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O P T I C A L  REMOTE SENSING 
OF ASTEROID SURFACES FROM SPACECRAFT 

THOMAS 0. McCORD 

Institut~ fot* Astrc*?rr& 
University of Eamii, Honolulu, Hawaii 96822 

The app l i ca t i on  of o p t i c a l  remote sensing techniques t o  
as te ro id  surfaces using ground-based telescopes has re-  
vealed nos t  of what i s  known about these ob jec ts .  Trans- 
p o r t i n g  the  re la ted  instruments t o  the as tero ids  f o r  
close-up study du r ing  rendezvou; 01. landing missions has 
the p o t e n t i a l  f o r  p rov id ing  l a rge  increases i n  our knowl- 
edge o f  as te ro id  surface s t ruc tures ,  composit ion and 
mineralogy. Ref lectanze spectrozcopy and mu1 t i s p e c t r a l  
mapping are  the companion techniques 1 i ke ly  t o  be most 
useful, f o r  between the two approaches surface u n i t s  can 
be determined. Several o the r  techniques should be con- 
s idered fo r  prov id ing complementary informat ion.  The 
s t a t e  of i n s t r u c t i o n  i s  such t k 3 t  no ser ious techn ica l  
problem i n  developing such experiments i s  expected. 

INTRODUCTION 

When as te ro id  exp lo ra t i on  i s  extended by ca r ry ing  instruments near as tero ids  and onto 
t h e i r  surfaces we w i l  I f i n d  measurements i n  u l t r a v i o l e t ,  v i s i b l e  and i n f r a r e d  energy re-  
gions even more useful than tney a re  now, working from the Earth'; surface.  A v a r i e t y  o f  
techniques are ava i l ab le  which a l l  depend on measur'ng radiat ; . i l  r e f l e c t e d  o r  emit ted by 
surface mater ia l .  This a r t i c l e  discusses each technique b r i e f l y  and po in ts  ou t  some more 
obvious experiments which cou ld  be performed on f lyby,  rendezvous o r  land ing missions. As 
always one must be caut iods i n  assuming t h a t  a l l  ~ 0 S S i b 1 e  techniques and experiments are  
krtown. New and b e t t e r  methods may be discovered i n  the f u t u r e  and i n  fac t  may now e x i s t  
unknown t o  the author. 

Opt ica l  r a d i a t i o n  coming from an as te ro id  ccnsi s t s  o f  two components: pass ive ly  scat-  
tered s o l a r  r a d i a t i o n  a t  sho r te r  wavelengths and emit ted thermal r a d i a t i o n  a t  longer wave- 
lengths. Figure 1 shows the f l l ~ x  received a t  the  Earth from a square k i lometer  of  a l una r  
mare reg ion a t  near-zero phase angle. The case f o r  a low albedo as te ro id  near the Earth 
would be very s i m i l a r .  For ob jec ts  f a r t h e r  from the Sun the wavelength a t  which emit ted 
thermal r a d i a t i o n  becomes dominant s h i f t s  t o  longer wavelengths, t o  about 4 pm a t  Mars and 
6 pm a t  Jup i te r .  

The major techniques avai lab!e f o r  obs i n g  as tero ids  a t  o p t i c a l  wavelenqths a re  
tabulated i n  Table 1. A l l  o f  these caul<' bc . -n;otely app l ied  from a f l y b y  o r  rendezvous 
spacecraf t  and the spectroscopic techniques :ould be app l ied  on the as te ro id  surface t o  
study sam$les, as i s  coinnoonly done i n  t e r r e s t r i a l  labora tor ies .  
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Fig. 1. Radiation received from a 1 km2 l o - * ~ ~  l l l j  
mare area, albedo 0.06, a t  the man  Earth- 
Moon distance (Adams and McCord, 1970). 

