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ABSTRACT 

I n f r a r e d  e m i s s i v i t y  comparison s p e c t r a  o f  &ne areas 

on t h e  lunar s u r f a c e ,  each 40 km i n  diameter, i n d i c a t e  that  

t h e  m a j o r i t y  o f  t h e  lunar s u r f a c e ,  i n c l u d i n g  t h e  f i v e  p r i m e  

Apollo s i t e s ,  has  a c o n s t a n t  Si:O r a t i o  so far as p r e s e n t  i n -  

f r a r e d  t echn iques  are able t o  d e t e c t .  However, an anomaly i n  

t h e  8 - 9~ r e g i o n  o f  t he  emiss iv i ty  spectrum o f  t h e  c r a t e r  

P l a t o  i s  i n t e r p r e t e d  as ev idence  o f  s i g n i f i c a n t l y  d i f f e r e n t  

S i : O  r a t i o  i n  the  m i n e r a l  assemblage exposed on t h a t  s u r f a c e .  
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PREFACE 

TR-69-340-2 

T h i s  pape r  r e p r e s e n t s  t h e  f a r - i n f r a r e d  p o r t i o n  of  

a m u l t i s p e c t r a l  s t u d y  of  t h e  pr ime Apollo s i tes  c a r r i e d  o u t  

a t  Mount Wilson between June  and October  1968.  Complimentary 

measurements were made i n  t h e  v i s i b l e  and n e a r  i n f r a r e d  wave- 

l e n g t h  r e g i o n s  by T .  B ,  McCord, T .  V .  Johnson,  and H.  H .  Kief fe r .  

B. C .  Murray had o v e r a l l  r e s p o n s i b i l i t y  f o r  t h e  s y n t h e s i s  of t h e  

f i n d i n g s .  A combined r e p o r t  on a l l  phases  of  t h e  s t u d y  w i l l  b e  

p u b l i s h e d  e l sewhere .  
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DIFFERqNCES BETWEEN PROPOSED APOLLO SITES 

F a r  I n f r a r e d  E m i s s i v i t y  Evidence 

INTROD UCT 5 ON 

A s e a r c h  was made for d i f f e r e n c e s  i n  s p e c t r a l  
e m i s s i v i t y ,  i n  t h e  8-1.3~ r e g i o n ,  between t h e  f i v e  prime 
Apol lo  l u n a r  l a n d i n g  s i tes  and o t h e r  s e l e c t e d  p o i n t s  on 
t h e  lunar s u r f a c e .  The o b s e r v a t i o n s  were made on the  Mt. 
Wilson 2 4  i n c h  t e l e s c o p e  u s i n g  equipment and methods desc r ibed  
by  Goe'cz (1968)  and Goetz and Westphal ( 1 9 6 7 ) .  No large s c a l e  
d i f f e r e n c e s  were found. However, 
c r i b e d  p r e v i o u s l y  b y  Goetz (1968) 
were v e r i f i e d .  

METHOD 

Ra t ios  o f  two d i f f e r e n t  

e m i s s i v i t y  d i f f e r e n c e s  des- 
a t  o t h e r  l u n a r  l o c a l i t i e s  

emiss ion  s p e c t r a  acqu i r ed  
s e q u e n t i a l l y ,  are formed. A l e a s t - s q u a r e s  f i t  of a second 
o r d e r  polynomial  to t h e  r a t i o  i s  made i n  o r d e r  to remove t h e  
e f f e c t  of  d i f f e r e n t  s u r f a c e  t empera tu res  and long  t e r m  atmos- 
p h e r i c  t r a n s m i s s i o n  v a r i a t i o n s ,  A percen tage  d i f f e r e n c e  be- 
tween t h e  polynomial  and t h e  q u o t i e n t ,  c a l l e d  a " r e s i d u a l " ,  
i s  formed. The r e s idua l  has t h e  form 

where E ( A )  and E ( A )  are t h e  r e s p e c t i v e  s p e c t r a l  e m i s s i v i t i e s  

