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INTRODUCTION 

Th i s  Annual Report is t h e  seventh  of a series d e s c r i b i n g  the  

resul ts  of r e s e a r c h  conducted by t h e  U.S. Geologica l  Survey on 

beha l f  of t he  Na t iona l  Aeronaut ics  and Space Admin i s t r a t ion .  The 

r e p o r t  i s  i n  f o u r  volumes corresponding t o  f o u r  main areas of 

r e s e a r c h :  P a r t  A ,  Lunar and P l a n e t a r y  I n v e s t i g a t i o n s  ( w i t h  map 

supplements ) ;  P a r t  B ,  Crater I n v e s t i g a t i o n s ;  P a r t  C ,  Cosmic Chemis- 

t r y  and Pe t ro logy ;  and P a r t  D ,  Space F l i g h t  I n v e s t i g a t i o n s  ( w i t h  

a map supplement). An a d d i t i o n a l  volume p r e s e n t s  a b s t r a c t s  of t he  

pape r s  i n  Parts A ,  B ,  C y  and D. 

The long-range o b j e c t i v e s  of t h e  a s t r o g e o l o g i c  s t u d i e s  program 

are t o  de te rmine  and map the  s t r a t i g r a p h y  and s t r u c t u r e  of t h e  Moon's 

c r u s t ,  t o  work o u t  from these  t h e  sequence of e v e n t s  t h a t  l ed  t o  t h e  

p r e s e n t  c o n d i t i o n  of t h e  Moon's s u r f a c e ,  and t o  de te rmine  the  pro- 

c e s s e s  by which these  even t s  took place.  Work t h a t  l e a d s  toward 

t h e s e  o b j e c t i v e s  inc ludes  a program of l u n a r  geo log ic  mapping; 

s t u d i e s  on t h e  d i s c r i m i n a t i o n  of geologic  materials on t h e  l u n a r  

s u r f a c e  by t h e i r  photometr ic ,  p o l a r i m e t r i c ,  and i n f r a r e d  p r o p e r t i e s ;  

f i e l d  s t u d i e s  of s t r u c t u r e s  of i m p a c t ,  e x p l o s i v e ,  and v o l c a n i c  

o r i g i n ;  l a b o r a t o r y  s t u d i e s  on the  behavior  of rocks  and mine ra l s  

s u b j e c t e d  t o  shock; and s tudy  of t h e  chemical,  p e t r o g r a p h i c  and 

p h y s i c a l  p r o p e r t i e s  of materials of p o s s i b l e  l u n a r  o r i g i n  and t h e  

development of s p e c i a l  t echniques  f o r  t h e i r  a n a l y s i s .  

P a r t  D ,  Space F l i g h t  I n v e s t i g a t i o n s ,  i nc ludes  r e p o r t s  on 

geo log ic  a n a l y s i s  and mapping from Ranger photographs ,  r e s e a r c h  on 

methods of Ranger photogrammetry, a n  a n a l y s i s  of small luna r  

c r a t e r s  by comparison w i t h  expe r imen ta l ly  produced impact and 

exp los ion  craters ,  and a sample of the p r e f l i g h t  geo log ic  r e p o r t s  

prepared  f o r  t he  s i t e s  photographed by Lunar O r b i t e r  I. 

V 
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PROGRESS I N  GEOLOGIC TERRAIN MAPPING FROM 

RANGER PHOTOGRAPHS 

By N. J. T r a s k  

INTRODUCTION 

Three p re l imina ry  geo log ic  t e r r a i n  maps c o n s t r u c t e d  from t h e  

Ranger photographs are inc luded  i n  the  map supplement t o  t h i s  r e p o r t .  

I n  t h i s  program of Ranger geo log ic  mapping we have attempted t o  

d i v i d e  the  s u r f a c e  materials of t h e  Moon i n t o  meaningful u n i t s  a t  

s c a l e s  l a r g e r  than the  1:1,000,000 employed f o r  Earth-based l u n a r  

mapping. I f  such u n i t s  can be extended over  l a r g e  areas of t h e  

Moon by f u r t h e r  mapping, they  w i l l  provide informat ion  on t h e  

n a t u r e  and e x t e n t  of m a t e r i a l s  t o  be sampled d u r i n g  the  f i r s t  manned 

landings  as w e l l  as a background a g a i n s t  which t o  p l a n  t h e  o p e r a t i o n s  

of f u t u r e  miss ions .  Because the  Ranger p i c t u r e s  c o n s i s t  of a s e r i e s  

i n  which t h e  s c a l e  changes g r a d u a l l y ,  they have a ided  i n  the  e a r l y  

s tudy  of medium- and h i g h - r e s o l u t i o n  photographs t r a n s m i t t e d  by t h e  

LJnrnanned Lunar O r b i t e r .  

I 

The mapping accomplished t o  d a t e  has shown t h a t  geo log ic  and 

phys iographic  u n i t s  can be d e l i n e a t e d  a t  t h e  l a r g e r  s c a l e s .  The 

problems of mapping the  Moon a t  scales l a r g e r  than  1:1,000,000 v a r y  

wi th  l o c a t i o n  on the  Moon and w i t h  s c a l e s ;  the  a u t h o r s  of t h e  enc losed  

maps have n e c e s s a r i l y  used c r i t e r i a  f o r  t h e  r e c o g n i t i o n  of u n i t s  which 

d i f f e r  from map t o  map. These p re l imina ry  s t u d i e s  t o g e t h e r  w i t h  work 

on the  Lunar O r b i t e r  photographs should,  however, e v e n t u a l l y  r e s u l t  

i n  a g e n e r a l l y  a c c e p t a b l e  se t  o f  procedures f o r  mapping t h e  Moon a t  

i n t e r m e d i a t e  and l a r g e  s c a l e s .  

PREVIOUS WORK 

The main previous  ana lyses  and i n t e r p r e t a t i o n s  of t h e  Ranger 

photographs have appeared i n  Technica l  Reports 32-700 and 32-800 of 

1 
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t h e  J e t  P ropu l s ion  Labora tory ,  Pasadena,  C a l i f . ;  t h e s e  inc lude  

c o n t r i b u t i o n s  by the  exper imenters  on t h e  p r o j e c t  as w e l l  as s h o r t  

papers by co-workers of t he  exper imenters .  Emphasis i n  t h e s e  

r e p o r t s  has  been on c o n s i d e r a t i o n s  of the  o r i g i n s  of t h e  several 

types of f e a t u r e s  shown on t h e  photographs;  

placed cons ide rab le  emphasis on t e r res t r ia l  ana logs .  

covering t h e  Ranger V I 1 1  and I X  photographs,  f i v e  p re l imina ry  

geologic  maps of s e l e c t e d  areas were inc luded  ( C a r r ,  1966; Mi l ton  

and Wilhelms, 1966; McCauley, 1966; T rask ,  1966b; and Schmi t t ,  1966; 

a l l  i n  Shoemaker and o t h e r s ,  1966). These maps provided the  s t a r t i n g  

po in t  f o r  t h e  p r e s e n t  program of Ranger geo log ic  mapping. 

s e v e r a l  of t h e  r e p o r t s  

In  the  r e p o r t  

METHODS OF STUDY 

S te reoscop ic  and monoscopic examinat ion of good q u a l i t y  se t s  

of the Ranger photographs has  been the  p r i n c i p a l  method of s tudy  

used t o  c o n s t r u c t  t he  maps. The base  h e i g h t  r a t i o  i n  p a i r s  of t he  

photographs is  v e r y  weak f o r  good s t e r e o s c o p s i s ;  n e v e r t h e l e s s  , s t e r e o -  

scopic  viewing i s  ex t remely  h e l p f u l  i n  emphasizing s u b t l e  d e t a i l  and 

suppress ing  the e f f e c t  of l i n e s  and s p o t s  due t o  n o i s e  i n  t h e  

r ece iv ing  system. Only photographs taken nea r  the  end of each  mis s ion  

were processed  by a computer t o  remove the  e f f e c t s  of s can  l i n e s  and 

n o i s e ,  and t h e s e  could n o t  be used t o  make the  maps because of scale 

d i f f e r e n c e s .  

