
Lunar T e r r a i n  and T r a v e r s e  Data  

f o r  

Lunar Roving Veh ic le  Design Study 

W. J . Moore 
R .  J .  P i k e  
G .  E ,  U l r i c h  

0 

March 1.9, 1969 

J 

S e c t i o n  A 

S e c t i o n  B 

S e c t i o n  C 

S e c t i o n  D 

S e c t i o n  E 

- -  T r a v e r s e  p r o f i l e  f o r  a h y p o t h e t i c a l  Lunar Roving Vehic le  
M i s s i o n  (U l r i c h )  

-- Lunar S u r f a c e  Geometry (P ike )  

-- C r a t e r  f r e q u e n c i e s  and morphologies  (Moore) 

-- D i s t r i b u t i o n  o f  b locks  on t h e  l u n a r  s u r f a c e  (Moore) 

I n c r e a s e d  t r a v e l  d i s t a n c e  due t o  c r a t e r s  and o t h e r  - -  

o b s t a c l e s  on t h e  Moon (Moore) 

T h i s  r e p o r t  i s  p r e l i m i n a r y  and h a s  n o t  
been e d i t e d  o r  reviewed f o r  conformity 
w i t h  U.S . Geolog ica l  Survey s t a n d a r d s  

and nomencla ture .  

P repared  by t h e  G e o l o g i c a l  Survey f o r  t h e  
N a t i o n a l  Aeronau t i c s  and Space 

A d m i n i s t r a t i o n  



Sec t i on  A 

T r a v e r s e  P r o f i l e  f o r  a ' i lypo the t ica l  

Lunar Roving Vehicle  Miss ion  


G. E .  U l r i ch  



S e c t i o n  A Y) 

TREIwKSL' PROFILE FOR A lIYPOTHETICA7, 
LUNAR ROVING VET-IZCLE MISSION 

I n t r o d u c t i o n  

Th i s  r e p o r t  summarizes t h e  pre l iminary  r e s u l t s  of on-going s t u d i e s  

i n  t h e  T e r r a i n  Ana lys i s ,  T r a f f i c a b i l i t y ,  C ra t e r  S t u d i e s ,  and Advanced 

Systems Traverse  Research P r o j e c t s  of t he  U.S. Geolog ica l  Survey under 

NASA Con t r ac t s  W-12,388 and R-09-020-041, The in format ion  included h e r e i n  

h a s  been prepared under t h e  ausp i ce s  of kke  ~ c i & n c e ' a n dTraver'se Planning 

Pane l  f o r  t h e  Lunar Roving Vehicle  Study Management Team. I t  i s  intended 

t o  p rov ide  a  base l i n e  LRV t r a v e r s e  p lan  from t h e  b e s t  c u r r e n t l y  

a v a i l a b l e  suppor t ing  d a t a  on l u n a r  t e r r a i n  c h a r a c t e r  i s  t i c s  and geo log ic  

i n t e r p r e t a t i o n s  both of  which w i l l  c r i t i c a l l y  a f f e c t  t h e  use  and 

a p p l i c a t i o n  of rov ing  v e h i c l e  concepts  i n  Post-ApoELo luna r  exp lo ra t i on .  
a 

It should be made c l e a r  t h a t  th i .s  i s  a  p re l iminary  e f f o r t  and subseqrlent , 

r e v i s i o n s  should be expec ted .  

Procedure 

The t r a v e r s e  p r o f i l e  proposed he re  i s  in tended t o  be r e p r e s e n t a t i v e  

of  a wide range of s c i e n t i f i c  miss ion  o b j e c t i v e s  and l una r  t e r r a i n  

types  f o r  an  unmanned LRV mis s ion  having a map-dis tance range of 1000 krrl 

and a one-year d u r a t i o n .  It i s  no t  der ived  from any s i n g l e  a r e a  of t he  

Moon bu t  r a t h e r  i t  i s  a n  assor tment  of s e l e c t e d  s i t e s  of s c i e n t i f i c  

i n t e r e s t  and t e r r a i n  types  f o r  which d a t a  were a l r e a d y  a v a i l a b l e  o r  

could be r e a d i l y  ob ta ined  f o r  t h i s  s t udy .  The t r a v e r s e  p r e sen t s  t h e  

v a r i e t y  of t e r r a i n s  and s i t e s  t o  be expected i n  t h e  course  of  a number 



of  LRV t r a v e r s e s .  The geograph ic  l o c a t i o n s  from wirich t h e  d a t a  a r e  

o b t a i n e d  a r e  n o t  c i t e d  e x c e p t  where acknowledgmex~t f o r  t h e  work by 
h 


o t h e r  t h a n  t h e  a u t h o r  must be made. 

T h i s  f i r s t :  s e c t i o n  o f  t h e  r e p o r t  a t t e m p t s  t o  p l a c e  t h e  

h y p o t h e t i c a l  t r a v e r s e  i n  a g e , o l o g i c a l  c o n t e x t  and i n  a l o g i c a l  

sequence of  t r a v e r s e  s e g i w n t s  a l t e r n a t i n g  w i t h  r e l e v a n t  s i t e s  o f  major 

s c i e n t i f i c  i n t e r e s t  (Table  1 ) .  The budge t ing  of  t ime ,  d i s t a n c e ,  and 

v e h i c l e  v e l o c i t y  i s  dependent on t h e  combined e f f e c t s  of s l o p e s ,  c r a t e r s ,  

and bloclcs based on a n a l y s e s  by 1-I. J .  Moore and R .  J .  P i k e  o f  measurable  

l q n a r  d a t a  for .  broad t e r r a i n  c a t e g o r i e s  a s  set f o r t h  i n  t h e  s e c t i o n s -  

f o l l o w i n g  i n  t h i s  r e p o r t .  The p r imary  s o u r c e s  of  in fo r ina t ion  on t h e  

l u n a r  s u r f a c e  t o  d a t e  a r e  t h e  p u b l i s h e d  and unpublj-shed r e s u l t s  from 

t h e  Ranger,  Surveyor ,  Lunar O r b i t e r ,  and Apol lo  8 m i s s i o n s .  The 

importance  o f  t o p o g r a p h i c  d e f i n i t i o n  of t h e  l u n a r  s u r f a c e  on b o t h  l a r g e  

and s m a l l  s c a l e s  h a s  become i n c r e a s i n g l y  e v i d e n t  w i t h  t h e  growing demands 

f o r  d e f i n i t i v e  m i s s i o n  p l a n s  and m o b i l i t y  concept  s t u d i e s  ( U l r i c h ,  1968) , 

The pr imary methods of o b t a i n i n g  such d a t a  f o r  t h i s  r e p o r t  have  been 

photogramlme t r y ,  pho toc l inomet ry  and shadow measurements.  

There  a r e  l i m i t a t i o n s  i n  t h e  accuracy  o f  q u a n t i t a t i v e  d a t a  

g leaned  from s p a c e c r a f t  photography when u s i n g  photogrammetr ic ,  photo-  

c l i n o m e t r i c  and o t h e r  measureri~ent t e c h n i q u e s .  Thus,  t h e  d a t a  l i s t e d  

h e r e  shou ld  be cons ide red  a c u r r e n t  b e s t  e s t i m a t e  which w i l l  r e q u i r e  

r e v i s  i o n  as more i n £  ormat ion  i s  o b t a i n e d .  



Primary Assumptions 

I n  a d d i t i o n  t o  t h e  c o n s t r a i n t s  imposed by Lunar t e r r a i n  and 

t r a f f i c a b i l i t y  e s t i m a t e s ,  c e r t a i n  b a s i c  a s sumpt ions  concern ing  LRV 

t r a v e r s e  c o n c e p t s  n u s t  be made orz which t o  b a s e  the  m i s s i o n  

p r o f i l e .  The fol.lorving assumpt ions  have been g e n e r a l l y  agreed upon 

by t h e  S c i e n c e  and T r a v e r s e  P lann ing  P a n e l  f o r  purposes  of t h e  p r e s e n t  

s t u d y : 

1. The m i s s i o n  d u r a t i o n  i s  one y e a r ,  c o n s i s t i n g  o f  approximate ly  

4000 hours  of l u n a r  d a y l i g h t .  E f f e c t i v e  m i s s i o n  o p e r a t i o n  w i l l  

con t inue  around t h e  c l o c k  throughout  each l u n a r  d a y ,  excep t  f o r  112 

I P 

s " 

day a t  each end when s u n  e l e v a t i o n  i s  l e s s  t h a n  7" .  

2 .  The m i s s i o n  p r o f i l e  i s  f o r  an  LRV i n  t h e  unmanned mode, deployed 

from a Lunar Payload Module (LPM) a t  t h e  t r a v e r s e  o r i g i n .  The LRV 

w i l l  rendezvous  w i t h  a  manned m i s s i o n  a t  i t s  term$-nus t o  d e l i v e r  

samples f o r  r e t u r n  t o  e a r t h  and t o  p r o v i d e  m o b i l i t y  f o r  one o r  two 

a s t r o n a u t s  f o r  up  t o  120  h o u r s  of 3-hour s o r t i e s ,  each up t o  30 km 

long .  An example o f  a 3-day manned m i s s i o n  p r o f i l e  i s  g i v e n  by Kar l s t rom,  

McCauley, and Swann (1968) a n d ' a  comparison o f  the g r o s s  t ime  a l l o t m e n t s  

f o r  t h e  manned and unmanned m i s s i o n s  i s  shown i n  F i g u r e  1. 

3 .  The unmanned LRV t r a v e r s e  i s  1000 km i n  map d i s t a n c e  c o n s i s t i n g  

of abou t  50% mare and 50% upland t e r r a i n .  

4 .  T h e  t r a v e r s e  i s  f u r t h e r  d i v i d e d  i n t o  f o u r  ge 'nera l  t e r r a i n  type s 

f o r  which p r e l i m i n a r y  d a t a  a r e  a v a i l a b l e :  smooth mare,  rough mare,  

hummocky u p l a n d ,  and rough up land .  Data  a r e  a l s o  a v a i l a b l e  f o r  l a r g e  

f r e s h  c r a t e r s  such a s  Tycho, A r i s t a r c h u s ,  and Copernicus  and a r e  

i n c l u d e d ,  on a p r e l i m i n a r y  b a s i s ,  f o r  t h i s  t e r r a i n  c a t e g o r y .  



5 .  Average v e l o c i t i e s  o f  t h e  LRV, on t h e  b a s i s  of map d i s t a n c e  

a t t a i n a b l e  f o r  t h e  s e v e r a l  t e r r a i n  c a t e g o r i e s  a r e  e s t ima ted  a s  f o l l o w s  

and i n  Table  2 : 

Smooth mare 1.7 kph 

Rough mare 1 .5  kpfi 

Hummocky upland 1 .8  kph 

Rough upland 0 - 5 kph 

Large  f r e s h  c r a t e r  0.3 kph 

These v e l o c i t i e s  a r e  c o n s i d e r e d  r e a s o n a b l e  f o r  t h e  LRV o p e r a t i n g  i n  

- .  a ~ o n t i n u o u s  mgde. To t h e  e x t e n t  t h a t  they  t u r n  o u t  t o  be p e s s i m i s t i c ,  e 

they  may a l s o  be  r e a s o n a b l e  f o r  t h e  s t e p  mode o f  o p e r a t i o n  a s  w e l l .  

6 .  	 Frequency of s t o p c  r e q u i r e d  t o  upda te  geograph ic  p o s i t i o n  and t o  

e v a l u a t e  h a z a r d s  and landmarks i n  a r e a s  t o  be c r o s s e d :  

Mare--every 0 . 5  km ( t o t a l  o f  1000 s t o p s )  

Upland--every 50 m ( t o t a l  of 10,000 s t o p s )  

Time f o r  a s i n g l e ,  r o u t i n e  LRV s top-and-go i n c l u d i n g  communication 

d e l a y  i s  e s t i m a t e d  t o  b e  40  seconds .  

7 . Time f o r  s h u t  -down o r  warm-up p rocedures  be£ o r e  and a f  t e r  l u n a r  n i g h t ,  

and u s e  of t ime and power d u r i n g  l u n a r  n i g h t  i s  n o t  de te rmined  h e r e .  

The h a l f  day p e r i o d s  when s u n  i s  0.7'  above h o r i z o n  may s a t i s f y  t h e  

f i r s t  i t em.  

8.  ~ c i k n t i . f i c  i n v e s t i g a t i o n s  a r e  t o  i n c l u d e  t h e  f o l l o w i n g  b a s i c  group 

o f  exper iments  s e l e c t e d  by t h e  S c i e n c e  and T r a v e r s e  P l a n n i n g  P a n e l  a s  

g e n e r a l l y  a p p l i c a b l e  t o  a l l  unmanned LRV t r a v e r s e s :  

a .  	 F a c s i m i l e  camera sys tem w i t h  t h e  o p t i o n  o f  s m a l l  f i e l d  

m a g n i f i c a t i o n  and s t e r e o  c a p a b i l i t y  ( i n  a d d i t i o n  t o  

t h e  n a v i g a t i o n  TV, s t a b i l i z e d  t o  o p e r a t e  c o n t i n u o u s l y  on 



moving v e h i c l e ;  bo th  cameras have  360' s c a n  c a p a b i l i t y .  

b .  	 Samplers  f o r  rock  c o r e  ( o r  fragment)  and p a r t i c u l a t e  m a t e r i a l s  

c .  	 Sample s t o r a g e  f o r  400 samples ,  under 1.12 l b .  each 

d . X-ray diffractometer/spectrometer, inc l -uding sample p r e p a r a t i o n  

and i n t r o d u c t i o n  . 

e .  	 Grav imete r ,  c l e p l o y a b l e / r e t v i e v a b l e  

f . 	Magnetomtter ,  con t inuous  r e a d i n g  ( i f  a p p l i c a b l e )  

g .  	 ~ h r e ed e p l o y a b l e  Remote Geophysical  Monit ~ r s( p a s s i v e  s e i s m i c )  

A d d i t i o n a l  exper iments  may be  added f o r  s p e c i a l  a p p l i c a t i o n  on 

p a r t i c u l a r  m i s s i o n s .  The LRV and i t s  v a r i o u s  appendages w i l l  p rov ide  

e n g i n e e r i n g  exper iments  i n  s o i l s  mechanics t h a t  a r e  n o t  charged t o  

s c i e n c e .  

9 .  S c i e n t i f i c  o p e r a t i o n s  w i t h  r e s p e c t  t o  t ime  consumption a r e  d i v i d e d  

i n t o  two c a t e g o r i e s  (F igure  2) : 

(a )  	 Major S c i e n c e  s i t e s  (Tab le  1) each  o f  which i s  a l l o t t e d  

50 h o u r s  f o r  l o c a l  maneuvering and t r a v e r s i n g  o p e r a t i o n s  

(40%),  camera scann ing  f o r  s c i e n c e  and g e n e r a l  purposes  (20%),  

sample c o l l - e c t i o n  (20 saniples a t  15 minu tes  each) , p r e p a r a t i o n ,  

i n s e r t i o n ,  and sto rage /d i sca rc l  (12 min. each)  , sample a n a l y s i s  

(20 min. each)  , and 20 g r a v i m e t e r  s t a t i o n s  (12 min.  each)  . 
(b) 	 Rout ine  s t a t i o n  s t o p s  a t  an  average  map d i s t a n c e  of 0 . 5  km 

e n r o u t e  between major  s c i e n c e  s i t e s ;  360" camera s c a n  (5-10 m i n . ) ,  

c o l l e c t i o n  o f  .grab samples  (10-15 min.) , and a g r a v i t y  measure- 

ment (10-12 min.)  compr i s ing  1/2  hour  a t  each  s t a t i o n  f o r  a 

t o t a l  of  2000 s t a t i o n s .  A n a l y s i s  of sample is  performed 

w h i l e  e n r o u t e ,  and one i n  every  t e n  c o l l ~ c t e di s  r e t a i n e d .  



10. 	 The LRV must avoid mature, young, and f r e s h  c r a t e r s  which a r e  

two me te r s  a c r o s s  and l a r g e r  and b locks  which a r e  one meter  

a c r o s s  and l a r g e r .  The width of t he  v e h i c l e  f o r  purposes  of 

o b s t a c l e  c a l c u l a t i o n s  i s  two m e t e r s .  

A-Q 
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Manrred Manned Automated 
3-Day 3 -Day 1-Year 

LRV & IJti"U LRV Only LRV 

F i g u r e  1.--Comparison of  g r o s s  t i m e  a l l o t m e n t  i n  manned and 
automated miss ion  c o n c e p t s .  
(Manned m i s s i o n  a l l o t m e n t s  modi f i ed  a f t e r  Kar l s t rom,  

McCauley , and Swann (1968) ) ' 
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Maneuvering f o r  vantage p o i n t s ,  
hazard a p p r a i s a l  and avoidance,  
sample c o l l e c t i o n ,  and l o c a l  
geophys ica l  i n v e s t i g a t i o n s .  
(Magnetome t r y ,  i f  a p p l i c a b l e ,  
should record  con t inuous ly  wh i l e  
v e h i c l e  i s  ope ra t i ng )  

Sample c o l l e c t i o n  20--Keep 10 

preparation, p r e  
instruments,and'storage(~~'d i s c a r d )  

D i f f r ac tome t ry  and spec t romet ry  

Gravimetry--20 s t a t i o n s  

F igure  2.--Gross budget of t ime consumption on o v e r a l l  LRV 
t r a v e r s e  and a t  i n d i v i d u a l  major  s c i e n c e  s i t e s .  
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Table  1,--,Major Sc ience  S i t e s  

Sequence i n  
1000-krn Traverse  

T e r r a i n  Type 
--.o r  e q u i v a l e n r  

I .  Vol-canic s i t e s  

V - 1  Lava flow f r o n t  
dep re s s ions  

and t o p  w i t h  l i n e a r  2 rough mare 

V-2 Mare r i d g e  witlz t e r r a c e  5 rough mare 

V-3 Caldera  o r  p i t  c r a t e r  rough mare- 
rough upland 

V-4 Low l ava  clo~ne rough mare 

V-5 C r a t e r - t o p  dame ( o r  s t e ep - s ided  dome) humnzocky -
roug1.1 up 1and 

V-6 Maar c r a t e r  ( o r  cha in  c r a t e r )  rough upland 

V-7 Dark h a l o  c r a t e r s  and a s s o c i a t e d  r i l l e  rough mare-
hummocky upland 

V-8 Trans  i e n t  phenomenon/ the rmal  anomaly 

b . 

smooth-
rougl.1 mare 

11. =ac t  c r -a te r  s f t ~  

1-1 C r a t e r  w i th  secondary impacts  & blocks  rough mare 

1-2 Secondary f i e l d  of sma l l  blocky c r a t e r s  
and c o n c e n t r i c  c r a t e r s  i n  r e g i o n a l  r ay -  
covered a r e a  

rough mare 

1-3 Large f r e s h  c r a t e r  r i m  l a r g e  c r a t e r  

1-4 Normal & i nve r t ed  s t r a t i g r a p h i c  
s u c c e s s i o n  i n  w a l l  and rim 

l a r g e  c r a t e r  

1-5 "Ponded" p l a i n s  on c r a t e r  r i m  o r  w a l l  rough mare 

1-6 Floo r -wa l l  c o n t a c t  near  c o n c e n t r i c  r i l l e  l a r g e  c r a t e r  

1-7 C e n t r a l  peaks wi th  b lock  f i e l d s  
bou ldcr  t r a c k s  

and l a r g e  c r a t e r  

111. ~ e c t o n i c / m a s s  was t ing  s i t e s  

T-1 Smooth r e g o l i t h  a t  t r a v e r s e  o r i g i n  smooth mare 

T-2 Mare-upland c o n t a c t  and t a l u s  s l opes  6 smooth rnare- 
rough up land 

T-3  S t r a i g h t  r i l l e  w i th  f a u l t  s c a r p  7 rough -hurnmocl~y 
upland 

T-4 Debr i s  f low 13 l a r g e  c r a t e r  

T-5 Mare r i l l e  concen t r i c  w i t h  b a s i n  r i m  15 rough mare- 
rough upland 

T-6 Sinuous r i l l e  wi th  l evee s  19 rough mare-
rough upland 



Tab le  2 . - -D i s t ance ,  Velocj- ty,  atld Tirrle C o n s t r a i n t s  d e r i v e d  from S e c t i o n s  B ,  C ,  and D 

D i s t ance  a n L V e l o c  i t y  -

Fresh  
Large  
C r a t e r  a 

% i n c r e a s e  over  map 
d i s t a n c e  due t o :  

1. Slopes  c r o s s e d ,  
s

2 .  S lopes  t oo  s t e e p ,  
3 .  C r a t e r s ,  L 

Lts  

4 .  Blocks ,  L 
C 

5 .  locks an8 c r a t e r s ,  

" 

L ~ t - ~  
6 .  T o t a l  % i n c r e a s e , l  
7 .  Ground d i s t a n c e  T 

t r a v e l  pe r  u n i t  
map d i s t a n c e  

8 .  Avg. hap  v e l o c i t y  
(kph)

9 .  Ground vc l o c  i t y  (kph) 

Time Hours p e r  km t r a v e r s e  increment  (map d i s t a n c e )  

-Summation e x c l u s i v e  of Sc i ence  S i t e s  

19.  D i s t ance  

21. Time r k q u i r c d ,  h r s .  
22 .  % of t o t a l  t ime  
2 3 ,  % of t o t a l  d i s t a n c e  

+<Ca lcu l a t i ons  f o r  rough uplands  a r e  based on t h i s  column th roug l~ou t  r e p o r t .  



---- -- Ear th -based  m i s s i o n  r e q u i r e m e n t s  


The effective u s e  o f  a complexly i n s t r u m e n t e d ,  m u l t i p u r p o s e  v e h i c l e  


remotely  c o n t r o l l e d  on t h e  l u n a r  s u r f a c e  c l e a r l y  p l a c e s  s e v e r e  r e q u i r e -  


* 
ments on t h e  e a r t h - b a s e d  c o n t r o l  and d a t a  h a n d l i n g  f a c i l i t y .  These 


r equ i rements  silould become more c l e a r l y  d e f i n e d  a s  t h e  LRV d e s i g n  


s t u d y  p r o g r e s s e s .  The e v o l u t i o n  of a  c o n c e p t u a l  d e s i g n  f o r  t h e  m i s s i o n  


o p e r a t  ions  c e n t e r  which mee t s  both  e n g i n e e r i n g  and s c i e n t i f i c  needs  


- should  p a r a l l e l  t h a t  o f  t h e  LRV. 

