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I n t  rotluc t i on  -- 

" P r i i n o r t i i a l "  i s  a  te rm which we a p p l y  h e r e  t o  m a t e r i a l  t h a t  e n t e r e d  t h e  

s o l a r  sys tem e a r l y  and  became i n c o r p o r a t e d  i n t o  a  m e t e o r i t e  w i t h o u t  t o t a l l y  

l o s i n g  i t s  i d e n t i t y .  I d e r l t i f i c a t i o n  o f  s u c h  m a t e r i a l  s u r v i v i n g  i l l  m e t e o r i t e s  

has s o  fa r  been s o l e l y  t h r o u g h  r e c o g n i t i o n  of arlomalous i s o t o p i c  composi t ior l s  

o f  g e r ~ e r a l l y  mac roscop ic  e n t i t i e s  (e .g .  i n c l u s i o n s )  c o n t a i n e d  w i t h i n  t h o s e  

m e t e o r i t e s .  Those e n t i t i e s  a r e  i n f e r r e d  t o  have  inco rpo ra t ec l  some f r a c t i o n  o f  

p r i m o r d i a l  p a r t i c l e s  b u t  t h e  p a r t i c l e s  t h e m s e l v e s  may w e l l  have  been  a1 terect 

beyond p r e s e n t  r e c o g n i t i o n .  I n  t h e  ma. jor i ty  of c a s e s ,  t h e  a c t u a l  p r i m o r d i a l  

p a r t i c l e s  have  n o t ,  i n  f a c t ,  been c o n v i n c i n g l y  i d e n t i f i e d .  I n  some c a s e s  t h e  

p r i m o r d i a l  m a t e r i a l  was a  g a s  which e s c a p e d  homogen iza t ion  w i t h  p r o t o s o l a r  gas 

a n d  whose i s o t o p i c  c o m p o s i t i o n  was i n h e r i t e d  by a  s u r v i v i n g  s o l i d  phase .  

The s e a r c h  f o r  p r i m o r d i a l  m a t e r i a l  i s  t h e r e f o r e  t h e  s e a r c h  f o r  i s o t o p i c  

a n o m a l i e s  i n  m e t e o r i t e s .  I s o t o p i c  a n o m a l i e s  a r e ,  by d e f i n i t i o n ,  i s o t o p i c  

c o m p o s i t i o n s  which d i F f e r  from t h e  c a n o n i c a l  " s o l a r  s y s t e m  abundances"  i n  ways 

which  c a n n o t  be  e x p l a i n e d  i n  t e r m s  o f  l o c a l  ( i . e .  s o l a r  s y s t e m )  p r o c e s s e s  s u c h  

a s  mass-dependent  f r a c t  i o n a t  i o n ,  cosmic- ray-  i nduced s p a l l a t  i o n  o r  decay  o f  

r a d i o n u c  l i d e s .  

A comprehens ive  a c c o u n t  of i s o t o p i c  a n o m a l i e s  is i m p r a c t i c a l  h e r e ,  s o  i t  

is n e c e s s a r y  t o  be s e l e c t i v e .  A u s e f u l  a p p r o a c h  seems t o  be  t o  f o c u s  on 

issues which a r e  p o t e n t i a l l y  a d d r e s s a b l e  t h r o u g h  t h e  s t u d y  of  s u c h  p r i m o r d i a l  

m a t e r i a l ,  Those i s s u e s  w i l l  be i l l u s t r a t e d  w i t h  s p e c - i f i c ,  b u t  n o t  e x h a u s t i v e ,  

examples .  



Note: Many of the extant anomalies were not originally sought as such but 

emerged in the course of other investigations. Also,,in addition to recogniz- 

ing an anomaly and identifying, where possible, its host phase, it is general- 

ly necessary to consider possible perturbation of the record by secondary 

alteration processes and to assess the possibility of the isotopic effect 

.having been produced by a purely local process. 

Carbonaceous Chondrites 

Most isotopic anomalies observed so far have been found in meteorites 

known as carbonaceous chondrites. The chemical compositions of those meteor- 

ites are minimally altered away from our best estimate of "solar system 

elemental abundances" [Anders and Ebihara, 19821. The idea has therefore 

developed that many of the lithic constituents of those meteorites are them- 

selves more or less pristine surviving nebular condensates. (The meteoritic 

record is generally interpreted in terms of an initially hot and vaporized 

inner solar system which subsequently cooled permitting nucleation and growth 

of solid particles that eventually accreted into planetesimals, the meteorite 

parent bodies, currently identifiable as asteroids.) However, for relatively 

few of the macroscopic constituents o g  carbonaceous chondrites is identifica- 

tion as a pristine nebular condensate convincing, the evidence seeming in most 

cases to favor a relatively complex evolution. 

Carbonaceous chondrites are, in fact, breccias, i.e. disequilibrium mix- 

tures of lithic, and organic, components which may have experienced a variety 

of primary and secondary processing, such as aqueous alteration and/or thermal 



metamorph i sm,  p r i o r  t o  f i n a l  c o m p a c t i o n  i n  t h e i r  p a r e n t  body r e g o l i t h s  

[Ker r idge  and Bunch, 1979; McSween, 1979; and Chang, 19801. Coex i s tence  

now of two e n t i t i e s  i n  such  a  m e t e o r i t e  i s  no g u a r a n t e e  of any common h i s t o r y  

b e f o r e  f i n a l  compaction. 

C r y s t a l l i z a t i o n  of s e v e r a l  m i n e r a l  phases  i n  carbonaceous  c h o n d r i t e s ,  

i n c l u d i n g  some formed by aqueous a l t e r a t i o n ,  occur red  very  c l o s e  t o  s o l a r  

system fo rmat ion  a t  4.55Gy ago [Gray e t  a l . ,  1973; Tatsumoto e t  a l . ,  1976; 

Mactlougall -- e t  a l . ,  19841. Cornpaction of carbonaceous  chor td r i t e s  i n t o  t h e i r  

c u r r e n t  c o n f i g u r a t i o n  a p p a r e n t l y  took p l a c e  o v e r  a n  i n t e r v a l  from 4.5 t o  4.3Gy 

ago [Macdougall and K o t h a r i ,  19761. 

We now c o n s i d e r  f i v e  i s s u e s  which may be s t u d i e d  v i a  i s o t o p i c  anomal ies  i n  - 
carbonaceous c h o n d r i t e s .  

