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INTRODUCTORY 

No r e l a t i o n s h i p  between s o l a r  sys tem "dus t "  (SSD) and i n t e r s t e l l a r  d u s t  

p a r t i c l e s  (ISMD) can  be  t aken  f o r  g r a n t e d .  The h i s t o r i c a l  p o s i t i o n  h a s ,  f o r  

t h e  most p a r t ,  been t h a t  l i t t l e  o r  no r e l a t i o n s h i p  e x i s t s  -- t h a t  SSD and 

m e t e o r i t e s  come Erom c o l l i s i o n s  among b o d i e s  Eormed i n  t h e  s o l a r  sys tem Erom 

d u s t  a l s o  formed from a n  i n i t i a l l y  gaseous  s o l a r  nebula.  Today t h a t  p o s i t i o n  

is  b e i n g  r e t h o u g h t ,  s p u r r e d  p r i m a r i l y  by t h e  d i s c o v e r y  of i s o t o p i c  anomal ies  

i n  m e t e o r i t e s .  It is  u n c l e a r  whether SSD h a s  any r e l a t i o n s h i p  t o  t h e  ISM o r  

no t .  Our purpose  t h e n  i s  t o  s e e k  ev idence  f o r  t h e  e x t e n t  of any e x i s t i n g  

r e l a t i o n s h i p s .  

What o n e  wants  i s  a  complete  d e s c r i p t i o n  oE i n t e r s t e l l a r  g r a i n s  s o  t h a t  

comparisons w i t h  w e l l  documented s o l a r - s y s t e m  samples can l e a d  by i n f e r e n c e  t o  

t h e  h i s t o r y  t h a t  h a s  produced t h e  l a t t e r  from t h e  Eormer. T h i s  is a  l o t  t o  

a s k ,  b u t  s lowly  t h e  i n f o r m a t i o n  can be assembled.  Are i n t e r s t e l l a r  g r a i n s  

chemica l ly  f r a c t i o n a t e d  (e.g. S i  s e p a r a t e d  from Fe) o r  a r e  they  r a t h e r  w e l l  

mixed, of rough ly  c h o n d r i t i c  abundances? Do core-mantle s t r u c t u r e s  r ecord  

f r a c t i o n a t i o n  owing t o  thermal. condensa t ion  sequences  o r  a r e  g r a i n s  more amor- 

phous? What i s  t h e  compos i t ion  and h i s t o r y  of v o l a t i l e  m a n t l e s ?  What s p e c i a l  

i s o t o p i c  components e x i s t ?  For  s t u d i e s  r e l a t e d  t o  t h e  o r i g i n  of t h e  s o l a r  

sys tem one may need t o  know t h e  s p e c i f i c  composi t ion i n  molecu la r  c l o u d s ,  

whereas  f o r  g r a i n s  e n t e r i n g  t h e  s o l a r  sys tem today one may r e q u i r e  t h e  pro- 

p e r t i e s  of g r a i n s  i n  a  h o t  low-density shocked medium l i k e  t h a t  s u r r o u n d i n g  

t h e  s o l a r  system. To m a i n t a i n  some s t r u c t u r e  we w i l l  d i s t i n g u i s h  between 

t h e s e  two major epochs  t h a t  a r e  under  s t u d y .  
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1, ImEWEWLTIONSEIPS AT TIHE OF SOLAR FORMATION 

A. MeteorPtic Record 

Radioactive chronometers show that the meteorites assembled about 4.55 x 
9 10 years ago, probably in association with the birth of the sun. Until about 

ten years aglo, most meteoriticists assumed that the dust contained within the 

meteorites a:Lso had formed at that same time from an initially gaseous solar 

system. Following the discovery of isotopic anomalies there developed a view 

(Clayton, (1978) Moon and Planets, - 19, 109) that severe isotopic and chemical 

fractionatiorl of specific subclasses of presolar dust from others has left 

many "fingerprints" in the'meteoritic record. This perspective succeeds the 

view of a nearby supernova admixing isotopic anomalies inhomogenously into the 

solar gas (Cameron and Truran (1977) Icarus, - 30, 447 and most papers reporting 

isotopic anomalies). These "fingerprints" partially survived the chemical 

processes of transformation from submicron material to macroscopic minerals 

and breccias, leaving a chemical memory of their prior state that needs 

"developing" (as in film) by careful chemical experiments. To the extent that 

this interrelationship exists, it records conditions at that time rather than 

today, even though the chemical experiments are done today. The implied rela- 

tionship is between interstellar dust and the processes of aggregation and 

chemical alteration that occurred within the forming solar system, probably in 

a turbulent ,secretion disk around the forming sun (Morfill and Volk (1984) 

287, 371: Cameron (1978) Moon and Planets, 18, 5; Lin (1981) Astrophys. J.-, - - 
Astrophys. J.., - 246, 972). 'In this general theory of the meteoritic record, 

one does not (expect to find ISMD per se, but rather effects remembered when it* 

is fused inti:, new forms. The ways in which this might have happened are 

frontier research areas. 

What on!? sees today (primarily from isotopic anomalies) are clues that a 
9 relationship existed 4.55 x 10 yr ago between ISMD and the SSD of that era 

which aggregated into the parent bodies of the meteorites. Conceptually one 

can distinguish between the relationship of SSD to ISMD and the relation of 

SSD to Circumstellar dust. Because the experimental evidence relating to this 

interrelationship is primarily chemical, the thread being sought is that of 



chemical memory from source to meteorite (Clayton (1982) (Q. J.Roy. Astron. 

Soc. 23, 174). To clearly envision ISMD/SSD interrelations, it is first -- 
advisable to identify the more dramatic circumstellar/SSD connections, because 

it is they that attest to the entire cosmic chemical memory. The following 

circumstellar/meteoritic connections are not offered to "explain" more compli- 

cated meteoritic situations, but rather to highlight the excitement of well 

documented isotopic patterns that may be rationalized by nucleosynthesis and 

stellar condensation. This excitement was the direct result of dozens of 

experimental discoveries by meteoritic chemists over the past dozen years. It 
will not be our intent to document all of these in what follows, but rather to 

point to especfally clear treatments. 

Many observable chemical properties of meteorites seem to have first 

been established during mass loss from stars. Condensation in the outflow can 

freeze circumstellar material before it mixes with the ISM, freezing an 

anomaly while it is still quite large. Two stages of processing, one in the 

ISM and one in the processes of solar aggregation, will have modified these 

materials. 

i) Isotopic Connections (Circumstellar) 

Because dust is expected to condense in stellar outflows, even of super- 

novae (Hoyle and Wickramasinghe, 1970 Nature, - 226, 62; Clayton, 1975 Nature,, 

257, 36) and novae (Geisel et al., 1970 Ap. J. (Letters), 161, L101; Clayton - - 
and Hoyle, 1976 Astrophys. J., 203, 490; Clayton and Wickramasinghe, 1976 

Astrophys. Spa. Sci., - 42, 463), isotopic 'structures specific to the star and 

even to specific radial zones of the star may be trapped within that dust and 

offer an explanation for the origin of many isotopically anomalous materials. 

Key examples of this circumstellar/meteoritic connection are: 

(a) ~e-E, an almost isotopically pure 2 2 ~ e  component identifiable as a 

specific gas release from certain meteoritic samples (Black, Geochim. Cosmo- 

chim. .Acta, - 36, 377 (1972); Eberhardt et al., 1979 Astrophys. J. (Letters), 



234, L169; Lewis et al., 1979 Astrophys. J. (Lett.), 234, 165). Clayton - 
(1975, Nature, 257, 36) suggested that sodium condensed in nova and supernova - 
effluent and that these grains, enriched in 2 2 ~ e  after condensation by 22Na 

decay during the next several years, could carry a 2 2 ~ e  component in ISMD- 

Although no other explanation seems to produce such a high-purity sample of 

22~e, it cannot be concluded merely by default that this source is the correct 

one. Still needed are definitive descriptions of the meteoritic carriers and 

the way they evolved from the circumstellar carriers. 

(b) 160, - a monotopic excess of up to 5% in anhydrous minerals from 

Allende inclusions and other related objects. In their discovery paper R. 

Clayton et al. (1973, Science, 182, 485) speculated that the 16~-excess came - 
from interstellar grains with a nucleosynthetic history different from average 

solar system material, while D. Clayton (1975, Astrophys. J., 199, 765; 1977 
Icarus, 32, 255, 1978 op. cit) argued instead that condensation in the outflow 
of a supernova interior was necessary. Later Cameron and Truran (1977 Icarus, 

30, 447) interpreted the available observations as an inhomogeneous spatial - 
admixture of newly synthesized 160 from a supernova trigger to solar birth. 

One current model is that the supernova condensates (SUNOCONs) created ''0- 

rich refractory grains, thereby establishing a generic line to the refractory 

160-rich meteoritic minerals. That spinel ( ~ g ~ 1 ~ 0 ~ )  is the most 160-enriched 

of all interstellar minerals is predicted by the SUNOCON theory, since that 

mineral is predicted to be the major condensate of the carbon-burning ejecta 

(Clayton 1977, Earth Planet. Sci. Lett., 35, 398; Lattimer et al., 1978 Astro- - 
phys. J., 2, 230). However, it does not follow that the spinels as found in 

meteorites are themselves SUNOCONs, or even that the spinel agreement is more 

than a coincidence; more likely the SUNOCONs were nucleation sites for growth 

or amalgamation of macroscopic spinels in the secondary mineralization pro- 

cesses occurring in the solar nebula. R. Clayton (1984 Protostars and Planets 

11, Tucson) has described what the meteoritic evidence seems to suggest. This 

theory also predicts that refractory interstellar dust must be more 160-rich 

in bulk than is interstellar gas, a useful feature of models of later exchange 

of oxygen (R. Clayton and Mayeda (1977) Geophys. Res. Lett., 4, 295; Wood, 

1981 EPSL 56, 32). -- 



( c )  Xe-HL, once  c a l l e d  "ca rbonaceous  c h o n d r i t e  E i s s i o n  (CCF) xenon" and 

somet imes  r e f e r r e d  t o  as Xe-X. Lewis e t  a l .  (1975 S c i e n c e ,  - 190 ,  1251) made a 

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

p o r t i o n s  of m e t e o r i t e s  t h a t  c a r r y  t h i s  - Heavy- i so tope - r i ch  and - L i g h t - i s o t o p e -  

r i c h  component o f  anomalous xenon. The name CCF xenon h a s  1argc:ly been d i s -  

c a r d e d  a f t e r  Manuel. e t  a l .  (1972 -- N a t u r e ,  - 240,  99 )  showed t h a t  t h e  a s s o c i a t e d  

l i g h t - i s o t o p e  e x c e s s  c o u l d  n o t  be  f i s s i o n  xenon,  s o  t h a t  a name i n v o l v i n g  

f i s s i o n  xenon would n o t  seem a p p r o p r i a t e .  They s u g g e s t e d  t h e  name Xe-X and 

a l s o  s u g g e s t e d  t h a t  a m i x t u r e  of - r - p r o c e s s  xenon and p-process  xenon,  which  

b e a r s  a  s i m i l a r i t y  t o  Xe-X, c o u l d  h a v e  been  e j e c t e d  i n t o  t h e  s o l a r  s y s t e m  by a  

nea rby  supernova .  C l a y t o n  (1975,  Ap. J., 199, 765; 1976 Geochim. Cosmochim. 

