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Since 1970 the physical  study o f  as tero ids  has been dramat- 
i c a l  l y  extended 3y wide a p p l i c a t i o n  o f  f ou r  types o f  observa- 
t ions :  spectrophotometry from 0.3 t o  1.1 vm; broad-band UBV 
photometry; v i s i b l e  photopolar imetry;  and broad-band therrrlal 
radiometry. More than a quz r te r  o f  t he  numbered as tero ids  
have been s tud ied w i t h  these techniques, and f o r  most o f  them 
the data a re  adequate t o  determine approximate s i z e  and a l -  
bedo and t o  provide a rough c l a s s i f i c a t i o n  r e l a t e d  t o  mineral-  
og i ca l  composition. The s p e c i f i c  CSM taxonomic system o f  
Chapman e t  a l .  (1975) and Bowel1 e t  a l .  (1978) i s  described 
and used t o  organize these new data. The CSM taxonomy i s  a l so  
compared w i t h  more composi t i o n a l  l y  s p e ~ i  f i c  taxonomies, and 
some f u t u r e  d i r e c t i o n s  fo r  both observat ion alld c l a s s i f i c a t i o n  
are ind ica ted.  

INTRODUCTION 

During the  r e l a t i v e l y  b r i e f  span o f  years from the Tucson Astero id  C o n f e r e r ~ ~ e  
(Gehrels, 1971) t o  the  present, there  has been exp los ive  growth i n  observat ional  data on 
as tero ids .  During the  f i r s t  ha l f  of  the  20th century and w e l l  i n t o  the 19601s, as te ro id  
science had been l i m i t e d  a!most e n t i r e l y  t o  searches f o r  new ob jec ts  and estau: :,hment o f  
photographic magnitudes and accurate o r b i t a l  elements fo r  t he  fewer than 2000  steroids 
t h a t  were nared and numbered. During the 19601s, the  f i r s t  major e f f o r t s  t o  accumulate 
more phys ica l  data (pho toe lec t r i c  magnitudes and l igh tcurves,  w i t h  some co:or imetr ic and 
p o l a r i m e t r i c  work) were undertaken, or ic ; r i l v  by G. P. K u ~ p e r  and T. Gehrels a t  the  Univer- 
s i t y  o f  Arizona. Only a few dozen o f  the b r i g h t e r  ob jec ts  were studied, however, and tbe 
i n t e r p r e t a t i o n  o f  the  observations was q u i t e  l i r i t e d .  The major watershed appears now t o  
have been i n  about 1970, when C. R. Chapmdn, 1. B. rlcCord, and t h e i r  co l labora tors  began a 
s y s t ~ ~ n a t i c  program t o  ob ta in  spectrophotometry of  a l a r g e  number of as tero ids  and, perhaps 
more Important, t o  i n t e r p r e t  t h e i r  observat io r~s  i n  terms of composition and mineralogy. 
Thus f o r  t he  f i r ? ?  t ime i t  became p ~ s s i b l e  e m p i r i c a l l y  t o  t e s t  speculat ions concerning the 
re la t i onsh ips  between d i s t a n t  as tero ids  and the meteor i te  samples under i n tens i ve  study i n  
t e r r e s t r i a l  labora tor ies .  

The f i r s t  i n t e r p r e t a t i o n  of astero:d spectrophotometry was presented by McCord, Adams, 
and Johnson (1970), who showed t h a t  the  e f l e c t i v i  t y  o f  Vesta was matched extremely w e l l  by 
t h a t  o f  t he  r a r e  bzsal  t i c  achondri tes, Shor t l y  thereaf ter ,  Chapman, McCord, and Johnson 
(1973) publ ished r e f l e c t i v i t y  curves f o r  23 as tero ids  and demonstrated the ex is tence of  a 
wide v a r i e t y  o f  n~ ine ra log i ca l  types, and about the sarne t ime empi r ica l  i n t e r p r e t a t i o n s  of 
these data based on comparisons w i t h  meteor i te  spectra were suggested by Chapman and 
Sa l isbury  (1973) and Johnson and Fanale (1973). 

A t  the  same tSme t h a t  spectrophctometry was emerging as a major d iagnost ic  t o o l ,  o ther  
new techniques f o r  phys ica l  observation. o f  as tero ids  a1 so were appl ied.  During the 1960's 
an empi r ica l  r e l a t i o n  between the shape o f  the polar izat ion-phase curve and the albedo of a 
p a r t i c u l a t e  (dusty)  surface was recognized, bu t  i t  was not  u n t i l  a ser ies  of papers published 
beginning i n  1971 t h a t  J. Veverka app l ied  t h i s  r e l a t i o n  t o  de r i ve  albedos and diameters o f  
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astero ids .  A t  the  same t ime 0. A l l e n  f i r s t  used measurements o f  thermal i n f r a r e d  r a d i a t i o n  
(which, u n l i k e  r e f l e c t e d  l i g h t ,  i s  g rea te r  f o r  a dark a s t e r o i d  than fo r  a l i g h t  one) t o  
d e r i v e  what he c a l l e d  an " i n f ra red  diameter" f o r  Vesta, and t h i s  work was soon extended t o  

I 1 

about a dozen as tero ids  by 2. Matson. A t  the t ime o f  the 19?1 Tucson confe,'ence these new 
methods f o r  determining s izes and albedos were s t i ? ;  suspect t o  many workers, b u t  w i t h i n  
another two years they had c l e a r l y  demonstrated t h e i r  value and were being w ide ly  app l ied .  
An impor tant  e a r l y  r e s u l t  was the  d iscovery  by tlatson (1371 ) t h a t  a t  l e a s t  one as te ro id - -  . 
324 Bamberga--had an albedo about a f a c t o r  o f  two lower than t h a t  f o r  any p rev ious l y  known 
ob jec t '  i n  the  s o l a r  system. Subsequent s tud ies  have shown t h a t  most as tero ids  are  i n  f ac t  
members o f  t h i s  )ow-albedo c lass .  i 

By 1974 the  th ree  techniques o f  spectrophotometry, po lar imet ry ,  and i n f ra red  -adiom- 
e t r y ,  as w e l l  as r e v i t a l i z e d  programs o f  UBV photometry, had been app l i ed  t o  abcut 100 
as tero ids .  A f i r s t  at tempt t o  u t i l i z e  these data c o l l e c t i v e l y  t o  charac ter ize  the  main 
b e l t  as te ro id  populat ion,  i nc lud ing  the d e f i n i t i o n  o f  broad c lass i f i ca t io r . ;  based on ?hys- 
i c a i  ra the r  than dynamic?! ;ropert ies, gas p u t l  isheci by Chaprin, #crri:cn, and 7el l n e r  
(1975). This paper has been w ide l y  quoted and can be taken t o  represent a s i g n i f i c a n t  
~enchmark i n  the r d p i d  recent  development o f  a s t e r o i d  science. I w i l l  use i t  as the p o i n t  
o f  departure f o r  the present paper, which i s  l i m i t e d  p r i m a r i l y  t o  resu l t ;  obtained s ince 
1974. 

As o f  the  date o f  chis treeting, phys ica l  observat ions have been made f o r  nea r l y  600 
a s t e r o i d s - - x r e  than a qua r te r  o f  the  named and numbered minor p lanets .  I w i l l  discuss 

I 
b r i e f l y  the nature  o f  these observat ions and w i  11 then descr ibe several  c l a s s i f i c a t i o n  f 
schemes t h a t  have been used t o  organize t h i s  suddcn weal th 01' data For the most pa r t ,  I 
w i l l  be sumnarizing the o r i g i n a l  work o f  Bender e t  aZ. (1978) and Sowell s t  a:. (1978). ! 
I am p a r t i c " 1 a r l y  indebted t o  Ted Bowell, Clark Chapman, and Ben Ze l l ne r ,  wno have keen 
responsible f o r  so much o f  the work discussed here. 

