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In f ra red  observations o f  asteroids have made possible key steps 
i n  our understanding o f  asteroids. The 1 i s  t o f  accomplishments 
includes: diameters, a1 bedos, surface morphology and surface 
composition. Current top ics o f  i n t e res t  include the presence 
o f  water o f  hydrat ion on Ceres, the presence of mixtures of 
s i l i c a t e  and meta l l i c  phases, and the s ta te  o f  development of 
astero ich l  rego l i ths  which range from rocky (1580 Be tu l ia )  t o  
1 unar- 1 i ke (e. g. , Ceres , Ves ta ) . We review these accompl i s  h- 
ments c r i t i c a l l y  and assess the advantages which can be ob- 
tained by performing i n f r a red  observations from Earth o r b i t  and 
f r o m  in terp lanetary  spacecraft. 

REFLECTED RADIATION 

be t t e r  and t o  devise more 

The need f o r  astero id  photometry a t  wavelengths longer than 1 urn was f i r s t  recognized 
as a r e s u l t  o f  laboratory invest igat ions i n t o  the bulk ref lectance propert ies o f  meteori te 
samples (Johnson and Fanale, 1973; Chapman and Salisbury, 1973; Gaffey, 1974, 1976). These 
works showed t ha t  meteorites as a group exhib i ted a large range i n  i n f r a red  ref lectance. 
This should a lso be t rue  f o r  asteroids w i t h  rneteori te-type composi t ions.  Furthermore, i t  
was argued t ha t  high spectral  reso lu t ion would not be essent ia l  because f o r  many meteorites 
the i n f r a red  reflectances ( pa r t i cu l a r l y  those f o r  the carbonaceous chondrites and the i rons)  
do not vary sharply w i th  wavelength i n  the 1 t o  3 urn in te rva l .  But, even when bands 
( a r i s i ng  from sol  i d  s ta te  t rans i t i ons  i n  minerals) were present, the features were observed 
to  be t y p i c a l l y  0.5 urn o r  more i n  width. Therefore, ex i s t i ng  astronomical in f rared band- 
passes and, more important, ex i s t i ng  systems o f  standard s ta rs  are su i tab le  for  astero id  
photometry. 

https://ntrs.nasa.gov/search.jsp?R=19780021072 2020-03-20T13:24:20+00:00Z
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by NASA Technical Reports Server

https://core.ac.uk/display/10333612?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


" b 

The f i r s t  as te ro id  study w i t h  t h i s  technique was c a r r i t d  out  by Johnson r t  q1 (1975) 
who observed Ceres, Pa l l as  and Vesta. They were ab le  t o  use publ ished V bandpat,s p'batom- 
e t r y  f o r  these as tero ids  t o  de r i ve  the  as te ro ida l  re f lec tances a t  1.25, 1.65 and 2 2 m. 
However, they noted t h a t  simultaneous v i sua l  wavelength photometry would be necessar~ f o r  
m y  o ther  as tero ids  observed by t h i s  technique because of  the l a rge  u n c e r t a i n t i c s  i n  ~ t l e  I 
instantaneous apparent v i sua l  magnitude due t o  (1 )  l i gh tcu rve ,  (2 )  aspect, ac: ( 3 1  pha:e ! 
e f fec ts .  Chapman and Morr ison (1976) and Leake a t  a l .  (1978, have repor ted J, t i ,  ~ n d  Y 
photometry f o r  433 Eros and about a dozen o the r  as tero ids .  Veeder e t  a ? .  (1976. 19 7, 
1978) have observed 30 astero ids  a t  0.56, 1 . G  and 2.2 pnl and der ived the r e l a t i v o  i n f r a r e d  \ 
ref lectances f c r  these ob jec ts .  Lebofsky (1977) has extended t h i s  technique t o  3.45 pm I 

f o r  Ceres. 
b 

Photometry and spectroscopy are  complementary techniques. For example, over the l a s t  , 
several years the s e n s i t i v i t y  o f  i n f r a r e d  astronomical in ter ferometers  has increased dramat- , , 

i c a l l y .  Such an instrument has been app l ied  t o  the as tero ids  and h igh reso lu t i o r l  sq,ectra i ' :  r ~ f  4 Vesta, 433 Eros. and 1 Ceres are now ava i l ab le  (Larson and Fink, 1975; Larson c t  a t . ,  6 .  

1976; Feierberg s t  at . ,  1977). These spectra a1 low prec ise  band centers t o  be determined 1 ,  and as such are  very important  f o r  composit ional i d e n t i f i c a t i o n s .  Based on the s t a t i s t i c s  , 
o f  a s t e r o i d  types (Chapman e t  a l . ,  1975; Z e l l n e r  and Bowell, 1977). we est imate t h a t  more 1 3  > 
than 80% of the as tero ids  w i l l  e x h i b i t  i n f r a r e d  spect ra l  re f lec tances which are e s s e n t i a l l y  i t  .' 
l i n e a r .  I n  these cases the main task i s  t o  determine the s lope o f  the spectrum by photom- 
e t r y .  The remaining as tero ids ,  espec ia l l y  if they have apparent bands o r  p e c u l i a r i t i e s  i n  
t h e i r  photometry o r  spectrophotometry, become prime candidates f o r  h iqh  r e s o l u t i o n  i n f ra red  
spect ra l  i nves t i ga t i ons .  I : 

The purpose of  t h i s  sec t i on  o f  t h i s  paper i s  t o  assess the s t a t e  o f  a s t e r o i d  i n f r d r e d  
re f lec tance measurements and the advantages o f f e r e d  by Ear th  o r b i t  and spacecraft observa- 1 :  
t ions .  The second sect ion  deals w i t h  thermal r a d i a t i o n  enri t t e d  by the as tero ids  and the 
t h i r d  sect ion  discusses fu tu re  observations o f  as tero ids  from space. 

In f m c d  Photometry ' I : I  : 
t 

The a v a i l a b l e  i n f r a r e d  re f l ec tance  data f o r  as terc ids  have been drawn together i n  I .  
Tables 1 and 2. The on ly  publ ished ref lectances a t  1.25 uni are those o r  Johnson e t  J Z .  I ,  

(1975). However, magnitudes publ ished by Chapman and Morr ison (1976). Leake **t: 0 2 .  (1978). 
and Lebofsky (1978) are  used here together w i t h  the observations o f  the same asteroi.15 by 
Veeder e t  uL. (1976, 1977, 1978) and s o l a r  data from Jo.~nson c t  ol. (1975) to  compute , I  

1.25 ~m re f lec tances.  The method by which t h i s  was done i s  described i n  footnote 3 o f  
I: 1 '  :\ 

Table 1. 

F igcre  1 shows the i n f r a r e d  r e s u l t s  f o r  th ree a r t e r o i d s  and the 0.3-1.1 urn spectro-  s 

photometry publ ished by ihapnk-n < ~ t  a l .  (1973). Vesta has a r e l a t i v e l y  h igh  i n f ra red  re -  , .  
f lectance, wh i l e  the i n f r a r e d  re f l ec tanc  s o f  Ceres and Pa l las  a re  d i s t i n c t l y  f l a t  o r  low. 
A hicl'. i n f r a r e d  re f i ec tance  compared w i t h  t h a t  a t  0.55 iim i s  t v n i c a l  o f  many s i l i c a t e  min- 
e ra l s  ,~nd rocks (Hunt and Sal isbury,  1970) and most ! : le teor i t i c  t r la ter ia ls  (Chapman and 
Sal isbury,  1973; Gaffey, 1974, 1976). On the o the r  h3nd, f l a t  i n f r a r e d  curves such as 
those o f  Ceres and Pa l las  are unusual f o r  o rd ina ry  t e r r e s t r i a l  rocks, bu t  are  apparent ly 
conmon i n  the as te ro id  be1 t. Johnson and Fanale (1973) found tha t  some carbonaceous chon- 
d r i t e s  and labora tory  mixtures o f  carbon black and s i l i c a t e s  have f l a t  spect ra l  r e f l r c -  
tances as we l l  as low albedos. The scaled re f lec tance p l o t  (F igure  1)  a l lows d i r e c t  corn- 

1 

par'son w i t h  spect ra l  features o f  meteor i tes w i thou t  confusion from s l i g h t  o v e r a l l  a1 bedo 
di f ferences due t o  labora tory  methods, g r a i n  s ize ,  o r  sample packing c h a r a c t e r i s t i c s .  1 \a 

Care must be taken, o f  course, t o  compare mater ia ls  w i t h  genera l ly  s i m i l a r  albedos; f o r  
example, pure e n s t a t i t e  and carbon black have s i m i l a r  v i sua l  re f l ec tance  spectra b u t  
q r e a t l y  d i f f e r e n t  albedos. I . . .  I I,-! . :  ' \  '* 
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Table 2. Observations of Ceres by Lebofsky (1978) 

Ref lectance R A  
- -  

Wave1 ength Hagni tudes Model L imi  t s 2  
Nominal1 o, 

'"A 
X 

0- x Upper Lower 

1.25 ( J )  6.41 0.02 0.98 0.02 0.98 0.98 
2.22 (K: 5.89 0.01 1.07 0.01 1.07 1.07 
3.03 6.23 0.05 0.75 0.04 0.75 0.74 
3.12 6.19 0.02 0.77 0.02 0.76 0.75 
3.43 5.77 0.02 1.12 0.02 1.06 0.97 
3.45 ( L ' )  5.74 0.01 1.16 0.01 1.08 0.98 

'scaled t o  1.0 a t  V (Johnson e t  at., 1975). Before thermal f l u x  removed. 
2Thermal f l u x  removed. The upper and lower l i m i t s  are  due t o  the uncer- 
t a i n t y  i n  the  removal of  the  thermal f lux.  

