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ABSTRACT 

The photographic  data  obta ined  by the  Ranger (VII ,  V I 1 1  and IX),  t h e  
Surveyor I ,  t h e  O r b i t e r  I ,  I1 and 111, and R u s s i a ' s  Luna I X  and XI11 space  
v e h i c l e s  have been ana lyzed  and i n t e r p r e t e d  i n  t h e  development of l u n a r  
t e r r a i n  models f o r  use  i n  the  des ign  of  l u n a r  rov ing  v e h i c l e s .  An a t t e m p t  
has  been made t o  make t h e  des ign  c r i t e r i a  as r e a l i s t i c  as p o s s i b l e  w i t h  
t h e  in fo rma t ion  now a v a i l a b l e  from t h e s e  l u n a r  probes .  A s  a d d i t i o n a l  
i n fo rma t ion  abou t  t h e  l u n a r  s u r f a c e  is ga ined  from a d d i t i o n a l  f l i g h t s  of 
t he  Surveyor s e r i e s ,  t h e s e  models w i l l  be  r e -eva lua ted  and r e v i s e d  when- 
eve r  necessa ry .  
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LUNAR ENVIRONMENT: DESIGN C R I T E R I A  MODELS FOR USE 

I N  LUNAR SURFACE MOBILITY STUDIES 

SUMMARY 

A s e r i e s  of b a s e l i n e  models has  been developed f o r  use  i n  t h e  d e s i g n  
of l u n a r  r o v i n g  v e h i c l e s  f o r  manned l u n a r  e x p l o r a t i o n .  The m o b i l i t y  
c a p a b i l i t i y  requi rements  of a l u n a r  roving  v e h i c l e  m u s t  be  e s t a b l i s h e d  a t  
t h e  p r e s e n t  t ime on d a t a  ob ta ined  from t h e  i n t e r p r e t a t i o n  of t h e  photo- 
g r a p h i c  da ta  of Ranger, Surveyor ,  and O r b i t e r ,  and t h e  Russian Luna I X  
and X I 1 1  p robes .  The models presented  i n  t h i s  r e p o r t  a r e  based on t h e  
a u t h o r ' s  i n t e r p r e t a t i o n  of t h e s e  photographic  da t a ,  on a review of t h e  
l i t e r a t u r e ,  and on e x t e n s i v e  d i s c u s s i o n s  w i t h  r e p r e s e n t a t i v e s  of such  
a g e n c i e s  as JPL, USGS Branch of Astrogeology,  and t h e  Lunar and P l a n e t a r y  
Labora tory  of t h e  U n i v e r s i t y  of Arizona.  The l i t e r a t u r e  survey ,  as w e l l  
as t h e  p e r s o n a l  d i s c u s s i o n s ,  r e v e a l e d  t h a t  personnel  of t h e  s c i e n t i f i c  
community who a r e  p r i m a r i l y  concerned w i t h  i n t e r p r e t a t i o n  of t h e  da ta  
obta ined  by t h e  cameras of  t h e  v a r i o u s  l u n a r  probes a r e  n o t  i n  complete 
agreement among themselves s o ,  of course ,  complete agreement w i t h  t h e  
i n t e r p r e t a t i o n s  presented  h e r e i n  cannot  be a n t i c i p a t e d .  One of  t h e  d i f f i -  
c u l t i e s  stems from t h e  f a c t  t h a t  t h e  photographs from t h e  v a r i o u s  probes 
a r e  of d i f f e r e n t  a r e a s  of mare s u r f a c e  s o  t h a t  r e a l  geophys ica l  d i f f e r -  
ences and d i f f e r e n c e s  i n  i n t e r p r e t a t i o n  are  i n t e r m i n g l e d .  S ince  t h e  b e s t  
a v a i l a b l e  d a t a  have been obta ined  from t h i s  l u n a r  photography, a g r e a t  
d e a l  of r e l i a n c e  a t  t h e  p r e s e n t  t i m e  has been placed on t h e s e  data f o r  
purposes of e s t a b l i s h i n g  d e s i g n  c r i t e r i a  f o r  l u n a r  r o v i n g  v e h i c l e s .  

I. INTRODUCTION 

The Ranger, O r b i t e r ,  and t h e  Surveyor programs were e s t a b l i s h e d  f o r  
t h e  purpose of o b t a i n i n g  t h e  most in format ion  p o s s i b l e  about  t h e  s u r f a c e  
and environment of t h e  moon f o r  use i n  de te rmining  t h e  requi rements  f o r  
e v e n t u a l l y  landing  a man on t h e  moon, f o r  h i s  s u r v i v a l  i n  t h i s  unique 
environment,  and f o r  e x p l o r a t i o n  of t h e  l u n a r  s u r f a c e .  Although t h e s e  
l u n a r  probes have y i e l d e d  a w e a l t h  of photographic  informat ion  about  t h e  
l u n a r  environment,  t h e r e  i s  much disagreement  among s c i e n t i s t s  r e g a r d i n g  
t h e  i n t e r p r e t a t i o n  of such  da ta ,  e s p e c i a l l y  i n  de te rmining  t h e  b e a r i n g  
s t r e n g t h  and cohes iveness  of s o i l  and whether  t h e  s u r f a c e  f e a t u r e s  are  
due t o  v o l c a n i c  a c t i v i t y  o r  meteoroid impact.  
s i g n i f i c a n c e  n o t  o n l y  f o r  s a f e l y  landing  a man on t h e  moon, b u t  a l s o  f o r  
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h i s  m o b i l i t y  wh i l e  on t h e  s u r f a c e ,  and f o r  h i s  s a f e  r e t u r n  t o  e a r t h .  
The v a r i o u s  data  have been i n t e r p r e t e d  i n  t h i s  r e p o r t  s p e c i f i c a l l y  f o r  
t h e  development of l u n a r  t e r r a i n  models on which t o  base  des ign  c r i t e r i a  
f o r  l u n a r  rov ing  v e h i c l e s .  

The mare a r e a s  on the  moon, such  as Oceanus Procellanum where the  
Surveyor I landed a t  06:17:37  GMT on June  2 ,  1966, were be l i eved  t o  be 
t h e  smoothest  and most s u i t a b l e  f o r  a landing  s i t e  f o r  manned s p a c e c r a f t .  
The mare t e r r a i n  models i n  t h i s  r e p o r t ,  t h e r e f o r e ,  a r e  based on photo- 
g r a p h i c  in fo rma t ion  of  t h i s  a r e a ,  and o t h e r  mare a r e a s ,  from the  O r b i t e r  
s e r i e s  ( f o r  c r a t e r  coun t )  and from the  Surveyor I s p a c e c r a f t  ( f o r  boulder  
count ,  s u r f a c e  roughness ,  and s o i l  t e x t u r e ) .  

