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The purpose of t h i s  r e sea rch  e f f o r t  is t o  improve our  understanding of  
t h e  o r i g i n ,  evo lu t ion ,  and i n t e r - r e l a t i o n s h i p s  of t h e  a s t e r o i d s ;  of t h e i r  
r e l a t i o n s h i p s  t o  t h e  me teo r i t e s ;  and of t h e  c o n d i t i o n s  and processes  i n  t h e  
e a r l y  i nne r  s o l a r  system. The s u r f a c e  mine ra l  assemblage and t h e  s u r f a c e  
he t e rogene i ty  of  s e l e c t e d  minor p l a n e t s  is determined from a n a l y s i s  of 
t e l e s c o p i c  s p e c t r a  t o  provide t h e  d a t a  base  t o  accomplish t h e s e  goals.  

The a s t e r o i d s  r e p r e s e n t  t h e  s o l e  su rv iv ing ,  s i t u  remnants of  t h e  
populat ion of  p l ane t e s ima l s  which a c c r e t e d  t o  form t h e E a r t h  and o t h e r  
terrestrial p lane ts .  The m e t e o r i t e s  a r e  samples  of  some of t h e s e  a s t e r o i d a l  
bodies ,  but t h e  s p e c i f i c  sou rce  bodies  of  t h e  i n d i v i d u a l  m e t e o r i t e s  o r  
m e t e o r i t e  groups have n o t  been e s t ab l i shed .  Thus t h e  d e t a i l e d  m e t e o r i t i c  
evidence cannot  be d i r e c t l y  placed i n t o  a s p a t i a l  con tex t  i n  t h e  e a r l y  
s o l a r  system. The m e t e o r i t e s  provide a good q'clockqv f o r  even t s  and 
cond i t i ons  i n  t h e  l a t e  nebular  and e a r l y  a c c r e t i o n a r y  per iod  of  s o l a r  
system h i s t o r y ,  bu t  they provide a poor "map". 

The a n a l y s i s  of a s t e r o i d a l  v i s i b l e  and near - inf ra red  (VNIR) r e f l e c t a n c e  
s p e c t r a  compliments m e t e o r i t e  s t u d i e s  as a means of probing t h e  la te  
nebular  through e a r l y  pos t -accre t ionary  per iod  of  s o l a r  system h i s to ry .  
Although s u r f a c e  m a t e r i a l  c h a r a c t e r i z a t i o n s  from VNIR r e f l e c t a n c e  
spectrophotometry cannot  ach ieve  t h e  d e t a i l  o r  t h e  l e v e l  of  s o p h i s t i c a t i o n  
a t t a i n a b l e  i n  t h e  l abo ra to ry  a n a l y s i s  of m e t e o r i t i c  specimens, such remote 
s ens ing  s t u d i e s  do provide  va luab le  and unique in fo rma t ion  on m a t e r i a l  
whose l o c a t i o n  i n  t h e  e a r l y  s o l a r  system can be e s t a b l i s h e d  wi th  some 
c e r t a i n t y .  As te ro id  s p e c t r a l  s t u d i e s  a l s o  provide i n s i g h t  i n t o  t h e  
incomple teness  i n  t h e  m e t e o r i t e  sample and i n t o  t h e  t ypes  of a d d i t i o n a l  
assemblages which a r e  p re sen t  on a s t e r o i d s .  

The p a r t i c u l a r  t ype  of  m a t e r i a l  p r e sen t  on a s p e c i f i c  a s t e r o i d  provides  
d i r e c t  i n s i g h t  i n t o  t h e  nebular  o r  pos t -accre t ionary  p roces se s  i n  t h e  e a r l y  
s o l a r  system a t  t h a t  p a r t i c u l a r  semi-major ax is .  A s  t h e  number of  
c h a r a c t e r i z e d  a s t e r o i d s  i n c r e a s e s ,  s o  does  t h e  completeness  of t h i s  v'map" 
of e a r l y  processes  and condi t ions .  The combinat ion of  temporal  c o n s t r a i n t s  
from m e t e o r i t i c  s t u d i e s  and s p a t i a l  c o n s t r a i n t s  from a s t e r o i d  s p e c t r a l  
c h a r a c t e r i z a t i o n s  provides  t h e  most powerful  a v a i l a b l e  means of 
i n v e s t i g a t i n g  t h e  format ion  epoch. 