Ac ta ,  40 ,  563) p r e f e r r e d  c o n d e n s a t i o n  w i t h i n  SUNOCONs; B lack  (197,5 N a t u r e ,  - - 
253,  417)  advanced a s imilar  i n t e r p r e t a t i o n .  SUNOCONs g r e a t l y  s h o r t e n e d  t h e  - 
r a n g e  of  h a l f  l i v e s  of  f i s s i o n i n g  n u c l e i  t h a t  c o u l d  h a v e  c o n t r i b u t e d  t o  a 

f i s s i o n  component. Subsequen t  e x p e r i m e n t a l  s t u d i e s  by Lewis -- e t  a l ,  ( N a t u r e ,  

305,  767 (1983) ;  S c i e n c e ,  222, 1013 ( 1 9 8 3 ) )  d e m o n s t r a t e d  t h a t  i n  s i t ~  f i s s i o n ,  - -- - -- 
t h a t  i s  t o  s a y ,  f i s s i o n  w i t h i n  t h e  m e t e o r i t e  i n  i t s  p r e s e n t  Form, i s  no longer  

a v i a b l e  a l t e r n a t i v e .  N e i t h e r  t h e  n u c l e a r  o r i g i n  no r  t h e  h i s t o r y  of  t l ~ i s  

component h a s  been  p inned  down, b u t  some invo lvemen t  w i t h  c i r cums  t e l l a s  d u s t  

seems t o  be i n v o l v e d  on g e n e r a l  g rounds .  A p r o m i s i n g  p i c t u r e  i s  h i g h  speed  

i m p l a n t a t i o n  i n  c i r c u m s t e l l a r  c a r b o n  g r a i n s .  ( C l a y t o n  (1981:) P r o c ,  Luna r  

P l a n e t .  S c i . ,  - 12B,  1 7 8 1 ) .  I n  a m o r e  p o p u l a r  a c c o u n t ,  L e w i s  a n d  A n d e r s  

( S c i e n t i f i c  American,  - 249,  66 (1983) )  have  s t r e s s e d  expe r imen ta l .  e v i d e n c e  f o r  

t h e  c o n n e c t i o n  be tween t h i s  component o f  anomalous xenon and g r a i n s  of c a r b o n ,  

wh ich  a r e  presumably  i n t e r s t e l l a r .  

( d )  Xe-s, o r  s - p r o c e s s  xenon. I n  a c i d  r e s i d u e s  f rom t h e  Murchison 

m e t e o r i t e ,  S r i n i v a s a n  and Anders (1978,  S c i e n c e ,  201, 51; Lewis e t  a ] , ,  1979 

o p . c i t . )  found c l e a r  e v i d e n c e  of some c h e m i c a l  carriers t h a t  had t r a p p e d  - s- 

p r o c e s s  xenon b e f o r e  i t  c o u l d  mix w i t h  ISM g a s .  Condensa t ion  o f  ca rbonaceous  

c a r r i e r s  i n  r e d  g i a n t  (C s t a r ,  S  s t a r )  a tmosphe res  seems i n d i c a t e d ,  T h i s  

p o s s i b i l i t y  had p r e v i o u s l y  been  p r e d i c t e d  i n  a p a p e r  s u b m i t t e d  f o r  p u b l i c a t i o n  

i n  1975 ( C l a y t o n  and Ward, As t rophys .  J., 224, 1000 (1978) ) .  What C l a y t o n  and  

Ward (1978)  a r g u e d  is  v e r y  s i m p l e  and g e n e r a l :  b e c a u s e  t h e  f r a c t i o n s  of  xenon 

c o n d e n s i n g  i n t o  g r a i n s  c o u l d  n o t  have  a c c i d e n t a l l y  been  i d e n t i c a l  f o r  s- 
4 



process events and r-process events, any subsequent mechanical variations in - 
the interstellar dustigas ratio must he associated with corresponding sir 

fractionaticsns in the heavy isotopes of a given element. This single diag- 

nostic should find many applications as experimental resolution continues to 

improve, But in the case of Xe-s, the observations could be taken even 

further by Swart et al. (Science, 220, 406 (1983)), who showed that it is - 
carried in carbonaceous material having about twice as much 13c as terrestrial 

carbon, 

(e) Neodymium decomposition. In addition to clearing up some important 

questions for nucleosynthesis theory, the recent measurements of the neutron- 

capture cross sections of Nd by Mathews and Kappeler (Astrophys. J., 286, 810 

(1984)) bring two relationships between Circumstellar and meteoritic dust into 

clearer focus. The first is a confirmation that the isotopic pattern of Nd 

found in acid resistant residues (therefore carried in a carbonaceous compo- 

nent) of the Allende meteorite measured by Lugmair et al. (1983 Lunar Planet. 

Sci., 14, 448) does indeed fit the s-process pattern if the sample carries the - -  
isotopic fractionation suggested by Clayton (1983 Astrophys. J. (Letters), 

271, L101),  If so, this Nd pattern is similar to that of s-process Xe, but it 

is the first - s-process pattern identified in a refractory element. The neu- 

tron cross sections also confirm that the Nd pattern in the FUN Allende inclu- 

sion EK1-4-11 (McCulloch and Wasserburg, 1978 Astrophys. J. (Letters), - 220, 

L 1 5 )  appears to be a simple excess of the - r-process isotopes averaged over 

nucleosynthesis events in the same way that bulk solar matter itself has. 

Identification with average r-process abundances speaks against (Clayton 

(1978)  Astrophys. J., 224, 1007) a neighboring supernova injection and in* 

favor of a chemical-memory fractionation of the ISM, perhaps even by gasidust 

fractionation but also perhaps by r-dustis-dust fractionation. What can be 

said without controversy is that continuing measurements of isotopically 

anomalous sa.mples will be invaluable in the search to identify the chemical 

memory involved. Decomposition of Sm isotopes confirmed this same interpre- 

tation (Lugmair, Marti and Scheinin, 1978, Lunar and Planet Sci., 9, 672; - 
Clayton, 1979 - -  EPSL, 42, 7; Lugmair et al., 1983, Science, - 222, 1015). 



(f) Extinct refractory anomalies in SUNOCONs. Clayton (1975 Nature, 

257, 36) argued from the theory of nucleosynthesis that ref ractvry SUNOCONs - 
should condense some key nuclei as short-lived progenitors. He especially 

singled out 4 1 ~  (via 4 1 ~ a )  and 4 4 ~ a  (via 44~i) as targets of study (see also 

1977 - EPSL, - 36, 381). Although neither prediction has yet been confirmed, 

tantalizing hints exist in published data. A specific 4 4 ~ a  anomaly would be 

especially valuable because its progeniizor is, like that of Ne-E, much too 

short-lived to exist in the interstellar medium or solar system, so that an 

incontrovertible circumstellar/iuterplanetary connection would be indicated. 

The special case of extinct 26~1, predicted to compete with live 2 6 ~ 1  as a 

source of excess 26~g, receives special attention in the next section. 

( g )  Interstellar 2 6 ~ 1  and excess 2 6 ~  When groups in Australia and 

Caltech (Gray and Compston, 1974 Nature, - 251, 495; Lee et al., 1977 Astrophys. 

J. (Letters), - 211, L107) first showed that aluminum-rich minerals within the 

Ca Al-rich inclusions (CAI's) from the Allende meteorite carried an excess of 

the heaviest isotope of magnesium, 2 6 ~ g ,  it was concluded by some meteorit- 

icists that a supernova explosion beside the forming solar system must have 

peppered the solar cloud with radioactive 26~l. This model has been shaken by 

the detection of radioactive 2 6 ~ 1  in the interstellar medium today. The his- 

toric first detection of interstellar radioactivity was made by the HEAO 3 

spacecraft (Mahoney et al., 1984, Astrophys. J., 286, 578) which recorded a 
measurable Elux of 1809 keV gamma rays striking the solar system, The 1809 

keV gamma rays are well known signatures given off following the beta decay of 

an 2 6 ~ 1  nucleus. The HEAO 3 measurements indicate that about 4.8 such gamma 

rays impact a square meter in the solar system every second, and come from the 

general direction of the center of our Galaxy. Any lingering doubts about the 

reality of this astonishing discovery have now been removed by a confirmation 

using the Solar Maximum Mission that was so dramatically repaired by the Shut- 

tle astronauts and which carried a gamma ray spectrometer that had since 

February 1980 taken unintentional periodic looks at our Galactic center. That 

spectrometer team (Share et al., 1985, submitted to Astrophys. J a b )  confirms a 

flux of about 4.0 gamma rays per square meter per second from the general 

direction of the Galactic center, in direct agreement with the UEAO 3 measure- 



rnent, It can now be a s s e r t e d  w i t h o u t  r e a s o n a b l e  doubt  t h a t  some s o u r c e  of 

r a d i o a c t i v e  2 6 ~ 1  l i e s  i n  t h e  g e n e r a l  d i r e c t i o n  of t h e  g a l a c t i c  c e n t e r .  

The a n a l y s i s  of t h e  magnitude of t h i s  gamma r a y  f l u x  and i t s  impl ica-  

t i o n s  f o r  bo th  t h e  o r i g i n  of t h e  e lements  i n  e x p l o s i o n s  of s t a r s  and f o r  t h e  

o r i g i n  of t h e  Al lende  m i n e r a l s  was u n d e r t a k e n  by Clay ton  (1984, Astrophys .  J . ,  

280, 1 4 4 )  who concluded:  ( I )  i f  t h e  2 6 ~ 1  is  s p r e a d  un i fo rmly  throughout  t h e  
P 

i n t e r s t e l l a r  g a s ,  i t s  c o n c e n t r a t i o n  of abou t  10 p a r t s  p e r  m i l l i o n  of aluminum 

i s  r a t h e r  c l o s e  t o  t h e  f o s s i l  ev idence  found i n  Al lende m i n e r a l s ,  s u g g e s t i n g  

t h a t  t h e  requirement  of a  s p e c i a l  supernova t r i g g e r  t o  s o l a r  fo rmat ion  may 

have been unnecessary;  ( 2 )  supernova e x p l o s i o n s  a r e  n o t  a d e q u a t e  t o  m a i n t a i n  

t h i s  ave rage  l e v e l  of i n t e r s t e l l a r  r a d i o a c t i v i t y ,  s o  t h a t  nova e x p l o s i o n s  o r  

g a s  s t r e a m i n g  away from g i a n t  s t a r s  a r e  t h e  more l i k e l y  o r i g i n s  of t h e  r a d i o -  

a c t i v e  a luminum.  The i n e f f e c t i v e n e s s  o f  s u p e r n o v a e  i n  m a i n t a i n i n g  t h e  

observed i n t e r s t e l l a r  c o n c e n t r a t i o n  a l s o  a r g u e s  a g a i n s t  i m p l i c a t i n g  a  s p e c i f i c  

supernova w i t h  t h e  s o l a r  o r i g i n .  Cameron now a r g u e s  ( I c a r u s ,  - 6 0 ,  416 (1984) )  

t h a t  wind from a n  a s y m p t o t i c  g i a n t  b ranch  s t a r  of about  one s o l a r  mass c a r r i e d  

ample 2 h ~ l  a l o n g  w i t h  i t  and p a r t i c i p a t e d  hydrodynamical ly  i n  t h e  f o r m a t i o n  of 

a molecu la r  c loud  c o r e  wherein  t h e  s u n  Formed. I n t e r p r e t a t i o n  of t h e  e x c e s s  