Cur ren t  l u n a r  e x p l o r a t i o n  v e h i c l e s  were des igned  on the  b a s i s  of 
l e s s  a c c u r a t e  in fo rma t ion  than  i s  now a v a i l a b l e  as a r e s u l t  of t he  
v a r i o u s  programs r e f e r e n c e d  above. The au tho r  b e l i e v e s  t h a t  t he  d a r k ,  
regiona1,smooth-rayed,  and rough-rayed mare models p re sen ted  h e r e i n  a r e  
t h e  most r e a l i s t i c  p o s s i b l e  based on the  da t a  now a v a i l a b l e .  While 
t h e s e  models were be ing  developed,  t he  Surveyor 111 s u c c e s s f u l l y  s o f t -  
landed on t h e  moon on A p r i l  20,  1967. Before  the r e p o r t  w a s  c o m p l e t e d ,  
Surveyor  V made a s u c c e s s f u l  s o f t - l a n d i n g  on September 10 ,  1967. Data 
from b o t h  o f  t h e s e  s p a c e c r a f t ,  when they  have been ana lyzed  and become 
a v a i l a b l e ,  should  r e s u l t  i n  even more r e a l i s t i c  models t h a t  a r e  a p p l i -  
c a b l e  t o  b roade r  areas of  t h e  maria. A l s o ,  photographs of h i g h e r  
r e s o l u t i o n  from O r b i t e r  I V  and V s p a c e c r a f t  w i l l  become a v a i l a b l e .  
Thus, t h e  "guesses"  and e s t i m a t e s  w i l l  be  g r a d u a l l y  removed, more r e a l -  
i s t i c  l u n a r  s u r f a c e  models w i l l  be  d e f i n e d ,  and b e t t e r  l u n a r  v e h i c l e s  
can be  des igned .  

A .  Composition of t h e  Mare Sur face  

1. Luna I X  and X I 1 1  Data 

R u s s i a ' s  Luna I X  s p a c e c r a f t ,  a f t e r  s u r v i v i n g  t h e  impact of 
l and ing ,  provided a w e a l t h  of  photographic  in fo rma t ion  abou t  t he  mare 
areas of t h e  l u n a r  s u r f a c e ,  e s p e c i a l l y  t h e  b e a r i n g  s t r e n g t h  and cohe- 
s i o n  of  t h e  s o i l .  The f a c t  t h a t  t h e  s p a c e c r a f t  d id  n o t  s i n k  i n  the  
s o i l  t o  any a p p r e c i a b l e  dep th  impl i e s  t h a t  t h e  mare s u r f a c e  does indeed 
have a f i n i t e  b e a r i n g  s t r e n g t h ,  e s t ima ted  by S c o t t  i n  h i s  a n a l y s i s  [l] 
a t  abou t  2 t o  4 p s i .  Luna IX, which landed ir. Oceanus Proce l la rum,  
produced t h e  f i r s t  photographs of s m a l l - s c a l e  l u n a r  s t r u c t u r e s .  One 
photograph ( f i g u r e  1) showed many bou lde r s  r ang ing  i n  s i z e  from t h r e e  
meters  t o  s m a l l e r  than  10 cm and many c r a t e r s  some as l a r g e  as 1 7  meters  
i n  d i ame te r ,  t h e  s m a l l e r  ones producing a n  undu la t ing  appearance  of t he  
t e r r a i n .  The Luna I X  cameras a l s o  photographed numerous small  rocks  
t h a t ,  even though they  had landed a t  some v e l o c i t y ,  seemed no t  t o  have 
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pene t r a t ed  t h e  s o i l  t o  any  g r e a t  dep th .  The mare s o i l  appeared v e s i c u -  
l a t e d ,  o r  composed of  a rubb le  of  f ine -g ra ined  m a t e r i a l .  The q u e s t i o n  
s t i l l  remains ,  however, as t o  whether  t he  s o i l  a t  t h e  Luna I X  l and ing  
s i t e  i s  of  v o l c a n i c  a c t i v i t y  o r  m e t e o r i t e  i m p a c t  o r i g i n .  It could have 
been c r e a t e d  by v o l c a n i c  a c t i o n  because o f  i t s  s i m i l a r i t y , a s  s e e n  i n  
t h e  photography,  t o  sco r i aceous  l a v a  of t he  AA type .  On t h e  o t h e r  
hand, t he  f i n e - g r a i n e d  m a t e r i a l  could be  t h e  r e s u l t  of meteoroid impact 
because of  i t s  s i m i l a r i t y  t o  e j e c t a  from meteoro ids  s t r i k i n g  the  e a r t h  
and t o  e j e c t a  from underground n u c l e a r  exp los ions .  

Luna I X  a l s o  provided some i n d i c a t i o n  of  t h e  cohes iveness  of  
t he  mare s o i l .  This  i n fo rma t ion  w a s  ob ta ined  i n  a s t u d y  by the  a u t h o r  
[.2] of  s t e r e o s c o p i c  images of t he  small c r a t e r s  a t  t h e  Luna I X  land-  
ing  s i t e .  Some of t h e s e  c r a t e r s  appea r  t o  have r a i s e d  r i m s ;  i f  t h i s  
a n a l y s i s  i s  c o r r e c t ,  t h e  s o i l  around the  r i m s  of  t h e  craters is cohes ive  
t o  some e x t e n t ,  based on s t u d i e s  of t e r r e s t r i a l  c r a t e r s  by Gaul t  and 
Q u a i d e  [ 3 ]  and Moore and Shoemaker [ 4 ] .  

Luna X I 1 1  [ 5 ]  data i n d i c a t e d  t h a t  t h e  mare s u r f a c e  a t  t h e  land-  
ing  s i t e  was n o t  hard  r o c k  as supposed by some, b u t  t h e  upper l a y e r s  
(7.7 t o  27.9 cm) of t he  s u r f a c e  had a d e n s i t y  of approximate ly  1 gramfcc.  
The Luna X I 1 1  photographs provided a d d i t i o n a l  i n fo rma t ion  on t h e  s i z e  
and d i s t r i b u t i o n  of c r a t e r s  and r o c k - l i k e  o b j e c t s  a l r e a d y  seen  i n  t h e  
Luna IX photographs.  F igu re  2 ,  a p l o t  o f  t he  d i s t r i b u t i o n  of bou lde r s  
as seen  i n  t h e  Luna I X  photography,  w a s  produced by Smith i n  r e f e r e n c e  
14 .  

The cameras on the  Luna I X  and Luna X I 1 1  s p a c e c r a f t  d id  not  
produce enough in fo rma t ion  t o  e s t a b l i s h  whether  t h e  s u r f a c e  f e a t u r e s  
they  photographed were of v o l c a n i c  o r i g i n  o r  whether  they  were produced 
by meteoroid impact.  However, Luna Ix  gave u s  the  f i r s t  look a t  t h e  
s u r f a c e  of  t h e  moon a t  c l o s e  r ange ,  and he lped  t o  e s t a b l i s h  t h e  f a c t  
t h a t ,  i n s o f a r  as the  s u r f a c e  bea r ing  s t r e n g t h  and cohes iveness  was 
concerned ,  man and h i s  equipment cou ld  l a n d  and o p e r a t e  on t h e  l u n a r  
s u r f a c e  f o r  some per iod  of t ime. 