The s tudy  was begun w i t h  the  idea  t h a t  much topographic  informa- 

t i o n  could be obta ined  by the  s t anda rd  methods of photogrammetry and 

the  newer methods of photoc l inometry  (Watson, 1966). Accord ingly ,  

e f f o r t  w a s  made t o  app ly  photogrammetry t o  the  photographs.  Photo- 

c l inometry ,  however.  proved ex t remely  d i f f i c u l t  t o  app ly  t o  the  

Ranger photographs;  f o r  the most p a r t ,  in format ion  de r ived  by t h i s  

method w a s  n o t  used i n  the  mapping. 

Using photogrammetric methods , s e v e r a l  reasonably  c o n s i s t e n t  

s t e r e o  models were o b t a i n e d ,  and small topographic  maps were pro- 

duced, the  accuracy of which i s  a t  p r e s e n t  unknown, of course .  The 

photogrammetric in format ion  w a s  used t o  h e l p  c h a r a c t e r i z e  some of  

the  u n i t s  de f ined  on the  maps. Viewing of t he  s t e r e o  models produced 
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by t h e  v a r i o u s  p l o t t i n g  ins t ruments  was a l s o  h e l p f u l  i n  de te rmining  

the  geology. 

A d d i t i o n a l  i n f o r m a t i o n - - r e l a t i v e  albedo of t he  luna r  s u r f a c e  

mater ia l s - -was  obta ined  f o r  the smal l - sca le  and some in t e rmed ia t e -  

s c a l e  maps from full-Moon photographs.  

GEOLOGIC BACKGROUND 

Geologic  maps a t  a s c a l e  of 1:1,000,000 prepared from Ear th-  

based obse rva t ions  provide the  background a g a i n s t  which t o  cons ide r  

the  new informat ion  t h a t  the Ranger photographs have conveyed con- 

c e r n i n g  the  luna r  su r face .  An up-to-date  review of t h i s  work i s  

g iven  by Wilhelms i n  P a r t  A of t h i s  annual r e p o r t .  A l l  t he  Ranger 

impact a r e a s  were i n  p la ins- forming  mater ia ls--Rangers  V I 1  and V I 1 1  

i n  p l a ins - fo rming  m a t e r i a l  of r e l a t i v e l y  low a lbedo i n  the  l u n a r  

maria and Ranger I X  i n  p la ins- forming  material of i n t e rmed ia t e  

a lbedo  i n  the luna r  t e r r a e .  S ince  these m a t e r i a l s  w i l l  most l i k e l y  

predominate a t  the  s i t e  of e a r l y  manned l a n d i n g s ,  the  d e t a i l e d  

geology of t hese  u n i t s  is  of cons iderable  i n t e r e s t .  I n  a d d i t i o n ,  

a l l  t h r e e  Ranger missions provided a c l e a r e r  p i c t u r e  of d e t a i l s  i n  the  

g e n t l y  r o l l i n g  t o  rugged h i l l s  and v a l l e y s  of t h e  l u n a r  terrae. 

The Ranger photographs revea led  a h i t h e r t o  unsuspected abun- 

dance of c r a t e r s  on the  p la ins- forming  m a t e r i a l s  of bo th  mare and 

t e r r a  and a l s o  presence of many very  shallow low-rimmed o r  rimless 

c r a t e r s .  I n t e r p r e t a t i o n s  of t hese  f e a t u r e s  i s  e v i d e n t l y  c r i t i c a l  

t o  an  unders tanding  of 1) the  o r i g i n  of the  p r e s e n t  physiography 

of the  p la ins- forming  m a t e r i a l s ,  a s  wel l  as 2) t h e  o r i g i n  of the  

f i n e - s c a l e  t e x t u r e  and s t r u c t u r e  of the s u r f a c e  of t he  p l a ins - fo rming  

m a t e r i a l s .  Two p r i n c i p a l  t h e o r i e s  have been advanced. Shoemaker 

(1965) suggested t h a t  most of t h e  c r a t e r s  i n  the  Ranger V I 1  s i t e  

were of impact o r i g i n  and t h a t  the  c r a t e r s  w i t h  subdued form were 

worn-down, eroded f e a t u r e s  t h a t  had once been sharp  c r a t e r s .  I n  

a l a t e r  r e p o r t  summarizing the Ranger V I 1 1  and I X  

and o t h e r s ,  1966) ,  he suggested t h a t  many c r a t e r s  

forming materials might be of i n t e r n a l  o r i g i n ;  he 

r e s u l t s  (Shoemaker 

i n  the  p l a i n s -  

main ta ined ,  however, 
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t h a t  subdued and rounded crater forms were due i n  l a r g e  p a r t  t o  

b a l l i s t i c  e r o s i o n .  If b a l l i s t i c  e r o s i o n  i s  important  i n  wearing 

down t h e  f r e s h  form of i n i t i a l l y  s h a r p  c ra te rs ,  i t  should produce 

a sur face  l a y e r  of e r o s i o n a l  d e b r i s .  

l a y e r ,  l a r g e l y  c o h e s i o n l e s s  o r  of v e r y  low cohes ion ,  i s  suggested 

by the morphology of t h e  s m a l l  craters photographed by Ranger I X  

(25  m diameter)  (Moore, i n  Shoemaker and o t h e r s ,  1966) and by t h e  

p i c t u r e s  re turned  by the Surveyor I s p a c e c r a f t  ( J a f f e  and o t h e r s ,  

1966). 

development of t h e  subdued craters  h a s  been suggested by Kuiper 

(1965) and Kuiper and o t h e r s  (1966) ,  who argue  t h a t  t h e  subdued 

c r a t e r s  are p r i m a r i l y  c o l l a p s e  f e a t u r e s  i n  b a s a l t  f lows and t h a t  

t h e  subdued form i s  a primary a t t r i b u t e .  I n  t h i s  model, t h e  o r i -  

g i n a l  s u r f a c e  of t he  p la ins- forming  material e i t h e r  i s  exposed o r  

h a s  been o n l y  s l i g h t l y  modified by micrometeor i te  impact and s p u t -  

t e r i n g ;  f ragmenta l  material would be  t h i n  and d i s c o n t i n u o u s .  

The e x i s t e n c e  of such a 

A c o n t r a s t i n g  model of t h e  s u r f a c e  and of t h e  mode of 

I n  c o n s t r u c t i n g  g e o l o g i c  maps from t h e  Ranger photographs,  

w e  have at tempted t o  d e l i n e a t e  u n i t s  o b j e c t i v e l y ;  assumptions about  

t h e  n a t u r e  of t he  s u r f a c e  have been avoided.  As on Earth-based 

lunar  m a p s ,  t h e  map u n i t s  are of two b a s i c  t y p e s - - c r a t e r  u n i t s  and 

extended u n i t s .  The crater  u n i t s  are l i m i t e d  t o  t h e  immediate 

v i c i n i t y  of  craters ;  t h e  extended u n i t s  r e p r e s e n t  t h e  material o r  

m a t e r i a l s  surrounding t h e  craters and extend throughout  t h e  i n t e r -  

crater  a r e a s .  The i n t e r c r a t e r  areas are themselves covered by small 

c ra te rs ,  so  t h e  d i v i d i n g  l i n e  between crater  u n i t s  and extended u n i t s  

on the Ranger maps i s  somewhat a r b i t r a r y .  I n  t h e  p la ins- forming  

m a t e r i a l s ,  t h e  v a r i o u s  extended u n i t s  are def ined  mainly on t h e  b a s i s  

of the a r e a l  d e n s i t y  and morphology of t h e  small craters on them. 