Nebular Inhomogeneit  y  

T h i s  i s s u e  i s  addressed  u s i n g  t h e  i s o t o p i c  composi t ion of oxygen and 

t i t a n i u m  i n  c e r t a i n  t y p e s  of m e t e o r i t e ,  t h e i r  i n c l u s i o n s  and m i n e r a l s .  Oxygen 

d a t a  f o r  a s u i t e  of calcium-aluminum-rich i n c l u s i o n s  (CAIs, d e s c r i b e d  below) 

from t h e  Allende m e t e o r i t e  a r e  shown i n  F i g u r e  I [Clayton e t  a l . ,  19851. 

Mass-dependent f r a c t i o n a t i o n ,  a s  i n  most chemical  and p h y s i c a l  p r o c e s s e s ,  

a c t i n g  on nominal ly  " s o l a r  system" oxygen can  on ly  g e n e r a t e  i s o t o p i c  composi- 

t i o n s  which l i e  a l o n g  t h e  dashed l i n e  w i t h  a  s l o p e  c l o s e  t o  0.52 [Matsuhisa  - e t  

a l . ,  19783. T h e r e f o r e ,  d e v i a t i o n  of t h e  C A I  d a t a  from t h a t  l i n e  c o n s t i t u t e s  - 
ev idence  f o r  i s o t o p i c  inhomogeneity i n  t h e  s o l a r  system a t  t h e  t ime t h e s e  
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m e t e o r i t i c  samples ach ieved  t h e i r  p r e s e n t  composi t ion.  Before  showing t h a t  

t h e s e  d a t a  imply e x i s t e n c e  of a t  l e a s t  t h r e e  i s o t o p i c a l l y  d i s t i n c t  r e s e r v o i r s  

O F  oxygen i n  t h e  e a r l y  s o l a r  sys tem,  two of them gaseous ,  we must b r i e f l y  

d e s c r i b e  t h e  C A I s ,  i n  which s o  many i s o t o p i c  anomal ies  have been observed.  

Calcium-Aluminum-rich I n c l ~ i s i o n s  

CATS a r e  l i g h t - c o l o r e d  mm- t o  cm-sized i n c l u s i o n s  embedded i n  t h e  d a r k ,  

v o l a t i l e - r i c h  m a t r i x  of c e r t a i n  carbonaceous  c h o n d r i t e s .  They a r e  enr iched  i n  

e l e m e n t s ,  such a s  Ca, A l ,  T i  and t h e  Rare  E a r t h s ,  which a r e  b e l i e v e d  t o  have 

behaved a s  r e f r a c t o r y  l i t h o p h i l e s  i n  t h e  e a r l y  s o l a r  sys tem [Grossman, 19801. 

For  s e v e r a l  y e a r s  they  were i n t e r p r e t e d  a s  some of t h e  e a r l i e s t  m a t e r i a l  t o  

have condensed d u r i n g  c o o l i n g  of an  i n i t i a l . 1 ~  vapor ized  s o l a r  nebu la  [ e - g .  

Grossman and Lar imer ,  19741. More r e c e n t  work, however, h a s  i n d i c a t e d  g r e a t e r  

complexi ty  than  a n  o r i g i n  by s imply e q u i l i b r i u m  condensa t ion  from a  gas  of  

s o l a r  c o ~ n p o s i t i o n  [e.g.  Wark and Lover ing ,  1982; S t o l p e r ,  1982; Meeker e t  a l . ,  

1983; Kornacki and Wood, 1984; Clayton e t  a l . ,  19851. 

The CAT oxygen d a t a  d e f i n e  a  t r e n d  which can on ly  be produced by e i t h e r  

non-mass-dependent f r a c t i o n a t i o n  ( d i s c u s s e d  l a t e r )  o r  mixing of nuc leogene t i -  

c a l l y  d i s t i n c t  r e s e r v o i r s  ( t h e  c u r r e n t l y  p r e f e r r e d  i n t e r p r e t a t i o n ) .  That  

m i x i n g  i s  mos t  l i k e l y  t o  h a v e  b e e n  c a u s e d  by i s o t o p e  e x c h a n g e  be tween  

i ~ i c l u s i o n  m a t e r i a l  and an e x t e r n a l  gaseous  r e s e r v o i r  c h a r a c t e r i z e d  by a d i f -  

f e r e n t  i s o t o p i c  compos i t ion .  The i n d i v i d u a l  m i n e r a l s  w i t h i n  a  C A I  f r e q u e n t l y  

e x h i b i t  a  s p r e a d  i n  i s o t o p i c  va lues  even g r e a t e r  than  t h a t  of t h e  i n c l u s i o n s  

themse lves ,  s e e  F i g u r e  2a. Minera l s  such  a s  m e l i l i t e ,  which a r e  known t o  



exchange oxygen readily with a gas, are found to be L60-poor relative to 

those, such as pyroxene or spinel, which are more resistant to exchange. 

Exchange is therefore inferred to have been between an 160-rich solid and an 

160-depleted gas, as illustrated in Figure 2b. The locations of the end- 

members along the trend line are inferred from various lines of evidence 
, 

[Clayton et al., 19851. 

In contrast to oxygen, the major cations, silicon, magnesium and calcium, 

in CAIs reveal evidence for mass-dependent fractionation [Niederer and 

Papanastassiou, 1984; Clayton et al., 19851, as illustrated in Figure 3 for 

Si. The fractionation trends for the different elements do not generally 

correlate and imply a complex series of evaporation and/or condensation 

episodes during the evolution of the CAIs. Those episodes must have disturbed 

the oxygen isotopic composition, and therefore presumably preceded the isotope 

exchange episode, described above, because oxygen currently shows no evidence 

for such mass-fractionation. Thus, it seems likely that the prevalent 160- 

rich solid, identified above, was produced by exchange with the ambient gas 

during the evaporation/condensation episodes. At the high temperature implied 

by the cation fractionation, close approach to the isotopic composition of the 

gas seems likely so that existence of a gaseous reservoir close to that marked 

1 in Figure 2b seems probable [Clayton et al., 19851. 

In addition to the two gaseous reservoirs implied by the CAI data, one 

further reservoir, apparently a solid phase, may be inferred from the oxygen 

data for chondrules from primitive meteorites. Chondrules are spheroidal 

particles, generally polymineralic and with diameters usually in the range a 



tenth to one mm, which are prevalent in most chondritic meteorites. Their 

textures reveal that they were at least partially molten and their composi- 

tions show that their precursor materials had experienced liticle, if any, 

elemental fractionation from solar abundances for the condensible elements. 