The h y p o t h e t i c a l  l u n a r  t r a v e r s e  p r e s e n t e d  i n  t h e  f o l l o w i n g  pages 

i s  in tended  p a r t l y  t o  i l l u s t r a t e  some o f  t h e  r o u t i n e  demands which w i l l  be 

made on t h e  miss ' ion o p e r a t i o n  c e n t e r  a n d  pn t h e  & s c i e n t i f i c  d a t ~  f a c i l i t y  

a s s o c i a t e d  w i t h  i t .  Among t h e s e  a r e  r e q u i r e m e n t s  f o r  p e r s o n n e l  such a s  

i n v e s t i g a t o r s ,  d a t a  h a n d l e r s ,  prime v e h i c l e  c o n t r o l l e r s ,  and o p e r a t o r s  

o f  remotely  c o n t r o l l e d  s c i e n t i f i c  i n s t r u m e n t s .  Obvious problems a r e  

expected from t h e  s i m u l t a n e o u s  o p e r a t i o n  of s e v e r a l  v e h i c l e -  and ins t rumented  

components, t h e  co~nmunicat ions  t i m e - l a g s ,  t h e  power consumpti.on a l l o w a b l e  

P 

o n  t h e  v e h i c l e ,  and t h e  heavy demands from b o t h  t h e  s c i e n t i f i c  and 

e n g i n e e r i n g  a r e a s  on t h e  u s e  o f  a v a i l a b l e  computers  f o r  r e a l - t i m e  d a t a  

h a n d l i n g ,  d e c i s i o n  making, and i s s u i n g  of commands to. t h e  v e h i c l e .  I n  

o r d e r  t o  o p e r a t e  on a 24-hour b a s i s ,  f o u r  f u l l  teams of  i n v e s t i g a t o r s ,  

d a t a  h a n d l e r s ,  c o n t r o l l e r s ,  and o p e r a t o r s  w i l l  p r o b a b l y  b e  n e c e s s a r y .  

A1.l o b s e r v a t i o n a l  d a t a  w i l l  r e q u i r e  r e a l - t i m e  i n t e r p r e t a t i v e  g e o l o g i c  

commentary t h a t  c a n  be q u i c k l y  s t o r e d  and r e t r i e v e d  a l o n g  w i t h  t h e  v i s u a l  

image, a s  a s u b s t i t u t e  f o r  o b s e r v a t i o n s  by an  o b s e r v c r  aboard t h e  v e h i c l e .  

S e v e r a l  g e o p h y s i c i s t s  w i l l  be r e q u i r e d  t o  i n t e r p r e t  g r a v i m e t r y  and 

magnetometry a s  i t  i s  r e c e i v e d  and p l o t t e d ;  i n  addit,i .on a c t i v e  s e i s m i c  



d a t a  from manned miss ions  wi11 r e q u i r e  r e a l - t i m e  a n a l y s i s .  Geo-

c h e m i s t s  w i l l  have t o  e v a l u a t e  t h e  t e x t u r a l  and a n a l y t i c a l  d a t a  

on samples c o l l e c t e d  i n  o r d e r  t o  s e l e c t  t h e  b e s t  working g e o l o g i c  

models o r  hypotheses  and a s  a g u i d e  t o  f u t u r e  sampl.ing. A n a v i g a t o r  

w i l l  be  c o n t i n u a l l y  r e s p o n s i b l e  f o r  t h e  v e h i c l e  ' s  geographic  p o s i t  ion 

as w e l l  a s  i t s  e l e v a t i o n ,  and i t  w i l l  be h i s  job p e r i o d i c a l l y  t o  upda te  

t h e  v e h i c l e ' s  n a v i g a t i o n  system.  

Opera to rs  o r  compute r -con t ro l l ed  commands w i t h  e a r t h  & e r r i d e s  

w i l l  be r e q u i r e d  f o r  a l l  of  t h e  f o l l o w i n g  f u n c t i o n s ,  some of them 

s i m u l t a n e o u s l y ,  determined mainly  by t h e  s c i e n t i f i c  m i s s i o n  o b j e c t i v e s  : 

6 .  

a .  	 TV pan and t i l t  and 360" s c a n  

b .  	 Facs imi le  camera pan and t i l t ,  360' s c a n ,  and c l o s e  up of 

rock  and " s o i l 1 '  samples 

c .  	 Sampling of  l u n a r  m a t e r i a l s  

d . 	Sample p r e p a r a t i o n  and i n s e r t i o n  i n t o  a n a l y t i c a l  ins t ruments  

e .  	 S t o r a g e ,  r e t r i e v a l ,  and d i s c a r d i n g  of s e l e c t e d  samples 

f . 	Deployment, l e v e l i n g ,  r e a d i n g ,  and r e t r i e v a l  of g rav imete r  

g .  	 Ranging t o  a r t i f i c i a l  o r  s e l e c t e d  n a t u r a l  r e f l e c t o r s  o r  hazards  

h . Driv ing  t h e  v e h i c l e :  s t a r t i n g ,  a c c e l e r a t i n g ,  d e c e l e r a t i n g ,  

s t o p p i n g ,  back ing ,  and t u r n i n g  

D i s p l a y s  i n  t h e  s c i e n c e  d a t a  f a c i l i t y  based s imply on t h e  v e h i c l e -  

mounted s c i e n c e  package d e s c r i b e d  above f o r  t h e  unmanned rendezvous 

m i s s i o n  should i n c l u d e  a't l e a s t  f o u r  XY p l o t s  d r i v e n  by t e l e m e t r y  a s  

r e c e i v e d  from t h e  v e h i c l e :  (1) geographic  p o s i t i o n  and heed ing  o f  

t h e  v e h i c l e  on a  c o n t r o l l e d  pho tograph ic  o r  pho togeo log ic  base  map, 



(2) g r av ime te r  read ings  w i th  c a p a b i l i t y  o f  con tour ing ,  p r o f i l i n g ,  and 

s o l v i n g  3 -po in t  problems f o r  r e g i o n a l  g r a d i e n t ,  (3) magnetometer d a t a  

i n  both X1 and p r o f i l e  form a s  r e q u i r e d ,  and (4) e l e v r r ~ i o n  p r o f i l e  of 

v e h i c l e  p o s i t i o n  con t inuous ly  a long  t r a v e r s e .  I n  a d d i t i o n  geochemical 

d i s p l a y s  w i l l  be needed t o  show sample l o c a t i o n s ,  c l a s s i f i c a t i o n ,  and 

p o s i t i o n  i n  s t o r a g e  u n i t ,  t a b u l a t e d  r e s u l t s  of e l emen ta l  and mine ra log i ca l  

-	 co~npos i t i onsw i t h  t e x t u r a l  c h a r a c t e r i s t i c s ,  and o f f - l i n e  , p l o t t e r  


d i s p l a y s  f o r  comparison of any combinat ion of  geochemical d a t a .  


These b a s i c  requ i rements  a r e  on ly  a f i r s t  c u t  on t h e  p r o j e c t e d  

needs of a  s c i e n c e  d a t a  f a c i l i t y  . T e r r ~ st r i a l  exp f r i qen t  s  c o ~ l b i n i n g  t h e s e  
t * 

and o t h e r  concep ts  should permit  more p r e c i s e  s t a t emen t s  of o rgan iza t iona l -

and hardware requirements  f o r  t h e  ' d a t a  f a c i l i t y .  



Hypothe t i c a l  T r a v e r s e  Missioll  Prof  i - l e  --- --------.----.---

The remainder  of  t h i s  s e c t i o n  p r e s e n t s  t h e  c h r o n o l o g i c a l  sequence 

of  m i s s i o ~ l  segments i n  which d e t a i l e d  i n v e s t i g a t i o n s  a t  i n d i v i d u a l  

major s c i e n c e  s i t e s  (Tab le  1) a r e  l inked  t o g e t h e r  by r o u t i n e  t r a v e r s e  

s e c t i o n s  a c r o s s  un i fo rm t y p e s  of  l u n a r  t e r r a i n .  Each s c i e n c e  s i t e  

c o n s i s t s  of a b r i e f  d e s c r i p t i o n  of s c i e n t i f i c  o b j e c t i v e s ,  t h e  a l l o t m e n t  

of t ime a t  t h e  s i t e ,  and t h e  t y p e s  of t e r r a i n  and h a z a r d s  a n t i c i p a t e d .  

Where d a t a  is  a v a i l a b l e J  maps and p r o f i l e s  a r e  provided a s  examples 

of r e a l  l u n a r  f e a t u r e s .  The t a b u l a t e d  t e r r a i n  c h a r a c t e r i s t i c s  a r e  a l s o  

I 
given  f o r  each s i t e .  

* ,  D . . t * 

The t r a v e r s e  segments between s c i e n c e  s i t e s  a r e  p resen ted  a s  d a t a  

s h e e t s ,  and when each t e r r a i n  t y p e v  ins v i s i t e d  f o r  t h e  f i r s t  t ime a 

r e p r e s e n t a t i v e  sample of  topograph ic  p r o f i l e  i s  a l s o  p rov ided .  

Table  3 i s  a summary of t h e  schedu le  and cumula t ive  i n c r e a s e  o f  

d i s t a n c e ,  t ime ,  and g e o l o g i c  sampling f o r  t h e  e n t i r e  t r a v e r s e .  For 

e n g i n e e r i n g  s t u d i e s  and comparat ive  a n a l y s e s ,  c a l c u l a t i o n s  f o r  any 

l e n g t h  of t r a v e r s e  and any combination o f  t e r r a i n  t y p e s  and s c i e n c e  

s i t e s  c a n  e a s i l y  be made by c u t t i n g  ou t  o r  r e a r r a n g i n g  p o r t i o n s  of  t h e  

t r a v e r s e .  

The sequence of  s c i e n c e  s i t e s ,  l u n a r  n i g h t s ,  and deployment of  

Remote Geophysical  Moni tors  i n  r e l a t i o n  t o  t r a v e r s e  d i s t a n c e  and 

cumulat ive  number o f  e a r t h  days  i s  i l l u s t r a t e d  i n  F i g u r e  3 .  This  

sequence i s  based on  t h e  t r a v e r s e  p r e s e n t e d  i n  t h e  f o l l o w i n g  pages ,  

one of  many p o s s i b l e  combinat ions  t h a t  would b e  e q u a l l y  l o g i c a l  and 

- f e a s i b l e  from a  s c i e n t i f i c  p o i n t  of view. 
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D e f i n i t i o n s  of  t e r r a i n  symbols used  i n  Table 2 ard i n  d a t a  c o m p i l a t i o n s  f o r  
e a c h  segment o f  t h e  t r a v e r s e  p r o f i l e ,  p a r t l y  m o d i f i e d  from S e c t i o ~ l s  B and E .  

Map d i s t a n c e  	 D i s t a n c e  i n  km o b t a i n e d  by d i r e c t  measuremeilt between 
two p o i n t s  on a map. 

Ground d i s t a n c e  	 T rue  d i s t a n c e  i n  kln on t h e  s u r f a c e  be tweer~  two p o i n t s  which 
a c c o u n t s  f o r  t h e  s t a t  i s t i c a l  i r r e g u l a r i t i e s  i n  t h e  s u r f a c e  
r e q u i r i n g  d e v i a t i o n  f rom a  s t r a i g h t , h o r i z o n t a l  p a t h .  

Map v e l o c i t y  	 The map d i s t a n c e  d i v i d e d  by t h e  e s t i m a t e d  h o u r s  r e q u i r e d  t o  
t r a v e r s e  between two p o i n t s .  . 

Ground v e l o c i t y  	 The t r u e s p e e d  i n  kn~p e r  h o u r  r e q u i r e d  t o  t r a v e r s e  t h e  ground 
d i s t a n c e  s o  a s  t o  a c h i e v e  t h e  p r e d i c t e d  map v e l o c i t y .  

P e r c e n t a g e  o f  map d i s t a n c e  which  must  be  added t o  g e t  ground d i s t a n c e  
Ls 

due  t o  t r a v e r s i n g  s l o p e s ,  p e r p e n d i c u l a r  t o  s t r i k e  o f  s l o p e  and n o t  
a l l o w i n g  f o r  c u r v a t u r e .  

P e r c e n t a g e  o f  map d i s t a n c e  which must  be added t o  g e t  ground d i s t a n c e  
Lts , 	 due t o  s l o p e s  t o o  s t e e p  t o  egot ti ate. . . 

P e r c e n t a g e  o f  map d i s t a n c e  which must  b e  added t o  g e t  ground d i s t a n c e  
LC c i r c u m v e n t i n g  c r a t e r s  of  m a t u r e  and younger  morphology,  2 m t o  2 km 

i n  d i a m e t e r .  

P e r c e n t a g e  o f  map d i . s t ance  wllich must  b e  added t o  g e t  ground d i s t a n c e  
L~ c i r c u m v e n t i n g  b l o c k s  and b o u l d e r s ,  1 t o  30 m i n  d i a m e t e r .  


P e r c e n t a g e  o f  map d i s t a n c e  which  must  be  added t o  g e t  ground d i s t a n c e 

L ~ + ~due  t o  c i r c u m v e n t i o n  o f  c r a t e r s  and b o u l d e r s .  


T o t a l  ground d i s t a n c e  i n c r e a s e  a s  p e r c e n t a g e  o f  map d i s t a n c e  due t o  

L~ t h e  combined e f f e c t  o f  s l o p e s ,  b l o c k s ,  and c r a t e r s .  


Number o f  c r a t e r s  p e r  km' of  ground d i s t a n c e  t h a t  must be  c i r cumven ted  

N~ ( 2  m - 2 km i n  d i a m e t e r )  . 


Number o f  b l o c k s  p e r  km of  ground d i s t a n c e  t h a t  must  be c i r cumven ted  

N~ ( I  m - 30 m i n  d i a m e t e r ) .  


Number of  c r a t e r s  and b l o c k s  p e r  km of ground d i s t a n c e  t h a t  must  be 

N ~ + ~ c i r c u m v e n t e d .  

PSD Power 
2

s p e c t r a l  d e n s i t y  i n  m e t e r s  p e r  c y c l e  per  m e t e r ;  g i v e n  f o r  
f r e q u e n c i e s  of  0.05 and 0.5 c y c l e s  p e r  m e t e r .  

Abs. mean s l o p e - - - a b s o l u t e  a r i t h m e t i c  mean s l o p e '  

Alg . s t d  . d e v i a t i . o n - - - a l g e b r a i c  s t a n d a r d  d e v i a t i o n  
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S i t c  T-1 Smoot'l~ r e g o l i t h  s u r  Eacc 



- - 

T e r r a i n  t y p e :  Smooth Mare 
.( 

L s  0 . 2  % l.m kOnl 501n
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A b s .  l lcatz S l o p e  . 



S t :  V - 1  Lava f l o w  f r o n t  and t o p  w i t h  l i n e a r  d e p r e s s i o n s  

T e r r a i n  Type 	o r  e q u i v a l . e n t :  rough mare 

O b j e c t i v e s  : 	Cornposit i o n  and h i s t o r y  of  l a v a  
f low and s u r r o u n d i n g  p l a i n s .  
O r i g i n  o f  l i n e a r  d e p r e s s i o n s  : 
l a v a  t u b e s ,  s u r f  a c e  f low channel^,^ 
g r a b e n s ,  o r  o t h e r .  Es t ima ted  Time (hours )  

Maneuveri-rig u s  i.ng TV camera f o r  v a n t a g e  p o i n t s ,  
h a z a r d  a p p r a i s a l  and avo idance ,  sample c o l l e c t i o n  
and geophys ics  t r a v e r s e s  on t o p  of f low and o f f  
of  f low 200 n~ beyond f r o n t .  L i n e a r  d e p r e s s i o n s  
and f low f r o n t  s l o p e s  a r e  s p e c i a l  h a z a r d s .  

FacsirniLe camera f o r  s i t e  s t u d y  and sample 
. c o l l e c t  ion , .  

C o l l e c t i o n  o f  20 samples ;  away from f low,  on 
f low t o p ,  a t  f o o t  of f l o w  f r o n t  , and from b l o c k s  
and o u t c r o p s  where p r e s e n t .  

Sample p r e p a r a t i o n ,  a n a l y s i s ,  and s e l e c t i o n  o f  
10 f o r  r e t u r n  ( t o  be performed conco in i t t an t  w i t h  
o t h e r  t a s k s  when power p e r m i t s )  

10 g r a v i m e t e r  r e a d i n g s  on f low t o p  and 10 o f f  of 
f low.  Comncnce on o u t c r o p  i f  p o s s i b l e .  



S i t e  V - 1  Lava f l o w  f r o n t  and t o p  w i t h  l i n e a r  d e p r e s s i o n s  

T e r r a i n :  rough mare 





S i t e :  1-1 C r a t e r  w i t h  secondary impacts  and b l o c k s  

T e r r a i n  Type o r  e q u ivalelzt- : rough mare 

O b j e c t i v e s :  t o  examine blocky e j e c t a  and g e o p h y s i c a l  
e v i d e n c e  of  s t r a t i g r a p h y  benea th  t h e  c r a t e r  
r i m  and o r i g i n  of v a r i o u s  t y p e s  of secondary 
c r a t e r s  

NOTE: Lj-ghtirzg a n g l e  wlil.1 be c r i t i c a l .  to c o l o r  
and t e x t u r a l  i n t e r p r e t a t  ion o f  
ax~gul a r  b locks  Es t ima ted  Time  (Izours) 

----------- O p e r a t i o n
--pv" 

Maneuvering u s i n g  TV camera f o r  van tage  p o i n t s ,  
haza rd  apprai . sa1  and avo idance ,  sample c o l l e c t  i o n ,  
and geophys ics  p r o f i l e s  . Blocks a r e  pr imary 
h a z a r d s .  Secondary c r a t e r s  'may be a s s y m e t r i c  
i n  shape and c o n t a i n  l a r g e  boul.ders o r  b l o c k s .  

F a c s i m i l e  c,anlera f o r  s i t e  s t u d y  and sample 
c o l l e c t i o n ,  

C o l l e c t i o n  o f  20 samples  from b l o c k s ,  r i m  m a t e r i a l s ,  
ancl su r round ing  p 1a i n s  

Sample p r e p a r a t i o n ,  a n a l y s i s ,  and s e l e c t  ion  o f  10 
f o r  r e t u r n  

20 g r a v i m e t e r  r e a d i n g s  from r i m  outward spaced 
5 mete r s  a p a r t .  



S i t e  1-1 Fresh c r a t e r s  

10 

0 

Dia 107m 
Rim height 2.2rn 

100m.1S l o ~ o30" -1-
Relief 13 rn 

0 200 4OOm Max slope 
Max re l i e f  

>30° 
IOOm 

Shadow measurements (Moore) 
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S i t e :  1-2 	Secondary f i e l d  oC s m a l l  b locky c r a t e r s  
and c o ~ l c e n t l - j e  c r a t e r s  i n  r e g i o n a l  ray-covered a r e a  

Te r r a i.11 Type or equi-valcrzt: rough mare 

O b j e c t i v e s  : t o  dekcrminc v a r i e t y  s f  compos i t ion  
i n  bedrock arzd the  extent  t o  whicf-r 
depth of over-burden c o n t r o l s  the 
d i s ~ r i b u k i o n  of b locky c r a t e r s ;  a l s o  
t h e  o r i g i n  of  c o n c e n t r i c  c r a t e r s  Est imated Time (hours) 



Segment of o r i g i n a l  1000-km traverse: 100-150hn 

T e r r a i n  t y p e :  Rough. Mare 
I.( 



1 U m3 LARGE BL-OCKS FFiOM kL/AhIR ORG/TENLIZ, HI54 PWOTOGEAPtI 
0 5 IOm x SMALL, BLOCKS FROM SURVEYOfllLz' PICTURES 

0	O U T L I N E  OF CRATER m r n ,  SOLID WHERE DISTINCT 
DASHED WHERE INDEF1INi7E 

(Modified 	from Shoemaker, e t  a l ,  1968) 

C o n c e n t r i c  (double)  c r a t e r  

' Shadow measurements (Moore) 

S i t e  1 - 2  	 Secondary f i e l d  ' o f  snial-1 b locky c r a t e r s  and c o n c e n t r i c  
c r a t e r s  i n  r e g i o n a l  ray-covered a r e a .  





S i t e :  Vs-2 Mare r i d g e  w i t h  t e r r a c e  

T e r r a i n  Type 	or- ec lui .valer~t  : rough mare 

Obj c c t i v e s  : 	 t o  axialyze t h e  poss  i b l c  rneclzanisins 

by which mare r i d g e s  a r e  emplaced and -

t h e  n a t u r e  of post-emplacement: 

p r o c e s s e s  


Est i lnated Time (hours )  

r) 

Qpcr  a  t ion  
---------*-we -----------"-"-----

Maneuvering a long  r idge-mare  c o n t a c t ,  a l o n g  

t e r r a c e ,  and a c r o s s  r i d g e .  LocalZy s t c e p ,  

p o s s i b l y  u n s t a b l e  s l o p e s  a r e  pr imary h a z a r d s .  


F a c s i m i l e  camera s c a n n i n g  and sample s e l e c t i o n .  

F o l l e c t i o n  of  20 samples  from bl-ocks and s o i l  on 

r i d g e  t o p ,  on t e r r a c e  s u r f a c e ,  and a l o n g  ' 

r idge-mare  c o n t a c t  


Sample p r e p a r a t i o n , a n a l y s i s ,  and s e l e k t i o n  of  

10 f o r  r e t u r n  


20 g rav imete r  s t a t i o n s  a c r o s s  r i d g e  i f  t e r r a i n  

c o r r e c t i o l ~ s  a r e  f e a s i b l e ;  o t h e r w i s e  t a k e  

r e a d i n g s  a t  l e a s t  500 m away from r i d g e .  


B, 



--- 
L .  0 .  IIX (Langley Worki-ng Pape r )

A 6'"""L terrace 

L "LLL"~II . IL . .~~  
0 500 I000 ISOOm 


http:L"LLL"~II.IL.