Larger c r a t e r s  t h a t  i n t e r r u p t  t he  c o n t i n u i t y  of t h e  extended u n i t s  

and are c l e a r l y  n o t  r e l a t e d  t o  t h e  s u r f a c e  t e x t u r e  of t h e  l a t t e r  

a re  mapped s e p a r a t e l y .  Extended u n i t s  i n  t h e  p la ins- forming  mate- 

r i a l s  t h a t  a r e  d e l i n e a t e d  on t h e  b a s i s  of t h e  areal  d e n s i t y  and 

morphology of craters a re  n o t  s t r i c t l y  e q u i v a l e n t  t o  t h e  rock- 

s t r a t i g r a p h i c  u n i t s  of terrestr ia l  geology; r a t h e r  they are more 

4 



l i k e  phys iographic  u n i t s .  I n  some p laces  i n  t h e  p l a ins - fo rming  

materials, u n i t s  appear t o  mantle r a t h e r  un i formly  t h e  s u b j a c e n t  

topography; t h a t  i s ,  they  appear t o  have a base. Such u n i t s  may 

i n  f a c t  be r o c k - s t r a t i g r a p h i c  u n i t s  on t h e  Moon. Material a t  

the  s u r f a c e  of t he  more rugged terra appears  t o  be  l a r g e l y  homo- 

geneous on t h e  Ranger photographs; t he re  are many d i f f e r e n c e s ,  

however, i n  t h e  s i z e  and form of t h e  h i l l s  which make up t h e  

terra topography. Most u n i t s  i n  the  t e r r a  are t h e r e f o r e  physio- 

g raph ic  . 
The remainder of t h i s  r e p o r t  summarizes the  r e s u l t s  of geo- 

l o g i c  and phys iographic  mapping i n  the  areas covered by Rangers 

V I I .  V I I I ,  and IX. I n  a d d i t i o n ,  a s e p a r a t e  s e c t i o n  i s  devoted t o  

a d i s c u s s i o n  of some of t h e  crater s t a t i s t i c s  gene ra t ed  from the  

photographs of a l l  t h r e e  miss ions  and t o  a c o n s i d e r a t i o n  of  what 

t hese  s t a t i s t i c s  r e v e a l  concerning t h e  manner i n  which the  s u r f a c e  

has  developed. \ 

AREA COVEReD BY RANGER V I 1  

I n  t h e  course  of mapping a t  a s c a l e  of 1:500,000, R. E. 

Eggle ton  has  performed a s e m i q u a n t i t a t i v e  morphologic a n a l y s i s  of 

the  t e r r a i n  i n  t h e  Guericke r e g i o n  surrounding t h e  Ranger V I 1  

impac t  p o i n t .  Re l i e f  f e a t u r e s  have been c l a s s i f i e d  and i n d i v i d u a l l y  

mapped as p o s i t i v e  e lements  ( h i l l s  and r i d g e s ) ,  n e g a t i v e  e lements  

( s i n g l e  c ra te rs ,  composite c r a t e r s ,  and i r r e g u l a r  d e p r e s s i o n s ) ,  

s c a r p s ,  and i n t e r v e n i n g  p l a i n s .  Both p o s i t i v e  and n e g a t i v e  e lements  

have been p laced  i n  s u b c l a s s e s  accord ing  t o  the  s t e e p n e s s  of t h e i r  

s l o p e s ;  p l a i n s  have been d i f f e r e n t i a t e d  acco rd ing  t o  topographic  

t e x t u r e s  composed of f e a t u r e s  too  s u b t l e  o r  too  small t o  map 
i n d i v i d u a l l y .  The morphologic d a t a  can be used t o  i n t e r p r e t  t he  

p a t t e r n  of f a u l t i n g  i n  the  premare materials. Knowledge of t he  

deformat ion  p a t t e r n  has  a ided  i n  the  r ecogn i t ion  of o ld  c r a t e r .  

Eggle ton  has a l s o  found evidence f o r  t h e  sequence of format ion  

of i n d i v i d u a l  c r a t e r s  w i t h i n  a l o c a l  c l u s t e r  of c r a t e r s  t h a t  seem 

t o  be p a r t  of the  f i e l d  of secondary impact c r a t e r s  around B u l l i a l d u s .  
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A s t r i n g  of craters w i t h i n  t h e  c l u s t e r  i n c l u d e s  t h r e e  composite 

craters each of which i s  a p a i r  of c i r c u l a r  craters  r e s u l t i n g  from 

two p r i n c i p a l  impacts roughly a l i n e d  a long  t h e  s t r i n g .  I n  two 

p a i r s ,  t h e  crater f a r t h e r  from B u l l i a l d u s  has  a s h a r p e r  c res t  and 

steeper s l o p e s  than t h e  n e a r e r .  T h i s  s u g g e s t s  t h a t  i n  each c a s e  

t h e  f a r t h e r  one w a s  formed l a t e r  so  t h a t  i t s  e j ec t a  i s  superimposed 

on the nea re r .  

The Bonpland H r e g i o n  be ing  mapped by T. N.  V. Kar l s t rom a t  

a s c a l e  of 1:100,000 l i e s  wholly w i t h i n  t h e  mare material of Mare 

Cognitum. 

because of t h e  r a t h e r  poor q u a l i t y  of t h e  photographs t r a n s m i t t e d  

by Ranger V I I ,  t h e  f i r s t  s u c c e s s f u l  Ranger s p a c e c r a f t ,  and t h e  

r e l a t i v e l y  high Sun angle .  Work on t h i s  area i s  s t i l l  i n  p r o g r e s s  

a t  the t i m e  of t h i s  r e p o r t .  

Mapping of t h i s  area h a s  proved e s p e c i a l l y  d i f f i c u l t  

AREA COVERED BY RANGER V I 1 1  

Map u n i t s  on t h e  1:250,000 scale map of t h e  Sabine  r e g i o n  

by H. G. W i l s h i r e  are c l o s e l y  s imilar  t o  those on the  1:100,000 

maps of t h e  Moon (compare Morr i s  and Wilhelms, 1967). The mare 

i s  t r e a t e d  as one u n i t ,  and t h e  terra i s  broken down i n t o  p l a i n s -  

forming material and more rugged terra of v a r i o u s  phys iographic  

types. Two large craters,  Sabine  and R i t t e r ,  occupy a s i g n i f i c a n t  

p a r t  of t h i s  small-scale map. According t o  W i l s h i r e ,  b o t h  are 

probably of i n t e r n a l  r a t h e r  than  impact o r i g i n .  Hummocky e jec ta  

surrounding the  craters  appears  t o  p a r t l y  bury t h e  major graben 

s t r u c t u r e s  R i m a e  Hypat ia  I and I1 t h a t  c u t  t h e  mare material  and 

i s  t h e r e f o r e  probably younger t h a n  t h e  mare s u r f a c e  material. 

However, t h e r e  are no secondary craters sur rounding  t h e  e j ec t a  

blanket  such as are found around impact craters  of t h e  same age 

and s i z e .  I n  a d d i t i o n ,  t h e  f l o o r s  of t h e  two craters  are h i g h e r  

and rougher than  t h e  f l o o r s  of t y p i c a l  postmare craters of t h e  

same diameter .  