Although the exact heating mechanism is still unclear, it is generally 

believed that chondrules were made by localized melting of small solid 

particles, of either nebular or primordial origin, in the early solar system, 

probably before substantial a,ccretion of planetesimals [King, 19841. 

Chondrules from ordinary and carbonaceous (CV) chondrites show different 

trends on an oxygen three-isotope plot, as illustrated in Figure 4 [Clayton - et 

al., 19851. Both apparently define mixing lines, presumably reflectfng - 

greater or lesser degrees of exchange between the molten chondrule and its 

gaseous environment. For CV chondrules, those whose petrography shows that 

they were only partially molten are more 160-rich than those which were 

completely melted, indicating that initially 160-rich solids, designated 4 '  in 

Figure 2c, were heated while embedded in an 160-depleted gas, 2 in Figure 2c. 

Similar arguments for ordinary chondrites suggest that their chondrules were 

made by heating, in the same gas, solids which were yet more depleted in 160, 

3 in Figure 2c. Chondrules from a third group of meteorites, the enstatite 

chondrites, also define the same gaseous reservoir [Clayton and Mayeda, 19851. 

It seems logical to relate reservoirs 2 and 2' to each other, and to terres- 

trial oxygen, by mass-dependent fractionation. The precursor material for t he  

CV chondrules, 4' in Figure 2c, can be identified with material lying on the 

CAI mixing line and does not, therefore, require a third discrete reservoir, 

but the chondrule trend line for ordinary chondrites requires existence of a 



third, solid, reservoir, depleted in 160 relative to the others, 3 in Figure 

In conclusion, the oxygen data seem to require existence of a minimum of 

one solid and two gaseous reservoirs in the early solar system, Figure 2d. 

Whether these all coexisted or whether they represent successive additions to 

the solar neighborhood is not known, nor is the chemical identity of any of 

the reservoirs. 

In addition to interpretation of the oxygen data in terms of discrete 

nucleogenetic components, it has been suggested that the data may reflect 

non-mass-dependent isotopic fractionation in the early solar system. Evidence 

in support of this view has come from experimental studies of ozone synthesis 

by a spark discharge acting on molecular oxygen [Thiemens and Heidenreich, 

19831. The isotopic compositions of the product ozone and the residual oxygen 

are shown in Figure 5, and reveal a trend line with a slope of unity, not the 

mass-dependent slope of 0.52. The reaction pathways involved in ozone produc- 

tion are quite complex and the actual mechanism responsible for the non-linear 

fractionation is not fully clear. The fractionating step is apparently 

neither the initial dissociation of the oxygen molecule nor the (partial) 

decomposition of the product ozone, but probably involves some metastable 

intermediate species and may be related to the longer lifetime of hetero- 

nuclear species relative to the symmetric homonuclear species [Heidenreich and 

Thiemens, 19851. 

Although the experimental observations are certainly real, their relevance 

to meteoritic data is less clearcut. The existence of a suitably fractionat- 
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ing environment in the early solar system has not been demonstrated, nor has a 

mechanism for efficient trapping of the fractionated products. However, it 

would be premature to rule out such an interpretation. 

Anomalous Ti isotopic compositions are ubiquitous among Allende CAIs and 

also present in some other meteoritic samples. The dominant anomaly is an 

4 
excess of 5 0 ~ i ,  up to 28 parts in 10 , but more subtle effects are also 

apparent, including deficits in 4 7 ~ i  and, in some chondrules from unequili- 

brated ordinary chondrites, in 5 0 ~ i  [Niemeyer and Lugmair, 19841. At least 

four isotopic components are needed to account for the Ti data, though the 

nature of those components in the early solar system cannot yet be specified. 

Preservation of the anomalous components as a "chemical memory" in presolar 

grains [Clayton, 19821 seems to be indicated [Niemeyer and Lugmair, 19841. 

Nucleosvnthetic Time Scales 

Isotopic anomalies generated by decay of now-extinct radionuclides can be 

used both to resolve small time differences between events in thle early solar 

system, and to define the time interval, A in Figure 6, between the end of an 

episode of nucleosynthesis and the formation of solid objects within the solar 

system itself. We consider here two examples of the latter application. 

The first utilizes several very short-lived radionuclides to place limits 

on when a "last gasp" of intermediate mass nuclides was produced. A lower 

limit on that & may be derived from an apparent lack of 4 1 ~ a  in the early 

solar system. A search in K-poor, Ca-rich minerals from apparently ancient 



C A I s  i n  A l l e n d e  r e v e a l e d  a h i n t  of  r a d i o g e n i c  4 1 ~ * ,  p o s s i b l y  c o r r e l a t e d  w i t h  

C ~ / K  r a t i o ,  b u t  i t  was deemed n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  and i s  c u r r e n t l y  

4 0  i n t e r p r e t e d  a s  c o r r e s p o n d i n g  t o  a n  u p p e r  l i m i t  on 4 1 ~ * /  Ca o f  8  x  

[Hutcheon e t  a l . ,  19841.  T h i s  would y i e l d  a lower  l i m i t  t o  A of 1.8 x 10  
6 

-- 

y e a r s .  

A mode l -dependen t  u p p e r  l i m i t  on A may be i n f e r r e d  f rom e v i d e n c e  f o r  2 6 ~ g  

e x c e s s e s  a p p a r e n t l y  d e r i v e d  f rom decay  o f  26~1 .  For  many, b u t  n o t  a l l ,  C A I s  

f rom A l l e n d e  and similar m e t e o r i t e s ,  t h o s e  e x c e s s e s  c o r r e l a t e  w i t h  Al/Mg 

2  7  r a t i o s  t o  g i v e  a n  a p p a r e n t  2 6 ~ 1 /  A1 r a t i o  o f  5  x s e e  F i g u r e  7 

2  7  I ~ a s s e r b u r g ,  19851. Some i n c l u s i o n s  y i e l d  o t h e r  v a l u e s  f o r  t h e  2 6 ~ 1 /  Al. 

r a t i o ,  inc lu id ing  a  few which  g i v e  a n u l l  v a l u e ,  w i t h i n  e r r o r .  I t  i s  n o t  clear 

whe the r  d i f f e r e n t  v a l u e s  r e f l e c t  t ime  d i f f e r e n c e s  o r  h e t e r o g e n e o u s  d i s t r i b u -  

t i o n  of  2 6 ~ l .  

