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ASTEROID SURFACE MINERALOGY : 
EVIDENCE FROM EARTH-BASED TELESCOPE OBSER'JATIONS 
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Surface mineralogy o f  asteroids can be inferred i n  many cases 
using a variety o f  spectroscopic r m t e  sensing techniques. 
Through the appl i ca t ion  o f  these techniques, mainly over the 
past ten years, mineral assemblages analogous t o  most meteor- 
i t e  types have been found as surface materials o f  asteroids. 
Conspicuously r a w  o r  absent from the main asteroid be1 t are 
ordinary chondri te-1 i ke assemblages, whi l e  carbonaceous mate- 
r i a l s  are common as are metal-si l icate assemblages. The dis- 
t r i bu t i on  of mineral assemblages wi th asteroid size and 
distance from the Sun reveals heterogeneity which i s  surely 
i n f o m t i v e  o f  early accretionary and evolution processes, 
but the precise meanings are ye t  t o  be agreed on. 

Low temperature assemblages are re la t ive ly  more abundant with 
increasing distance fm the Sun. A1 1 assemblages generally 
can be found inside 3.0 AU and metal plus orthopyroxene assem- 
blages are concentrated inside 2.5 AU. 

INTRODUCTION 

Surface mineralogy i s  one o f  the most revealing types o f  information obtainable about 
asteroids, since d i rec t  evidence o f  the compositf@nal and thermal evolution o f  the objects 
i s  derivable. The mineral assemblages present are more i n f o m t i v e  than elemental abun- 
dances, f o r  the exact combinations o f  elements i n  a mineral and the crystal structure are 
very sensit ive t o  the composition o f  the parent materlal and t o  the temperature and pres- 
sure h i  story. 

Near u l  t rav io let ,  visible, and near-infrared reflectance spectroscopy i s  the most 
de f i n i t i ve  avai lab le  technique 'or the m w t e  determination o f  asteroid surface m i  w r a l -  
ogles and petrologies. Electronic absorption features present i n  the reflectance spectra 
o f  asteroids (Figuw 1) are d i rec t l y  related t o  the mineral phases present (Adams, 1975; 
McCord e t  al .  , 1978). 

Polarimetry, in f rared radiometry and several other techniques (Morrison, 1978) provide 
complementary information, such as albedo, which, although not a unique function o f  minerat- 
ogy, i s  very useful i n  d i f fe rent ia t ing  between mineralogic groups and i n  resol ing ambigu- 
i t i e s .  Y 

PREVIOUS CHARACTER1 ZATIONS OF ASTER01 D SURFACE MATERIALS 

kCord  et  al. (1970) measured the f i r s t  0.3-1.1 um spectrum o f  an asteroid, 4 '.'orta, 
and ident i f ied  an absorption feature near 0.9 um (see Figure 1) as due to  the mineral py- 
roxene. Thej suggested that  the surface materlal was s imi la r  t o  basa; ~ i c  achondri t i c  
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meteorites. Hapke (1971) c o m p ~ w d  the UBV co lo rs  o f  a number o f  as tero ids  t o  a v a r i e t y  o f  
lunar,  m e t e o r i t i c  and t e r r e s t r i a l  rocks and rock powders. He concluded t h a t  t he  surface 
mater ia l  c f  these as tero ids  cou ld  be matched by powders s i m i l a r  t o  a range of  the  compari- 
son mater ia ls  bu t  n o t  by m e t a l l i c  surfaces. Chapman and Sa l isbury  (1973) i nd i ca ted  t h a t  
some matches between as te ro id  and meteor i te  spectra were found f o r  several meteor i te  types 
i nc lud ing  e n s t a t i  t e  chondri tes, a basal t i c  dchondri te, an o p t i c a l l y  unusual ord inary  chon- 
d- i  t e  and, possibly,  a carbonaceous chondr i te.  Johnson and Fanale (1973) showed t h a t  t he  
a1:~edo and spect ra l  c h a r a c t e r i s t i c s  o f  some astero ids  are s i m i l a r  t o  C1 and C2 carbonaceous 
chondr i tes and others t o  i r o n  meteor i tes.  The l a t t e r  two sets  of authors noted the  problem 
of  def in ing p rec i se l y  what cons t i t u ted  a 'match,' and both ra ised the quest ion o f  s u b t l e  

McCoM and Gaffey (1974) u t i l i z e d  absorpt ion features and qenerai spect ra l  p rope r t i es  I 
to  character ize  surface ma te r ia l s  o f  14 as tero ids .  They i d e n t i f i e d  minera' assemblages 
s i m i l a r  t o  carbonaceous chondri te, s tony- i  ron, i ton, basal t i c  achond-i t e  and s i  1 icate-metal  
meteorites. At  t h a t  t ime i t  was poss ib le  t o  e s t a b l i s h  the general i d e n t i t y  o f  the spec- 

Chapman e t  at. (1975) u t i l i z e d  spect ra l ,  albedo and p o l a r i z a t i o n  parameters t o  de f i ne  
two major as te ro id  groups. The f i r s t  group was character ized by having low albedos (20.09), 
st rong negat ive po la r i za t i ons  (> I .  1%) a t  small phase angies and r e l a t i v e l y  f l a t ,  feature- 
l ess  spect ra l  re f lec tance curves. These parameters were s i m i l a r  t o  those f o r  carbonac~ous 
chondr i tes and these as tero ids  were designated as 'carbonaceous' o r  C type. The second 
group was character ized as having higher albedos ( 3 . 0 9 ) .  weaker negat ive p o l a r i z a t i o n s  
(0.4-1.03 and reddish, sometimes featured spect ra l  curves. These parameters were compara- 
b l e  t o  those fo r  most o f  the  meteor i tes which conta in  r e l a t i v e l y  abundant s i l i c a t e  minerals 
so t h i s  group was designated ' s i l i c e o u s  o r  s tony- i ron '  o r  S types. A small m i n o r i t y  
(-10%) o f  t he  as tero ids  could no t  be c l a s s i f i e d  i n  t h i s  system and were designated 'unclas- ' - _  

4 .- 
s i f i d '  o r  U types. This c l a s s i f i c a t i o n  system has been redefined recen t l y  by Bowel1 e t  at. ' - 7  

(1978). ( I n  t h i s  volume, see Morrison, 1978.) ! : , I :  
This simple c l a s s i f i c a t i c n  scheme can be q u i t e  useful s ince i t  does seem t o  o f t e n  

separate these two major types of  ob jec ts  and the obse-va t i o n a l  parameters on which the 
scheme i s  based can be measured a t  present f o r  ob jec ts  f a i n t e r  than those f o r  which com- 
p l e t e  spectra can be obtained. The choice of  terminology i s  unfortunate,  however, s ince 
i t  impl ies  a s p e c i f i c  d e f i n i t i o n  o f  surface mater ia ls  i n  m e t e o r i t i c  terms, which was no t  
intended. Any ' f l a t - b l a c k '  spect ra l  curve would be designated C type whether o r  n o t  t he  
surface mater ia l  would be character ized as carbonaceous by any o ther  c r i t e r i a .  A s i m i l a r  
ob jec t i on  can be ra ised w i t h  respect t c  th? 's i lSceous'  tevminology s ince i t  impl ies  a 
degree o f  s p e c i f i c i t y  not  present i n  the c l a s s i f i c a t i o n  c r i t e r i a .  

