T31 148 15 4,06 0.44 1.28 0.05 0.0177 0.0009 10.0 13.9
T15 129 0.7 3.23 0.23 1.21 0.03 0.0157 0.0004 10.8 14.7
T21 13.2 0.6 3.28 0.17 1.21 0.03 0.0160 0.0004 10.9 14.8
T74 13.6 0.2 3.32 0.08 1.21 0.01 0.0163 0.0001 11.0 14.9
T45 115 0.6 277 0.17 1.18 0.04 0.0144 0.0003 11.2 15.1
T23 147 0.6 3.20 0.15 1.10 0.05 0.0169 0.0003 13.8 17.7

averageat any given time and at each galactocentric
radius[26]. Becausef this, we do notestimatea separate
for everygrain,butinsteadusethe averagemetallicity
implied by the grains (0.0153; column 5) and use the
galacticchemicalevolution model of Timmeset al. [27]
to estimate Gyr. Addingthisvalueof tothe
valuesof givesour estimateof |, listed in column
8. Finally, to reducethe effectof the variousuncertainties
we takea weightedaverageof the eight highestvaluesof

, correspondingo the eightgrainswith ratios
higherthanthe solarratio, andobtain(in Gyr):

statistical systematicerrors (1)
This estimateagreesemarkablywell with agespreviously
obtainedfrom studiesof globularclusters[1] andthe age
estimatedfrom observedTh abundancesn metal-poor
stars[28]. The statisticalerrorin Eq. (1) is the standard
deviationof the eightestimates. Systematicerrorsareon
the orderof severalGyr andarediscussedelow.

(1) Uncertaintiesn thenucleosynthesiandfirst dredge-
up modelsof red giants: Substantialariationsexist be-
tween published predictionsfor the dependenceof the
first dredge-up ratio on stellarmassfor low-mass
( ) starg20], probablydueprimarily to differencesn
thetreatmenbf convection. Smalldifferencesn thetreat-
mentof convectioncanleadto the same ratiosin
starsof significantlydifferentmassandthussystematidif-
ferencesn inferredstellarages. Unfortunately thedepen-
denceof on stellarmassis not well constrained
by observationsgdueto largeuncertaintiesn stellarmass
andisotopic-ratiodeterminations.In any case the uncer-
tainty in themasse®f the progenitorstarsof group3 oxide
grainsare probablymore uncertainthan suggestedby the
statisticalerrorsreportedin Tablel. A systematicuncer-
tainty of would leadto anuncertaintyof Gyrin
our galacticageestimate.

Additional systematiauncertaintiesnay arisefrom the
intrinsic imcompletenesof stellar modeling. For ex-

ample,discrepanciebetweerobservationgandtheoretical
predictionsof ratiosin low-massred giant stars
haveled severalresearchert suggesthatextra,noncon-
vectivemixing occursin thesestarg[19,29,30]. Theeffect
of suchextramixing on O-isotopesvould beto reducethe

ratio andto increasethe ratio, andthis
proceshasbeenproposedsthesourceof large  deple-
tionsin group2 presolamoxidegrains[19]. If extramixing
occurringin the parentstarsof the group 3 grainshad,in
fact, alteredthe surfaceO-isotopicratios, the first-dredge-
up compositionsof thesestarswould have beenfurther
up andto theleft in Fig. 2, i.e., towardlower massesand
highermetallicities. This would increaseour estimateof
the ageof the Galaxy.

(2) Uncertaintiesin the galactic evolution of the O
isotopes: The first-dredge-upcalculationsusedhere as-
sumedthat the initial and ratios in-
creasdinearly with metallicity [22]. Radio observations
of O isotopesin molecularcloudsthroughoutthe Galaxy
suggestthat and do indeedvary in step with
one another{31], but the dependencef that variationon
metallicity is poorly known. If and in-
creasamoreslowly with  thanassumedhere theinferred
metallicities of grain progenitorswill be lower. Since
stellarlifetimes decreaseavith decreasingnetallicity, this
would resultin a systematicallysmaller estimatefor the
ageof the Galaxy. A plausiblelower limit on the metal-
licity of starsthat contributeddustto the Solar Systemis
given by the lowestvalue observedn disk starswith the
samegalactocentricradius as the Sun, [26].
Assumingthat the grainsoriginatedin starsof the same
massesas listed in Tablel, but with , reduces
the inferred values of by Gyr, and, since is
smallerfor lower metallicity, would reduceour estimate
of by Gyr.

(3) Uncertaintyin  , the time for the galacticmetal-
licity to build up to the levels required by the grains:
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This valueis uncertairbothbecausef uncertaintiesn the
galactic chemicalevolution modelsfrom which it is de-
rived andbecausef thevariationswith respecto themean
of stellarmetallicity atagiventime andplacein theGalaxy
[26]. Basedontheobservedspreadof galacticmetallicity
asafunctionof age ,we estimateanuncertaintyof

Gyrin , butsystemati@rrorsdueto uncertaintiesn the
chemicalevolutionmodelsmaywell be larger.

(4) Uncertaintiesn the stellarlifetime calculation: The
stellarlifetimes usedherewere basedon an analyticalfit
to full calculationsof stellarevolutionfrom the beginning
of coreH burningto thetip of theredgiantbranch(RGB)
[24], i.e., following thefirst dredge-uput beforecoreHe
burning. Very low-massstarsareexpectedo losemostof
their masson the upperRGB [22,32], sothesetime scales
are plausiblefor the time betweenstellar formation and
the ejectionof grains. This is further supportedby the
calculationsof BoothroydandSackmanr22] of thetimes
at which mostmasslossoccursin red giants;their results
for starsof mass - are within 0.6 Gyr of the
lifetimesusedin our estimateof theageof the Galaxy.

(5) The assumedred giant origin of group 3 oxide
grains: Thegalacticageestimatesn this Letterrestonthe
assumptiorthatgroup 3 grainsformedin low-mass,Jow-
metallicity red giants. Other potentialsourcesof O-rich
stardust—red supergiantssupernovaeWolf-Rayet stars,
and novae—are much less likely to have producedthe
group 3 grains. Of thesepossiblesources,only grains
condensingn O-rich shellsof Typell supernovashould
be rich in , comparedto and , like group 3
grains. However, the predicted and
ratios for these supernovashells are much higher than
thoseobservedn the grains[33]. Redsupergiantsyolf-
Rayetstars,and novaeare all expectedo have and/
or enrichmentsrelativeto andthe Sun[34-36],
and are thus unlikely to have beensourcesof group 3
grains. We concludethat the mostlikely origin of these
grainsis indeedin low-massred giant starsand their O-
isotopic compositionscan be usedto constrainthe ageof
the Galaxy.

It is our hopethat the new methodfor estimatingthe
age of the Galaxy presentedn this Letter will lead to
improved modelsof stellar nucleosynthesisnixing, and
galactic chemical evolution. Better theoretical calcula-
tions, aswell asisotopic-ratiomeasurementsn a much
larger number of presolar oxide grains and improved
isotopic-ratiomeasurementsf starswould helpin reduc-
ing the uncertaintiesn theseagedeterminations.

The ideathat presolargrainsmay be usedto constrain
galactic age was first discussedby R. Cowsik and
T. Bernatowicz. It is a pleasureto acknowledgethe
close participationof R.M. Walker in all the stagesof
this work. We alsothank C. Alexander,A. Boothroyd,
R. Gallino, and E. Zinner for scientific discussionsand
A. Boothroyd and F. Timmes for providing calculation
resultsin computer-readablrm.
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