I f  i t  i s  assumed t h a t  t h e  2 6 ~ 1  w a s  s y n t h e s i z e d  i n  a  s i n g l e  e v e n t  c l o s e  t o  

t h e  b i r t h  of t h e  s o l a r  sys t em,  t h e  5  x loq5  v a l u e ,  i f  c h a r a c t e r i s t i c  of  a  

s i g n i f i c a n t  f r a c t i o n  o f  s o l a r  sys t em m a t e r i a l ,  l e a d s  t o  a p r o b a b l e  uppe r  l i m i t  

6  2  7  
f o r  of  3 x 10  y e a r s ,  g i v e n  a  p r o d u c t i o n  r a t i o  f o r  26~1 /  A 1  o f  a b o u t  

Suppor t  f o r  t h i s  a s s u m p t i o n  h a s  been  i n f e r r e d  from t h e  a p p a r e n t  a s s o c i a t i o n  of  

two o t h e r  r a d i o n u c l i d e s  w i t h  2 6 ~ 1  i n  t h e  e a r l y  s o l a r  s y s t e m  [Wasserburg ,  

19851. Many i r o n  m e t e o r i t e s ,  a p p a r e n t l y  formed i n  t h e  c o r e s  o f  s e v e r a l  small 

d i f f e r e n t i a t e d  a s t e r o i d s ,  r e v e a l  e v i d e n c e  of  e x c e s s e s  o f  lo7Ag* which 

c o r r e l a t e  w i t h  Pd c o n t e n t ,  i n d i c a t i n g  t h a t  t h e y  were  d e r i v e d  f rom decay o f  

l o7pd  [ K e l l y  and Wasserburg ,  19781. A v a l u e  of  2  x f o r  1 0 7 ~ ~ / 1 0 8 ~ d  i s  

- 4 
commonly obse rved .  A s i m i l a r  v a l u e ,  from 0.7 t o  1 .7  x  10 , i s  c a l c u l a t e d  f o r  



t h e  r a t i o  1 2 9 ~ / L 2 7 ~  i n  many m e t e o r i t i c  m a t e r i a l s ,  based on t h e i r  c o n t e n t s  o f  

r a d i o g e n i c  1 2 9 ~ e *  which c o r r e l a t e  w i t h  I c o n t e n t  [e.g. Niemeyer, 1979; Jordan 

e t  a l . ,  1980; Hohenberg e t  a l . ,  19811. 

From t h e  s i m i l a r  f r a c t i o n a l  abundances of t h e s e  t h r e e  r a d i o n u c l i d e s  w i t h  

ve ry  d i f f e r e n t  mean l i v e s ,  i t  i s  i n f e r r e d  t h a t  t h e i r  p r o d u c t i o n  and i n j e c t i o n  

i n t o  t h e  e a r l y  s o l a r  sys tem were c l o s e l y  r e l a t e d ,  and t h a t  they  r e p r e s e n t  a  

" l a s t  gasp"  a d d i t i o n  amounting t o  about  0.01% of t h e  mass of t h e  s o l a r  sys tem 

[Wasserburg,  19851. However, o t h e r  e x p l a n a t i o n s  f o r  t h e  2 6 ~ g *  excess  have 

been proposed.  One i n v o l v e s  a  "chemical  memory" due t o  p r e s o l a r  decay of 2 6 ~ 1  

i n  Al - r i ch  circum- o r  i n t e r s t e l l a r  g r a i n s  which were s u b s e q u e n t l y  i n c o r p o r a t e d  

i n t o  t h e  m e t e o r i t e s  [e.g. C lay ton ,  19821. A l t e r n a t i v e l y ,  t h e r e  i s  evidence 

[Mahoney e t  a l . ,  19841 f o r  a  s i g n i f i c a n t  s t e a d y - s t a t e  l e v e l  of 2 6 ~ 1  i n  t h e  

i n t e r s t e l l a r  medium, a p p a r e n t l y  nova-produced, which, i f  i n c o r p o r a t e d  promptly 

i n t o  t h e  p ro toso la r - sys tem,  might e x p l a i n  t h e  m e t e o r i t i c  d a t a  [Clay ton ,  1984; 

19851. 

The second example u s e s  two r e l a t i v e l y  long- l ived  e x t i n c t  a c t i n i d e s  t o  

p l a c e  l i m i t s  on A f o r  t h e  l a s t  s u b s t a n t i a l  a d d i t i o n  of r e a l  r -p rocess  m a t e r i a l  

t o  t h e  e a r l y  s o l a r  system. The lower l i m i t  i s  s u p p l i e d  by t h e  f a i l u r e ,  s o  

f a r ,  t o  f i n d  ev idence  f o r  t h e  e x i s t e n c e  of l i v e  2 4 7 ~ m  i n  m e t e o r i t i c  m a t e r i a l .  

The decay c h a i n  of 2 4 7 ~ m  p a s s e s  through 2 3 5 ~ ,  s o  t h a t  t h e  former  p resence  of  

2 4 7 ~ m  would he mani fes ted  by a n  anomalously h i g h  v a l u e  of 2 3 5 ~ / 2 3 8 ~ .  Desp i t e  

occas ional .  r e p o r t s  of such  2 3 5 ~  e x c e s s e s ,  a  c o n s e r v a t i v e  i n t e p r e t a t i o n  of t h e  

247 e x t a n t  d a t a  p l a c e s  a n  upper  l i m i t  on c ~ / ~ ~ ~ u  of 4  x low3,  co r respond ing  t o  

8 a lower  l i m i t  t o  a of abou t  10 y e a r s  [Cheu and Wasserburg,  19811. 



The upper limit on A comes from abundant evidence for the presence of live 

244~u in the early solar system. Decay of this nuclide produces fission 

tracks in minerals and also xenon with a characteristic isotopic spectrum. 

Both phenomena have been observed, either individually or correlated in the 

same samples, in a wide variety of meteoritic material. Precise calculation 

of the actual 2 4 4 ~ ~  abundance at the moment of formation of the solar system 

is made difficult by the lack of another, extant, Pu isotope and the fact that 

Pu has been chemically fractionated during formation of most, if not all, of 

the samples analyzed to date. Nonetheless, there is reason to believe that 

the ratio 244~u/238~ was about. at 4.6 Gy ago. This leads to an upper 

limit on a of about 5 x lo8 years and indicates that the final injection of 

pure r-process material, amounting to a few percent of the ambient medium, 

8 took place between 1 and 5 x 10 y before solar system formation [Wasserburg, 

rsas],  

Nucleosv.nthetic Details 

Laboratory analysis of a component believed to have a specific nucleo- 

synthetic origin can, through its superior precision, illuminate details of 

that nucleosynthesis which would not be accessible to either astronomical 

measurement or astrophysical calculation. Two examples will illustrate this 

approach. 