Thus, w h i l e  the C and S c l a s s i f i c a t i o n  o f  as tero ids  cannot be viewed as a desc r ip t i on  
of mineralogy o r  petrology,  i t  does prov ide v a l i d  cha rac te r i za t i on  w i t h  respect  t o  the 
chosen parameters. Since the  groups appear i n  each of the  parameters used (albedo, p o l a r i -  
zation, color ! ,  a s i n g l e  measurement such as UBV c o l o r  can be used t o  c l a s s i f y  the as te ro id  
(Ze l l ne r  e t  at.  , 1975; Zc l l ne r  e t  aZ. , 1977b; Ze l lner  and Eowell , 1977; Florrison, 1977a,b). 

Fig.  1. Typical  spect ra l  re f l ec tance  curves f o r  t he  var ious as te ro id  spect ra l  groups : I 

3 Juno, RA-1; 8 Flora, RA-2; 16 Psyche, RR; 9 Met is,  RF; 4 Vesta, A; 349 Dembowska, A; 
1 Ceres, F; 141 Luwn, TA; 10 Hygiea, TB; 51 Nemausa, TC; 80 Sappho, TD; and 532 Hercul ina,  
TE. Spectral curve f o r  each as te ro id  i s  d isplayed i n  sevcral formats: le f t - -normal ized 
re f lec tance versus wavelength (pm); center--normalized re f lec tance versus energy (wave- 
number, cm'l; and r i g h t - - d i  f ference between spect ra l  curve and a l inear  'continuum' f i t t e d  
through 0.43 pm and 0.73 pm po in ts .  (From Gaffey and McCord, 1978. ) 



A very favorab le  a p p a r i t i o n  i n  e a r l y  1375 pen l l i t ted  the llleasurelllent o f  a  v d r i e t y  o f  
spect ra l  data se ts  f o r  the Earth-approaching as te ro id  4 3 3  E1.o~. P ie te rs  , . t  ,z!. (1476) 
measured the  0.33-1.07 IIIII spect ra l  r e f l ec tance  uf Cros tl!rough 25 ndrrow bdndpdss f l l t e t ' s .  
This curve was i n t e r p r e t e d  as i r ~ d i c a t i n g  an asselllhldge o f  o l i v i n e .  pyroxene and metal. w i t h  
metal abundance equal t o  o r  g reater  than t h a t  i n  the H-type chondr i teq .  Veeder ,*t , I : .  

(1976) measured the spectrum of  Eros through 11 f i l t e r s  from 0.65-2.2 UIII and cor~cluded thd t  
t h e i r  spec t ra l  data i nd i ca ted  a  mix ture  of o l i v i n e  and pyroxene w i t h  a  n l e t d l - l i k e  phase. 
Uisniewski (1976) concluded from a  h iqher  r e s o l u t i o n  spectrunl (0.4-1.0 ~1111) t h a t  t h i s  sur -  
face was best  nlatched by a  n l i ~ t u r e  o f  i r o n  o r  s tony - i r on  n ~ a t c r i a l  w i t h  o rd ina ry  chondr i  t i c  
ma te r i a l  ( r i ' . , ~ .  . i r o n  + pyroxene + olivine). but  s u g q ~ s t e d  thd t  o l i v i n e  i s  absent o r  r'dre. 
Larson c t  d l .  (1976) measured the 0.9-2.7 L~III spec t ra l  ref !ectdnce curve fo r  Eros and iden- 
t i f i e d  Ni-Fe and pyroxene. bu t  found no evidence o f  o l i v i n e  o r  fe ldspar .  The d i spu te  over 
the o l i v i n e  content  a r i ses  bcra8rse o f  s l i g h t  d i f f e rences  i n  the observed spectrn near 1  ~1111, 

and the unce r ta in t y  i n  the nletal abundance i s  due t o  i ncol l~plete q u a n t i t a t i v e  understanding 
o f  the spect ra l  c o n t r i b u t i o n  o f  metal i n  a  mix ture  w i t r ~  s i l i c d t e s .  

. . I  , \  - , . - 4  *s 8 : i . ' \ ~  ' - 4  ' I .  * ;  : 
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I n  d comprehensive a r t i c l e ,  Gaffey and McCord (1977) presented d d e t a i l e d  n~ ine ra loq -  . t ., 
i c a l  ana l ys i s  o f  65 ds te ro id  re f l ec tance  spect1.d and d r r i v e d  a t  the n~os t  colllplete descr ip -  
t i o n  , - x i s t i ng  o f  the n ~ i n e r a l  assenlbldges present on as te ro id  surfaces.  They a l s o  gave d , ' I *  
review o f  the  f i e l d  and a  d e t a i l e d  d iscuss ion o f  the i n t e r p r e t i v e  techniques apo l i ed  t o  I A 

der i ve  n~ inera logy .  Much o f  the 111ateria1 i n  the present d r t i c l e  i s  der ived froni t h i s  p d ~ e r  t 

and the reader i s  r e f e r r e d  t o  i t  f o r  nore de ta i  l ed  and c ~ n i p r e h ~ n s i  ve i n fo t l s ,~ t i on .  
. ;  

This approach can a l so  be u t i l i z e d  t o  i d e n t i f y  anomalous ob jec t s  (Ze l l ne r .  1975; Ze l l ne r  
e t  a t .  , 1977a) o r  t o  e s t a b l i s h  poss ib le  genet ic t e l a t i o n s h i p s  between ~nell~bers o f  a s t e r o i d  
dynamical fami 1 ies (Cradle and Ze l lner ,  1977). Chapman (1976) u t i  1  i r e d  the  bas ic  CSM c las -  
s i f i c a t i o n  system hut i d e n t i f i e d  subd iv is ions  based on d d d i t i o n a l  spect ra l  c r i t e r i a  ( ' s l ope . '  
'bend' and 'band depth '  ; McCord and Chaplnan. 1975a.b) which a re  n ~ i n e r a l o g i c a l l  y s i g n i  f i can t .  