P a N T ,  M E A N  E A R T H  - W N  * 

T * 395 .K  
E M I S S I V I T Y  I 0  I 

Table 1. The Major Techniques Avai lable for  Observing Asteroids a t  Opt ical  Wavelengths - 

Technique Wavelength 
Region 

Property Determined Physical Phenonlenon 

1 .  Re f lec tanceSpec t rosc?~  0.1-5.0 urn Mineralogy Elect ron ic  Absorption 

2. Emi ttance Spectroscopy 5.0- 1000 urn Molecular i r b r a t i o n  

3. I R  Radiometry 

4. Polarimetry 

5.0-1000 urn Diameter, Albedo, Thermal Energy 
Themal I n e r t i a  Exchange 

0.1-1.0-? urn Grain Size t o  Specular Re f1  x t i o n  
Mater ial  Opacity and Scatter ing 
Rat io  

5. Broadband Photometry 0.1-1000 urn (See 1 and 2 Above) (See 1 and 2 Above) 
A1 bedo 

6. Mu1 ti spectral  Mapping 0.1-1005 urn Compositional Un i t  (Sw  1 and 2 Above) 
Ex ten t  



REFLtLTANCE SPECTROSCOPY 

Technique &scrip tion 

Spectral re f l ec tance  i s  the  f r a c t i o n  o f  i nc iden t  s o l a r  r a d i a t i o n  t h a t  i s  re f l ec ted  
from d surface as a  func t i on  o f  wavelength. With s u f f i c i e n t  spect ra l  r e s o l u t i o n  a r~d  i n ten -  
s i  t y  prec is ion,  absorpt ion bands o f t e n  can be resolved t h a t  a re  d iagnost ic  of  surface c o w  
pos i t i on  and mineralogy (see Figure 2) .  For minera log ica l  i n t e r p r e t a t i o n  we are  concerned 
p r i m a r i l y  w i t h  the wavelength dependence o f  re f l ec tance  and t o  a  l esse r  e x t e r t  w i t h  the 
albedo o r  absolute amount o f  r e f l e c t e d  1  i g h t ,  and angular dependence, o r  p o l a r i z a t i o n  o f  
the r e f l e c t e d  rad ia t i on .  

The ma te r ia l  on the surfaces o f  s o l a r  system ob jec ts  t v p i c c l l y  occurs as randomly 
or iented fragments. When observed i n  r e f l e c t e d  s o l a r  l i g h t ,  the  p a r t i c u l a t e  mater ia l  re -  
turns two components o f  r a d i a t i o n :  (1 ) a  specular component. which cons is ts  of  f i r s t  sur-  
face r e f l e c t i o n s  and i s  desc r ibedhy  Fresne l 's  laws f o r  absorbing die lectr ic ; ;  and ( 2 )  a  
d i f fuse component, which i s  composed o f  l i g h t  t h a t  has enterct. a t  l e a s t  one g r a i n  and has 
been scat tered back i n t o  space toward the observer. I t  i s  the d i f f use  component t h a t  con- 
ta ins  the most composit ional informat ion.  

The absorpt ion bands t h a t  appear i n  re f l ec tance  spectra are  due p r i m a r i l y  t o  (1 ) e lec-  
t r o n i c  t r a n s i t i o n s  and charge t r i n s f e r s  by d -she l l  e lec t rons i n  t r a n s i t i o n  metal ions 
( ~ e ~ + ,  ~i'++, cr3+, e tc . ) ,  ( 2 )  overtones o f  molecular  v ib ra t i ons ,  ( 3 )  photoe lec t ron ic  emis- 
sion, and ( 4 )  photoconduction. The wavelength pos i t i ons  o f  t he  absorpt ion band centers 
depend on the types o f  ions  present and on the dimensions and symnetry o f  the s i t e s  i n  
which the ions are  s i t ua ted .  These two fac to rs  t o  a  l a r g e  ex tent  de f i ne  the mineralogy of  
a  sample. Note t h a t  re f l ec tance  spectroscopy i s  a  method o f  remotely sensing mineralogy, 

t o  y-ray spectroscopy and x-ray f luorescence. wh ;ch remotely sense ~ l e r n ~ n t c z l  

Reflectance spectra are  i n te rp re ted  using a  combination o f  l abo ra to ry  and t h e o r e t i c a l  
techniques. Laboratory spectra o f  a  l a rge  number o f  chemical ly  analyzed t e r r e s t r i a l ,  lunar ,  
and m e t e o r i t i c  minerals and rocks have been analyzed, and t h e i r  spectra have been s tud ied as 
funct ions o f  p a r t i c l e  s ize ,  phase ang:e, mi& ing r a t i o s .  and mix ing heterogenei ty.  I n t e r -  
p re ta t i ons  of  absorpt ion bands are  based on l i gand  f i e l d  theory ( i n t e r e l e c t r o n i c  t r a n s i -  
t i ons ) ,  molecular  o r b i t a l  theory (charge t r a n s f e r  t r a n s i t i o n s ) ,  band theory (photoconduc- 
t i v i  t v  and photoemissinn! , theoric: 3 f  n u l e i u l d r  v ib ra t i on .  Re la t i ve  modal abunda~ices 