2 .  Surveyor I and O r b i t e r s  I, I1 and 111 Data 

Surveyor  I s o f t - l a n d e d  on the  f l o o r  of Oceanus Proce l la rum on 
June 2 ,  1966, abou t  5 months a f t e r  t h e  Luna I X  had landed .  The photo- 
graphs from t h e  Surveyor  I were of  h i g h e r  r e s o l u t i o n  and thus  gave a 
b e t t e r  i n d i c a t i o n  of t h e  a c t u a l  t e x t u r e  of t h e  s o i l  a t  i t s  l and ing  s i t e .  
A s  a m a t t e r  of f a c t ,  i t  was d e f i n i t e l y  e s t a b l i s h e d  t h a t  t h e  s o i l  a t  
t he  Surveyor I s i t e  i s  composed of a mix tu re  of f i n e - g r a i n e d  p a r t i c l e s  
( f i g u r e  3 )  and i s  l i t t e r e d  i n  some a r e a s  w i t h  bou lde r s  and e j e c t a  ( f i g -  
u re s  4 and 5 ) .  A l so ,  t h e  t e r r a i n  as seen  by t h e  Surveyor I cameras i s  
pockmarked w i t h  numerous c r a t e r s  ranging  i n  s i z e  from a few cen t ime te r s  
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t o  80 meters  i n  d i ame te r .  The s m a l l e r  c r a t e r s  ( s ee  f i g u r e  6 ) ,  ranging  
from a few cen t ime te r s  t o  3 meters  i n  d i ame te r ,  cover  about  50 p e r c e n t  
of t h e  s u r f a c e  [ 7 ] .  The r i m s  of t he  l a r g e r  c r a t e r s  ( s ee  f i g u r e  7 ) ,  
w i t h  d i ame te r s  r ang ing  i n  s i z e  from 80 meters  down t o  abou t  6 me te r s ,  
were s t r ewn  wi th  b locky m a t e r i a l ,  i n d i c a t i n g  t h a t  t he  t h i c k n e s s  of t he  
f ragmenta l  l a y e r  of f i n e  m a t e r i a l  ex tends  from abou t  one meter  t o  
approximate ly  15 meters  above the  bed-rock,  which i s  manteled by t h i s  
f ragmenta l  l a y e r .  The a n g u l a r  shape of t h e  e j e c t e d  rock  i n d i c a t e s  that 
the  bed-rock m a t e r i a l  i s  r e l a t i v e l y  s t r o n g .  

O r b i t e r  I1 photographs ( see  f i g u r e  8a )  have a l s o  shown a l a r g e  
amount of b locky  m a t e r i a l  l y i n g  i n  and nea r  t he  l a r g e  c r a t e r s .  Some of 
t h e  l a r g e s t  c r a t e r s ,  r ang ing  from abou t  60 t o  200 meters  i n  d i ame te r ,  
look s t r i k i n g l y  s imi l a r  t o  Danny Boy ( f i g u r e  8 b ) ,  a man-made t e r r e s t r i a l  
c r a t e r  c r e a t e d  by  a n  underground nuc lea r  exp los ion .  T r a f f  i c a b i l i t y  
nea r  f r e s h  c r a t e r s  o f  t h e s e  types  w i l l  p robably  be l i m i t e d  w i t h i n  
approximate ly  two c r a t e r  d i a m e t e r s ,  s i n c e  some of t h e  b locky d e b r i s  
which can be  r e so lved  a r e  much l a r g e r  than  one meter  even a t  two c r a t e r  
d i ame te r s  d i s t a n c e  from t h e  sou rce  of t he  pr imary c r a t e r  producing the  
e j e c t a .  C u m u l a t i v e  s i z e  v e r s u s  f requency  d i s t r i b u t i o n  of  c ra te rs  and 
p a r t i c l e s  on the  s u r f a c e  nea r  t he  Surveyor s i t e  i s  shown i n  f i g u r e s  9a 
and 9b. A cumula t ive  s i z e  v e r s u s  f requency d i s t r i b u t i o n  of c r a t e r s  
(30 t o  400 m e t e r s )  based on O r b i t e r  I da ta  near  t h e  approximate a r e a  
of t h e  Surveyor I s i t e  i s  shown i n  f i g u r e  10. I n  a d d i t i o n  t o  t h e  
b locky- type  c r a t e r s ,  t h e r e  a re  c e r t a i n  c r a t e r s  s e e n  i n  O r b i t e r  I1 d a t a  
which have a pa t te rned-ground appearance .  These c r a t e r s  appear  t o  be 
f i l l i n g  because  o f  t h e  slumping of m a t e r i a l s  toward t h e  f l o o r  of t h e  
c r a t e r  ( f i g u r e  1 1 ) .  Other  a r e a s  of  t h e  l u n a r  s u r f a c e ,  as s e e n  from 
O r b i t e r  I1 d a t a  ( f i g u r e  1 2 ) ,  appear  t o  be smoother t han  might  be  
expec ted ,  because  of  t h e  presence  of  p o s s i b l e  v o l c a n i c  m a t e r i a l s  which 
appea r  t o  have subdued t h e  c r a t e r s  and t h e i r  b locky  type  e j e c t a  rough- 
nes s  r e s u l t i n g  from impacts .  O r b i t e r  111 d a t a  a l s o  showed l a r g e  amounts 
of  b locky  e j e c t a ,  confirming t h a t  the  l u n a r  s u r f a c e  has  q u i t e  a spec t rum 
of  roughness .  Thus, a t  the  p r e s e n t  t ime,  one can on ly  e s t i m a t e  what a 
p o s s i b l e  r e a l i s t i c  model of t h e  luna r  s u r f a c e  might  be l i k e  based on 
the  v e r y  s m a l l  "ground t r u t h "  data  samples and photography.  

B .  D i scuss ion  of Base l ine  T e r r a i n  Models 

The des ign  of  rov ing  o r  f l y i n g  v e h i c l e s  f o r  e x p l o r i n g  t h e  l u n a r  
s u r f a c e  r e q u i r e s  a knowledge of t he  l u n a r  t e r r a i n  and i t s  c h a r a c t e r -  
i s t i c s .  Most impor tan t  t o  the  des igne r  a r e  those  parameters  which 
d e s c r i b e  the  s u r f a c e  i n  terms of roughness  , s l o p e  d i s t r i b u t i o n s  , s o i l  
c h a r a c t e r i s t i c s ,  and the  v a r i o u s  o b s t a c l e s  which may be encountered by 
t h i s  v e h i c l e  du r ing  i t s  normal o p e r a t i o n .  
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To provide  a v e h i c l e  des igne r  w i t h  data which w i l l  d e s c r i b e  as many 
of  t h e  types  of c o n d i t i o n s  o r  o b s t a c l e s  which may be encountered ,  base-  
l i n e  t e r r a i n s  f o r  use as des ign  c r i t e r i a  were developed.  S ince  t h e  
v e h i c l e s  w i l l  be r e q u i r e d  t o  o p e r a t e  over  a s e r i e s  of  t e r r a i n s ,  d i f f e r e n t  
i n  terms of  t h e i r  roughness  and v a r i o u s  types  of  s o i l  c h a r a c t e r i s t i c s ,  
t h e  models,  as p r e s e n t e d ,  d e p i c t  a spec t rum of  i n c r e a s i n g  roughness .  
These t e r r a i n  models a r e  c l a s s i f i e d  as :  Dark Regional Mare, t he  Smooth 
Regional  Mare, t h e  Smoothed-Rayed Mare, and the  Rough-Rayed Mare. A 
model f o r  each of t h e s e  types of t e r r a i n  w i l l  be  d i scussed  i n  the  fo l low-  
ing s e c t i o n s .  