$ 

i 
- 1  [ 1 (1  THE OBSERVATIONS 

1 8  1 
1 Four k inds o f  phys ica l  observat ions have been h i d e l y  appl ied  t o  t s t e r o i d s  i n  the past  

, I; f ou r  years: UBV photonwtry; 0.3 t o  1.1 urn spectropnotometry; p h o t o s l e c t r i c  po lar imet ry ;  
I I and i n f r a r e d  radiometry. Each o f  these techniques has been app l i ed  t o  a t  l e a s t  ? O O  as te r -  
I 11 o ids.  There are, i n  add i t i on ,  several  o the r  very promising J~p roachc -  t h a t  have not  y e t  
! ,  bad such wide app l i ca t i on .  I n r ra red  (JHK) photometry has been obtdined fo r  about th ree 

dozen (Johnson e t  aZ. , 1975; Chapman and Morrisan, 19?6; Matson, Johnson and Veeder, 1977; 
Leake, Gradie and Morrison, 197P!; h i g h - r r j o l u t i o n  i n f r a r e d  spectra e x i s t  f o r  Vesta and 

I Eros (Larron and Fink, 1975; Larson r :  0 2 . .  1976; Larson, 1977); Ceres and Vesta have been 
i 
I .  

detected by t h e i r  thermal rad io  emission (U l i ch  and Conklin, 1976; Conkl in et a:. , 1977); 
and the  radar t . e f l e c t i v i t i e s  o f  Ceres, Eros. Toro, ~ n d  !carus have been measured (c.p. ,  
Campbell e t  a,?. , 1976; Jurgens and Goldstein,  1976). I n  t h i s  paper, however, I w i l l  l i m i t  

I 
d iscussion t o  the fou r  most w ide ly  app l i ed  techniques. 

. 8 I I 
The UBV p h r t m e t r y  has been c a r r i e d  out  p r i m a r i l y  a t  Lowell Observatory and a t  the 

Un ive rs i t y  o f  Arizona. The pr - inc ipa l  pub1 ished sources are:  Taylor  (1971 ) ,  Ze l l ne r  st  s?.. 1 1  j /  (1975, 1977b:. >nd "cgewij c t  a l .  (1978). Howe~or.  the  m a j o r i t y  o f  the data a re  unput l i shed 

: ! 1 observations ~.a,c between 1975 and 1977 by E. Bowel1 a t  b ow ell Observatory and re fe r red  t o  

1 :  I I by Ze l l ne r  and Jowel l  (1977) and Bowell e t  a l .  (1978). 

Spectropfiotometry w i t h  about two dozen f i  1 t e r s  between 0.3 afld 1.1 i ~ m  has been repor ted  
f o r  98 as tero ids  oy McCord and Chapman (1975a.b) and P ie te rs  e t  02 .  (1976j. Three param- 
e te rs  used tu   ate fdr c l a s s i f i c a t i o n  are R/B, the r a t i o  o f  spect ra l  re f lec tance a t  0.70 urn I 
t o  t h a t  a t  3.30 JIII; BEND, a measure o f  the c u r v a t l ~ r e  o t  t he  v i s i b l e  p a r t  o f  the re f lec tance I 

s p ~ c t r l r n ,  d.ld isLPTH, a measur.e o f  the s t reng th  o f  the o l iv ine-pyroxene absorp t ion  feature b near 0.95 UII;. 



The f i n a l  o b s e r v a t i o n a l  techn ique  i s  10 bnd 20 L I ~  rad iomet ry ,  c a r r i e d  c r , t  p r i l v a r i l y  by 
D. M o r r i s o n  and h i s  c o l l a b o r a t o r s  a t  t h e  U n i v e r s i t y  o+ Hahd i i  and a t  K i t t  Peak and bq 5. i 
I:Xsen a t  Cerro T o l o l o .  The i n d i v i a l ~ a l  o b s e r v a t i o n s  have been ' 31 i s h e d  by Cru ikshanh and 
M o r r i s o n  (1915;. :k?r;:nn (1974, 1977a). Fansen (1976). and flr r i s o n  and Chaprndn ,1976) ; 
a l l  a r e  sumla r i zed  i n  a  rev iew by Mcrrison (197711). I n  Morr is011 (1977b1, a l l  o f  t h e  obser-  
v a t i o n s  bave been reduced l s r l i f o rn : l y  w i t h  a  model based 0 5  t h a t  described by :3nes and ! 

N o r r i s o n  (1974). a1 tF13ugh e r 3 t i r e l y  e q u i v a l e n t  r e s u l t s  c o u l d  a l s o  be ob td i r~e l :  ..i t h  t h e  a l -  
t e r n a t i  ve model by  Hansen ( 1977). 

' i 
i 
i 
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I 
, L i n e a r  p o l a r i z a t i o n  o f  r e f l e c t e d  l i g h t  as a  f u n c t i o n  cf phase a n g l e  c u n s t i t u t e s  t h e  

I n  o r d e r  t o  use a l l  o f  these da ta  f o r  c i a s s i  f i c a t i n n  o r  any o t h e r  purpose, i t  has bzen 
necessary t o  b r i n g  them t o g f , t h e r  i n  a r e a d i l y  a c c e s s i b l e  fo rmat .  Thus, beg inn ing  i n  1975. 
a  number o f  observers  have j o i n e d  t o  c r e a t e  2 i ompt i t c r  f i l e  o f  these d ? t a  c a l  ~ P C  7Ql.',D 
(Tucson Revlsed Index o f  A s t e r o i d  Da ta ) ,  desc r ibed  oy Sender ,.: .::. (1078:. The types o f  
d a t a  i n c l u d e d  dnd t h e  i n d i v i d u a l s  r e s p o n s i b l e  f 3 r  t h e  f i l e s  a r e  l i v e n  i n  Table 1. S u b j e c t  
t o  c e r t a i n  l i m i t a t i o n s ,  c o n t e n t s  o f  t h e  TF\:AD r i l e  can be made a v a i l a b l e  i n  co11;p~ter p r i n t -  
o u t  o r  rcachine-readable ronn t o  o t h e r  researchers  w i t h  a  s e r i o u s  o r o f e s s i o n a l  i n t e r e s t .  

' I .  

I '  
I 
I 

I n q u i r i e s  shou ld  be d i r e c t e d  t o  Ban Z e l l ; ~ c r ,  who has prily1;ry r e s p o n s i b i l i t y  f o r  upkeep o f  
TRIAD. 

t h i r d  c l a s s  o f  datd.  The o b s e r v a t i o n s  a r e  a l l  f rom Z e l l n e r  et a 7 .  (1974) and Z e l l n e r  and 
Clradie (1976 and unpub l i shed) .  The parameter  Pmin, t h e  maximum dep th  o f  t h e  n e q a t i v e  
p o l a r i z a t i o n  branch,  ?as been measllred f o r  08 o b j e c t s  and i s  s e n s i t i v e  t o  g r a i n  o p a c i t y  
and hence r o u g h l y  t o  a laedo.  The p o l a r i m e t r y  a l s o  y i e l d s  geometr ic  albedo; pv  Inore d i r e c t -  
l y ,  from t h e  s l o p e  o f  t h c  ~ s c e n d i n g  p o l a r i z a t i o n  branch and a  r e c e n t l y  r e c a l i b r a t s d  s l n n e -  

Table 1. The TRIAD F i l e  

I 
a lbedo  law ( Z e l l n e r  e t  il.. 1977c.d). For  a l b e d r  g r e a t e r  t h a n  O . O i ,  t h e  o o l a r i s e t r i c  

. ,  I ; r e s u l  t s  a r e  i n  q u i t e  s a t i s f a c t o r y  agreement w i t h  d l  bedo\ and d i a n ~ e t e r s  f rom then.ia1 r a d i o n -  

1 1 :  

e t r y .  It i s  now recognized,  however, t h d t  p r e v i o u s l y  p u b l i s h e d  po la r i ! . te t r i ,  a; t -dos l e s s  
than  0.07 a r e  i r a c c u r a t e  due t o  s a t u r a t i o n  o f  t h e  sl \ ;??-albedo law, and fu r thermore  t h a t  : . ,  r e l i a b l e  v i s u a l  a lbedos p v  cannot  ,lways be i n f e r r e d  f rom p o l a r i n ~ e t r i c  d a t a  i n  b l ~ e  l i g h t .  