. I .. .-.i f The evo lv ing  cha rac te r i za t i on  o f  the sur face mineralogy o f  the as te ro id  3 Vestd i s  

, i i l l u s t r a t i v e  o f  the in~prov ing s o p h i s t i c a t i o n  o f  the i n t e r p r e t a t i v e  ~)t 'occss. 
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a. McCord r V t  o l .  (1970) n~easured the re f l ec tance  spectr-UIII 11f Vestd 
w i t h  nloderdte spect ra l  r e s o l u t i o n  and coverage (0.40- 1 0:: L~III. 

$4 f i  1  t e r s ) .  They i d e n t i f i ' d  a  deep dbsorp t ion  band (i .0.92 IIIII) 
which they i n te rp re ted  as d i a  nos t i c  o f  a  p igeoni  t e  (pyroxene 
w i  t h  naderate c a l c i  UIII content!. The spec truni was llotched t o  thd t 
o f  a  e u c r i t i c  b a s a l t i c  achondr i te  (pyroxene + p l ag ioc ldse ) .  A 
second pyroxene band was p red i c ted  ntaar 2 . ~ 1  ;I:II. 

Johnson o t  a l .  (1975) ~neasured the nea r - i n f ra red  re f l ec tance  o f  th ree as tero ids  
I 
, , 

through the broad bandpass J, H, and K f i l t e r s  (1.24, 1.65 and 2.2 11111) and coricluded t h a t  
! I 

these were cons i s ten t  w i t h  the  i n f r a r e d  re f l ec tdnce  o f  suggested n ~ e t e o r i  t i c  a a t e r i a l s .  
Matson d t  a l .  (1977a.b) u t i l i z e d  i n f ra red  H and K re f lec tances t o  i n f e r  t t u t  space wedther- 
i ng  processes were r e l a t i i e l y  i r i oc t i ve  on as te ro id  surfaces i n  con t ras t  t o  the surfdces o f  i 1  , 

the Moon and Mercury. 

b. Chapman (1972) ohtained a  spect ra l  curve o f  Vesta w i t h  the i 
absorp t ion  feature centered near 0.95 uni hlhich was i n te rp re ted  I 

t o  i n d i c a t e  a  nlore calcium- o r  i r o n - r i c h  p iqeon i te .  I 

1 .  

c. Chapman and Sa l isbury  (1973) conlpart3d t h i s  spectrulrr t o  a  ranqe 
of nleteori tes and concluded t h a t  i t  was best  r'atched by a  ; I  \ :  

\ 
labora tory  spectrunl o f  the howard i t i c  b a s a l t i c  achondr i te,  
Kapoeta. 
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d. Veeder e t  o l .  (1975) measured a h igh - reso lu t i on  (1.50 i) 
0.6-1 . l  urn re f lec tance spectrum of Vesta, determined the ab- 
so rp t i on  band p o s i t i o n  t o  be 0.92 + 0.02 urn and in te rp re ted  
t h i s  t o  represent a c a l c i c  pyroxene o r  e u c r i t i c  b a s a l t i c  
achondri te. 

e. Johnson e t  a l .  (1975) measured the broad bandpass re f lec tance 
o f  Vesta a t  1.65 and 2.20 urn (H and K f i l t e r s )  and concluded 
t h a t  the  data matched t h a t  expected f o r  a bzsal  t i c  achon- 
d r i t i c  surface ma te r ia l .  They emphasized the need for  h igher-  
r e s o l u t i o n  spectra beyond 1.0 um. 

f. Larson and Fink (1975) determined the  1 . l -3 .0  um re f lec tance 
o f  Vesta r e l a t i v e  t o  the loon. They i d e n t i f i e d  the pred ic ted 
second pyroxene band and confirmed the ex i  s tence o f  pyroxene 
i n  the surface ma te r ia l .  They i nd i ca ted  tha t  no absorpt ion 
bands f o r  o l i v i n e ,  fe ldspar  o r  i ces  were seen i n  the spectrum. 

g. IlcFadden e t  a l .  (1977) measured the h igh- reso lu t ion  (20-40 i) 
0.5-1.06 um spectrum and determined the band p o s i t i o n  t o  be 

0 
; 

0.924 t 0.004 urn. They i n f e r r e d  the presence o f  a 10-12 mole: 
Ca pyroxene and suggested t h a t  the symmetry of  the absorpt ion ? 

feature ind ica ted l i t t l e  o r  no o l i v i n e .  

h. Larson (1977) presented the 1 .O-2.5 urn re f lec tance curve o f  
V ~ s t a  r e l a t i v e  t o  the Sun. The band minimum (2.00 + 0.05 um) 
i s  w i t h i n  the f i e l d  o f  e u c r i t e  me te t r i t es ,  although i t  may 
over lap w i t h  the howardite f i e l d .  

Improvements i n  the minera log ica l  and pe t ro log i ca l  cha rac te r i za t i on  o f  the surface 
mater ia ls  o f  4 Vesta r e s u l t  p a r t l y  from improvements i n  spect ra l  reso lu t i on  and coverage. 
Perhaps most important  has been the improved understanding o f  the  minera log ica l  s i g n i f i -  

SUMMARY OF ASTEROID MINERALOGICAL INFORMATION 

Minera log ica l  i n t e r ~ r e t a t i o n  o f  the cbserved spectra of  approximately s i x t y  as tero ids  
has been made u t i  1 i z i n g  the wavelength dependent o p t i c a l  p roper t ies  c f  ne teo r i  t i c  and 
meteori t e - l i k e  mineral  assemblages (see Gaffey and McCord, 1978) and a summary i s  g iven i n  
Tables 1 and 2. The albedos ( rad iomet r i c )  and the depth o f  the negat ive branch o f  the 
polar izat ion-phase curve have been used t o  provide an i n d i c a t i o n  o f  the  bu lk  o p t i c a l  den- 
s i t y  o f  the surface mater ia l ,  which constrains the i n t e r p r e t a t i o n  of  the surface mineralogy 
and pet ro logy.  A wide v a r i e t y  o f  minera log ica l  assemblages have been i d e n t i f i e d  as as te r -  
o i d  surface mate ria:^. These assemblages are  mixtures of  the  minerals found i n  meteor i tes.  
However, the  r e l a t i v e  abundance of  mineral  assemblage types present on main be1 t as te ro id  
surfaces d i f f e r s  r a d i c a l l y  from the r e l a t i v e  abundance of  m e t e o r i t i c  miners1 assemblages 
a r r i v i n g  a t  the  Ear th ' s  surface. The r e l a t i v e  abundances o f  var ious assemblages as d i s -  
cussed here are  uncorrected f o r  observat ional  b ias  against  the  smaller, darker, and more 

f 

a 

I 

cance o f  absorpt ion features i n  re f lec tance spectra. The recent e f f o r t  has concentrated 
on cha rac te r i z ing  the mineral absorpt ion features more prec ise ly ,  but  the  o r i g i n a l  i n t e r -  
p r e t a t i o n  (McCord e t  a l . ,  1970) s t i l l  appears v a l i d .  