Sfgnient of o r i g i n a l  1000-km t r a v e r s e :  200-300 km 

Cumulative time t o  d a t e :  9 7 9  h r s ,* 

f-iurarnoc k y  Upland 

Apollo 8 f a r s i . d e ,  photograrnmctry (Wu, 1969) 

http:farsi.de
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S i t e :  T-2 Mare-uplands c o n t a c t  and t a l u s  s l o p e s  

T e r r a i n  Type 	o r  e q u i v a l e n t  : sinooih mare-roug11 upland 

O b j e c t i v e s  : 	 Comljauative s t u d y  of composi-t ion and 

g e o l o g i c  p r o c e s s e s  i n  a d j a c e n t  mare and 

upla~zcl a r e a s  


Es t ima ted  Time (hours )  

Operat  ion  
-----,"-----..-̂I- V - ^ - w L L - ID-- - I - . - - - " ~ ~ ~ l l l - ~ ~ - ^ ~".. 	 ---------. 

Marzeuverj-ng a l o n g  b a s e  o f  uplalzd s l o p e s  f o r  

sampl ing and p o s s i b l e  a c c e s s  r o u t e  up o n t o  

up land .  Loose t a l u s  s l o p e s  and abundant  b l o c k s  

a r e  primary h a z a r d s ,  


F a c s i m i l e  camera f o r  scann ing  and d e t a i l e d  
. . t e x t u i r a l  a n a l y s i s  o f  f r e s h  b locks  aryl b o u l d e r s  . 

TV and F a c s i m i l e  camera f o r  landniark s t u d y  and 

n a v i g a t i o n  


C o l l e c t i o t l  o f  20 samples  from mare & up]-and 

( o r  from b l o c k s  a t  f o o t  of  t a l u s  s l o p e s )  


Sample p r e p a r a r i o n ,  a n a l y s i s ,  and s e l e c t i o n  o f  

10 f o r  r e t u r n  


20 g r a v i m e t e r  s t a t i . o n s ,  probably  on mare 



- - - - - - -  

Site 1-2 ItAarc - uplands c&ontc?ct 

Apollo 8 f a r s i d e ,  p h o ~ o g r a ~ ~ m e t r y  1.969)(Wu, 

T e r r a i n  t y p e :  Smooth Mare - Rough Upland 

LS Oe2 - 1.7 % 1TZI-~-- -lorn -5On1 

T l 0 - 5 . 7 %  Abs . Mean Slope 2 , 9 - 1 1 . 0 '  2 , O - 7 . 7 '  1 . 4 - 5 . 2 't s 

0.21.- 2  Alg .  S t d .  d e v i a t i o n  3.6 - 13.7 2.'5 - 9 .6  1.7 - 6.5
N~ 


15.5 - 38.9 Abs. Fiean Curvature 0 . 6  - 2.0 1.0 - 2.7 0.8 - 3.8
N~ 


17.5 - 39 .1  A lg .S t c1 .dev i . a t i on  0 . 8 - " - 3 . 1  1 . 3 - 3 . 4  0 . 9 - 3 . 4  
'B+C 

0.04 - 0.4 % 
Nax Min 
I 


Lc 
5 .0  - 15.7 % PS@O .05 @,=20m) : 0,25 - 0,50 0,045 - 0.200 

5 .5  - 15.7 % PSWO.5 Cr\iz2m) : 13 - 80 x l o w 4  1.2 - 4 I ~ o - ~  
L ~ f ~  

12.9 - 15.9 % 
L~ 


------.--+--



Segment of o r i g i n a l  1000-kin traverse: 300-350 km 

T e r r a i n  type:  Rough Mare 
u 

L s  0 e l k  % Im 10m 
w 

5Om 
w 

1, .m U Abs a Mean Slope 5 * 3 O  3 * 8 O  2 .so
t s  

2 A l g  . S t d  . d e v i a t i o n  6 * 6  4.7 3 . 1  . 

. . 

N~ 
3 9  E kbs'. Mean Curvature s 8 - 9  1. 3  4.1 

' 4 I e X
Nn-tc Alg . S t d .  d e v i a t i o n  1,3 1,8 5 .O . 

0.4. % 
L~ Max. . _ _ _ _ _ YMin . 

&c. 
16.9 "/, PS@S ,OS V\=20n1) : 1.OQ 0 i4.20 

* . 17.5 % - PS@0 -5 &2m) : 0.0035 
~ ~ - t - ~: 

* 0.0003 

i 

L~ 
17,9 % 

-------I---------*--- _11__.--1---1___̂ __. 

Map d i s  t:ance , t h  i s  segment : 50 

Ground d i s t a n c e ,  t h i s  segment: . .5g km 

'Jvg. h a p  v S l o c i t y i  . 1 , 5  qkph . , . . . *  . 

Ground vc l oc  lt y  : 1.77 kph . . 

Driv ing  t i m e :  34 h r s  

Rout ine  s c i e n c e  each 0 , s  hl: 50 h r s  

' Other  o p e r a t  ions  : 32  h r s  

T o t a l  time, t h t s  segment: 116 h r s  

& 

- Cuntulative grouncl d i s t a n c e  t o ' d a t e :  507 krn 

Cuxlulative time t o  d a t e :  1145 h r s  -

A -27  





Shadow rneasuren~ent s (Moore:) 

S i t e  T-3 S t r a i g l l t  r i l l e  	w i t h  f a u l t  scarps  

T e r r a i n  t y p e :  Rough-EIumocky lJpland 

I ~ t s  0 - 5 .7  % 	
Abs.  Mean Slope 8,2 - l l . O O  5 .8  -- 7.7O 3 . 9  - 5 , z 0  

Alg. S t d .  d e v i a t i o n  10~0'-* 13.7 7.2 - 9 .6  4 .8  - 6.5N~ 2 

15.5 - 3 9 . 3  Abs.  	Mean C u r v a t u r e  0.8 - 2.0 2.4 - 2.7 1.5 - 3.8 

17.5 - 41.3 Alg .  	S t d .  d e v i a t i o n  l e 2  3 . I  2 . 9  - 3 . 1  1 . 9  - 3.4 
N ~ fc 


L~ 
0 *4% 

. Max. . p i n .  


5.0 	 - 2 2 . 4  %. PSD@Q.OS C?\=20nr): 0.34 - 0.50 - 0.075 - 0.2.00 

PSWO .S fiz2rn} : - 211 - 80 x l o w 4  0.13 - 4 x l o w 4  
LB-E 5 .5  -*23 .1  % 


LT 12 .9  - 24.1 % - . 






S i t e :  1-3 

Ter ra in  Type 

. O b j e c t i v e s : 

Large fresh. crater r i r n  

o r  equival.ent: rough  u p l a u d  

to e x a ~ i ~ i n echanges in composition 
of s u r f a c e  ~ u a t e r i a l sand n a t u r e  
of g e o p h y s i c a l  g r a d i e n t s  r a d i a l  kra 
a large fresh crater 



m C\ rn 
,-I hl m
T i ' .  *I 
4 l-i ';3 

crl $4 (,J 

k c )  
4-J -9 
a m  2 

Li 

. r j U  

ii 

;; cj? .. 
h a 3  ij 
OJ $4 c 
2 5  2 
U 


4 rJ 

P3 .& 

r(c 5 

S O  0
5 *& 
Z i G  g 
3 m 0 
2 ci 

ti 

a 


: 3  & 
E-l 


r: 
-64.. m 

071 k 

4 3  fi 
9i-l 0 

V3 w 



L . 0 . V p h o t o g r a ~ ~ f i ~ et r y  

S i t e  
--"---

1-3 -

S i t e s  1-3 and 1-4 Large f r e sh  c r a t e r  rim and w a l l  







proba blc bcdroclc 
8 

ins j 

-q,000 


L .  0 .  V ,  photogrammetry 

.5 lkrn 1 
B 

----,- ----
Site 1-5 ' i~ondodt 'p la inson crater wa i l  terrain 

T e r r a i n :  rough mare 



Site: 1-6 Floo~~-waI.Lcontact near concent r ic  rilles 

T e r r a i n  Type 	or equi.val.e~lt: laree  crai:elr 

Objccti-ves: 	 t o  examsl~lere f -a t io i l  of crater floor to wall and 
of c o n c e n t r i c  ri1l.e to each of t rwsey  wl-letllcs 
processes are priraa-rily s t - r u c t t ~ r a lo r  volcanic 



L';COO!.;r 

crater wall. 

2000- 2(3OQ

- crater floor 
7 ' - 


P0 -- ---.--.-- d o 
0 10 20 ' 304(n

-l-..--%--AL 
 -..-..A
 ---.- ..--


Apollo .8 farside, photogrammetry (iqu, 1969) 



- - - -
i 

Segment of o r i g i n a l  1000-km t r ave r se :  450-500 

T e r r a i n  t y p e :  Fresh Large C r a t e r  
- .  

Rough upland 

,Hap d i s t a n c e ,  t h i s  segment : 45 krn 

Ground d i s t a n c e ,  t h i s  segment: 5 9  km 

. o . j  kph . . .. . .. * *'Avg . map vel6ci . ty:  - * . .. 

Ground v e l o c i t y  : 0.39 , kph. . . - . s 4 . 

Driving t i m e  : ' 151 h r s  

Rou t ine  science each 0.5 la: 45 h r s  

Other operat i.oizs : 48 hrs  

T o t a l  t i m e ,  t h i s  segment: 244 6 h r s  

' 

6 t h  l u n a r  n igh t*  @ 1872 h r s  for 3G0-hr p e r i o d .  

Cumulative ground di.skance t o  ' d a t e :  712 Icm 

- Cumulative time t o  d a t e :  1940 h r s  

. i n  







S i t e :  T-4- D e b r i s  flow 



Site T-4 Debris f low ' Torfain : large crater 





S i t e :  V-3 C a l d e r a  o r  p i t  c r a t e r  



P 
A Explosion (and col- lapse?)  c a l d e r s  B 

*-" 

Shadow measurernellts (Moore) 
e 


S i t e  V - 3  Caldera and p i t  c r a t e r  

T e r r a i n :  Rough mare-rough up land  

../'-----.-





f?ough Uplands 

Max. overall slopes 19-22° 

Shadow measurements (Moore) 





, A p o l l o ' 8  f a r s i . d e ,  photogrammetry  (Wu, 1969) -

R i l l e  50Ori1 

0- 0 

0 I 2 3 4 krn 
L-."L--"--L L---l-*----

Shadow measurements (Moore) , 

S i t e  T-5 Mare r i l l e  c o n c e n t r i c  w i t h  b a s i n  r i m .  

http:farsi.de




Terrain Type o r  e q u i v a l e n t  : nouell 1nay-e 



10th l u n a r  n i g h t  @ 3120 h r s  f o r  360-hr p e r i o d  

-	 ~ u m u l a t - i v e - g r o u n d' d i s t a n c e  t o  d a t e :  1119 km 

Cuntulat ive t ime  t o  d a t e :  31.57 h r s  - b 


S i t e  V-4 Low Lava dome 



S i t e :  V - 5  C r a h e r - t o p  dome (or s t e e p - s i d r d  domc) 

T e r r a i n  Type o r  e q u i v a l e n t  : t ~ ~ ~ ~ ~ ~ l ~ - c ~ . . ~ ~ ~ @  

.Objectives: t o  investi.gat:c evidence f o r  v o l c a n i s m  ai:d 
magmat j-c c l i f  E c r c n t i a t i o n  i n  dome-=forlilirzg 

processes 




--- 

Site V-5 Crater-top dome (or steep-slclcd dome) 

lOOOrn Shacloiq measurements (Moore) 
- - - ~ - - - - - - . . - -

5 

L .  0 I V photogrammetry 

T e r r a i n  ?1~11~110~ky-.r\oughUpland  

7;s 1.0 '- 1.7 % . km IOrn 5Oma"- --

= t s  0 - 5 . 7 %  
Abs . Mcan Slope  8 . 2  - l l . O O  5 .8  - 7.7O 3.9 - 5.2' 

P 

2 liig. S t d .  d e v i a t i o n  -
7 . 2 - 9 . 6  4 . 8 - 6 . 5 -

N C  15.5 - 39.3 Abs. Mean Curva tu re  0.8 - 2.0 2.4 - 2.7 . 1.5 - 3.8 
v 

17.5 - 41.3 A l g . S t d . d e v i a t i o n  1 0 2 _ 3 . 1  . 2.9 - 3 . 1  1.9 - 3.4  

0.4 % 
. Fax= gin. 

5 . 0  -. 2 2 . 4  % P S S O  ,OS &=t:20rn) : 0.34 - 0.50 0.075 - 0.200=c 

p, 5 . 5 - 2 3 . 1 %  PSm0.5 *2m) : 21 - 80 x 10-4 0.13,  - 4 x l . ~ - ~  
B+C 


12.9 - 24.1  % 
L~ 



Sep,mc.nL of o r i g i - n a l  1000-k~utzravcrsc:: 800--850 

T e r r a i n  type:  Smooth Marf 
.) 

E s  0,z % lm --10111 501n----

Lts 
- -s Abs.  Mean S l o p e  

2.9' 2 .OO 1 e 4 O  

0 , 2  A l g a  S t d .  deviation 3 ,6  
2.5 1,7 

N~ * *  38 ,9  Abs. Mean Curva tu re  0 * 6  1.0 0 ,8  

39.1 ' N ~ - b - ~  A l g e  S t d .  d e v i a t i o n  Q .8 1,3 0 ,9  

l[J 0.04% 
. B Max.-__ P l i r x .  

U U I X  

Lc 1 5 J  % PSW0 -05 (7\=-2 Om) : 0.25 O.Oti.5 

15.7 % PS@O .5 &22171) :
L 1 3 - k ~  0 .OOL3 

. * 

0 .00012 
- .  - I P 

' 1 5 . 9 %
L~ . 

__ll_p-P--_lll---"- - --------- -----.--I------

Map d i - st ance  , this segment : 5 0 '  k111 

Ground d istance, this segment: 58 km . . . 

Avg. map velocity: ' .  1.7 kph -

Ground v e l o c i t y :  1.97 kph 

Driving t ime:  30 h r s  

R q u t i n e  s c i e n c e  each 0.5 km: 50 h r s  

_ 30 h r sOther opera t  ions  : 

Total  t ime ,  this segiilent: 110 h r s  

~umulati6c d i s t a n c e  t o ' d a t e :  1187 knl 

Cumulative time t o  d a t e :  3317 h r s  

A-66 





0 500 l O 0 O m  
L,-,,k---- 1 

Shadow mcasureinents (Moore) 

S i t e  V-6  Maar o r  chain c r a t e r  



.Ground d i s t a n c e ,  t h i s  segment:  ' 58 krn 

. Avg . 'map Gel-ocity: 1 , 7  kp1-i . 
%. 

Ground v e l o c i t y :  1 .97  kph 

Driving time: 30 h r s  

Rotatine sc ience  each 0 .5  km: 5 0  h r s  

Other o p e r a t  ions : 30 Irrs 

T o t a l  t ime, t h i s  segment: 110 h r s  

1 1 t h  l u n a r  night. @ 3432 f o r  360-hr p e r i o d  

Cumulat ive  ground d i s t a n c e  t o  . da t e :  1250 kin 

Cumulative t i m e  t o  da t e :  3477 h r s1 

A-69 




Sit:c: T--6 Sinuous rille 

T e r r a i l l  Type o r  e q r l i v a l e n t  : Roi1gZ1 mare 



S].ope map and shadow measureinent s (Moore) 

S i t e  T-6 Sj-nttous rille with levees 



--- 

Segi~ieilto f  original 1000--1:nltraverse: 900.,,950km 

C7 ,ker rn i -n  t y p e :  Rstl.gh Uplaucl 

I m  

Abs . $lean Sf-ope ' E l .  .OO 

A L g .  S t d .  deviation 313 - 7  9,G 





Site V-7 Dczrk halo craters and associated lrillo 


Ranger LX, shadow nleasuremelnts 






T e r r a i n  Type  o r  ~ ~ o o t . l ~ - t o - - r o u g l ie q u i v a l e n t  : ma-ce 

Objf c t i v ~ s: TO i n v e s t i -gate  source of t l~ecma larronaly ailcl, 
i f  p o s s j . h l c ,  a rea  of a c t i v e  vol.caxii.sm; to 
r c n d e z-vor~sw i tl .1 rnallned m i s s  ion ancT dclivei.- l-wnar 



Mop n~odificd oftcr prclirnirlciry ~ c o l c g ymap, LAC-I2 ( S c lz le icher  & M 'Gonigle  
Fransicnt phorromana fco:i'i fb9lcldichurs.i. cnd Burley (I":6) 

S i t e  V - 8  T r a n s i e n t  phenomena/thcrmal anomaly 

.d 
' T i : Smnoth-to--rougl~mare 



S e c t i o n  B 

* Luna r  Surfac .e  Geometry 



I n t r o d u c t i o n - -dat:a 
_Y___I_.--*.-- -I.-------"-.... ---

T h i s  s e c t i o i ~  p r o v i d e s  n u m e r i c a l  d e s c r i p t i v e  i n f o r m a t i o n  on l u n a r  

s u r f a c e  roi i$hness c o r ~ t r i b u t e c lby t h e  geometry  o£ t h e  t e r r a i n ,  w i t h o u t  

r e g a r d  f o r  s p e c i f i c  f e a t u r e s  such  a s  c r a t e r s  o r  b l o c k s .  The d a t a  were 

o b t a i n e d  througli  p h o t o c l i n o ~ n e t r y  , t h e  method o f  d e r i v i n g  s l o p e  i n f o r m a t  i o n  

from t h e  b r i g h t n e s s  d i s  t r i b u t i o ~ i  o f  ~ n o n o s c o p i c  l u n a r  iirlages by c a l i b r a t e d  

t e c h n i q u e s  (Van Digge len  1951,  Watson 1968) . Data  s o u r c e s  a r c  h i g h  

resol i i t j .on  imagery ( e l f r c t i v e  r e s o l u t i o n  one n ~ c t e r )  from I,unar o r b i t e r  

s p a c e c r a f t  (Missi-ons 11, 1x1, and V) and s e l e c t e d  t e r r e s t r i a l  t e l e s c o p i c  

pho tographs  ( e f f e c t i v e  r e s o l u t i . o n  0 .75 km). 

The p h o t o c l i n o m e t r i c  method a f f o r d s  a means o f  g a t h e r i n g  l a r g e  

q u a n t i t i e s  of  d a t a  i n  a  r e l a t i v e l y  s h o r t  t i m c ,  once t h e  n e c e s s a r y  

i n s t r u m e n t a t i o n  and coiuputer s o f t w a r e  h a v e  been assenlhled . Thus,  it has  

some a d v a n t a g e  o v e r  t h e  niore l a b o r i o u s  shadow measureinents . As c u r r e n t  l y  

deve loped ,  t h e  p h o t o c l i n o m e t r i c  method f o r  r e d u c i n g  s p a c e c r a f t  imagery 

i s  s u i t e d  more t o  t h e  smoother l u n a r  t e r r a i n s ,  t h e  mare,  t h a n  t o  t h e  

r o u g h e r ,  up land  a r c a s  (I,a~itbiott c  and T a y l o r ,  1.967) . One m e t e r  r e s o l u t  ion 

d a t a  f o r  t h e  l u n a r  u p l a n d s  a r e  c o m p a r a t i v e l y  nieagcr and a r e  l e s s  

r e l i a b l e  t h a n  rnare d a t a .  Hence,  c o n s L d e r a b l c  r e l i a n c e  h a s  been p l a c e d  

upon t h e  b .75 km d a t a ,  o r i g i n a l l - y  r educed  by Rowan and McCauley (1966) . 
8' 

T h i s  i n f o r m a t i o n  h a s  been e x t r a p o l a t e d  i n t o  t h e  r e s o l u t i o n  r a n g e  most  

r e l e v a n t  t o  v e h i c l e  m o b i l i t y  p rob lems .  



P h o t o g r a ~ n m ~ t r i ct e r r a i n  d a t a ,  b e s t  obtaincid from ApoLl-o 8 nrtd 

Lunar O r b i  t r r  V rnediurn r c s o l ~ ~ t i o nimagcs,  a r e  n o t  y e t  a v a i - l a b l e  i n  

s u F f i c i e n t  ciuant i t y  . A d d i t  i o n a l l y ,  photogcanirnetr i c  r e d u c t i o i ~  of t h e  

O r b i t e r  and Apol lo  8 imagery docs  n o t  y i e l d  t h e  one m e t e r  r e s o l u t i o n  

o f  w l ~ i c h  t h e  p h o t o c l i n o m e t k i c  mcthod i s  c a p a b l e ,  and wlii-ch i s  t h c P n l o s t  

use fu l .  s c a l e  f o r  t l le  prescni:  sirudy. The a v a i l a b l e  l u n a r  s l o p e  d a t a  

h a v e  been supplemented and e ~ i l ~ n n c e dby a sl.ope d i s t l - i h u t i o n ~ m o d e l .  o f  a 

t y p e  p r e v i o u s l y  employed i n  s t u d i e s  o f  t e r r e s t r i a l  s u r f a c e  roughness  

c o n d i t i o n s .  