- , Wne13eas p o l a r i m e t r i c  a lbedos were l i s t e d  f o r  as many as 52 o b j e c t s  by Z e l l n e r  arid Grad ie  
I .  I 1 (1976). t h e  e l i m i n a t i o n  o f  t h e  low a lbedo  o b j e c t s  and thos, observed ~ n l y  i n  t h e  b l u e  r e -  

I * 

duces t h e  number o f  p o l  a r i m e t r i c  a1 bedos t o  24.  i 

~ 

Data Type 
-. - -. - - - - . - - - - - . . . - - .. . - . . . 

O r b i t a l  Elements 

Magni tudes 

R o t a t i o n a l  Elements 

i l H V  Colors 

Fho t c m e t r i  c  Spec*rd 

Spl?c:ral Parameters 

P o l a r i n l e t r i c  Paratpeters 

Red ios le t r i c  Diameters 

a  
As o f  end o f  1977. 
- -. - - - -- - - . - - - - - - - . - . - . - - . - - . - 

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

Responsi b  I 1  i t y  
.. . - - . . . - - .  - . -  

D. Renoer:Jb L 

1. Gehrel;/U o f  A? 

E . Tedesco/N:4SU 

E .  B o w e l l I L o w e l l  Observatorv 

M. Gaffey/U o f  H I  

C .  ChapmanIPSI 

B. i c l l n e r l U  o f  A7 

D. f l o r r i  son/:iASA Hy7 

-. . ~ . .  

No. o f  r'.b.iects a 
. . . . . - . . . . 



One o f  the f i r s t  pro jects  undertaken w i t h  the TRIAD f i l e  has been the d e f i n i t i o n  o f  a t 

simple empirical c lass i f i ca t ion  scheme (Bowel1 e t  aZ., 1978). I n  the fo l lowing sect ion I 
4 .  

w i l l  describe t h i s  taxonomy, and i n  the f i n a l  sect ion I w i l l  b r i e f l y  compare i t  w i t h  r a r e  
in te rp re t i ve  c lass i f i ca t ions ,  based p r imar i l y  on the spectrophotometric subset o f  these 
data, defined by Chapman (1976) and by Gaffey and McCord (1977, 1978). 

THE CSM TAXONOMY 

The c lear  separation o f  many o f  the la rger  asteroias i n t o  two albedo-color groups was 
recognized by a number o f  authors (e .g. ,  Zel lner, Gehrels, and Gradie, 1974; Morrison, 1974), . 1 . : . 
and i n  Ck-sman e t  at. (1975) t h i s  natura l  d i v i s i on  was the basis f o r  the d e f i n i t i o n  o f  
classes ca l led  C and S. The C objects are dark and neut ra l  i n  c r l o r  and appear t o  be min- 
era log ica l  l y  s im i l a r  t o  the carbonaceous chondri tes, whi le  the 5 objects appear t o  contain 
pyroxene and o l i v i n e  together w i t h  some me ta l l i c  i ron.  The terms C ( f o r  carbonaceous) and 
S ( f o r  z i l iceous)  were chosen w i t h  t h i s  compositional i den t i f i ca t i on  i n  mind, but  i t  
should be emphasized t ha t  these classes were defined pure ly  i n  terms o f  an empir ical  clump- 
ing  o f  observational parameters. Figure 1, which i s  a histogram o f  measured astero id  a l -  
bedos (Harrison, 1977b), c l e a r l y  demonstrates the r e a l i t y  of t h i s  d i s t i n c t i o n  between high- 
and low-albedo objects. I n  fairness i t  should be noted, however, t ha t  the d i v i s i on  i s  less 
obvious i n  some other observable parameters. 

Fig. 1. D i s t r i bu t i on  ,,I l i r e c t l y  deter- 
mined geometric v isca l  albedos f o r  187 
asteroids. I n  the CSM taxonomy, the 
low-albedo peak corresponds t o  tnc Z: 1685 1011 

. I asteroids, whi le  the broader high-a1 bedo 782 887 

peak 's dominated by the S asteroids. 471 679 

Note the strong bimodality; i n  sp'te o f  387 Y14 

a rea l  spread i n  albedo w i t h i n  each peak, 264 563 
I 

the two albedo populations are distin:t 
a 516 

and do not overlap (from Morrison, 197:b). , .. 497 

204 441 

1% 433 

455 131 35-1 

410 1172 115 270 

360 62% 103 191 

356 617 9 7  :29 

324 554 8 2  124 

247 51 1 8 0  123 i : ,  79 116 

i i !  
747 238 386 7 7  67 I 1 .  I 694 211 326 6 8  60 

i s  I 45 159308 63 39 
! 

444 146 144 :I78 030 43 3J 

415 137 139 804 558 42 27 

409 120 107 498 532 40  23 

381 94 1C5 140 397 29  20 I 
I 

1 
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I 
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Chapman e t  a t .  (1975) used f i v e  observable quan t i t i es  i n  t h e i r  c l ass i f i ca t i on ,  and 
they were ab le  t o  i d e n t i f y  several we1 1-observed objects. such as Vesta, t ha t  d i d  not  fa1 1 
i n t o  the C o r  S groups. I n  s~bsequent papers two ac'di t i ona l  classes were deFined: M ob- 
j.?cts w i th  reddish colors, ibtetmediate albedos, and 1 i t t l e  ind ica t ion  of spectral  s t ruc-  
t u re  near 0.95 um (Zel l ne r  and Gradie, 1976); and E objects, w i t h  f l a t  spectra and very 
high albedos (Zel lner  e t  a,?:, 197%). 

The taxonomy o f  Bowel 1 e t  a l .  (1P78 j i s  a f u r t he r  development o f  the c l a s s i f i c a t i o n  
begun by Chapman e t  at. (i975). Seven, ra ther  than f ive,  observational parameters are used 
t o  d is t ingu ish  the classes. It i s  based on d i r e c t l y  observed op t i ca l  parameters and, con+ 
pared w i t h  o ther  c lass i f icat ions,  i t  i s  independent o f  i n te rp re ta t ions  o f  astero id  mineral- 
ogy. The system depenc$ upon the existence o f  d iscrete c l i rs tcrs  i n  parameter space, w i t h  
genuine gaps (o r  a t  l d s t  s i gn i f i can t  deplet ions) between the c lusters .  Only where such 
natural  d iv is ions exi,Gt are meaningful d i s t r ibu t ions  defined. Following previous usage, 
t h i s  system reta ins :he cla5s names C, S, M, and E, and i t  adds a new c!ass, R. I c a l l  
t h i s  the CSM T a x m n r y .  

For those astero;ds observed i n  suf f ic ie l? t  de ta i l ,  many d i f f e r e n t  surface types may be 
dist inguished and, ind?ed, each astero id  may u l  t imatcly be recognized as unique. I n  the 
CSM t?xonomic system, it should be dnderstood t ha t  each class contains a substant ial  spread 
of mineralogical  assem~laaes; f o r  instance, there i s  a va r ia t ion  o f  a fac to r  of three i n  
the albedos o f  C asteroids, and the S asteroids encompass a w'de range of pyroxene and o l i v -  
i ne  contents as ind icated by the depth and cent ro id  o f  the dbsorption band near 0.95 pm. 