the r e l a t i v e  s t rengths  o f  bands cont r ibu tea by 
mptions about r e l a t i v e  g ra in  s izes  and homogeneity. 
r a t o r y  spectra are no t  adequate and may be mislead- 

m, sucn as the Moon and Mars, te lescop ic  spectra 
b ta ined and p e t r o l o g i c  u n i t s  i d e n t i f i e d .  Deter-  

spect ra l  and s p a t i a l  reso lu t i on ;  however, the  
rms of  i n t e n s i t i e s  a t  few d iagnost ic  wavelengths, 
s ing  mu1ti:pectral imaging techniques) t o  determine 

i c a t i o n  of  re f lec tance spectroscopy d i f f i c u l t  o r  
an be af fected by low l i g h t  l e v e l s  at;l poor s p a t i a l  
b j e c t s  have t h e i r  surface o p t i c a l  prope;iies modi- 
, which have t o  be understood before accurate 
1  p rope r t i es  of s o i l s  can be s t rong ly  a l t e r e d  by 
ss on the Moon and Hercury, vegetat ion and clouds 
o  a  l esse r  ex tent ,  p o l a r i z a t i o n  e f f e c t s  and r e f l e c -  

t i o n  geometry can a1 so complicate i n t e r p r e t a t i o n s .  
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Fig .  2. Spectral  r e f l e c t i v i t y  of  Apo l lo  12 50 
b a s a l t  powder 12063 and p lag ioc lase and 
pyroxene separates from the same rock. 
I l m n i t e  i s  a syn the t i c  sample (Adams and 
McCord. 1971 ). d Ilmen~te (Synthet~c) 
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These 1 i m i t a t i o n s  notwi thstanding,  the  technique has been successful ly  app l ied  using 
ground-based telescopes; the  compositions of nea r l y  100 as tero ids  have been determined; 
the pyroxene composition, t i t an ium content, s o i l  ma tu r i t y  and mare basa l t  types have been 
determined f o r  u n i t s  across the l una r  surface; the  abundance, type, and water content  of  
f e r r i c  oxides i n  the mar t ian  s o i l s  have been measured; and the presence o f  H20 on the 
Gal i lean s a t e l l i t e s ,  and the r i n g s  and s a t e l l i t e s  o f  Saturn has been detected. Spacecraft 
experiments should extend the ground-based work and acquire basic in format ion about t he  
composit ion o f  s o l a r  system bodies. 

Instmunent System 

Remote Measuremnt. Flyby, o r b i t e r  and rendezvous ni iss io as tero ids  requ i re  
spectrometers o f  some s o r t  w i t h  te lescop ic  fo reop t i cs  t o  gathe, iht and p r o j e c t  an image 
o f  a surface spot. Several spectrometers have been developed f o r  g-ound-based te lescop ic  
observations. These inc lude mu1 t i - d i s c r e t e  i n te r fe rence  fi 1 t e r s  (0.3-2.5 um) , s i n g l e  
detec tor  spectrometers (0.6-5.0 um) , and in te r te romete r  spectrometers (1 .O-2.5 um) . Sev- 
e r a l  broadband photometers have a1 so been used. 

Two instruments have been designed for  spacecraf t  use. A cross disperson esche l l  
spectrograph using 1 inear  arrays of detec tors  (0.35-5.0 urn) has been designed fo r  the  LPO 
mission and a modi f ied vers ion was proposed f o r  t he  G a l i l e o  mission.  This instrument 
gives very wide spect ra l  coverage f o r  on l y  one o r  a few s p a t i a l  elements (because of op- 
t i c a l  aber ra t ions) .  

A second instrument i s  being designed and b u i l t  t o  f l y  on the G a l i l e o  mission. I t  
w i l l  be a s i n g l e  d ispers ion spectrometer using l i n e a r  arrays o f  detec tors  a1 igned along 
the s l i t  image, r a t h e r  than along the spect ra l  d ispers ion as f o r  the o the r  system. This 
instrument has narrower spect ra l  coverage (because o f  order over lap)  but  i t  has the a b i l -  
i t y  t o  image up t o  30 o r  so s p a t i a l  elements simultaneously. 

