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The ��� O����� O and ��� O������� O� ratios of refractory oxide grains extractedfrom primitive meteorites
suggest� that they originated in low-massred giant starsprior to the formation of the Solar System�! "$#&%('*)

yearsago. Detailedcomparisonof the isotopic compositionsof the grainswith modelsof
stellar� evolution and galactic chemicalevolution imply that the age of the Galaxy is 14.4 Gyr with
a+ statisticalerror of ,.-(/�0 Gyr.

1
Systematicuncertaintiesare of order severalGyr, however,and are

primarily2 dueto inadequaciesin presenttheoreticalmodeling. [S0031-9007(96)02080-7]

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

The first generationof stars in our galaxy consisted
mostlyof H andHe from thebig bang. Heavierelements
were3 subsequentlysynthesizedin starsby nuclearburning
processes.4 We denotethe time that haselapsedfrom the
time
5

of the formation of the first starsto the presentas
the
5

ageof the Galaxy, 687 . This agehaspreviouslybeen
estimated9 by comparingHertzprung-Russelldiagramsof
metal-poor globular clusters with theoretical isochrons
[1]. Apart from its inherentinterest,a knowledgeof :8;
provides4 a lower boundon the ageof the Universe, <>= .
This
?

agein turn, in conjunctionwith theHubbleconstant,
H
@BA

, yields an estimateof the meanmassdensityof the
Universe.
C

In thisLetterwereportanewwayof estimating
the
5

age of the Galaxy, from studiesof the O-isotopic
compositionsD of stardustpreservedin primitive meteorites.

Most of the gas and dust that madeup the protoso-
lar cloud from which the Sun and the planetscondensed
was3 thoroughlymixed andhomogenized.Consequently,
the
5

isotopic ratios of the elementsmeasuredin material
from widely varyingsources,suchastheearth,moon,so-
lar wind, andevenbulk samplesof meteorites,areclosely
similar. In remarkablecontrastare tiny grainswith iso-
topic
5

compositionsdifferentby ordersof magnitudefrom
the
5

averagecompositionof theSolarSystem,which have
been
E

extractedfrom primitive meteorites[2,3]. These
grainsF of SiC, graphite,SiG NHJI , Al K OLNM , andMgAl O OLJP areQ
believed
E

to be pristine presolarmaterialwhich survived
the
5

formation of the solar systemessentiallyunchanged.
Theyformedin stellaroutflowsor in supernovaejectaand
retain the isotopic compositionsof their stellar sources.
As a result, they providenew informationon stellarevo-
lution, nucleosynthesis,andmixing in stars,aswell asthe
chemicalD (elementalabundance)evolutionof theGalaxy.

Stardust
R

is isolatedfrom bulk meteoritesby a complex
seriesof chemicaland physical treatmentswhich result
in
S

residueshighly enrichedin chemicallyresistantphases
[4]. Althoughmoststudiesof presolargrainshavefocused
onT C-rich phasesin theseresidues,we areconcernedhere
with3 thecompositionsandsourcesof presolaroxidegrains.
These
?

areconsiderablymoredifficult to identify thancar-
bonaceous
E

stardustdueto thepresenceof largenumbersof

isotopicallynormaloxidegrainswhich formedin theearly
(mostly
�

oxidizing) SolarSystem. Nevertheless,we have
locatedeighty-sevenpresolaroxidegrains(outof UWVYXZX[XYX
measuredgrains),primarily corundum(Al \ OLN] ), in mete-
oriticT separates[5–8]. Most of thesewere identifiedby
meansof a low-precisionisotopic-ratioion imagemapping
technique,
5

developedfor the WashingtonUniversity ion
microprobe[5]. The highly anomalousisotopic compo-
sitionsof thegrainswereconfirmedby high-precisionO-
isotopic
S

measurementsandclearly distinguishthemfrom
grainsF of solar systemorigin. Five additional presolar
Al
^`_