d i s t a n t  as tero ids  as described by Chapman e t  a l .  (1975). Morr ison (1977b). and Ze l l ne r  and I 
Bowel1 (1977). 
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Table 1 (cont inued) - -------.---------- - ------- 

As tet-o id Spectra 1 Mineral  M e t e o r i t i c  
TY pe Assemblage (b )  Analogue (c ) ------------ -------- ~- -~ ------- -- --- -.-- 
TD S i l (O ) ,  Opq(C) C 3 U 
R F NiFe, ( S i  1 (E)) E. Chon., I r o n  S 
TABC P ~ Y .  O P ~ ( C )  Cl-C2 C 

335 Roberta F S i l ( 0 ) .  Opq(M)* C4 ( Karoonda ) U 

349 Dembowska A 01, (NiFe) 01. Achondri t e  0 
I 

RA- 1 S 354 Eleonora NiFe z 01 Pal l a s i  t e  - - S Px 01, Ni Fe H Chondri t e  b 

RF ( ? )  --- - - - S 

T ABC Phy* Opq(C) C1 -C2 C 
T A Phy, O P ~ ( C )  C1-C2 C 

511 Davida TB P ~ Y .  Opq(C) C1-C2 c (C*) 
532 Hercu l ine  T E S i l ( 0 ) .  Opq(C) C3 S 

T A Phy, Opq(C) C1-C2 C ' >  
TC P ~ Y ,  O P ~ ( C )  C1-C2 C 

674 Rachele RF ( ? )  - - -  - - -  S 
704 1 n teramn i a F S i l ( O ) ,  Opq(M)* C4 ( Ka r ~ o n d a  ) U 

887 A l inda T D S i l (O ) ,  Opq(C) C 3 S I .  
1685 Taro ( f j  - - Px, 01 L Chondri t e  ( ? )  U : I 

! 
1 I 

i 

( a )  From Gaffey and McCord (1978). I 
I : ,. 

( b )  Mineral  assemblage of a s t e r o i d  surface ma te r i a l  determined from i n t e r p r e t a t i o n  o f  , ! 
ref lec tance spectra:  NiFe ( n i c k e l - i r o n  metal ) ;  01 (01 i v i n e ) ;  Px (pyroxene, gener- 
a l l v  low calc ium orthopyroxene); Cpx (c l inopyroxene, c a l c i c  pyroxene); S i l ( 0 )  t 1 -  
f c  a ~ i c  s i l i c a t e ,  most probably o l i v i n e ) ;  S i (E )  ( spec t ra l  neu t ra l  s i l i c a t e ,  most , I 

PI-obably i r on - f ree  pyroxene ( e n s t a t i  t e )  . o r  i ron - f ree  01 i v i n e  ( f o r s t e r i  t e )  ; Phy I 

( p h y l l o s i l l i c a t e ,  l a y e r  l a t t i c e  s i l i c a t e .  m e t e o r i t i c  c l a y  minera l ,  gene ra l l y  hy- 
drated,  unleached w i t h  ahundant subequa! ~ e = +  and ca t i ons ) ;  0 ~ q ( C )  (opaque 
phase, most probably carbon o r  carbon compounds); Opq(M) (opaque phase. most prob- ; \. 
ab ly  magnet i te o r  r e l a t e d  opaque ox ide ) .  

'i > 

Mathematical symbols ( ' > I ,  grea te r  than; ' > > I ,  much g rea te r  than; ',L', approxiniately 
equa l )  ace used t o  i n d i c a t e  r e l a t i v e  abundance o f  mineral  phases. I n  cases where 
abernd:*nce i s  undetermined, o rde r  i s  o f  decreasing apparent abundance. 

1 b 

Astero ida l  spectra which are  ambiguous between 'TDE' and 'RF' a re  no t  charac ter ized , .  
I i ne ra log i ca l  l y .  

, 
( c )  M e t e o r i t i c  qnalogues are  examples o f  me teo r i t e  types w i t h  s i m i l a r  mineralogy bu t  

genet ic  l i n k s  are  no t  es tab l ished.  For exanlple, ob jec t s  designated as analogous t o  
mesosideri:es cou ld  be a mechanical me ta l -basa l t i c  achondr i t i c  mix ture .  I 

( d )  A s t e r o i d ~ ~ l  spect ra l  type as def ined by Chapman r t  21.  (1975) and as summarized by 
t 

J 

Zel lner and Bowel 1 i 1977). C *  des ignat ion  from Chapman (1976). j : I .  
( e )  r i e t e r s  c t  a/. (1976). 1 '  

9 

' t )  Chapn~an e t  al. (1973). I , 
1 .  1 - 
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Table 2(a) 
---------.---- 

Orbi t a l  Parameters 

Astero id  

- 
1 Ceres 2.767 0.08 10.6 
2 Pa l l as  2.769 0.24 

2.670 0.26 
2.362 0.09 

2.426 0.20 
2.386 0.23 
2.202 0.16 

9 Met is  2.386 0.12 

10 Hygiea 
11Parthenope 2.453 0.10 
14 I rene  2.589 0.16 9.1 16.2 
15 Eunomia 2.642 0.19 

16 Psyche 2.920 0.14 
17 Thet is  2.469 0.14 
18 Melpomene 2.296 0.22 
19 Fortuna 2.442 0.16 

25 Phocaea 
27 Luterpe 
28 Be1 lona 2.776 0.15 9.4 13.2* 
30 Urania 2.365 0.13 

39 L a e t i t i a  2.769 0.11 
40 Harmonia 
48 Dor is  

2.366 0.07 51 Nemdusa 

52 Europa 3.092 0.11 
58 Concordia 2.699 0.04 
63 Ausonia 2.395 0.13 
79 Eurynome 

80 Sappho 2.296 0.20 
82 A1 kmene 2.763 0.22 

2.654 0.19 
2.768 0.16 

130 E lek t ra  3.111 0.21 22.9 5.0* 
139 Juewa 
140 Siwa 

2.665 0.21 141 Lumen 

145 Adeona 2.674 0.14 12.6 - - 163 Erigone 2.367 0.19 4.8 
166 Rhodope 2.686 0.21 12.0 - 
176 Iduna 3.168 0.18 22.7 - 
192 Nausi kaa 
194 Prokne 
210 I sabe l l a  
213 L i l a e a  

, . I .'i 
I ., 

,.-J -. 
i 

d C, 



A large f r a c t i o n  (2.40" ) 01' the i n t e r p r e t e d  soectra i n d i c a t e  surface n ~ a t e r i a l s  corn~osed 
.. , o f  an abundant ( s p e c t r a l l ~ )  opaqb? phase ( @ . , I . ,  carbon, carbonaceous conlpounds and/or maq- 

. $  , n e t l t e )  mixed w i t h  an F e  -Fe j t  s i l i c a t e  ( , * . . 7 . ,  low ten~perature hydrated s i l i c a t e  o r  s l a y  
minerals as found i n  the C1 and C2 mzteor i  t es ) .  A range o f  sub t l e  v a r i a t i o n s  o f  these 

i"'.: spectra i nd i ca tes  t h a t  a v a r i e t y  o f  thcse opaque-rich c l a y  mineral  asseniblages e h i s t  on 
. 2 ;  as te ro id  surfaces. 