Fig. 1. Normalized spec t ra l  re f lec tances 
f o r  1 Ceres, 2 Pa l las ,  and 4 Vesta, com- 
pared w i t h  labora tory  data fo r  several  
meteor i tes.  The 0.03-1 - 1  pm as te ro id  
data are those of  Chapman e t  a l .  (1973). 
Meteor i te curves are  from Johnson and 
Fanale (1973). Chapman and Sa l isbury  
(1973), and Gaffey (1974, 1976). The 
bars near the top i n d i c a t e  the f u l l  w id th  
a t  half-minimum of the  i n f ra red  bandpasses. 

KAPOETA 

SIOUX COUNTY 
E uc 

n 
1.2- - 1 1.0- 

MlGHEl -; C2 
Q: P 0.8-  

1.0 - MlGHEl -; C2 

0.8 - 

1 I 1 1 1 
0.5 1.0 1.5 2.0 2.5 

WAVELENGTH, pm 
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I n f ra red  re f l ec tance  data are qu i  t e  useful  f o r  a s t e r o i d  c lass1 f i c a t l o n ;  of. , Matson 
s t  at.  (1977a). This can be shown i n  one way by p l o t t i n g  the v i sua l  geometric albedo ver- 
sus R (2.:  urn) as i n  F igu re  2 .  On t h i s  p l o t  the  C as tero ids  are  c l e a r l y  separated from 
the Ofhers. The c l u s t e r  o f  po!ais t o  the  r i g h t  conta ins  n o t  on l y  S b u t  a l s o  the H a s t c r -  
o lds  16 Psyche and 22 K a l l  lope, Several p e c u l i a r  as te ro ids  stand o u t  on t h i s  p l o t .  
4 Vestd i s  the bes t  understood i n  t h a t  i t  i s  known t o  have a basal t i c  surface.  E a s t e r o i d  
44 Nysa has a very h igh  albedo, perhaps i n  excess o f  0 .3  o r  0.4 (Ze l l ne r ,  1975; Morrison, 
1977a,c). b u t  has an R A ( 2 . 2  um) otherwise c h a r a c t e r i s t i c  o f  C as te ro ids .  Ze l l ne r  (1975) 
and Ze l l ne r  e t  (11. ( 1 9 7 7 ~ )  have suggested t h a t  Nysa i s  o f  an e n s t a t i  te-achondri t e - l i k e  
composi t i o n .  ? Pal l a s  and 51 Nenuusa represent the extremes o f  low albeC,~ as tero ids  ob- 
served i n  the i n f ra red .  The data o f  F ~!;ure ? suggest t h a t  we a re  seeins e i t h e r  a sur face 
composit ional o r  a surface morphological sequence w i t h i n  both the  C and S c!asses. 

1 1 1 1 1 1 1 1 1 1 

ASTEROID wa '- A . C - 
0 349 

0 S 0 4  
0 OTHER 

- 
0129 .a33 

0 6  B 0 7  
014 0192 

d 
0 3 
0 5  0 8  

o ~ M  
8 

270 22m43 
9 8 4 0  

p6 0230 0 12 

1. *51 

10 a19 a511 

1 1 I I up--- ' L .  

0.9 1.0 1 . 1  1 . 2  1 . 3  1 4  1 l . b  1 ;  1 . d  

R X  i2.2pm) 

Ffq .  2. Geometric alhedo b s .  r e l a t i v e  reflectance a t  ? . ; I  tlm. Thp nlhedos 
were determined hy the r a d i d r ~ w t r i c  n ~ t h o d  and arc from Morr ison (1974, 
1977a). and W r r i s o n  and Chapman (1976). Typ ica l  e r r o r  bars lrs t i n i a t rd  
r e l a t i v e  e r r o r )  a re  Ind ica ted.  The d s t c ~ i d  types art1 dc f i ncd  by Chapman 
g t  n l .  (1975). Use o f  rad iome t r i c  ,~lbedos from Hanscn ( lo76a. 19771 o r  
p o l a r i m e t r i c  alhedos from :el l n e r  and Gradit! (1976) would a l so  r e s u l t  i n  
a s i m i l a r  dingram. 

Froni an inspect ion  o f  l ~ h l e  1 i t  i s  ohvious t h a t  ns tero ias  t h a t  have l a rqe  vdlues o f  
R ~ ( 1 . 6  ~lm) a l s o  have h igh  value< o f  R\(?.: Llm!. This i s  i l l u s t r a t e d  by p l o t t i n g  the two 
re f lec tances i n  Flguve 3. Once again the C and S oh jec ts  arc separated. The meteor i tes,  
which a re  na tu ra l  samples frcnl space, p rov ide  a l o g i c a l  se t  o f  oh jec t s  f o r  comparison w i  t h  
the  te lescop l ca l  l y  observed as tero ids .  Using :.he labora tory  data o f  Gaffey (1974, lQ76)  we 
p l o t  the r e l a t i v e  i n f r a r e d  re f lec tances o f  me tea r i l e  samples i n  F iqure  3. 
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Fig.  3. Comparison o f  a s t e r o i d  and meteor i te  data on a c o l o r  
p l o t :  Rx(2.2 um) versus R x ( l  .6 um). The a s t e r o i d  data are  
from Veeder e t  at .  (1978). The meteor i te  data are from 
Gaffey (1974, 1976). While the meteor i tes p l o t t e d  here are 
u n l i k e l y  t o  be fragments from any o f  t he  as tero ids  shown, 
they do prov ide 8 s e t  o f  na tu ra l  composi t i  onal hypotheses. 
For example, t he  reddest as tero ids  f a l l  among the  data fo r  
i r o n  and mesosideri t e  meteor i tes.  I t  now appears t h a t  t h e  
known space weathering processes do n o t  operate s i g n i f i c a n t l y  
t o  redden as tero ids .  Thus, the presence o f  a metal1 i c  phase 
i s  s t rong ly  suggested (Matson e t  a l . ,  1977b). As one can see 
i n  the above p l o t ,  several composit ional hypotheses appear 
ab le  t o  exp la in  the  1.6 and 2.2 pm i n f r a r e d  re f l ec tance  data. 
Fur ther  o p t i c a l  t e s t s  w i l l  he lp  t o  d i s t i n g u i s h  between them, 
o r  perhaps h i  11 p o i n t  t o  a c lose l y  r e l a t e d  composit ion n o t  
c u r r e n t l y  represented i n  the  meteor i te  sample. This has a l -  
ready proved t o  be the  case f o r  Vesta. 

The meteor i te  data more than span the  range o f  t he  a s t e r o i d  data. There are  carbona- 
ceous chondr i tes which are as low i n  i n f r a r e d  re f lec tance as 2 Pa l l as  and +here are  i rons  
and mesosiderites which exceed the  redness of  t he  reddest known astero ids .  Note t h a t  a l l  
of t he  meteor i tes which are  as red  as the reddest as tero ids  have a s i g n i f i c a n t  m e t a l l i c  
phase. However, when F igure  3 i s  considered i n  de ta i  1 i t  remains obvious t h a t  there  a re  

- j X L L i  .-i. i l lL_l..J- -1. l_ 1 -.--.- 



been observed te lescop ica l l y .  The 01 l v i n e -  achondri tes  prov ide a case i n  po in t .  