The first example involves analysis of two petrographically unexceptional 

but isotopically unusual CATS, known as EK 1-4-1 and C - 1 ,  respectively. 

Figure 8 shows the isotopic compositions of two Rare Earth elements, neodymium 



a n d  s a m a r i u m ,  f o r  t h e s e  i n c l u s i o n s  [ M c C u l l o u g h  a n d  W a s s e r b u r g ,  1 9 7 8 a , b ;  

Lugmair  e t  a l . ,  19781. S u b s t a n t i a l  d e v i a t i o n  from normal  s o l a r  s y s t e m  v a l u e s  

i s  ev idenced  by EK 1-4-1, w i t h  C-1 showing o n l y  a m o n o i s o t o p i c  e x c e s s  a t  

1 4 8 , 1 5 0 ~ m ,  t h e  EK 1-4-1 1 4 4 ~ m .  By n o r m a l i z i n g  t o  t h e  two s - p r o c e s s  n u c l i d e s  , 

d a t a  c a n  be s e e n  t o  c o n s i s t  o f  e n r i c h m e n t  of  p-process  1 4 4 ~ r n  and of a  s e r i e s  

of  r - u n s h i e l d e d  n u c l i d e s  t h e  d i s t r i b u t i o n  o f  which c l o s e l y  matches  t h a t  o f  

a v e r a g e  s o l a r  sys t em r - p r o c e s s  m a t e r i a l ,  s e e  F i g u r e  9  [Lugmair e t  a l . ,  19781. 

The c o n c l u s i o n  i s  t h e r e f o r e  t h a t  EK 1-4-1 c o n t a i n s  a n  above-average  c o n c e n t r a -  

t i o n  of  c a n o n i c a l  r - p r o c e s s  n u c l i d e s ,  and  t h a t  b o t h  EK 1-4-1 and C--1 c o n t a i n  a 

p -p rocess  e x c e s s .  C o i n c i d e n c e  o f  r- and p -p rocess  e x c e s s e s  i n  one  i n c l r ~ s i o n  

and a s o l e  p-process  e n r i c h m e n t  i n  t h e  o t h e r  shows t h a t  t h e  two p r o c e s s e s  a r e  

n o t  n e c e s s a r i l y  coup led .  Note t h a t  t h e  p h y s i c a l / c h e m i c a l  form i n  which the 

a l i e n  m a t e r i a l  e n t e r e d  t h e  s o l a r  sys t em h a s  n o t  been r e v e a l e d  by a n a l y s e s  t o  

d a t e .  

The second  example i n v o l v e s  a n a l y s i s  o f  c o n s t i t u e n t s  o f  ca rbonaceous  chon- 

d r i t e s  q u i t e  d i f f e r e n t  f rom t h e  C A I s  which have  dominated  d i s c u s s i o n  s o  f a r .  

When t h e s e  m e t e o r i t e s ,  and  a l s o  some u n e q u i l i h r a t e d  o r d i n a r y  c h o n d r i  t e s ,  a r e  

l a r g e l y  d e m i n e r a l i z e d  by d i s s o l v i n g  t h e  b u l k  o f  t h e i r  l i t h i c  f a b r i c  i n  HF/HCl, 

a  t i n y  r e s i d u e  i s  l e f t  which c o n t a i n s  a v e r y  h i g h  p r o p o r t i o n  of  t h e  p r i m o r d i a l  

n o b l e  g a s  i n v e n t o r y  o f  t h e  m e t e o r i t e .  By a v a r i e t y  o f  p r o c e d u r e s ,  t h i s  n o b l e  

g a s  p o p u l a t i o n  c a n  be  s e p a r a t e d  i n t o  a  number o f  i s o t o p i c a l l y  d i s t i n c t  com- 

p o n e n t s ,  some of  which  are mundane b u t  o t h e r s  of  which r e v e a l  i s o t o p i c  compo- 

s i t i o n s  which a r e  b e l i e v e d  t o  be of n u c l e o g e n e t i c  o r i g i n .  The main s o l i d  

s p e c i e s  c o m p r i s i n g  s u c h  a n  a c i d - r e s i s t a n t  r e s i d u e  a r e  o r g a n i c  m a t t e r ,  elemen- 

t a l  c a r b o n ,  s p i n e l  and c h r o m i t e .  We c o n s i d e r  h e r e  a C component ,  a p p a r e n t l y  



e m a n a t i n g  f r o m  a  r e d  g i a n t  s t a r ,  w h i c h  t e l l s  u s  s o m e t h i n g  a b o u t  n u c l e o -  

s y n t h e s i s  i n  a t  l e a s t  o n e  s t a r  o f  t h a t  t y p e ,  and  i n  t h e  n e x t  s e c t i o n  we 

d i s c u s s  what t h a t  and o t h e r  components can  r e v e a l  abou t  condensa t ion  p r o c e s s e s  

i n  v a r i o u s  a s t r o p h y s i c a l  environments .  

Dur ing s t e p w i s e  r e l e a s e  of Xe from an a c i d - r e s i s t a n t  r e s i d u e  from t l ~ e  

Murchison carbonaceous  c h o n d r i t e ,  a  ve ry  s m a l l  f r a c t i o n  of g a s  r e v e a l e d  a n  

i s o t o p i c  composi t ion q u i t e  d i s t i n c t  from any p r e v i o u s l y  found,  F i g u r e  10 

[ S r i n i v a s a n  and Anders,  19781. I n  e v e r y  d e t a i l  i t  matched v e r y  c l o s e l y  t h e  

composi t ion of Xe c a l c u l a t e d  t o  be produced by t h e  s -p rocess  i n  a  red  g i a n t  