, ' ) ! i  
! > .  b *  

8 '  
I .  & , , 

, -.: r . . . i :  .'...a i - 1  - , .- 

Table 2 (cont inued) 
------ - --- - - - - - -- - - -- - -- -- . - - - - - - -- - - - -- - ---- 

O r b i t a l  Parameters - ---- Albedo ( b j  Pmin ( c )  Diameter (b )  
( ,:> ) (:,) (km) 

----- --- --- - --- - -- - -  - . - - - - - . - -  - --- 

3.014 0.10 10.8 - - 
2.383 0.06 9.4 10.0 121 
2.682 0.34 11.2 3.2 1.45 246 
2.473 0.18 5.1 - 

349 Denlbows ka 2.925 0.09 8 . 3  26.0 0.35 144 
354 Eleonora 2.797 0.12 18.4 14.8 0 . : ,  153 

1.458 0.24 10.8 17.4 0 . , d  2 3 
2.872 0.09 3.2 

2.743 0.16 9.8 
2.686 0.24 9.8 
2.187 0.17 15.8 3.7 1.70 323 

532 Hercul i na 2.771 0.17 16.3 10.0 0.75 150 

3.9* 101* 
654 Ze 1 i nda 2.297 0.23 18.2 3 . 2 *  - 128* 

3.3 350 I 

I 

L 

1 

t e l y  a qua r te r  o f  the i n t e r p r e t e d  spectra inlply sur face ma te r i a l s  corirposed o f  
s (01 i v i ne ,  pyroxene) mixed w i t h  an opaque phase. These ma te r i a l s  a re  conlpa- 

b l e  t o  the  C3 and C4 carbonaceous c h o n d r i t i c  assen~blages. The m a j o r i t y  (2.15". o f  t o t a l )  o f  
a re  charac ter ized by a s i g n i f i c a n t  bu t  no t  overwhelrr!irg spec t ra l  c o n t r i b u t i o n  
phases. These assen~blages are  cor~~parable t o  the '01 i v i n e  + opaques' C3D 

and C3V m e t e o r i t i c  assemblages. About 10" o f  the t o t a l  ob jec ts  s tud ied apparent ly  1 
represent sirni l a r  s i l i c a t e s  (01 i v i n e )  w i t h  a s p e c t r a l l y  doniitiant opaque phase. Recent 1 
s tud ies  o f  Ceres by Lebofsky (1978) and Gaffey (1978) suqgest t h a t  ano~r~alous i ron- f ree  c l a y  

\ 
y e t  observed i n  meteor i tes,  may be an important  surface co~~~ponen t  o f  these # 

Most o f  the renlaining spectra (about a t h i r d  o f  the i n t e r p r e t e d  spect ra)  e x h i b i t  char-  I 

! I 

I !  . 
2.516 0.54 9.1 16.6 0.75 4 I 
1.078 0.83 23.0 16.6* 1 * 
1.368 0.44 9.4 12.4* 3 * I I . .  

( a )  From Gaffey and McCord (1978). : , !. 
diameters by the  rad ionwt r i c  technique as sunn~arized by Morrisor1 (1977b). r 
t cd  by an a s t e r i s k  are  regarded as o f  marginal c e r t a i n t y .  

anch o f  the phase-po lar iza t ion  curve (Pmin) as sunrnarized by 

- - - . . - - - - -. . - . -..-.. ~ . - - - .  . - - . .  -. 

a c t c r i s t i c s  o f  a s i g n i f i c a n t  spect ra l  c o n t r i b u t i o n  fro111 m e t a l l i c  i r o n  o r  n i c k e l - i r o n .  The 
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surface ma te r ia l s  o f  these as tero ids  appear t o  cons i s t  o f  assemblages of  Ni-Fe, e i t h e r  
alone o r  w i t h  a v a r i e t y  of s i l i c a t e s ,  i nc lud ing  metal o r  metal p lus  a t r a n s i t i o n  metal- 
free s i l i c a t e  (e .g . ,  e n s t a t i  t e  o r  f o r s t e r i  te) ,  metal p lus  o l i v i n e ,  metal p lus  pyroxene 
and metal p lus  o l i v i n e  p lus  pyroxene. The major1 t y  o f  these me ta l l i f e rous  ob jec ts  appear 
t o  have surface ma te r ia l s  w i t h  abundant (%25-75%) metal. The apparent metal abundances i n  
these surface mater ia ls  are  comparable t o  those i n  the s tony- i ron meteor! tes  and represent 
a s i g n i  f i cant enrichment over the cosmic abundance. 

The range o f  mineral  assemblages present on as te ro id  surfaces i s  ar! i n d i c a t i o n  o f  the 
range o f  processes t h a t  have acted on the as tero ids  and as te ro id  parent bodies. Most mod- 
e rn  cosmological models assume t h a t  the  s o l i d  bodies o f  t he  s o l a r  system accreted from 
gra ins  p r e c i p i t a t e d  by a coo l i ng  nebula o f  s o l a r  composit ion (e .g .  , Cameron, 1973; Cameron 
and Pine, 1973; Lewis, 1972). The sequence o f  condensation w i t h  decreasing temperature i n  : ! r  
a s o l a r  nebula has been discussed ex tens ive ly  (d.g. , Lar in~er ,  1967; Grossman, 1972; 
Grossman and Larimer, 1974). I n  a condensation sequence which does n o t  i nvo l ve  the l a rae  
sca le  removal o f  condensed matter  from contac t  and f u r t h e r  reac t i on  w i t h  the nebular gas 
(equ i l i b ra ted  o r  quas i -equ i l ib ra ted condensation model), tee  unmetamor?hosed c h o n d r i t i c  
me teo r i t i c  assemblages (Cl, C2, C3, LL 3-4, L 3-4, H 3-4, E 3-4) and the h igh  temperature 
calcium-aluminum inc lus ions  o f  the C-type meteor i tes ( r e g .  , A1 lende) can be fotmed by ac- 
c r e t i o n  o f  d i r e c t  condensation products. While the d e t a i l e d  sequence of  mineral  condensa- 
t i o n  and reac t i on  i s  a func t i on  o f  nebular pressure, a major f a c t o r  tm bear i n  mind i s  t h a t  
the ox ida t i on  o f  i r o n  (FeO) t o  Fe2+ begins t o  take place near 750°K, ir.el.1 below the temper- 
a ture  a t  which e s s e n t i a l l y  a l l  the s i l i c a t e  and metal ohases w i l l  have condensed. I n  these 
m a e l s ,  the  magnesium end members o f  the  01 i v i n e  and pyroxene mater ia ls  condense near 1300°K 
but  do no t  incorpora te  the Fe2+ cat ions u n t i  1 the nebula has cooled below 750°K. The sen- 
s i  t i v i  t y  o f  f i n a l  product mineralogy ( s .g .  , ~ e ' +  d i s t r i b u t i o n )  t o  nebular cond i t ions  and i I 