I t  may be s i g n i f i c a n t  t h a t  the  carbonaceous chondr i tes do n o t  exac t l y  co inc ide w i t h  
the C as tero ids .  The C as tero ids  tend t o  be redder, having a higher re f l ec tance  a t  2.2 urn 
r e l a t i v e  t o  t h e i r  1.6 um re f lec tance than the corresponding meteor i tes.  This e f fec t  cannot 
be e a s i l y  explained by reddening the re f lec tance curve due t o  p a r t i c l e  o r  g r a i n  s i ze  e f fec ts .  
Johnson and Fanale (1973) measured meteor i te  re f lec tances as a func t i on  o f  g r a i n  s ize .  Ex- 
amination o f  t h e i r  data f o r  the C2 meteor i te  Mighei, f o r  example, shows t h a t  t h i s  type o f  
reddening would move the p l o t t e d  meteori t e  data along the t rend  o f  the meteor i te  data a l -  
ready p l o t t e d  i n  Figure 3 and not  perpendicular  t o  i t .  There i s  a l so  the p o s s i b i l i t y  t h a t  
the meteor i te  spectra have been a f f e c t e d  Somewhat by Earth weathering (Gaffey, 1976). Of  
course, the  sample o f  meteor i te  data i s  n o t  complete. Furthermore, there are  cases of  
samples of  the  same meteor i te  being cznsiderably d i f f e r e n t .  The C1 n le teor i te  Orguei l  p rb  
vides such an example. The e f f e c t  o f  phase on R A ( ~  .6 um) and R i ( 2 . 2  urn) has been i n v e s t i -  
gated by Veeder e t  a l .  (1978). They f i n d  no s i g n i f i c a n t  v a r i a t i o n .  This l e d  them t o  the 
conclusion t h a t  the 1.6 and 2.2 urn phase c o e f f i c i e n t s  are  s i m i l a r  i n  magnitude t o  t h a t  i n  
the v i sua l .  Color dependent photometry c a l i b r a t i o n ,  o r  the H-K s o l a r  co lor ,  might be i n  
e r r o r  by 0.1 magnitude and cause the L astero ids  no t  t o  co inc ide w i t h  the carbonaceous chon- 
d r i t e s ,  bu t  we do no t  t h ink  t h a t  t h i s  i s  a very l i k e l y  p o s s i b i l i t y .  Ze l l ne r  o t  a l .  (1975) 
have a l so  no t i ced  a s i m i l a r  e f f e c t  i n  the UBU data. Thus, we are no t  y e t  ab le  t o  d e t a i l  the 
nature  o f  the  d i f fe rences i n  terms o f  e i t h e r  col i lposit ion o r  morphology, a l though the general 
agreement i n  albedo and shape o f  the re f l ec tance  spectrum between C as tero ids  and csrbona- 
ceous meteor i tes remains evidence t h a t  they are compos i t iona l ly  s i m i l a r .  

Space weathering o r  the a1 t e r a t i o n  o f  surface o p t i c a l  p rope r t i es  on a planetary o b j e c t  
I as a r e s u l t  o f  exposure t o  the space environment has been a source o f  concern ever s ince i t  

was r e a l i z e d  tha t  the lunar  s o i l s  are d i f f e r e n t  from the o p t i c a l  p rope r t i es  of  rocks o r  rock 
powders. The e f f e c t  o f  maturat ion on the  o p t i c a l  p rope r t i es  o f  l una r  s o i l s  i s  a systemat ic 1 darkening and "reddening." o r  steepening o f  the re f l ec tance  spectrum cuntinuua. A t  the op- 
t i c a l  l y  "young" stage are  the f resh  c r y s t a l l i n e  rocks and powders, as seen i n  the labora tory  1 and i n  the r ims of fresh, young c ra te rs  on the Moon. These rocks e x h i b i t  h igh  albedos and 
re f l ec tance  spectra which are  t y p i c a l l y  f l a t  and have one o r  more e l e c t r o n i c  absorpt ion 
band; (see Adams and McCord, 1971 ) .  A t  the o p t i c a l l y  "mature" end o f  the  scale are  the mare 
s o i l s  having low albedos and very r e d  re f l ec tance  spectra w i thou t  s t rong bands. 

The o p t i c a l  matura t ion  o f  as te ro id  r e g o l i t h s  has been s tud ied by Matson ct ( 1 2 .  (1977bj 1 and compared w i t h  the lunar  example. They found: (1)  t h a t  space weathering has n o t  s i g n i f i -  
1 c an t l y  a1 tered as te ro id  o p t i c a l  p roper t ies ;  ( 2 )  t ha t  the  most probable reasons f o r  t h i s  f a c t  
, r e l a t e  t o  the lack  o f  o p t i c a l l y  mature impact r e g o l i t h s  on low g r a v i t y  ob jec ts ;  and ( 3 )  t h a t  

w i t h i n  t h i s  contex t  comparisons o f  as te ro id  spectra w i t h  powdered (but  "unweathered") meteor- 
i t e  and o ther  rock samples are v a l i d .  . .> 

Recently a search f o r  absorpt ion bands due t o  H,O on as te ro id  surfaces has been i n i -  
t i a t e d  by Lebofsky ( l t . ? i 7 ,  1978). I n  the 3-4 vnt wavelengtli region o f  Ceres' spectrunl he ' t 

found evidence f o r  the pressnce o f  water o f  hydra t ion  (see Table 2 and F igure  4 ) .  This 
spect ra l  feature was confirnwd suhsequently by Feierberg ~ . t  ' 1 7 .  (1977). I n  Figure 4 the 
r e s u l t s  have been rescaled t o  R 1 . 2 5  = 0.98 ( R O a s 6  = 1.0) and p l o t t e d  along w i t h  the sho r te r  
wavelength data on Ceres (Chapman ,:t 0 1 . .  1973; Johnson ~ . t  ,i1. , 1975). The normal i zed  r e -  
f l e c t a n c e ~  o f  th ree d i f f e r e n t  meteor i tes have a l so  been p l o t t e d  f o r  comparison. An absorp- . . 

l y  be seen i n  the Ceres spectrum and aopears t o  be centered around 
I 1 shape and depth of  the curves i n  the 3-4 urn reg ion are f a i r l y  s im i -  

I I carbonaceous bondri t e  Murchison and d i  f f e r  s i g n i f i c a n t l y  from , .  

chondri tes.  Com~ . r i son  w i t h  o ther  labora tory  spectra of nieteori t es  t. . 
t o  the spectra o f  Type 11 carbonaceous chondri tes .  Analoqy w i t h  C2 ! \ :  

e presence o f  abr : 10-15': water i n  the form of water of  hydra t ion  I -  

on the  surface o f  Ceres. This i s  the f i r s t  evidence o f  water i c  the  surface mater ia l  of  an , \: 
i . Y  
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Fig.  4. Comparison o f  the  spectrum of Ceres w i t h  th ree labora tory  
spectra o f  carbonaceous chondri tes, scaled t o  1.0 a t  V .  The 2.5- 
4.0 Dm spectra are  unpublished data from Sal isbury:  (1 )  Orguei l ,  
C1. 0.3-2.5 um, Johnson and Fanale (1973); (2 )  Murchison, C2. 0.3- 
2.5 urn, Johnson and Fanale (1973); (3)  Karoonda, C4. 0.3-2.5 vm, 
Gaffey (1974). Ceres data from 0.3-1.1 um are  from C h a p ~ n  e t  (11. 
(1973). I n f r a r e d  data for  Ceres a re  from Lebofsky (1978). The 
two sets o f  po in t s  a t  3.43 and 3.45 um g i v e  upper and lower l i m i t s  
a f t c r  removal o f  thermal f l u x .  

I n j h r e d  Spectroscopy 

Advances i n  i n f r a r e d  detec tor  technology and a v a i l a b i l i t y  o f  l a rge  astronomical t e l e -  
scopes have made i t  poss ib le  t o  apply the  tecilniques o f  Fou r ie r  transform spectroscopy t o  
asteroids.  So far, Vesta (Larson and Fink,  1975), Eros (Larson e t  a l . ,  1976) and Ceres 
(Feierber e t  a l . ,  1977) have been observed. I n  the  next  few years a spec t ra l  r e s o l u t i o n  
o f  50 c i q  w i l l  become a v a i l a b l e  f o r  many as tero ids  b r i g h t e r  than about e leventh v i sua l  
magnitude. 