The most c r i t  i c a l  q u e s t i o n ,  "How r e l i a b l e  a r e  t l ~ e11 igb resolut- . iou
* .  

pl-~otocli.nornetrj-cd a t a , "  h a s  y e t  t o  be answered s a t i s f a c t o r i - l y ,  

p a r t i c u l a r l y  f o r  t h e  rougher  l u n a r  a r e a s .  When ava i l ab l -c ,  such a n  

e v a l u a t i o n  w i l l  be made a v a i l a b l e  t o  u s e r s  o f  t h e  informaki-on c o n t a i n e d  

i n  t h i s  s e c t i o n .  A t  mos t ,  t h e  p resc i l t  t e r r a i n  nlodcls and d a t a  shou ld  

r cqu i - re  b u t  a  s  i n ~ p l e  r e c a l i b r a t i o n ,  

C l a s s i f  k c a t i o n  o f  Lunar T e r r a i n  ----."---- ---.-------_I 

H e t e r o g e n e i t y  o f  t h e  ~ o o n ' s  s u r f a c e  c l ~ a r a c t c r  v i r t u a l l y  p r c c l u d e s  

a complete  numer ica l  d e s c r i p t i o i ~  of a l l .  t y p e s  o f  t e r r a i n  t h a t  might  

b e  encoun te red  by a l u n a r  r o v i n g  v e l l i c l e .  T h e  o n l y  mean ingfu l  

a l t e r n a t i v e  i s  a sanipling o f  r e p r e s e n t a t i v e  l u n a r  t e r r a i n  t y p e s  o r  

c l a s s e s .  Such a  sampl ing  may be a s  g e n e r a l i z e d  o r  a s  i n c l u s i v e  a s  t ime  

and t h e  a v a i l a b i ' l i t y  of l a r g e  s c a l e  tcxrra in  d a t a  p e r m i t .  These two 

c o n s t r a i n t s  t h u s  f a r  have  l i m i t e d  t h e  nunlhcr o f  l u n a r  t - c r r n i r ~  c l a s s ~ i :  

t o  f o u r :  smooth and rough mare and humnlocky and rougl? u p l a n d .  Thcse 

f o u r  t e r r a i n  c l - a s s e s  a r e  t h e  princi .pl .e  d i v i s i o n s  used  by Rowan and 

McCauley (1.966) . T a b l e  1 shows t h e  t o p o g r a p h i c  i e a t u r e s  t y p i c a l l y  





---- 

includc:d i n  each c a t e g o r y .  A s  i u c r c ~ n s i i l g  da tn  a l l o w ,  t h i s  b r c a k d o ~ ~ ~ l  

w i l l  b e  expanded t o  a s i x - . p a r t  c l a s s i f i c a t - i o n  (Table  2 ) .  It i s  a n t i -

c i p a t e d  t h a t  each of t i iesc  s i x  c l a s s e s  e v e n t u a l l y  w i l i  be suhd iv idc i l ,  

y i e l d i n g  pe rhaps  as many a s  two clozen d i f f e r e i ~ t  t e r r a i n  t y p e s .  

S e l e c t i o n '  of D c s c r i p t  i v e  ~ o ~ b o r a ~ h i c  Parnmoters  
AM-------- --.- - - ----.".-- ~-, .-, ----,,,e-... ---- --.--.------ - ----L?-.- .. "---,--&",, 

The t h r c e  pa ramete r s  chosen t o  d e s c r i b e  the ~ o o n ' s  l a r g e  s c a l e  

-	 s u r f a c e  geomet.ry were s e l e c t - e d  011 the f o l l o w i n g  consic lera+t ions  (3.) 

app1icnti.011 t o  p ro f  i l c  d a t a ,  t h e  on3.y Format i n  wlliicl~ photoc: l inometr ic  

d a t a  can  be  o b t a i n c d  re l iab1.y;  (2)  a b i l i t y  t o  e x p r e s s  s u r f a c e  roug2:ncss 

r a t h e r  t h a n  o t h e r ,  i n t e r e s t i n g ,  1mt lesh; ,apyropri .akc t e r r a i n  , 

c h a r a c t e r i s t i c s ; (3) e a s e  of  i n t e r p r e t a t  i o n  and a p p l i c a t i o n  t o  problems 

of  v e h i c l e  mobi l i  t y  ; (4) a b i l i t y  t o  c h a r a c t e r i z e  s u r f a c e  roughness  a t  

any d e s i r e d  base  lcngt ' l .~ p e r t i n e n t  t o  vcthic3.e t r a f  f i c a b i l i t y  problems.  

The t h r e e  pa ramete r s  a r e  powcr s p e c t r a l  d e n s i t y ,  s l o p e  a n g l e ,  and ang le  

of sl-ope c u r v a t u r e .  The v a r i e d  e x p r e s s i o n  and p r c s e n t a t i - o n  of each  of 
9 


tlzese measures  f o r  t:he f o u r  g r o s s  l u n a r  t e r r a i n  t y p e s  i s  disc:ussed 


a t  l e n g t h  below,  


Power S p e c t r a l  Dens i ty  
------..-.-...-"#.-

T h i s  p~lrarl letcr  expresses t h e  r e l i e f  f r equency  c o n t e n t  of a t e r r a i n  

p r o f i l e  a s  a t i m e  s e r i e s ,  and i s  used p r i n c i p a l l - y  t o  e v a l u a t e  t h e  

dyrlaniic r e s p o n s e  of a v e h i c l e  t o  d i f f e r e n t  t y p e s  o f  t e r r a i n  ( Jacger  

and S c h u r i n g ,  1966,  Rozerna, 1968) .  L i k e  s l o p e  c u r v a t u r e ,  i t  is a 

measure of r e l a t i v e  L e r r a i n  rougl iness ,  and can bz  somewhat imdcpcndcnt 

o f  a b s o l u t e  s l o p e  a n g l e  and reg iona l .  s l o p e s .  The measure i s  expressed  

a s  a f u l l  l o g a r i t h m i c  g raph  of power s p e c t r a l  d e n s i t y ,  i n  m e t e r s 2 / 

c y c l e / ~ n e t e r ,  a g a i n s t  f r equency ,  i n  c y c l e s / n l e t e r .  





Fig~irc!s 1-6 p r e s e n t  t h e  inost rr:crrrt. powel: s p e c t r a l  d c ~ r s i t y  c u r v e s  

a v a i l a b l e  f o r  t h e  Moo11 . Tiley a r e  a s u b s t a n t i a l .  impvovemcnt over 

p r e v i o u s  c u r v e s  (P i kc 1368) . Two c u r v e s ,  represej- i t r i i~g r o u g h e s t  and 

smoothcs t t e r ra in  corlcliti.ons wCLlit11j~1 each of t h e  f o ~ l r  main Zuliar t e r r a i . n  

t y p e s ,  a r e  shown i r i  e ach  di-agraln. The upper. c u r v e  i n  F i g u r e  5 i.n an 

e d u c a t e d  liypot.11esi.s o n l y .  F i g u r e  6 sliows t h c  mnxi~num roughness  r ange  o f  

t h e  e n t i r e  Moon. Whi lc  a l l  c u r v c s  p r c s c a t e d  h e r e  a r c  s u b j e c t  to 

r e v i s i o n  o r  r ep lacement  by s t i 1-1 more r e p r e s e n t a t i v e  c u r v c s ,  F i g u r e s  1-6 

p robab ly  i n c l u d e  most  o f  t h e  roughness  cond i - t ions  prcxsent  on t h e  Moon. 

Power s p e c t r a l  dcns i - ty  i u n c t i o n s  of t e r r e s t r i a l  t e r r a i n s  e a s i l y  . 
B 

bra'ctcet t . l~e e n t i r e  r a n g e  of 1.unar c u r v e s  p r e s e n t e d  h e r e .  F i g u r e  7 

shows c u r v e s  f o r  t h r e e  f r e s h l y  formed rough t e r r a i n s ,  a l a v a  f low 

s u r f a c e ,  a bloclcy n u c l e a r  c r a t e r  excava ted  i n  b a s a l t ,  and a v o l c a n i c  

f i s s u r e  v e n t .  T11ese t evra i -ns  would be t r a f f  i c a b l c  o n l y  with t h e  g r e a t e s t  

d i f f i c u l - t p ,  i f  a t  a l l .  Thesc  c u r v e s  a r e  d i sp lacec l  w e l l  above t h e  r o u g h c s t  

l u n a r  c u r v e  y c t  o b t a i n e d .  Thus,  most l u n a r  t e r r a i n s  a r e  a p p r e c i a b l y  

smoother t h a n  t h e s e  e x c e e d i n g l y  rougli t e r r e s t r i a l  samples  and should  be 

traversable w i t h  r e l a t i v e  s e c u r i t y  by a roving v e h i c l e .  

The f r equency  r a n g e  nlost a p p l i c a b l e  t o  v e l l i c l c  dynamics l i e s  

between 0.05 and 0.5 c y c l e s / m e t e r .  bixpressed more s i m p l y ,  t h i s  means 

t h a t  t o p o g r a p h i c  f e a t u r e s  h a v i n g  b a s e  l e n g t h s  be tween two and twenty 

meter-shjve t k  ,g;tat:cst e f f e c t  upon v e h i c l e  dynamics. Table  3 g i v e s  the  

powcr s p e c t r a l  d e n s i t y  v a l u e s  of  tliese two c r i t i c a l  f r e q u e n c i e s  f o r  

t h e  f o u r  l u n a r  t e r r a i n  c l a s s e s .  Maxiniciiii and n~ininlunl v a l u e s ,  a s  d e t e r -

mined by t h e  bounding power s p e c t r a l  d c l i s i t y  c u r v e s  i n  F i g u r e s  1 - 6 ,  

a r e  g i v e n  f o r  each t e r r a i n  t y p e ,  

















Ranges 01 Power SpclctraX Densit:y (YSD) Values f o r  

Four Gross Lunar  T e r r a i n  Typcs a t  Two Frequencies 

2 
T e r r a i n  T y p e  PSD in mctevs /cycLe/rncter 

Srilootli mare 

Rough mare 

Hu~~m~ockyu p larid 

Rough upl.and 

A L I  terrains 



Sl-ope Anole ---- ------ <&*:--

M ~ a s u r i n gthe  d e p a r t u r e  o f  topography from t h e  l - io r i zon ta l ,  s l o p e  

a n g l e  i-s a n  a b s o l u t e  irxdex of t e r r a i n  roug i i i~css .  S lope  a n g l e s  measured 

a l o n g  a p r o f i l e  may bc expressed  e i t h e r  a s  a b s o l u t e  v a l u e s  o r  a s  

a l g e b r a i c  v a l u c s  , whc:re s  l.opes f a c i n g ,  f o r  exa:iipl.e, e a s t  , a r e  d c s  igna ted  

p o s i t i v e ,  and t17e west  - f a c i n g  s l o p e s  n e g a t i v e .  

On t h e  Moon, a l g e l ~ r a i c  s l o p e - f r e q u e n c y  d i s t r i b u t i o n s  typ ic :a l ly  

approach ,  bu.t never  q u i t e  a c h i e v e ,  t h e  g z u s s i a n  configuratj.or+. Thus, 

t h e  u s u a l  c e n t r a l  tendency and d i s p e r s i o n  s t a t i s t i c s  (mean ,  mode, median, 

s t a n d a r d  d e v i a t i o n ,  v a r i a n c e ,  skewness ,  and k u r t o s i s )  c a n  be a p p l i e d ,  

a l b e i t  w i t h  c a u t i o n ,  t o  a l g e b r a i c a l l y  cxprcssed  l u n a r  s l o p e  samples: 

llowever, t h e  a p p l i c a b i l i t y  of a l l  o i  t h e s e  s t a t i s i i c s  t o  v e l l i c l e  

m o b i l i t y  problems h a s  not  been e s t a b l i s h e d ,  s o  l u n a r  s l o p e s  c u s t o m a r i l y  

a r e  expressed  a s  a b s o l u t e  v a l u e s .  

Abso lu te  v a l u e  s l o p e  f requency  d i s t r i b u t i o n s  on tllc Moon a r e  

skewed s t r o n g l y  toward low s l o p e  a n g l e s  and o n l y  t h e  mean, median,  and 

niodal s l o p e s  shou ld  be  e x t r a c t e d  ironi t i - ~ e s e  d i s t r i b u t i o n s .  I f  a l l  l u n a r  

s l o p e  d a t a  were a v a i l a b l e  a l o n g  any d e s i r e d  azimuth,  t h e n  a l g e b r a i c  

s l o p e s  would f u r n i s h  use fu  1 in fo rmat  i o n  on s l o p e  sysrm~et r y  . However, 

l u n a r  pho toc l - inomet r i c  d a t a  can  o n l y  be  o b t a i n e d  a l o n g  t h e  phase  p l a n e ,  

which does  n o t  change s u f f i c i e i n t l y  among t h e  f i v e  I , i~nar  O r b i t e r  miss  ions  

t o  p r o v ~ c l c  tlne r e q u i r e d  v a r  j-at j-on i n  azirnut-51. 

With cornpanat i v e l y  1-ittl e  t o  be gained from us%ng a l g e b r a i c  
* 

s l o p e s ,  t h e  s l o p e  a n g l e  d a t a  g a t h e r e d  f o r  t h e  p r e s e n t  s t u d y  a r e  ex-

p r e s s e d  mos t ly  i n  a b s o l u t e  val .ues .  Three  a s p e c t s  of s l o p e  a n g l e  a r e  

p r e s e n t e d  h e r e  : ( I )  mean a b s o l u t e  s l o p e ,  (2)  a l g e b r a i c  s t a n d a r d  

d e v i a t i o n ,  and (3) a b s o l u t e  s l o p e  freqiiency d i s t r i b u t i o n .  Each of  



t h e s e  t h r e e  pararnetcvs i s  g iven  101: s10l)e base  l e n g ~ h s  o i  one ,  t e n ,  and 

f i f t y  m e t e r s  f o r  eacli o2 tiic f o u r  c l a s s e s  of  l u n a r  t e r r a i n s  l i s t e d  i n  

Tab le  1, 

S c a r c i t y  o f  r ~ p r c s c n t a t i v e  L a r g e - s c a l e  s l o p e  d a t a  f o r  a l l  Lour 

l u n a r  t e r r a i n  c l a s s e s  h a s  n e c e s s i t a t e d  e ~ ~ r a p o l a t i o n  s m a l l  s c a l e  of 

p h o t o c l ~ i r ~ o m e i r i cd a t a  and t h e  d c r i v a ~ i o n  of s t a t i s t i c a l  nlodels of  s l o p e  

d i s t r i b u t i o n s .  Tile p l io toe l inomet r i c  niethod , des igned  e x p r e s s l y  f o r  t l rr  

r e l a t i v e l y  smooth and l e v e l  mare, i s  n o t  r e a d i l y  a p p l i c a b l e  t o  s t e c p e r  

and rougher  upl31-d t e r r a i n  (Taylor  and Lamhio t t e ,  1367) . Few s l o p e  

d i s t r i b u t i o n s  have  been s u c c e s s f u l l y  o b t a i n e d  f o r  t h e  upland t e r r a i l l s  
. . 

a i l t h e  base  l e n g t h  o f  one m e t e r .  o ow ever, p r c d i c t i v c :  models have been 

fo rmula ted  f o r  t h e  upl-a ids  u s i n g  one mete r  1 :esolut ion spacecra f t :  d a t a  

from mare s i t e s  t o g e t h e r  wi.rh t h e  0.75 k111 r e s o l u t i o ~ i  t e r r e s t r i a l  d a t a  

f o r  both  up lands  and  marc .  D e r i v a t i o n  of t h e s e  models i s  t r e a t e d  

i n  P ike  (1968) aild i n  t h e  appenciix t o  t h i s  s e c t i o n ,  and need not- be 

disctlssecl f z ~ r t h e r  h e r e .  

T a b l c s  4-8 and F i g u r e s  8-11 p r c s e ~ l t  s l o p e  i n f o r m a t i o n  f o r  t h e  

f o u r  l u n a r  t e r r a i n  t:ypcs a t  one ,  t e n ,  and f i i k y  mete r  b a s e  l e n g l h s .  

Most o i  t h e s e  d a t a  a r e  s t r a i g h t f o r w a r d ;  t h e i r  c a l . c u l a t i o n  is  d i s c u s s e d  

i n  t h e  appc:ndix. T a b l c s  6-8 show on ly  t e n t a t i v e  l00t11 p c r c c n t i l  e 

s l o p e  v a l u e s ,  which a r e  not shown by t h e  c u r v e s  i n  F i g u r e s  8 - 1 1 .  Maxi-

mum s l o p e  va lues ,  which co~mnonly a r e  n o t  accurat:ely measured by t h e  

p h o t o c l i n o m e t r i c  mcthod i n  any bu t  t h e  smoothes t  a r c a s ,  va ry  a l s o  

accord ing  t,o t h e  number of s l o p e  a n g l e s  i n s p e c t e d  i n  a p a r t i c u l - a r  

sampl-e, and a r e  n o t  r e a d i l y  p r e d i c t e d .  

E- 1.6 



Table  4 

Mean VaLties o? Absol-ute S lope  a t  Three Base 1,engtils 
f o r  Four  Gross Lu13ar T e r r a i n  Types 

Average Lowest H j-gliest Range of  
.Ter ra in  Type Mean Mean Mean Mean 

S lope  S l o p e  S lopes  

Base Lc~igtlz i s  o i x  rncter 

Smoot11 mar e 2.9 '  l e Z O  4 *0°  2 , G o  

Rotrgh mare 

~ d u , g hupland * 

Base Length  i s  t e n  i11ctex-s 

Smootli marc 2 .O 1, O  2,8 1.8 

fXtrrilmockyupland 5.8 3 , 6  7 .0  3.4 

Rough u p land 7 . 7  6.2 11..O 4 . 8  

Ease  Length i s  f i f t y  rneter~s 

Srnoot-XPmare 1.4. 0.7 L 9  

Rough mare 2.5 1..7 3.7 

Hu~moclcyupland 3 .9 2 4 .7  

Rough. upland 5 . 2  LC.l 7 , 3  



---- 

T a b l e  5 

Mcan Values of Algebraic Standard  D e v i a t i o n  of  S l o p e  

Angle f o r  Four Gross Lunar T e r r a i n  Typcs 

* 
---------".-----.l---.---- --ll-Ll--.-YW*-" .--.ml.III.̂ I---- vd-l~. - -X^Y.-~~-- - . - - -~."  -------*--- "*--

Average Lowe s t Higlzcs t Range of 
T e r r a i n  Type S tandard  Si.andarc1 S tandard  S t a n d a r d  

D e v i a t i o n  Deviatiorz Dev ia t  iorr Devj,at ions 

Base Length is One Meter 

Smooth mare 3.6' . 1..5O e, , 8 5 . O ?  . 3 35° 

Ro~~gl-1mare ' 6 . 6  4 .4  9.7 5 .3  

Flrxmmocky up land  10 ,2 5 . 8  12 . 4  6.6 

Rough up land 1 3 . 7  10 .O 18 ,6  8.6 

Basc Lei-~gth i s  T e n  Meters  
PI- --- Y _ - - I _ ~ ~ - - ~ - ~ - . - - ~ - ~ I - l _ . - ~ "I---" m ^ _ - - - ~ - - - - - p - - - * p - . . - ~ - ~ ~ l l  

Smooth mare 2.5 1.3 3.5 2.2 

Rough mare 4,7 

IIunurlaclcy up 1.and 7 .2 

RougF~tlpl.anc1 9 , 6  

- - -- - - . " - - " " . - - - * * 

Basc Length i s  F i f t y  Meters  
--------=---.------.".-
 -----?---,% "-. -------*-------**" -*"----"~ -wr.- m-**---*" --*--.b-**-----.--d- *-

Smootli marc 1 . 7  0 . 9  2.4 1 .5  


Korzgh marc 3 .1  2 ,1- 4 .6 2.5 


Rougll up1and 6 . 5  



Table G 


PYcdic i -ed  Di-st r i b u t  ions  oL Orie Mc t:cs: Slopes for Four Lunar 

Terraii-t Types bJftose Mean Sl-ope Values a re  ICnawn or Estimated 


Meall Slope VaXucts 2 , g 0  5 .3"  8.2O 11. .OO 

Mode1. S1noottl Rough
%N % s f M e a r a  mare up land  

S lope  



T a b l e  7 

P r e d i c t e d  Distributionr; of Ten Meter Slopes for Four Lunar 

T e r r a i n  Typcs Whose Mean Slope V a l ~ ~ e s  Es t imated 
are Knowrl o r  

Mean Slope 'values 

Moclel. Smootl-I Rough Ht~mmocky Rouglz 
"/,N % of Mc3a1-1. mare mare upland , mare  

S lope  



li'redi-ctedDi-st-1-i-butions o f  Fi  f t y  Meter Slopes fnl- ]Tour Lunar 
T e r r a i n  Types  Wh.ose Mcan S l o p e  Va1ucs are Known o r  Estil-izated 

Meal? Slope Val.wcs 
* 

1.J i O  2,5O 3 . go  5 .2"  

%N 
Moclc1-

% o f M e a l ~  
S 1.opc 

Smooth 
mar e 

Ro~~gh. 
marc 

Hurmnocky 
up1. and 

Rough 
up land  





f 
U 
I*.IL 


D 
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The s l  ope i111oriiiat i on  preceili-cad h e r e  sugges l s  t h  a t  t h e  gt :ncral  

t e r r a i n  gcometry w i l l  n o t  pose  a s e r i o u s  t r a f f i . c a b i 1 i . t ~  haza rd  i n  

a v e r a g e  smooth and rough mare a r e a s .  S p e c i a l  mare f e a t u r e s ,  i n c l u d i n g  

r i l l e s ,  domes, and f r e s h  c r a t e r s  w i l l  have t o  be c o n s i d e r e d  as  s p e c i f i c  

h a z a r d s  where encount.cred.  The uplaiid a r e a s ,  however-, c a n  be  expec ted  

" 	 t o  be t o t a l l y  in7passal~J.e i n  p l a c e s ,  due  t o  t hc  general .  t e r r a i n  

gcoiiie t r y  a l o n e .  l:emciiihering t l l a t  thc upland s 1-opc f requcn  cy c u r v e s  i n  

F i g u r e s  1.0 and 11 a r e  30121y a v e r a g e s ,  i t  i s  a v i r t u a l  c e r t a i n t y  t.llat 

some o f  tlie rougher  upl.anc1 a r e a s  wil.1. be exceccii i~gl .y hazqrdous  t o  a  

l u n a r  r o v i n g  v e h i c l e .  O f  c o u r s e ,  such a r e a s  s t i l . 1  rnilr;li t- p rovc  t o  be  

traf .Eica '6le i f  thg v e h i c l e  was c a r e f u l l y  r o u t e d  around t h e  most 

-
dangerous  s l o p e s .  