processes (t~.~. , i s o l a t e d  regions, gas-dust f rac t i ona t i on )  and t c  accre t ionary  and post-  
accre t ionary  processes, can prov ide a key t o  u t i  1 i zing w f i c  s i  1 i c a t e  mineralogy as a probe 
of  the  evo lu t ionary  h i s t o r y  o f  c e r t a i n  regions o f  the so la r  system. 

There i s  evidence from these remote sensing techniques f o r  th ree def inab le  as te ro id  
populations, w i t h  d i f f e r e n t  condensation, acc re t i on  o r  thermal h i s t o r i e s .  

1. The opaque + Fez+-Fe3+ assemblages ( spec t ra l  types TA, TB, TC, 
see Table 1 ) and t h e i r  meteor i te  analogues. C1 and C2 chondr i tes.  
accreted from mate r ia l  apparent ly condensed a t  low temperature 
(~400°K)  from the s o l a r  nebula. These ma te r ia l s  have experienced 
weak o r  minimal post-accret ionary thermal events. 

2. The opaque + mafic s i l i c a t e  assemblages (spect ra l  types TO, TE. F )  
and t h e i r  m e t e o r i t i c  analogues. the C3 and C4 chondri tes, accreted 
from nebblar condensate between 750°K and 350°K. The C4 meteor- 
i t l c  mater ia ls  ( type F as te ro ida l  surface n ia te r i a l s )  appear t o  
have experienced some post -accre t i  onary metamorphism. 

3. The me ta l - r i ch  d i f f e r e n t i a t e d  as te ro id  surface assemblage (and , , ,  

most o f  the  d i f f e r e n t i a t e d  meteor i tes)  accreted from mater ia l  
condensed below 750°K. and have experienced in tense heat ing 
events pe rm i t t i ng  magmatic d i f f e r e n t i a t i o n  t o  occur. 

OISTRIRUTION OF ASTEROID MATERIALS 
, . 

The d i s t r i b u t i o n  o f  the types o f  mineral  asseniblages w i t h  respect t o  o r b i t a l  elements 
o r  s i z e  o f  body can prov ide i n s i g h t  i n t o  the nature  o f  the as te ro id  f o r n ~ t i o n  and modi f ica- , \ 

t i o n  processes. Chapman ~ l t  a l .  (1975). Chapman (1976, 1977). and Ze l lner  and Bowel1 (1977) 
have drawn several conclusions based on these d i s t r i b u t i o n s  of  C -  and S-type as tero ids .  



The d i s t r i b u t i o n  o f  the minera log lc  groups w i t h  respect  t o  semimajor a x i s  i s  shown i n  
F igure  2. These assemblages can be grouped according t o  pos t -accre t ionary  t h e m !  h i s t o r y  
i n t o  two groups: ( a )  apparent ly  unmodified low temperature, sur face ~ n a t e r i a l s  (Types T A ,  
TB, TC = C 2 )  and i n t e w d l a t e  temperature surface ma te r i a l s  (Types TO, TE 3 C3), and 
(b) apparent ly  metamorphosed o r  d i f f e r e n t i a t e d  assemblages (Types RA, A, F ) .  The d i s t r i -  
b u t l o n  o f  these ma te r i a l s  w i t h  respect  t o  semimajor a x i s  1s shown i n  F igure  3. 

ORB1 TM RESONANiEt' Hi ; l l  JUPITER 
SPECTRA:  < <  . . . . , ., ,; '$1 

9 1  s ' j  O,.' , ,  > 0 i T I P [  ;!.' -1'. : $ .  ~ :,,,: 
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Fig .  2. D i s t r i b u t i o n  o f  a s t e r o i d  surface ma te r i a l  groups as 
a f unc t i on  o f  the senlin~ajor ax i s  o f  t h e i r  o r b i t s  (uncorrected 
fo r  observat ional  b i a s )  f o r  the nlembers o f  each spect ra l  group 
discussed i n  the  t e x t  ( f rom Gaffey and McCord. 1978). I i 
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ORBITAL RESONANCES W I T H  J U P I T E R  
I 

7/2 311 8/3 5 / 2  7/3  9/4 ?/ 1 

ASSEMBLAGES 

'THERMALIZED' 
ASSEMBL4GES 

2 . 2  ? ,  4 2.6 ?. 8 5 , 1) 

i J R B I  TilL SEFl i  -'l4JOR A X 1  S ( A U )  
# 

F i g .  3. D i s t r i b u t i o n  o f  a s t e r o i d  s u r f a c e  m a t e r i a l  qrouDs as a  f u n c t i o n  o f  the  semi- 
' I  

1 ,  
major  a x i s  o f  t h e i r  o r b i t s  ( u n c o r r e c t e d  f o r  observd t i o n a l  b i a s )  f o r  grouos w i t h  
d i v e r s e  thermal  h i s r o r i e s  ( P r i m i  t i b e  - a p p a r e n t l y  u n a l t e r e d  by any p o s t - a c c r e t i o n -  
d r y  h e a t i n g  even ts  - TA-TB-TC. T D - T E  and Ther111al i z e d  - a p p a r e n t l y  heated and m o d i f i e d  
o r  me l ted  and d i f f e r e n t i a t e d  by some s t r o n g  p o s t - a c c r e t i o n a r y  h e a t i n a  ep isode)  a r d  
t h e  d i s t r i b u t i o n  3 f  t h e  f i r s t  400 numbered a s t e r o i d s  (as a  h i s t n g r a n ~  p e r  11.02 A U )  
( f rom Gaffey and McCord. 1978). 