Th i s  r e s e a r c h  program invo lves  f i v e  complimentary e f f o r t s ,  inc lud ing:  
1) t h e  development of i n t e r p r e t i v e  c a l i b r a t i o n s  and 
procedures  f o r  t h e  an  s p e c t r a l  d a t a  f rom l abo ra to ry  
s p e c t r a l  s t u d i e s  of  t h e  m e t e o r i t i c  and me teo r i t e - l i ke  assemblages which 
are a p p r o p r i a t e  analogues t o  a s t e r o i d a l  materials [e.g. Gaffey, 1986a; 
C l o u t i s  e t  al,, 19861, 
2) t h e  r a u c t l o n  and c a l i b r a t i o n  of  h igh  p r e c i s i o n  V N I R  t e l e s c o p i c  d a t a  
of  a s t e r o i d s  s e l e c t e d  as p a r t i c u l a r l y  r e l e v a n t  t o  major i s s u e s  i n  
a s t e r o i d  o r  m e t e o r i t e  s c i ence ,  
3) t h e  a n a l y s i s  o f  t h a t  a s t e r o i d  VNIR s p e c t r a l  d a t a  u s ing  t h e  most 
s o p h i s t i c a t e d  a v a i l a b l e  i n t e r p r e t i v e  c a l i b r a t i o n s  and methodologies t o  
d e r i v e  q u a n t i t a t i v e  o r  s emi -quan t i t a t i ve  de t e rmina t ions  of  s u r f a c e  
mineralogy, phase abundance, and t h e  minera log ic  n a t u r e  and l a t e r a l  
e x t e n t  of  l a r g e  scale l i t h o l o g i c  u n i t s  on t h e  s u r f a c e  [e.g. Gaffey, 
1983, 19841, 
4) t h e  u t i i i z a t i o n  of t h e s e  s u r f a c e  material c h a r a c t e r i z a t i o n s  t o  
c o n s t r a i n  t h e  evo lu t ion  of i n d i v i d u a l  a s t e r o i d s ,  such  as t h e  presence 
and i n t e n s i t y  of  any pos t -accre t ionary  t he rma l  events ,  t h e  degree of 
metamorphism o r  magmatic d i f f e r e n t i a t i o n ,  and t h e  n a t u r e  and e x t e n t  of 



t h e  subsequent c o l l i s i o n a l  p rocesses  [e.g. Gaff ey, 19841, and 
5) t h e  s y n t h e x t s  of  t h i s  in format ion  on i n d i v i d u a l  a s t e r o i d s  i n t o  models 
of t h e  i n t e r - r e l a t i o n s h i p s  between t h e  va r ious  a s t e r o i d  groups, t h e  
pos t -accre t ionary  c o l l i s i o n a l  and the rma l  h i s t o r y  o f  r eg ions  and 
popula t ions  i n  t h e  a s t e r o i d  b e l t ,  and t h e  i m p l i c a t i o n s  f o r  t h e  a c c r e t i o n  
and e a r l y  evo lu t ion  of t h e  terrestrial p l a n e t s  [e.g. G a f f e y ,  1986bl .  

This  m u l t i d i s c i p l i n e  approach, combining i n  a  s i n g l e  program a l l  t h e  
major a s p e c t s  of  t h e  work, ha s  proven p a r t i c u l a r l y  e f f i c i e n t .  It a l l o w s  
each a s p e c t  t o  be b e t t e r  focused on t h e  c e n t r a l  i s sues .  For example, 
c a l i b r a t i o n  work can be b e t t e r  d i r e c t e d  toward s a t i s f y i n g  t h e  most p r e s s ing  
needs i n  t h e  i n t e r p r e t i v e  a r e a ;  t h e  obse rva t ions  can be s p e c i f i c  t o  t h e  
ques t i ons  being addressed r a t h e r  than s imply p a r t  a n  uncoordinated g e n e r a l  
survey; and t h e  a n a l y s i s  can e f f e c t i v e l y  communicate i ts  most u rgent  needs 
f o r  s p e c i f i c  c a l i b r a t i o n s  o r  f o r  obse rva t ions  of a p a r t i c u l a r  type. 