An a d d i t i o n a l  t e r r a i n  t y p c ,  l a r g e  Xresh c r a t e r s  (over 15 km i n  r i m  

d i amete r )  , i n c l u d i n g  c l e s i r e a b l e  s c i e n t i f i c  s i t e s  such a s  A r i s t a r c h u s  , 

Tycllo, a i ~ d  Copern icus ,  may well.  be even i~iorc h a z a r d o u s  than any of t h e  

f o u r  b a s i c  t e r r a i n s  discussed p r c v i o u s l y  . P r e l i m i n a r y  photograzmi~etric 

p r o f j l e s  (Wu 1969,  a n d  unpuljl.ishcd d a t a )  o f  L c e s l ~ ,  Large c r a t e r s  both  

i n  t h e  mare artcl i n  the! upl.ands,  i n d i c a t e .  tllal: Long and s t c c p  s l o p e s  a t ,  

and even exceeding,  30 t o  4.0 d e g r e e s  may b e  conmon i n  t h e s e  a r e a s .  

Data w i 4 . l  be made a v a - i l a b l c  pencling evaluat ior r .  of tlze p r e c i s i o n ,  . 

Angle of S lope  Curvn tu rc  ---.-,"-__l_̂." -.-- - I"...---̂ I.- --"* ---

* L i k e  power s p e c t r a l  d e n s i t y ,  s l o p e  c u r v a t u r e  i s  a  measure o f  

r e l a t i v e ,  r a t h e r  than a b s o l u t e ,  s u r f a c e  roughness . C u r v a t u r e  a n g l c  a s  
* 

used  i n  the p r e s e n t  s t u d y  and d e f i n e d  j-n F i g u r e  12  i s  c o n s i d e r a b l y  less 

complScatcc1 t h a n  t11a"ioJ: Sc l l los s  (1965) . The s t a t i s t i c a l  p r o p e r t i e s  





of s l o p e  c u r v a t u r e  as d e r i n c d  h c r e  are n o t  y e t  well known. A l g e b r a i c  

curvnlurc,  Prequcrrcy cl j st-I-Tbut:'LC)LZS on t h e  Moon a r c  n o t  s trollgl y slcewc!d, 

a i ~ d ,  l i l t e  s l o p e  allgl c l ,  app roach  normalit-y . While t h e  mean a b s o l u t e  

val-tre OF sl-ope curvatt-rre u s ~ i a l l y  c o r r e l a t e s  p o s i ~ i v c l y  witlr mean 

a b s o l u t e  v9 lue  of Ll~es l o p e  a n g l e ,  t h e  degree oL corresporrdence va r i c s  

f o r  d i f f e r e n t  t e r r a i n s .  The parameter, calculated a t  s e v e r a l  base  

l e n g t l ~ s, i s  complcixentary t o  slope a n g l e  and power s p e c t r a l  d e n s i t y ,  

ancl perhaps  somew1,at r e p e t  it i v e  of the l a t t e r ,  a l t h o u g h  t h i s  redundancy 

h a s  y e t  t o  be demons t ra ted .  

I n s u f f i c i e n t  i n  formati.on on  t h e  p r o p e r t i e s  oT s l o p c  c u r v a t u r e  
* * 

angl e prec'l.uc1es u s e  of  gc!neual.ized pr.ecli.ctivc modc,ls s imi - l a r  t o  t l iose  

cornputed f o r  s lopc  a n g l e ,  above.  Insi-eac-l, f o u r  spec i f i c  l u n a r  samples 

were  s e l e c t e d  Co r e p r c s c n t  eaclz of t h e  foz~r- major t e r r a i n  t y p e s .  Tab les  

9 and 10 p r e s e n t  curvat -ure  a b s o l u t c  means and a1gehrai.c s t a n d a r d  

devi .a t ions  a t  b a s e  l eng t1 .1~  of one, f i v e ,  tell, and f i f t y  nzeters .  F i g u r e s  

13 and I 4  a r e  cu rva tu re  a n g l e  f requency  c u r v e s  f o r  ~ l l efour t e r r a i n  

t y p e s  a t  a  b a s e  l e n g t h  of f i v e  m e t e r s .  

Again,  t h e  l a c k  of a d d i t i o n a l  l u n a r  and t e r l c e s t r i a l  curvat:ure 

in fo rmat  i o n  parecZudes mz1.c.27. compal: i s o n  of t h e  presen"rl . . t~nar sites wit:h 

o t h e r  a r e a s  . I'iowevex _., t h e  d a t a  do  p o i n t  up some i.ntercs)iirig v a ~ ^ i a * C i o ~ ~ s  

among t h e  f o u r  l u n a r  samples ,  A t  a b a s e  l e n g t h  o f  f i v e  m e t e r s ,  mean 

c u r v a t u r e  v a l u e s  and the f requency c u r v e s  d i s p l a y  a s y s t c n i a t i c  i n c r e a s e  

i n  c u r v a t u r e  fronz smooth mare t o  rough up]-and. At: b a s e  1engt:lls o;f: otie 

and E j - P t y  m e t e r s ,  Iiowever, t h e  p r o g r e s s i o n  i s  n o t  as r e g u l a r .  The 

v a r i a t i o n  of  c u r v a t u r e  w i t h  b a s e  l e n g t h  1i.Ztewise shows both  s y s t c ~ r ~ a t i c  

http:mz1.c.27


Hcan Slope Curvatux-e of Four Gross Inna r  Terrain Types 

At- Four Base. Leng1:l.r~ 

T e r r a i n  Type
1 

Values o.E Mean Slope Curvature 
' i n  ~ r ~ k e c s 'of 'Arc ' 

0n.e Five T e n  F i f t y  
meter meters meters meters 

I-'--.-- - .". . -- . . - . - - - . I - .- _...." ..-. "" l_l_...ll ,- ..--... I."l~__."_i.llX ___l..l-l---_... I"̂  .-̂ ."")-. ..""?ll.-I.....-I^._..-...-..---

Smooth mare 
% 

Rough mare 

Rough upland 



T a b l e  10 

Al-gebraic S tancliird IJeviation of Angle of Curvature 


O f  Four Gross Lunar Tr?rrai~rTypes a t  Four Base Lengths 


Value of Algebratc St : a~~daudDeviation 
~irz degrees,of arc 

One Fi.ve Ten S?ifty 
meter meters meters meters 

Smooth maxc 0.8  1.3 1 ,3  0 . 9  

IIumlmochy upland 1.2. 


Rough upland 3.1. 







p r o g r e s s i o i i s  and mudi l e s s  ordcr1.y changes ,  depend ing  upon t h e  t e r r a i n  

t y p e .  Such i - r r e g u l a r i t i c s  can  r e a d i l y  be in terpl -e tec l  i n  tcrnis o f  t h e  

v a r y i n g  geoiuorpl~ic d e v c l  opiient  of tire f o u r  sa~ilpl-ea r e a s  . Al.l-ii1-al1 

t he  c u r v a t u r e  ang l e s  shows1 i n  F i g u r e s  13 and 1.4 do n o t  appcar  t o  be  

l a r g e  enougl, t o  s e v c r e l y  impede tlic m o b i l i t y  o f  a l u n a r  r o v i n g  v e h i c l e .  
s, 

When a v a i l a b l e ,  c u r v a t u r e  d a t a  f o r  ana lagous  t e ~ r e s t r r i a l  t e r r a i n s  w i l l  

b e  f u r n i s h e d  f o r  compari.son w i t h  t h e  luiinc sa i r~ples  g i v e n  h e r e .  

S u r f a c e  Geometry and T r a v e r s e  D i s t a n c c
."..-Y.̂L-- "-- ------.il---"lll---w---.M 

I r r c g u l a r i t i c s  o f  t h e  1.unau t e r r a i n  tq:i.ll  m a t e r i a l  1.y; i f  b u t  

s l i g h t l y ,  i n c r e a s e  the map d i s t a r r c e  o f  any p ro jec tec i  vell j-cular  t r a v e r s e .  
P ' 

While avoidance  ox s m a l l  s t e e p  c r a t e r s ,  b lock  f i e l d s ,  s t eep-"wa l l ed  

r i l l e s ,  ancl o t h e r  hazarcls  wi l .1  c o n t r j - b u t e  most  t o  suclz an  irzcreased 

d i s t a n c e ,  t h e  o v e r a l l  s u r f a c e  geometry ha s  some a f f e c t  a s  t i - e l l .  The 

f i g u r e s  i n  Tahl-e 11 were o b t a i i ~ e d  by colrlpuiring s c c a n t s  of 111cdria11 s l o p e  

v a l u e s  of  seven s l o p e  a n g l e  c l a s s e s  f o r  eacl: o f  tlle one-meter  s l o p e  

frecluerzcy c u r v e s  in  l'ijirjres 8-11.  P e r c e n t a g e  i n c r e a s e  f i g u r e s  f o r  

l a r g e ,  f resh  c r a t e r s  were  e s t i m a t e d  fl-onl photogra.mmetr-jc p ro f  i.lcs o f  

tire c r a t e r s  Copernictzs ancl Tycho (trizpub1islrc.d d a t a )  . 



I 

ProbabIc Coli1.x-il ~ u t t p l ~  Topograpliic Slope. to Increaseof 

P 


of A c t r ~ a llJIU Travel Di.stamce over PZan-l-Ecd Map Distal-~ce 

A s  a FuncL i.on of Lunar Type 

Average percentage of c-fistancc 
T e r r a i n  Typo adck:$I to rnap c Z L S ~ ~ ~ I ~ C C~ : O I I O -by  

graphic slopc (data at one meter 
base 1c11gtl1) 

StnootE~mare 

Rough upland 


Fresh C r a t e r s  over 
1.5krxi diameter 
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PRETJLP/IINARY MODELS FOE TSIE PREDICTION 
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Mcan s l o p e  anp,l-c values ;or f o u r  l-tiilr-r t e r r a i n  types 
-----_II--I__-" ------X__I_wI------a_^ -̂l_l-------------.w I.--


McCau Ley ( I  9bL;) and llowail and M c C a ~ ~ l c y(1966) in previous photo- 

clinometric st~~dicsof l u n a r  s u r f a c e  abundan tgcos~iz t ry ,  o l ~ t a i i ~ e d  s l o p e  

data at.. a rcsolutinn of 0.75 kiil anti g r c a i c r .  One rcsulk o.L their work 

(the curve tE.l'% oi-I Fjgure 1) , depicts median  slope against sl-ope lengi-hs 

for a n  "averngc c0111prisi.ng botll S ~ I O O ~ ~ C T1"unar rfiare, " and rougher narc 

types. The slopc of this curve, almost exactly -0.25, is very  well 

detel-i~inedby tl~e Four points. ROW^^ and McCriuley a l s o  calculated 

median l una r  slope for 53 different lunar localities, and d i v i d t d  t:he 

f n . 8

samples into four gross terrain uhits, >i3ootil Mare, Rougher re, 
Ihn~rnoclcyUpl.antl, ancl Rough Up]-and . Iiy averag ing  rncclians oL sr,mples in 

each category, we obtain poi-ut-s 15, 6 ,  D ,  and 1':. Point- A ,  the average 

for al l ,  marc sampl.es, demonstrates the validl'.t.y o f  the curve kTXY%, 

derived ear1 ier by PllcCaulcy. 

AVXlIAGE ME113:PiN SI_,OPE 
ERRAIN TYPE at 0.75 kin i i  1, 

Smootli liar c 

http:sampl.es


We let ililc: four ~ C I I ' I I ~ Si-11tlic above table d c f i!rc four ctarves 

d c s r r ibj_x?;: ttzc rc lair i ons l i ip  h c  irirccxlmedian s tope ~ n c islopc Icngt-h . 

w e  s e t  tlrc.EOLIY ctirves pars-ill e l  to t h a t  f o r  t h r :  zli7crage mare, assunning 

it is LikcLy that+ t h e  median  s l o p e : s l o p e  lengi;th rr~latrior~sllipunder -

goes  a s i m i l a r  r a t e  of clrangc with v a r y i n g  s lo~r l s  Scngtl i ,  regarcllc!ss 

of t h e  terrain type. Since tl~esccurvc.s are constzucted from s o  f c : ~  

d a t a ,  we h a v e  orixitteci conf  idcnce i n t e r -va l s, ta11ic"l b 7 ~ u1.d be m e a n i n g l e s s  

here .  
4 .  

The f o u r  ctti'ves a r e  desc r ibec l  by tlre f olIot .~i ; 'g  s simple power 

expressions: 

xukirll"E-?-- -*- -14-----
0.25


Smooth Mare SmedZ 2.9 111, 

0.2.5

S = 5 . 4  1>1,
med 


EJunxn~oclcyUp 13-11~~1 smedZ 8.1 UI,
0.25 

0 .25
Rough Upland S = l O , C D T ,

med 


' Where $ is median slope i n  ciegx-e-cs, al-kc1
med' 


DL i s  s l o p e  l e n g t h  i n  m e t e r s .  





---- 

Altliough F igure  I g i v c s  i i s c f u l  i n f  oriiiat 'on concern ing  t:hc lt117a~: 

s u r f 3 c c ,  t h c  i m d i r i i ~i s  no t  an e s p e c i a l l y  powerful  s t a t i s i i - c a l  parn-

m e t e r .  Roirali and i.fcC:+uley (1.966) a l s o  conputed iileaii s l o p c  v a l u e s  f o r  

t h e i r  53 l u n a r  t e r r a i n  s n r ~ p l e s  a t  0.75 krn r e s o l u t i o n .  Using techniques 

sirnil-ar  t o  , those by w i i i c h  t h e  p rcv ious  s e t  o f  c u r v e s  was produced,  we 

d e r i v e  f o u r  c u r v e s  d c p i  c l i n g  tile r e l a t  i o n s h i l ~  betweell mean lunar s l o p e  

and s l o l ~ e  l eng t l i ,  F i g u r e  2. Tile mean s l o p e s  a t  0 .75 krn r e s o l u t i o n ,  

F ,  G ,  H, and I,  a r e  l i s t e d  below f o r  t h c  f o u r  g r o s s  t e r r a i n  t y p e s :  

A V ~ ~ U G E  SLOPjSI$F;IT.~AN 
TE17&ATN TYPE ( a t  0 .75 krn DL) 

S ~ l o o t hmarc 


Rough mare 


Husmocky Up1a n d  


Rough Upland 


~ g a i n ,these data were averaged fr:oln Rowan and McCaulcy (1966). ~t is 

assumed t h a t  tlrc s l o p e s  of  tlre cui-vcs a r e  s i m i l a r ,  and f o r  most of t h e i r  

l e n g t h ,  do not  d e p a r t  s ig r - i i f i can t l -y  from tl lc value of  -0.25 used f o r  

t h e  median s l o p e  c u r v e s  o f  F iga r c  1. Conficienre i n  t h i s  cho ice  

i n c r e a s e s  so~ i~ewha t  samples a t  baseupon c a l c u l  a t  iiig t h e  incan sl-ope o f  

l e n g t h s  sn ia l l e r  t h a n  0 .75 kn. oil m a t e r i a lP o i n t  J i s  l o c a t e d  a hurn~~~oclcy 

n e a r  t h e  c r a i e r  A r i s l a r c i i u s .  The s l o p e  l.cngtlr i s  12.0 m e t e r s ,  and the 

t e r r a i n  appears  t o  b r  o l d e r ,  pre--mare topography h c s t  classified as  





Elumi~ocl:y U;)l;;nd. Po i i i t  li, i s  tire f loo i - of tlie c r a l e i -  Pi-olenlaeus, 

at2 upJa r~d  p l a i n s  u n i t  a v c ~ r a g ~ l  s u r f a c e .  P o i n t  1,r a i i l ~ r  15-kc tin marc 

i s  a sample From t h e  ror~g,ilc:r u p  lxr-rcls * 

F i g u r e  3 shoi:.; t i r a t  t h e  l i n e a r  niodel i s  l e s s  s a t i s f a c t o r y  a t  base 

l e n g t h s  u i ~ d c r10 ~ : c t i ? c s .  P o i  lit M i s  t h c  averagc  of 10 smooth mare s l o p e  
1 

means, arjcl p o i n t  N the average  o f  19 rorrgh rnare means. These d a t a  

a r e  at. 0 . 6  n r e s o l u t i o ~ l .  S i n c e  t h e  v e r t i c a l  d i s t a n c e  between p o i n t s  M 

and N i s  i d c i ~ t i c a l  t o  t h a t  bctwcen C and F on F i g u r e  2 i t  i s  l i k e l y  

t h a t  t i le  two upland cui-ves a l s o  f o l l o w  b e l o x  10 m base  1-engths,  t h c  

I t  i s  t o  be  e~nplrasizecl t h a t  t h e  c u r v e s  i n  Figure 3 a r e  f o r  ave rage
-*-

l u n a r  t e r r a i n s  within each o f  tlze T o u r  g r o s s  morphologic  c a t e g c t r i e s .  

It is l i k e l y ,  therefoz-e ,  t h a t  s p e c i f i c  l u n a r  t e r r a i n  samples w i 1 4  be  

b o t h  ro-uglii'r and smoother than  t h e  i d e a l izecl c a s e s  d e p i c t e d  here. 

Ranges of  mcan s1opc va lues  were  determined u s i n g  t h e  d a t a  of 

Rcr~~ar-lanc"cCaul.ey (1966- - - - the i r  T a b l e  4 and Figure 13) and tEte 0 . 6  m 

r e s o l u t i o i s  s p a c e c r a f t  d a t a  g e n e r a t  cd  i cby t h e  Lnngley -11p h o t a c L i n o ~ l ~ e t r  

prograrrz. Consiclerable overlay:, i s  p r e s e n t ,  and i s  t o  bc exyectccl i n  a 

c l a s s i f i c a t i . o n  a s  e l ementa ry  a s  that: ava i l i ab le  atr. t h i s  t ime .  

'She f o u r  average  mean slop^: slope lengt-11 c u r v e s  (Figure 3) for 

b a s e  lengtl-1s over  10 m e t e r s  a r e  described by t:he f a l l o w i n g  s i m p l e  

power i u ~ i c tions  : 





-- 

Rough ntarc: . 


Kux:rtmo clty up fL anal 


Rougl.1 up1-ancl 


Where S i s  mean s l o p e  i n  d e g r e e s ,  and 

DL i s  s l o p e  leiigtll in rnctcrs 

-----Lunar slaGpc---".-f requency  d i s t r i b u t i o n  
--A -" 

model-- -" ---* -----*" 

P r e v i o u s  e x p e r i e n c e  w i t h  t e r r e s t r i a l  s l o p e  d i s t r i b u t i o n s  by 

W. F. Wood (1961, 1962) and t h e  w r i t e r  (1961) h a s  shown t h a t ,  g i v e n  

a s u f f i c i e n t l y  l a r g e  number o f  c a s e s  (50 -< N C100)  a l l  d i s i r i b u t i o n s  -

can bc "normalized! '  t o  y i e l d  nearly i d e n t i c a l  p c r c ~ n t a g e - o f  -mean s l o p c  

f rqquency c u r v e s ,  regardless of how s t e e p  o r  g e n t l c  tile average  s l -opes  

might  b e .  The r e s u l t i n g  model pe rcen tage- f requency  curve  c a n  be used 

t o  p r e d i c t  s lope-2requcncy d i s t r i b u t i o n s  f o r  any k ype o f  t e r r a i n  for 

which the mean s l o p e  v a l u e  can bc  d e r i v e d .  

T h i s  t e c h n i q u e  h a s  been  extended t o  l u n a r  s l u p c  d i s t r i b u t  i .ons  i n  

t h i s  pre l i i l i inary  i n v e s t i g a t i o n  . F i g u r e  4 i s  t h e  niodcl cu rve  d e r i v e d  

from. e x i s t i n g  p h o t o c l i n o ~ ~ ~ c t r i c  a t  ms l o p e - f r e q u e n c y  d i s t r i b u t i o n s  0 . 6  

r e s o l u t i - o n .  Thir ty- , two s lope-f requel icy  d i s t r i b u i i o i - i s ,  aggl-egatin:, . 
171.025 i n d i v i d u a l  s l o p e '  v a l u e s ,  were p lo tLed  f o r  d i f f e r e n t  l u n a r  

l o c a l i t i e s  (most l y  mare) . Each cumulat ive-f rc(1~1cncy curve  was t h e n  

conver ted  i n t o  a percentage-frequency c u r v e :  curnula t jvc  % of c a s e s  j s  

p l o t t e d  on v e r t i c a l  a x i s ,  and % of  mean s l o p e  a n g l e  i s  p1ot:ted on t-he 

@ 





h o r i z o i l t a l  a x i s  ( a r i i h m e t i c  coorcl inatcs)  . While al.1 t h e s e  c u r v e s  

d i f f e r  s l i g h t l y  fro111 one anotliel-,  t h e y  a r e  remarkably  s  i u i i l a r  i n  

o v e r a l l  c o n f i g u r a t i o n .  P e r c e n t a g e s  of mean s l o p e  werc r e a d  fro111 each 

c u r v e  a t  1 1  coiivcnicnt  i n t e c v a l s . T h c s e  v a l u e s  were averaged a t  each of 

the  11 i n t e r v a l - s  of % N, ail$ t h e  averages  p l o t t e d  a s  Fi-gure 4 ,  t h e  

# 

p r e l i l n i n a r y  l u n a r  s l o p e  d i s t r i b u t i o n  model.. Th i s  cu rve  i s  v i r t u a l l y  

ic lent i .ca l  (r  - 0.997) t o  a s i m i l a r  curve d e r i v e d  f o r  t e r r e s t r i a l  $1-ope 

d i s t r i b u t i o n s  (Tab le  1). A t  th is  s t a g e ,  no a t t e m p t  h a s  been made 

t o  clemonstrate tlzc correspo~zctence o f  t h e  rnodel l una r  c u r v e  w i t h  t h e  

c u r v e s  From whi.cll i t  was computed . I ' r cv ious  experri-encc w i t h  
f * # 

a . . 1 I 

t e r r e s t r i a l  d i s t r i b u t i o n s  s u g g e s t s  t h a t  c o r r c l a t i . o n  i s  exceedingly good 

(p robab ly  AbOO. l ~ l n a rd a t a .9 5 3 )  f o r  t h e  

T h i s  l i . ke l  i-hood of  h i g h  c o r r e l  a t iorr of model. w i t h  indj .v idua1 

c u r v e s  s u g g e s t s  t h a t  t h e  inodel. c u r v e  can  be  usccl f a r  p r e d i c t i o n  of  real .  

l u n a r  slope--frccjuency d i . s t r ib rz t ions  when. t h e  m e a n  s l o p e  v a l u e  i s  known 

( o r  can b.,-j - i~ fe r red  s t a t i s t i c a l l y )  . Fi-gurcs 2 aiicl 3 p r o v i d e s  e s t i m a t e s  

o f  mean s l o p e  f o r  f c ~ rg r o s s  3.unar t e r r a i n  units, smooth mare,  ~ :ougher  

mare,  tlumnlocky up land ,  arid rough up land ,  a t  any desi-recl l e v e l  of 

g e n e r a l - i z a t  i o n .  These e s t  ima tes  c a n  h e  used i n  conjunct j -on w i t h  Fi-gure 

4 t o  compzte probab le  s l .opc-f requency cl iskribution!;  For any of  t h e  f o u r  

t e r r a i n  t y p e s  a t  any sl-ope l e n g t h .  Tab les  6 th rough  8 i n  t h e  t e x t  a r e  

nolnograplls by wl~icln t l ~ i s  can  be  accompli.shec1. Val.ucs o f  % mean s l o p e  

have been ccjnvcrtcd back t o  r e a l  s l o p e  v a l u c s  siniply by m u l t i p l y i n g  

t h e  model % msan s l o p e  v a l u c s  by a l l  of  t h e  mean s l o p e  v a l u e s  l i s t e d  

a c r o s s  the  t o p  of flie t ab ] -c ,  Sl.c)pe d i s t r i b u t i o n s  presented i n  T a b l e s  

6 ,  7 ,  8 ,  and F i g u r e s  8 ,  9, 10 ,  and 11. i n  t h e  t e x t  \rere computed from 
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Table  1-

Comparisol-~of l u n a r  arrci tcrues t r i -a l .  slope d i s t.l-ibut ion rnodel_s 

Model Percentages of Mcan Slope Angle 

Fi~nar- slop^? Angle Terrestrial S l o p e  A n g l e  
pcrcemtagc _L--.-.-"._-__.%"",,,-kW*,~U___Cn* ----.---* -,----.---.*e-*im- "-"-

of c a s e s  (in degrees 01a r c  a t  ftangerzi:of valley s i d e  
("/,I a constant:  base length slspcs con-iprisilzg l i n e a r  

of about  Oe6rn-1. .0m scgnlents between major 
from photoclinornctry slopc reversals; v a r i a b l e  
of Lunar 03-biter- 2 ,  11, basc  l eng th ;  da t a  from 
1x1, and V irnagc.ry) acri-al. photos of s c a l e  

1:20,000) 
0 .T o t a l  N is 1.71.,025 . 