The i n f r a r e d  i s  a key spect ra l  reg ion f o r  absorp t ion  bands and the  determinat ion of 
band c e n t d s  and shapes i s  essent ia l  t o  prec ise  minera log ica l  i d e n t i f i c a t i o n s .  P a r t l y  f o r  
h i s t o r i c a l  reasons. the  c o n t r i b u t i o n  thus far  o f  i n f r a r e d  spectroscopy has been confined t a  
performing d e t a i l e d  checks on composit ional hypotheses formulated on the  basis o f  o the r  types 
o f  data. I n  the f u t u r e  t h e  importance of  t h i s  technique w i l l  grow as s c i e n t i f i c  i n t e r e s t  
demands ever more prec ise  i d e n t i f i c a t i o n s  o f  surface composit ions. 
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THERMAL EMISS ION 

Intmiuotion 

The study of thermal emission r a d i a t i o n  from astero ids  has y i e l d e d  a way t o  detern~ine 
t h e i r  s izes  and albedos. Results are  now i n  hand f o r  some 200 ob jec ts .  Asteroids as a 

r and darker than was p rev ious l y  supposed. The t y p i c a l  Bond 
few percent. Objects t h i s  dark absorb almost a l l  o f  t he  sun- 
rface. The absorbed power heats the surface and even tua l l y  
a1 r a d i a t i o n  concentrated i n  the i n f ra red  spect ra l  region.  

easy t o  de tec t  a t  wavelengths of  10-20 Dm. 

i s s i o n  from an as te ro id  surface has a b lack-  

, . 

a t t e r e d  sun l i gh t .  For a spher ica l  as te ro id  the balance be- 
a d i a t i o n  may be represented by: 

2n n 
nR2(1 - A)So = B E o R2  T4(e,4) s i n  4 d$ de (1  

0 0 ' , 

! I 
( I t  

' 
I 

1 
I .  

Photometry o f  thermal emission from astero ids  has been obtained by Low (1965, 1970), 4 .  
? 5 

1971a,b), Crui kshank and Morr ison (1973), Morr ison (1973, ! :I. 
and Chapman (1976), Morr ison e t  a l .  (1976). Hansen (1976a), I 

and Jones (1977). and Lebofsky e t  a l .  (1978). Quan t i t a t i ve  , j b .  

descr ip t ions o f  t he  methods o f  d e r i v i n g  albedo and diameter from thermal i n f r a r e d  observa- I 1 . .  

a l l y  by A l l e n  (1970, 1971a), Matson (1971b). Morr ison (1973, I ,  

974). Hansen (1977). and Lebofsky e t  a:. (1978). The albedos 

8 I 

j i ; 

pman e t  a l . ,  1975; Hansen, 1977) have been 

; 
a r i m e t r i c  albedo-slope r e l a t i o n s h i p  (cf., . - 

, 
7c). Approximately 50 as tero ids  have been 

I 
' 2 -  

w e l l  observed by both techniques (cf., review by Morrison, 1 9 7 7 ~ ) .  A few diameters ob- 
ta ined from analyses o f  speckle in ter ferometry ,  radar, radio,  l una r  o c c u l t a t i o n  and s t e l l a r  
occul t a t i o n  data agree ( w i t h i n  t h e i r  est imzted unce r ta in t i es )  w i t h  the  rad iomet r ic  diam- 1 e te rs .  The use o f  radar i s  a prom; s ing new technique i n  as te ro id  studies.  Diameters have 
been der ived f o r  433 Eros and 1580 Be tu l i a .  The radar and v isua l  p o l a r i m e t r i c  observations I o f  B e t u l i a  are  i n t e r e s t i n g  because they dc no t  r e s u l t  i n  a diameter i n  agreement w i t h  tha t  
obtained by the rad iometr ic  method. The r e s o l u t i o n  o f  t h i s  prbblem i s  the  sub jec t  of  a I sect ion  o f  t h i s  paper. 

I n  the  fo l l ow ing  sect ions,  th ree photometr ic-radiometr ic models used f o r  i n t e r p r e t i n g  , \ 
rad iomet r ic  data are  discussed (see Table 3). , . i " :  _ a '. . .. 

- I  
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Radiometric MDde 2 2 :  Lunar Type Surface 1.; , . 

! ! 
1 '  . 

The c ra te red  surfaces o f  Mercury, the Moon and Mars as we1 1 as Phobo.; and Deimos are e v i -  ' , 
' .' 

dence o f  an i n t e n s i v e  bombardment h i s t o r y .  There i s  every reason t o  expect t h a t  the  as te r -  ; ,  : 
o ids  have a l so  been boliibarded and t h a t  t h e i r  surfaces a re  heav i l y  c ra tered.  This type o f  
h i s t o r y  was a l s o  experienced by some o f  the me teo r i t e  parent  bodies as pieces of t h e i r  

I ,  

surface rego l  i ths  have reached the  Ear th  as gas- r ich ,  b recc ia ted  meteor i tes  ( ~ f . ,  Wilkening, 
1976; Rajan ~t 01..  1974, 1975). , 8 

b 

The l a r g e r  as tero ids  are  expected t o  possess we1 l-developed rego l  i ths.  Once g r a v i t y  
d i f ferences are  taken i n t o  account, rhebt r w o l  i ths  should resemble i n  many ways t h a t  o f  ; I  

. the Moon. For example, the  a s t e r o i d  Vesta h 5 5 u  :.? i n  d iameter)  has s u f f i c i e n t  g r a v i t y  
t h a t  nmre than 95': o f  the e jec ta  from ili ipact c r a t e r s  ~ ~ 1 1 s  back t o  the surface.  There, as 
on the  Moon, ma te r i a l  may be reworked by subsequ~nt  impac;s (Chapman, 1971, 1976, 1978, ! ,  
Matson, 1971b; Gaffey, 1974, 1976). A1 though asteroid: a re  small , the above statements 
can be made w i t h  considerable c e r t a i n t y  because nlass deterni inat ions are  a v a i l a b l e  f o r  
i e res ,  P6 l l as  and Vesta (Schubart, 1974, 1975; Hertz,  1968) and because l abo ra to ry  d ~ t a  on I \ ,  

impacts i n t o  basa l t  (Gaul t  c t  a l . ,  1963) can be used t o  prov ide  a worst  case ana l ys i s  lead- 
i n g  t o  the  same conclusions.  This reasoning i s  cons is ten t  w i t h  t he  negat ive  p o l a r i z a t i o n  
branch o f  tbe  1 i g h t  r e f l e c t e d  from as te r@'  I s  a t  small phase angles which i nd i ca tes  t h a t  
t h e i r  sur faces are  covered w i t h  dust .  Thus, i t  i s  reasonable t o  assume t h a t  the surfaces 
o f  the l a r g e r  as tero ids  a re  porous o r  p a r t i c u l a t e .  

. . i '  
The lunar - type tlodel was pioneered by A l l e n  (1970, 1971a) and Matson (19 i la .b)  and was 

the f i r s t  model used t o  ob ta in  as te ro ia  s izes  and alhedos from i n f r a r e d  photonett-y. Fur ther  
development and ex tens ive  a ~ p l i c a t i o n  o f  t h i s  model has been done by M o r r i c m  (1973, 1976, 
1977b.c). Jones and Morrison (1974). Hansen (1976b. 1977) and Chapman ~ - t  ,:I. 11975). I 

1 
, f Model 1, whose p a ~ ~ m e t e r s  are  tabu i z ted  i n  Table 3 ,  uses the pho tc~ne t r i c  and thermal ; 

p rope r t i es  o f  the l una r  mare t o  de f i ne  a nude1 f o r  a s t e r o i d  surfaces.  This model cor re-  i 
sponds t o  a s lowly r o t a t i n g  body o f  r e l a t i v e l y  low thernlal i n e r t i a .  The fo l l ow ing  assump- t 

t i o n s  a re  made: ( 1 )  i s o t r o p i c  emission from each surface elenlent. ( 2 )  r l e g l i g i b l e  emission 
from the non. i 1 lurninated s ide.  ( 3 )  emiss iv i  t y  constant  w i t h  waveiength, and ( 4 )  no conduc- f ;I 
t i o n  o f  heat t o  depth. A c l o s e l y  r e l a t e d  v a r i a n ~  a l lows f o r  the p o s s i h i l i t y  of non iso t rop ic  , 

emission from sur face elements on the  as tero id .  i . ~ . ,  emission peaking toward zero phase as 1 *. 
has been observed f o r  the Moon by Saari and S h o r t h i l l  (1972). This can be approximated by I .  

s e t t i n g  8 = 0.8-0.9 and leav ing T(o  .g) unchanged (however, the  subsolar  temperature i n -  - .  
creases); 'mf.. Junes and Morr ison (1974). A recent  remodel due t o  Hansen (1977) a l so  
accounts f o r  some backside emission. The r e s u l t  o f  such co r rec t i ons  f o r  non i so t rop i c  emis- 
s i on  i s  on the order  o f  5-10" r e d u c t i o i  i n  the der ived diameter o f  the  as te ro id .  