11. BASELINE TERRAIN MODELS AND SUPPORTING INFORMATION 

1. The Dark Mare Model 

Before  the  l and ing  of t he  Surveyor  I s p a c e c r a f t ,  those  a r e a s  on 
the  moon which were da rk  i n  t e x t u r e  (low a lbedo ,  0.068, based on e a r t h -  
based t e l e s c o p e  o b s e r v a t i o n s )  were cons idered  t o  be the  smoothest  a r e a s  
and thus t h e  most s u i t a b l e  f o r  t he  landing  of a s p a c e c r a f t .  These a r e a s  
have v e r y  l o w  median s l o p e s  (1")  based on a 1 km i n t e r v a l  f o r  t he  s l o p e  
measurement, as expressed  by McCauley [8]  i n  h i s  t e r r a i n  a n a l y s i s  ( s ee  
f i g u r e s  13a and b ) .  I n t e r p r e t a t i o n  of da t a  gene ra t ed  from Ranger 7 by 
McCauley and Rowan [ 9 ]  i n d i c a t e d  t h a t  the  median s l o p e  based on a one- 
meter  r e s o l u t i o n  f o r  t he  d a r k  mare a t  the  Ranger 7 i m p a c t  a r e a  w a s  
approximate ly  7 "  ( f i g u r e  1 4 ) .  Thus, t h e  Ranger 7 provided a n o t h e r  sample 
o f  i n fo rma t ion  on s u r f a c e  roughness  a t  the  one-meter r e s o l u t i o n .  However, 
t he  f a c t  t h a t  t h e r e  were no one-meter o r  l a r g e r  b locks  i n  the  mare a r e a  
photographed by Ranger 7 was ve ry  mis l ead ing ,  s i n c e  t h i s  seemed t o  imply 
t h a t  most of t h e s e  types of mare t e r r a i n  were f r e e  of b locky  m a t e r i a l .  
Ranger 8 ,  howevef, i n d i c a t e d  t h a t  t h e r e  was some b locky m a t e r i a l  l y i n g  
on the  s u r f a c e  of  t he  mare p a r t i c u l a r l y  nea r  l a r g e  c r a t e r s  ( f i g u r e  1 5 ) .  
I n  a d d i t i o n ,  Surveyor I and Luna I X  and X I 1 1  e s t a b l i s h e d  t h a t  t he  mare 
a r e a s  i n  some l o c a t i o n s  do have v a r i a b l e  amounts of b locky  m a t e r i a l  one 
meter  o r  l e s s  around c r a t e r s  whose d i ame te r s  a r e  even as s m a l l  as t h r e e  
me te r s .  Thus, t hese  da ta  imply t h a t  t he  f ragmenta l  l a y e r ,  p a r t i c u l a r l y  
a t  the  Surveyor I s i t e ,  i s  r e l a t i v e l y  t h i n  (one meter  t o  two m e t e r s ) ,  
b u t  p o s s i b l y  q u i t e  v a r i a b l e  i n  th i ckness  a t  o t h e r  p l a c e s  i n  t h i s  and 
o t h e r  a r e a s .  Recent O r b i t e r  111 photos ( f i g u r e  16)  of t h e  Surveyor  I 
s i t e  have helped t o  provide  some measure of t he  th i ckness  of  t h i s  
f ragmenta l  l a y e r  by a s t u d y  of  t he  s i m i l a r i t y  of t he  v a r i o u s  s m a l l  
d iameter  c r a t e r s  and t h e i r  b locky  e j e c t a  d i s t r i b u t i o n  a long  w i t h  t h e  
data  from c o n t r o l l e d  c r a t e r i n g  experiments  performed on the  e a r t h .  
Thus, t he  dark-mare model has been developed on the  b a s i s  of i n t e r p r e t a -  
t i o n  of  t he  Surveyor I d a t a  suppor ted  by O r b i t e r  d a t a .  The g e n e r a l  
t e r r a i n  i n  the  a r e a  of t he  Surveyor I s i t e  c l o s e  t o  t h e  s p a c e c r a f t  
appea r s  t o  be r e l a t i v e l y  f l a t  w i t h  many small r o c k - l i k e  o b s t a c l e s  and 
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c r a t e r s  ( f i g u r e s  4 ,  5,  6 ,  and 7 ) .  Thus, any v e h i c l e  o p e r a t i n g  on t h i s  
type  of  t e r r a i n  must be a b l e  t o  n e g o t i a t e  (climb o r  s t r a d d l e )  small 
o b s t a c l e s  of  20 t o  30 cm o r  l e s s  and be a b l e  t o  s t e e r  around a n  occa- 
s i o n a l  one-meter o r  l a r g e r  b lock  eve ry  100 m2 of  t h e  s u r f a c e  a r e a .  
t e r r a i n  appears t o  be pockmarked by c r a t e r s  w i t h  d i ame te r s  i n  the  range 
of  a few cen t ime te r s  t o  f i v e  meters  and above. This  type of  roughness  
w i l l  r e q u i r e  a c e r t a i n  amount of  r e s e r v e  power f o r  c l imbing i n  and o u t  
of t h e s e  smaller c r a t e r s  (two meters  D r  l e s s )  which cannot  be avoided .  
A t y p i c a l  s l o p e  d i s t r i b u t i o n  cons idered  by the  a u t h o r  t o  be r e p r e s e n t a t i v e  
of t h i s  t e r r a i n  i s  shown i n  t a b l e  I. 

This  

The fo l lowing  c r a t e r  d i s t r i b u t i o n s  a r e  cons idered  t o  be r e p r e s e n t a -  
t i v e  of t h e  minimum number of c r a t e r s  which may be  expected t o  occur  i n  
t h i s  p a r t i c u l a r  b a s e l i n e  t e r r a i n  i n  t h e  v i c i n i t y  of a c e r t i f i e d  LM land-  

l ing s i t e  (50 km2 a r e a ) :  

(1) 10,000 c r a t e r s ,  1 t o  10 meters  i n  diameter ,  

( 2 )  6,500 c r a t e r s ,  10 t o  20 meters  i n  d i ame te r ,  

( 3 )  1 , 2 0 0  c r a t e r s ,  20 t o  30 meters  i n  d i ame te r ,  

( 4 )  400 c r a t e r s ,  30 t o  40 meters  i n  d i ame te r ,  

i (5)  500 c r a t e r s ,  40 meters  o r  l a r g e r  i n  d i ame te r .  

The c r a t e r s  a r e  cons idered  t o  be  randomly d i s t r i b u t e d  and the  c r a t e r s  i n  
t h e  20- t o  30-meter range  a r e  cons idered  t o  have b locky e j e c t a  (1  meter  
o r  l e s s )  w i t h i n  a r a d i u s  of 2 c r a t e r  d i ame te r s  from t h e  c e n t e r  of t h e  
pr imary.  

Although t h e  m o b i l i t y  power requi rements  can be computed f o r  s t e a d y  
s t a t e  o p e r a t i o n  (no dynamics) based on t h e  s l o p e  d i s t r i b u t i o n  f o r  a base  
l i n e  t e r r a i n ,  d a t a  a r e  s t i l l  r e q u i r e d  t o  d e s c r i b e  the  s u r f a c e  roughness  
of the t e r r a i n  which may be superimposed on t h e  normal s l o p e  t r end  and 
a t  a s c a l e  which d i r e c t l y  a f f e c t s  v e h i c l e  dynamics.  