Tcatal N j-s 2876 

C o r r e l a t i o n  cocff  i c i e n t  , r ,  f o r  above d a t a  (omif- t ing  100th 
pc.srcelzti.le.) is 0.99774. 

http:pc.srcelzti.le.)


mean s l o p e  v a l u e s  a t  one ,  t e n ,  and i i f t y  n ie ter  s l o p e  l c i ~ g t l l s  read 

from Figure 3 of  the appendix (  a f in l i e  tcxi:) . 
F i g u r e  4 shows t11aL d e p a r t u r e s  of  tlic conskl-j.tuent c u r v e s  i r o ~ n  

t h e  a v e r a g e ,  o r  modcl,  percentage-of-mean s l o p e  curvc  i n c r e a s e s  

markedly over t h e  30tl1 percenlri1.e of  N . A n a l y s i s  of percentage-of -

mean s l o p e  v a l u e s  f o r  t h e  95 t h ,  9 8 t h ,  and l O O t i 1  p c l r c e n t i l e s  confivliis 

that: tile d i s p e r s i o n  i n c r e a s e s  s h a r p l y  w i t h  p e r c e n t i l e ,  and t h a t  

p r e d i c t i o n  o f  t h e  l0Oell percentage-of-mean s l o p e  froin t h e  model i s  

p o o r .  A n a l y s i s  shor.is a l s o  t h a t  t h e  p e r c e n t a g e  o f  mean s l o p e  a t  t l ie  

100th  percc:nt i le  of N depends s t r o n g l y  upon t i ~ c  nwnber oT s l o p e  valuc!s 
* .  

inc luded i n  tllc sh i i~p le .  Thtls, t h e  1.0O~h p c r c e n t i l c  s l o p e  v a l u e s  

i-n F i g u r e s  8 -11  01 t h e  t e x t  a r e  on ly  t e s t  e s t i i n a i t > s ,  r e l y i n g  i n  park  

upon t e r r e s i r i a l  s l o p e  d a t a .  E f f o r t s  w i l l  be made t o  p rov ide  b ~ t t c r  

e s t i m a t e s  of t h e  100th  p e r c e n t i l - e  valtrcs . 
Like  a l l .  t h e o r e t i c a l  models ,  t h e  l u n a r  s l o p e  d i s t r i - b u t i o n  cul-vc 

(I?igure 4) and the p r e d i c t i v e  noinographs ( T a b l e s  6, 7 ,  8 i n  t c x t )  must 

-
bc t r e a t e d  w i t h  so~ne cau t i .o i~ .  V i s u a l  exarninai ion of h i g h - - r e s o l u t i o n  I , t~nar  

Orb it.cr imagery s u g g e s t s  t h a  t many t e r r a i n s  which appear  exceed ing1.y 

rough a t  lower r e s o l u t i o n s  a r e  i n  f a c t  cluitcl siilooill a t  s l o p e  l e n g t h s  

on t h e  o r d e r  o f  a m e t c r .  Conversely ,  o t h e r  t e r r a i n  t y p e s  ( c r a t e r '  f l o o r s ,  

e t c . )  which appear  s~nootl i  a t  1 . o ~r e s o l u t i o n  a r c  q u i t e  rough a t  h i g h e r  

r e s d l u t  ion  and smal l e r  s l o p e  l e n g t h s .  Ho~wevcr, t l , ~nlodel d e r i v e d  h e r e  

shou ld  c o n s t i t t i t e  a u s e f u l  b a s i c  froin ~r.lriclit o  p r o c ~ c c ?i n  t h e  deterryi n a t j  on 

o f  l u n a r  s u r f a c e  roughness  from a b s o l u t e  sl-oipe a n g l e  d a t a .  



S e c t i o n s  C ,  D ,  and E 

S e c t i o n  C--Crater  Fr,equenci e s  and llurpl-~.ol.og%es 


S e c t i o n  D - - D i s t r i b u t i o n  of 131ocks on t h e  Lunar Sur face  


S e c t i o n  E- - Increased  Travel D i s t a n c e  Due to C r a t e r s  and 

, - .  f 8* .  

Other  O b s t a c l e s  on t h e  Moon 

H. J. Moore 




G r a t e r  irec~uciicicisand morphologies 

by 11, J ,  Moore 

f nt:raclvc t 0x3 
_ * r r O r - "I-err--̂ _\. IIVIIII 

T h i s  s e c t i o n  has  hecn prepared i n  response  t o  a reques t  f o r  an 

a p p r a i s a l  o l  t r a f f i c a b i l i t y  of  the lunar  s u r f a c e  f o r  Lunar Roving 

V e h i c l e s .  I n  t h e  rcpori:  nluch of t h z  d a t a  present-ecl should  h e l p  t o  

form an i n t e g r a t e d  modcl of t l lc l u n a r  surface. Such a n  i l2 tegrated 

model has not t c c i ~formed at. t h i s  time, however. An integraccd model 

f o r  t h c  l u n a r  su- r In rc  can be forn~edby combi.uing d a t a  on tile f rcqucncy  

d i s t r i b u t i o n s  'of crai.crs of  v a r i o u z  niorphologj-c:; w i t 1 1  t h c  d a t a  on . . 

crater r11orphologj.c~and f r r ~ ~ u e n c y  b locksd i s t r i b u t i o n s  of  in and 

around craters (see S c ~ c t i o nD). 11ai:n i n  t h e  s e c t i o n  do pcr~ni l :an 

evaluat:ion o f  ~;9;gnj2$_50]~!:1,2~$0~72-t o  LP exp:.ctc!d froun c r a t e r  f r e q u e n c i e s .  

I n  s o  f a r  as d a t a  permit, thcy are considered in terms of rough 

(wcskern) i i ~ a r i u , siilooth ( e a s t e r n )  maria, and  upland::. Th i s  i s  done by 

considering (1) f rcqucncy  d i s t r i b u t i o n s  of c r a t e r s ,  and (2) morphologies 

Crater f reqrrencies
*marn r m - r--- -s. D"" v ,m-UI  r r - a m .d*un)u-l*e; -U 

Thc topo8raphie.s  of l u n a r  surfaces a r e  c h a r a c t e r i z e d  by c r a t e r s  of 

v a r i o u s  s i z e s  w i t h  varj.ous s t a t e s  of p r e s e r v a t i o n .  I d e a l l y ,  t h e  s u r f a c e s  

c a n  bc grouped i n t o  t w o  t y p e s  : (1) t h 2  young s u r f a c e  wIiere t h e  f requency 

d i s t r i b u t i o n  d i r e c t l y  r e f l ec t s  t h e  r a t e  of cratcr p r o d u c t i o n  and ( 2 ) . t h c  

"steady-state" s u r f a c e  which i.s t h e  rcslxlt of t h e  combined e f f e c t s  of 



of c r a tc r  p r o d u c t i o i ~and crosj.one-infillj2g prociuccd by exte i~sivecra t -c r jng 

(Moore, 1964). Crater Ercquencjes can  be approximat e l y exprcsscd by 

eqzra.tia~aso.f t h c  L'orrra: 

whcrc: 	 N i s  thc. cumulative f r e q u c i ~ c yof c r a t c r s ,  


k i s  a colastant , 


D i s  the c r a t e r  d i ame te r ,  


n i s  an exponent,  


For the  young s u r f a c e  n is near  -3 and f o r  the  " s t e a d y - s t a t e f r  s u r f a c e  

n i s  nea r  -2. A m a t u r e  s u r f a c e  would be descr ibed  by two equa t ions
d 	 I . t Ir 

where 11 -	-2 wor~ld apply to t h e  smaller: s i z e  c r a t e r s  and n = -3  w o u l d  

app ly  t o  t h c  s i z e  c r a t e r s , '  The equa t i on  f o r  t h e  " s t eady - s t a t e "  

s u r f a c e :  

wIiexg!: 	 N i-s t h e  cwiiulative number of c r a t e r s  per  square  meter ,  
%? 

D i s  the diameter  of t h e  c r a t e r s  in meters ,  

a p p l i e s  t o  a l l  c ra tc rs  l e s s  t han  a c c r t a i r ~s i z e  on a s u r f a c e  which has 

reached t h a t  s t a t e  and the " s t eady - s t a t e "  a t t a i n s  f u r  t h c  sma l l e r  c r a t e r s  

f i rs t  and ex tends  t o  l a r g e r  and l a r g e r  c r a t e r s  w i t h  t ime. The 

rnorphologics of c r a t e r s  for the two i d e a l i z e d  s u r f a c e s  d i f f e r .  C r a t e r s  

on the young surfac.e a r e  t y p i c a l l y ,  bu t  no t  e n t i r e l y ,  f r e s h  and uneroded.  

For  the  " s t eady - - s t a t c f9  s u r f a c c ,  c r a t . e r s  range from f resh ,  we1.l prcscrved 

craters t o  t hosc  s o  eroded and f i l l e d  t h a t  t hey  are b a r c l y  d i scern ib l -e .  

As n a t u r e  	would havc i t ,  luna r  s u r f a c e s  are t y p i c a l l y  a mixture  of 



the t w o  types of sz~rfacesor  I L I O ~ CG O I I I ~ ~ C X  cvc,:nts,~ 2 1 ~ ~ x 1  ~ C I C R U S Cof  variasns 

Some freclucncy disisr.li?:ul",ions a r e  showzn j.u f : ig~t re@ - I  wZj~:rk3: t17c C C C I T ~ I X ~ : ~  

f o r  Bangc-rs V L I ,  V . i S I ,  and 1.X ('.CrasJc, 1966) rcl>re:;cnt t h e  " s t eady  si:atcn 

frecpancy dis,;tr193~"iie,1.1, The C O U I ~ ~ S :for -"i.:l. Y--6 and X I T  P-12 tll-ere taker1 

fram L w ~ a r0s:b:i.t.e~ scnrcening r e p o r t s  (Screening Group, l967a,  19672>) az7.d 

ctrrrertt d a t a  s u g g c s t s  t h c y  may be IOCZ~by a factor near 2. The i r  form 

is correct, howc-ver, Iwn spite of compl ica t ions ,  a fev ggeneral . izatj ,om 

can be made : (1) t h e  "stead y-stai:c" freqzzcncy distribution' describes 

a l l  surfaces f o r  c r a t e r s  a few meters across and less (Shoemaker c t  a l ,  

1966, 1967a., 1967b,  19683, 1968h), most lnavc s u r f a c e s  f o r  c r a t e r s  40 t o  

100 ineters across and l e s s ,  arid f o r  suclz as t h e  of .some s~a.~face,r?, f bodr 

Al.pl~onsus, f o r  c r a t e r s  a. few kiloiile tcrs across and less (Trask, 1966), 

(2) 1.ocall.y frequency d i s t r i l ~ u t i o n smay be s i g n i . f i c n n t l p  l ess  than t h e  

" s t eady - s t a t e "  d i s t r i b u t i o n  such a s  on s t e c p  s lopcs ,  ( 3 )  i l iost mare and  

t e r r a  have the  same frequency of cl"at:erti i.n the 10 t o  50 meter rangc?, 

except on steep sl.opcs, (&) rough marc has  a signi.ficci.nt frequency (10-5 

2
c r a t e r s / i ~ ~ e t e r) of subdued c r a t e r s  80-400 rnetcrs across w l ~ i l cthosc  of 

-6 2t h e  sama size i n  t h e  srnootll m a r i a  are 1css (4~1.0 c r a t e r s  /meter ), and 

(5) f o r  inare c r a t e r s  larger than 1 Ian th.e s l ope  of t h z  frccjuency d i s t r i -

b u t i o n  curve i s  s t e e p  (n .= - 3 ) ,  

Recent d a t a  ha.ve sl~owntha t  t h e  form of Frccjirczrrcy distrj-butionsof 

fresh a p p e a r i n g  c r a t e r s  are s i m i l a r  to t b o s t  for t hc  "ste;~ily-stat:el '  

(Moore and Trask, unpublished d a t a ) ,  Crater frcqucncics of fresh c r a t e r s  

made by 5 different obsc.:rvcrs using Lunar O r h i t c r  photographs (2i.g. C-2) 

i n d i c a t e  t1za.t the frequency d3st-n.ibutior-a of such cz:ate-fl.s can bc dcseribcd 



Crater dictm-rifcr [meters) 
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wl-1c:x-e: 1c ranged fro:ii 2.1 x 10 *- 6 
t o  2.0 x 10-5 

fur t l i c  various obscrverr;. 

Althoug1-1. tlic ol~xervcrr;did liot sex-cc on thc definition o f  a frcsll c r a t e r ,  

they d i d  aguec on t h e  form of the ecluailion f o r  tlli?ir d i s tu i -bu t io lx .  T h c i r  

work was douc? as p a r L  01 studl.cs desip,i-ted t o  estimate t h e  thf.ckness of 

the lunar e p i . l i . t h .  E q ~ i e t i o n( 3 )  is a l so  i n  agreement: w i t h  ea r l i e r  daf:a 

on f xesll ( eu i~ io rph j .~ )c ra te l - s  s how^^ i-n Ranger l3hotut:l:aphs (l:ras?c, 1.960) . 
Eqnak ions  2 and 3 are important  i n g r e d i e n t s  for. this s - ea t ib l~sirxce 

they  imply "stcady-sstatc" f requency d i s t r i b u t i o n s  exist ntjf: 0111-y f o r  a l l  

cratcrs but: al-so for cra te r s  with givcn morphologies. Frequency d i s t r i e -

b ~ t i o n sof c r a t c r s  of various morpholoeius can be estimated by co11~bi115ng 

t h e  fo rego ing  d a t a  i n  cynat:i.ons 2 and 3 wit:h a t heo ry  which posi:ula.tcs 

t h a t  cratcc  l i f e * -t i m i . ;  are p r o p o r t i o n a l  t o  t:lleir o r i g i n a l  depi-b and hcrlcc 

d iamete r  (Moore, 1964). I n  the t heo ry ,  c r a t e r s  ranging, from f r e s h  

craters  t o  those s o  erodcd and f i1 l .ed  t h a t  they  are ba re ly  d i s c e r n i b l e  

leads t o  equation 2 .  I f  crater  1.ife-t imes (t) are p ropor t i ona l  t o  t h e i e  

diarnetcrs  according t u : 

where: D i.r; i.n meters, t h a ~tlxe v a r i a t i o n s  of frequency of morpliologics 

f o r  each size can be es t i -mated.  For craters whosf r e l i c f  has been 

reduced by a f a c t o r  of 1/2 o r  less: 

For those with 3 / 4  o r  more of t h e i r  o r i g i n a l  r e l i e f  preserved: 



--------- 

and f o r  t l losc with 31/32 of  tlieir ur jg : inu l .  re l ief  o r  inorc: 

T h e s e  disi:ril~ui:jons a r r  shown i n  f i g u r e  C - 3  where crai-cr rnorpbol.ogj-cs 

have Lecn ~ m m c d .  Fresli craters have 31/32 or more of t h e i r  or i .ginal  

1 Young cratccs have b e t w w n  31/32 and 3/4 ox their or ig i l l a l .  

r e l i e - f ,  Matltrre craters have between 3 / 4  and l / 2  of their okiginnl.  

r e l i e f .  01~1craters have 1 /2  t:o almost: none of t h c i r  o r i . e i ~ ~ a lr e l i e f .  

It can be seen from iignre 3 t h a t  1 /2  of the craters  of a g i v e n  size 

are. o l d , "  1/4 of thcin mature, and 1 / 4  of  the young t o  f res i l .  

The forcgoi l lg  f  r e q u c i ~ c i e s  d i  s tributuions can be generali .xed as 

fol lo tas  (see  a l s o  f i g ,  C - 4 )  : 

A,  Rough mare: 

B, Smooth mare: 

-1/ Crater:; near meters on ~~~aria largely subducd i n  morphology80--400 a r e  

bud t h e i r  w a l l s  are o f t e n  bboeky. 







E Heavily cratcred surfaccs  

F. 	 A l l  crati?Yi; 011. "steady s t a t e "  s u r f a c e s  ( f r e s h ,  young, mature, 
a l ~ do l d  c r n t c r s ) : 

-2
N = 1 0- e l  D * 

G .  	 A l l  c r a t e r s  on "s teady s t a t e t i  s u r f a c c s  t h a t  a r e  f r e s h :  


-93 - 2 
N = 3 , 1  x 10 D 

H. A l l  c r a t c r s  01-1 " s t eady  s t a t e "  su r f aces  cha t  a r e  f r e s h  al-d young: 

- a 2  -2
N - 2.5 x 1-0 D 

I. 	A l l  c r a t e r s  on "s teady  s t a t c "  s u r f a c e s  t h a t  a r c  f r e s h ,  yciung, 
and mature:  

where: N i s  t h e  cuniulativc freqilency of c r a t e r s /meter 2 

I) i s  c r a t e r  diantc&er i ra  meters, 

Before  going t o  a  d e s c r i p t i o n  of  c r a t e r  morphologies, i t  i s  

impor tan t  t o  realize t h a t  the  a r e a  covcred by c r a t c r s  between e q u a l  

logar i thn i i c  i n t e r v a l s  i s  t h e  same when t h e  f requency d i s t : r i b u t i o n  i s  

of t h e  ~ O S T ~ I I :  

\ 

N = m-2 (1) 

Thus c r a t c r s  Letwecn 100 and 200 meters can occupy as much a r e a  a s  those  

between 10 a n d  20 mctars, 

As mentioned p r e v i o u s l y ,  c ra te rs  bf  a givcn s i z e  can be c l a s s e d  

i n t o  f o u r  t y p e s :  (1) f r e s h ,  ( 2 )  yourig, (3) mnturc, and ( 4 )  o l d .  F r e sh  

c r a t c r s  are. i d e n t i f i e d  on t h e  b a s i s  of  t h e i r  ~ j c c t avyl~ichare c l ~ a c t c r i z e d  



by t l lc prcscncc oL bl.ocl::: a n d ,  vJ1lc.n i.bcyarid secondary impact c . tSate~-s 

are slnal.1, by rzys and br-L.ght h;ll..o:;, P fo rpho lng ics  and c j c c t a  a f  tllrsc 

f resh.  c r a t c u s  vary wi-i-11 s i z e  e s p e c i a l l y  i u  th? maria i ~ h e r clayering 

prodrrccs pz'onoaficeeb e.CCects on t l ~  slzapes (Qua-icle slid Okjr:rbeclc,c r a t e r  

19633, S w h  size cfEccts arc? less pronoimced  in more uniform materials 

o r  wl~entl-lc cxaier  dcpth is e i t h e r  smaller than or much 1.argelr than the 

t f . ~ i c h l @ s sof the upper l a y e r ,  For  c ra te r  diarnctcrs  that a r e  less t iaalz 

3.8 - 4.2  times t h e  t h i c k n e s s  oJC t h e  l a y c r ,  ths ia :  s h a p e  i's u n a f f e c t e d  

by t h e  I a y e r ,  Plat f l o o r e d  cxaters are prc~ducedW ~ I C ~  oft h e  dj.amcter 

t h e  crater  5s between. 3 , 8  4,2 and  8 -* 3.0 ti.mes t l x  t-,l-rj.ckazessof  t f l e  

layer. Conccni:r2 c st r r a c t ~ z r r sa r e  produV@ld for' ' l a r i e  daat-ers ,' 

Altho~agJ7 t ' 2 ~ e r ~  fax-EC local variata'orxs of  of t h c  s o i l -are t h i c k ~ ~ c s s  

1-ilte l a y e r  ( e p i l i t h )  on t h e  1i1a1-c?; rough mare bas  a t h jnne r  regol.it:h 

than. sinooth marc, Few data arc avni1nbl.c f o r  t he  u p l a n d s  s o  t h e  p resence  

of an epi.l.i.th w-i.3-1 h e  n e g l e c t e d ,  The median t h i c l a e s s  f o r  a rough lrtarc 

of 3 - 4 meters was o b t a i n c d  f o r  Lunar Orbiter site T I T  P-12 (Qua:i-dc. 
% 

and Oberlicck, 1468) and 6 - 9 mete r s  f o r  I1 P-8 (Sinus Medii), a qrlasi-

rough mare, 1 x 1  c o n t r a s t  T r a s k  and Wilson (personal. corm,) b o t h  o b t a i n  

a niedrian t lzickness riear 5 meters f a r  11 P-8 (Sinus Mcdii). "Seat: of 

t h e  pants" c s t i r n a t e s  irxclicate a median tlxi-ckness O F  5 - 6 mete r s  for  

11: 1'-5 (a smooth maxe), For th is  r e p o r t ,  a median t h i c k n e s s  of 3 rneters 

w i l l  bc used Tor rough mare and G f o r  smooth (castern) mare, Smal l  

f r e s l ~cra tc rs  i n  r o ~ r g hma3:c tllclle have diameters up t o  about 12 metcrs 

a c r o s s  alnd t l lose  o f  smooth nt3l:e have dia111~tersu13 to about  24 meters, 

S t u d i e s  of  missile i m p a c t  c r a t e r s  (Moore, unpublisl icd data) and l aboua tory  



impact- CT:~ZI:L?IPS in s;xncl OLc.ebeck and Ifooi-c, lS)G7), sl~ow( G Z L I . ~ ~ : ,Q~~~;i-i~i.ii?, 

t h a t  dept-Ti-t .o~~di.orncl-c~-rn I : ios  of sue11 c.ra.t:crs arc uz~ar3./4 L O  l / 4 . 4  ELII~ 

r i m  he igh t  t.o di;iiii~t.er r n t i - n s  are 6 / S O 0  t o  2.2 /101). $foupl~ologicsof 

lunar  e r a  tcrs  , Snla 1.1. craters  an tl:c 1-zrnar szrrPact wizicIr rcprescllig: t l ~ c  

botrndary between yozrng and rrtat:tnrc c ra te rs  have t l ~ c i rr e l i e f  reducc:rt tc) 

3 / 4 ,  y i e l d i n g  deyl :h- . to-diaactcr-ra t ios  betwccu l / 5 . 3  and 1/5.9 ,  and 

r i m  he igh t s  bet:ween 1.6/100 t o  4.5/100. The houndairy between mat-ure 

and o ld  sznaII crat-ers are rcprcscntcd by craters with dcl>@h=-t~-~dia~riet~r 

r a t i o s  of  1/8,8 to 1/8 wlii.le r i m  height di.a;:;te~: r a t i o s  are 0.8/100 t o  
. -

3 0 0 0 .  This r~orpholog j .ca lscheme'j s s u ~ ~ ~ r n n r i z e din f i g u r e  C - 5 .  