-1 - 1  
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Sun, distance from ob jec t ,  s p a t i a l  reso lu t i on ,  surface ma te r ia l  albedo), i n t e g r a t i o n  time 
spent on one surface spot (ground t rack  speed, s p a t i a l  resolution), and a e r i a l  coverage 
desired ( type o f  ob jec t ,  t o t a l  t ime spent a t  ob jec t ) .  

I n  S i t u  Msa~tcrsnent. A' land ing mission cou ld  i nvo l ve  some sample rlnal ys i s .  I n  t h i s  
i ' 

case a re f l ec tance  spectrometer could be used t o  make d e t a i l e d  minera log ica l  analyses, j u s t  
as i s  present ly  done i n  t e r r e s t r i a l  l abo ra to r i es .  No such instrument has been designed 
(a1 though many models e x i s t  f o r  labora tory  use) and problems o f  1 i g h t  sources, ca l  i b r a t i o n  
and sample manipulat ion may e x i s t .  

EMISSION SPECTROSCOPY 

I 

The a b i l i t y  o f  a surface t o  r a d i a t e  depends p a r t l y  on the o p t i c a l  p rope r t i es  ( index 
o f  r e f r ~ c t i o n  and e x t i n c t i o n  c o e f f i c i e n t )  o f  the n ia ter ia l  , and these proper t ies  vary w i t h  
the wavelength o f  r a d i a t i o n  emit ted.  So l ids  are  composed of ?ton% and molecules bound i n  
a c r y s t a l  l a t t i c e .  With t h e i r  associated bonds, these form o s c i l l a t o r s  which v i b r a t e  d t  

p re fe r red  frequencies. Near the p re fe r red  v i  b ra t iona I frequencies, bands ( ca l  l e d  r e s t -  
s t rah len  bands) appear i n  the emission spectrum o f  the  s o l i d  (Fiqure 3 ) .  For s i l i c a t e s  
the S i -0  bond i s  responsible f o r  a strong cmi3sion near 10 um. fo r  example. These bands 
can be d iagnost ic  o f  compos i t i  on. 

I 



Fig.  3. Transmission spectra of rocks 
and mineral ground t o  0-5 um and sus- 
pended on a mir ror .  Curves have been 
separated v e r t i c a l l y  f o r  c l a r f  2. Peak 
transmission near 8 vm (250 cm 1 i s  
t y p i c a l l y  about 90% fo r  the rock spectra, 
and ordinate d iv i s ions  are 10%. Shaded 
region o f  the spectrum i s  obscured by 
martian CO l i nes  i n  Mariner 1971 spec- 
t ra .  ~eca fcu la ted  Mariner 1971 nonpolar 
spectra are shown here. Ver t i ca l  arrows 
ind ica te  pos! t i o n  o f  po lar  radiance 
maxima, near which we also expect the 
nonpolar transmission minima (Logan 
st at. , 1975). 
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R a t e  Memwmts .  Several spectrometers o f  the designs (but w i t h  d i f fe ren t  detec- 
to rs )  described under a previous sect ion have been b u i l t  and used on ground-based t e l e -  
scopes. The spectral range covered i s  r es t r i c t ed  t o  the 10 um and 20 um t e r r e s t r i a l  
atmospheric windows . I 

A CVF spectrometer (2-14 um) was flown t o  Mars on the Mariner 6 and 7 missions and i :  -1 1 
an interferometer spectrometer (4-50 was flown t o  Mars on Mariner 9. i :  i 

I + 
I 

I n  ?h's spectral  range the interferometer spectrometer becomes a more p rac t i ca l  a l -  : 1 , 
t e rna t i r e  because o f  the increased wavelength o f  rad ia t ion  observed. The detectors become i i J ; 
mare d i f f i c u l t  t o  handle because o f  the need f o r  cool ing t o  near O°K. Considerable devel- , I  , . 
ooment o f  both the techniques and the instrumentation i s  required t o  make avai lab le  a ' - 1  
dependable experiment. j . !  