The Sabine  DM region,which I mapped a t  a s c a l e  of 1:50,000, 

l ies  wholly w i t h i n  Mare T r a n q u i l l i t a t i s .  The p la ins- forming  
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material of t h e  mare can be d i v i d e d  here  i n t o  t h r e e  u n i t s :  (1) 

a r idged  u n i t  whose areal d e n s i t y  of  subdued craters i s  g r e a t e r  

than  t h a t  of t h e  o t h e r  u n i t s  and which a l s o  has  numerous l ineaments ,  

low i r r e g u l a r  domes, and i r r e g u l a r  depress ions ;  ( 2 )  a smooth 

most ly  level  u n i t ,  w i t h  fewer c r a t e r s  than  t h e  r idged  u n i t  and 

fewer l ineaments  than t h e  o t h e r  two u n i t s ;  and (3)  a smooth g e n t l y  

u n d u l a t i n g  u n i t  t h a t  occurs  around l a r g e  i r r e g u l a r l y  shaped craters 

and has  fewer craters than  t h e  r idged u n i t .  The n a t u r e  and s i g n i f i -  

cance of  t h e s e  u n i t s  are d i f f i c u l t  t o  determine from the  Ranger 

photographs,  which cover  a v e r y  l imi ted  area. For  example, i t  is 

n o t  c e r t a i n  whether t h e  u n i t s  are composed of  d i f f e r e n t  materials 

o r  t h e  same materials with d i f f e r e n t  physiographic  express ions .  

The smooth u n d u l a t i n g  material of  t h e  t h i r d  u n i t  l i s t e d  above 

appears  f r e s h e r  and p o s s i b l y  younger than t h e  o t h e r  two. Limited 

photogrammetric d a t a  i n d i c a t e  t h a t  i t  s t a n d s  s l i g h t l y  above t h e  

sur rounding  t e r r a i n .  On t h e  Ranger photographs,  t h i s  material looks 

p o s s i b l y  l i k e  v o l c a n i c  e jecta  t h a t  has  i s s u e d  from t h e  i r r e g u l a r l y  

shaped craters i t  surrounds and has  formed u n d u l a t i n g  p l a t e a u l i k e  

areas. Lunar O r b i t e r  I1 photographs of t h e  same material over  a 

much l a r g e r  area suggest, however, t h a t  t h e  i r r e g u l a r  craters may be 

secondary impact craters formed by fragments from t h e  crater Arago 

and t h a t  t h e  u n d u l a t i n g  material may be e j e c t a  from t h e  secondar ies .  

This  u n c e r t a i n t y  emphasizes t h e  need f o r  Lunar O r b i t e r  coverage 

w i t h  moderate r e s o l u t i o n  over  l a r g e  a r e a s  of t h e  Moon. 

C o n t a c t s  between t h e  r idged  u n i t s  and t h e  smooth level u n i t  

are p a r a l l e l  i n  some p l a c e s  t o  well-developed r e g i o n a l  l ineaments .  

This  p a r a l l e l i s m  sugges ts  t h a t  t h e  c o n t a c t s  may be l i n e s  of  mild 

t e c t o n i c  a c t i v i t y ,  t h a t  s u r f i c i a l  d e b r i s  was c o l l e c t e d  on down- 

dropped b locks  t o  form t h e  smooth level material ,  and t h a t  t h e  

d e b r i s  i s  cor respondingly  t h i n n e r  on the u p l i f t e d  b locks  t o  form 

t h e  r idged  u n i t .  The evidence f o r  a s u r f i c i a l  l a y e r  of weakly 

cohes ive  t o  noncohesive f ragmenta l  d e b r i s  has  a l r e a d y  been c i t e d  

(p .  4 ) .  Recognit ion of t h e  t h r e e  mare u n i t s  does n o t ,  however, 

depend on t h e  i n t e r p r e t a t i o n s  placed on them. Usefu l  in format ion  
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on t h e i r  o r i g i n  may be de r ived  from the  p a t t e r n s  they  form on maps 

of l a r g e r  a r e a s  prepared from Lunar O r b i t e r  photographs.  

AREA COVERED BY RANGER IX 
Photographs re turned  by Ranger I X  show the  l a r g e  c r a t e r  A l -  

Geologic mapping a t  a s c a l e  phonsus and i t s  immediate v i c i n i t y .  

of 1:250,000 of the  c r a t e r  and i t s  sur roundings  by M. H. Carr p e r -  

m i t s  a r e c o n s t r u c t i o n  of t h e  h i s t o r y  of t he  c r a t e r  i n  terms of a 

l o c a l  s t r a t i g r a p h i c  column. Carr i n t e r p r e t s  Alphonsus as a pre-  

Imbrian impact c r a t e r  t h a t  has undergone subsequent  i s o s t a t i c  re- 

adjustment and f i l l i n g .  

d i s s e c t e d  by Imbrian scu lp tu re .  

i s  mostly of h ighe r  a lbedo  and i s  more c r a t e r e d  than  t y p i c a l  mare 

m a t e r i a l ;  i t  c o n s i s t s  of both e jecta  from nearby c r a t e r s  and v o l -  

can ic  materials de r ived  from v e n t s  w i t h i n  the  c r a t e r .  Craters wi th  

ha los  of ve ry  low a lbedo,  s t r u c t u r a l l y  l o c a l i z e d  a long  r i l l e s  and 

resembling t e r r e s t r i a l  maars, provide  the  clearest  evidence of vo l -  

canism. The r i m  materials of the  da rk  h a l o  c r a t e r s  c l e a r l y  f i l l  

ad j acen t  d e p r e s s i o m .  Much of t he  l i g h t e r  f i l l i n g  material on the  

f l o o r  can be d iv ided  i n t o  t h r e e  u n i t s  c h a r a c t e r i z e d  by d i f f e r e n c e s  

i n  c r a t e r  f requency;  these  may be v o l c a n i c  u n i t s  of d i f f e r e n t  a g e s ,  

the  most c r a t e r e d  be ing  the  o l d e s t .  

c r a t e r  f l o o r  i s  shs l low s o  t h a t  t h e  o l d e r  crater  f l o o r  i s  n o t  com- 

p l e t e l y  covered by f i l l i n g  and is  exposed a t  t h e  su r face .  

The r i m  material of t he  crater i s  i n t e n s e l y  

The f i l l i n g  material on the  f l o o r  

The southwes tern  p a r t  of  t he  

No f u r t h e r  d i v i s i o n  of t he  p la ins- forming  materials on t h e  

f l o o r  o f  Alphonsus i s  p o s s i b l e  a t  l a r g e r  s c a l e s .  The 1:50,000 

s c a l e  map of t he  Alphonsus GA reg ion  by J. F. McCauley t h e r e f o r e  

emphasizes a morphologic a n a l y s i s  of crater  forms. This  work i s  

s t i l l  i n  progress .  

CRATER STAT IS  T I C  S 

One o f  the  ch ie f  r e s u l t s  of new d a t a  de r ived  from the  Ranger 

photographs w a s  the  ex tens ion  of crater  s ize- f requency  curves  some 

three o r d e r s  of magnitude downward i n  c r a t e r  d iameter  from the  1 km 

l i m i t i n g  r e s o l u t i o n  on the  b e s t  t e l e s c o p i c  photographs t o  nea r  

8 



1 meter r e s o l u t i o n  on the  f i n a l  Ranger frames. P re l imina ry  s t u d i e s  

of t h e  crater  d i s t r i b u t i o n  d e a l t  mainly w i t h  t h e  t o t a l  c r a t e r  count 

( T r a s k ,  1966a); t h a t  i s ,  a l l  c r a t e r s  were inc luded  i n  t h e  s t a t i s t i c s  

r e g a r d l e s s  of crater morphology o r  supposed o r i g i n .  Cumulative 

s i z e - f r e q u e n c y  diagrams of t o t a l  c r a t e r s  f o r  t he  t h r e e  miss ions  

a r e  g i v e n  i n  f i g u r e  1. The fo l lowing  a s p e c t s  of t he  curves  are 

worthy of no te .  