*'Pig i n  Al lende aluminum-rich m i n e r a l s  depends upon t h e  c o r r e c t  i n t e r p r e t a t i o n  

of  t h e  2 6 ~ 1  gamma r a y  l i n e ,  which r e q u i r e s  b e t t e r  i n f o r m a t i o n  on t h e  a n g u l a r  

d i s t r i b u t i o n  of t h e  gamma rays .  Because of wide viewing a n g l e s  t h e  HEAO 3 and 

S o l a r  Maximum Miss ion teams can n o t  b e  v e r y  p r e c i s e  abou t  t h e  a n g u l a r  d i s t r i -  

b u t i o n ,  Alr~hough i t  i s  " c o n s i s t e n t  wi th"  r a d i o a c t i v i t y  c o n c e n t r a t e d  i n  t h e  

g a l a c t i c  p lane  hav ing  peak i n t e n s i t y  n e a r  t h e  G a l a c t i c  c e n t e r ,  t h e  d a t a  might 

n o t  r e q u i r e  t h a t  i n t e r p r e t a t i o n .  A s i n g l e  r e c e n t  supernova toward t h e  g e n e r a l  

G a l a c t i c  c e n t e r  would occupy a  l a r g e  c i r c u l a r  a r e a  on t h e  sky;  however i t  

would be rno:st u n l i k e l y  t h a t  t h e  c e n t e r  of s u c h  a  nearby d i s t r i b u t i o n  would 

happen t o  l i e  i n  t h e  p lane  of t h e  Galaxy. I f  t h e  o b s e r v i n g  teams can success -  

f u l l y  show t h a t  t h e  l a t i t u d e  d i s t r i b u t i o n  i s  narrow and c e n t e r e d  on t h e  p l a n e ,  

we w i l l  be f o r c e d  t o  a c c e p t  t h e  i n t e r p r e t a t i o n  t h a t  t h e  observed 2 6 ~ 1  concen- 

t r a t i o n  is  a  g e n e r a l  f e a t u r e  of t h e  i n t e r s t e l l a r  gas .  

2  7 The i n t e r s t e l l a r  i s o t o p i c  c o n c e n t r a t i o n  ( 2 6 ~ 1 /  A 1  = 10  p a r t s  p e r  m i l -  

l i o n )  l i e s  s q u a r e l y  between bu t  d i s t i n c t  from t h e  c o n c e n t r a t i o n  of 50 p a r t s  



per million seen in some, but not all, aluminum-rich Allende minerals (Lee - et 

al., 1977 op. cit.) and the much smaller concentration (less than I part per - 
million) that could be maintained there by supernova explosions. Thus the 

observed Allende concentrations of excess 2 6 ~ g  are still too large to be 

interpreted as being the average interstellar concentration. - If the 2 6 ~ 1  was 

actually once alive in the Allende mineral:. seen today there must have been 

some source of 2 6 ~ 1  enhancement in the solar cloud as it was collapsing to 

form the solar system. This is the reinterpretation that Cameron now advances 

and which is consistent with a common meteoritic interpretation that the 2 6 ~ 1  

was alive in the minerals at the time of their formation. 

Whatever the source of the 2 6 ~ 1  observed today, those objects are neces- 

sarily ejecting 4 Mo per million years into the interstellar meclium. By con- 

trast supernova eject 24 Mo of new stable aluminum and sears reinject 60 Mo of 

old stable aluminum over the same million years. Arguing that all of these 

ej ecta condense into refractory aluminum-rich solids as they leave their 

respective sources, that the 2 6 ~ 1  decays to 26~g within the resulting mixture 

of well mixed dust grains, Clayton reasoned that the ratio 2 6 ~ g / ~ 1  = 0.04 

results within the aluminum-rich dust. This high interstellar correlation of 

excess 2 6 ~ g  with A1 could not have been totally removed by evaporation, 

because the Allende minerals carry other isotopic anomalies that demonstrate 

that they were not evaporated totally at any stage prior to their assembly, 

Thus, the 2 6 ~ g - ~ 1  correlation observed in Allende minerals may be a manif es ta- 

tion of a cosmic chemical memory (Clayton (1985) Geophys. Res Letters sub- 

mitted). 

At the present time, it is still uncertain whether the 2 6 ~ 1  was alive -- i n  

situ or if it is primarily or partly a fossil. The data may well reflect both 

aspects. Paradoxically the gamma ray observations have raised the plausibili- 

ty of both options! Searches for other extinct radioactivitles, especially 

41~a, 5 3 ~ n  and 60~e are badly needed and are in progress (R. Clayton, personal 

communication), because their presence or absence may point the way to the 

correct interpretation. This entire issue remains one of the most significant 

controversies about possible interrelations of circumstellar dust and meteori- 

tic aggregates. 



ii) - Chemical Fractionations (Circumstellar) 

It has been common to believe that thermal condensation sequences pro- 

duce the same minerals that they would in thermal and chemical equilibrium, 

even during supernova expansions (e.g,, Lattimer et al., 1978 op. cit.). If 

that assumption were true, it would imply that virtually all of the dust that 

has been ejected from the stars exists in refractory condensation sequences, 

so that the interstellar medium would be heavily fractionated with respect to 

these refractory elements. (Note: "fractionated" in this chemical context 

implies only that the elements are not microscopically mixed in their cosmic 

abundance rat ios (e.g., Si/Pe=l ) , but instead reside in chemical structures 

pfgsiO3) that have fractionated them microscopically. It is not talcen 

to mean that averages over large volumes have variable abundances, although 

that too many occur for dynamical reasons.) If the elements are microscop- 

ically fractionated in the circumstellar origin of ISMD, the SSD will in part' 

remember that fractionation, perhaps even in macroscopic meteoritic samples 

(Clayton and Ramadurai, 1977, Nature, 265, 427). However, simplistic models 

of circumsteLPar grain formation which rely on the attainment of "equilibrium" 

i n  the turbulent ejecta of stars undergoing mass loss have often been criti- 

cized by Donn (e,g. 1978, Protostars and Planets, 100-111). Specifically, - 
N u t h  and Donn (1981, Astrophys. J. ,  247, 925) have shown that thermal equilib- 
rium is not attained in such regions due to cooling via molecular radiation 

vhile Donn and Nuth (1985, Astrophys. J., 288, 187) demonstrated that even 
nucleation theory can not be successfully applied to this process. Detailed 

grain models based on "equilibrium condensation" in stellar sources therefore 

seem rather implausible. The challenge in the present context of interrela- 

tionships between ISMD and meteoritic material is to find and describe 

realistic condensation and aggregation histories that map ISMD chemical frac- 

tionation onto meteoritic fractionation. This can be illustrated as a 

question: Does the tendency for meteoritic Mg to exist in oxides while Fe 

exists in metal and sulfides have any connection to the corresponding SUNOCON 

fractionation, or have those meteoritic fractionations been established in the 

solar system itself? That question is then generalized to others of a similar 

nature, 



The reader must be reminded that one interrelation may, but need not, 

imply another. For example, there may exist a connection between CIRCUMSTEL- 

LAR/INTERSTELLAR fractionation patterns without the existence of the corre- 

sponding relation to SSD fractionation patterns - for example if the SSD pat- 
terns were all established in the solar system without memory of prior frac- 

tionation. Isotopic systematics argue against that particular scenario, bvt 

admitting its possibility may help clarify often fuzzy distinctions, 

Section A.l demonstrated the clear evidence for the survivisl of circum- 

stellar signatures in meteoritic dust. With that backdrop one can ask about 

the ISMD/meteoritic connection, which has been controversial and hard to pin 

down. 

i) Some ISMD must survive the origin of the solar system 

This raises the question of just how much ISMD, and which part of it, 

has survived and to what degree it has remained unaltered. The minimum re- 

quirement would seem to be that at least part has survived until at least a 

portion of it has been aggregated into larger accumulations so that its iso- 

topic fingerprints remain on the final product even after some metamorphosis. 

A much stronger definition of survival, and therefore a less likely version, 

would be that interstellar dust particles themselves remain imbedded in mete- 

orites. Between these extremes lies a spectrum of degrees of p~brtial surviv- 

al. This is a frontier research question. That the amount of unhomogenized 

material is large is attested to by macroscopic aggregates having 5% excess of 

160 and 10% excess of 50~i (Fahey et al, Lunar Planet. Sci., - 16, 229 (1985)). 

However, suggestions that isotopic fractionation by distillation may have 

produced these anomalies still exist (Esat, Spear and Taylor, Lunar Planet. 

Sci., 16, 217 (1985)). - -  

The principal observational evidence for the presence of some interstel- 

lar, as distinct from circumstellar, material in meteorites lies in the veq 

high D/H values measured in several organic fractions of carbonaceous and 



other primitive chondrites (e.g. Robert and Epstein, 1982). Enrichments in D 

of up to a factor of about 35 relative to the galactic value are observed. 

The only known mechanism capable of generating such an enrichment is the iso- 

topic Eractionation associated with ion-molecule reactions taking place at 

very low translational temperatures. Such reactions are inferred to be re- 

sponsible for the even larger D enrichments observed astronomically in mole- 

cular clouds (e.g. Watson et al., 1977). Consequently, the idea has become 

widely accepted that at least part of the D found in primitive meteorites 

sterns from molecules formed in such interstellar clouds (Geiss and Reeves, 

8981, Astron. Astrophys, - 93, 189; Kerridge, 1983, EPSL, - 64, 186). Note, how- 

ever, that to a certain extent this is an argument by default; a more rigorous 

observational connection between meteoritic organic matter and interstellar 

chemistry would be most desirable. 

Recently a new set of fine-grained primitive extraterrestrial materials 

has become available through stratospheric dust collections of which the most 

challenging subset is Formed by chondritic Interplanetary Dust Particles 

(IDPPs) (Brownlee ee: al., 1977; Fraundorf et al., 1982; Mackinnon et al., 

1982)* The morphology of chondritic IDPvs varies from non-porous to highly 

porous, fluffy particles commonly referred to as Chondritic Porous (CP)  IDP's 

(Rietmeijer, 1985). The large D / H  fractionation ratios of many chondritic 

LDP's (Zinner et al., 1983) suggest that this new class of extraterrestrial 

materials may be more primitive than the primitive (carbonaceous) chondrite 

meteorites. 

Chondritic, including CP, IDPvs are essentially cosmic sediments in the 

sense suggested by Wilkening (1978) and McSween (1979) Eor matrices of car- 

bonaceous chofidrites. The IDP1s are heterogeneous, non-equilibrium mixtures 

of high- and low-temperature minerals (cf. Wood et al., this volume). Of the 

varied mineralogy of these IDP's, summarized in McKay et al. (1985), grains of 

Bismuth metal (Mackinnon and Rietmeijer, 1984), Titanium metal (Mackinnon and 

Rietmeijer, 1983) and single crystals of Tin or Tin dioxide (Sn02) (Fraundorf, 

1981;  Rietmeijer and Mackinnon, 1984) and Titanium-oxides (Rietmeijer and 

Mackinnon, 1984) underline the very primitive nature of IDP's since these 

minerals appear to be absent in carbonaceous chondrites. These minerals sug- 



gest that chondritic IDP's provide a window through which we may view indi- 

vidual remnant ISMD grains which, even in the carbonaceous chondrites, map 

already have lost their identity through metamorphosis (Rietmeijer, 1985)-  

ii) A specific and correct theory for the aggregation of ISMD (where 

and when) and for the environment (especially thermal) of those aggregates is 

needed to evaluate survival scenarios. Therefore, a continuiag strong re- 

search emphasis must be on the physics and chemistry of aggregation, 

Some aggregation'may occur in the turbulent ISM itself. These aggre- 

gates will form cold. Aggregation could occur in the "mother" m~olecular cloud 

or in prior history. It is exactly at this point that one desires a complete 

description of the chemical constitution of the dust in the molecular cloud, 

Every detail of the chemical history will have to be followed in some statis- 

tical sense, and occasionally in an explicit sense. This formidable problem 

no doubt requires ISM dust science and meteoritic science to proceed itera- 

tively. 