I n  assigning boundaries between classes f o r  each parameter, E m e l l  ct c?.  adopted the 
philosophy o f  miuimizing the nunrber of misctaes i f i ,~r t ions.  Where there i s  serious doubt as 
t o  correct  c l ass i f i ca t i on  o f  an ind iv idua i  asteroid,  the CSM taxonomy car r ies  several pos- 
s i b i l i t i e s  r;ther than t r y i n g  t o  make a questionaale unique c l ass i f i ca t i on .  Note tha t  t h i s  
philcsophy i s  t o  be contrasted w i t h  one l i k e  that  o f  Zel lner and Bowel1 (1977). who attempted 
t o  assign the most l i k e l y  c lass t o  each asteroid. 

I n  addi t ion t o  classes C, S, M, E, and R, Bowel1 e t  a?. introduce a designation U for  
unclassi f iable.  The objects designated U a:.e those that  are not i n  the other f i v e  classes. 
I emphasize t.hat U dces not simply ind ica te  lack of i n fwmat ion  o r  noisy data, but re fe rs  
t o  objects tha t  are known to  be i n t r i n s i c a l l y  outside the domains o f  the other classes. 
It i s  o f  i n t e res t  t o  cote that,  o f  163 asteroids c ldss i f i ed  by Bowel1 e t  a l .  from both 
albedo-sensit ive and co lor -sens i t ive observations, only 16 (lo".) are c l ass i f i ed  U. 

The f i v e  classes are farmal ly defined by the range of parameters l i s t e d  i n  Table 2. 
As il lustr-7t ions t o  help motivate thesc de f in i t i ons ,  however. I now discuss several two- 
parameter p l o t s  taken from the TRIAD ' i l e .  

Figure 2 displays the geome+:-lc v isual albedo pv a; a Cunction o f  UV co lo r  index. 
I ; !  (Thiq alhedo i s  derived prima: i l y  from thermal radiometry, but  i n  a few cases also depends 
1 )  / on , ' r r i z a t i o n  data.) Ted p l o t  c l ea r l y  dist inguishes the major C, S, M, and E groups, and 

i t  a l ; ~  i l l u s t r a t e s  'k signi f icance o f  c lass R. the members o f  which have fiigh albedo and 

I are d i s t i n c t l y  red:rr i n  UV than the S objects. 
I 

1 Figure 3 i s  a s im i l a r  p l o t  i n  which the po ia r i za t ion  parameter Pmin i s  s u b s t i t u t ~ f '  for 
geometric albedo. It i s  apparent t ha t  Pmin dist inguishes the S and C classes even more 
strongly than albedo, w i t h  on ly  a small group o f  M asteroids haviha intermediate values of 
Pminnear l .O .  

I !  
The easiest observational technique to  apply irl a survey o f  physical  propert ies i s  UBV 

photometry, which y i e l ds  co lors  i n  the near u l t r a v i o l e t  t o  v i s i b l e  range. I t  i s  thus impor- 
tant. to  determine t o  wnat extent simple co lo r  data o f  t h i s  sor t .  b i t hou t  any alhedo-sensi- 
t i v e  parameters, can serve to c l ass i f y  esteroids i n  t ke  CSM system. Figure 4 i l l u s t r a t e s  
I:BV colors f o r  465 obiects. Those f o r  which albedo i s  known independently are denoted by 
special symbols (e.g., f i l l e d  c i r c l e s  f o r  C, open c i r c l es  f o r  S), whi le  the others are 
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Table 2. Def in i t ion  o f  classesa 

Parameter C S M E R 

Albedo, pv - ~0.065 0.065 - 0.23 0.065 - 0.23 - >r).23 - >O. 16 

'min 1.20 - 2.15 0.58 - 0.96 0.86 - 1.35 - ~0 .40  - ~0.70 

R/B 1.00-1.40 1.34 -2.07 1.06 -1.34 0.9 - 1 . 7 0 ~  21.70 
BEND 0.05 - 0.26 0.05 - 0.25 - ~0.11 - ~ 0 . 1  5b - >0.25 

DEPTH 0.95 - 1.00 0.80 - 1.00 0.90 - 1.00 0.90 - 1 . 0 0 ~  10.90 

B-V - >O -64' d 0.67 - 0.77 0.60 - 0.79 e 

U- B f 0.23 - 0.46' - >0. 34d 0.17 - 0.28 0.22 - 0.28 e 

a. From Bowel1 s t  a t .  (1978). 

b. No examples have been measured. 

c. Addit ional ly 4.60 (B-V) - 3.17 5 (U-B) - (B-V) - 0.27. Type U allowed 0!02 ins ide 
1i11.its when only UBV photometry i s  available. 

d. Addit ional ly B-V 2 (U-B)/7.0 + 0.74; 1.70 (B-V) - 1 12 5 (U-B) 5 (B-V) - 0.33; 
(U-V) c 1.47. Type U allowed OF02 inside l im i ts ,  except f o r  the :ast, when only 
UBV phGtometry i s  available. 

I 
e. (U-V) 2 1.47. 1 ,  
f. Type U always allowed f o r  U-B 5 0.28, when only UBV photometry i s  available. ! * .  . 

Fig. 2. Geometric albedo (p,) I I I I I I I I I 

versus U-V color  index for 144 pv: : .44 i 
I - 
I 
I 

asteroids wi th semimajor axis less I E I I I - 
than 3.6 AU. Domains indicate I . I 

a30 - . I I R - 
allowable parameters on the CSM I i '$9 - I I 

c lass i f i ca t ion  system f o r  aster- 0.20 I I I 31 - I . :  ets  ' 
oids o f  types C, S, M, E and R; 

- * - I * ; I  * I  - 
objects outs'de these domains are - I . 1 . ..** .\.; - M o o  I I .r0.." 
unclassifiabl:, oesignated U. The : 334 - - I - 

I ' 0 .  i i *h.'r'?* albedo boundaries (so l id  l ines)  are - . 
I o m  0 . 5 0  I - 

those given i n  fable 2, but the , - ~j ' I 
' I 1  - 

I I * . I  l i m i t s  i . U-V (do t t td  l i n e r )  are , I 

more complex, as shown i n  Figure 5. a06 - I 
I * * .  ! 

Unusual objects 2 Pa:las, 4 Vesta, 1 . *  . • O* 

I .  44 Nysa, 349 Dembowska, 354 Eleonora, a04 - a: 8 ,  i 
785 Zwetana, and 863 Benkoela are ; *  .;:.4. : .%'. 0.-+ 

. I 
indicated by number (from Bowel 1 ! 1 -0. . I 

e t  at., 1978). I I 

am - I . C a 
I 

I 
I I 
I I 
I . I 
I I 
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Fig. 3. Depth Pmin o f  the negative po la r i za t ion  
branch versus U-V co l o r  index f o r  93 asteroids w i t h  
semimajor ax is  less than 3.6 AU. Class boundaries 
are as ind icated f o r  Figure 2. Unusual objects 
ind icated by number are 4 Vesta and 92 Undina 
(from Bowel1 zt aZ., 1978). 

4- 0  I.. Q 
mo omm . . . . a.m. 9 . a o o d . .  . 

m o m  -10 
c .... 0  ..... 

r . ..Pb.m. m 
I ... . . d . . I . o . .  . ..I.. * . . a m .  . B. r e  .. 0 0  om.  

Fig. 4. B-V and U-B colors for  465 
asteroids w i t h  semimajor ax is  less than 
3.6 AU. Symbols ind ica te  measured a l -  
bedos, where avai lable,  as independent 
ind icat ions o f  type: a f o r  p < 0.065; 
o f o r  0.065 < p 0.23; 0 f o r  p > 0.23. 
Where ni, a1 bedo i s  known the colors are 

asteroids 2 Pallas, 4 ~ e s t a ,  349 Dembow- 

.I . . a  8- 0  0  
*.om.. . - 0 .  . 