However, i n  any a s t e r o i d a l  r e sea rch  beyond t h e  most gene ra l  t ype  of  
survey obse rva t ions  (i.e. i n  t h e  f i r s t  pass ,  one observes  whatever happens 
t o  be a v a i l a b l e ) ,  t h e  q u a l i t y  of  t h e  s c i e n t i f i c  c o n t r i b u t i o n  which is 
produced depends s i g n i f i c a n t l y  on t h e  app rop r i a t enes s  and s o p h i s t i c a t i o n  of 
t h e  fo rmula t ion  of t h e  o r i g i n a l  ques t ion .  A major f o c u s  of t h i s  r e sea rch  
program is t h e  i s s u e  of a s t e r o i d a l  t he rma l  and c o l l i s i o n a l  evolut ion.  

The r e l a t i v e  propor t ion  of S-type a s t e r o i d s  dec reases  r a p i d l y  w i t h  
i n c r e a s i n g  semi-major a x i s  a c r o s s  t h e  a s t e r o i d  b e l t .  Th i s  has  been 
i n t e r p r e t e d  t o  i n d i c a t e  t h a t  e i t h e r :  a) t h e  b e l t  r e p r e s e n t s  a t r a n s i t i o n  
r eg ion  between t h e  zones of fo rma t ion  of o rd ina ry  chondri te- type and t h e  
carbonaceous chondri te- type assemblages by nebular  p rocesses ,  o r  b) t h e  
i nne r  p o r t i o n  of t h e  b e l t  h a s  undergone a  s t r o n g  pos t -accre t ionary  hea t ing  
event  which a l t e r e d  t h e  o r i g i n a l  m a t e r i a l  i n  t h a t  region.  

I n  t h e  f i r s t  a l t e r n a t i v e ,  t h e  g e n e r a l  popula t ion  p a t t e r n  i n  t h e  b e l t  is  
t h e ' f o s s i l  s i g n a t u r e  of t h e  r a d i a l  compos i t iona l  v a r i a t i o n  of t h e  a c c r e t i n g  
s o l a r  nebula. I n  p r i n c i p l e ,  once t h a t  p a t t e r n  is understood, t h e  
tempera ture  and p re s su re  of  t h e  nebula  could  be s t r o n g l y  cons t r a ined  a t  
t h a t  p a r t i c u l a r  d i s t a n c e  from t h e  proto-sun. I n  t h e  second case, t h e  r a d i a l  
v a r i a t i o n  i n  t h e  a s t e r o i d  popula t ion  is t h e  s i g n a t u r e  o f  a  r a d i a l l y  
dependent hea t ing  event  i n  t h e  e a r l y  pos t -accre t ionary  per iod which was 
superimposed upon t h e  previous nebular  ma te r i a l .  It is p l a u s i b l e  o r  
probable  t h a t  such a  hea t ing  event  would have a l s o  a f f e c t e d  t h e  
p l a n e t e s i m a l s  i n  t h e  zones of  t h e  t e r r e s t r i a l  p lane ts .  I n  t h a t  case, t h e  
e a r l y  t he rma l  s t r u c t u r e  and processes  (core  format ion ,  a tmospher ic  
ou tgass ing  r a t e s ,  etc.) of  t h e  terrestrial p l a n e t s ,  which a c c r e t e d  from 
such a popula t ion  of p l ane t e s ima l s ,  would be a s t r o n g  func t ion  o f  t h e  
thermal  s ta te  t h e s e  p lane tes imals .  An Ea r th  acc re t ed  from warm, 
magmatical ly  d i f f e r e n t i a t e d  p l a n e t e s i m a l s  would have a profoundly d i f f e r e n t  
e a r l y  h i s t o r y  t han  one a c c r e t e d  from colq ,  u n d i f f e r e n t i a t e d  p l ane t e s ima l s ,  
even though both would have c h o n d r i t i c  bulk compositions.  