I n  g e n e r a l ,  v e h i c l e s  i n  o f f - the - road  o p e r a t i o n s  on the e a r t h  o r  
on the  l u n a r  or  planetary s u r f a c e  will encounter  a t  l e a s t  two types  
of "hard ground" roughness .  Obs t a c l c s  such  as l a r g e  c r a t e r s  , l a r g e  
b o u l d e r s ,  c r a c k s ,  and a b r u p t  c o l l a p s e s  of t h e  topography a r e  cons idered  
as one type of ground roughness .  T r a f f i c a b i l i t y  by t h e  v e h i c l e  i n  t h i s  
type  of ground roughness  depends on t h e  d r i v e r  and the  v e h i c l e  o b s t a c l e  
c a p a b i l i t i e s  and geometry; i . e . ,  what i s  an  o b s t a c l e  t o  one v e h i c l e  i s  
not  a n  o b s t a c l e  t o  a n o t h e r .  The o t h e r  type  of roughness  c o n s i s t s  of 



v a r i a t i o n s  i n  e l e v a t i o n s  which a r e  s t a b l e  over  r easonab ly  l a r g e  a r e a s  
( smal l  c r a t e r s ,  c r e v i c e s ,  and small rocks )  b u t  change g r a d u a l l y  w i t h  
d i s t a n c e  i s  c a l l e d  " s  table-ground roughness  ." Rapid t r a v e r s a b i l i t y  
over  t h i s  type of roughness  i s  a f u n c t i o n  of v e h i c l e  geometry,  s u s -  
pens ion  sys tems,  speed ,  types  of ca rgo ,  and d r i v e r  comfor t .  Des igners  
of o f f - t h e - r o a d  v e h i c l e s  have turned  t o  t h e  use  of s t a t i s t i c a l  t ech -  
n iques  o r  power s p e c t r a l  d e n s i t y  e s t i m a t e s  (P.S.D.) t o  c h a r a c t e r i z e  
s t ab le -g round  roughness  f o r  p r e d i c t i n g  v e h i c l e  performance and improv- 
ing t h e  performance c h a r a c t e r i s  t i c s  ( v e h i c l e  speed ,  comfor t ,  con- 
t r o l l a b i l i t y ,  e t c . ) .  No in fo rma t ion  has  y e t  been developed on the 
power s p e c t r a l  d e n s i t y  f o r  t he  Surveyor I l and ing  s i t e .  

However, p r e l i m i n a r y  power s p e c t r a l  e s t i m a t e s  of  t h e  roughness  
con ten t  of  a s a m p l e  of l u n a r  mare by Jaege r  [ l o ]  and VanDeusen [ l l ]  
have been developed based on a n  a n a l y s i s  of topographic  d a t a  gene ra t ed  
from t h e  small a r e a s  photographed i n  h i g h  r e s o l u t i o n  du r ing  t h e  
Ranger V I 1  and V I 1 1  m i s s i o n s .  Van Deusen [ll] i n  h i s  s t u d y  concluded 
t h a t  t h e  P.S.D. of n a t u r a l  t e r r a i n s  can be  expressed  i n  the  fo l lowing  
form: 

N 
P(R) = KR 

where P(R) i s  t h e  P.S.D. of t he  s u r f a c e  d isp lacement  ( p r o f i l e  h e i g h t )  
i n  u n i t s  of  me te r s* /cyc le s /me te r ,  R is  t h e  s p a t i a l  f requency  i n  c y c l e s /  
m e t e r ,  and K and N a r e  c o n s t a n t s  f o r  any g i v e n  s p e c t r a l  e s t i m a t e s .  I n  
a d d i t i o n ,  Van Deusen [ l l ]  concluded t h a t  n a t u r a l  s u r f a c e s  have n o t  
favored  a predominant f requency  and t h a t  t h e  v a l u e  of N i s  approx i -  
ma te ly  - 2 .  Thus, f o r  t h e  purposes  of t h i s  r e p o r t ,  t h e  a u t h o r ,  u s ing  
t h e  da t a  gene ra t ed  by Jaege r  andvan  Deusenas  w e l l  as h i s  own sub-  
j e c t i v e  a n a l y s i s  of t h e  O r b i t e r  da ta ,  has  concluded t h a t  t h e  l u n a r  
m a r e  t e r r a i n  i n  some loca t i -ons  w i l l  be s o m e w h a t  smoother than  i n d i c a t e d  
by t h e  Surveyor I and i s  i n  some l o c a t i o n s  c o n s i d e r a b l y  rougher  than  a 
spec t rum of  roughness  t h a t  t h e  a u t h o r  has  s e e n  on t h e  e a r t h  ( e .g . ,  o l d  
volcanoes  and those  c r a t e r s  caused by n u c l e a r  e x p l o s i o n s ) .  Thus, t h e  
P.S.D. i n fo rma t ion  p resen ted  i n  t h i s  r e p o r t  r e f l e c t  t he  a u t h o r ' s  "most 
r e a l i s t i c "  i n t e r p r e t a t i o n  of t h e  expec ted  I1stable-ground" roughness  i n  
t h e  v a r i o u s  types  of mare t e r r a i n s .  Although t h e s e  P.S.D. e s t i m a t e s  
cannot  y e t  be  v e r i f i e d  by a c t u a l  t opograph ic  da ta ,  a n a l y s i s  of Surveyor  
and O r b i t e r  data  can ,  h o p e f u l l y ,  p rov ide  t h i s  type of  data  a t  a l a t e r  
t ime.  The re fo re ,  i t  is b e l i e v e d  t h a t  t h e  fo l lowing  P.S.D. f u n c t i o n  
i s  more r e p r e s e n t a t i v e  of t h e  " s  table-ground" roughness of  t he  d a r k  
r e g i o n a l  mare t e r r a i n .  

N 
P(n)  = K R  
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where 

K = 2.4 

R = f requency range 0.05 t o  0.5 cyc le s /me te r  

N = -2.  

2. The Regional Mare Model 

The r e g i o n a l - t y p e  mares a r e  those  a r e a s  on the  l u n a r  s u r f a c e  
which have a lbedos  g e n e r a l l y  i n  t h e  range from 0.075 t o  0.090 and a r e  
c h a r a c t e r i z e d  by moderate  s l o p e s  and pronounced h e t e r o g e n e i t y .  Super- 
imposed on t h e  b a s i c  mare m a t e r i a l  a r e  r i d g e s ,  c r a t e r  f i e l d s ,  i r r e g u l a r  
d e p r e s s i o n s ,  subdued c r a t e r s ,  domes, r i l l e s ,  e t c . ,  which h e l p  t o  con- 
t r i b u t e  t o  t h e  roughness of t h i s  type  of t e r r a i n .  A t e r r a i n  model is 
b e s t  developed by us ing  an  a n a l y s i s  of t h e  photographic  d a t a  from 
O r b i t e r s  I and 11. The s l o p e  d i s t r i b u t i o n s  presented  i n  t a b l e  I1 a r e  
cons idered  as r e p r e s e n t a t i v e  of t h i s  t y p e  of t e r r a i n  wh i l e  a photograph 
of t he  t y p i c a l  t e r r a i n  sample f o r  t h i s  type mare is  shown i n  f i g u r e  1 7 .  
S ince  t h e r e  has been no l and ing  i n  t h i s  p a r t i c u l a r  type of t e r r a i n  t o  
show t h e  s m a l l - s c a l e  roughness  which a f f e c t s  v e h i c l e  m o b i l i t y ,  a n  index 
of roughness m u s t  be e s t ima ted  a t  the  p r e s e n t  t ime.  
fo l lowing  power s p e c t r a l  d e n s i t y  f u n c t i o n  i s  recommended as a s t a t i s t i c a l  
model f o r  t h i s  type  of t e r r a i n :  

The re fo re ,  t h e  

where 

K = 4.3 x 1 0 ' ~  

R = 0.05 t o  0.5 cycles/m 

N = - 2 .  