L . .,I,d .. 1 ind icated by x. Two asteroids, 863 
. m . r a . l d  .. m 
..cam . . . Benkoela and 1685 Innes, have co lors  t h a t  . . aaaIm, are o f f  the scale o f  t h i s  graph. Unusual .-. am 

& . *I .  $'=.mu ska, and 785 ~wetana are ind icated by 
:a:83?: .o: .o . lo ..a&.* number (from Bowel 1 et aZ., 1978). - . . .. 0  d.. 

II . m a d o  . * .  . .  . . . m  



ind icated by x. The domain of the  S objects i s  c l ea r  on t h i s  p lo t ,  but  without albedo i t  
i s  d i f f i c u l t  t o  d is t ingu ish  the dark, neutral-colored Cs from the l i g h t e r ,  bu t  s t i l l  neu- 
t ra l -co lored Ms and Es. Figure 5 shows the actual  boundaries o f  the c:asses i n  the UBV 
plane as adopted by Bowel 1 e t  aZ. 

Fig. 5. S imi lar  t o  Figure 4, but showing I I I I I I I I 

~dop ted  domains o f  types C, S, M, E and R 
i n  UBV colors i r .  the CSM taxonomy. U-B 

' 

Nurerica: coe f f i c ien ts  representing the 
type boundaries are given i n  Table 2.  - 
Neutral co lors  p l o t  i n  the lower l e f t  
(e .g . ,  785 Zwetana), red colors i n  the 
upper r i g h t  (e.9. , 349 Dembowska) . Note 

a5 - 
tha t  UBV colors c l e a r l y  separate R from 
S from C asteroids, but  become degenerate 
for  neut ra l  co lors  where the C, M, and E 
domains overlap (from Bowel1 e t  at., 1979). 0.4 ' 

0.2 - ; M i  
.p L --------- 1 - 

I I I I I I I I 

a6 a7 as a9 B-v 

Four examples show how the taxonomic d e f i n i t i o n  i l l u s t r a t e d  i n  Figures 2-5 and l i s t e d  
i n  Table 2 can be used t o  c l ass i f y  asteroids. We begin w i t h  a t yp ica l ,  thoroughly observed 
C asteroid.  19 Fortuna; the observational parameters are given i n  Table 3. The UBV colors 
f a l l  w i th  . n  the C domain o f  Figure 5, and the a1 bedo of 0.030 and the Pmi" o f  1 . i 2  also 
c l ea r l y  p;ace Fortuna i n  the low-albedo C class. Of the spec t ropho to~e t r i c  parameters, 
BEND allows e i t he r  C o r  S, RIB allows C, M, o r  E, 3nd the sbseilce o f  the pyroxene absorp- 
t i o n  band (DEPTH = 1.00) serves only t o  exclude membership i n  class R. Thus the c l a s s i f i -  
cat ion would be ambiguous i f  only the spectrophotometri c parameters were avai lab1 e, but  i s  
c:ear ly t i e d  dc in  by both UaV co lors  and the a1 bedo-sensi t i v e  observations. 

As an example o f  an S object,  Table 3 also l i s t s  the parameters fo r  5 4straea. This 
c l a s s i f i c a t i o n  could be made uqambiguousiy from UBV colors alone o r  from RIB alone. The 
other parameters are consistent w i t h  the S c lass i f i ca t ion ,  but none considered alone i s  
suf f ic ient ;  the albedo allows types S o r  M, Pmin and DEPTH al low S o r  R, and BEND any type 
except R. For the 5 asteroids, UBV colors are pa rL ' cu l a r l y  diagnost ic.  

i ' Asteroid 44 Nysa i n  Table 3 i5 a prototype E object.  The high a1 bedo and small Pmin 
suggest E bu t  by :hanselver are a lso consistent w i t h  the 1 i m i  t s  f o r  c lass R. The UBV colors ' : i I 
f a l l  w i t h i n  the ambiguous domain a1 lowing C, M, E, o r  U but not  S o r  R. Thus both co lor  and : j \ 

albedo data are reqdired t o  place an ob ject  uniquely i n  c lass E, and the only proven E ob- \ 
' 

; I  j ec ts  are 44 Nysa, 64 Angel ina.  and 434 Hungaria. None o f  these, unfortunately,  has as y e t  ! * 
been observed spectropho tometr i c a l  1 y.  

I ' 

88 1 1  ! , -  

' 1  I 

! 
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Table 3. Four Examples o f  C lass i f i ca t ion  

Asteroid Type B-V U-B BEND R/B DEPTH pv Pmi n TY pe 

19 Fortuna C 0.75 0.38 0.21 1.09 1-00 0.03 1.72 J 
S 0.21 1 .oo 
M 1.09 1.00 
E 1.09 1.00 
R 

5 Astraea C 0.10 
S 0.83 0.38 0.10 1.63 0.84 0.144 0.70 J 
M 0.10 0.144 
E 0.10 
R 0.84 0.70 

t 

44 Nysa C 0.71 0.26 
1 . . S 

M 0.71 0.26 
.. E 3.71 0.26 0.467 0.31 J 
t . . R 0.467 0.31 

.. 
4 Vesta C 0.14 1.33 

4 S 0.14 0.226 l I M 1.33 0.226 
E 0.14 1.33 

L. . R 0.74 0.226 0.55 
(U) 0.78 0.48 J I ' 

1 i j :  j 

Perhaps the most prominent example o f  an unc lass i f iab le  astero id  i s  4 Vesta. I n  
Table 3 the r e l a t i v e l y  h igh albedo allows classes R o r  ( j u s t  bare ly)  S o r  M, but  the very 
unusual Pmin o f  0.55 excludes types S and M. The spectrophotometric parameters BEND and 
R/B exclude type R ,  however, and the UBV colors f a l l  outside the domains of any o f  the 
recognized classes. Thus Vesta can only be c l ass i f i ed  U. 

Table 4 l i s t s  the adopted c lass i f i ca t ions  f o r  344 asteroids from the TRIAD data f i l e .  
Also given are diameters obtained e i t h e r  from d i r e c t  obs2rvation o r  ca1cu;atod or! t:!e 
assumption t ha t  the ob ject  has the albedo o f  an average member o f  i t s  c lass (see footnote 
t o  Table 4). The asteroids l i s t e d  i n  Table 4 are those used by Zel lner  and Bowell (1977) 
and by Zel lner  (1978) t o  study the d i s t r i b u t i o n  o f  types, but  the actual  data are updated 
t o  include the TRIAD values as o f  ea r l y  1978. I n  the expanded c l a s s i f i c a t i o n  o f  523 aster-  
oids by Bowel1 e t  a l .  (1978), there are 189 C objects. 142 S objects, 12 o f  type M, 3 of 
type ', and 3 o f  type R. The c l ass i f i ca t i on  U i s  obtained f o r  55 objects, whi le  119 (25%) 
receive uncertain o r  ambf guous c lass i  f i c a t f  ons. Most o f  these ambiguit ies presumably could 
be cleared up i f  addi t ional  observational techniques were applied. However, there i s  no 
guarantee t ha t  smaller and f a i n t e r  objects w i l l  have the same d i s t r i b u t i o n  as those already 
studied, most o f  which have diameters greater than 50 km. 

I n  the above s t a t i s t i c s  the L objects are much underrepresented, o f  course, because of 
t h e i r  low albedos and general ly la rger  distances. I n  the fo l lowing paper, Ze l lner  discusses 
correct ions f o r  these se lect ion ef fects .  The E and R types, however, must be genuinely 
qu i t e  rare. Ze l lner  and Bowel 1 (1977) have noted tha t  i n  the whole main be1 t there appear 
t o  be only two E objects w i t h  diameters greater than 50 km, and i t  now appears t ha t  R ob- 
j e c t s  must be s i m i l a r l y  un!~sual. I n  a bias-corrected sample, ne i the r  o f  these classes would 
cons t i tu te  as much as 1% o f  the astero id  population. 