O
LNa

grainsF have been identified by other researchers
[9–11]. Besidesbeinghighly anomalousin O, manyof
the
5

92 presolaroxide grains have large bdc Mg
e

enrich-
mentsattributableto theradioactivedecayof fdg Al ( hjilknmpoqsr tvuxw*y{z

yr)| presentwhenthegrainsformed[5–7,9,10].
The }�~ OL��{��� OL and ��� OL.����� OL ratios for the 92 presolar

oxideT grains are plotted in Fig. 1 and divided into four
groupsF following Nittler et� al. [5,6]. Also shown are
the
5

isotopic ratios measuredspectroscopicallyin several
types
5

of red giant stars [12–17]; the large error bars
(typically
� �W�Y�s�

)


of theseobservationsare left off for

FIG. 1. O-isotopic ratios observedin 92 meteoritic Al � O�
grains [5–11] and the atmospheresof O-rich ( � )

�
and C-rich

( � )
�

red giant stars[12–17]. Dashedlines indicatesolarvalues
in this andthe subsequentfigure.
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clarity.D As previouslydiscussed[5], the similarity of the
stellar observationsto the group 1 oxide grainsstrongly
suggeststhat thesegrainsformed in red giant stars. The
O-isotopic
L

compositionsand possibleorigins of grains
from
�

groups2 and 4 are discussedelsewhere[6,18,19].
It
�

is the group 3 grains that provide information about
the
5

age of the Galaxy, and although they do not have
identified stellar counterparts,we show below that their
O-isotopic
L

ratiosareconsistentwith anorigin in low-mass
redgiantsaswell.

The surfaceO-isotopiccompositionsof red giantsare
believed
E

to be establishedby the “first dredge-up,”when
deep
�

convection following core H burning mixes the
products4 of main-sequencenucleosynthesiswith theouter
layers of the star [20,21]. Partial H burning by the
CNO
�

cyclesproducesa layer highly enrichedin �¡  OL and
depleted
�

in ¢�£ OL deepwithin thestar. Consequentlythefirst
dredge-up
�

is expectedto significantlyincreasethesurface¤�¥
O
L

abundance(lower ¦�§ OL$¨{©�ª O)
L

anddecreaseslightly the«�¬�
abundanceQ (higher ®�¯�°²±�³�´�µ ),


as is observedin red

giantsF (Fig. 1). Detailed calculationshave shown that
the
5

resultant ¶�·�¸²¹{º�»!¼ ratio following first dredge-upis
aQ strong function of stellar mass [20–22]. For low-
massstars(½¿¾ÁÀÃÂ ÄYÅÇÆ ),


thisdependenceresultsprimarily

from the increaseddepthof dredge-upwith stellar mass,
mixing more È�ÉdÊ to

5
the surface. For higher-massstars

(
�ÌËÎÍÐÏsÑ ÒYÓÕÔ

),


the Ö�×�Ø²Ù�Ú�ÛÝÜ ratio is controlled by the
destruction
�

of Þ¡ßdà in the nuclearreactionsá�âÝã²äæåèçêéìëîí�ï!ð
andQ ñ¡òdó²ôöõø÷úùüûîý�þ�ÿ , which operatemore efficiently at the
higher
�

temperaturesobtainedin thesestars. The
�������	��
��

ratio, however,varieslittle with stellarmass,andvariations
in
S

this ratio of greaterthan 20%–50% are most likely
explained9 by variationsin the initial compositionsof the
stars [21], resulting from the chemicalevolution of the
Galaxy.
�

The isotope ����� is producedby He-, C-, and
Ne-burning
H

reactionsandcanbe synthesizedin starsthat
initially consistonly of H andHe. The rarerO isotopes,�����

andQ ����� , are producedby proton captureson �����
andQ � capturesD on �! �" , respectively,and thus can only
be
E

synthesizedin starswhich start out with someCNO
nuclei. As a result,theabundancesof #�$�% andQ &�'�( in the
Galaxy
�

areexpectedto increasewith time,andstarsof low
metallicity) shouldhavehigh initial *�+�,.-0/!1�2 andQ 3�4�5�6	7�8�9
ratios [23].