Table 3. Mcdel Parameters 
b \ ,  

- ~ - - - - -  - 

Mode! 1 M ~ d e l  2 Model 3 Parameter 
~ . - .- - - - . - -- - - - -- - - - - - - - . . . - -. . - - - - - - - . -. . . . - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - -- 

Ana 1 ogy Lunar Surface Rock I r o n  Meteor i  t e  

Thermal Response Low Thema1 I n e r t i a  High Thermal I n e r t i a  High Theniial I n e r t i a  

Rot.ation Slow Rapid Rapid 
I 
I 

d 1 . O  n n 

Emiss i v i t y ,  ,. 1 .O 1 .O 0.1 
. . 

t : 
T(e.4). / a  1 <- 90" T~~~ C O S ~ B  t0sig T~~~ C O S ; ~  T max C O S ~  . , I  

/ 0 / . 90" 0 Tmax COS '9 Tmax cos'g q .* 
i _ . _ - I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ _ - ~ ~ _ _ .  _ _ ----- -- - ------- , 
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The lunar - type model has been used t o  i n t e r p r e t  the  photometry of thermal emission 
f rom about 200 astero ids .  A recent review of t h i s  e f f ~ r t  has been w r i t t e n  by Morr ison 
(1977~1.  A t a b l e  o f  dlameters appears i n  t h i s  volume ( k r r i s o n ,  1978). Diameters of  Vesta 
have been determined by three o the r  methods. The r e s u l t s  a re  compared i n  Table 4. 

Table 4. Vesta's Diameter by D i f  ,e rent  Methods 

Reference 

536 + 54** Morrison (1977a) 
Hansen (1977) 

536 t 54 Computed from data i n  
Ze l l ne r  e t  al. ( 1 9 7 7 ~ )  

597 -? 41 Computed from data and 
model of  Conk1 i n  e t  a l .  

Speckle Inter ferometer 513 -' 51 Worden e t  a l .  (1978) 

**Estimated e r r o r  

Radiometric M e t  2: Rock Surface r .  

b 

does no t  g i ve  r e s u l t s  cons is tent  w i t h  those obtained by o ther  methods. Based on a compari- 
son w i t h  the d i d e t e r s  determined from v isua l  po la r ime t r i c  (Tedesco a t  a l . ,  1978) and radar 
data ( P e t t e n g i l l ,  personal conmunication), i t  would appear t h a t  Model 2 as descr ibzd i n  

a1 temperature d i s t r i b u t i o n  on the surface o f  Be tu l i a .  
r f ace  thermal proper t ies  are dominated by ma te r ia l  of  

While a t  f i r s t  t h i s  would dppear t o  be i n  disagreement 
h i n d i c d t e  a dusty surface, any discrepancy would be re -  

solved, i f ,  f o r  example, the r o ~ k  i s  covered w i t h  a dery t h i n  l a y e r  of  dust. , 

The e f f e c t  o f  such boulder f i e l d s  has beeti considered 
ipse and luna t i on  coo l ing  data, where they provide an 
c the i ~ l i a r  n i g h t  (Fvda l i .  !966; Al len,  1971b; Mendell 
i c  diameter o f  B e t u l i a  i s  assumed t o  be cor rec t ,  i t  i s  

'. 



Parameters f o r  Model 2 a re  i nd i ca ted  i n  Table 3 and the  r e s u l t s  a re  shown i n  F igure  5 
f o r  representa t ive  ob jec t s  i n  the  main b e l t  ( i . s . .  P = 2 .7  A U ) .  The main d i f f e r e n c ~ s  o f  
these spectra from those o f  Model 1 are  t h a t  a s i g n i f i c a n t  amount o f  t h e m 1  emission i s  
s h i f t e d  t o  l a r g e  phase angles ( i n  p a r t i c u l a r  t o  the n i g h t  hemisphere) so t h a t  the apparent 
i n f ra red  f l u x  observed a t  the Earth i s  reduced r e l a t i v e  t c  Model 1. I n  addi t i p , ] ,  the 
e f f e c t i v e  temperature i s  lowered so t h a t  the r a d i a t i o n  peak i s  s h i f t e d  t o  s l i g h t l y  longer  
wavelengths. 

:L--l 
1 5  10 15 LO L 1 5  - 30 

WAVELENGTH, r m 

F ig .  5. A comparison o f  the spectra fo r  C and 5 
asterci ids (Model 2 )  and a m e t a l l i c  aq te ro id  (Flodel 3 )  
w i t h  r a d i i  o f  1 knl a t  a s o l a r  d i s t a i ~ c e  o f  2 . 7  AU rec-  
resen ta t i ve  o f  the main b e l t  R e l a t i v e l y  r a p i d  ro ta -  
t i o n  w i t h  h igh  thermal i n e r t i a  r e s u l t s  i n  a s i q n i f i c a n t  
amount o f  thermal emission from the n i g h t  s i de  and a 
decrease i n  i n f r a r e d  f l ux  observed a t  the Earth.  Rapid 
r o t a t i o n  a l s o  lowers the e f f e c t i v e  temperature r e l a t i v e  
t o  Model 1 and s h i f t s  the peak o f  t h r  thermal emission 

I t o  longer  wavelengths. The low emi s s i v i  t y  cha rac te r i s -  
t i c  o f  nteta i 1 i c  surfaces increases the e f f e c t i v e  temper- 
a t u r e  and s h i f t s  the peak o f  the thermal emission t o  
sho r te r  wavelengths. 
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such as the In f rdred Astronomical S a t e l l i t e ,  Space Telescope and o the r  spacecraf t  w i l l  ledd 
t o  o ther  s i g n i f i c a n t  advances. A few years from now, i t  w i l l  be poss ib le  t o  observe main 
b e l t  astet'oids w i t h  diameters as small as tens t o  hundreds o f  metsrs. I n  t h i s  s i z e  range 
i t  i s  l i k e l y  t h a t  a number o f  metal asteroids,  analogous t o  the i r o n  mr !cor i tes ,  w i l l  be 
d;scovered. I n  fact ,  some l a r g e r  me ta l - r i ch  ob jec ts  have already been suggested on the  
basis o f  r e f l e c t i o n  spectroscopy (McCord and Gaffey. 1974; Gaffey and McCord, 1977; Matson 
s t  a l . ,  1977a; Veeder e t  a l . ,  1978). , . I  

With these considerat ions i n  mind we have s t a r t e d  an i n v e s t i g a t i o n  o f  Model 3. Tt,ls I 1 
model corresponds t o  a homogeneous metal sphere. As such, i t  has low emiss i v i t y  and very 
h igh thermal i , i e r t i a ,  as i nd i ca ted  i n  Table 3 and shown i n  Figure 5. As i n  Model 2 a s ig -  
n i f i c a n t  arltount of  i n f r a r e d  f l u x  i s  emi t ted a t  l a rqe  phase angles. The low emiss iv i  t y  
ra ises  the  e f f e c t i v e  temperature o f  the  model surface and s h i f t s  the  r a d i a t i o n  peak t o  
shor ter  wavelengths. The assumption o f  a low albedo f c r  such an ob jec t  i s  as y e t  on l y  a 
guess. The c h i e f  r e s u l t  o f  t h i s  exerc ise  i s  t o  determine the gross c h a r a c t e r i s t i c s  o f  the  
thermal spectrum and t o  develop c r i t e r i a  f o r  recogniz ing me ta l - r i ch  as tero ids .  

, . 
DIRELTIONS FOR FUTURE INFRARED RESEARCH , , 

There are a number of  ~ r o b l e m s  toward which work can be d i rec ted  p r o f i t a b l y :  : 
i I 

1 '  a. I t  i s  important  t o  determine i f  the degree o f  redness (e.g., 
Rx(2.2 ~ m )  can be co r re la ted  q u a n t i t a t i v e l y  w i t h  the metal I !  

b. The presenc? o f  s i g n i f i c a n t  amounts o f  metal has i lnp l ica t io r ls  
which need t o  be s tud ied f o r  the  rad iomet r ic  and the p o l a r i -  
met r ic  methods of as te ro id  s i z e  determination. 

c. I t  i s  important  t o  extend the s i z e  o f  t he  sample of  observed 
as tero ids  and meteori tes. For example, the Trojan as tero ids  

d. Theoret ical  s tud ies  should be conducted on the o r i g i n  and 
evo lu t i on  o f  the asteroids using the as te ro id  re f l ec tance  
data as w e l l  as the meteor i te  data as boundary cond i t ions .  