In S i t u  Measxnement. As i n  the case o f  shorter wavelength reflectance S p e c t r ~ ~ c o p y ,  
' - . I 

emission spectroscopy can be appl ied on landing missions t o  analyze Sam: -es. Spectroscopy i !  . 1 , 

a t  these energies i s  a standard laboratory technique, as a t  shorter wavelengths, and i n -  ! 

strumentation i s  equal ly undeveloped. Probably the i n  situ measurements would be made 
i n  transmission ra ther  than emission so tha t  sample preparat ion becomes a serious problem. 
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1R RADIOMETRY 

The temperature o f  an i l l um ina ted  p lanetary  surface i s  c o n t r o l l e d  by i n s o l a t i o n  
area presented t o  incoming s u n l i g h t ) ,  surface albedo (amount of  s u n l i g h t  ab- 
and temperature o f  ob jec ts  w i t h i n  the  f i e ld -o f - v iew  o f  the  r a d i a t i n g  surface 
A f te r  sun1 l g h t  i s  c u t  o f f  (e.g. , ecl ipse) ,  t he  r e l a t i v e  importance of  subsur- 

face heat exchange increases r a p i d l y  as the surface cools.  From the s o l u t i o n  of  the  
heat-conduction equat ion one f i n d s  t h a t  the  surface ma te r ia l  p rope r t i es  K (thermal con- 
d u c t i v i t y ) ,  p (dens i ty ) ,  and C (heat capac i ty ) ,  i n  the func t i ona l  form ( K P C ) ~  ( c a l l e d  the 
thermal i n e r t i a ) ,  con t ro l  the  r a t e  o f  coo l ing  o f  a surface, bu t  the  temperature of  ob jec ts  
i n  the f ie ld -o f -v iew o f  the  e m i t t i n g  surface a l so  has an e f f e c t .  

I n f ra red  radiometry i s  the  measurement o f  f l u x  mi t t e d  from a surface. p f?rha~S a t  
several broad spec t ra l  bands, from which an e f fec t i ve  temperature can be derived. Tempera- 
tures o f  an i l l u m i n a t e d  surface, alone, usua l l y  reveal  l i t t l e  about the surface except 

d i 11 uminat ion geometry. Wheit condensates are  present some composit ional i n f o r -  
n be i n f e r r e d  by consider ing f reez ing temperatures. Temperature changes dur ing 

i l l u m i n a t i o n  changes such as an ec l i pse  can g i ve  add i t i ona l  in format ion from the measure- 
ment o f  thermal i n e r t i a .  

Imtna~ent  System 

POLARIMETRY 

Ref lected r a d i a t i o n  can be analyzed i n t o  i t s  two orthogonal planes o f  p o l a r i z a t i o n ,  
one perpendicular  ( I , )  t o  the plane o f  sca t te r i ng  and one p a r a l l e l  (I,,) t o  t h i s  reference 

he plane o f  s c a t t e r i n g  i s  def ined 5; t5e source, surface, and observer. The 
p o l a r i z a t i o n  ( P )  of the r e f l e c t e d  r a d i a t i o n  i s  defined as 

,v* = 18 - It! 
:I + I , ,  

100 

semi -opaque so i  1. 

27 1 

0 



Through computer model i ng techniques a  recent  t h e o r e t i c a l  ana l ys i s  o f  the  way 1  i g h t  
i s  r e f 1 ~ c t e d  and scat te red from a p a r t i c u l a t e  sur face has a1 lowed a  b e t t e r  understanding 
o f  the  physics and u p t i c s  behind the  observed p o l a r i z a t i o n  (see Wolff, 1 9 7 5 ) .  This analy- 
s i s  showed t h a t  the  p o l a r i z a t i o n  versus phase curve i s  t he  r e s u l t  o f  several  factors.  
such as the complex r e f r a c t i v e  index o f  the  p a r t i c l e s  (determined by composi t ion and de- 
f i n i n g  opac i t y ) ,  p o r o s i t y  of t he  s o i l ,  amount o f  shadowing, and p a r t i c l e  s i ze .  For  
example, i f  t he  bas ic  s t r u c t u r e  a f  t he  s o i l  i s  known o r  assumed constant  over a  region,  
then the observed p o l a r i z a t i o n  curve i s  l a r g e l y  a  f unc t i on  o f  the  opac i t y  o f  the  p a r t i c l e s  
and can be used as a  measure o f  albedo w- i ih in  the  l i m i t s  de f ined by the  model. 

Instnunent System 

Systems us ing c r y s t a l  o r  p o l a r o i d  analyses and s i n g l e  detec tors  a r e  i n  common use on 
ground-based telescopes. Spacecraft po lar imeters  have been flown as p a r t  o f  imaging exper- 
iments. Po la ro id  f i l t e r s  are  i n s e r t e d  i n  the  o p t i c a l  pa th  t o  measure p o l a r i z a t i o n .  