Displayed
:

in Fig. 2 arethe O-isotopicratiosof groups
1 and 3 Al ; OL=< grains,F and superimposedare theoretical
predictions4 for first dredge-upin low-mass red giants
[22]. Each open circle representsa different star of
aQ given mass[ >@?BADCFEHGJI KMLONQP ]

R
and metallicity (SUTVFW VFX�Y ZF[ ZM\

);


solid curvesconnectthe predictionsfor a
givenF metallicity and dotted lines indicate intermediate
values] determined by bilinear interpolation. Clearly,
most group 1 and group 3 grainshaveO-isotopic ratios
consistentD with an origin in red giants, provided they
formed in severaldistinct starswith distinct massesand
initial
S

compositions. In particular,group 3 grains must
have
�

formed in very low-massstars(̂`_badc eMfQg )


with

FIG. 2. Comparisonof oxide grain data for groups 1 and
3 (see Fig. 1 for symbol definitions) with predictionsof O-
isotopic ratios following first dredge-upin red giant stars of
initial masshjilknmlo pJqOrts andmetallicity uwvyx{z x}|�~ �l�n�l� [22].
For the sakeof clarity, error bars on grain measurementsare
not shown. Each open circle correspondsto 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 thesepredictions,provided that
they comefrom severaldifferent starswith distinct massesand
initial compositions.

initial �����.�0����� andQ �����.�0����� ratios higher than the solar
values.] Becauselow-massstars live longer than stars
ofT higher mass,the high initial ratios of group 3 grains
indicate
S

that the parentstarsof thesegrainsformedat an
early9 time in the Galaxy when the average�!��� andQ �����
abundancesQ werelower thanthosein theSun.

Given
�

that group 3 grainsoriginatedin low-massred
giantsF which ended their life before the formation of
the
5

Sun, we may use their compositionsand predicted
stellar lifetimes to determinethe ageof the Galaxy, ��� .
Themassesandmetallicitiesinferredfrom first dredge-up
modelsfor the parentstarsof group 3 grains are given
in columns4 and 5 of TableI; the statederrorsare the
rangesallowedby the �	� uncertainties� of theisotopic-ratio
measurements.We do not includethetwo group3 grains
with3 solar �������	 �¡�¢ ratiossincethesehavelargeerrorbars
andQ their O-isotopiccompositionsarenot consistentwith
the
5

first dredge-upcalculations,indicatingtheymighthave
aQ differentorigin. Column6 showsthepredictedlifetimes
for
�

theprogenitorstars,£}¤ , takenfrom themetallicity-and
mass-dependent) stellar-lifetimeexpressionof Mathewset�
al.¥ [24]. We shouldnow addtheageof thesolarsystem,
4.6 Gyr [25], to the agesof the red giantsthat are listed
in column 6 to obtain lower boundsto the age of the
Galaxy,
� ¦¨§

, as listed in column 7. To calculate ©�ª , we
mustestimatethe meantime, «0¬ , that hasto elapsefrom
the
5

birth of the Galaxy to build up the metallicity to the
levelsestimatedfor theprogenitorstars. Observationsof
elemental9 abundancesin field disk dwarf starsshow that
even9 though the averagemetallicity of the Galaxy has
increased
S

throughoutthe history of the disk, there is a
very] wide dispersionof theactualmetallicitiesaroundthe

176



V
�

OLUME 78,
�

NUMBER 2 PH Y S I CA L RE V I E W L E T T ER S 13 JANUARY 1997

TABLE I. Inferredmasses,metallicities(  ), andlifetimes(®}¯ ) for progenitorredgiantstarsof selectedpresolaroxidegrains. O-
isotopic
°

ratiosaregiven with ±³²µ´ in
°

the denominator(in contrastto the figures)sincein the reversecasethe errorsareasymmetric
and+ nonlinear. Seethe text for the definitionsof ¶F· and+ ¸M¹ .