These and o ther  ground-based e f f o r t s  w i l l  : (1  ) i d e n t i f y  i n t e r e s t i n g  as tero ids  as 
po ten t i a l  t a rge ts  f o r  soscecraf t  missions, and (2 )  character ize  the as tero ids  as a whole 
so t h a t  de ta i l ed  observations from spacecraf t  v i s i t s  t o  a few can be placed i n  proper con- 
t e x t  and be used t o  f u r t h e r  understand the o r i g i n  and evo lu t i on  of  t he  s o l a r  system. 

Astero id  observers i n  Earth-orbi  t w i  11 immediately have the e n t i r e  thermal emission 
spectrum ava i l ab le  t o  them as w e l l  as a l l  the  d iagnost ic  bands i n  the  i n f r a r e d  r e f l e c t i o n  
spectrum. I n  add i t ion ,  observations from space have some engineer ing advantages. I t  i s  
poss ib le  t o  suppress thermal emission from the telescope and o the r  instrument surfaces by ' \. 
coo l ing  them. Atmospheric emission background no longer f loods the detectors,  and tho  ! I .  
l i m i t  i n  performance i s  lowered t o  the l e v e l  o f  the  zodiacal l i g h t  and o f  the  d e t e c t ~ r s  I '  

themselves. The general l eve l s  o f  Eccuracy and p rec i s ion  are increased because cor rec t ions 5 . 9  

f o r  atmospheric e x t i n c t i o n  are  no t  needed. The science r e t u r n  from these advances i s  
, , 
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expected t o  be great. Observations of the e n t i r e  thermal emission and r e f l e c t i o n  spectra 
w i  11 irmnediately r e s u l t  i n  improved thermal models and hence more accurate albedos and 
sizes, and i n  be t t e r  in terpretat ions o f  surface composition. I t  w i l l  be possible t o  
search f o r  compositional information not only v ia  the model emiss iv i ty  but also d i r e c t l y  
by measuring any Reststrahl ing and Christiansen bands present. These bands are re la ted  t o  
the Si:O r a t i o  (i.s., the degree of polymerization of the Si04 tetrahedron) and the index 
of re f ract ion,  respect ively.  

Flyby and rendezvous observations w i l l  g ive spa t ia l  reso lu t ion across the astero id 's  
surface. This w i  11 al low the mapping o f  geologic un i t s  based upon t h e i r  r e f l e c t i o n  and 
thermal propert ies.  Chief oals for  spacecraft measurements of the re f lec ted  in f rared 
rad ia t lon  (1-5 urn) are: (17 t o  map the conposit ional un i t s  on astero id  surfaces a t  a 
reso lu t ion o f  be t t e r  than 1 km f o r  large asteroids (such as Ceres and Vesta) and a t  be t te r  
than 1 m f o r  small asteroids (1-10 km diameter), (2)  t o  estab l ish the va r ie ty  of chemical 
species present including d iscrete classes and mixtures of ,  f o r  example, ices, s i l i ca tes ,  
oxides, and metals, ( 3 )  t o  study the va r ia t ion  o f  the degree o f  hydrat ion w i t h i n  ind iv idua l  
un i t s  and from one astero id  t o  another, ( 4 )  t o  map the angular d i s t r i bu t i on  o f  the scat- 
tered in f ra red  rad ia t ion  and t o  use t h i s  information t o  i n f e r  surface texture and morpho- 
l og i ca l  and other propert ies which are otherwise not d i r e c t l y  observable. Emitted thermal 
data obtained a t  large phase angles and across the terminator w i l l  y i e l d  maps o f  the 
thermal i ne r t i a .  Strong constraints on r e g o l i t h  g ra in  s i ze  w i l l  r e su l t .  I n  addit ion, the 
amount of bare rock o r  boulders exposed w i l l  be imnediately apparent. The de ta i led  study 
o f  several asteroids by these methods w i l l  g ive the necessary absolute ca l i b ra t i on  for 
fu ture remote in f ra red  observations from the ground o r  Earth-orbi t. 

I n  addi t ion to  the foregoing there i s  an experiment, conceptual i n  nature, t ha t  re-  
quires study and development before i t s  implenentation can be assessed properly.  A small 
scanning spacecraft a t  one of the Lagrange points o f  the Earth-Sun system can be used t o  
search f o r  Apollo asteroids. These objects are r e l a t i v e l y  b r i gh t  i n  the i n f r a red  and can 
be dist inguished read i l y  from the ce l es t i a l  background by using t h e i r  r e l a t i v e  motion and 
spectral  signatures. Such an experiment would scan a great c i r c l e  on the ce l es t i a l  sphere, 
thus de f in ing  a plane. Any ob ject  crossing t h i s  surface w o u l ~  be discovered, permi t t ing 
in tens i  ve study by a1 1 avai l ab l e  techniques. A more sophist icated experiment might i n -  
clude the main b e l t  asteroids. The s c i e n t i f i c  re tu rn  from t h i s  experiment would include 
a determination o f  the number densi t v  o f  asteroids as wel l  as iden t i f i ca t ions  according t o  
compositional types. 

For the near future, the most important advances from space are l i k e l y  t o  come from 
the IRAS ( In f ra red  Astronomical S a t e l l i t e )  observatorv scheduled f o r  launch i n  1982. This 
sate1 t i  t e  w i l l  be capable o f  carry ing out a t o t a l  sky survey i n  a number oC in f rared band- 
passes reaching t o  a 10 um N magnitude o f  about 7 (Aumann and Walker, 1977). If appropriate 
data processing can be car r ied  nut  t o  r e t r i e ve  the astero id  observations, i t  may be pos- 
s i b l e  t o  obtain radiometric diameters o f  essen t ia l l y  a l l  of :he asteroids w i t h  known o r -  
b i t s ,  thus increasing our catalog o f  diameters by more than an order o f  magnitude. 

ACKNOWLEDGMENT 

This paper presents the resu l t s  of one phase of research car r ied  out a t  the Je t  
Propulsion Laboratory, Cal i forn ia  I n s t i t u t e  o f  Technology, under Contract NAS7-100, spon- 
sored by the National Aeronautics and Space Administration. 



REFERENCES 

aids. rcarue 28, 91-94. 
Chapman, C. R., McCord, T.  B., and Johnson, T. V .  (1973). Astero id  spect ra l  r e f l e c t i v -  

i t i e s .  Astron.  J.  73, 126-140. 
Chapman, C. R., Morrison, D., and Ze l lner .  8. (1975). Surface proper t ies  o f  as tero ids :  

A synthesis o f  po lar imct ry .  radiometry, and spectrophotometry. I,wrus 25, 104-130. 
Conklin, E. K., U l ich ,  0.  L.. D icke l ,  J.  R., and Ther. D. T. (1977). Microwade b r i g h t -  

nesses o f  1  Ceres and 4 Vesta. I n  ~omcts,  asteroid^, M A : B o P ~ ~ ~ ' s  (A. H. Dels~nme, ed.), 
pp. 257-261. Un ive rs i t y  sf  Toledo. 

Cruikshank, D. P. (1977). Radi i  and albedos o f  f ou r  Trojan as tero ids  and Jovian s a t e l l i t e s  
6 and 7. Icilrus 30, 224-230. 

Hansen, 0. L. (1976a). Radi i  and albedos o f  84 as tero ids  from v isua l  and i n f r a r e d  photonl- 
e t r y .  Asttwn. J .  81. 74-84. 

Hansen, 0. L. ('976b). Thermal emission spectra o f  24 as tero ids  and the Gal i lean s a t e l -  I 

1 i tes. I c u r u ~  27, 463-471 . 
Hansen, 0. L. (1977). An e x p l i c a t i o n  o f  the rad iomet r ic  method for  s i z e  and albedo deter -  

minat ion.  Ie~zru~ 31, 456-482. 
Hertz, H. G. (1968). Mass o f  Vesta. ::citu*.t? 160, 299-300. 
Hunt, G. R., and Sal isbury,  J .  W. (1970). V i s i b l e  and near - i n f ra red  spectra of minerals 

and rocks: 1. S i l i c a t e  minerals.  I nMa!cn  C,?ology, pp. 283-300. 



1 ) .. 