Some aggregation may occur in the collapse of a turbulent cloud t o  a 

protosolar disk (Cameron, 1975 Icarus, - 24, 128). Chondrule sized (0.1 mm) 

bodies may be aggregated in profusion at this time accompanied by a signifi- 

cant rise in the temperature of grain aggregates. Aggregation in the solar 

accretion disk itself might occur subsequently. Model calculations exist 

(Volk et al., 1978 Moon and Planets, - 19, 221; Morfill and Volk, 1984 -- Astro- 

phys.' J., 287, 371). Chondule-sized objects are indicated. 

Conventional wisdom among meteoriticists is that the components of chon- 

drites (chondrules, CAIs, matrix dust) were formed in a wide variety of places 

and temperature regimes, after which they mixed into cm-size aggregations 

which had enough mass to sink to the nebular midplane, There the dust-rich 

layer became gravitationally unstable, and aggregation into planetsimals 

began. Wood (1985a, b) however, has argued from the absence of preserved em- 

size structures in chondrites that this particular stage of coalescenee did 

not occur. He also argues from the fact that various chondritel subtypes con- 

tain distinctive types of chondrules (etc.) which did not mix with one another 



prior to accretion, that in fact chondrite aggregation must have occurred very 

promptly after the high-temperature events or processes that created the chon- 

drules, pro'bably within a few orbital periods. A manifestation of gravita- 

tional instability seems required that does not require concentration of the 

chondrieic solids at the nebular midplane. 

Certain observations allow constraints to be placed on the manner in 

which processed grains aggregated into meteorites in the intermediate parts of 

the solar nebula. The first of those observations is that each different type 

of chondritic meteorite consists of components (CAIs, chondrules, matrix) that 

are usually different from those in other types e.g. (CAIs that are coarse- 

grained and centimeter-sized are found only in CV chondrites such as Allende, 

while ferrolr~agnesian chondrules (though almost universally present) differ in 

composition and size range in the CV, CO, CM, CI, enstatite and ordinary chon- 

drites. There was therefore, very little cross-mixing of components between 

the different chondrite formation regions. The only escape from this conclu- 

sion would be if the ingredients are altered by the cross-mixing; that is, if 

the amlbient temperature and chemistry alter each ingredient as it migrates 

from region to region. On the other hand, some common chondrule types are 

apparently indistinguishable whether they occur in CM, CV, ordinary or ensta- 

tite chondrites (Scott and Taylor - -  JGR, 88, B275 (1983)). 

A second observation is that the main belt asteroids (the probable 

source of meteorites) are stratified into a series of concentric zones which 

change systematically in composition outwards from Type E at 2 AU to Type S to 

Type C to Type D at 5 AU (Gradie and Tedesco, 1982). 

A third' observation is that all of the various chondrite types, though 

made up of quite different components, nevertheless contain approximately 

solar relative proportions of non-volatile elements. This suggests that the 

various chondrite types formed as separate, almost closed, systems and is 

consistent with the absence of cross-mixing noted above. 

A fourth and very important observation is that all chondrites have some 

components (C:AIs, chondrules) that were made at high temperature (>1000~~) and 



then cooled within minutes to days (Paque and Stolper, 1983; Hewins, 1983). 

This requires the high temperature regions to be of quite limited volume 

and/or duration. It also suggests that solar radiation was not the heat 

source. Taken together with the earlier observations, it further indicates 

that refractory components were not made near the sun and transported outwards 

by turbulence. 

The fifth and final observation is that the various components are ran- 

domly mixed within each meteorite. This means that formed components were 

placed into "parking" drbits where they mixed with other components but did 

not clump together to produce the meteorite parent body until after all its 

components had been formed. 

Aggregation of parent bodies from planetesimals occurs subsequently. A 

huge literature exists (e.g. Hayashi et al., 1984 in Protostars and Planets 

11). This more-or-less standard theory relies on larger bodies gathering - 
smaller ones by collisions during the collisional evolution of the disk; but 

alternate ideas exist. 

A detailed "hydromagnetic-planetesimal" model for the agglomeration of 

larger bodies from smaller bodies around a magnetized spinning body (either 

the sun or a planet) has been developed by Alfven (1954) and subsequently 

extended by Alfven and Arrhenius (1975). In this model the h~ydromagnetfc 

transfer of angular momentum from the magnetized, spinning central body to the 

surrounding, infalling, dusty plasma results in the formation of a circum- 

solar or circum-planetary disc in the equatorial plane. There are several 

mechanisms proposed for the spontaneous radial break-up of this dlsc into 

concentric tori. If the collisions between dust grains within each of these 

tori were sufficiently "sticky", they would lead to the gradual formation of 

larger bodies in the equatorial plane. A similar idea of inelastic collisions 

between bodies in nearly identical orbits leading to larger bodies, has also 

be discussed by Safronov (1967). 

iii) The thermal history of aggregates must be known to evaluate the 

loss of volatiles and all subsequent metamorphism. A specially interesting 



problem is  t h e  o r i g i n  of chondru les .  What a r e  t h e  s o u r c e s  of h e a t i n g  t h a t  

must be e v a l u a t e d ?  Many have been s u g g e s t e d ,  bu t  t h e  f o l l o w i n g  look  most 

r e l e v a n t ,  i n  c h r o n o l o g i c a l  sequence of  t h e i r  p o s s i b l e  occur rence .  

( a )  Cold i n t e r s t e l l a r  a g g r e g a t e s  may be h e a t e d  by aerodynamic d r a g  

a f t e r  pass ing  through t h e  s t a n d i n g  g a s  shock a s s o c i a t e d  w i t h  t h e  s u p e r s o n i c  

i n f a l l  of m a t t e r  toward a  s o l a r  d i s k  (Wood, 1984 EPSL, 70,  11) .  Wood assumes - -  
a n  i n f a l l  speed of 10 km/sec d i s s i p a t e d  as d u s t  f a l l s  o n t o  t h e  n e b u l a r  d i s k .  

The subsequent  c h e m i s t r y  and a g g r e g a t i o n  d e s e r v e s  much s t u d y .  I n t e r s t e l l a r  

g r a i n s  and g r a i n  a g g r e g a t e s  would not  be  s t o p p e d  a t  t h e  shock f r o n t  of c o u r s e ,  

but would c o n t i n u e  th rough  t h e  d e c e l e r a t e d  g a s  a t  ( i n i t i a l l y )  t h e  p r e n e b u l a r  

i n f a l l  v e l o c i t y ;  e.g. on t h e  o r d e r  of 10 km/sec. Aerodynamic d r a g  would 

d e c e l e r a t e  and h e a t  t h e  g r a i n s .  Wood (1984) h a s  i d e n t i f i e d  c o n d i t i o n s  under  

which d r a g  h e a t i n g  cou ld  t u r n  i n t e r s t e l l a r  d u s t  i n t o  chondru'les and C A I s .  The 

e f f e c t  appears  t o  be i m p o r t a n t  on ly  where dus t -enr iched  p a r c e l s  of i n t e r s t e l -  

l a r  gas  impact t h e  s o l a r  nebu la :  i n  t h e  absence  of a p  o p t i c a l l y  t h i c k  envi-  

ronment n e a r  t h e  n e b u l a  s u r f a c e  ( such  as a  h i g h  c o n c e n t r a t i o n  of d u s t  would 

p rov ide )  d r a g - d e c e l e r a t e d  o b j e c t s  would c o o l  t o o  e f f i c i e n t l y  by r a d i a t i o n  t o  

be hea ted  s i g n i f i c a n t l y .  A c o r o l l a r y  of t h i s  s i t u a t i o n  is  t h a t  some i n t e r -  

s t e l l a r  g r a i n s  (e.g.  - t h o s e  which d i d  no t  e n t e r  t h e  n e b u l a  i n  d u s t - r i c h  

ensembles) would n o t  be h e a t e d ,  and might s t i l l  r e t a i n  t h e i r  i n t e r s t e l l a r  

p r o p e r t i e s  wfhen i n c o r p o r a t e d  i n  c h o n d r i t i c  p l a n e t e s i m a l s .  

( b )  E:xothermic chemical  h e a t i n g  o c c u r s  whenever h i g h l y  d i s e q u i l i b r a t e d  

a g g r e g a t e s  a r e  h e a t e d  s u f f i c i e n t l y  t o  t r i g g e r  t h e  exo the rmic  rearrangement .  

Clayton (19t30, Astrophys.  J. ( L e t t e r s ) ,  239, L37) h a s  s u g g e s t e d  t h i s  as a 

h e a t i n g  s o u r c e  c a p a b l e  of bo th  chondru le  f o r m a t i o n  and the rmal  metamorphism of 

s m a l l  p l a n e t e s i m a l s .  Aggregat ion of chondru le - s i zed  c l u ~ n p s  would have t o  

occur  i n  such  a  way t h a t  t h e  clump remained c o l d  enough t h a t  i t s  chemical  

rearrangement not  be t r i g g e r e d .  Such d u s t  a g g r e g a t e s  inight s u b s e q u e n t l y  be 

hea ted  by ambient t e m p e r a t u r e s  i n  t h e  a c c r e t i o n  d i s k ,  a t  which p o i n t  chemical  

runaway could  occur .  

( c )  The ambient g a s  t empera tu re  w i t h i n  t h e  s o l a r  a c c r e t i o n  d i s k  cou ld  

be h i g h  enough t o  t h e r m a l l y  a n n e a l  amorphous g r a i n s  o r  even v a p o r i z e  p r e s o l a r  



materials. The source of this heat is the "frictional" dissipation associated 

with viscosity and the outward transport of angular momentum (e.g. I , in  1981 

op. cit.; Morfill and Volk (1984) op. cit.). The highest temperatures 

(>1000K) lie closest to the sun with colder temperatures (<500K) in the likely 

regi'ons of meteoritic accumul.ation. Dust aggregates may be turbulently trans- 

ported between these regions by a radial random walk (Morfill and Volk, 1984 

op. cit.). This situation raises the possibility of adding to parent bodies 

dust aggregates having a wide spectrum o'f thermal histories. In this model 

the aggregation history and the thermal history are coupled problems. But if 

it is to be effective, this radial mixing from regions of different tempera- 

ture must circumvent the chemical arguments against mixing detailed above by 

allowing the aggregates to alter during transport. 

(d) Lightning strokes may heat selected portions of the disk. 

(e) Ohmic dissipation resulting from motion through magnetic fields 

could heat larger bodies over hundreds of thousands of .years. 