T ~ b l e  4. Asteroid c lass i f i ca t iona  and Diarnsters b 
- - 

Asteroid 
- - 

B(1 ,C) D (km) Type Asteroid B( 1 ,O) D (kn,) Type 

1 Ceres 
2 Pal las 
3 Juno 
4 Vesta 
5 Astraea 
6 Hebe 
7 I r i s  
8 Flora 
9 Metis 

10 Hygeia 
11 Parthenope 
12 V ic to r ia  
13 Egeria 
14 Irene 
: 5 Eunomi a 
16 Psyche 
17 Thet is 
18 Me1 pomonene 
19 Fortuna 
20 Massal i a  
21 Lu te t ia  
22 Kal l iope 
23 Thal ia 
24 Themis 
25 Phocaea 
26 Proserpina 
27 Euterpe 
28 Be1 lona 
29 Amphi tri t e  
30 Urania 
31 Euphrosyne 
32 Pomoma 
34 C i  rce 
36 Atalante 
37 Fides 
39 Laet i  t i a  
40 Hanonia 
41 Daphne 
42 I s i s  
43 Ariadne 
44 Nysa 
45 Eugenia 
a6 Hestia 
47 Aglaja 
48 Doris 
49 Pales 
51 Nemausa 
52 Elrropa 
53 Kalypso 
54 Alexandra 
55 Pandora 
56 Me:?te 
51  Mnemosyne 
58 Concordia 

C 
CMEU 

C 

60 Echo 9.98 
61 Danae 8.90 
62 Erato 9.85 
63 Ausonia 8.96 
64 Angel i na 8.84 
65 Cybele 7.99 
66 Maja 10.51 
67 Asia 9.66 
68 Leto 8.22 
69 Hesperia 8.17 
7C Panopaea 8.93 
71 Niobe 8.28 
72 Feronia 10.15 
76 Freia 9.11 
77 Frigga 9.70 
?S Diana 9.17 
79 Eurynome 9.25 
80 Sappho 9.22 
81 Terpsichore 9.64 
82 A1 kmene 9.52 
83 Beatr ix  9.76 
84 K l i o  10. 34 
85 10 8.92 
86 Semele 9.71 
87 Sy lv ia  8.12 
88 Thisbe 8.07 
89 J u l i d  8.15 
90 Antiope 9.41 
91 Aegina 10.00 
92 Undina 7.95 
93 Minerva 8.71 
94 Aurora 8.71 
95 Arethusa 8.83 
97 Klotho 8.75 

100 Hekate 9.08 
102 Miriam 10.28 
103 Hera 8.84 
104 Klymene 9.44 
105 Artemi s 9.42 
106 Dione 8.80 
107 Camilla 8.28 
108 Hecuba 9.69 
109 Fe l i c i t a s  10.13 
110 Lydia 8.75 
111 Ate 9.11 
113 Arnalthea 9.86 
1 14 Kassandra 9.46 
115 Thyra 8.84 
116 Sirona 8.89 
117 Lornia 9.18 
119 A1 thaea 9.82 
120 Lachesi s 8.78 
122 Gerda 9.16 
123 Brunhi l d  10.13 

50 S 
87* S 

103* C 
89 S 
56 E 

308 C 
?6* C 
61 * S 

124 S 
134? U 
154 C 
114* S 
92* C 

143? CMEU 
6 l X  M 

139* C 
7 5 S 
86 U 

112* C 
64 S 

106* C 
81 C 

146 U 
107* C 
224? CMEU 
206 C 
168 S 
124* C 
105 C 

190 C 
165* C 
94 M 
79* SU 
83* C 
89* S 

121* C 
124* C 
169* C 
209* C 
60* S 
74 C 

169* C 
143* C 

4 7 S 
121 * C 
93 S 
80 SR 

138? CMEU 
57* c 

174 C 
139* CU 
49* s 



Table 4 (continued) 

Asteroid B(1,O) D (km) Type Asteroid 

124 A1 keste 
125 L i  bera tri x 
126 Velleda 
129 Antigone 
130 Elekt ra  
131 Vala 
133 Cyrene 
135 Hertha 
137 Meliboea 
1 39 Juewa 
140 Siwa 
141 Lumen 
144 V i b i l i a  
145 Adeona 
146 Lucina 
148 Ga l l i a  
149 Medusa 
150 Nuwa 
151 Abundantia 
152 Atala 
153 Hi lda 
156 Xanthippe 
15: Aemilia 
162 Laurentia 
163 Erigone 
164 Eva 
166 Ri~odope 
170 Maria 
172 Baucis 
173 Ino 
176 I d u n ~  
177 Irma 
178 Belisana 
1 79 Kl y taemnes t 
151 Eucharis 
182 Elsa 
183 I s t r i a  
185 Euni ke 
186 Celuta 
189 Phthia 
192 N ~ u s i  kaa 
194 Prokne 
195 Eurykleia 
196 Philomela 
200 Dynamene 
203 Pompeja 
204 K a l l i s t o  
206 He rs i l i a  
208 Lacr i  iosa 
209 Dido 
210 Isabel la  
211 Isolda 
213 L i laea 
214 Aschera 

67 S 
64? U 
40* S 

114 M 
121? U 
35 SM 
78" S 
78 b1 

142* C 
139* C 
102 C 
115" C 
132 C 
i75* C 
131* C 
106" S 
24? 11 

129? CMLU 
41" S 
63* S 
99? U 

103* C 
133 P ., 
97* C 
65" C 

101* C 
38? U 
41? U 
6 7 S 

162* C 
72? U 
67* C 
38* S 
71 * S 
79* S 
47* S 
33* S 

168* C 
4 5 U 
41 S 
93 s 

193 C 
92* C 

166 S 
121? CME 
91* C 
50" S 

101* C 
42 S 

121? CMEU 
77* C 

167 C 
46? EU 
43? MU 

216 Kleopatra 
219 Thusnelda 
221 Eos 
224 Oceana 
230 Athamanti s 
236 Honoria 
238 Hypatia 
241 Germania 
247 Eukrate 
250 Bett ina 
258 Tyche 
264 Libussa 
268 Adorea 
270 Anahi t a  
275 Sapientia 
276 Adelheid 
281 Lucret ia  
284 Amalia 
293 B ras i l i a  
295 Theresia 
306 Uni tas 
308 Polyxo 
31 3 Chaldaea 
324 Bamberga 
326 Tamara 
335 Roberta 
336 Lacadiera 
337 Devosa 
338 Budr~sa 
342 Endymion 
344 Desiderata 
345 Tercidina 
349 Dembows ka 
350 Ornamenta 
351 Yrsa 
354 Eleonora 
356 L igur ia  
357 Ninina 
360 Carlova 
362 Havnia 
363 Padua 
364 Isara 
365 Corduba 
367 Ami f i  ti a 
370 Modestia 
377 Campania 
381 Myrrha 
384 Burdigala 
386 Siegena 
38? Agui tan id  
388 Charybdis 
389 Indgs t r ia  
393 Lampetia 
395 Del ia 

B(1,O) D (km) Type 

8.21 218? CMEU 
10.68 38* SM 
8.94 97? U 
9.79 59* M 
8.65 114 S 
9.51 65* S 
9.23 153 C 
8.61 179* C 
9.31 14' C 
8.49 192? CMELI 
9.54 65* S 
9.67 63 S 