\+- ," 
' .'., -. - 

'y' " !&", , I .  4 ' $ 6  
! n !,, 

. ,. 
Johnson, T. V., and Fanale, F. P. (1973). Op t i ca l  p rope r t i es  o f  carbonaceous chondri tes  

and t h e i r  r e l a t i o n s h i p  t o  asteroids.  J. Ceophye. Res. 78, 8507-8518. . . 

: _ ,  
photoe~etry a t  1.25, 1.65, and 2.2 um. Astwphys. J. 197, 527-531. . : : j g . ~  : 

Jones, T. J., and Morrison, D. (1974). il r e c a l i b r a t i o n  o f  the  radiometr ic/photometr ic .. , -  b ,  ! ,  ' ,  

method of determining as te ro id  s izes.  Astron. J. 79, 892-895. ,, .> :; ., . 
Larson, H. P., and Fink, U. (1975). I n f ra red  spect ra l  observations o f  as te ro id  4 kesta. , ? !  

Icarus 26, 420-427. . . , . x ,  $ .  

1 '  ' ,  
, . .  Larson, H. P., Fink, U., Treffers, R.  R., and Gaut ier  111, T. N. (1976). The i n f r a r e d  

spectrum of  as te ro id  433 Eros. r a m s  28, 95-103. . f L  I . . .  i . 
Leake, M.. Gradie, J. C., and Morrison, 0. (1978). In f rared (JHK) photometry o f  meteor i tes I :,.,I ; 

and asteroids.  Meteoritics. I n  press. I . .  , 1 .  
Lebofsky, L. A. (1977). 1 t o  4 micron s tud ies  of  as tero ids  and s a t e l l i t e s  (abs t rac t ) .  ;.. . , , I  ' \ Wcll. Rmer. A s t m .  Soo. 9, 905. 
Lebofsky, L. A. (1978). Astero id  1 Ceres: Evidence f o r  water o f  hydrat ion.  Monthly Not. I . !  . .  

. . - 
Royal A s t m .  Soc. I n  press. I 

Lebofsky, L. A., Veeder, G. 3.. Lebofsky, M. J., and Hatson, D. L. (1918). Visual  and : i  ' . ,  
rad iomet r ic  photqmetry of 1580 Betu l ia .  ~camcs. I n  press. , - ,  , - 

. i 
. I ,  , I -  

- 
Low, F. J. (1965). P lanetary  r a d i a t i o n  a t  i n f r a r e d  and m i l l i m e t e r  wavelengths. Lowelt , - . ., , 

, . I - .  

Obs. Bull. 6, 184-187. 
1 . 7  : 

Low, F. J. (1970). Sky survey, semi-annual techn ica l  repo r t .  AF Cambridge Research k .;,; 
Laborator ies.  AFCRL-70-0179. t ,  . " :  I f  j 

HcCord, T. 8. (1978). Astero id  surface minerslogy : Evidence f r o m  Earth-based telescope 1 I : 1 .  ., . ,  
observations. I n  t h i s  volume. , ,! , . , I  s -.# 

I ' .  McCord, T. 6 . .  and Gaffey, M. J. (1974). Asteroids:  Surface composit ion i rom r e f l e c t i o n  ., ! 
y -, -, ! - , < 

=,- spectroscopy. Science 186, 352-355. . .. McCord, T. B., and Chapman, C. R. ( i975).  Asteroids:  Spectral re f l ec tance  and c o l o r  
: cha rac te r i s t i cs .  11. Astrophys. J. 197, 781-790. 

I : /  : , ;  : , 

Matson, D. L. (1971a). I n f ra red  observations o f  as tero ids .  I n  Physical Studies of Minor i . . ' I  
Planets (T. Gehrels, ed. ), pp. 45-50. NASA SP-267. , / I :  

I . ,  , . 
I . '  Matson, D. L. (1971b). I. Astronomical photometry a t  wavelengths o f  8.5, 10.5 and 

11.6 um. 11. I n f r a r e d  emission from astero ids  a t  wavelengths o f  8.5, 10.5 and 11.6 vm. I 

Ph.D. Thesis, C a l i f o r n i a  I n s t i t u t e  o f  Technology. 
Matson, D. 1 .  (1975). Asteroids:  Complications f o r  the  i n t e r p r e t a t i o n  o f  radiometry 

I (abst rac t ) .  Bull. Amer. Astpon. Soc. 7, 377. 
Matson, D. L., Johnson, T. V., and Veeder, G. J .  (1977a). Astero id  i n f r a r e d  ref lectances 

and composit ional imp1 i ca t i ons .  I n  Comets, As temgs ,  Meteorites (A. H. Del semme, ed. ) , 
pp. 229-241. Un ive rs i t y  o f  Toledo. 

Matson, D. L., Johnson, T. V., and Veeder, G .  d .  (1977b). S o i l  m a t u r i t y  and p lanetary  
rego l i t hs :  The Moon, Mercury, and the as tero ids .  Ewe. 8th LUMP Sci. Conf., 1001-1011. . 

Mendell, W. W., and Low, F. J. (1975). I n f r a r e d  o r b i t a l  mapping of  lunar  features .  Proc. 
6 t h  Lwuzr Sci. Conf. , 271 1-2719. ! :i Morrison, D. (1973). Determination o f  r a d i i  of  s a t e l l i t e s  and as tero ids  from radiometry 
and photometry. ICOJS 19, 1.14. 

Morrison, D. (1974). Radiometric diameters and a1 bedos o f  40 as tero ids .  Astrophys. J .  
194, 203-211. 

Morrison, D. (1976). The diameter and thermal i n e r t i a  of  433 Eros. .icclmcs 28, 125-132. 
Morrison, D. (1977a). Radiometric diameters o f  84 as tero ids  from observations i n  1914-76. 

Astrophys. J .  214, 667-677. 
Morrison, 0. (1977b). Sizes and albedos o f  the  l a r q e r  as tero ids .  I n  Comets, Asteroids, 

Meteorites (A. H. Delseme, cd. ), pp. 177-184. U n i v e r s i t y  o f  Toledo. 

I ?  ! 3, . 
I . z 

I .  

g , +  , * 

, 

Morrison, 0. ( 1 9 7 7 ~ ) .  Astero id  s izes and rdos. I c m s  31, 185-220. , I  
8 .  

Morrison, D. (1978). Physical  observat io,  ,.nd taxonomy o f  as tero ids .  I n  t h i s  volume. . I  , Florrison, D., and Chapman, C. R.  (1976). Radiometric diameters f o r  an add i t i ona l  22 . . , ' ,  I 
astero ids  . Astrophys. J .  204, 934-939. .. 

Morrison, D., Gradie, J .  C.,  and Rieke, G. H. (1976). Radiometric diameter and albedo of 
! j :  

I I 

\. 
the  remarkable as te ro id  1976AA. Nature 260, 691. 

Rajan, R. S., Brownlee, D. E., Heiken, G. A., and McKdy, D. S. (1974). Glassy agg lu t ina te-  
l i k e  ob jec ts  i n  the Bunlrnu howardite. Meteoritics 9, 394-395. 

1 . I  \ 

142 j - 1 ; ;  
< ' I  

i i 
, I ,  

I "  --- .A .^i--~ 2 .--- 1 
*--A .- 2- --A- -- 

.2 
d 



Rajan, R. S., Haneke, J. C.,  Smith, S. P., and Wasserburg, G. J. (1975). 4 C A r - 3 9 A r  chron- 
ology of i s o l a t e d  phases from Sununu and Halvern howardi tes. Earth Planet. Sci. Lett. 
27, 181-190. 

Saari, J. M., and S h o r t h i l l ,  R. W. (1972). The s u n l i t  l u n a r  surface. I. Albedo s tud ies  
and f u l l  Moon temperature d i s t r i b u t i o n .  The Moon 5, 161-178. 

Schubart, J. (1974). The masses o f  the  f i r s t  two as tero ids .  Astron. Astmphys. 30, 289-292. 
Schubart, J. (1975). The mass o f  Pal las .  Astron. Astrwphgs. 39. 147-148. 
Tedesco, E. F., Dr~mmond 111, J.  D., Candy, B., B i rch ,  P., N i k o l o f f ,  I., and Ze l lner ,  B. 

(1978). The Amor as te ro id  1580 Be tu l i a :  Ar: unusual as te ro id  w i t h  an ex t raord inary  
l i gh tcu rve .  I m w .  I n  press. 

Veeder, G. J., Matson, D. L., Bergstralh,  J .  T., and Johnson, T. V .  (1976). Photometry 
of  433 Eros f r o m  0.65 t o  2.2 pm. rcancs 28, 79-85. 