Grain
1 18Oº 16O 17O» 16O

�
Mass
¼ ½ ¾À¿ ÁFÂ ÃMÄÅÇÆÉÈ�ÊJË�Ì ÍÏÎÉÐ�ÑJÒ�Ó Ô
M Õ{Ö (Gyr)

×
(Gyr) (Gyr)

Solar
Ø

20.05 3.83 1.00 0.02
T67
Ù

6.54 Ú 0.53
Û

2.77 Ü 0.28 1.32 Ý 0.03 0.0100 Þ 0.0004 ßlànádâ�ãÏä åæ�çÏè é 8.4
ê

12.3
T66
Ù

11.8 ë 0.9 4.15 ì 0.44 1.36 í 0.03 0.0153 î 0.0006
Û ïlðnñdò�óÇô õö�÷Ïø ù 8.6

ê
12.5

T62
Ù

11.9 ú 1.1 3.85 û 0.52 1.32 ü 0.05 0.0152 ý 0.0007
Û þlÿ�������� �	�
��  8.9

ê
12.8

T64
Ù

9.95 � 0.80 3.10 � 0.36 1.28 � 0.04 0.0133 � 0.0005
Û ����������� ������ � 9.3

�
13.2

T5
Ù

10.2 � 0.3 3.15  0.10 1.28 ! 0.01 0.0136 " 0.0002
Û #�$�%�&�'�( )*�+�, - 9.3

�
13.2

T51
Ù

13.7 . 2.5 3.95 / 0.78 1.28 0 0.09 0.0167 1 0.0015
Û 2�3�4�5�6�7 89�:�; < 9.6

�
13.5

T80
Ù

14.3 = 0.2 3.95 > 0.10 1.27 ? 0.01 0.0173 @ 0.0001
Û A�B�C�D�E�F GH�I�J K 10.0 13.9

T31
Ù

14.8 L 1.5 4.06 M 0.44 1.28 N 0.05 0.0177 O 0.0009
Û P�Q�R�S�TVU WX�Y�Z [ 10.0 13.9

T15
Ù

12.9 \ 0.7 3.23 ] 0.23 1.21 ^ 0.03 0.0157 _ 0.0004
Û `�a�b�c�d�e fg�h�i j 10.8 14.7

T21
Ù

13.2 k 0.6 3.28 l 0.17 1.21 m 0.03 0.0160 n 0.0004
Û o�p�q�r�s�t uv�w�x y 10.9 14.8

T74
Ù

13.6 z 0.2 3.32 { 0.08 1.21 | 0.01 0.0163 } 0.0001
Û ~���������� ������ � 11.0 14.9

T45
Ù

11.5 � 0.6 2.77 � 0.17 1.18 � 0.04 0.0144 � 0.0003
Û ���������V�������� � 11.2 15.1

T23
Ù

14.7 � 0.6 3.20 � 0.15 1.10 � 0.05 0.0169 � 0.0003
Û ������������ ¡�¢�£ ¤ 13.8 17.7

averageQ at any given time and at each galactocentric
radius[26]. Becauseof this,wedonotestimateaseparate¥§¦

for everygrain,but insteadusetheaveragemetallicity
implied by the grains (0.0153; column 5) and use the
galacticF chemicalevolution model of Timmeset� al. [27]
to
5

estimatë§©«ª¬¯® ° Gyr.
�

Adding thisvalueof ±§² to
5

the
values] of ³µ´ givesF our estimatesof ¶§· , listed in column
8. Finally, to reducetheeffectof thevariousuncertainties
we3 takea weightedaverageof the eighthighestvaluesof¸º¹