To d a t e ,  e s s e n t i a l l y  a l l  a v a i l a b l e  s p e c t r a l  evidence has  s t r o n g l y  
i n d i c a t e d  t h a t  t h e  l a r g e  S-type a s t e r o i d s  a r e  predominant ly  t he rma l ly  
evolved, magmatical ly  d i f f e r e n t i a t e d  bodies  [see, Gaffey, 1984; Gaffey, 
1986a,b). It i s  a l s o  now ev iden t  t h a t  t h e  v a r i a t i o n  i n  UBV c o l o r s  of t h e  S- 
type  a s t e r o i d s  w i t h  semi-major a x i s  (Dermott e t  al., 1985) is a 
man i f e s t a t i on  of a s y s t e m a t i c  mine ra log i c  v a r i a t i o n  w i t h i n  t h e  S-type 
popula t ion ,  t h e s e  o b j e c t s  becoming more metal- and pyroxene-rich and more 
ol ivine-poor  w i t h  i n c r e a s i n g  o r b i t a l  d i s t a n c e  (Gaffey, 1986b). T h i s  p a t t e r n  
is t h e  r e v e r s e  of  t h a t  expected from an  u n d i f f e r e n t i a t e d ,  c h o n d r i t i c  
p l ane t e s ima l  population. The r e l a t i o n s h i p s  i n d i c a t e  t h a t  indeed t h e  S-type 
are p r i m a r i l y  thermally-evolved bodies ,  and t h a t  t h e  innermost  S-type 
o b j e c t s  underwent t h e  most i n t e n s e  h e a t i n g  and d i f f e r e n t i a t i o n  w h i l e  t h e  
o u t e r  S-types underwent s u b s t a n t i a l  r educ t ion  of ox id ized  i r o n  w i t h  e i t h e r  



s t r o n g  metamorphism o r  p a r t i a l  mel t ing ,  Work is  underway us ing  52-color 
survey s p e c t r a  well et a1 1985) t o  r e f i n e  t h i s  p i c tu re .  

Analvsis  o f  r o t a t i o n d v  r e so lved  r e f l e c t a n c e  sDect ra  has  been used t o  
d e r i v e  ad l i t h o l o i c  u n i t  ma; f o r  4  Vesta (Gaffey, 1983; and i n  prepara t ion) ,  
t o  i n v e s t i g a t e  a s t e r o i d  s u r f a c e  he t e rogene i ty  (Gaffey, e t  a 1  1982), and 
t o  test t h e  c h o n d r i t i c  a f f i n i t i e s  of  8  F l o r a  (Gaffey, 1 ~ 4 %  

Presen t  work is  concent ra ted  on 15  Eunomia, t h e  lar est S-type 
a s t e r o i d .  Observat ions i n  December, 1981 produced 101 2  8 - f i l t e r  s p e c t r a  
(0.35-1,OOum) and 66 120-channel V N I R  CVF s p e c t r a  (0.65-2.55um)- These 
e x h i b i t  r o t a t i o n a l  v a r i a t i o n s  which are being analyzed t o  de te rmine  t h e  
n a t u r e  of  t h e  hemispheric  minera log ic  v a r i a t i o n s  which produce t h e  
v a r i a t i o n s .  

I n  a d d i t i o n ,  t h e  f l u x  v a r i a t i o n s  i n  each  f i l t e r  o r  channel  p rovides  a  
l i g h t c u r v e  f o r  Eunomia a t  t h a t  bandpass, I n  a  coope ra t i ve  program w i t h  S.J. 
Os t ro  (JPL), t h e s e  monochromatic l i g h t c u r v e s  a r e  being i n v e r t e d  by h i s  
t echnique  (Ostro and Connelly,  1984) t o  d e r i v e  an  equ iva l en t  e q u a t o r i a l  
p r o f i l e  of  t h e  body. S ince  t h e  phys i ca l  shape o f  t h e  body i s  i n v a r i a n t ,  
d i f f e r e n c e s  between t h e  p r o f i l e s  a t  d i f f e r e n t  wavelengths must arise from 
s u r f a c e  r e f l e c t a n c e  v a r i a t i o n s .  Combined w i t h  t h e  subhemispheric  
minera log ic  v a r i a t i o n s  determined from t h e  a n a l y s i s  of t h e  s p e c t r a  a t  
d i f f e r e n t  r o t a t i o n a l  a s p e c t s ,  t h e  v a r i a t i o n s  of  t h e  complex p r o f i l e  w i t h i n  
and o u t s i d e  mine ra log i ca l ly  d i a g n o s t i c  s p e c t r a l  i n t e r v a l s  w i l l  p e rmi t  
de t e rmina t ion  of  l i t h l o g i c  boundaries  and, i f  Eunomia i s  an  i n t a c t  c o r e  
f ragment ,  c o n s t r a i n  t h e  l i t h o - s t r a t i g r a p h i c  s t r u c t u r e  w i t h i n  t h e  pa ren t  
p lane tes imal .  Th i s  should s i g n i f i c a n t l y  i n c r e a s e  our  understanding of t h e  
n a t u r e  of  t h e  magmatic d i f f e r e n t i a t i o n  processes  i n  a s t e r o i d  s i z e d  bodies. 
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