( f )  Parent-body heating and alteration may occur after its accumulation 

either by trapped heat, by radioactive energy ,release, or by chemical energy 

release. These stages of thermal metamorphism are a significant part of mete- 

oritical science (c.f. Meteorites, R. T. Dodd, Cambridge University Press 

1981, Chapter 6, or the meteorite section of this report). Some meteorites 

(chondrites) are magmatically differentiated by this process, aind some have 

been altered by "geothermal" fluids. 

iv) Nonthermal effects on presolar grains must be evaluated for tracers 

that can reveal something of the time spent in the ISM. 

a) Sputtering of small refractory grains may be expected to produce an 

isotopic fractionation between the fraction of the element remaining in the 

grains and the fraction in the interstellar gas. Clayton (1981, Astrophys. - 

J . ,  251, 374) has advanced this as the mechanism Eor producing the Large iso- - -  
topic fractionation found in certain anornal.ous Allende inclusions, A more 

detailed scenario for this fractionation is needed. The basic idea is that as 



sputtering grinds grains down to their most refractory centers it also estab- 

lishes a skin depth that is isotopically fractionated. On general grounds one 

expects light isotopes to be removed somewhat preferentially by the sputter- 

ing, If the element is very refractory, so that it resides overwhelmingly in 

grains, the pool of gas phase isotopes may be considerably lighter than the 

condensed portion. Mechanical separation of dust from gas, or of sputtered 

skins from interiors, can result in bulk isotopic fractionation. One way of 

mapping this onto a chemical memory is to recondense the gas onto smafl 

grains, employing grain-size effects to produce bulk macroscopic isotopic 

fractionations (Clayton, 1980 EPSL, 47, 199). - -  

The sputtering of sequentially condensed refractory elements may also 

play a key role in maintaining a higher gas concentration of less refractory 

elements, The most refractory elements remain most shielded from sputtering. 

For example, the fraction of A1 in ISM gas may be much less than the fraction 

of Mg because the A1 is not nearly as exposed to sputtering as Mg is. 

Although the related phenomena are difficult to observe in the astronomical 

setting, they may define important relationships between ISMD and meteoritic 

dust. 

b )  Cosmic rays cause spallation reactions within grains. These may 

produce isotopic anomalies (Ray and Volk, 1983 Icarus, - 54, 406). Heavy cosmic 

ray nuclei also leave ion tracks that may be exposed by etching. A large 

literature exists for study of these effects during solar system history, but 

the presolar component is harder to identify. 

e )  Hligher speed grain-grain collisions (v > 1 krnlsec) are normally 

thought to be disruptive to grains. But is it possible, if ISMD has a com- 

posite structure containing both refractory components and mantles, that 

clumps of larger refractory-rich aggregates can be grown in violently turbu- 

lent settings. Clayton (1977 EPSL, 35, 398; 1981 Astrophys. J., 251, 374) has - -  
argued that this scenario could conceivably prepare parents of the CAI's. 

Elmegreen (1982 Astrophys. J., 251, 820) has argued that this could come about 
in the wake of ISM supernova shock waves, where ample sputtering will also be 

expected. 



The major d u s t  p r o c e s s i n g  a g e n t s  i n  t h e  i n t e r s t e l l a r  medium a r e  i n t e r -  

s t e l l a r  shocks .  The average  d u s t  g r a i n  h a s  passed  th rough  one t o  t e n  100 

km-s-I i n t e r s t e l l a r  shock waves. I n  each  of . t h e s e  shock waves, a g r a i n  com- 
+ posed of N atoms i s  s t r u c k  by 10 N p r o t o n s ,  N He and ~ e + +  i o n s ,  and perhaps  

N ca rbon ,  oxygen and n i t r o g e n  i o n s ,  w i t h  k i n e t i c  e n e r g i e s  of o r d e r  100 m 

eV (where m i s  t h e  mass i n  a tomic  u n i t s  of  t h e  i o n ) .  These i o n s  bo th  s p u t t e r  

t h e  s u r f a c e  of t h e  g r a i n  and a r e  implan ted  i n  t h e  g r a i n s .  The former  p rocess  

may cause  some s m a l l  d e g r e e  of i s o t o p i c  o r  chemical  f r a c t i o n a t i o n  a s  l i g h t e r  

atoms o r  more weakly bound atoms p r e f e r e n t i a l l y  s p u t t e r .  The l a t t e r  p rocess  

may make t h e  g r a i n s  ( o r  t h e i r  s u r f a c e s )  resemble  l u n a r  s u r f a c e s  whLch have 

been exposed t o  t h e  s o l a r  wind. I n  a d d i t i o n ,  i n  e a c h  shock wave a  t y p f c a l  

g r a i n  i s  s t r u c k  by s m a l l e r  g r a i n s  w i t h  r e l a t i v e  v e l o c i t i e s  of 5-100 kn-s-le 

The more e n e r g e t i c  c o l l i s i o n s  cou ld  c e r t a i n l y  r e s u l t  i n  v a p o r i z a t i o n  and s h a t -  

t e r i n g .  The l e s s  e n e r g e t i c  c o l l i s i o n s  may l e a d  t o  c r a t e r i n g  of t h e  l a r g e r  

p a r t i c l e .  The vapor  may l a t e r  be r e d e p o s i t e d  on c o l d e r  i n t e r s t e l l a r  g r a i n s ,  

c a u s i n g  a  d i s t i n c t  man t le  o r  s u r f a c e  l a y e r  t o  appear  on t h e  g r a i n .  nus, an 

i n t e r s t e l l a r  g r a i n  may be  r e c o g n i z a b l e  because  i t  h a s  been s p u t t e r e d ,  fon 

implan ted ,  c r a t e r e d ,  and mantled.  

G r a i n - g r a i n  c o l l i s i o n s  p l a y  a n  i m p o r t a n t  r o l e  everywhere t h e r e  a r e  

g r a i n s  p r e s e n t .  Low v e l o c i t y  impacts  (v<<lkm/s )  g e n e r a l l y  l e a d  t o  a c c r e t i o n  

of  bo th  p a r t i c l e s .  T h i s  e f f e c t  p l a y s  a  major  r o l e  i n  t h e  e a r l y  n e b u l a r  d i s k ,  

and a t  t h e  p r e s e n t  t ime  i n  dense  p l a n e t a r y  r i n g s .   he r e l a t i v e  speeds  i n  t h e  

l a t t e r  c a s e  a r e  i n  t h e  range  of cm/s. However, r e c e n t  l a b o r a t o r y  exper iments  
3 w i t h  impacts  of p r o j e c t i l e s  i n t o  low d e n s i t y  m a t e r i a l s  ( i . e .  <<'lg/cm , Pike  

s ty ro foam)  by Werle,  F e c h t i g  and S c h n e i d e r  (1981,  Proc .  Lunar P l a n e t .  S c i * ,  

12B, 1641) show t h a t  a  major  f r a c t i o n  of t h e  impac t ing  body can be recovered - 
a l m o s t  i n t a c t  even a t  speeds  a s  h i g h  a s  6  km/s. T h i s  speed i s  n o t  a n  upper 

l i m i t  b u t  i s  s imply  t h e  maximum speed a t  which t h e  exper iments  were performed, 

T h i s  s i t u a t i o n  may be  i m p o r t a n t  f o r  t h e  c a p t u r e  of i n t e r s t e l l a r  p a r t i c l e s  I n  

low d e n s i t y  snow on t h e  s u r f a c e  of  comets i n  t h e  o u t e r  s o l a r  sys tem,  where 

r e l a t i v e  speeds  a r e  a t  a  minimum. 

High  speed c o l l i s i o n s  (v>>lkm/s) g e n e r a l l y  l e a d  t o  t h e  d e s t r u c t i o n  a t  

l e a s t  of t h e  s m a l l e r  of t h e  two c o l l i d i n g  p a r t i c l e s .  The e f f e c t s  are  based on 



laboratory experiments which were described by Gault and Wedekind (1969, JGR, - 
74, Q780), Gault (1973, The Moon, 6, 32) and Fujiwara et al. (1977, Icarus, - - 
37, 277). These experiments were performed with mm-sized projectiles at - 
speeds below 10 km/s onto glass, rock and metal targets. Experiments at 

higher speeds 0 2 0  km/s) with micron-sized particles are described by HBrz et 

al, (1975, - Planet. Space Sci., 23, 151). The latter experiments primarily 

studied cratering and therefore, pertain to erosion of the larger body. 

High speed collisions between two particles lead to the destruction 

(evaporation) of the smaller of the two particles while the larger one may be 

just cratered or fragmented. In the first case the excavated material will be 

s o l i d  particles, to a smaller extent liquid droplets and only the order of the 

small particle mass will be evaporated. The total mass excavated (i.e. the 

crater volume) depends on the kinetic energy of the smaller particle in the 

reference frame of the larger particle and of course, on the materials 

involved, 

In interplanetary space, however, even more important is the case where 

the kinetic energy of the collision is sufficient to fragment the larger 

particle completely. A discussion of the relative importance of both cases 

can be found in Dohnanyi (1972, Icarus, 17, 1). Catastrophic collision is 

more important than the slow erosion by cratering because much more mass (of 

the large particle) is shattered than is excavated in the cratering process. 

For example, at an impact speed of 10 km/s, a particle of mass ml can fragment - > a particle of mass m2=4x10 ml. On the other hand, a slightly smaller projec- 

tile =Os5m will only excavate a crater in a particle of mass m 3 1 2 * This 

ratio of the mass of the target particle m2 to the mass of the smallest pro- 

jectile n1 which will still catastrophically destroy the larger particle de- 

pends on the square of the relative speed v. 

The effects of catastrophic collisions are also important for a popula- 

tion of particles. If particles are all of the same size, then a collision 

wfll destroy and perhaps even vaporize both. But if there is a size distribu- 

tion, e.g., g(m)=m-x, then the most probable catastrophic collision of a given 

particle is with a much smaller particle because they are more numerous. The 



f ragments  may f o l l o w  a  s i z e  d i s t r i b u t i o n  of t h e  type  h(m)=mWY, where y=0,83 

( F u j i w a r a  e t  a l . ,  1977) .  T h e r e f o r e ,  f r a g m e n t a t i o n  cou ld  change t h e  o r i g i n a l  

s i z e  d i s t r i b u t i o n .  Dohnanyi (1970, - J G K ,  - 75,  3468) h a s  shown t h a t  only  a  d i s -  

t r i h u t i o n  w i t h  a  p o p u l a t i o n  i n d e x  ( x )  of 1116 i s  s t a b l e  a g a i n s t  f r agmenta t ion  

and w i l l  n o t  change w i t h  time. T h i s  i s  t h e  c a s e  f o r  t h e  d i s t r i b u t i o n  of 

a s t e r o i d s .  I F  t h e  p o p u l a t i o n  index  is  l a r g e r  t h a n  1116, t h e n  more p a r t i c l e s  

a r e  d e s t r o y e d  i n  a  g i v e n  mass i n t e r v a l  t h a n  a r e  g e n e r a t e d  by c o l l i s i o n s  s f  

l a r g e r  p a r t i c l e s  i n  t h e  same mass  i n t e r v a l .  T h i s  i s  t h e  c a s e  f o r  l a r g e  
2 ( 1 0 - ~ ~ < m < 1 0  g )  i n t e r p l a n e t a r y  g r a i n s  (x=1.34) which need t o  be r e p l e n i s h e d  by 

a  s o u r c e  (e.g. from comets) .  I F  t h e  p o p u l a t i o n  index  i s  s m a l l e r  than  11/6  

t h e n  more p a r t i c l e s  a r e  g e n e r a t e d  by c o l l i s i o n s  t h e n  a r e  removed from t h e  same 

mass i n t e r v a l .  An example f o r  t h i s  c a s e  a r e  z o d i a c a l  p a r t i c l e s  
10 (10- g < m < l ~ - 5 g )  which a r e  produced mainly by f r a g m e n t a t i o n  of meteor s i z e d  

o b j e c t s  ( m > 1 0 - ~ ~ ) ,  f a s t e r  than  t h e y  a r e  d e s t r o y e d  by mutual  c o l l i s i o n s .  

v. Sea rch  f o r  P r i m i t i v e  P o l v c v c l i c  Aromatic Hvdrocarbons 

P o l y c y c l i c  Aromatic Hydrocarbon (PAH) molecu les  have recent-Ly been sug- 

g e s t e d  a s  t h e  s o u r c e  of I R  emiss ion  bands (T,eger and Puge t ,  1984, Astron,  

Astrophys . ,  137,  L 5 ) .  T h i s  i d e n t i f i c a t i o n  seems t o  he a  r e a s o n a b l e  hypo thes i s  

bu t  on ly  i n d i c a t e s  t h e  p resence  of a  m o l e c u l a r  f a m i l y  because  many members of  

t h i s  c l a s s  of molecu les  can have t h e  same IR v i b r a t i o n s  (C-H, C-6 modes). 