The fo l lowing  c r a t e r  d i s t r i b u t i o n s  a r e  cons idered  t o  be r e p r e -  
s e n t a t i v e  of t he  minimum number of c r a t e r s  which can be expected t o  
occur  i n  t h i s  p a r t i c u l a r  b a s e l i n e  t e r r a i n  i n  the  v i c i n i t y  of a c e r t i -  
f i e d  LM l and ing  s i t e  (50 km' a r e a ) :  

(1)  15,000 c r a t e r s  1 t o  10 meters  i n  d i ame te r ,  

( 2 )  11,600 c r a t e r s  10 t o  20 meters  i n  d i ame te r ,  

( 3 )  1,620 c r a t e r s  20 t o  30 meters  i n  d i ame te r ,  
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( 4 )  200 c r a t e r s  30 t o  40 meters  i n  d i ame te r ,  

( 5 )  440 c r a t e r s  40 meters  o r  l a r g e r  i n  d i ame te r .  

The c r a t e r s  a r e  cons idered  t o  be randomly d i s t r i b u t e d  and the  c r a t e r s  i n  
t h e  20- t o  30-meter range a r e  cons idered  t o  have b locky e j e c t a  (1 meter  
o r  l e s s )  w i t h i n  a r a d i u s  of 2 c r a t e r  d iameters  from t h e  c e n t e r  of t h e  
p r imar y 

3 .  The Smooth-Rayed Mare Model 

The smoothed-rayed a r e a s  i n  t h e  mare a r e  those  a r e a s  of t h e  
dark  r e g i o n a l  mare upon which a mix tu re  of blocky r u b b l e  ( l a r g e  and 
small s i z e s )  and f ine -g ra ined  m a t e r i a l s  have been d e p o s i t e d .  These 
a r e a s  have a lbedo  i n  the  range from 0.088 t o  0.096 and many of t h e  
s m a l l e r  c r a t e r s  and t h e i r  e j e c t a  have been somewhat subdued by the  
presence  of a f ine -g ra ined  m a t e r i a l  produced e i t h e r  by volcanos  o r  
meteoroid impact .  C e r t a i n  a r e a s  of t h i s  t e r r a i n  w i l l  be  l i t t e r e d  by 
one-meter o r  l a r g e r  boulders  e j e c t e d  from t h e  s u r f a c e  by t h e  impact of 
bodies  w i t h  energy s u f f i c i e n t  t o  p e n e t r a t e  i n t o  t h e  ha rde r  materials 
below t h e  f ragmenta l  l a y e r .  The t e r r a i n  i n  some a r e a s  w i l l  be smoother 
than  the  da rk  r e g i o n a l  mare a r e a  (as  s een  by Surveyor I) i n  terms of 
c r a t e r  d i s t r i b u t i o n .  A t y p i c a l  s l o p e  d i s t r i b u t i o n  cons idered  t o  be 
r e p r e s e n t a t i v e  of t h i s  t e r r a i n  is  shown i n  t a b l e  111. A photograph of 
t h e  t y p i c a l  t e r r a i n  sample f o r  t h i s  type of mare is shown i n  f i g u r e  18 .  
The fo l lowing  c r a t e r  d i s t r i b u t i o n s  a r e  cons idered  t o  be r e p r e s e n t a t i v e  
of the  minimum number of c r a t e r s  which can be expected t o  occur  i n  t h i s  
p a r t i c u l a r  b a s e l i n e  t e r r a i n  i n  the  v i c i n i t y  of a c e r t i f i e d  LM l and ing  
s i t e  (50 km" a r e a ) :  

(1) 12,000 c r a t e r s  1 t o  10 meters  i n  d i ame te r ,  

( 2 )  8,800 c r a t e r s  10 t o  20 meters  i n  d i ame te r ,  

(3)  300 c r a t e r s  20 t o  30 meters  i n  d i ame te r ,  

( 4 )  140 c r a t e r s  30 t o  40 meters  i n  d i ame te r ,  

(5) 400 c r a t e r s  40 meters  o r  l a r g e r  i n  d iameter .  

The c r a t e r s  a r e  cons idered  t o  be randomly d i s t r i b u t e d  and the  c r a t e r s  
i n  the  20- t o  30-meter range  a r e  cons idered  t o  have blocky e j e c t a  
(1 meter  o r  l e s s )  w i t h i n  a r a d i u s  of 2 c r a t e r  d iameters  from the  c e n t e r  
of t he  p r imary .  
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Since  t h e r e  has  been no landing  i n  t h i s  p a r t i c u l a r  type of 
t e r r a i n  t o  show t h e  s m a l l - s c a l e  roughness which a f f e c t s  v e h i c l e  m o b i l i t y ,  
a n  index of roughness  m u s t  be e s t ima ted  a t  t he  p r e s e n t  t ime.  The re fo re ,  
t h e  fo l lowing  poser  s p e c t r a l  d e n s i t y  f u n c t i o n  i s  recommended as a 
s t a t i s t i c a l  model f o r  t h i s  type  of t e r r a i n :  

where 

I< = 3.6 x 

1 = 0.05 t o  0 . 5  cyc le s /me te r  

4 .  The Rough-Rayed blare Model 

The rough-rayed a r e a s  i n  t h e  mare a r e  those  a r e a s  of  t h e  
r e g i o n a l  mare upon which a l a r g e  amount of t he  e j e c t a  from the  f r e s h -  
impact c r a t e r  has  n o t  been subdued by a d e p o s i t i o n  of f i n e - g r a i n e d  
m a t e r i a l s .  The rough-rayed a r e a s  a r e  those  which have a lbedos  i n  t h e  
range of 0 .096 t o  0.114. The main roughness  i n  t h e s e  a r e a s  will be t h e  
r e s u l t  o€  t he  many s l o p e  r e v e r s a l s  due t o  the  presence  of secondary  
c r a t e r s  which have not  been f i l  l ed  by f i ne -g ra ined  m a t e r i a l s .  Rough- 
nes s  w i l l  a l s o  be  due t o  the  rough e j e c t a  b l a n k e t s  (boulder  f i e l d s )  
produced by those  b r i g h t  c r a t e r s  which have p e n e t r a t e d  i n t o  the  bedrock,  
thus  e j e c t i n g  b locky type m a t e r i a l s .  A t y p i c a l  s l o p e  d i s t r i b u t i o n  is  
shown i n  t a b l e  I V .  A photograph of t h e  t y p i c a l  t e r r a i n  sample f o r  t h i s  
type  o f  mare i s  shown i n  f i g u r e  1 9 .  The fo l lowing  c r a t e r  d i s t r i b u t i o n s  
a r e  cons idered  t o  be r e p r e s e n t a t i v e  of t he  minimum number of c r a t e r s  
which can be  expec ted  t o  occur  i n  t h i s  p a r t i c u l a r  b a s e l i n e  t e r r a i n  i n  
the  v i c i n i t y  of a c e r t i f i e d  LM l and ing  s i t e  (50 km' a r e a ) :  

(1) 20,000 c r a t e r s  1 t o  10 meters  i n  d i a m e t e r ,  

( 2 )  14,500 c r a t e r s  10  t o  20 meters  i n  d i ame te r ,  

( 3 )  500 c r a t e r s  20 t o  30 meters  i n  d i ame te r ,  

( 4 )  130 c r a t e r s  30 t o  40 me te r s  i n  d iameter  

(5)  500 c r a t e r s  40 meters  o r  l a r g e r  i n  d i ame te r .  
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The c r a t e r s  a r e  cons idered  t o  be  randomly d i s t r i b u t e d ,  and t h e  c r a t e r s  i n  
t h e  20- t o  30-meter range  a r e  cons idered  t o  have b locky e j e c t a  (1 meter  
o r  l e s s )  w i t h i n  a r a d i u s  of 2 c r a t e r  d i ame te r s  from the  c e n t e r  of t h e  
p r i m a r y  . 