of each p o i n t  on t h e  l u n a r  s u r f a c e  and A ( ' h )  i s  the  s h o r t  p e r i o d  
atmospheric  t r a n s m i s s i o n  v a r i a t i o n  no t  removed by t h e  r a t i o i n g  
p r o c e s s .  The A (  A )  arises because t he  atmospheric  t r a n s m i s s i o n  
has temporal  v a r i a t i o n s  which do n o t  "cance l"  when t h e  r a t i o  of 
two emiss ion  s p e c t r a  i s  formed. A weighted average o f  a number 
of se t s  o f  r e s i d u a l s  o f  t h e  same p a i r  of  p o i n t s  i s  formed to 
reduce the  e f f e c t  of  A ( A ) .  S ince  emissivi t ies  o f  t he  l u n a r  s u r -  
f a c e  approach u n i t y  the  averaged va lue  o f  t h e  r e s i d u a l  approaches 

1 2 
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An E b e r t - F a s t i e  t y p e  spec t rome,er  coupled  w i t h  a m e r -  
cury doped germanium d e t e c t o r  was used  i n  c o n j u n c t i o n  w i t h  a 
two beam photometer .  Wavelength r e s o l u t i o n  ave raged  . 0 8 p .  A 
2 7  a r c  second e n t r a n c e  diaphragm was used.  Output  was d i g i t i z e d  
for e a s e  of data r e d u c t i o n .  

OBSERVATIONS 

Lunar s p e c t r a  were o b t a i n e d  d u r i n g  t h e  months of June  
through October ,  1968. Lunar p o s i t i o n s  observed  a l o n g  w i t h  t h e  
number of  s p e c t r a  t a k e n  are l i s t e d  i n  T a b l e  I .  U n f o r t u n a t e l y ,  
a t  most times data had t o  be  c o l l e c t e d  d u r i n g  p e r i o d s  of l a r g e  
s o u t h e r l y  d e c l i n a t i o n .  The r e s u l t i n g  h i g h  a i r  mass numbers, 
coupled w i t h  unusua l ly  humid o b s e r v i n g  c o n d i t i o n s ,  r e s u l t e d  i n  
a l a r g e  number o f  s p e c t r a  b e i n g  r e j e c t e d .  

RESULTS 

F i g u r e  1 shows t h e  r e s i d u a l  s p e c t r a l  d i f f e r e n c e s  of 
three Apollo s i t e s ,  I I P 6  ( T r a n q u i l l i t a t i s ) ,  I I P 8  ( S i n u s  Medii) 
and I I I P l l  ( P r o c e l l a r u m ) ,  used  as comparison s t a n d a r d s  i n  t h i s  
s t u d y .  Dev ia t ions  from z e r o  co r re spond  to s p e c t r a l  e m i s s i v i t y  
d i f f e r e n c e s  between t h e  s i t e s .  Comparison s p e c t r a  of each  
s i t e  w i t h  r e s p e c t  t o  i t s e l f  are i n c l u d e d  to d e f i n e  conf idence  
l i m i t s .  I d e a l l y  these  r e s i d u a l s  s h o u l d  be  z e r o  th roughou t  the  
spec t rum.  Dev ia t ions  from z e r o  arise when a tmosphe r i c  t r a n s -  
mis s ion  v a r i a t i o n s  are n o t  comple te ly  removed by ave rag ing .  
The t r a n s m i s s i o n  i n  t h e  9 - l o p  r e g i o n  i s  s t r o n g l y  governed by 
t h e  a tmospher ic  ozone a b s o r p t i o n  band. It i s  g e n e r a l l y  n o t  
p o s s i b l e  to remove e n t i r e l y  t h e  e f f e c t s  of  t h i s  band by averag-  
i n g .  I n  t h e  d i f f e r e n c e  s p e c t r a ,  no d e v i a t i o n  i s  found t h a t  
does not  cor respond to a p r o b a b l e  a tmosphe r i c  f l u c t u a t i o n  as 
ev idenced  i n  t h e  conf idence  s p e c t r a .  