1. Curves f o r  t he  maria (Rangers VI1 and VIII) show a marked up- 

ward break  i n  s lope  a t  c r a t e r  d iameters  of between 5 and 1 

km. The v e r y  r a p i d  i n c r e a s e  i n  the  number of craters  i n  

t h i s  i n t e r v a l  i s  a l s o  measurable on r e c e n t  h i g h - r e s o l u t i o n  

terrestr ia l  photographs from the  Lick  Observa tory ,  which 

became a v a i l a b l e  a t  about t he  same t i m e  as the  Ranger photo- 

graphs .  The e x i s t e n c e  of t he  upward b reak  i n  s l o p e  means 

t h a t  e x t r a p o l a t i o n s  of c r a t e r  counts i n  t h e  maria f r o m e a r l i e r  Ea r th -  

based obse rva t ions  (McGillem and M i l l e r ,  1962) g i v e  f r e q u e n c i e s  

of small craters t h a t  are much too low. 

2 .  Both curves  f o r  t h e  maria undergo a second change i n  s l o p e  and 

become f l a t t e r  a t  c r a t e r  d iameters  of between 300 and 600 

meters. The o v e r a l l  s l o p e  of the cu rves  between d i ame te r s  

of 300 and 1 meter i s  - 2 .  The r e s u l t a n t  f requency  of craters 

a t  1 meter i s ,  of c o u r s e ,  much lower than  would be obta ined  i f  

t h e  h ighe r  s l o p e s  above 300 meters d i ame te r  were main ta ined .  

3 .  The c r a t e r  frequency on t h e  p l a ins - fo rming  material of t he  

f l o o r  of Alphonsus i s  as much as an  o r d e r  of magnitude h i g h e r  

than  on the  maria a t  d i ame te r s  of 1 km; t h e  s i ze - f r equency  

c u r v e ,  however, main ta ins  a s lope  of - 2  over  most of i t s  

l e n g t h  and merges wi th  the  curve  f o r  t he  mare photographed 

by Ranger VI11 a t  d iameters  of 10 meters. 

In t h e  i n t e r p r e t a t i o n  of c r a t e r  s t a t i s t i c s  de r ived  from the  

Ranger photographs ,  i t  should be borne i n  mind t h a t  bo th  the  Sun 

ang le  and the  t r a c e  of t he  subspacec ra f t  p o i n t  on t he  l u n a r  s u r -  

f a c e  d i f f e r e d  apprec i ab ly  i n  t h e  t h r e e  miss ions .  The r a t h e r  h igh  

Sun ang le  i n  the  Ranger VI1 miss ion  probably r e su l t s  i n  f a i l u r e  t o  
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d e t e c t  many subdued c r a t e r s .  I n  t h e  Ranger V I 1 1  miss ion ,  t h e  space- 

c ra f t  w a s  maintained i n  the  c r u i s e  mode wi thout  te rmina l  maneuver 

so  t h a t  s u c c e s s i v e  photographs p r o t r a y  over lapping  r a t h e r  than 

nes ted  areas; t h e  crater  s t a t i s t i c s  a r e  thus a composite w i t h  t h e  

s t a t i s t i c s  f o r  small c r a t e r s  coming from a d i f f e r e n t  area than  t h e  

s t a t i s t i c s  f o r  l a r g e  c r a t e r s .  

The c l o s e  agreement of t h e  f requencies  of small craters on 

t h r e e  d i v e r s e  s u r f a c e s  sampled by t h e  Ranger s p a c e c r a f t  ( f i g .  1) 

i n d i c a t e s  t h a t  t he  most r e c e n t  c r a t e r i n g  h i s t o r y  on a l l  t h r e e  has  

been similar.  The h i g h - r e s o l u t i o n  photographs from Lunar O r b i t e r  

g i v e  the same impression and have a r a t h e r  monotonous s i m i l a r i t y  

w i t h  a few except ions .  A t  l a r g e r  c r a t e r  d iameters  (100 m t o  1 km) , 
t h e r e  a r e  much l a r g e r  d i f f e r e n c e s  i n  the c r a t e r  f r e q u e n c i e s  ( f i g .  l ) ,  

a s i t u a t i o n  a l s o  e v i d e n t  on O r b i t e r  photographs. 

h i s t o r i e s  of t h e  Moon must account  f o r  t hese  fundamental observa t ions .  

Proposed c r a t e r i n g  

The observed f requencies  of small c r a t e r s  on t h e  t h r e e  s u r f a c e s  

are much lower than  t h e  t h e o r e t i c a l  expected frequency c a l c u l a t e d  

by assuming a c o n s t a n t  f l u x  of o b j e c t s  e n t e r i n g  the  Earth-Moon 

system and a n  a p p r e c i a b l e  age f o r  t he  c r a t e r e d  s u r f a c e s  of 500 

m i l l i o n  y e a r s  o r  more (Shoemaker and o t h e r s ,  1963 ; Moore, 1964; 

Shoemaker, 1965). C l e a r l y ,  i f  t h e  f l u x  has  remained c o n s t a n t ,  

many craters  t h a t  once e x i s t e d  on these  s u r f a c e s  have been destroyed.  

I n  t h e  r e p o r t  on Ranger V I I ,  Shoemaker (1965) proposed t h a t  such 

d e s t r u c t i o n  would take p l a c e  by t h e  bombardment of pr imary and 

secondary o b j e c t s ;  secondary fragments moving on low t r a j e c t o r i e s  

would be e s p e c i a l l y  e f f i c a c i o u s  i n  reducing t h e  h e i g h t  of c r a t e r  

r i m s  and f i l l i n g  i n  crater f l o o r s .  Since t h e  format ion  of new 

c r a t e r s  r e s u l t s  i n  the  d e s t r u c t i o n  of old ones ,  a s t e a d y  s t a t e  

c o n d i t i o n  might develop d u r i n g  which the crater frequency f o r  craters  

smaller than a given s i z e  does n o t  change w i t h  t i m e .  The c l o s e  

agreement of t h e  f requencies  of small c r a t e r s  on a l l  t h r e e  s u r f a c e s  

sampled by t h e  Rangers led m e  t o  suggest  t h a t  t he  s t e a d y  s ta te  

c o n d i t i o n  f o r  a l e v e l  s u r f a c e  on t h e  Moon could be  es t imated  from 

t h e  combined d a t a  of f i g u r e  1 (Trask ,  1966a). The dashed l i n e  
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il . 

r e p r e s e n t s  a power f u n c t i o n  toward which t h e  crater s i z e - f r e q u e n c i e s  

appear t o  be tending.  This  l i n e  a l s o  passes  through v a l u e s  f o r  

t h e  frequencies  of  very  l a r g e  craters on t h e  Southern Highlands,  

va lues  which may r e p r e s e n t  a s t e a d y  s t a t e  frequency f o r  v e r y  l a r g e  

craters. 

VI11 between 300 and 600 meters may be taken  as t h e  p o i n t  a t  

which t h e  crater d i s t r i b u t i o n s  reach  a s t e a d y  s t a t e  c o n d i t i o n  f o r  

craters smaller than  t h i s  s i z e .  This  l i m i t i n g  d iameter  would in -  

c rease  with t i m e .  The d i s t r i b u t i o n  on t h e  f l o o r  of Alphonsus may 

be i n  a s teady  s ta te  a t  a l l  d iameters  below 1 km. 