Since  t h e r e  has  been no landing  i n  t h i s  type  of t e r r a i n ,  t o  
show the  small  s c a l e  roughness which a f f e c t s  m o b i l i t y ,  a n  index of  
roughness of t h i s  type t e r r a i n  m u s t  be e s t ima ted  a t  the  p r e s e n t  t ime.  
The re fo re ,  t he  fo l lowing  power s p e c t r a l  d e n s i t y  f u n c t i o n  i s  recommended 
as t h e  s t a t i s t i c a l  model f o r  t h i s  type of t e r r a i n :  

P!Q> = KR I\ m'/ cyc l e s  / m  

where 

K = 5.8  x 10-4 

"'2 = 0.05 t o  0.5 cyc le s /me te r  

N = -2. 

5 .  C o e f f i c i e n t  of F r i c t i o n  of Lunar Sur face  M a t e r i a l s  

The a c t u a l  c o e f f i c i e n t  of f r i c t i o n  data  f o r  m e t a l l i c  m a t e r i a l s  
i n  c o n t a c t  w i t h  t h e  l u n a r  s u r f a c e  m a t e r i a l s  has  n o t  been e s t a b l i s h e d  a t  
the  p r e s e n t  t ime.  Recent l a b o r a t o r y  da t a  by F i e l d s  [13]  have i n d i c a t e d  
t h a t  t he  c o e f f i c i e n t  of f r i c t i o n  between bo th  b a s a l t  powders (250 t o  
500 microns i n  d i ame te r )  and aluminum p l a t e s  w a s  0.21 under a tmospher ic  
p r e s s u r e ,  i n c r e a s i n g  t o  .28 under a p r e s s u r e  of l o - ' '  t o r r .  F i e l d s  
no t i ced  t h a t ,  as the  vacuum i n c r e a s e s ,  t he  c o e f f i c i e n t  of f r i c t i o n  
i n c r e a s e s .  Thus, a t  the  p r e s e n t  t ime,  the  recommended v a l u e  f o r  t he  
ave rage  c o e f f i c i e n t  o f  f r i c t i o n  f o r  t h i s  r e p o r t  i s  0 .6 .  This v a l u e  i s  
t o  be  used when performing obs t ac l e -c l imb ing  and c r e v i c e - c r o s s i n g  cal-  
c u l a t i o n s  when de termining  s p e c i f i c  v e h i c l e  m o b i l i t y  c h a r a c t e r i s t i c s .  
Minimum v a l u e s  f o r  t he  c o e f f i c i e n t  of i n t e r n a l  f r i c t i o n  f o r  l u n a r  s o i l  
m a t e r i a l s  a t  t he  s u r f a c e  t o  a dep th  o f  a few c e n t i m e t e r s  i s  e s t ima ted  
t o  be 0.46 [12 ] ;  however, f o r  draw-bar -pul l  c a l c u l a t i o n s ,  t h e  proposed 
v a l u e  t o  be used w i t h  each of t h e  t e r r a i n  s o i l  models i n  t h i s  r e p o r t  i s  
0 .4  t o  0 . 7 .  
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111. CONCLUDING REMARKS 

A s e r i e s  of l u n a r  s u r f a c e  models has  been developed f o r  use  i n  an  
a t t e m p t  t o  provide  r e a l i s t i c  des ign  c r i t e r i a  f o r  rov ing  v e h i c l e s .  S ince  
a l u n a r  e x p l o r a t i o n  v e h i c l e  w i l l  be  r e q u i r e d  t o  land a n d l o r  t r a v e r s e  
through a r e a s  which are  of i n t e r e s t  t o  t he  g e o l o g i s t ,  i t  appea r s  that 
t h e  most i n t e r e s t i n g  a r e a s  w i l l  probably a l s o  be  t h e  roughes t .  The re fo re ,  
t h e  proposed models cover  t h e  p o s s i b i l i t y  t h a t  a v e h i c l e  which is designed 
today on b e s t  a v a i l a b l e  data can s t i l l  be u s e f u l  i f  i t  is l a t e r  r e q u i r e d  
t o  o p e r a t e  i n  somewhat rougher  t e r r a i n s  than  those  which can be  s e e n  i n  
t h e  1-meter r e s o l u t i o n  ( O r b i t e r )  photographs.  A s  b e t t e r  t e r r a i n ,  s o i l ,  
and roughness  in fo rma t ion  become a v a i l a b l e ,  t h e  proposed models w i l l  be  
updated t o  r e f l e c t  t he  inc reased  knowledge, and thus the  v e h i c l e  systems 
can be opt imized .  
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TABLE I 

Dark Regional  Mare 

Slope Ang1e;k 
(degrees)  

2 

4 

6 

Percen t  of Total+c;Ec 
Dis tance  S o i l  Cons tantsqfgc 

56.0 Ke, = 0.5 N = 0.5 

20.0 

15.0 

Very f i n e  g ra ined  
m a t e r i a  1. 

10 4.7 Ke, = 1 . 0  

Med ium g ra ined  f rag-  
mental  m a t e r i a l  

N = 0.75 

20 3 . 8  Kg= 3.0 N = 1 . 0  

Loose type f ragmenta l  
m a t e r i a l .  

30 0 .3  Kg = 6.0 N = 1.25 

A bonded f ragmenta l  
m a t e r i a l  similar t o  
hard sand .  

35 0.2 K e , =  6 .0  N = 1.25 

The d i s t r i b u t i o n  of s l o p e s  f o r  t h i s  t e r r a i n  is 50/50;  i . e . ,  +2" 
s l o p e s  cover  28 p e r c e n t  of t o t a l  d i s t a n c e .  

w c  s o i l  is  assumed t o  be cohes ion le s s  f r i c t i o n a l  type s o i l  (c = 0, 
K~ = 0 )  a t  the  p r e s e n t  time even though the  Surveyor I l and ing  data 
impl ies  a ve ry  small amount of cohes ion  is  p r e s e n t  i n  t h e  l u n a r  
s o i l .  The s l i p p a g e  c o e f f i c i e n t s  a r e  K, = 0 .2  and K2 = 1.25. 

-LJ-.L ,,..#> The s l o p e  d i s t r i b u t i o n s  a r e  based on a s e r i e s  of t y p i c a l  s c i e n t i f i c  
mis s ion  t r a v e r s e s  from a l and ing  s i t e  and the  d i s t r i b u t i o n  r e p r e -  
s e n t s  a t o t a l  t r a v e l  d i s t a n c e  of 100 k i l o m e t e r s .  
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TABLE I1 

Regional  Mare 

Slope Angle* Pe rcen t  of Total+;+:+: 
(deprees)  D i s t ance  S o i l  Cons tants+c+: 

2 16.0 K , g =  0 .5  N = 0.5 

4 35.0 Very f i n e  g ra ined  

6 20.0 m a t e r i a l .  