MULTISPECTRAL MAPPING 

Technique Description 

The bas ic  study o f  a  p lanetary  surface invo lves  d e f i n i n g  the boundaries and ex ten t  of 
sur face crni t s  and cha rac te r i z i ng  them i n  terms o f  phys ica l  fea tures ,  l i t h o l o g y  c r  chemical 
composit ion. M u l t i s p e c t r a l  mapping i s  an e f f e c t i v e  method f o r  determining the s p a t i a l  ex- 
t e n t  o f  geologic u n i t s  on a  p lanetary  surface. Ground-based te lescop ic  s tud ies  of the Moon 
have been c a r r i e d  ou t  f o r  mare than 60 years, bu t  spacecraf t  missions t o  ob jec t s  o the r  than 
the  Ear th  have seldom included mu1 t i s p e c t r a l  mapping experiments. Developments i n  two- 
dimensional de tec to r  technology and image processing techniques a re  s t i m u l a t i n g  d c t i v i t y  
i n  t h i s  f i e l t .  Increased understanding of the  o p t i c a l  p rope r t i es  o f  p lanetary  surface 
ma te r i a l s  i s  making mu1 t i s p e c t r a l  maps more meaningful. 

M u l t i s p e c t r a l  napping i s  de f ined here as no t  j u s t  the a c q u i s i t i o n  o f  inages a t  several 
wavelengths b u t  a l s o  the  processing o f  images obtained through a t  l e a s t  two d i f f e r e n t  spec- 
t r a l  bandpasses t o  produce a  s i n g l e  irildge encoding c o l o r  in format ion .  Physical  processes 
causing c o l o r  d i f f e rences  across p lanetary  surfaces have r e c e n t l y  become much b e t t e r  under- 
stood and c o l o r  d i f f e rences  a re  becoming a  dependable parameter f o r  d e f i n i n g  and character-  
i z i n g  geologic u n i t s .  As discussed above, the r e f l e c t e d  and emi t ted  spectra o f  p lane ta ry  
surfaces con ta in  absorp t ion  o r  emission f e a t u r ~ s  which are  re la ted  t o  composi t ional  prop- 
e r t i e s .  I n  some cases, the understanding o f  t - sur face-mater ia l  o p t i c a l  p rope r t i es  has 
reached such a  l e v e l  t h a t  d i r e c t  c o r r e l a t i o n  o f  o p t i c a l  parameters can be made w i t h  compo- 
s i  t i o n a l  parameters. For example, the  s lope o f  t he  re f lec tance spectrum between 0.40 and 
0.56 um f o r  mature lunar  mare s o i l  i s  d i r e c t l y  co r re la ted  w i t h  Ti02 content .  B a s a l t i c  
mare u n i t s  can be d i s t i ngu i shed  based on t i t a n i u m  content .  By mapping the  s p a t i a l  d i s t r i -  
bu t i on  o f  the  s lope o f  the re f l ec tance  spectrum using m u l t i s p e c t r a l  imaging techniques, a  
map o f  t i t a n i u m  content  i n  the mare s o i l ,  and thus a  map o f  some mare basa l t  geo log ic  
u n i t s ,  can be obtained.  Other o p t i c a l  and composit ional parameters are co r re la ted ,  b u t  
t h i s  case i l l u s t r a t e s  the  po in t .  

The wavelengths a t  which a  sur face i s  imaged must be chosen w i t h  great  care i n  order  1 ' 
t h a t  the c o l o r  maps b r i n g  o u t  geologic a i d  geochemical fea tures  and so t h a t  the c o l o r  images i I . 

can be i n t e r p r e t e d  i n  terms c f  knotn pb;,;cal processes a f f e c t i n g  the  o p t i c a l  p rope r t i es .  
Poor ly chosen bandpdsses lead t o  massive data reduct ion  exerc ises and r e s u l t  i n  poor u n i t  1 I i  
disc r im ina t i on .  The d i f f e rences  i n  c o l o r  p rope r t i es  which s i g n i f y  composi t ional  d i f fe rences i . r : 

9 .  