, correspondingto theeightgrainswith »½¼¿¾ÁÀÃÂÅÄ�Æ ratios
higher
�

thanthesolarratio, andobtain(in Gyr):Ç§ÈÊÉÌËÎÍÐÏ ÍÒÑÔÓÖÕ ×ÙØ
statisticalÚÜÛ«Ý systematicerrorsÞÎß (1)

�
This estimateagreesremarkablywell with agespreviously
obtainedT from studiesof globularclusters[1] andthe age
estimated9 from observedTh abundancesin metal-poor
stars[28]. The statisticalerror in Eq. (1) is the standard
deviation
�

of theeightestimates.Systematicerrorsareon
the
5

orderof severalGyr andarediscussedbelow.
(1)
�

Uncertaintiesin thenucleosynthesisandfirst dredge-
up� modelsof red giants: Substantialvariationsexist be-
tween
5

publishedpredictionsfor the dependenceof the
first
à

dredge-upá¿â½ãÁä§åçæ�è ratio onstellarmassfor low-mass
(
�êéìëÖíÙî

)

stars[20], probablydueprimarily todifferencesin

the
5

treatmentof convection.Smalldifferencesin thetreat-
ment) of convectioncanleadto thesameï½ð½ñÁò§óçô�õ ratios in
starsof significantlydifferentmassandthussystematicdif-
ferencesin inferredstellarages.Unfortunately,thedepen-
dence
�

of ö½÷½øÁù§úçû�ü onT stellarmassis not well constrained
by
E

observations,dueto largeuncertaintiesin stellarmass
andQ isotopic-ratiodeterminations.In anycase,theuncer-
tainty
5

in themassesof theprogenitorstarsof group3 oxide
grainsF areprobablymoreuncertainthansuggestedby the
statisticalerrorsreportedin TableI. A systematicuncer-
tainty
5

of ýÐþ ÿ ��� would3 leadto anuncertaintyof ��� Gyr
�

in
ourT galacticageestimate.

Additional
^

systematicuncertaintiesmay arisefrom the
intrinsic
S

imcompletenessof stellar modeling. For ex-

ample,Q discrepanciesbetweenobservationsandtheoretical
predictions4 of �	��
������� ratios in low-massred giant stars
haveled severalresearchersto suggestthatextra,noncon-
vective] mixing occursin thesestars[19,29,30]. Theeffect
ofT suchextramixing onO-isotopeswould beto reducethe��������	���

ratio andto increasethe ����� �"!�#�$ ratio, andthis
process4 hasbeenproposedasthesourceof large %�&�' deple-

�
tions
5

in group2 presolaroxidegrains[19]. If extramixing
occurringT in the parentstarsof the group3 grainshad,in
fact,
�

alteredthesurfaceO-isotopicratios,thefirst-dredge-
up� compositionsof thesestarswould havebeenfurther
up� andto the left in Fig. 2, i.e., towardlower massesand
highermetallicities. This would increaseour estimateof
the
5

ageof theGalaxy.
(2)
�

Uncertaintiesin the galactic evolution of the O
isotopes: The first-dredge-upcalculationsusedhereas-
sumedthat the initial (*)�+,�-�.�/ andQ 0�1�23"4�5�6 ratios in-
creaseD linearly with metallicity [22]. Radioobservations
ofT O isotopesin molecularcloudsthroughoutthe Galaxy
suggestthat 7*8:9 andQ ;�<�= do

�
indeed vary in step with

oneT another[31], but the dependenceof that variationon
metallicity) is poorly known. If >*?�@A�B�C�D andQ E�F�GH"I�J�K in-

S
creaseD moreslowly with L than

5
assumedhere,theinferred

metallicities) of grain progenitorswill be lower. Since
stellar lifetimes decreasewith decreasingmetallicity, this
would3 result in a systematicallysmallerestimatefor the
ageQ of the Galaxy. A plausiblelower limit on the metal-
licity of starsthat contributeddust to the SolarSystemis
givenF by the lowestvalueobservedin disk starswith the
samegalactocentricradius as the Sun, MONQPSR PTPTU [26].
Assumingthat the grainsoriginatedin starsof the same
massesas listed in Table I, but with VXWXY[Z YTYT\ , reduces
the
5

inferred valuesof ]_^ by
E `ba

Gyr,
�

and, since ced is
smaller for lower metallicity, would reduceour estimate
ofTgfeh by