The changes i n  s l o p e s  on t h e  curves  f o r  Rangers V I 1  and 

Addi t iona l  in format ion  on the  c r a t e r i n g  h i s t o r y  of t h e  Moon 

may be  obtained by adding informat ion  on crater  morphology t o  t h e  

d a t a  on c r a t e r  s i z e  and crater frequency. There i s  p l a i n l y  a wide 

range i n  t h e  morphology of t h e  craters from v e r y  g e n t l e  d e p r e s s i o n s  

t o  sharp ly  s c u l p t u r e d  forms wi th  s t e e p  r a i s e d  r i m s ;  a l s o ,  t h e r e  

i s  a continuum of types between t h e s e  two extremes. The f i n a l  

frames of a l l  t h r e e  Ranger missions show a n  i n c r e a s e  i n  t h e  pro- 

p o r t i o n  of sharp  c r a t e r s  ( f i g .  2) (Trask ,  1967). The i n c r e a s e  i s  

also e v i d e n t  on h i g h - r e s o l u t i o n  O r b i t e r  photographs,  and i t s  ex- 

p l a n a t i o n  may e v e n t u a l l y  provide  a n  added c o n s t r a i n t  on p o s s i b l e  

c r a t e r i n g  h i s t o r i e s  of t h e  Moon. 

S e v e r a l  e x p l a n a t i o n s  f o r  t h e  i n c r e a s e  i n  t h e  p r o p o r t i o n  of 

sharp craters between 30 and 10 meters can be suggested a t  p r e s e n t .  

Le Poole ( i n  Kuiper and o t h e r s ,  1966) i d e n t i f i e d  t h e  sharp  c ra te rs  

with primary impact craters and t h e  g e n t l e  d e p r e s s i o n s  w i t h  c o l l a p s e  

f e a t u r e s ;  he c o r r e l a t e d  t h e  r a p i d  i n c r e a s e  i n  t h e  p r o p o r t i o n  of  

sharp c r a t e r s  wi th  a n  upward break i n  t h e  p r e s e n t  observed f l u x  of 

meteor i tes  as publ ished by Hawkins (1964). The measured frequency 

of  t h e  small c r a t e r s  which Le Poole  c l a s s i f i e s  as primary r e q u i r e s  

t h a t  t he  magnitude of t he  f l u x  g r a d u a l l y  i n c r e a s e  from z e r o  t o  i t s  

present  l e v e l  over  geologic  t i m e .  This  i n t e r p r e t a t i o n  r u l e s  o u t  

any s i g n i f i c a n t  d e s t r u c t i o n  of craters s i n c e  the  p la ins- forming  

m a t e r i a l s  were evolved;  b u t  t h e  continuum of crater types from 

s h a r p e s t  t o  most subdued s u g g e s t s  t h a t  crater d e s t r u c t i o n  i n  some 

form has played a major r o l e  i n  the  e v o l u t i o n  of t h e s e  s u r f a c e s .  

1 2  
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I n  a simple s t eady  s t a t e  c o n d i t i o n  of crater  format ion  and 

d e s t r u c t i o n ,  the ra te  of crater  format ion  i s  a s i m p l e  power f u n c t i o n  

of c r a t e r  d i ame te r ,  and the ra te  of c r a t e r  d e s t r u c t i o n  i s  propor- 

t i o n a l  t o  the ra te  of c r a t e r  format ion  (Moore, 1964). I n  such a 

model, the p ropor t ion  of sharp  c r a t e r s  should be  the  same a t  a l l  

c r a t e r  d iameters  because the  ra te  of d e s t r u c t i o n  would be the  same 

f o r  a l l  c r a t e r  d iameters .  The f a c t  t h a t  t he  p ropor t ion  of sha rp  

c r a t e r s  i s  n o t  cons t an t  w i th  c ra te r  d i ame te r  b u t  v a r i e s  i n  a regu- 

l a r  way ( f i g .  2) i n d i c a t e s  t h a t  t h e  c r a t e r i n g  h i s t o r y  of t he  Moon 

has  depar ted  from a s imple s t eady  s t a t e  development. The rate of 

c r a t e r  formation o r  the  ra te  of c r a t e r  d e s t r u c t i o n  o r  bo th  may 

have depar ted  from a simple power dependence on c r a t e r  d i ame te r .  

Pe r iod ic  v o l c a n i c  outpour ings  are  a mechanism of c ra te r  m o d i f i c a t i o n  

which when added t o  b a l l i s t i c  e r o s i o n  by younger c ra te rs  would 

resul t  i n  v a r i a t i o n s  i n  the  p ropor t ion  of sharp  c r a t e r s .  The 

degree to  which c r a t e r s  are o b l i t e r a t e d  o r  so f t ened  would depend 

on t h e  th ickness  of the  flow. O'Keefe (1966) has  c o n s i s t e n t l y  

proposed such a process .  

Crater d e s t r u c t i o n  by e p i s o d i c  mass movement i s  ano the r  

mechanism t h a t  could r e s u l t  i n  t h e  p r e s e n t  d i s t r i b u t i o n  of c r a t e r  

morphologies whi le  the  ra te  of c ra te r  p roduc t ion  remained essen-  

t i a l l y  cons t an t .  Craters l a r g e r  than  approximately 100 meters i n  

diameter  would be more a p t  t o  have been subdued by mass movement 

because they a r e  g e n e r a l l y  o l d e r  than  the  smaller c ra te rs  and 

would have undergone se i smic  shaking  more of ten.  

I f i n d  appea l ing  a h i s t o r y  i n  which the  ra te  of c ra te r  forma- 

t i o n ,  and the a t t e n d a n t  ra te  of c r a t e r  d e s t r u c t i o n  due t o  i n t e r -  

a c t i o n  of c ra te rs ,  has  v a r i e d  over  geo log ic  t i m e .  The l u n a r  su r -  

f a c e  would have been i n t e n s e l y  bombarded by fragments  of a l l  s i z e s  

during the f i n a l  s t a g e s  of i t s  a c c r e t i o n ;  t h i s  would have been 

followed by a lengthy  per iod  o f  "sandblas t ing"  by v e r y  small 

p a r t i c l e s  b u t  wi thout  the  format ion  of l a r g e  c r a t e r s ;  f i n a l l y ,  

t he  f l u x  of impacting o b j e c t s  would have g r a d u a l l y  increased  by 

c o l l i s i o n s  and g r ind ing  i n  the  a s t e r o i d a l  b e l t  i n  the manner 

14 



. 

proposed by Anders (1965) .  Subdued c r a t e r s  100 meters i n  d iameter  

and l a r g e r  would be v e r y  o ld  c r a t e r s  t h a t  have undergone l eng thy  

bombardment by d u s t - s i z e  p a r t i c l e s ;  t h e  g e n e r a l l y  sha rpe r  smaller 

c r a t e r s  would r e s u l t  from more r e c e n t  impacts by fragments from 

t h e  a s t e r i o d a l  b e l t .  Such a c r a t e r i n g  h i s t o r y  i s  similar t o  t h a t  

proposed by Kuiper and o t h e r s  (1966); however, i n  my model the  l a r g e  

subdued c r a t e r s  are mostly impact craters,  many probably  secondary 

impact c r a t e r s ,  r a t h e r  than  p a s s i v e  c o l l a p s e  d e p r e s s i o n s ;  and f r a g -  

mental  d e b r i s  covers  t he  su r face .  