These d i s t r i b u t i o n s  have n o t  been c o r r e c t e d  f o r  o b s e r v a t i o n a l  b i a s ,  wh ich  f a v o r s  
b r i g h t e r  o b j e c t s  o v e r  d a r k e r  o b j e c t s :  t h a t  i s ,  o b j e c t s  w i t h  h i g h  a lbedos a r e  f a v o r e d  o v e r  
those w i t h  low a lbedos o r  o b j e c t s  w i t h  s r ~ ~ a l l  s e r i ~ i ~ l ~ a j o r  axes a r e  favored  o v e r  those w i t h  
l a r g e .  Thus, f o r  exanlple. t h e  number o f  TA-TU-TC o b j e c t s  s i ~ o u l d  be m u l t i p l i e d  by sonle fac- 

I 

t o r  dependinq on s i z e  and s e n ~ i n ~ a j o r  a x i s  t o  colr~pensate f o r  t h e i r  low a lbedos.  Ze1:ner and 
Bowel1 (1977) have d iscussed  t h i s  b i a s  c o r r e c t i o n  process i n  d e t a i l .  

These d i s t r i b u t i o n s  v e r i f y  t h e  i n c r e a s e  i n  r e l a t i v e  abundance o f  t h e  low te lnperature 
assemblages w i t h  i n c r e a s i n g  d i s t a n c e  f rom t h e  Sun r e p o r t e d  by Chaplrlan t.t , z ? .  (1975) .  b u t  
they a l s o  show t h a t  i n s i d e  about  3.0  AU, a l l  types q e n r t - a l l y  can be Found i n  a  r e g i o n .  The 
p a r t i c u l a r  c o n c e n t r a t i o n  o f  t h e  metd l  p l u s  o r t h o p y  i e n e  assen~blage c o n t ~ i n e d  i n  s p e c t r a  
t y p e  hn-2 i n s ~ d e  2.5  AU i s  a  d i s t r i b u t i o n  which sb ' d  he cons idered  i n  l i g h t  o f  rr~odels \ 

f o r  d i  f c ? r e n t i a t i n g  these o b j e c t s .  

i h e  d i s t r i b u t i o n  o f  s u r f a c e  n ~ i n e r a l o g i e s  w i t h  r e s p e c t  t o  t h e  s i z e  o f  t h e  bod ies  i s  o f  
i n t e r e s t  ( F i g u r e  4 ) .  Two s i g n i f i c a n t  f a c t o r s  shou ld  be noted.  F i r s t ,  t h e  l a r g e s t  s i z e d  

1 - 
, , 

I 



I 4 ! % / I  A S T E R O I D  D I A M E T E R  (KM) 

ob jec t  o f  the TO and TE (rC3) groups i s  s i g n i f i c a n t l y  smal le r  than t h a t  of  tne TA-TB-TC 
( 3 2 )  group. This would tend t o  SupDOrt the concept t h a t  the  C3-type I f la ter ia l  was i so la ted  
i n  the i n t e r i o r s  o f  bodies w i t h  C2- type surfaces ( i  nhomgeneous accre t ion) .  Second. the 
l a rges t  s ized body among ' t h e r m l i z e d '  ob jec ts  (RA. A. F )  i s  s i g n i f i c a n t l y  l a r g e r  than t h a t  
o f  the  'unthermalized' o r  ' p r i m i t i v e '  ob jec ts  (:A-TB-TC. TD. TE). This would imply t h a t  
the s i z e  o f  the  parent body may have an i n f l l e n c e  over post-accret ionary heat ing.  The cut -  
o f f  i n  s i z e  below which heat ing d i d  not  take place appears t o  be appmximately 300-500 km. 
Observational b ias  co r rec t i on  should enhance t h i s  discrepancy. 

The C2- l ike  surface mater ia ls  which domi!~ate the main as te ro id  b e l t  popu la t ion  appear 
t o  be r e l a t i v e l y  r a r e  on the Earth-cross ing  and Earth-approachi ng as tero ids  (Apol l o  and Amor 
ob jec ts ) .  Spectral re f lec tance curves have btxen i n te rp re ted  f o r  two Amor as tero ids  
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(433 Eros % H5-6 o r  L5-6 assemblage; Pfe ters  e t  o t .  1976 and 887 A l inda % C3 assemblage) 
and fo r  one Apcl l o  as te ro id  (1685 Toro q. L o ( ? ) ;  Chapman e t  a l .  , 1973). Gehrels s t  at. 
(1970) u t i  1 i zed  several i n d i r e c t  methods t o  def ine a wavelength dependent br ightness curve 
f o r  t he  Earth-crossing as te ro id  1566 Icarus which ind ica ted the presence o f  an absorp t ion  
feature i n  the reg ion of 1 um (pyroxene?). Ze l l ne r  e t  at. (1975) provided the UBV co lo rs  
fo r  two add i t i ona l  ob jec ts  (1620 Geographos and 1864 Daedalus), both Type S. 7 l l n e r  and 
Bowel1 (1977) i n d i c a t e  t h a t  of  about 12 Apo l lo  o r  Amor objects,  one !s o f  T jse  ". While 
some have reservat ions w i t h  regard t o  the m e t e o r i t i c  s p e c i f i c i t y  o t  a le CSM c l a s s i  - i c a t i o n  
system, one can view C and S as approximately 'C2' and 'not-C2.' 

I t  i s  ev ident  t h a t  t he  dominant C2-type assemblages of the main b e l t  a re  u n d e r - r e ~ r e -  
sented among the  Apo l lo  and Amor ob jec ts  by about two orders of magnitude (%l /10 instead o f  
0 .  ?h is  discrepancy impl ies  t h a t  the  Apol l o  3nd Amor as tero ids  are  no t  randomly de- 
r i v e d  from the popu la t ion  o f  the main b e l t .  I f  t h i s  popu la t ion  anomaly i s  no t  a recent o r  
temporary event, then the source reg ion which replenishes t h i s  i n n l r  s o l a r  system popula- 
t i o n  must be both  r e s t r i c t e d  and s t rong ly  depleted i n  C2-type a s t e i o i d a l  ma te r ia l s .  This 
suggests t h a t  these as tero ids  may be der ived from the innermost po r t i ons  o f  the b e l t ,  per-  
haps i n s i d e  2.0 AU. Wether i l l  (1977) has suggested t h a t  ob jec ts  formed c lose r  i n  t o  the 
Sun (e..q., o rd inary  chondr i t i c  assemblages) may have been s tored a t  thc! inner  edge o f  the 
b e l t  and nlay represent the source of  these ob jec ts .  The cometary hyoothesis (Opik, 1963, 
1966; Wetheri 11 and Wil l iams, 1968) f o r  t he  o r i g i n  of t he  A ~ o l l o  and Amor as tero ids  cannot 
be r u l e d  L J ~  on the  basis of  the  a v a i l a b l e  spect ra l  data. Chapman (1977) reaches s i m i l a r  
conclusions w i t h  respect t o  the o r i g i n  o f  these as tero ids .  
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ARNOLD: I s  i t  co r rec t  t h a t  no two o f  the spectra i n  Figure 1  are  i d e n t i c a l ?  I f  so, then 
I suggest again there  i s  great  v a r i e t y  anlong as te ro id  surfaceb. 