F igu re  2 shows t h e  I I P 1 3  Apollo s i t e  as w e l l  as 
s p e c t r a  o f  s e v e r a l  p o i n t s  o u t s i d e  t h e  Apollo zone. F o r  t h e  
sake of b r e v i t y  the  conf idence  s p e c t r a  are n o t  shown. I I P 1 3  
e x h i b i t s  no s i g n i f i c a n t  d i f f e r e n c e  from t h e  o t h e r  Apollo s i t e s .  
A r i s t a r c h u s ,  shown by de ta i led  O r b i t e r  photography t o  be one of 
t h e  f r e s h e s t  l a r g e  impact, f e a t u r e s  on the  v i s i b l e  p o r t i o n  of 
the l u n a r  s u r f a c e ,  does  no t  e x h i b i t  any impor t an t  d i f f e r e n c e s  
w i t h  r e s p e c t  t o  I I P 1 3  n o r ,  by f i g u r e  1, t o  any o f  t h e  o t h e r  
s i t e s .  This r e s u l t  has i m p o r t a n t  b e a r i n g  on t h e  r e l a t i o n s h i p  
between i n f r a r e d  and c o l o r  anomal ies .  A r i s t a r c h u s  e x h i b i t s  one 
of t h e  s t r o n g e s t  b l u e  anomalies  r e c o r d e d  on t h e  l u n a r  s u r f a c e  
(McCord, 1 9 6 9 ) .  The p o i n t  Mare Humorum 2 i s  l o c a t e d  on a l i n e a r  
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thermal anomaly reported by Hunt et. al. (1968). Unfortunately 
only one good pair of spectra was available. However, no 
obvious spectral differences are present. 

Plato/Copernicus exhibits the same anomalous deviation 
in the 8.2-9~ region as reported by Goetz (1968). Plato/IIP6 
shows similar behavior, reinforcing the argument that the origin 
of the anomalous spectral emissivity behavior is in fact in Plato. 

INTERPRETATION 

Previous work (Goetz, 1968) has shown that a wide range 
of lunar features including maria, highlands, and bright ray 
craters, exhibit little or no differences in spectral emissivity 
in the 8-13p wavelength region. Therefore, it is not surprising 
that no significant differences are found between Apollo landing 
sites, in spite of differences in apparent age shown by crater 
counts and regolith thickness (Oberbeck and Quaide, 1969). 
Regolith thickness has been shown to be approximately the same 
for the sites IIP2, IIP6, and IIP13. However, IIP8 exhibits 
a significantly thicker and IIIPll a thinner surface layer. 

The thermal emissivity of a surface is governed by com- 
position and texture. When the particle size or roughness of the 
surface is large compared to the emitted radiation, emission from 
silicates in the 8 - 1 3 ~  region is characterized by high reflection 
features called reststrahlen bands produced by Si-0 lattice 
stretching vibrations. The location of these reststrahlen bands 
is diagnostic of the silicon to oxygen ratio and associated coor- 
dination number in the mineral (Launer, 1952). These bands are 
most readily detected in polished or very coarsely ground samples. 
With decreasing particle size or roughness these spectral emission 
features become generally subdued. If the particle size is de- 
creased to below 50 microns virtually all reststrahlen features 
disappear. 

When the particle size is of the order of the emitted 
radiation wavelength, new features arise because of scattering 
effects (Conel, 1969). One prominent feature is an emissivity 
maximum at or near the principal Christiansen frequency, the 
frequency of maximum transmission as measured in powder films. 
Laboratory spectra exhibit a peak to trough signal difference 
of about 3%. 

The observation that the emission signatures of the Apollo 
sites are similar can therefore be interpreted in three ways: (1) 
The regions a.re compositionally* ,homogeneous (averaged over a 40 km 
area) and the textural variations are not sufficient to significantly 

f 
Compositionally homogeneous here means principally homo- 

geneous in Si:O ratio. For example, variation in pyroxene type 
between sites, but no significant variation in Si:O coordination 
number, probably would not produce an observable change in the 
emission signatures. 
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modify t h e  emiss ion  s p e c t r a ;  or ( 2 )  t h e  areas are c o m p o s i t i o n a l l y  
he t e rogeneous  and t h e  p a r t i c l e  s i z e s  are small enough t o  subdue 
any r e s t s t r a h l e n  bands and n o t  so  small as t o  induce  C h r i s t i a n s e n  
f e a t u r e s ;  or ( 3 )  some s u r f a c e  a l t e r a t i o n  has produced a " sk in"  which 
o b s c u r e s  t h e  emiss ion  f e a t u r e s  o f  t h e  b u l k  compos i t ions .  