106* C 9.76 
10.03 50 S 
10.04 94" C 
9.74 106? CMEU 

13.11 15? U 
11.28 52* C 
11.07 58* C 
11.41 27* S 
10.02 d2* m 

3 

9.28 1 36 U 
10.10 92* C 
8.07 251 C 

10.32 81 * C 
9.93 48? E l i  

10.96 33? MEU 
9.90 99? CS 
9.78 58* M 

11.29 52* C 
9.09 145* C 

10.15 89* C 
7.2. 144 R 
9.45 122* C 

j0.30 45* S 
7.48 169 U 
9.27 149 C 
3.82 104" C 
9.42 129 C 

10.13 89* C 
10.05 94* C 
11.08 31? SMR 
10.32 99 C 
12.10 19* S 
11.72 43* C 
10.04 95? CMEU 
9.68 126 C 

10.81 36* S 
8.60 174 C 

112 S 8.4'. 
9.52 119? CMEU 
9.40 69* S 
9.32 121 C 

11.49 48* C 

9 1 
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Table 4 (continued) 
- I 

Astero id  B(1,O) D (km) Type Astero id  B(1,O) D (km) ;ype . , 

397 Vienna 
402 Chloe 
404 Arsinoe 
409 Aspasla 
410 Ch lo r i s  
415 P a l a t i a  
416 Vaticana 
426 Hippo 
432 Pyth ia  
433 Eros 
434 Hungaria 
435 E l l a  
441 Ba th i l de  
444 Gypt is 
446 Aeterni  t a s  
451 P a t i e n t i a  
454 Mathesis 
455 Bruc hsa 1 i a 
462 Er iphy la  
471 Papayena 
472 Roma 
476 Hedwig 
478 Tergeste 
481 Emita 
497 I va  
498 Tokio 
505 Cava 
508 Pr inceton ia  
509 Io landa 
510 Mabella 
511 Davida 
516 Amherstia 
524 F i d e l i o  
532 Hercul ina  
537 Pauly 
540 Rosamunde 
545 Messalina 
550 Senta 
554 Peraga 
558 Carmen 
563 Suleika 
569 Misa 
584 Semi rdmi s 
588 A c h i l l e s  
591 Irmgard 
596 Schei la 
602 Marianna 
617 Patroclus 
618 E l f r i ede  
623 Chimaera 
624 Hektor 
631 Phi 1 i p p i  na 
654 Zel inda 
658 As te r ia  

50 S 
46* S 
94* C 

207* C 
124* C 

74* C 
76* S 

103* C 
45* 5 
15 S 
10 E 
51? CMEU 
6 1 M 

142* C 
47* R 

326 C 
83* C 

101" C 
40? U 

148 S 
44" S 

103" C 
75* S 

101* C 
38" M 
72 C 
50? ME 

125* C 
60* S 
61? CMEU 

34 1 C 
63 M 
6Q* C 

230 S 
97* C 
18* S 

107" C 
41* S 

103* C 
6 5 SM 
53* S 
53* C 
54 S 
61? MEU 
23? MU 

133 U 
137 C 
88? U 

126* C 
34* C 

110? U 
49* S 
72? U 
23* SU 

660 Crescentia 
674 Rachele 
679 Pay 
680 Gen~veva 
694 Ekard 
702 Alauda 
704 Interamnia 
705 Erminia 
714 U l u l a  

Ka rghanna 
737 Arequipa 
739 Mandevi l le 
744 Aguntina 
747 Winchester 
755 Q u i n t i l l a  
776 Gerber ic ia 
778 Theobal da 
782 Montef iore 
785 Zwetana 
790 P r e t o r i a  
796 S a r i t a  
804 Hispania 
825 Tanina 
830 Petropol  i t a  
853 Nansenia 
863 Benkoela 
887 A1 i nda 
888 Parysat is  
91 1 Agamemnon 
924 Toni 
932 Hooveria 
946 Poesia 
963 Iduberga 
969 Leocadia 
976 Benjami na 
977 Phi l i p p a  

1001 Gaussia 
101 1 Laodawia 
1036 Ganymed 
1043 Beat? 
1048 Feodos i a 
1052 Belgica 
1058 Grubba 
1140 Crimea 
1143 Odysseus 
11 71 Rus thawel i a  
1172 Aneas 
11 73 A-chi ses 
1178 Irmela 
1212 Francette 
1263 Varsavia 
1266 Tone 
1268 L ibya 
1314 Paula 

39* SM 
97* S 
42 S 
69? CMEU 
90* C 

205';r C 
3 38 C 
117? CMEU 
46* S 
67* C 
54* S 
63? U 
32? U 

205 C 
37? MEU 

173* C 
36? EU 
15* SM 
45 U 

177 C 
38* C 

162* C 
13* S 
41 * S 
28* C 
49* R 

5.2 U 
36" S 
94? U 
77* C 
55* C 
46* C 

9.2" S 
9.1? EU 

75? CPIEU 
66* C 
38? MEll 

7.2 S 
39* S 
34* S 
70* C 
1 I* S 
13? SR 
25* S 
62? EU 
64? CMEU 

128" C 
87* C 
23* C 

238? CMEU 
42" C 
77* C 
92? CMEU 

8* S 



Table 4 (continued) 
-- 

B(1,O) 0 (km) Type Asteroid B(1,O) (1 (km) Type - 

1583 Anti lochus 9.76 
1620 Geographos 16.67 
1681 1948WE 

1?07 1932RL 

1376AA 18.40 0.9 U 

Class i f icat ions are from Bowell e t  a t .  (1978) and to l low the de f i n i t i ons  i n  Table 2. 
Mu1 t i p l e  classes ind ica te  ambiguity. 

'~ iameters  fol lowed by * are computed for  the mean albedo o f  the class, ratt-.,nr than 
determined d i r ec t l y .  Diameters followed by ? correspond to  an adopted albedo o f  0.1 and 
could be i n  e r r o r  by as much as a i a c t o r  of three. For a sumnary o f  d i r e c t l y  measured 
diameters, see Morrison (1977b). 

It i s  o f  i n t e res t  t o  note tha t  the largest  asteroids dc noC f i t  i n t o  the CSM taxonomy. 
Vesta, as discussed above, i s  unique i n  a number o f  parameters. Pallas i s  C-1 i ke  i n  some 
respects asd M-l ike i n  others, but c l ea r l y  u n c l a s i f i a b l e .  Ceres i s  loosely describable ds 
a C type, out has a ra t9er  high albedo (0.054) and an unusual spectrum w i t h  uncommonly red- 
d ish U-e and uncolmnonly neut ra l  R/B colors.  Thus Ceres i s  now formal l y  designated as a U 
object, and should not  i n  any case ba thought o f  as a prototype for the C class. Among the 
s i x  largest  asteroids (Morrison, 1977b), Ceres, Pallas, and Vesta are unclassi f iable,  
Euphrosyne has been observed only i n  Pmin, w i t h  Pa l las - l i ke  resul ts,  704 Interamnia i s  a 
pecul iar  C object, and only Hygiea i s  a normal C. Thus the t rue C-dominated astero id  popu- 
l a t i o n  only begins a t  diameters o f  300 km and smaller. F!ote, too, t ha t  wel l  over ha l f  the 
mass i n  the astero jd  b e l t  i s  accounted f o r  by these unusual asteroids which do not f i t  the 
CSM c l a s s i f i c a t i o n  system. 

COMPARISON OF THE CSM TAXONOMY WITH OTHER SYSTEMS 

d some very d i f f e r e n t  mineralogical 
I n  t h i s  f i na l  sect ion of my paper, 
two other taxonomies, fol lowing the 

I n  the f i r s t  a1 ternate taxonomy, Chapman (1976) used the avai ;able spectroohotometry 
f o r  98 asteroids t o  estab l ish 13 groups, each c: which he in terpreted t o  have s im i la r  sur- 
face composition and mineralogy. For instance, one group i s  in terpreted as being due chief-  
l y  t o  the signatures o f  n i cke l - i ron  plus 01 i v i ne  whi le  another i s  suggestive of a C2 (CM) 
carbonaceous chondri t i c  composition. 