Veeder, G. J., Matson, D. L., and Hansen, 0. L. (1977). Photometry o f  the  as te ro id  1976AA. 
Icarus 31, 424-426. 

Veeder, G. J., Matson. D. L., and Smith, J .  C .  (1978). Visual and i n f r a r e d  photometry of  
as tero ids .  Aetron. J. I n  press. 

W i  1  kening, L. L. (1976). Carbonaceous chondri t e  xeno l i ths  and p lanetary- type noble gases 
i n  gas- r ich  meteor i tes.  Auc. ; t 4  Lunar Sc-i. Conf. , 3549-3559. 

Worden, S. P., Stein, M. K., Schmidt, G. D., and Angel, J.R.P. (1978). The angular diam- 
e t e r  o f  Vesta from speckle in ter ferometry .  rearus 32, 45C-457. 

Zel lner,  B. (1975). 44 Nysa: An i ron-depleted as tero id .  Astrophys. J .  198, L45-L47. 
Zel lner,  B. (1978). Geography o f  the as te ro id  b e l t .  I n  t h i s  volume. 
Zel lner,  B., and Gradie, J. (1976). Minor p lanets  and re la ted  ob jec ts .  X X .  Po la r ime t r i c  

evidence f o r  the  a1 bedos and compositions o f  94 as tero ids  . Astmn. J .  81 , 262-280. 
Zel lner,  B., r n d  sowell,  E. (1977). Astero id  composit ion types and t h e i r  d i s t r i b u t i o n s .  

I n  Comets, Asteroids, Meteorites (A. H. Delsemne, ed. ), pp. 185-197. Un ive rs i t y  o f  
Toledo. 

Zel l ne r ,  B., Wisniewski, W. Z., Andersson, L., and Bowel 1, E. (1975). Minor p lanets  and 
r e l a t e d  ob jec ts .  X V I I I .  UBV photometry and surface composition. Astron. J .  80, 986-995. 

Zel lner,  B., Andersson, L., and Gradie, J. (1977a). UBV photometry o f  small and d i s t a n t  
as tero ids .  I c m s  31, 447-455. 

Zel lner,  B., Lebartre, T., and Day, K. (1977b). The as te ro id  albedo scale - 11. Laboratory 
po la r ime t ry  o f  dark carbon-bearing s i l i c a t e s .  m c .  8th Lunar Sc i .  Conf., 111 1-1117. 

Zel lner,  B., Leake, M., Lebartre,  T., Duseaux, M., and Do l l f us ,  .A. ( 1 9 7 7 ~ ) .  The as te ro id  
albedo sca le  - I. Laboratory po lar imet ry  o f  meteor i tes.  Pmc. 8th L.unar Sc i .  Conf., 
1091-1110. 

Zel lner,  B., Leake, M., Morrison, D., and Wil l iams, J. G .  (1977d). The E as tero ids  and the 
o r i g i n  o f  the e n s t a t i  t e  achondri tes. Geochim. Cosmochim. Actrt 41. 1759-1 767. 

DISCUSSION 

McCORD: Can you say whether the H,O bands observed on Ceres i nd i ca te  water, o r  water o f  
hydra t ion? I t  i s  a problem not  on l y  on the as tero id ,  b u t  on the s a t e l l i t e s  as w e l l .  

MATSON: C lea r l y  i n  the  labora tory  the spectrum o f  Murchison i s  due t o  water o f  hydrat ion;  
whether i t  i s  water o f  hydra t ion  on Ceres, I d o n ' t  know. 

MORRISON: I would l i k e  t o  make a skep t i ca l  comment concerning the use of thermal measure- 
ments t o  ob ta in  composit ional data. Although some informat ion on composit ion i s  su re l y  
present, the  f a c t  i s  t h a t  no demonstration o f  the u t i l i t y  o f  thermal spectra has been 
made, l a r g e l y  due to  masking o f  composit ional e f fec ts  i n  rea l  ob jec ts  w i t h  r e g o l i t h  
surfaces. I expect as te ro id  thermal spectra w i l l  t u r n  out  t o  be near ly  featureless 
blackbodies. 

VEVERKA: I n  your thermal models do you a l l ow  f o r  nonspherical ob jec ts? Couldn' t you 
match B e t u l i a ' s  thermal spectrum by changing the shape? 

MATSON: These models assume Spheric.31 shapes. B e t u l i a  was observed f o r  a long t ime over 
several n ights ,  and the i n f r a r e d  l i g h t c u r v e  i nd i ca tes  tha t  shape i s  not  important .  The 
n i c e  th ing  about these lunar  type models, i f  they work, i s  t h a t  the thermal conduct iv-  
i t y  i s  so low t h a t  each element i s  v i r t u a l l y  i n  instantaneous e q u i l i b r i u m  w i t h  sun l i gh t .  
I f  you pu t  shape i n t o  the models, there  might be on ly  a 10 o r  20%: d i f fe rence.  

McCORD: Are you sure there  i s  not  an e r r o r  i n  the f l u x  measurement i t s e l f ?  
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MATSON: That was my f i r s t  t c t i o n  b u t  the  observations were so c l o s e l y  l i nked  w i t h  
standard s ta rs  t h a t  there i s  no way t o  quest ion them. So we had t o  consider another . . .. model based upon the f a c t  t h a t  B e t u l i a  i s  a small ob jec t  and a t  some s i z e  one should 
s t a r t  t o  see rocks ins tead o f  r e g o l i t h .  

ARNOLD: Le t  me ask how t h i c k  a dust  l a y e r  you are assuming i n  you,- Model 2? 
MTSON: I t  i s  too t h i c k  i f  i t  becomes a thermal impediment and reduces the thernial i n e r -  

t i a .  So i t  has t o  be t h i c k  enough, a t  l e a s t  a few microns, t o  ge t  the p o l a r i z a t i o n  
data b c t  i t  c a n ' t  be much more than a mi 1 l ime te r .  I f  you had c e n t i ~ ~ i e t e r s  o f  dust, 
i t  would be thermal ly  i n s u l a t i n g  and the lunar  type node1 probably would work. 

ARNOLD: As I w i l l  say i n  my paper, i f  you are doing gama-ray studies,  the scale length t 
which determines whether you are  l ook ing  a t  the under ly ing rock s o i l  o r  the dust  i s  
tens of centimeters. And if you are  doing X-ray studies,  the scale length  i s  compar- 
ab le  t o  tha t  f o r  o p t i c a l  measurements. ' ' 

I .  . 
SHOEMAKER: You cou ldn ' t  d i s t i n g u i s h  a surface t h a t  was broken blocks whose dimensions are , 

t y p i c a l l y  tens o f  cent imeters from a so l i d .  You cafi have a r e g o l i t h  o f  very coarse 
i blocks. 
t 

I MATSON: We see t h a t  on the Moon. A boulder f i e l d  i s  seen as a thermal anomaly a f t e r  dark. 
I t  i s  e s s e n t i a l l y  l i k e  bare rock. 

CHAPMAN: I s n ' t  i t  the  case t h a t  the  10 and 20 um ddta, which we have o r  can obta in ,  cdn 
r e a l l y  d i s t i n g u i s h  between your  Models 1 and 2 a.id the metal model? 

MATSON: Yes. However, you cou ld  ga in  a l o t  i f  you could go above the atmosphere o r  i n t o  
space and get  data a t  about 7 urn and a t  30 o r  50 um. Using 10 and 20 vm data i s  harder 

I 
because the e f f e c t  i s n ' t  as l a r g e  compared t o  the e r r o r s  i n  the data. 

MORRISON: I published a graph showing 10 t o  20 11m c o l o r  i nd i css  f o r  about 35 as tero ids  i n  
1974. There were no anomalies. And since then I have looked a t  a n.dch l a r g e r  saniple 
amctinting to  almost 100 observations and have seen no anomalies o f  the magnitude tha t  
you have ca lcu la ted fo r  a pure metal model. C lea r l y  smal ler  anomalies get  l o s t .  But 
i t  i s  s t i l l  i n t e r e s t i n g  t h a t  there  i s  a f a i r l y  subs tan t i a l  se t  o f  data which do no t  
show t h i s  e f fec t .  (Figure from Morr ison (1974) fo l l ows . )  
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# MATSON: When yo11 s t a r t  mix ing metals and s i l i c a t e s  i t  gets extremely complicated. But 

, \ 
c l e a r l y  i f  there i s  an as te ro id  w l t h  a great  deal o f  metal on o r  very near the surface. 
i t  w i l l  be recognized by thermal radiometry. 
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