Labora to ry  d e t e r m i n a t i o n  of t h e  v i s i b l e  s p e c t r a  of PAH i s  b e i n g  under taken ,  

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

s t u d y  ( t h e r e  a r e  > l o 4  molecu les  f o r  a carbon atom number between 50 and 100).  

PAH molecu les  have been d e t e c t e d  i n  m e t e o r i t e s  (e.g. Hayatsu and Anders, 

1981) .  I f  one cou ld  f i n d  such  molecu les  i n  s i t u a t i o n s  where t h e r e  i s  some 

hope t h a t  they a r e  p r i m i t i v e  ( i n  t h e  s e n s e  of hav ing  t h e  o r i g i n a l  chemical 

fo rmula )  i t  may be a  most i n t e r e s t i n g  g u i d e  t o  t h e  s e l e c t i o n  of s p e c i e s  f o r  

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

v i .  I n t e r s t e l l a r  Organic  (Riogen ic  ? )  M a t e r i a l  

I n  a  s e r i e s  of p a p e r s  over  t h e  p a s t  decade,  Hoyle and Wickramasinghe 

have argued t h a t  o r g a n i c  m a t t e r  i s  t h e  major  s o u r c e  of i n t e r s t e l l a r  o p a c i t y  



(HoyPe, F. and Wickramasinghe, N. C., 1977, Nature, - 268, 610). Their efforts 

have embraced everything from detailed fits of the wavelength dependence of 

interstellar extinction to theoretical arguments about the need to utilize 

organic compounds. If they are correct, these compounds will be the natural 

abundant precursors of the carbonaceous matter found in meteorites. 

But th~ere is an even more important connection between these interstel- 

lar particles and the solar system record -- life itself. Highly controvei- 

sial and not accepted by most of the scientific world, they have argued that 

the chemical memory structures that characterize life did not originate on 

Earth, but were instead inherited by Earth from a larger cosmic evolution 

(Hoyle, F, and Wickramasinghe, N. C., 1979, Astrophys. Spa. Sci., - 66, 77). 

They have stressed that many very deep issues are involved, even our concepts 

of intelligence and of the correct cosmological theory. We must at least 

admit that if they are correct, it is the most important connection of them 

all to a cosmic memory. Because of its radical nature, much of their writing 

has gone straight to the public (e.g. Evolution from Space, J. M. Dent and 

Sons, London 1981). 

Be Planetairy Record 

Postulated relationships between the structures of planets and the 

structure of ISMD are much harder to pin down because the planets have been so 

chemically active. The question may perhaps be asked this way: "What pro- 

perties of planets owe their existence to the actual structure of ISMD; i.e. 

m a t  would have been different if the dust structures had been different?" 

Little consensus exists on these clues because they depend upon a theoretical 

picture of dust aggregation and modification leading to the growth of planets. 

Because the initial generations of dust structures are now gone, one is con- 

cerned with fine effects in the bulk composition of planets, and these fine 

effects are attributable to initial properties of the dust (ISMD) only with 

grave uncertalinty at present. Studies of the transport and aggregation of 

dust in a model of the solar disk (e.g., Lin, 1981, Morfill and Volk, 1984, 

ope cit,) seem at present to offer the most likely chance of establishing a 

connection. But even so, an almost exactly correct description will be needed 



t o  e v a l u a t e  t h e  s m a l l  f r a c t i o n a t i o n  e f f e c t s  on t h e  b u l k  c o m p o s i t i o n s  o f  

p l a n e t s .  P l a n e t a r y  a tmospheres  c o u l d ,  i n  p r i n c i p l e ,  r e c o r d  v o l a t i l e - r i c h  

a c c r e t i o n  over  g e o l o g i c  t ime.  

U n l i k e  m e t e o r i t e s ,  t h e  bir t , . l i lates of comets a r e  unknown, a l though  on 

good grounds t h e y  a r e  a l s o  b e l i e v e d  by most as t ronomers  t o  have formed e a r l y  

i n  s o l a r  sys tem h i s t o r y .  I f  t h a t  i s  t h e  e a s e ,  comets shou ld  c a r r y  some memory 

of t h e  ISM d u s t  from which they  p robab ly  formed. Although c o n n e c t i o n s  t o  hSMD 

t h e n  e x i s t ,  t h e  ha rd  t a s k  i n  t h i s  c a s e  i s  t h e  measurement of t h e  p r o p e r t i e s  of 

cometary m a t e r i a l .  An e x t e n s i v e  l i t e r a t u r e  e x i s t s  and can be approached 

th rough  Comets ( U n i v e r s i t y  of Arizona P r e s s :  Tucson 1384). Some i n  sit11 

measurements may a l r e a d y  e x i s t  i f  cometary breakup i s  a  major souce of i n t e r -  

p l a n e t a r y  d u s t  p a r t i c l e s  ( IDP's  - s e e  Walker ' s  review).  A r e t u r n e d  cometary 

sample could  become t h e  s i n g l e  most i n f o r m a t i v e  p i e c e  of ev idence  of this 

r e l a t i o n s h i p ,  b u t  t h e  proposed f l y b y s  may be a lmost  a s  r e v e a l i n g ,  

4 
Whether  t h e  comets i n  t h e  Oort  c loud  (d > 3x10 AU) were formed i n - s i t u  

o r  were Formed i n  t h e  t rans-Neptunian r e g i o n  and k icked  o u t  by t h e  g r a v i t a -  

t i o n a l  p e r t u r b a t i o n s  of t h e s e  o u t e r  p l a n e t s  i s  s t i l l  a n  open q u e s t i o n .  What- 

e v e r  t h e i r  o r i g i n ,  however, i t  i s  g e n e r a l l y  r egarded  t h a t  comets,  by v i r t u e  of  

t h e i r  s m a l l  masses ( l e a d i n g  t o  a lmost  no i n t e r n a l  h e a t i n g  o r  wea the r ing  a n d  a 

n e g l i g i b l e  number of h i g h - v e l o c i t y  m e t e o r i t i c  impac t s )  pe rhaps  r e p r e s e n t  t h e  

most p r i s t i n e  m a t e r i a l  i n  t h e  s o l a r  sys tem.  Consequent ly ,  a  proper u n d e r -  

s t a n d i n g  of t h e i r  chemlcal  composi t ion and p h y s i c a l  s t r u c t u r e  ( e . g .  do they 

show a  h i e r a r c h i c a l  g r a n u l a r  s t r u c t u r e  s i m i l a r  t o  Brownlee p a r t i c l e s )  coriid 

g i v e  u s  impor tan t  c l u e s  b o t h  t o  t h e  physico-chemical  environment i n  which they 

formed, a s  w e l l  a s  t h e  b a s i c  p h y s i c a l  p r o c e s s e s  t h a t  l e d  t o  t h e i r  format ion.  

For  t h i s  r e a s o n ,  a  sample r e t u r n  miss ion  t o  a  comet i n  t h e  f u t u r e ,  foLEowing 

t h e  p r e s e n t  f ly-by m i s s i o n s  t o  comets Ha l l ey  and Giacobini -Zinner  and t h e  pro- 

posed re:ldezvous m i s s i o n ,  p o s s i b l y  t o  comet Wi ld t2 ,  shou ld  be s t ro r lg ly  sup-  

p o r t e d .  



1, - The relationship of cometary volatiles to the ISM. The relation- 

ship of cometary volatiles to interstellar dust is unclear because it is not 

known whether the volatiles condensed as mantles on grains in dark clouds long 

before accretion into comets or condensed in the pre-solar nebula. A few 

points bear on the condensation process and subsequent history. 

a, If s 2  is truly resident in the cometary nucleus and is not a 
rapidly procluced daughter product, it constrains the history of the grains. 

In particular, it requires irradiation of sulfur compounds in grain mantles 

and it requires that the irradiated mantles remain very cold (T < 30 K) from 
the time of irradiation until accretion into the nucleus (A'Hearn et al. 1983, 

Ap. J. (Lett.), 274, L99). - -  

be The D/H ratio in H 0 (only upper limits exist now but better num- 2 
bers will exist within 1 112 years) constrain the condensation process of ~ ~ 0 .  

Condensation of H20 on grain surfaces should lead to a temperature dependent 

fractionatio:n. Since the ice band is readily observed in dark clouds, it is 

likely that the condensation process should take place there. Better theore- 

tical models of the fractionation, allowing for time dependence, will be 

needed. 

2 ,  - Clometary Refractory Grains. The large (compared to diffuse ISM) 

grains which are presumably friable and porous, require a very gentle aggre- 

gation process, either in clouds or in the pre-solar nebula. Do the clouds 

completely shield the grains from the destructive shocks of the diffuse ISM? 

3 ,  Need for In Situ Measurements. In situ experiments (e.g. from the 

CMF mission) could test whether or not the C depleted from volatiles has gone 

into refractories by measuring the vaporization mass spectra of dust. Such a 

mission can, in principle, lopk for the isotopic anomalies found in meteor- 

ites, although getting sufficient sensitivity in flight instruments may be 

difficult, 



11- INTERRELATIONSHIPS TODAY 

A. "IDP" Captured from ISM 

Because the spectrum of origins of IDP's is not known, the possibility 

exists that some may be captured from the ISM. Entry of ISMD into the solar 

system happens at all times, but especially during those epochs when the solar 

system passes through ISM clouds. The probability frequency of the latter is 

discussed in several papers in the book The Galaxy and the Solar System (Uni- 

versity of Arizona Press: Tucson 1985). Capture in recent times would 

present us with particles related to ISMD today. It is still not known how 

large ISMD particles can be, or even if macroscopic ISMD particles exist. 

1. Estimates of total accretion of interstellar grains onto Earth's 

Surface. Over the earth's total history, probably about a dozen clouds of 

density n =lo00 cmq3 have been encountered. Clouds of such density will 
H 

suppress the heliopause to within 1 AU of the Sun, so that the dust particles 

in these clouds should accrete onto the earth's atmosphere unimpeded by de- 

struction processes associated with the solar wind. It is simplest to assume 

that the radiation pressure on the grain balances the Poynting-Robertson 

effect, a reasonable assumption for a typical a 0.1 micron particle expected 

for nH=lOOO cmV3 clouds. But see the discussion of the size distribution 

below. 