-. . -- - -- ., --.-. .--. -. . 1 - 7 ' - ' - I  -- 
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Even more recent ly,  Gaffey and McCord (1977, 1978) have developed a separate c lass i -  
f i c a t i o n  f o r  62 o f  the spectra, emphasizing in terpretat ions of mineralogical assemblages. 
This scheme i s  described i n  more d e t a i l  i n  t h i s  volume by McCord (1978). Fi f teen groups 
were defined, mostly cons is t ing o f  subdi v js ions of several broader groups symbolized by R 
( f o r  reddish spectra, both w i t h  and without prominent 1.0 um absorption features), T ( f o r  
t rans i t i on ] ,  and F ( f o r  f l a t ) .  

I n  general the Chapman and Gaffey-McCord c lass i f i ca t ions  group asteroids i n  a consis- 
t en t  manner. However, i n  a few cases there are reaS differences ds discussed by Bowel1 
st a t .  (1978) and Gaffey and McCord (1978). 

A cont inuing controversy i n  a l l  three taxonomic systems concerns the s ign i f icance o f  
the class ca l l ed  M i n  the CSM c l a s s i f i c a t i o ~ .  The name f o r  t h i s  c lass suggests i t s  i n t e r -  
pretat ions a, me ta l l i c  (Ze l lner  and Gradie, 1976); t ha t  is ,  the character 'st ic spectral  
signature of these asteroids i s  suggestive o f  n icke l - i ron.  However, i t  i s  agreed by both 
Bowel1 st a t .  (1978) and Gaffey and McCord (1978) t ha t  these objects could be e i t he r  nearly 
pure metal o r  f i ne l y  d i v i  od metal i n  a neut ra l  s i l i c a t e  matr ix (e.g., l i k e  the ens ta t i t e  
chondri tes). Thete i s  c l ea r l y  a great geochemical difference between these two in te rp re ta -  
t ions, and present observations do not seem capable of d is t inguish ing between them. A 
complicating factor i s  t ha t  Gaffey and McCord i n t e rp re t  another group o f  asteroids ( t h e i r  
clas; RF) as a lso o f  i r o n  o r  enstat ic -chondr i t ic  composition, whi le  Chapman in te rp re ts  the 
spectra as ind ica t ing  a broad, weak absorption feature due t o  e i t h e r  o l i v i n e  o r  o l i v i ne -  
plus-pyt'oxene. i f  Gaffey and dMcCord are r i gh t ,  then asteroids o f  n i c ke l - i  ron o r  ens ta t i  t e  
cnondri t e  composition are d i s t r i bu ted  among both the M and S types of the CSM system, i n  
s p i t e  of a wide gap i n  UBV colors between these classes. 

I n  sp i t e  of f t s  low leve l  o f  d i r e c t  i n t e r p r e t a b i l i t y  i n  terms o f  mineralogy, the CSM 
taxonony does have some s i gn i f i can t  advantages. F i r s t ,  i t  can t e  appl ied widely, since i t  
depends tjpon only a few observational parameters. Second, i t  involves a1 bedo information 
d i r ec t l y ,  and thus i t  permits inves t iga t ion  o f  differences i n  the s i ze  d i s t r i bu t i ons  and 
o r t i  t a l  d i s t r i bu t i ons  for  the separate classes. Through i t s  s t r i c t  accounting of albedos, 
the CSM taxonomy permits a reasonable correct ion fo r  bias t o  be appl ied t o  the avai lab le  
s t a t i s t i c s ,  such as accomplished by Chapman e t  al .  (1975), Morrison (1977b), Ze l lner  and 
ilowell (137'), and Zel lner  (1978). Third, the CSM system requires no rev is ion  when mineral- 
ogical  i de rx i f i ca t ions  are modif ied o r  improved, since i t  i s  based s t r i c t l y  on observational 
parameters. 

The CSM tax9nony has proved useful  f o r  ou t l i n i ng  the s t ructure o f  the astero id  be l t ,  
and i t  w i l l  probably be extended during the next year o r  two t o  nearly ha1 f the numbered 
asteroids. The usefulness of i t s  appl i c a b i l i i y  t o  the Earth-approaching asteroids o r  t o  
those beyond 3.6 AU, where d i f ferent  populations may ex is t ,  has y e t  t o  be demonstrated, 
however. The reconnaissance datir exemplif ied by the CSM taxonomy are no t  su f f i c ien t ,  how- 
ever, f o r  understanding the mineralogy o f  astero id  surfeces. I t  seems c l ea r  t ha t  deta i led 
analysis o f  r e f l e c t i o n  spectra supported by albedo date and by laboratory and theoret ica l  
work i s  required as we1 1, and our unders tandi fig of the nature o f  the asteroids i n  the next 
few years w i l l  probably be best advanced by a two-pronqed at tack invo lv ing  both cont inuing 
reconnaissance studies and the in tens ive acqu is i t i on  and in te rp re ta t ion  o f  spectrophotorc- 
e t r y  o f  a smaller number o f  representat ive asteroids. 
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DISCUSSION 

VEVERW: Are the  magnitudes t h a t  are included i n  the TRIAD f i l e  the  ones t h a t  have beep 
measured recent;y o r  a re  they from some previous r9ml;i lat ' ion? 

MORRISON: There are  several sources f o r  these magnitudes. Genrels has provided photu- 
e l e c t r i c  r ~ ~ g n i t u d e s  f o r  many. A l o t  more o f  the  magnitudes a re  on l y  photographic. The 
goal was t c  ob ta in  the  best  magnitude fo r  ever). numbered as tero id .  However, f o r  many 
i n d i v i d u a l  objects,  espec ia l l y  f a i r s t  ob jec ts ,  these m3gni t l ~des  car! s t i l l  be very bad-- 
w i t h  br ightness uncer ta in  by as much as a f a c t o r  o f  two. 

CHAPMAN: Another advantrge o f  t h i s  c l a s s i f i c a t i o n  scheme which I th ink  i s  important  i s  
t h d t  a r e l a t i v e l y  simple observing ?rogram i n  which on l y  rad ionet ry  and UdV photometry 
are  used can detec t  the anomalous o r  unusual objects.  The taxonomy a l e r t s  us t o  unuslra: 
as tero ids  we sltould go od t  and l o ~ k  a t  i n  more d e t a i l  w i t h  spectraphotometry and o the r  
techniques. 

HORKISON: About 10; are Us, so ycu can improve the e f f i c i ency  o f  obser ia t ions by a f ~ c t n r  
o f  ten f o r  the  more e labora te  techniques if you decide t o  concentrate on the unc lass i -  
f i ed  objects.  

ANDERS: I wonder i f  the t ime hasn' t c o w  t o  analyze ? i s  popu la t icn  t o  see how homogencn~s 
these classes are  and whether any o f  them break up i n t o  subsets. 



ZELLNER: demember t h a t  t he  data are  ert remely heterogeneous and, t c  do anythinq t h a t  i s  
very formal mathematical ly. one needs a b e t t e r  s e t  o f  data. 

MORRISOM: The number o f  ob jec ts  f o r  which we have a l l  seven of  those parameters nus t  be 
we l l  under 100. Most o f  them are S, o f  course, because o f  t he  observat ional  b ias  i n  
tavor  :)f b r i ~ h t  objects.  Even so, the  h igh albeti'. ones, 1 i k e  Vesta, the  Es, or t he  
Rs are  extremely rare.  Ze l l ne r  w i l l  t a l k  about hb . much r a r e r  they are i n  tbe popula- 
t i o n  as a whole whcn b ias  co r rec t i ons  a re  included. It i s  very cur ious tha t  we a re  
ab le  t o  th ink  of  these r a r e  ob jec ts  as having very c lose re la t i onsh ips  ;a c e r t a i n  me- 
t e o r i t e  classes. However, the  data Sbst! i s  r a p i d l y  expanding, and w i t h i n  the next  year 
i t  may be appropr ia te  t o  apply more soph is t ica ted s t a t i s t i c t i l  tezhniqies,  such as c lus-  
t e r  analysis.  