[C lay ton  and Ward, 19781. I ts  p robab le  h o s t  phase  appeared t o  be e l e m e n t a l  C 

w i t h  a n  unusua l  i s o t o p i c  composi t ion (12c /13c  = 42 [Swart  e t  a l . ,  19831) which 

was a l s o  c o n s i s t e n t  w i t h  o r i g i n  i n  a  r ed  g i a n t ,  t h u s  making such  an o r i g i n  

seem very  l i k e l y .  The anomalous Xe i n  t h i s  component was accompanied by 

k ryp ton  which was a l s o  anomalous, R 6 ~ r  b e i n g  d i s t i n c t l y  e n r i c h e d  over  t h e  

normal s o l a r  system v a l u e  [Matsuda e t  a l . ,  19801. Th i s  is of i n t e r e s t  because  

t h e  s -p rocess  p r e c u r s o r  of R 6 ~ r  i s  r a d i o a c t i v e  R 5 ~ r  w i t h  a  mean L i fe  of abotlt 

1 5  y e a r s .  P e r s i s t e n c e  o f  8 5 ~ r  t o  a n  e x t e n t  c a p a b l e  o f  b u i l d i n g  up 8 6 ~ r  

i m p l i e s  a mean t ime between s u c c e s s i v e  n e u t r o n  c a p t u r e s  which was of t h e  same 

o r d e r  a s  t h e  mean l i f e ,  i . e .  5 t o  100 y e a r s  [Matsuda e t  a l . ,  19801. Whether 

o r  not  t h i s  i s  c h a r a c t e r i s t i c  of r ed  g i a n t s  i n  g e n e r a l ,  i t  n i c e l y  i l l u s t r a t e s  

t h e  k ind  of i n f o r m a t i o n  o b t a i n a b l e  from l a b o r a t o r y  a n a l y s i s  of " a s t r o p h y s i c a l "  

m a t e r i a l .  

N o t e  t h a t  i n  t h i s  c a s e ,  t h e  p h y s i c a l / c h e m i c a l  n a t u r e  of t h e  h o s t  phase i s  

c o n s i s t e n t  w i t h  t h e  p u t a t i v e  a s t r o p h y s i c a l  o r i g i n ,  i . e .  condensa t ion  i n  t h e  



atmosphere of a red giant, though more elaborate, if less likely, scenarios, 

could be envisaged. 

Condensation in Astrouhvsical Environments 

For only a few anomalies has the actual presolar carrier phase been 

reliably identified. Note that identification is influenced by such factors 

as the ability of the grain to survive throughout an arduous existence, and 

presence of some distinctive feature during microscopic examination of the 

sample. Note also that the carrier cannot be assumed to be pristine; altera- 

tion is possible at any stage, up to and including preparation of the sample 

for analysis. 

Five host phases are listed in Tahle 1 for three well established 

anomalous noble gas components. The nature of Xe-s was considered in the 

previous section. The isotopic spectrum of Xe-HL is shown in Figure 11 [Lewis 

and Anders, 19831; note enrichment of both heavy and light isotopes, which 

have been attributed to r-process and p-process zones, respectively, of a 

supernova [Manuel et al., 1972; Black, 1975; Ott et al., 19811. Xe-HL is 

apparently associated with nitrogen which is highly enriched in l4'P? [Lewis r i  - 

al., 19831. Its host phase is reasonably securely identified as elemental - 

carbon with a grain size in the range 20 to 90 8 [Lewis and Anders, 19831. 

The final component, Ne-E, is essentially pure 22~e, Figure 12, [Eberhardt 

et al., 1981 1, probably formed by decay of 2 2 ~ a  with a 2.0 year half-life. A 

nova source seems likely Eor the 22~a, consistent with identification of two 



of  i t s  h o s t  p h a s e s  a s  C and s p i n e l  [Lewis and Anders,  19831. However, one  o f  

t h e  h o s t  phases  f o r  Ne-E i s  a p a t i t e  [ E b e r h a r d t  e t  a l . ,  19811, a  m i n e r a l  which 

i s  c l e a r l y  of s e c o n d a r y  s o l a r  sys t em o r i g i n .  How, when and where t h i s  m i n e r a l  

became a s s o c i a t e d  w i t h  Ne-E i s  unknown. 

A n o t h e r  p o i n t  w o r t h  making i s  t h a t  t h e  2.6 y e a r  h a l f - l i f e  o f  2 2 ~ a  p l a c e s  

s e v e r e  c o n s t r a i n t s  on t h e  time i n t e r v a l  be tween n u c l e o s y n t h e s i s  and condensa-  

t i o n  of t h e  s o l i d  p h a s e s  c a p a b l e  of r e t a i n i n g  Ne. Such o b s e r v a t i o n s  w i l l  

undoub ted ly  shed  much l i g h t  on c o n d e n s a t i o n  p r o c e s s e s  i n  s t e l l a r  e n v e l o p e s .  

Thermal H i s t o r y  o f  S o l a r  Mater ia l .  

S u r v i v a l  of  a p r e s o l a r  i s o t o p i c  anomaly i m p l i e s  t h a t  i t s  h o s t  was n e v e r  

h e a t e d  t o  a s u f f i c i e n t l y  h i g h  t e m p e r a t u r e  t o  pe rmi t  i s o t o p i c  e q u i l i b r a t i o n  

w i t h  i t s  s u r r o u n d i n g  medium. B e c a u s e  o f  m a j o r  d i f f i c u l t i e s  i n  p l a c i n g  

i n d i v i d u a l  m e t e o r i t i c  components a t  s p e c i f i c  t i m e s  and l o c a t i o n s  w i t h i n  t h e  

e a r l y  s o l a r  sys t em,  e x i s t i n g  d a t a  do  n o t  s e r v e  a s  usefu l .  c o n s t r a i n t s  on models 

of t h e  t h e r m a l  e v o l u t i o n  of t h e  s o l a r  n e b u l a ,  s o  t h a t  t h i s  e x p l o i t a t i o n  of  

i s o t o p i c  a n o m a l i e s  is l a r g e l y  h y p o t h e t i c a l  a t  t h e  p r e s e n t  t ime.  However, i t  

i s  u s e f u l  t o  make two comments r e l e v a n t  t o  t h i s  t o p i c .  