F resh  cralcrr; on aroug1-i. mare between 12 and 70 meters a c r o s s  are 

f 1a.ttcn.ed arzrl may 1-a.a-v~conce.azt~:ic s t r u c t u r e s  witlxizr the craters. 

VariaLj-ons in. c l e t a i l s  of tlie crater:; a r e  marked, but: several. examples 

af such c ra te r s  are sli~asirrli.rz figures C - 6  and Cw.7, A sonzcwl~at f latttened 

crater  13,2 meters a c r o s s  wit.h a dept11 t o  diar1zet:e.s ratio of 1 / 4 , 9  is 

shown i.n fi.gu?:e C-6 alo3.1~wit11 a 72 mrtcr c r a t e r  tslzicl-1i s  bot:kz f l a tkencd  

(dept:h/clia~ozt:cr = 1/6,5)  and h a s  conccntrJ c s t r z ~ c t z l r c s ,  Thc sI~a.pi..o of 

these craters ancl rnosl: subseqrzcnt oncs wcrc obtainecl using shadcm 

tech33.icjucs an6 cnlax-gcd ca 36x) 1,unaz.- 0rl)i.te-r photogra pll,.; with s c a l e s  

near 0.45 mm/in. Rim heights were u s u a l l y  esi:irnatctl u s i n g  rim he igh t -# to -

diametcr  rat ias of 2,2/100. C r a t e r s  ~neasnrringnea r  200 rncters across  

(fig. C-7) on rough mare with depth-to-di.ni-nter ratios near 1/6.2 

normally have w c l l  developed i n t e r n a l  concentric structures, 

Figure C-7 includes a p r o f i l e  of a c ra te r  near 130 meters across 

http:sI~a.pi.
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aid a d e p t h  to diaiiietcil ~:ai.:i.oxiear I,/1.3. I-. r a t i oI t s  depL~rf- todial i l i2~t~;3r  

coupl.ed with the assn~ilpi::i.or~h a t  the cr;~,t ,crwas or;"g;.na 3-ly liliet,l ir. 

E ~ . C C C X B ~ ~ ~ I ~ ~ ~ . ~ : , . ~c:i:a.L'c.:r szrl;ges"l:s it i s  o l d  ci:a.;l:cr b.ill: 11,ear tileIfla) 1:nk:t:cl.: 

boundary betrqcru matui-c! and o l d  crnt~er:: of t6i.s s i .zee  I)cptll  t o  i-J-jaIileyr 

ratios of la rger  f resh  cr:a,t:ers 500 meters across  (f:{-ge ~.-g)nlay be 

l a r g e r  (15 2 )  t l m n  those oT t h c  snial lcr  crat-cl-s a n d  i I-lternal. s i.l:ur tunes 

arc, common, 

For srncil l c8ra te m  on smoo Lh mom. the  li~orpIlo l o g i r a l  schcnie above 

would apply t o  c r a k c r s  w i t h  diaiiicter:; u p  t o  24 meters across; because of 

t h e  grcatcr  thickucsc oT the e p i l i t h  ( t a k e n  a s  G mctcrs). In z d d i t i o n ,  

Inrgcr  (24-70 111) c rntcr  pl-ofilcis Tor slnootb mare d i i f c r  froiii those go£ 

the  ro~igl lmare i n  t h a t  concentric s t r u c t t ~ i c sdo no t  appcnr  u n t i l  tllc 

cralcrs  are h r g c - r ,  F:igzsr'e 6-9 s h c ~ ~ s  meter an6a 30 1.37 xcter cra8:er 

from s i t e  I:TP P-9B. The  depth. t o  d i n ~ n e t e rr a t i o  of the stnal l e r  c ra te r  

obtained from sl~adoiustudies o f  36x e ~ ~ l a r g e r n e i l t sof Orbiter photograpiis  

is ncar 1-/5.0 while that of  t h e  larger f r c s h  c ra te r  i s  i1ca-i- 1/7 . f~ .  

Concentric s t r u c t u r e s  are wcalcly de~cl-oped on tlrc f l o o r  of t h c  smzall.cr 

crater and w c l l  dcvclopcd on the larger cra"ie7-, F r e s h  craters nca:t- LOO 

to 150 meters across i n  si-tcs 1x1 P w . 6  and 1x1 1'-5A have cleptl) t o  dia inetcr  

ratios of L/8,2 t o  l /7 .5  and the  f l o o r s  arc f l a t t r n e d  t o  doxnical ( f i g s .  

C-EO and C-TI), 

F r e s h  c r a t e r s  f o r  t h e  u p l a n d s  w i l l  be assumed t o  have d c p t h  t o  

diai11et:er ra t ios  near l . / L i . f ~  Tor a3-I s izes  to s e v e r a l  hundred mctcrs. Some 

j u s t i f i c a t i o n  f o r  un i fopn  crater  shapes i n  the t t p lnnds  i.s foulld f o r  .one 

upland crater which was 236 meters across ( f i g .  C-12) and was estimated 













I 

by sllnduwi; t o  be 50 rficf:c:;:s dccp yi-e lding a rair.io ofclcpilh--to~=diari~kc!te~-

l/4,7 w1iicl-k is r~casr t:he L / 4  t o  1/4A ~ " a t i oof small. craters. 

Estini:ll:c?s of r e l i c ? "  i'or y o t u ~ g ,trraturc, and o l d  craters Cox botl l  

marc and up1a f~dcraters :in tlxe 20 t o  500 ~:~etexclass can bc estimated 

u s i n g  t h e  proccdurcs out lined Tol* the snml l cratclrr; but s i . a r t i l ~ gwith 

the  exariiples givcr?.above? fox the J argc crat-crs. Sone exairtp1es of 

young, rn:aLurc, and o1.d eratcrs in the  %00-~400meter s izcs  a-cc given in. 

figures C-13, C--1.4, C a * 1 5  where the original crabers are taken to E-eavc; 

depth-~dinmetevratios near 1/5.2. The young c ra t e r  ( f i g .  C-13) was 

measured using shadow f ecliniques , whi.cl~yi.cl cls a depl:h-to-di.ailzikc~rratio 
= t . I I 

of 1/6.l and a rim height-diameter r a t i o  near 1.3/100. The  mature 

crater in f igu re  C-wl4has, a. clepth.tcs diameter of 1/7,7 am.d t h c  rim is 

guessed to be 0.8/100 or less. Surveyor 111 landed in an old crater 

(fig, C-15) which has a depth to diameter ratio of 1/18 (Shoernalccr e t  

a l - ,  1966b); tile rim hci.ght-diamrter ratio is very small alld probably 

less tkrm 0,63/3.00, 

http:0,63/3.00
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S e c t i o n  D 

I)ri.stribui:ion of or1 t h e  s u r f a c e~ I O G ~ C S  l t ~ ? ~ a r  

by H, J, 11oore 

Inlzrocluct ion 
Y I I . r * - z r P r - m - ^ w - a - ~ m . - m  WU 

Although blocks l a r g e  enough t o  co r r s t j t u t c  hazards  t o  l u n a r  r o v i l ~ g  

v e h i c l e s  are generally r a r e ,  t h e y  are found loce Lly i n  concei~trat ioxls  

1.arge enough t o  s e r i o u s l y  a f f e c t  th2  succcss  of a  miss ion.  Such concen-

t r a t i o n s  of  blocks a r e  found i n  and ncound f r c s h  c r a t e r s ,  on t h e  

i n t e r i o r s  of  l a r g e  subdued c r a t e r s ,  i n  i s o l a t e d  block f i e l d s  not  

r e l a t e d  t o  c r a t e r s ,  r i l l e  w a l l s  and o t h e r  s t e e p  s l o p e s  and sca rps .  

Examples .o f  block i rcquex-cies  f o r  t h c s e  f e a t u r e s  w i l l  bc d i scussed  ]>elow 

a long  with t hosc  f o r  average marc. 

It should be pointed ou t  before  proceeding t h a t  much work needs t o  

be done i n  i n t x r p r e t i n g  b lock  f requenc ies  i n  terms of v e h i c l e  mob i l i t y  

and t h a t  soille of t h e  i n t e r p r e t a t i o n s  below may be o p t i m i s t i c .  

Fre ~ u e  of bJa_o~,Z~~~~c.d~+~g~~nc~ i ~ r & b ~ - ~ i . _ o n  
_ _ _ Y F  

Like c r a t e r  morphology, t h e  frequency of blocks around f resh  c r a t c r s  

v a r i e s  w i t h  l o c a l e .  C r a t e r s  w i t h  abundant blocks c h a r a c t e r i z e  rough mare 

and c o n t r a s t  rnarlicdly w i t h  c r a t e r s  on surooth mare. Quasi-rough mare, 

such as Sinus Medii, may have craters  w i t h  b lock  f r equenc i e s  be~ween  

those  of t h e  rough and smooth mare. I n s u f f i c i e n t  d a t a  f o r  t h e  uplands 

a r e  a v a i l a b l e ,  bu t  c u r r e n t  data sugges t  block f r equenc i e s  around t h e  

c r a t e r s  a r e  between those  of  the rough and smooth maria  and l a r g e  concen-

t r a t i o n s  of blocks a r e  found around sinall  craters a t  t h e  ap i ce s  of upland 

h i l l s .  Thus 1-arge f r equenc i e s  of blocks should be  cxpected t o  occur 



around f r c s h  craters  i n  m y  t e r r a i n ,  

During tlic I ii. was a l s o  shown. that. tllc f r c q i ~ c ~ ~ c i e sb locksof 

pe r  ur t i t  area usua11y decriin:;r w i t l i  clist.aixcc froin the  c ra te r .  The photo-

g r a p i ~ i ci i ~ i n g c sof thr: e j c c t a  and c ra te rs  werc divided i n t o  r i n g s  of 

c r a t e r  radii From rile center  t o  the riiil (o-sr), from tile r i . m  t o  one c r a t e r  

r a d i u s  bcyond the r i m  (r=-2r),and so forth t o  a r i n g  a t  one and one-half  

t o  two diniiicLcrs (4r-5x1 in. order  t o  er:timcii:e tllc out,wnrd changes. 'Uhc 

resales of sucll changes a r e  l i s t e d  and shown i n  figures and tables which 

foJJow, 

Roush mare. --Block frcquei-1ci.c~around crakcrs arc no t  on ly  a func t i on  
-=?am- #--- - __j___i 

oil l o c a l e  and distancc i r v m  the r i r n  b u t  a l s o  sizc. Such chariges a r c .  

cl.carly i.ll.usl:ratcd by ~:o-ugbtnam craters, The near-rim flank, of  t h c  

30 mctcr c r a t e r  e a s t  of Surveyor I ( E l l i o t  Morris arid W e  J .  Moore, unpubl. 

d a t a )  has  b locks  up t o  0.64 meters on t h e  r i m  ( f i g .  D - l  and Tab1.e D-1). 

Thc rim and f l a n k s  are not  p a r t i c u l a r l y  rough and l e s s  than 1/2 p c r c m t  

of t h e  area.  i s  covercd by blo::hs l a r g e  enough (SS .5ni)  t o  be collsidered 

hazardous ( f i g .  D-1 and Table  D - l a ) .  I n  c o n t r a s t ,  counts  on 36x enla rge-

ments of Lunar Orb i t e r  photographs of a l a r g e r  c r a t e r  about 72.3 meters 

across  show t h a t  f requci lc ics  of bloclcs l a r g e r  t han  1.2 meters  on i t s  near 

-3  2rim (r -2r )  r each  6.0 x 10 b l o c k s / m ~ t c r  and h ighe r ;  and 2.8 percen t  

of the area i s  covercd by such bloclcs ( f i g s .  D-2a, D-2b, and Table  D--IIa, 

D-~XS_b). A l t I ~ o u g Icomparisons between the two cormts a r e  d i f  f icul.$: 

because of r e s o l u t i o n  d i f f c r c n c c s ,  i t  i s  c lear  t h a t  the 72.3 meter c r a t e r  

is blocki-cr and more hazardous t o  rov ing  vehi.cles.  

Although b lock  frcquencics normally  i nc r ensc  w i t h  size, t : i l is is not  



Figure  D - l  
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Table D - a I a  


Su rveyor  1 30 meter cra ter  


2
Curnulati-ve: f rccpency f.n bl.nclrs /incta?x 

BlocIc s i ? ~mi-ers  -3 
--as- ->."*--. -<, -- -> *."am ?s*.,*>---r- *gm - r 2 r  

w-.m,wrdl.--*- m ,. 

0,6/1- 4 .7  l om3 

CumuLa,ti.ve freqvrency of blocks  /meter 2 

Block 
diameter crater  e j e c t a- 2 r  2r - 3r 3r -0 - 4  
 r 1:4 4r 5.r5r
(meters)
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-I / Sun angle 20.65', ta7.1 - 0.376. 







ZIP P-E2A 11 193 7% ,3 meter crater 

Cul:l'Gl citi.vil . ~ % ' C ~ U C I I V  131.(31:!~~/ I~ ' : cLI ( ?~ 'G2 

Table I)-ITb 

F r a c t i o n  of 'area covered by blocks  
larger t1a.a~s i z e  x 

d iarxcter 
(rnctcrs) 

c ra te r  
O - r  r 2r 2r - 3r 3r - Ltz: 4a- - 5r 

e j e c t a  
r - 5r 



always t rue ,  ro]~resc~~h:s  c~c'l."ir WI-~~?~\ .J"CTal)lc 3)-11-, srzc12 a i t  can he scexl 

that. tIac blocfc frc.qs~c-i.ici@sIxo~rt.x t o  %ra r c  less t-hrjiu tl-nosc? of  the 

snell-er 7 2 , 3  r-ireter cr;~b,c.r i n  T a t ~ l c17-*Lla,  

Ilowe-vcv 1rj.i-h coil t i r lu i~ igi l~c rcacei n  s i z e ,  the general tcindei-icy Eor 

i ~ ~ c r e n s eof b 1 . 0 ~ 1 ~  becomes c l e a r ,  For  c r a t e r s  nearfrcsjtiexacj.~?~ 200 mc\t:ers 

a c r o s s  (figs. D+-3n, 1)-312, and T n b l e s  D-IITa, I)-I:L7b) near rim ( r - 2 r )  

freqircncies o:E b locks  l a r g e r  t:knn l , 0 6  meters r e a c h  L7,3 x 1-0- 3  b l o c k s /  

2 
meter and about 4 . 1  pcrceltt of  tllc area i s  covered by such b locks .  The 

c r a t e r  i n  figures D-3a. and  D*03b i s  on a quasi - rough Innre (Sinus M e d i i ) ,  

Frequc.mci.es of b locks  l a r g e r  than  2 @ / 1mete rs  around larger c r a . t c r s  near. 

-3 2
300 and 500 rnetcrs across are a.s high  as 2 . 9  x 10 bloclcs/rnctcr alld 

d 

beiaeen 5 and 6 pe rcen t  of t h e  area i s  covered by such b locks  ( f i g s .  D-4a, 

D-4b, D-5a, D-5b, and T a b l e s  D-IVn, D-IVb, &I-Vn, and D-Vb) .  The counts 

for t h e s e  two lal-gc c r a t c r s  wcrc obtained on 14x en la rgements  s o  tha t  

t h e  coun ts  s t o p  ak about  2 rnctcrs bu t  a t tempts  t o  bloclisc o n r ~ tthe  s~m?.,les 

s u g g e s t  tlleir f requency i n c r c a s c s  r a p i d l y  t o  1 mete r  w i t h  a s l o p e  of 

about -3 on t h e  frequency c u r v e s .  Thus frequencies n e a r  20 x 10-3 
b l o c k s /  

2 
meter fol: b locks  l a r g e r  t h a n  1 mctler s1loul.d be expeet:ed and a b o u t  

10 p e r c e n t  of the a r e a  shou ld  be covercd by slaclr b l o c k s .  

S~ncwehmare,--The low fsecjucncics of b locks  arourrd c r a t e r s  on smooth 
--v-----m-

mare c o n t r a s t  sharply w i t h  the h i g h  f r q u c n c i e s  of tllnse on t h e  rough 

mare, Thc d i f f c rencc  i s  s o  marked t h a t  i t :  i s  d i f f i c u l t  t o  f i n d  f r e s h  

c r a t e r s  w i t h  bl-ocks around them, cspcc-ially f o r  c r a t e r s  near 70-100 meters 

a c r o s s  and l e s s .  For the smooth mare ( f i g s .  D-6n, D-6b, D-7 , D-8a, and 

D-8b, and Tab les  D-VZa,  D-VLb, D-VXZ-a, D-VLIb, and D - V I I I a ,  and D-VIIIb) ,  
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F igure  D-3b 



- - - 

Tab le  D-lI.J:a 

I T 1  P-7 13. 95 202 mekpnr d-iarncicr er;il-.cair 

Block 
cl inrrzct er 1: at*e 1: c e j c c t a  
(rncte~..s )  4r 4x73r2 r  3r  51: 
 5-x:r .w: 2r ro == 
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F r a c t i o n  af area covered by 
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Figure  D-4.b 
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Block dianrcltcr (meters) 

Figure  Dae5b 
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diameter cyaper ejects. 
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F r a c t i o n  of area covexed by b locks  
larger tlzartn s i z e  x 
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Black dicarnefer ( ri3ztcrs) 



ctiamci:cr crai:er e jec t -a  
(meters) o -- r r - %r 2r N- 3%: 3r - 4r 4a" - 5r  r -, S r  

Fraction of area covered by 
b l o c k s  larger than  s i z e  x 

diameter crater  ejecta .  
(meters) Q - T :  4 - 21: 2r - 3r 3r 4r 4r -. 5r r - 5r  



Block dicamebar (me?ctds) 



Tab I..& Da-VZT a 

F r a ~ t i o nof area covercd by 
bloclcs L a r ~ e rk l l a i l  s i z e  x 

divameter crater  eject:a
(meters) 0 - r  r -. 2x4 2 r  - 3r 3 r  - 4r 4r - 5r r 5r  



Block diurncter (n~eteers) 

3423 
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Table  D - E l l a  

6 ' 

Fra .c t ion  of area covered by 
blocks larger than. s i z e  x 

Block 

-
diamet.e-r 
(meters) 

crater  
Q - T  r - 2 r  2r - 3r 3r - 4r 4r - 5r  

e j e c t a  
r - 5 r  



c r n k e r r  rear 130 mci-crs across  Ilrrvi! fxcqucricics 01blocks c l i i ch  reach 

2
bloclir;/incl-cr- larger t h a n2 x For ~ . i . ~ c s  1.1. meter and o n l y  ahout-. 

0.3 p c ~ c c i i lof  l.hc art23 is covcred by  such bloclcs, T11r:sc co~icciitrations 

are lcs:; t.lr?n tbosri  Tor s i l i i i : L i ? ~and. c*vc!n cinall.i..~-crat-ecs 0x7 ro11~11rna.rc. 