A density enhancement of a factor of 3-10 over the ambient interstellar 

density is expected at 1AU for an average relative sun-cloud velocity of 20 

km/s. If the earth has encountered a dozen such clouds over its history, and 

if each cloud encounter lasted about lo6 years (i.e. a cloud length of lOpc), 

then a total integrated flux of about 0.06 g cm-2 is expected on the earth's 

surface, or a total accumulation of 9 x 1 0 ~ ~  grams. At an average grain density 
3 of 3g/cm , this is enough to build about 25 mountains the size of Mount 

Everest. This interstellar component is unfortunately swamped by the much 

larger influx of solar system micrometeorites (Barker and Anders, 1968, 

Geochim. Cosmochim. Acta, - 32, 175). 



2. I n t e r s t e l l a r  "IDP" E f f e c t s  on Lunar S o i l s .  At t h e  p r e s e n t  t ime  t h e  

s o l a r  sys tem i s  a p p a r e n t l y  l o c a t e d  i n  a  r e g i o n  of space  t h a t  i s  n o t  d e n s e l y  

popu la ted  w i t h  i n t e r s t e l l a r  g a s  and d u s t .  However, t h i s  h a s  a lmos t  c e r t a i n l y  

n o t  been t r u e  f o r  i t s  e n t i r e  h i s t o r y .  A t  v a r i o u s  t imes  i n  t h e  p a s t ,  t h e  s o l a r  

sys tem must have encoun te red  dense ,  i n t e r s t e l l a r  g a s / d u s t  c l o u d s  ( s e e  The - 
Galaxy and t h e  S o l a r  System (Tucson 1985) ) .  I n  p r i n c i p l e ,  t h e  r e c o r d  of such  

e n c o u n t e r s  could  be p r e s e r v e d  i n  i n d i v i d u a l  c r y s t a l s  of t h e  l u n a r  r e g o l i t h .  
4 I n d i v i d u a l  ]Lunar s o i l  g r a i n s  have t y p i c a l l y  been exposed f o r  10  y e a r s  a t  t h e  

v e r y  s u r f a c ~ e  of t h e  moon. C r y s t a l s  removed from d i f f e r e n t  d e p t h s  and from 

d i f f e r e n t  c o r e s  were exposed a t  v a r i o u s  t imes  i n  t h e  p a s t  - i n  some c a s e s  a t  

l e a s t  10' y e a r s  ago. The r e c o r d  of s u r f a c e  exposure  i s  m a n i f e s t e d  by t h e  

p r e s e n c e  of m i c r o m e t e o r i t i c  impact c r a t e r s ,  s o l a r  wind implan ted  i o n s ,  and 

s o l a r  f l a r e  t r a c k s .  Passage  through a  dense  d u s t  c loud would produce c r y s t a l s  

w i t h  a  h i g h e r  average  d e n s i t y  of impact p i t s  r e l a t i v e  t o  implan ted  s o l a r  wind 

i o n s  t h a n  c r y s t a l s  exposed a t  t h e  lower  s u r f a c e .  I n i t i a l  a t t e m p t s  t o  look  f o r  

a n  e f f e c t  were d e f e a t e d  by t h e  p r e s e n c e  of  g l a s s  s p l a s h e s  on g r a i n  s u r f a c e s  

which masked t h e  Mg c o n t r i b u t i o n  which was b e i n g  used a s  a t r a c e r  of implanted 

s o l a r  wind. Recent advances  i n  i n s t r u m e n t a t i o n  have made i t  p o s s i b l e  t o  r e -  

examine t h i s  q u e s t i o n  u s i n g  n i t r o g e n  a s  t h e  s o l a r  wind t r a c e r .  S i n c e  t h e  

ind igenous  n i t r o g e n  c o n c e n t r a t i o n  i s  low on t h e  moon, i t s  u s e  a s  a  t r a c e r  of  

s o l a r  wind e x p o s u r e  s h o u l d  n o t  b e  compromised  by t h e  p r e s e n c e  o f  g l a s s  

s p l a s h e s .  While a d m i t t e d l y  a n  ex t remely  d i f f i c u l t  e x p e r i m e n t a l  problem, i t  i s  

s t i l l  worthwhi le  t o  a t t e m p t  t o  u s e  l u n a r  samples  t o  e s t a b l i s h  a  f u l l e r  r e c o r d  

of t h e  h i s t o r y  of t h e  s o l a r  sys tem t h a n  h a s  t h u s  f a r  been done. Again, how- 

e v e r ,  i t  i s  n e c e s s a r y  t o  s e p a r a t e  t h e  i n t e r s t e l l a r  component from a  mtlch 

g r e a t e r  i n f l u x  of more mundane s o l a r  sys tem p a r t i c l e s  ( s e e  Anders e t  a l . ,  

1973, The Moon, 8 ,  3 ) .  - - 

3. - Dynamical Aspec t s  of Today's Intersellar/Interplanetary Connection. 

I n t e r p l a n e t a r y  m a t t e r  c o n t r i b u t e s  t o  t h e  i n t e r s t e l l a r  medium v i a  t h e  i n j e c t i o n  

of s m a l l  p a r t i c l e s  ( m ( 1 0 - l ~ ~ )  i n t o  h y p e r b o l i c  t r a j e c t o r i e s  under  t h e  i n f l u e n c e  

of  r a d i a t i o n  p r e s s u r e .  There  a r e  two p r o c e s s e s  which g e n e r a t e  t h e s e  s m a l l  

p a r t i c l e s :  ( 1 )  e v a p o r a t i o n  of comets i n  t h e  i n n e r  s o l a r  sys tem w i t h  t h e  sub- 

s e q u e n t  r e l e ( a s e  of cometary d u s t ,  and ( 2 )  c o l l i s i o n a l  f r a g m e n t a t i o n  of l a r g e r  

i n t e r p l a n e t a r y  meteoro ids .  The o u t f l u x  of b o t h  t y p e s  of p a r t i c l e s  from t h e  



solar system is of the order of 10 tons per second (Delsemme 1976, Lecture 

Notes in Physics, - 48, 314; and Griin et al, 1985, Icarus in press). 

On the other hand, interstellar grains will enter the solar system and 

may be observable there. There are certain dynamical processes which affect 

the trajectories and which lead to a dispersion of incoming interstellar 

grains. Radiation pressure reduces the gravitational attraction by the sun. 

The parameter which quantifies this effect is the ratio of the radiation pres- 

sure force Frad over the solar gravitational force Fgrav: beta=Frad/Fgrave 

This ratio is a function only of particle parameters such as the size (s), 

density (p) and optical scattering efficiency Q: beta=Q/sp. For micron- and 

submicron-sized particles beta reaches unity and may even exceed it. For 

smaller particles, it decreases (pure dielectric materials) or stays close to 

unity (absorbing materials). The effect of beta >1 for small particles is 

that .they are repelled from the sun rather than being attracted by it. The 

result will be that these small particles reach only a minimum distance from 

the sun which depends on their incoming velocity. 

Another effect is due to the interaction of interstellar grains with the 

solar wind. Solar wind ions impinging on dust particles also exert a repel- 

ling force on the grains which, for submicron-sized dielectric particles, may 

become the dominating force. Therefore, very small (<0.1 micron) dielectric 

particles are shielded from the inner solar system. 

A third effect which acts to prevent small interstellar grains from 

reaching the inner solar system is the electromagnetic interaction betxtreen 

charged dust particles and the interplanetary magnetic field. Dust particles 

within the heliosphere will be charged positively because of the prevailing 

photoelectric effect, which exceeds the charging by solar wind electrons. The 

surface potential is estimated to be of the order of 10V independent of the 

solar distance (Rhee, 1969). The charged interstellar dust grains interact 

with the interplanetary magnetic field. For micron sized particles this fo rce  

is only a small perturbation compared to the force exerted by gravity and 

radiation pressure. For 0.1 micron sized particles however, the electromag- 

netic force is comparable to the others. Morfill and Griin (1979, -- Planet, 



Space S c i . )  have shown t h a t  i n t e r s t e l l a r  g r a i n s  may be focused  towards o r  

d i s p e r s e d  away from t h e  c u r r e n t  s h e e t  l o c a t e d  c l o s e  t o  t h e  e c l i p t i c  p l a n e ,  

depending on t h e  c o n f i g u r a t i o n  o f  t h e  o v e r a l l  s o l a r  magnet ic  f i e l d  which 

v a r i e s  w i t h  t h e  s o l a r  c y c l e .  Small  charged p a r t i c l e s  e n t e r i n g  t h e  s o l a r  

sys tem a t  h i g h  s o l a r  l a t i t u d e s  w i l l  e n c o u n t e r  on ly  a u n i p o l a r  f i e l d  which w i l l  

e f f e c t i v e l y  r e p e l  them a l l  t h e  t ime.  

The upshot  of t h e s e  c o n s i d e r a t i o n s  i s  t h a t  submicron-s ized ((0.1 micron)  

p a r t i c l e s  made from e i t h e r  a b s o r b i n g  (ca rbon  o r  m e t a l  r i c h )  o r  d i e l e c t r i c  

( s i l i c a t e s )  m a t e r i a l  w i l l  no t  reach t h e  i n n e r  s o l a r  sys tem.  T h e i r  c l o s e s t  

approach depends on t h e i r  speed w i t h  r e s p e c t  t o  t h e  Sun and on t h e i r  e x a c t  

cornpositon ( p u r e  d i e l e c t r i c s  may g e t  somewhat c l o s e r ) .  However, p a r t i c l e s  

l a r g e r  t h a n  a  micron a r e  n o t  r e p e l l e d  by t h e  e f f e c t s  d i s c u s s e d  above and may 

even be g r a v i t a t i o n a l l y  c o n c e n t r a t e d  i n  t h e  s o l a r  sys tem j u s t  a s  t h e  i n t e r -  

s t e l l a r  wind i s  (Fahr  (1974) Space S c i .  Rev., - 15,  483).  T h e r e f o r e ,  a  c r u c i a l  

p r e r e q u i s i t e  f o r  t h e  c a p t u r e  of i n t e r s t e l l a r  g r a i n s  n e a r  1A1J i s  t h e  e x i s t e n c e  

of s u f f i c i e n t l y  l a r g e  p a r t i c l e s  i n  t h e  ISM. From i n - s i t u  i n t e r p l a n e t a r y  d u s t  

measurements ( s e e  i n t e r p l a n e t a r y  g r a i n  r e p o r t )  t h e r e  a r e  i n d i c a t i o n s  t h a t  some 

of t h e  recorded p a r t i c l e s  may have an i n t e r s t e l l a r  o r i g i n .  

4 .  - A l t e r a t i o n  of SSD on Parent: Bodies .  F o r t u n a t e l y  many m i n e r a l s  i n  

c h o n d r i t i c  TDP's may r e t a i n  i d e n t i f i a b l e  memory r e g a r d i n g  p r e v i o u s  e v e n t s  such  

a s  p r o c e s s e s  t h a t  a f f e c t e d  t h e  I D P ' s  a f t e r  accumula t ion  and r e s i d e n c e  i n  a  

p r o t o p l a n e t a r y  p a r e n t  body ( R i e t m e i j e r ,  1985-a; -b; s e e  a l s o  Sandford and 

Walker,  1985 Ap. J. ,  291, 8 3 8 ) ,  d u r i n g  t h e i r  s o l a r  sys tem s o j o u r n  and atmo- 

s p h e r i c  e n t r y .  Prominent among t h e s e  m i n e r a l s  a r e  E p s i l o n  (E-) c a r b i d e ,  

poor ly  g r a p h i t i z e d  carbon,  l a y e r  s i l i c a t e s  and Bi203. The E-carbide 

( C h r i s t o f f e r s e n  and Buseck, 1983) i s  of i n t e r e s t  because  i t  may be a  r e s i d u e  

of  Fischer-Tropsch r e a c t i o n s  which have been proposed by Anders and coworkers 

as a  p o s s i b l e  s o u r c e  of so la r - sys tem hydrocarbons  ( c f .  S t u d i e r  e t  a l . ,  1972).  