First, t h e r e  is ve ry  l i t t l e  cosmochemical  e v i d e n c e  f o r  nebula-wide  h i g h  

t e m p e r a t u r e s ,  i . e .  t h o s e  c a p a b l e  of  v a p o r i z i n g  l i t h i c  m a t e r i a l .  There a r e  

abundan t  s i g n s  of h i g h  t e m p e r a t u r e s ,  e .g .  p r e s e n c e  of  Chondru le s  and Frac- 

t i o n a t i o n  p a t t e r n s  i n v o l v i n g  r e f r a c t o r y  e l e m e n t s ,  b u t  it  i s  p o s s i b l e ,  and even  

l i k e l y ,  t h a t  t hey  r e E l e c t  p r o c e s s i n g  on a  1-ocal  s c a l e .  The b e s t  e v i d e n c e  f o r  



l a r g e - s c a l e  v a p o r i z a t i o n  of t h e  p r o t o s o l a r  sys tem used t o  be t h e  o t ~ s e r v e d  l a c k  

o f  i s o t o p i c  a n o m a l i e s  i n  m e t e o r i t e s  b u t  c l e a r l y  t h a t  a r g u m e n t  no l o n g e r  

a p p l i e s ,  a t  l e a s t  s t r i c t l y .  There  i s  ev idence  t h a t  some m e t e o r i t i c  m a t e r i a l s  

formed by condensa t ion  from a  g a s ,  e.g. Rare  E a r t h  Element p a t t e r n s  f o r  some 

r e f r a c t o r y  i n c l u s i o n s  [Boynton, 19851, which a r e  c o n s i s t e n t  wi th  p roduc t ion  

d u r i n g  c o o l i n g  of a  g a s  of s o l a r  compos i t ion ,  b u t  t h e  s c a l e  and l o c a t i o n  of 

t h a t  e v e n t  a r e  n o t  r i g o r o u s l y  c o n s t r a i n e d .  

Secondly ,  much of t h e  o r g a n i c  m a t e r i a l  i n  p r i m i t i v e  m e t e o r i t e s  i s  s o  

h i g h l y  e n r i c h e d  i n  deu te r ium t h a t  an  o r i g i n  by ion-molecule r e a c t i o n s  i n  

i n t e r s t e l l a r  c louds  i s  wide ly  i n f e r r e d ,  [ G e i s s  and Reeves,  1981; K e r r i d g e ,  

19831. Besides  h o l d i n g  t h e  promise of e v e n t u a l l y  c l a r i f y i n g  some detai1.s of 

molecu la r  c loud c h e m i s t r y ,  s u r v i v a l  of  such  m a t e r i a l  i m p l i e s  t h a t  i t  was never  

h e a t e d  above abou t  600K, though u n c e r t a i n t y  abou t  when and where t h i s  m a t e r i a l  

e n t e r e d  t h e  s o l a r  sys tem i n h i b i t s  u s e  of t h i s  c o n c l u s i o n  t o  cons t r a i n  condi-  

t i o n s  i n  t h e  e a r l y  s o l a r  system. 

Loca l  P roduc t ion  ? 

F o r  mos t  of t h e  anomal ies  c o n s i d e r e d  s o  f a r ,  a l o c a l ,  s o l a r  sys tem o r i g i n  

i s  i n c o n c e i v a b l e  because  of t h e  ext reme c o n d i t i o n s  needed f o r  s y n t h e s i s ,  e - g .  

t h e  h i g h  nel i t ron f l u x  needed f o r  t h e  r -p rocess .  For  t h r e e  anomali-es, lTovever, 

such  a n  o r i g i n  h a s  been proposed,  though t h e  f l u x  requ i rements  f o r  p r o d u c t i o n  

of Ne-E i n  t h e  s o l a r  sys tem seem p r o h i b i t i v e  and i t  w i l l  n o t  be cons ide red  

h e r e .  



B o t h  t h e  r e m a i n i n g  a n o m a l i e s  a l s o  r e q u i r e  h i g h  p r o t o n  f l u x e s  i n  t h e  e a r l y  

s o l a r  sysrem.  P r o d u c t i o n  o f  " ~ 1  by p , n  r e a c t i o n s  on 2 6 ~ g  r e q u i r e s  1 0  21 cm-2 
> 

w h i l e  C M - ~  a r e  needed t o  g e n e r a t e  che  160  e x c e s s  by d e s t r u c t i o n  o f  1 7 ,  180 

t h r o u g h  p , o  r e a c t i o n s  [Lee ,  19781. Note a l s o  t h a t  t h e  p r e s e n c e  o f  r a d i o g e n i c  

from e x t i n c t  2 6 ~ 1  d o e s  n o t  r i g o r o u s l y  c o r r e l a t e  w i t h  e n r i c h m e n t  i n  "0, 

though a l o o s e  a s s o c i a t i o n  may e x i s t .  I n  n e i t h e r  c a s e  c o u l d  i r r a d i a t i o n  of  

t h e  e n t i r e  n e b u l a r  mass have  been i n v o l v e d ,  t h e  most p l a u s i b l e  s c e n a r i o  b e i n g  

i r r a d i a t i o n  of  g r a i n  o r  p l a n e t e s i m a l  s u r f a c e s  by a n  e a r l y  a c t i v e  sun .  I f ,  

i n d e e d ,  t h e  2 6 ~ 1  were  a s s o c i a t e d  w i t h  l o7pd  and  1 2 9 ~ ,  a s  i n f e r r e d  e a r l i e r ,  a  

l o c a l  i r r a d i a t i o n  o r i g i n  seems p r e c l u d e d  [Wasserburg ,  19851. I n  summary, 

l o c a l  p r o d u c t i o n  c a n n o t  p l a u s i b l y  b e  r e s p o n s i b l e  f o r  a l l  t h e  c u r r e n t l y  

o b s e r v e d  a n o m a l i e s  a n d ,  where  n o t  i m m e d i a t e l y  i m p l a r i s i b l e ,  l e a d s  t o  q u i t e  

c o n t r i v e d  icondi t i o n s .  N o n e t h e l e s s ,  s u c h  s c e n a r i o s  r e q u i r e  f u r t h e r  s t u d y  

b e f o r e  t h e y  can  be  r u l e d  o u t .  

I t  m u s t  b e  r eemphas i zed  t h a t  t h e  work c i t e d  above  r e p r e s e n t s  o n l y  a small 

f r a c t i o n  of  r e c e n t  s t u d i e s  i n t o  i s o t o p i c  a n o m a l i e s .  The r e a d e r ' s  a t t e n t i o n  i s  

drawn i n  p a r t i c u l a r  t o  t h e  s u b s t a n t i a l  body o f  work on t h e  i s o t o p i c  s y s t e m s  of 

Ca [ e . g ,  Lee  -- e t  a l . ,  1978;  N i e d e r e r  and  P a p a n a s t a s s i o u ,  1984;  Jungck  e t  a l . ,  

19841  and T i  [e .g .  N i e d e r e r  e t  a l . ,  1981;  Niemeyer and Lugmair ,  19841. 
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Figure Captions 

Figure 1. Oxygen isotopic compositions of a suite of calcium-aluminum-rich 

inclusions from the Allende meteorite. The ordinate shows variations in 

I 7  1 6  0/ 0 ratios in parts in lo3 relative to the terrestrial ocean water 

standard; the abscissa shows variations in 180/160 ratios. The dashed 

line corresponds to mass-dependent fractionation. The Allende data define 

a mixing line, apparently produced by isotopic exchange between distinct 

components, probably of nucleosynthetic origin. From Clayton et al. 