Low b l  ocic Lrc\qiiciicics arciu~ld2 craters i i r  sll~oot:h inare part1.y 

keflect:; tii;. t l j i ck  epi l i t i l  which i s  largcr in t l ~ csmooth than in the 

rough.innre, Tlrzsc low Llocli frecjuencies could arise from other factors 

as well, s u c l ~d i l . i c r cnccs  in fracturing of the rocks. 

ypl aild, -- block freqi~c*ncicsfor one lxunlmocky upla~xdcrater 200 meters 
D- V*lll ts -

ac ros s  were obirairrcd because onl-y one 3Gx cnlargemcnt of Lunar Orbiter ' 

photograph of such  a cratcr was riyailnble f o r  thc  count. The frcquenc:ics 

obtained show, hoiccvcr, t h a t  signiricani.numbers of blocks can occur 

around uplnnd crrrters. Thc frcquncics o l  blocks larger than oilc? r ~ t e r  

-3 2 
T C : I C ~ ~3.7 x 10 bl~clis/n?et~rl a r g ~ rthan one meter, and arc interiliedi.ute 

betwecn thosf  of the  rough and smooi-.ll maria. Inspecti-onof other crat:ers 

of coiliparahle size on standard prints of Lunar Orbiter p11oi:ograr)Rs show 

t h a t  blocks occur: around other up land  craters near 200 meters a c r o s s  a n d  

smaller. Some O r b i t e r  pllotograpl!~ show smnLL craters near 40 meters 

across a t  tllc a p i c e s  of upland hills may have a profusi-onof b locks  

around them. The frcquenciec axid data f o r  t l ~ cup land  crater  arc shown 

i n  Ta.bles DI:Xa, D-=I::Xb, ancl f igu res  D-9a, and D-9b. 

, . 

I n t e r i o r s  of large craters
*.N___w_i~v--ra"-"-F_-__%U-*.----v-< - j_--C--w,. 

As mentioned in tho Section C ,  bo th  rough and smooth marc have large 

subdued craters measuring near 80 to 400 mcters across with frequencies 
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Table  39.-IXb 

.Fractlcsn of area co-verecl l ~ y  
blocfcs L ; I T ~ ~ . Y :than s i z e  x 



of bl.ocks 01.1 intex i . 0 ~\ g a l  1s t h a t  arc2 l-a,l:gc eno.tigh to cons i.(jer ~ _ - l ~ t ~ ~ , ~  

potenti.a.l,  h,zzards to 1uno.i- x:ov?ng vch:iclcs. Fo1r.r such c ray r r ;  are 


considered here. One is used to E ; ~ Q F Jt h a t  i t  may be p o s s i b l e  t o  enter 


such crai.crs with planijed traverses b u t  unplanricd t:ra-gi:rses result. 


i~n,d j  ,cf;astcr, 


One crnLcr in,smooth mnl'e mt?ns~~l::i 351 mcLr : r s  a c ro s s  wasrig about: 


found t o  have concent ra t ions  0.2 blocks 01%its riiu, walls, and floolr 


- coi~~pal*aI~lc conccntzrat ion arorrndto klie  some. blocky craters in rougll 

marc. The results arc shown in Tablo I ) - - X .  Ilcre nga jn  t h e  blocks were 


counted i n  sectors us ing  36x enlargements of Lunar Orbiter photogray~lls 


on which bl.ocks and protuberances.  dowl-1 to one meto: an@ l e s s  Can be ' 


# 

h a rnanncr similar t o  sxLicill.cr cratexrs, t h e s e  large cratc'cs sflow 

morphological. gradations (see T a b l e  UmXT,  and I I ~ Q X I I )and rnay be quit:e 


s rnoo~ha n d  free of blocks (Tab le  D-XII). Normally the frequency of 


blocks on crater walls are higilcr t han  thosc 0x3 the floor. 


91 

h e  215 meter c r a t s r  (fig, D m - 9 )  was se lected t o  il.lustratn,w h a t  thr: 

difference bctb~eel~a planncd traverse and a rar~dolnt raverse  mielxi:  be. 

This  c ra te r ,  which docs not  appear  t o  f i t  into t h e  murphological schcillc 

described previous ly ,  has a depth t o  diamster  ratio near 1./5.3, i.s 

rimlcss, ai ld blocks  are absent on the Xlaltks. Thc upper c r a t e r  wa l l s  

are bl-ockyarrd stccip slopcis arise from this.  Us:i.ng shadow techni.cli~es 

on a 36x cnl;icgen~:nts of t h e  Lunar 0rb:iter l;hokographs, i t  was found tiiat 

n e a r - v e r t i c a l  slopcs w i t h  l o c a l  relieis of 3 to 4 meters are present. 

One route (upper profile fig. D - 9 )  would surely bc di.sasteroun f o r  a 

rov ing  vehic le  because of xlurilcrous blocks w i t h  r e l i c f s  of 3 metcrs and 



Cumu l t.1i-i-v~Lapecluenccty o f  bloclic fznr~tcr2 

Block 
diameter Fl oo r  Lower,wal.l Upper  w a l l  R i m  
(meters) Q=?L- %r -- 3f4r  3 /4r  - r r - 514.8" o - 5f4r'2 
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Figure D-9 




I 

marc, A sccond .j-orctc: (l.ljwc2.1: p ro f  :i.l.e f i.8. Dm9) was free o f  1~l.ucksa n d  

wou1.d p."-~:n;:i..i: access f o r  a roving v~i:li .c:k, 

One bJ.ock f i s : l d  (I,ur-rarc Orl-,i.tc?r 2rnrac II 2 6 ,  s - i t e  I T S  P-2) was cormi:ed 

bccausc oC t11c avaj. lability 02 35x enla~-geriicnt-:; of Lun3.r b r b i  ter photo-

graphs. For  the  bloclc f i e l - d  a strip 46.87 nietcrs by 656.2 metccs was 

divided i n t o  14 scjilarcs and cuunirecl. The  resul.t:s ( s ee  l:??ble D-XIIT) show 

1argc v a c i n t i o ~ l sas t h c  f j eLd  i s  hpproa5licd. l:ocajly, '  t h e r e  Arc no 

l ~ a z a r d sand l o c a l l y  co i lcen t ra t ions  of b l  ockc measu~:ing between 9.44 and 

-3 2
1,123 meters rca,c!~2,7,0x 10 bloelrs /rnd:cr . This exceeds t h e  concet3-

Ta lus  s l o p e s  do no t  pl:csc;nt thc  3.argc concentrations of b l o c k s  sccn 

i n  t h e  block f i - e l d  above,  TWO counts  042 150 x 750 meter and 150 x 900 
P 

meter strips dorvn the wa1l.s of a rille in the Marir~sILil ls  using 36x 

Lunar Orb i t e r  V photographs  y i e l d  coiiiparnble r c s u l t s .  Here, as i n  the 

block f i e l d ,  par ts  of the s t r i p s  are r e l a t i v e l y  free of b l o c k s .  This 

occurs  a.f- b o t h  t h e  f l a t  bench a t  tkc  t o p  of the  r i  1l.e and on the f l o o r  

of  thc r i l l e .  Tlrr 1.ar.gesr:concentra,t:ion of blocks are found on t h e  uppoc  

slopes of the r ? l l e .  Surp~: i s ing ly ,  it was found that blockfi and pro'iubei--

axnces less than 2 , Q  meters cou ld  be d$\ r t~ f t tedand rracasured on enLarg~~it~kx~!lts 

of Lunar 0~13it:er V The TC*.SUJ.~:S of t h e  a r c  sElown i np l z o t o g r a ~ ~ l ~ ~ .  c o u n t s  


Tables  11.-XTV a.nd D-YLV, 
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r-l 
* r 4  
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1 M 
Q 8 
r-4 Q
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X 
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Va 1 ley .tsI?i:re cuiriu l a i  -i"v;: f-rc:rpwnxcies of 117 cxkg ~ O W J - Ito 3 il:e rcacl-lcs 

2
2.1 x hloc.ksh2eri.r . I3cz.e t h e  blocks sceni f a i r l y  well dist:ributrd 

al.ong the  s l o p r  (sc-2 t n h l c  J+l-XVI) . Blocks for tllis slope irere, nicasurcd 

werc c.oirilt~d ill 6 squares. A second t a l u s  :;l.opc in Sclli:5terrs V a l l e y  

was couni-eil on 7,7,x and 36x cr?lavgemei?tsof TJunar O r b i t e n  photograplls .  

The coz~n t scorrespoi ld  Zaivly w e l l  (coinpaireTable  D-lX'VII, c o l w n ; ~F and 

T a b l e  D-X.VZ:I.I). 

I n  o rde r  to placc: the Ercquencies of blocks around c: ra ters  i.m r-;me 

yerspectivc it i s  necessary t o  d i scuss  the  incercrater areas rcprcsented 

by Surveyor L (rough mare) , Surveyor V (smoot-hi mare), and Survcyor V I  

(quasi-rough inare) .  Suxveyor I11 i s  i n  a n  o l d  age c r a t e r  arid Su-cveyorV I I  

i s  on the flanks of a l a r g e  fresh upl.and c r a t e r .  

Surveyor resul-ts i n d i c a t e  diffcucnces bcthrecn 1:be rough and snlooth 

mare wllicfi are i n  agrecinentr w i t h  thc: b lock  Crequcncics around craters. 

For example, the frccpei~cyof bloclis  larger than  10 cm arc. higher  on 

rough mare (Surveyor I) than  smooth rnaxc (Surveyor V) and tlie quasi- 

rougli marc (Surveyor VS) falls in between.  The mlioncnts on t h e  f rcqucncy  

distributions also change systlematicnlly.  Such d i f lcrcnces  arc shown i n  

the foI1.6wi1xgequations (convcrtccl from eciunt i  ons f u r n i s h e d  by E.  C .  Morri.~) 

which represent t.Zu.2 f r cq l~cncydistri.butians Xor blocks less than  a fcw 

tens oi: cerlt:irnc:tlcrs : 



M 
I 
0 
?I 
x 
-3 
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Or) 
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Tab1.e D-XVII::f_ 

V 11-~204 (235) 33x 1i.n lay p,emeiki: 

r~I . a l . t ~ ~a t  base o f  s l o p e  

B l ~ c l cdi.arnetc:rs Cx~~nzll.rrt:i.vefrcqucncy of 
(meters) blocks  /rrrcterZ .
-I.* 

, 

I.-,.. plll l l"*,~.w*"m-~~sT" *.P**mw** ^ = ~ . % ~ ~ ~ I ~ - ~ ~ ~ ~ ~ ~ * - ~ ~ ~ . : ~ ~ ~ " ~ ~ - * " ~ ~ . - - > ~ ~ ~ ~ - ~ ~ ~ ~ L " ~ . " ~ - " I ~ ~ * C - ~ ~ ~ - - ~ ~ - ~ ~ ~ ~ - " I - ~ n * . X - I LW*.*rn>W?" (I--* -.,I m.flv**." III.,ww-?.UIIIIYIPn .,,-. " - m - a " , w , ~ ~ . - * ~ - ~ - ~ ' m ~ ~  %*--
"?'-I"-aÎ .AM-mse 



Surveyor I N r= 2,39 x 10	
m a  3 

33 -* 2,@ 7.1 

-7, **0*11A - 4-59 x %O D 

.= N 
 -4 - 2 . 5 6  
x 10 

-3 -0 ,56
A ~ 3 , l G x 2 0  D 


Su~:vcyor V M = I,LI.x 204-4 33
-7,,65 


-4 -0.65

A E 5 , 7 x 1 0  D 


Saxrvcyor V:l N = 5 , 9  x 10-n 4
3) 
.-2,51. 


Surveyo~rVIP 	 N = 2 , 7 4  x 10-2  D=-+1*82 

A = fraction of:area covei.ed b y  b l o c k s  la rger  than. s i z e  x 

Al= f r a c t i o n  of area covcrcd Ly blocks :;ion1 3c-r t l ian s i z e  x 

3) - b1oclz d:i.alnetcr i r a  IIECI'CTS, 

There is no evidcacc that these b l o c k  frequencies can be extxapolatcd 

upward to estimate frequencies of b2.oclcs larger than  a few tens  of 

centimeters, S t u d i e s  of Lunar Orbiter 111 pkotograplls  of the S u r v e y ~ rJ 

sit83 SUSg68t t h a . t :  

is a rcautjlir-ll~lecsLinilatc l o r  frequencies of blocks 1 a : r . g ~ ~  1.0 1ncte-r~,ZZ&X,~ 

(see f i g .  D-~10). For the smooth marc, the frequencjes axe probab ly  one 

order 01.magnitude less, l n s ~ t f f i c i e n tda . ta  are avai.lable f ~ rthe  C r a t e r  

Tycho, but the follo-wing eclzeation  seems to be reasonabler: 

Surveyor ZII G,9 
 D 






Li :s t i i~ la t t>~ rract:ia;-s s f  blor:ks a r e  slrown inof: t:he area. c0-!7~3416!d by 

f i . 8 u . r ~D-%l1.f o r  I, V ,  and V3:I al .o~:~g for bl.oclis aro:uidS U . ~ . V G ~ O X S  ::$~i.t:Tzt11os.l: 

i.denti.ca 1- rs.i.,tJr S u ~ : v c y ~ l . :1 or' roa.~glarzlaxe, 

wi-tl-t s i z e ,  localc, nr-rd d i s t a n c e  frorrz the  craker: rim, Frec~uanciesof 

blc~cksarouirt.c:l. roug1.a mare cra.tcl?.z:s bemeem. 72 and  500 m.r;:texs are large 

eraorz1;b so t h a t  at: l eas t  3 percc:~~"i:oE t h e  s~trfacenear tFza rims of craEcrs 

72 rnetxxs a c r o s s  w i 2 1  be covered by blocks t l l~atare hazardous t o  rovj-ng 

ve1dcl.es and fox the larger crate3: a t  as of the% c a s t  as ~ ~ i t c b  3.0 percent: 

surface will be covcrcd by such hazards&,, The ireci.~enc;yof b3,oclis and 

pcrccnt:cg;e area covered by hazardous bloclc.,sare higlicst w i t h i n  the c r a i c r c  

w h e r e  30 pcreeslt or so of th ,c  surfacc I X L ~ ~  by suc1-1b1c;sckn buthe covencd  

only a percent  or less  of t h e  ~ ~ ~ r f a & : cc o v e ~ e dby hazaxclous bloclis ati . ~  

distaiice aC one a.nd one-ha.1.fcrater  di.amet-er froill t he  cr;r.tex rim, 

Freqzlcncjcs of blocks incrcasc w:i.i:h the  s i x :  of t l l ~crater, For slllall 

@a 

c x a k e r s  less tharx 32 -'24 meters across, r t lcrc ziri: srss:laall.y n a  haza rds  

but tllose 500 meters across will p r c s r n t  problems t o  lunar roving vehicles. 

Frequencies of blocks are s i g n i f i c a n t l y  slilaller Xorm4cra tc r son smooth 

marc than  craters on rough mare. 

.-Irr.tcr:i..orsof  large c r a t e r s ,  block f rs'.el~ds,and t-.aI.us s l o p e s  may 

present- o't~stacl.esw i t h  co1-~ccnt:3-ati.onsctompnrable: r.0 o r  In:i glzer t h a n  thosc! 

found around frcaln c r a t e r s  in rougll Inarc .  

Firra3.3y, frequencies of blocks l a rgc r  than oxi: rrieter' across a r e  

highca: on roxagIl marc tll~anon smooth rnare, I r i s  gcst f r c y ~ ~ c n c i c sThe  o f  

http:Firra3.3y




blocki: are found ar:oy.ii?d fresh crai:i:rs oil rough iilnr:c, in t:alus s l-opcs, 

on w a l l s  of 13.rge s u b d u ~ : dc r a t e r s ,  j.n bloclc f i e l d s ,  ox?, soln-. upl.a,nd 

slope:; and i ~ i l . l : ; ,  and l l i  a,ad ncouild very  l.a,rge crai:ci-s suck1 a,s :('yc;-io 

and A3:i.starcf-1:i2se 



@, lt3\,?.be 

1 n t :r~ ~ c I ~ ~ ~ J ~ ~ ~ " ~ ~ ~ ~ "  
.m*.--,-" 

Cra"ic_!rf;,blocks, scarp:;, and I . inear depres:;ioa~s present obstacles 

which. m!sL Ire crossed o r  by-passed by %t:rtar R O V ~  Vehicles S:nall328 

cratclrs and  bloeks tirith reliefs oT: 11%t o  3. m c t s - r  or lcsk call h c  

crosscd. 
)I ' 

Cvatcirs  and b l o c k s  wi.tli largi?r rcl  LcKs nwcL bc circumvenred. 

R i l l c s  o r  l inea r  t l rprescions can gc:s~az.ally he crclcscd ai: some point-

along t:heir l.cilgtl3but, there arc l i t t l e  dakn  on the frcquc:lic~r of 

occurxencca of c r o s s i n g s ,  Thus, ozr J:y c.l.'atc~:sand blocks  will bc?. C C J I Z S ~d ~ r ~ d  

Mctllad o f  
-**a=*%.> - ---. "* 

Proccdxires for ~ ~ z a l y z i n g  of vc1ticl.c tr-avelir-rcx-cased pc?l^h l~?~lgtEis  

required by t:llp. presence of obstacle:; have 1,een di.scuzsed by B ~ c o i i s  

(19581, Ul.ricll (1968), and l i u ~ c m a(unpubl is l jed  d a t a ) .  The a ~ ~ a l y s i ~ s  

bcl.ow is *kinlilar t o  tlllosc above birr: i t - diffcx-r.; jri t h a t  tzJnc ohstaclns 

arc clcccribed by a f requency  dl.strjl1ut5.on r a t i ~ c rtllail Ly a discrete 

t i a n  is given to t:he vi:il:i.cle t-t;rn:ilrg radius W~I- ich .m y  ha-ve considcrohlc 

importanec wl-zen frcq~rcrrcyof smal I. obsi-;tclc?s 3-s hrigl~., 



dy x!i.$i:!l c.$~~n:i. ( see  fj,t;.l ~ i : o i ~ a ! ~ i : r i t y  

and tlie meair i~i:ri~.t:i.o:i;il.clj..r;i-aace ,kra;ve:l-~:d (p, )
2 


J 2 ( ~- sin 0 )  s i n  Q d~ 
2 (I. -- 2 )

..--.- =-""a 

0 
'*.s""*'- -.**.-o 7".%=--.A'*.-+-'-."~..,"z* &<V"- -----m*-,.---w,<ea.*m%," ***- ., .--. li ( .II )U s n i  a*n-rr*T-.--rirrur>"*~*.* :

P2 ( 3 - -. 0 )  4. ( 3  )ri" 6i..%'4.0 do 

c lca r  t h p  ohstnclc by h a l f  o f  i f - sw l d i l ~  

r, 
nl-i
J.TI.C~I LoL obsti tcl  es  li~it.;).dirl:ri~ef:ers 19 

addit:? oilnl di:: i:anct. t r ave  l c d  per  

P1 

ohstaclt: (p ) i s :
3 



J." 

where: 

n $ - 2 ,  3 1 and n : f  0 .  

S o l u t i o n  o f  equati-on LO For xi = -1 eivcs: 



But I? i . ~a, fraci:itin t . 1 ~map lent,i:h (M) so that:: 

and nilm of al l .  1-l-te jncrc2nstrd pa th  l.ength5: 

C r i t c ron  f o r  Lmpass;rbj.l:it:x-----am"?-"-" * --*---a -.. s -% s .,** *- *%W-w-*-* 

In orc1c-x t o  c s t s b l - i s h  if a bloclc f i e l d  o r  a c lus te r  of sbwp 

crat:ers i s  passah1e o r  i inpasaable rcquires dei a i l cd  cxaminat  ion  of  t h a t  

f i c l d  because siratist:i.cal.ap11ro:icl~c.sdo not ~ic.ces::nrilyy j c l d  such 
P 

information, Eo-wcvcr, an e s tirnatc can be nude froill the f o r ~ g o i i - ~ g  

ecluatiorlr:. For a f i r l d  of obsilncles ( l i fw)  that: cc).vcr all. tilt? area, 

t h e  area i s  cl.ea.rly i.mpassablc. Thc .vehiclemi.ghi 8r ivc  through i f  

trlre area t:o.vel-ed by obsl:aclcr, (Dl-w) i,s less t2lan 1.0, Tiiun t:l,e i n f . cg ra l
*' 

of equation 6 may bu uccd t o  c : s t i n i a h e  p a s s a b i l i t y :  

wlrere : 

n 5d -2, n # -1, and n :# 0 .  



S o l u t i o n s  fox ~qu;i.i:i.ojl 1.7 ir.,:c s:i,nr:il,;l,j: t o  fay: c q ~ ~ ; j ~ ~ i o i : kt k o s e  10. 

F:n.ci.L~~pler-...- . of 1,;lii:: us:. o:f eqiiat:ions 5, 10, 1.6 tll!: : i . i ikcgj ,a l  o~ 

equai:i.on f i  a.re given i.ii i-al.~l-er.13-1 , 1',-1::f , and IZ...'j::''I , 

ReJ ; ~ ~ ~ ~ * n ; ~ - c ; ~ ~5; !-;'fbccja 
R" S" 

Brooks, I.'. C ,  , 1958, E E L e c t  o f  iiill>c.netrahle o1jstacl.e~on vc~hic1.e 

opccni:ioiial. 5:pr-c:dr l.:md Locc~motionlicsearct-1 Brancil of U.S. Arrny 

Rosixifal, August, 3.898, Ueb::~ gcomcLrLslic2 Ger:tcinsanalyr;ei~: Vc:climdl*~u:gcr~ 

U.S. Gcol. Survey l r l taragcncy Repor t :  As t rogco logy  7 ,  59 p. 



l'ab:l.a Exa.r~lpl<?s ca~Ecula~l:lc,~~*~sincxi;:ascd t r a v e l  d:i.st::al:l.ce?,al:.uc: CI:.I IIZOI:ICS,E o ' e l ,  o:E f o r  

-1,* 3-
Sec t ion  A 0,1.00 D I. -. 20 0 ,358;'~ 1,558 178 


: Each scci;ic~~-e x
is 47 47 ~rlci:e:rs, 


*' 
m"m-*"mw -*"-%="-"" 4"-

I /  NA = ni~inberof craters per  squarr rnri:er. 
c-4 

/ nTL = ~ I U ~ ~ I ~ C - CO!IS encouni.ered f o r  each ki lonletcr  o f  di.s t a i - ~ c ct raveled.of  LE(CICS
--a 




I1 / NA = n~~n&bcro.f crirt:c!rs per sqllare metcr. 
P 

I - - 2/- I), 11L3 D
2 

are crat:cr diaiucfcrs i n  ril2tess. 

1 
3 /
.am-

I., L
B2 

1,
C 

= r a t i o  of d i s t ance  i:ravclcd t o  map lelilgth 

f

I 
4 
-* 

/ NL = number of 
trauel.cd. 

o l~s tac lcsencolmt-crcd f o r  each kil-oii~et-.erof  distance 
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