R i e t m e i j e r  and Mackinnon (1985-a) s u g g e s t e d  t h a t  c a t a l y t i c a l l y  a c t i v a t e d  

hydrous  p y r o l y s i s  below abou t  3 0 0 ' ~  may a f f e c t  "hydrocarbon compounds" i n  

c l ~ o n d r i t i c  IDP's t o  produce amorphous carbon.  Continued h e a t - t r e a t m e n t  a t  

t e m p e r a t u r e s  below abou t  5 0 0 ' ~  induces  g r a p h i t i z a t i o n  r e s u l t i n g  i n  t h e  forma- 



t i o n  of p o o r l y  g r a p h i t i z e d  carbon (PGC) s i m i l a r  t o  PGC i n  c a r b ~ ~ n a c e o u s  chon- 

d r i t e s  ( R i e t m e i j e r  and Mackinnon, 1985-b). The degree  of graph;  t i z a t i o n  is  a  

p o t e n t i a l  cosmothermometer f o r  p r i m i t i v e  e x t r a t e r r e s t r i a l  m a t e r i a l s  

( R i e t m e i j e r  and Mackinnon, 1985-b). 

The d e b a t e  on t h e  o r i g i n  of l a y e r  s i l i c a t e s  i n  p r i m i t i v e  e x t r a t e r r e s -  

t r i a l  m a t e r i a l s  (carbonaceous  c h o n d r i t e s )  c e n t e r s  on t h e  q u e s t i o n  of whether 

t h e y  a r e  t h e  r e s u l t  of low-temperature aqueous a l t e r a t i o n  (McSween e t  a l . ,  

1979; Bunch and Chang, 1980) o r  whether  t h e y  have formed by d i r e c t  vapor phase 

c o n d e n s a t i o n  (Lew'is, 1972; Saxena and E r i k s s o n ,  1983).  I n  general . ,  Layer 

s i l i c a t e s  a r e  common a l t e r a t i o n  p r o d u c t s  of anhydrous s i l i c a t e s .  Recen t ly  i t  

h a s  b e e n  s u g g e s t e d  t h a t  t h e  a l t e r a t i o n  p r o c e s s e s  may t a k e  p l a c e  a t  room 

t e m p e r a t u r e  ( 2 5 ' ~ )  o r  even below t h e  m e l t i n g  p o i n t  of w a t e r  i c e  (Gooding, 

1984; R i e t m e i j e r  and Plackinnon, 1984-a; R i e t m e i j e r ,  1985-a, -b) .  

Layer  s i l i c a t e s  have been observed i n  f i v e  IDP's -- IDP XP-36 (Brownlee,  

1978) ;  LOW-CA, a  h y d r a t e d  IDP; Skywalker and C a l r i s s i a n  (Tomeoka and Buseck, 

1 9 8 4 ;  1985-a ;  - b )  a n d  i n  CPA W7029*A (Mack innon  a n d  R i e t m e i j e r ,  1 9 8 3 ;  

R i e t m e i j e r  and Mackinnon, 1984-b, 1985-c). The most abundant  l a y e r  s i l i c a t e  

i n  IDP's i s  a  s m e c t i t e ,  o r  a  mica of s i m i l a r  composi t ion.  A phase which may 

be  comparable w i t h  t h e  IDP l a y e r  s i l i c a t e  h a s  been d e s c r i b e d  from a  f i n e -  

g r a i n e d  C A I  i n  t h e  Al lende  (CV) m e t e o r i t e  (Tomeoka and Buseck, 1982).  O t h e r ,  

l e s s  abundant ,  groups  of l a y e r  s i l i c a t e s  i n  IDP1s a r e  chamosi te  o r  s e r p e n t i n e  

(Brownlee,  1978) ,  a  p o o r l y  c r y s t a l l i n e  Fe-r ich  l a y e r  s i l i c a t e  (Tomeoka and 

Buseck,  1985-a, -b; R i e t m e i j e r  and Mackinnon, 1984-b, 1985-c),  Mg-poor t a l c  

and k a o l i n i t e  ( a n  Al - r i ch  l a y e r  s i l i c a t e )  (Mackinnon and RietEmeijer, 1983; 

R i e t m e i j e r  and Mackinnon, 1985-c). Layer  s i l i c a t e s  i n  t h e s e  I D P V s  a r e  n o t  

s i m i l a r  t o  t h e  predominant l a y e r  s i l i c a t e s  i n  CM c h o n d r i t e  m a t r i c e s  and a r e  

a l s o  p r o b a b l y  d i s s i m i l a r  t o  l a y e r  s i l i c a t e s  i n  C I  c h o n d r i t e s ,  a l t h o u g h  

d e t a i l e d  A n a l y t i c a l  E l e c t r o n  Microscope a n a l y s e s  on CI m e t e o r i t e s  a r e  not  

a v a i l a b l e  ( R i e t m e i j e r  and Mackinnon 1985).  

Although t h e  d i v e r s i t y  of l a y e r  s i l i c a t e s  i n  IDP1s p robab ly  p o i n t s  t o  

low-temperature a l t e r a t i o n  of IDP's i n  a  p r o t o - p l a n e t a r y  p a r e n t  body, t h e  

l a r g e  s t a b i l i t y  f i e l d s  of t h e  IDP l a y e r  s i l i c a t e s  r e n d e r  them g e n e r a l l y  un- 



suitable to more precisely constrain the alteration process. One noticeable 

exception is kaolinite, the presence of which in IDP's suggests that (1) 

during solar system transit heating of the IDP was minimal and (2) low water 

vapor pressures may have prevailed in the IDP (Rietmeijer and Mackinnon, 

1985). 

In Chondritic Porous Aggregate (CPA) N7029*A single crystals of Bi o 
2 3 

formed via oxidation of Ri-metal in response to flash-heating of this aggre- 

gate during its atmospheric entry. The simple cubic structure of this oxide 

indicates that this mineral formed below about 300'~ (Mackinnon and 

Rietmeijer, 1984). This low entry temperature' agrees well with the preserva- 

tion of nuclear tracks in olivines found in IDP's [Bradley et al., 19841. 

In general, a careful study of the mineralogy of IDP's may reveal de- 

tailed pieces of its memory, which may eventually enable us to isolate un- 

altered ISM dust grains in chondritic IDP's and even in primitive meteorites. 

5. Searching for relatively Unaltered Material. The look we get at 

the properties of presolar material through the study of meteoritic material 

is clouded and obscured by the event of solar system formation which obliter- 

ated much of the information we seek. Although continued study of the mete- 

oritic record will increase our knowledge of presolar material, it is impera- 

tive to concentrate on material which is primordial, i.e. which has not been 

effected by the solar system formation event. This includes: 

a) Irktensif ied work on interplanetary dust particles collected in the 

stratosphere (IDPs). Judged by the percentage of IDPs exhibiting D-excesses, 

these particles as a class of material are more primitive than primitive mete- 

orites. 

"o Collection of interplanetary dust particles from known sources. 

Orbital parameter determination in conjunction with collection of material in 

space would enable us to distinguish between grains of cometary and asteroidal 

origin as well as (hopefully) present day interstellar grains. Experiments of 

this type have been proposed for implementation on the Space Station. 



c) Collection of cometary material during a fly-by mission. 

d) Collection of material during a comet sample return mission (solid 

material and gas). 

e) Possible future missions dedicated to the collection of dust and 

ice from the rings of the outer planets. 

All experiments designed to trap and analyze the atoms from impacting 

interplanetary duSt particles are currently orbiting the earth on the Long 

Duration Exposure Facility (LDEF I). The spacecraft is due to be returned to 

earth at the end of the Summer 1986. Both elemental and isotopic measurements 

(with a precision of 1/1000) will be made. One interesting question to be 

answered is the extent to which particles collected in this way will show 

similar isotopic effects to those that have already been measured in IDPs 

collected in the upper atmosphere (Walker, this workshop). A sneak-preview of 

the LDEF I experiments is provided by the return of parts from the Solar 

Maximum Satellite which show impacts from chondritic and iron-sulfide micro- 

meteoroids (Schramm et al., 1985, LPSC XVI, 736). 

The current experiments are only crude precursors to what could be Elown 

to identify, collect, and analyze cosmic dust from known sources. With a 

reasonable extrapolation of existing technology, it appears feasible to mea- 

sure the time of arrival of individual particles and, more important, to 

determine their velocities i. e. : the orbital parameters of pairticles whose 

isotopic composition could be measured. An array of many individual "active'" 

capture cells - those that would measure the location, velocity, and time-of- 
arrival has been proposed as a potential space station experiment (see Bank's 

report on the scientific uses of the space station; also Zinner and Walker, 

this conference). Individual cells containing impacts with "interesting'" 

orbital parameters could be removed periodically from the large array and 

returned to earth for detailed study. 

Interesting orbits would be those which indicated that the particles 

originated either from specific comets or came directly from the interstellar 



medium, that is, those particles whose orbits were out of the plane of the 

ecliptic and/or whose velocities were equal to or greater than the escape 

velocity of the solar system. 

Although it is only conjectural at this point, comets appear to be a - 

promising place to look for primordial solar system matter (NAS report on 

small bodies) and interstellar dust that escaped drastic modification during 

the formation of the solar system. 

With existing laboratory instrumentation, it is possible to obtain pre- 

cise isotopic measurements on impacts from 10'micron particles. The flux of 

interstellar particles of this size traversing the solar system cannot be 

calculated exactly from current knowledge, but it is certainly low. If such 

particles could be captured and studied it would open up a new chapter in 

experimental astrophysics. However, even if only interplanetary particles 

were measured, the experiment, which has been given the acronym ODACE (Orbital 

Determination and Capture Experiment), (Walker and Zinner, this conference), 

would contribute important new knowledge about primitive materials. 

IDPs Stored in Regoliths 

If solid bodies'have accreted ISM dust during solar system history, IDPs . 

liberated during collisions with those bodies may be directly related to ISMD. 

This rather remote connection of current IDPs to the ISM will be very hard to 

establish even if it exists. 

C. Circumstellar Material Around Other Stars 

An entirely new perspective on the relationship between interplanetary 

and interstellar material may arise from studies of the solid material orbit- 

ing other stars, first recognized in IRAS datg and recently confirmed with 

optical observations. This field of investigation is sufficiently new and 

difficult observationally that the level of detailed characterization of the 

material which will eventually be attained is difficult to project. However, 

these new samples of material which have survived the transition from the 



i n t e r s t e l l a r  medium t o  long- l ived n e a r - s t e l l a r  d i s k s ,  s h o u l d ,  by v i r t u e  both 

of t h e i r  s i m i l a r i t i e s  t o  and d i f f e r e n c e s  from s o l a r  sys tem m a t e r i a l ,  p rov ide  

new c l u e s  t o  t h e  c h a r a c t e r  of t h e  p r i m o r d i a l  m a t e r i a l  and t h e  changes i n h e r e n t  

i n  t h i s  m a t e r i a l  r e s u l t i n g  from s t e l l a r  fo rmat ion .  
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