The second h y p o t h e s i s  meets w i t h  d i f f i c u l t y  i n  view 
of t he  f a c t  t ha t  o u r  e x t r a p o l a t i o n  of Surveyor  I ,  111, V,  and V I  
data i n d i c a t e s  tha t  g r e a t e r  t h a n  80% of t h e  p a r t i c l e s  composing 
the  s u r f a c e  are smaller t h a n  5 0 ~ .  I f  the  areas are q u i t e  com- 
p o s i t i o n a l l y  d i ss imi la r  and t h e  observed  form of t h e  p a r t i c l e  
s i z e  d i s t r i b u t i o n  c o n t i n u e s  i n t o  t h e  r a n g e  of  a f e w  microns ,  
C h r i s t i a n s e n  f e a t u r e s  a r i s e ,  The most a c c e p t a b l e  h y p o t h e s i s  
i s ,  t h e n ,  t h a t  t h e  Apollo s i tes  are c o m p o s i t i o n a l l y  similar or 
p o s s e s s  s u r f a c e  a l t e r a t i o n s  producing  " sk ins"  which are com- 
p o s i t i o n a l l y  similar,  

The b e h a v i o r  of t he  d i f f e r e n c e  s p e c t r a  of P l a t o  v e r s u s  
IIP6 and Copernicus i n  t h e  8-911 r e g i o n  shown i n  F i g u r e  2 ,  i s  
i d e n t i c a l  to t h a t  shown by Goetz (19683, P l a t o  i s  the  only  p o i n t  
measured i n  e i ther  s t u d y  which showed c o n s i s t e n t  s p e c t r a l  d i f f e r -  
e n c e s ,  The f a c t  t h a t  t he  emiss ion  s i g n a t u r e  of P l a t o  d i f f e r s  from 
t h e  Apollo s i t e s  can  b e  accounted  f o r  i n  s e v e r a l  ways, F i r s t ,  i f  
P l a t o  i s  c o m p o s i t i o n a l l y  d i f f e r e n t  and the  o v e r a l l  t e x t u r e  of t h e  
s i t e s  i s  c o a r s e  enough s o  t h a t  r e s t s t r a h l e n  bands were dominant i n  
t h e  emis s ion  s i g n a t u r e ,  one would conclude  t h a t  t h e  Apollo s i t e s  
had a s i g n i f i c a n t  c o n t e n t  of  f ree  q u a r t z ,  The c o n t e n t  of f r ee  
q u a r t z  would probably  b e  s i g n i f i c a n t l y  h i g h e r  t h a n  i n d i c a t e d  by 
t h e  observed  s p e c t r a l  v a r i a t i o n  because  t e x t u r e  undoubtedly sub- 
dues  t h e s e  f e a t u r e s  t o  some e x t e n t .  T h i s  c o n c l u s i o n  i s  no t  com- 
p a t i b l e  w i t h  ev idence  from the  Surveyor  a lpha  s c a t t e r i n g  expe r imen t s  
which i n d i c a t e  that  areas i n  t h e  r e g i o n  of  t h e  Apollo s i t e s  do n o t  
c o n t a i n  s i g n i f i c a n t  amounts o f  q u a r t z .  