10 15.0 Kg = 1 . 0  N = 0.75 

Medium g ra ined  f r a g -  
mental  m a t e r i a l .  

20 8 . 3  Kg= 3 . 0  N = 1.0 

Loose type  f ragmenta l  
m a t e r i a l .  

30 5 . 1  Kg = 6.0 N = 1.25 

A bonded f ragmenta l  
m a t e r i a l  similar t o  
hard sand.  

35 0.6 Kp= 6.0  N = 1.25 

The s l o p e  d i s t r i b u t i o n  of s l o p e s  f o r  t h i s  t e r r a i n  is 50/50;  i . e . ,  +2 
s l o p e s  cover  8 p e r c e n t  of t o t a l  d i s t a n c e .  

s o i l  is assumed t o  be cohes ion le s s  f r i c t i o n a l  type s o i l  ( c  = 0, 
Kc = 0)  a t  t h e  p r e s e n t  t ime even though the  Surveyor I l and ing  
data impl i e s  a v e r y  small amount of cohes ion  i s  p r e s e n t  i n  t h e  
l u n a r  s o i l .  The s l i p p a g e  c o e f f i c i e n t s  a r e  K, = 0.2 and K, = 1.25 .  

The s l o p e  d i s t r i b u t i o n s  a r e  based on a s e r i e s  of t y p i c a l  s c i e n t i f i c  
mis s ion  t r a v e r s e s  from a l and ing  s i t e  and the  d i s t r i b u t i o n  r e p r e s e n t s  
a t o t a l  t r a v e l  d i s t a n c e  of 100 k i l o m e t e r s .  



TABLE 111 

Smooth-Rayed Mare 

Slope Angle;? Pe rcen t  of Total+;+:;? 
(degrees  1 Dis tance  S o i l  Cons tants+c;? 

2 44.7 Kg= 0 .5  N = 0.5  

4 24.0 Very f i n e  g ra ined  m a t e r i a l .  

6 15.7 

10  5 . 3  Kg = 1 . 0  

Medium g ra ined  f ragmenta l  
m a t e r i a l .  

N = 0.75 

20 8.0 

Lo os e type  f r agme n t a 1 
ma t e r  i a l  . 

30 2 . 2  Kg = 6.0 

A bonded f ragmenta l  m a t e r i a l  
similar t o  hard sand.  

N = 1.25 

Kg= 6 . 0  N = 1.25 35 0 . 1  

.L The d i s t r i b u t i o n  of s l o p e s  f o r  t h i s  t e r r a i n  i s  50/50;  i 
s l o p e s  cover  1 2  p e r c e n t  of t o t a l  d i s t a n c e .  

+;9: S o i l  is  assumed t o  be cohes ion le s s  f r i c t i o n a l  type s o i l  
Kc = 0)  a t  the  p r e s e n t  time even though t h e  Surveyor I 
d a t a  impl ies  a v e r y  small amount of cohes ion  is p r e s e n t  
l una r  s o i l .  The s l i p p a g e  c o e f f i c i e n t s  a r e  K, = 0.2 and 

e .  , +4" 

( c  = 0, 
and ing  
i n  t h e  
K, = 1.25 .  

J .L.L 
~ d > d b  The s l o p e  d i s t r i b u t i o n s  a r e  based on a s e r i e s  of t y p i c a l  s c i e n t i f i c  

mis s ion  t r a v e r s e s  from a l and ing  s i t e  and the  d i s t r i b u t i o n  r e p r e s e n t s  
a t o t a l  t r a v e l  d i s t a n c e  of 100 k i l o m e t e r s .  
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TABLE I V  

Rough-Rayed Mare 

S lope  Angle+; Per  c e n t  of Tot a 1 +:i'& 

(degrees  ) Dis tance  S o i l  Cons tants+:+; 

8.0 K g =  0.5 N = 0.5 

16.0 

23.0 

Very f i n e  g ra ined  
m a t e r i a l .  

8 

10 25.0 K@ = 1.0  N = 0.75 

Medium g ra ined  f r a g -  
menta l  m a t e r i a l  

2 0  16.0 K g =  3 . 0  N = 1.0  

Loose type  f ragmenta l  
m a t e r i a l  

30 8.2 Kg = 6.0 N = 1.25  

. A bonded f ragmenta l  
material similar t o  
hard  sand .  

35 3.8 K g =  6.0 N = 1.25 

JC The d i s t r i b u t i o n  of s l o p e s  f o r  t h i s  t e r r a i n  i s  50/50;  i . e . ,  +4" 
s l o p e s  cover  8 p e r c e n t  of t o t a l  d i s t a n c e .  

7wk S o i l  is  assumed t o  be  c o h e s i o n l e s s  f r i c t i o n a l  type  s o i l  ( c  = 0, 
Kc = 0)  a t  the ,p re sen t  t ime even though t h e  Surveyor I l and ing  data 
i m p l i e s  a v e r y  small amount of  cohes ion  is  p r e s e n t  i n  t h e  l u n a r  
s o i l .  The s l i p p a g e  c o e f f i c i e n t s  a re  K, = 0.2 and K, = 1.25.  

.L LJ- 
d > ~ # b  The s l o p e  d i s t r i b u t i o n s  are  based on a s e r i e s  of t y p i c a l  s c i e n t i f i c  

m i s s i o n  t r a v e r s e s  from a l and ing  s i t e  and t h e  d i s t r i b u t i o n  r e p r e s e n t s  
a t o t a l  t ravel  d i s t a n c e  of  100 k i l o m e t e r s .  
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Boulder Dimension x: cm 

Figure  2.  Su r face  D i s t r i b u t i o n  of Boulders  (Smith) 
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Figure  4 .  Boulders  and S m a l l  Ejecta-Type Strewn T e r r a i n  
Near Surveyor I Landing S i t e  
(20 cm t o  1 meter  b o u l d e r s )  
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Figure  6 .  Small C r a t e r s  (1 cm t o  3 m Size Range) 
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Figure  7 .  Large C r a t e r  and Blocky E j e c t a  Materia1.s 
(20 cm t o  3 meter diameter  e j e c t a )  
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Figure  9a. Cumulative Size-Frequency d i s t r i b u t i o n  
o f  Craters on Lunar Sur face  Determined 
fram Surveyor I P i c t u r e s  (Shoemaker) 
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Figure  9b. Cumulative Frequency D i s t r i b u t i o n  of  P a r t i c l e s  on 
Lunar S u r f a c e ,  as Determined from Surveyor  I 
P i c t u r e s  (Shoemaker) 
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Figure  11. Slumping of Lunar S o i l  Toward F l o o r  of 
Craters (Pa t t e rned  Ground) ( I I -P-1 Frame H 13) 
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Figure  1 2 .  P o s s i b l e  Smooth Area due t o  Presence of Volcanic  M a t e r i a l s  
( O r b i t e r  11-P-11A, Frame H-165) 
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Figure  15. Blocky Material on Crater Rim Photographed by 

Ranger 8, Frame No. 541 
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Figure  16. T y p i c a l  Dark Regional  Mare T e r r a i n  

( O r b i t e r  I I I - P - l 2 A ,  Frame 1 9 2 )  
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Figure  1 7 .  Typica l  Regional  Mare T e r r a i n  ( O r b i t e r  II-P-8b, Frame H-128)  
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