McCORD: That i s  r i g h t .  I t  i s  f e l t  t h a t  each one i n  t h i s  sample i s  s i q n i f i c a n t l y  d i f f e r e n t  
and reveals some d i f f e rence  i n  the ;urface ma te r ia l .  

MATSON: Your expectat ion o f  a continuum o f  p rope r t i es  seems t o  be u n l i k e  tt e  clear d i v i -  
sions seen i n  some o the r  parameters, l i k e  albedo. 

McCORD: I n  pa r t ,  you are  r i g h t .  ;here won ' t  be a  continuum between a l l  of  the  var ious 
dimensions. 

MORRISON: When you lump the as tero ids  together i n t o  t h e r m l i z e d  and unthermalfzed groups, 
b u t  w i thout  co r rec t i ng  f o r  observat ional  b ias,  I don ' t  t h ink  t h i s  r e a l l y  adds much 
in format ion.  One might as we l l  use the b ias-cor rec ted C and S data t h a t  Ze l l ne r  re-  
ported here. 

CHAPMAN: Not true, because i t  turns  ou t  there  are both thermalized and imthermalized i n -  
t e rp re ta t i ons  w i t h i n  the  S c l a s s i f i c a t i o n .  I n  o ther  words, a1 thaugh there  i s  a  general 
assoc ia t ion  between the McCord!Gaffey groups and the C and S c :ass i f i ca t ions,  t h e i r  
i n d i v i d u a l  spectra have been i n t e r p r e t e d  i n  such a  way t h a t  the  C and S are betero- 
genmus w i t h  respect  t o  thermal evo lu t ion .  

McCORD: That daesn' t  mean the C and S c l a s s i f i c a t i o n  i s  useless. I n  i nd i v idua l  cases i t  
cou ld  l e a f  you widely astray,  but  as a  s t a t i s t i c a l  t o o l  probably not .  

ARNOLD: I note t h a t  you re in fo rced  the conclusion der ived by c the r  workers t h a t  t he rs  a.e 
no c lose analogs o f  an ord inary  chondr i te  i n  t h i s  group. I a lso  note tha -  the Lnes 
which :lave C3 as the c loses t  m e t e o r i t i c  analogs arc Ss, and I wondered if you would 
conreqt on t h d t ?  

McCORD: Well. t h a t  i s  q u i t e  poss ib le  because C3 i s  a modif ied .netamorphosed ma te r ia l  t h a t  
can have a spect ra l  continuum which would g i ve  ~ o u  an S c l a s s i f i c a t i o n  when you look 
a t  i t  using UBV photometry. 

ARNOLD: Do you take a1 bedo i n t o  account? A labora tory  s c i e n t i s t  knows t h a t  C3s a re  dark 
ob jec ts ,  bu t  not  as dark as C2s. 

I.lcCORD: That i s  taken i n t o  considerat ion.  I n  fact ,  sometimes a1 bedo i s  necessary i n  order  
t o  resolve ambigui t ies.  

CHAPMAN: The TE c lass  t h a t  you associated w i t h  C3s f a l l s  i n  the S c lass  def ined by Bowel1 
e t  a l .  I don ' t  t h i n k  the TE sy t r ' ra  d i f f e r  s u b s t a n t i a l l y  from uther; which you ' :ve 
assigned t o  o ther  c l a s s i f i c a t i o n , ,  and secondlv. the albedo of  those TEs i s  0.13, 
which i s  p r e t t y  b r i g h t  co~npared t o  C3 meteor i tes.  



McCORO: These TEs may be too b r i g h t ;  i n  any i nd i v idua l  c l a s s i f i c a t i o n  e r ro rs  are  possible.  
But I would l i k e  t o  emphasize t h a t  the  c l a s s i f i c a t i o n s  are r;ot capr ic ious and should 
not  be judged according t o  a  s ing le  parameter. One has t o  spend a  great  deal of t ime 
working w i t h  both the as te ro id  spectra and the labora tory  spectra before one begins t o  
get  a  f e e l i n g  f o r  which di f ferences are important and which are no:. 

WETHERILL: There i s  a  feature  a t  0.65 pm. I t  appears i n  what others c a l l  an S-type as ter -  
aid; i t  does not  appear i n  an ord inary  chondr i te,  nor does i t  appear i n  any actual  
meteorites. So i n  regard t o  comparing meteor i tes w i t h  as tero ids ,  I t h i n k  i t  i s  worth- 
wh i le  t o  place s i m i l a r  emphasis on the th ings t h a t  d o n ' t  agree as we l l  as the th ings 
t h a t  do agree. 

HcCORD: That feature  i s  no t  w e l l  understood. I th i t i k  i t  i s  rea l  and t h a t  i t  means some- 
th ing.  We are going t o  have t o  go t o  the  labora tory  and work on t h a t .  A t  the very 
b e g i n n i ~ g  i t  was f e l t  i t  might be spurious, a  problem w i t h  cornoarison o f  standard 
s tars ,  bu t  t he  c a l i b r a t i o n s  have been checked. It i s  no t  as thouc,h the feature  i s  un i -  
f ~ t m l y  .lere. It i s  no t  there  i n  some. i t  i s  there  weakly i n  others,  s t rong ly  i n  s t i l l  
others. That ind ica tes  i t  i s  rea l .  

GROSSMAN: When you look a t  the  broken surfaces o f  C1 and C2 meteor i tes i n  the labora tory ,  the 
human eye can c e r t a i n l y  see the d i f fe rence.  I ' m  puzzled as t o  why the TA-type spectrum 

CHAPMAN: There are on ly  three C1 samples ava i lab le ,  and they are no t  i n  p r i s t i n e  o p t i c a l  
cond i t ion .  The problem i s  t h 6 t  no one has had be l ievab le  samples o f  a  C1 t o  measure 
i n  the laboratory.  

the spectrum b e t t e r  w i t h  higher s ignal- to-noise,  w i t h  l a r g e r  spect ra l  range, and w i t h  
higher spect ra l  reso lu t ion .  It shauld be done fo r  as tero ids  which have s t rong spect ra l  
features. Then one has t o  have ava i l ab le  labora tory  and t h ~ o r e t i c a l  mater ia l  t h a t  
a l lows one t o  i n - e r p r e t  the  features. For example, we need data on co ld  hydrated 
mater ia ls,  mater ia ls  we r e a l l y  d o n ' t  know very much about. We a re  s e t t i n g  up t o  do 
tha t  now. The emphasis o f  the  work now t h a t  t h i s  survey i s  concluded i s  t o  do b e t t e r  
i n te rp re ta t i ons  f o r  some s p e c i f i c  main b e l t  ob jec ts  as w e l l  as f o r  the Earth-apprwach- 
i ng  objects.  
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