Crater s t a t i s t i c s  from Lunar O r b i t e r  photographs,  e s p e c i a l l y  

when combined wi th  s t a t i s t i c s  on very small c r a t e r s  from Surveyors ,  

may make i t  p o s s i b l e  t o  choose between these  a l t e r n a t i v e s .  

SUMMARY 

Analys i s  of t h e  more than  17,000 photographs t r ansmi t t ed  by t h e  

t h r e e  s u c c e s s f u l  Ranger s p a c e c r a f t  has  shown t h a t  a t  l a r g e  s c a l e s ,  

t he  s u r f a c e  materials can be d iv ided  i n t o  u n i t s  w i th  d i f f e r i n g  

c h a r a c t e r i s t i c s .  The p la ins- forming  m a t e r i a l s  i n  p a r t i c u l a r  e x h i b i t  

r a t h e r  sha rp  c o n t a c t s  between u n i t s  with c o n t r a s t i n g  f r e q u e n c i e s  

of craters and small d i f f e r e n c e s  i n  su r face  t e x t u r e .  The engineer -  

ing  p r o p e r t i e s  of t hese  several u n i t s  could conce ivable  be d i f f e r e n t ,  

so  t h e i r  a c c u r a t e  mapping by Lunar O r b i t e r  and o t h e r  remote sens ing  

in s t rumen t s  i s  e s s e n t i a l .  

Data on the  s ize- f requency  d i s t r i b u t i o n s  of c ra te rs ,  f o r  bo th  

t o t a l  c r a t e r s  and f o r  the  t o t a l  broken down i n t o  morphologic c l a s s e s ,  

c o n s t i t u t e  the  most e x a c t  and reproducib le  informat ion  de r ived  from 

the  photographs.  However, t hese  d a t a  alone do n o t  provide  a unique 

answer t o  the  problem of r e c o n s t r u c t i n g  the  c r a t e r i n g  h i s t o r y  of 

t he  Moon. The c r a t e r  morphologies toge ther  w i t h  the  n a t u r e  of t h e  

s u r f a c e  a s  seen  by Surveyor I s t r o n g l y  sugges t  t h a t  d e s t r u c t i o n  of 

c r a t e r s  smaller than 1 km diameter  has played i n  important r o l e  i n  

t h a t  h i s t o r y .  The morphologies a l s o  i n d i c a t e  t h a t  t h e  h i s t o r y  has 

depa r t ed  i n  some way, perhaps only s l i g h t l y ,  from a s i m p l e  s t e a d y  

s t a t e  development i n  which a c o n s t a n t  f l u x  ha5 des t royed  o ld  c r a t e r s  

a t  the  same rate as craters are formed. 
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RANGER PHOTOGRAMMETRY 

By J. D. Alderman and S. C.  Wu 

INTRODUCTION 

Ranger missions V I I ,  VI11 and I X  were success  i n  t h e i r  p r i -  

mary o b j e c t i v e :  

would provide  informat ion  about  small lunar  topographic  f e a t u r e s .  

This  p ionee r ing  e f f o r t  was analogous t o  h i e  Lausseda t ' s  ba l loon  

photography i n  1858 and,  i n  the  photogrammetric s ense ,  comparable 

i n  q u a l i t y ;  the  b a s i c  d i f f e r e n c e  i s  t h a t  Lausseda t ' s  photographic  

coverage was  s u p e r i o r  i n  terms of geometry f o r  use  i n  s t e r e o p l o t -  

t i n g  ins t ruments .  

t o  o b t a i n  c loseup  photographs of t he  Moon t h a t  

The photogrammetric a s p e c t s  of Ranger v id i con  imagery were 

d i scussed  i n  a r e p o r t  by Heacock and o the r s  (1966).  The i n s t r u -  

menta t ion  o b j e c t i v e s  of t he  Ranger photogrammetric r e sea rch  program 

were: (A) To develop a s t e r e o  anaglyphic  p r o j e c t i o n  p l o t t i n g  

system t o  accommodate (1)  extreme and v a r i a b l e  camera a x i s  t i l t s ;  

( 2 )  l a r g e  camera range d i f f e r e n c e s ;  (3)  base t o  h e i g h t  r a t i o s  

down t o  0.1.  ( B )  To develop a technique f o r  gene ra t ion  of s t e r e o  

models having a r e l a t i v e  and assumed abso lu te  o r i e n t a t i o n  i n  an 

a n a l y t i c a l  s t e r e o  p l o t t e r .  One r e s u l t  of t h e  achievement of these  

o b j e c t i v e s  would be t o  provide t h e  g e o l o g i s t  w i th  a s t e r e o  model 

of such q u a l i t y  t h a t  r e l a t i v e  h e i g h t  measurements over  any q u a r t e r  

s e c t i o n  of the n e a t  model could be  determined t o  an accuracy of 

10 pe rcen t  (e .g .  , t he  s lope  of a c r a t e r  w a l l  determined by model 

h e i g h t  of p e r s p e c t i v e  c e n t e r  (Bz) d i f f e r e n c e s  of two o r  more 

s e l e c t e d  p o i n t s  would be w i t h i n  10 percent  of t he  t r u e  s lope ) .  

Another r e s u l t  would be t h a t  wi th  t h e  s t e r e o  model, r e l i e f  char -  

a c t e r i , s t i c s  and t h e i r  spa t ia l  r e l a t i o n s h i p  could be r e l i a b l y  es- 

t imated.  A secondary goa l  w a s  t o  produce r e i t e r a t i v e  form- l ine  

maps of t he  models u s ing  vary ing  o r i e n t a t i o n  modes and, i f  p o s s i b l e ,  

d i f f e r e n t  ope ra to r s .  

mapping and,  more important,would provide c a l i b r a t i o n  d a t a  f o r  

photoc linome t r  i c  techniques.  

These maps would s e r v e  as bases  f o r  geologic  
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The development of a s t e r e o  anaglyphic  p l o t t i n g  system des-  

c r ibed  below was a des ign  d i c t a t e d  mainly by economic c o n s i d e r a t i o n  

and to  a l e s s e r  degree by a s t r i c t  t i m e  l i m i t a t i o n .  

experiment w i th  o t h e r  systems,  a l i m i t e d  t i m e  w a s  r en ted  on an  

Analy t ic  P l o t t e r  (AP/C) and s e v e r a l  models were s t u d i e d  as des-  

I n  o r d e r  t o  

c r ibed  below. Although on some models f a i r l y  p r e c i s e  relative 

he igh t  measurements could be made i n  l i m i t e d  areas, no s a t i s f a c t o r y  

form- l ine  maps were produced by e i t h e r  system. I f  t h e  Ranger 

imagery, wi th  i t s  unconvent ional  geometry, image smear, low sun 

angle ,  e t c . ,  had the  me t r i c  c h a r a c t e r i s t i c s  of a c a r t o g r a p h i c  

camera, the  photogrammetric e f f o r t  might have succeeded. Apparent ly ,  

TV imagery r e q u i r e s  ex tens ive  c a l i b r a t i o n  and e i t h e r  s p e c i a l i z e d  

p l o t t i n g  equipment o r  complex f i l t e r i n g  techniques.  One such 

s e l e c t i v e - f  i l t e r i n g  technique i s  the  laser scan method, which per -  

forms a Four i e r  t ransform where t h e  h igh  f r equenc ie s  (mainly no i se )  

can  be f i l t e r e d  out .  Unfo r tuna te ly  t h e  method does n o t  y e t  s a t i s f y  

the  requirements of photogrammetry. 