Eji�k
Gyr.
�

(3)
�

Uncertaintyin l�m , the time for the galacticmetal-
licity
n

to build up to the levels required by the grains:
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This
?

valueis uncertainbothbecauseof uncertaintiesin the
galacticF chemicalevolution modelsfrom which it is de-
rived andbecauseof thevariationswith respectto themean
ofT stellarmetallicityatagiventimeandplacein theGalaxy
[26]. Basedon theobservedspreadof galacticmetallicity
asQ a functionof age,weestimateanuncertaintyof oqpSr[s�t
Gyr
�

in u�v , but systematicerrorsdueto uncertaintiesin the
chemicalD evolutionmodelsmaywell be larger.

(4)
�

Uncertaintiesin thestellarlifetime calculation: The
stellar lifetimes usedherewerebasedon an analyticalfit
to
5

full calculationsof stellarevolutionfrom thebeginning
ofT coreH burningto thetip of theredgiantbranch(RGB)
[24], i.e., following thefirst dredge-upbut beforecoreHe
burning.
E

Very low-massstarsareexpectedto losemostof
their
5

masson theupperRGB [22,32],sothesetime scales
areQ plausiblefor the time betweenstellar formation and
the
5

ejection of grains. This is further supportedby the
calculationsD of BoothroydandSackmann[22] of thetimes
atQ which mostmasslossoccursin redgiants;their results
for
�

starsof mass wyxTz{x |~} �"�y��� areQ within 0.6 Gyr of the
lifetimesusedin our estimatesof theageof theGalaxy.

(5)
�

The assumedred giant origin of group 3 oxide
grains:F Thegalacticageestimatesin thisLetterreston the
assumptionQ that group3 grainsformedin low-mass,low-
metallicity red giants. Other potentialsourcesof O-rich
stardust—red supergiants,supernovae,Wolf-Rayet stars,
andQ novae—are much less likely to have producedthe
groupF 3 grains. Of thesepossiblesources,only grains
condensingD in O-rich shellsof Type II supernovaeshould
be
E

rich in ����� , comparedto �	��� andQ ����� , like group 3
grains.F However, the predicted ��������	��� andQ ����� �"�����
ratios for thesesupernovashells are much higher than
those
5

observedin thegrains[33]. Redsupergiants,Wolf-
Rayet
�

stars,andnovaeareall expectedto have �	��� and/Q
orT¡ �¢�£ enrichments,9 relativeto ¤�¥�¦ andQ the Sun[34–36],
andQ are thus unlikely to have beensourcesof group 3
grains.F We concludethat the most likely origin of these
grainsF is indeedin low-massred giant starsand their O-
isotopiccompositionscanbe usedto constrainthe ageof
the
5

Galaxy.
It is our hopethat the new methodfor estimatingthe

ageQ of the Galaxy presentedin this Letter will lead to
improved
S

modelsof stellar nucleosynthesis,mixing, and
galacticF chemical evolution. Better theoreticalcalcula-
tions,
5

as well as isotopic-ratiomeasurementson a much
larger
n

number of presolar oxide grains and improved
isotopic-ratio
S

measurementsof starswould help in reduc-
ing theuncertaintiesin theseagedeterminations.

The ideathat presolargrainsmay be usedto constrain
galacticF age was first discussedby R. Cowsik and
T. Bernatowicz. It is a pleasureto acknowledgethe
closeD participationof R.M. Walker in all the stagesof
this
5

work. We also thank C. Alexander,A. Boothroyd,
R. Gallino, and E. Zinner for scientific discussionsand
A. Boothroyd and F. Timmes for providing calculation
results in computer-readableform.
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