are  o f t e n  small (0.1-10%). The p r e c i s i o n  o f  l~ieasurement requ i red  t o  map the appropr ia te  
o p t i c a l  parameters i n  two dimensions has s t ra ined  the a v a i l a b l e  technology. \ \  * , i' . 
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DISCUSSION 

mining how t h a t  body evolved. Ei : : iss i~n spectroscopy may t u r n  o u t  t o  be important  as 
we l l .  I t  i s  l e s s  we l l  understood and has n o t  been p rac t i ced  near ly  as much. There 
i s  a problem i n  t h a t  f o r  the  p a r t i c l e  s i z e  d i s t r i b u t i o n  we f i n d  e x i s t i n g  on the Moon, 
t he  emission fea tures  a re  e s s e n t i a l l y  washed out .  There are complementary features 
c a l l e d  Chr is t iansen peaks which do show up. Very l i t t l e  labora tory  work has been done 
on these. F ina l  l y ,  mapping the temperature of the  surface i s  l ess  i n t e r e s t i n g  t o  me 

1 l - s c a l e  phys ica l  r a t h e r  than chemical 

What can you l e d r n  abotit a body i n  genersl  when you a re  close-up r a t h e r  than through 
a telescope? 

McCORD: There a re  two d e f i n i t i o n s  o f  what close-up i s .  One i s  i n  o r b i t  o r  i n  rendezvous 
a t  some distance.  There one wants t o  take the  geo log ica l  approach o f  de f i n i ng  and 
cha rac te r i z i ng  u n i t s .  With mu1 t i s p e c t r a l  mapping, one would be d e f i n i n g  the  ex ten t  
o f  u n i t s  and w i t h  the  spectroscopic techniques, one would be charac ter iz in :  u n i t s  i n  
terms o f  mineralogy. If one knows the ex tent  and c h a r a c t e r i s t i c s  o f  the  u n i t s  on the  
surface, presumably one could work o u t  an evo lu t i ona ry  h i s t o r y  us ing  the  approaches o f  
c l a s s i c a l  geology. But I would l i k e  t o  go f u r t h e r  and say these techniques can be 
app l i ed  i n  s i t u ,  the second case. I f  one had a l ~ ~ ~ d e r ,  one would want t o  ca r r y  a re -  
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VEVERKA: If you a re  o r b i t i n g  these objects,  the orb1 t a l  v e l o c i t y  i s  very low, and there 
a re  no severe problems w i t h  smear. Ten meter r e s o l u t i o n  i s  poss ib le .  

McCORD: That 's  r i g h t .  So cha rac te r i z ing  a 1 km c r a t e r  would be easy. Now the f i r s t  
quest ion  was coverage and t h a t  depends on what k ind  o f  r e s o l u t i o n  you want. For the 
Lunar Po lar  O r b i t e r  mission, we're t a l k i n g  about mapping w i t h  a s i n g l e  spot o f  about 
1 km and doing the e n t i r e  Moon surface i n  a year. A d i f f e r e n t  instrument being b u i l t  
f o r  t he  G a l i l e o  mission maps s p a t i a l  elements s imul tanmusly  but  w i t h  fewer spect ra l  
elements. Both instruments work a t  about t he  same speed. 

MQRRISON: The Moon i s  a f a c t o r  o f  ten Iarget. than Ceres i n  surface area, sc f o r  a t y p i -  
ca l  60 day rendezvous time, you cou ld  s p e c t r a l l y  map a l l  o f  Ceres a t  1 km. Perhaps 
you'd want h igher resolution f o r  selected areas, too. 

FANALE: I t  i s  w i t h i n  the r a p a b i l i t i e s  c f  these instruments t o  do a very e x c i t i n g  exper i -  
ment t o  g i ve  a d e t a i l e d  map o f  the d i s t r i b u t i o n  o f  the  water and OH on the surface of  
these objects.  

MORRISON: Could I ask one o f  you invo lved w i t h  the G a l i l e o  imaging t o  comnent on the 
degree t o  which the  CCD imagins system can accomplish the spect ra l  mapping goals and 
r e l i e v e  the pressure somewhat on the  kinds o f  instruments McCord has discussed? 

CHAPMAN: The CCD has a broader spect ra l  coverage than o the r  cameras t h a t  have been flown 
but  no t  as broad as i s  needed f o r  good mineralogy. We d o n ' t  have a CCD camera tha t  
goes ou t  t o  5 um. 

VEVERKA: I th ink  the o the r  problem i s  tha t  obviously you are  l i k e l y  t o  have a l i m i t e d  
number o f  f i l t e r s  on a CCD camera. You do no t  have the a b i l  i t y  t o  do the k ind  of 
spec t ra l  cha rac te r i za t i on  we want. 