A second p o s s i b l e  e x p l a n a t i o n  f o r  t h e  observed  anomaly 
i s  that the  composi t ion  i s  similar between P l a t o  and the  Apollo 
s i t e s  b u t  t h e  t e x t u r e  of  P l a t o  mod i f i e s  t h e  emis s ion  spectrum 
d i f f e r e n t l y  t h a n  does  t h a t  o f  t h e  Apollo s i t e s ,  Surveyor  data 
i n d i c a t e s  t h a t  t h e  small p a r t i c l e  d i s t r i b u t i o n s  are similar 
between s i t e s  even f o r  "young" r e g i o n s  such  as Tycho, P l a t o  
does n o t  e x h i b i t  any macroscoplc  f e a t u r e s  which i n d i c a t e  a 
"young" s u r f a c e ,  and i t s  t e x t u r e  i s  most l i k e l y  similar t o  that  
of  t he  Apo l lo  s i tes ,  b a r r i n g  any r e c e n t  s u r f a c e  a l t e r a t i o n .  How 
e v e r ,  there  i s  no ev idence  of r e c e n t  a c t i v i t y  i n  P l a t o  as t h e r e  
i s  f o r  example i n  A r i s t a r c h u s  and i n  t h e  f l o o r  o f  Alphonsus,  b o t h  
of which do n o t  e x h i b i t  s p e c t r a l  infrared anomal i e s ,  
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The t h i r d  and most l i k e l y  p o s s i b i l i t y  f o r  t h e  cause  
o f  t h e  anomaly i n  P l a t o  i s  t h a t  there  i s  l i t t l e  t e x t u r a l  v a r i -  
a t i o n  between P l a t o  and the  Apollo s i t e s ,  b u t  t h a t  t he  S i t 0  r a t i o  
of P l a t o  d i f f e r s  from t h a t  of  t h e  Apollo s i tes  and the observed  
s p e c t r a l  f e a t u r e  i n  P l a t o  i s  due to a d i f f e r i n g  C h r i s t i a n s e n  
v i b r a t i o n  f r e q u e n c y ,  T h i s  h y p o t h e s i s  i s  compa t ib l e  w i t h  Surveyor  
data r e g a r d i n g  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  morpho log ica l  ev idence  
from the O r b i t e r  photography,  and does  n o t  r e q u i r e  a high q u a r t z  
c o n t e n t  i n  t he  Apollo s i t e s ,  s i n c e  t h e  observed  s p e c t r a l  anomaly 
c o u l d  ar ise  from t h e  p r e s e n c e  o r  absence  of  a c o n s i d e r a b l e  
v a r i e t y  of m i n e r a l s  g e n e r a l l y  compat ib le  w i t h  t h e  a lpha-  
s c a t t e r i n g  data. 

SUMMARY AND CONCLUSION 

I n  view o f  t h e  p r e c e d i n g  e v a l u a t i o n  of t h e  pos- 
s i b l e  causes  f o r  t h e  absence o f  s p e c t r a l  e m i s s i v i t y  
d i f f e r e n c e s  between t h e  Apollo s i t e s  and f o r  t h e  anomaly 
e x i s t e n t  i n  P l a t o ,  t h e  most l i k e l y  h y p o t h e s i s  i s  t h a t  t h e  
mine ra l  assemblages are similar between Apollo s i t e s  w i t h -  
i n  t he  s e n s i t i v i t y  o f  t h e  method, and t h a t  t h e  m i n e r a l  
assemblage o f  P l a t o  d i f f e r s  i n  some way from these  assemblages. 
T h i s  d i f f e r e n c e  might ar ise ,  f o r  example, from d i f f e r e n t  
r e l a t i v e  c o n t e n t s  of  pyroxenes ,  amphiboles ,  p l a g i o c l a s e  f e ld -  
spars o r  o l i v i n e s  o r  some v a r i a t i o n  n o t  s e e n  i n  t e r r e s t i a l  
rocks  which have d i f f e r e n t  S i  : 0 r a t i o s .  

F i n a l l y  w e  shou ld  n o t e  t h a t  o u r  o b s e r v a t i o n s  cannot  
r u l e  o u t  t he  ad hoc p o s s i b i l i t y  t h a t  some ynknown s u r f a c e  
a l t e r a t i o n  o r  combinat ion o f  a l t e r a t i o n s  i s  p r e s e n t  i n  P l a t o  

bo th .  
on ly ,  i s  p r e s e n t  i n  t h e  

L ,  A ,  Soderblom 20 15-AFHG- t l a  

Attachments 
References  
Table  I 
F i g u r e s  1 and 2 
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