[1985]. 

Figure 2. (a) Oxygen isotopic compositions of individual minerals separated 

from Allende CAIs. Spinel and pyroxene undergo isotopic exchange less 

readily than melilite, suggesting that their compositions more closely 

reflect that of the solid which subsequently exchanged with nebular gas to 

produce the observed mixing line. This exchange is shown schematically in 

(b), in which composition /I1 is that of the solid and # 2 '  that of the 

gaseous reservoir. (c) Schematic representation of the data in Figure 4. 

Allende ehondrules, initially with compositions close to #4', and ordinary 

chondrules, at #3, apparently both exchanged with a gaseous reservoir at 

2 (d) Summary of minimal population of oxygen isotopic reservoirs in 

the early solar system, identified so far. An apostrophe denotes a com- 

position readily derivable, either by mixing or fractionation, from 

established reservoirs. 



Figure 3. Silicon isotopic compositions of a suite of Allende CAIs, analogous 

to Figure 1 for oxygen. Note that the data closely deEine a Line with a 

slope of 0.5, indicative of mass-dependent fractionation. From Clayton - et 

al. [19851. - 

Figure 4. Oxygen isotope plot, like Figure 1, for individual chondrtlles 

separated from Allende and some ordinary chondrites. Note that for 

Allende, porphyritic chondrules, which were not totally molten, are more 

160-rich than barred chondrules which were completely melted. From 

Clayton et al. 119851. 

Figure 5. Oxygen isotopic compositions generated during spark-discharge pro- 

duction of ozone from molecular oxygen. Square symbols represent composi- 

tions of ozone samples: round symbols those of residual oxygen, Note 

that the data fall on a line with a slope of unity, not on the rnass- 

fractionation trend line (dashed). From Thiemens and Heidenreich &1983].  

Figure 6. Schematic representation of the time interval between nucleo- 

synthesis of an element and its incorporation into solid objects during 

solar-system formation. Elements produced by different nucleosynthetic 

schemes would be characterized by different values of b, . After 

Wasserburg [1985]. 

Figure 7. Magnesium isotopic compositions of individual minerals separated 

from an Allende CAI, as a function of Al/Mg ratio. The strong positive 

correlation indicates that the observed 2 6 ~ g  excesses resulted from decay 

of extinct 26~1, After Lee et al. 119771. 
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F i g u r e  8. I s o t o p i c  composi t ions  of neodymium and samarium i n  two unusua l  

A l l e n d e  C A I s ,  p l o t t e d  a s  d e v i a t i o n s ,  i n  p a r t s  i n  l o 4  r e l a t i v e  t o  t e r -  

r e s t r i a l  va lues .  The n u c l e o s y n t h e t i c  p r o d u c t i o n  mechanisms b e l i e v e d  t o  be 

r e s p o n s i b l e  f o r  e a c h  n u c l i d e  a r e  i d e n t i f i e d .  A f t e r  Wasserburg e t  a l .  

[ 19791.  

F i g u r e  9, ( a )  I s o t o p i c  e x c e s s e s  i n  Nd and Sm observed i n  Al lende  i n c l u s i o n  EK 

1-4-1.  Absolute  e x c e s s e s  i n  atoms a r e  p l o t t e d  ve r sus  a tomic  mass. Note 

t h e  smooth curves  f o r  even- and odd n e u t r o n  n u c l i d e s .  ( b )  C a l c u l a t e d  

"average so la r - sys tem"  abundances of t h e  n u c l i d e s  d e p i c t e d  i n  ( a ) .  Note 

s t r i k i n g  congruency between t h e  c u r v e s  i n  ( a )  and i n  ( b ) .  A f t e r  Lugmair 

e t  a l .  [1978].  

F i g u r e  10. R e l a t i v e  abundances of t h e  xenon i s o t o p e s  i n  a  s m a l l  f r a c t i o n  of 

g a s  r e l e a s e d  from t h e  Murchison and O r g u e i l  m e t e o r i t e s .  Note t h e  exce l -  

l e n t  agreement w i t h  t h e  xenon composi t ion c a l c u l a t e d  by Clay ton  and Ward 

[ I9781  t o  be produced by t h e  s -p rocess  i n  r ed  g i a n t s .  From Anders [19811. 

F i g u r e  11. I s o t o p i c  composi t ion of a  xenon component e x t r a c t e d  from Allende.  

N o t e  e n r i c h m e n t  i n  bo th  Heavy and L i g h t  i s o t o p e s  r e l a t i v e  t o  "normal" Xe, - - 
l e a d i n g  t o  i t s  d e s i g n a t i o n  a s  Xe-HL. A supernova o r i g i n  is  i n f e r r e d  f o r  

t h i s  component, s e e  t e x t .  From Lewis and Anders [1983].  

F i g u r e  12. I s o t o p i c  compos i t ions  of neon components i d e n t i f i e d  i n  p r i m i t i v e  

m e t e o r i t e s .  The component known a s  Ne-E, c o n s i s t i n g  of e s s e n t i a l l y  p u r e  

2 2 ~ e ,  i s  d r a m a t i c a l l y  d i f f e r e n t  from t h e  more common components and i s  

b e l i e v e d  t o  be of nova o r i g i n .  A f t e r  Eberhard t  e t  a l .  [1981].  
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HOST PHASES OF ALIEN N O B L E  GASES S U M M A R Y  

Component Xe-S Xe-HL Ne-E( L) Ne-E(W) 

Materi 61 carbon carbon carbon sp ine l  a p a t i t e  

C C C M9A1 *04 ca2pOq ( O H ,  F) 

Release T°C 1400 1000 600 1100 11 00 
0 

Grain s i z e  0 .1-3pm ~ 2 0 A  1-10 pm 

Source red g i a n t  supernova nova nova ? ? ? ? ? ? ? ? ? ? ? ?  