MODIFIED ANAGLYPHIC PROJECTION PLOTTING SYSTEMS 

Second-order anaglyphic  p r o j e c t i o n  systems are designed b a s i c -  

a l l y  f o r  compi la t ion  of convent iona l  photography where ove r l aps  

are i n  the  range of 50 t o  60 p e r c e n t ,  t i l t s  are l i m i t e d  t o  f 3" 

maximum d e v i a t i o n  from requ i r ed  p o i n t i n g  of t he  o p t i c  a x i s ,  and 

the  pe r spec t ive  p o i n t  i s  a t  a cons t an t  he igh t .  The systems are 

i n t e n t i o n a l l y  l imi t ed  i n  t i l t  accommodations, t he  maximum being  

22%" f o r  convent iona l  convergent photography. The p h y s i c a l  s i z e  

of p r o j e c t o r s ,  d i c t a t e d  by e i t h e r  a l e n s  condensing system (Ze i s s )  

o r  an  e l i p s o i d a l  r e f l e c t i n g  u n i t  (Balspex o r  ER55), i s  the  major 

l i m i t i n g  f a c t o r  of base- to-he ight  r a t i o  accommodation, t he  l i m i t  

be ing  approximately 0.4. The l e n s  and p r i n c i p a l  d i s t a n c e  of most 

systems a r e  se t  and a l low f o r  l i t t l e  f l e x i b i l i t y  of t h e  normal 

p r o j e c t i o n  d i s t a n c e ,  hence p l a c i n g  a l i m i t a t i o n  on t h e  a l lowable  

h e i g h t  of pe r spec t ive  c e n t e r  (Bz) d i f f e r e n c e  between two p r o j e c t o r s .  

The p r o j e c t o r  suppor t  b a r  i s  r i g i d ,  and only  the  Z motion of the  

p r o j e c t o r  w i l l  g ive  a Bz d i f f e r e n c e .  
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With the  above l i m i t a t i o n s ,  anaglyphic  p r o j e c t o r s  were modi- 

f i e d  so as t o  inc rease  these  l a t i t u d e s .  To add even more versat i l -  

i t y ,  t h r e e  p r o j e c t o r  types  (two d i s t i n c t  systems) ( f i g s .  1-4) were 

adapted t o  handle  unconvent ional  Ranger s t e r e o  imagery, and a 

r a t i o  p r i n t e r  ( f i g .  5) w a s  designed and produced which would 

provide  d i a p o s i t i v e s  a t  the  c o r r e c t  s ca l e s .  

MODEL SETUP PROCEDURE 

R e l a t i v e  o r i e n t a t i o n  of models of Ranger photographs d e p a r t s  

r a d i c a l l y  from convent iona l  procedures  i n  the  sense t h a t  known 

and assumed parameters are set  p r i o r  t o  t h e  f i n a l  p a r a l l a x  a d j u s t -  

ment. A f t e r  i n t e r i o r  o r i e n t a t i o n  i s  achieved by c e n t e r i n g  the  

d i a p o s i t i v e  p l a t e  t o  the  p l a t e  ho lde r  with the  r e f e r e n c e  of the  

c e n t e r  r e t i c l e ,  both  p r o j e c t o r s  are pos i t ioned  w i t h i n  a c a l c u l a t e d  

o r  d e s i r e d  base s e p a r a t i o n  by means of plumb l i n e s .  They are then  

l e v e l e d ,  and t h e i r  he igh t  (Bz) above a t a b l e  ( f i g .  3) t h a t  s e r v e s  

as the  common re fe rence  datum is s e t  by means of a micrometer rod. 

The h e i g h t  a t  which each p r o j e c t o r  is set  is  determined by t h e  

t i l t  ang le  and the  range l i s t e d  i n  JPL t r a j e c t o r y  d a t a .  

u) and cp are unknown parameters  i n  t h e  Ranger camera poin t ing .  

The system used i n  t h i s  procedure i s  to  o r i e n t  each p r o j e c t o r  s o  

t h a t  t h e  p r i n c i p a l  l i n e  of t h e  p l a t e  is p a r a l l e l  t o  t he  p r o j e c t o r ' s  

X a x i s .  Thus each p r o j e c t o r  can be e n t i r e l y  r o t a t e d  about  i t s  Y 

a x i s  ( th rough cp angle)  and the  ang le  w remains zero.  The r e t i c l e s  

i nc lud ing  p r i n c i p a l  p o i n t s  and n a d i r  p o i n t s  of the  p a i r  of over- 

lapped photographs i n  the  model are p l o t t e d  on s t a b l e  base  material 

a t  model scale i n  the  l o c a l  s e l enode t i c  coord ina te  system i n  which 

the  X-axis pierces the  p r i n c i p a l  p o i n t  of each photograph. This  

system makes the  datum of the  model paral le l  t o  the  Y-Z plane  of 

t h i s  or thogonal  coord ina te  sys  t e m .  

R e l a t i v e  o r i e n t a t i o n  i s  begun by p r o j e c t i n g  the  c e n t e r  r e t i c l e  

o f  the  upper p r o j e c t o r  s o  t h a t  i t  i s  c o i n c i d e n t  wi th  i t s  n a d i r  

p o i n t  p l o t t e d  on the  mylar shee t .  The s h e e t  i s  then  r o t a t e d  about  

t he  n a d i r  p o i n t  i n  a way t h a t  a l lows  the  c e n t e r  r e t i c l e  of the  

2 1  
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Figure 2.--Modified Zeiss projector. (1) Gear box, (2) double 

mirror, and (3) machined housing. 
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Figure  3.--ER55 model se tup  on suppor t ing  r i g  (1). (2) Adjus tab le  

t a b l e  f o r  datum reference .  
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Figure 4.--Zeiss model setup on supporting rig.  
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p r o j e c t o r  t o  move a long  the  p r i n c i p a l  l i n e  when the  t ilt  ang le  cq 

i s  in t roduced .  Then the  mylar i s  f i x e d ,  and the  upper p r o j e c t o r  

i s  r o t a t e d  through i t s  swing ang le  u n t i l  image of r e t i c l e s  i s  re- 

l a t i v e l y  p a r a l l e l  t o  the  p l o t t e d  re t i c l e s .  

The lower p r o j e c t o r  i s  moved a long  i t s  v a r i o u s  axes u n t i l  i t s  

c e n t e r  r e t i c l e  i s  co inc iden t  w i th  i t s  equiva len t  p l o t t e d  n a d i r  

po in t .  It  i s  then  t i l t e d  downward t o  t h e  r i g h t  an amount equa l  

t o  the  complement of i t s  t i l t  angle .  F i n a l l y ,  t he  p r o j e c t o r  i s  

r o t a t e d  as was t h e  upper one t o  where t h e  image of r e t i c l e s  i s  

para l le l  t o  the  p l o t t e d  r e t i c l e s .  

T h e o r e t i c a l l y ,  the  model should now be o r i e n t e d  r e l a t i v e l y  

p a r a l l a x  f r e e .  Unfor tuna te ly  the  p r o j e c t o r  i n s t a b i l i t y  u s u a l l y  

in t roduces  apprec i ab le  amounts of Y-paral lax which are removed by 

convent iona l  procedures .  

The r e c u r r i n g  r e s u l t s  w i th  t h i s  method were as fo l lows:  

1. Res idua l  p a r a l l a x  was seldom observable.  This  w a s  probably 

the  r e s u l t  of ve ry  weak geometr ic  s t e r e o ;  d e l i b e r a t e  i n t r o d u c t i o n  

of l a r g e  p r o j e c t o r  t i l t s  produced ba re ly  d i s c e r n i b l e  p a r a l l a x e s .  

2 .  

ments. 

3.  What appeared t o  be exac t  reproduct ion  of model s p a t i a l  para-  

meters i n  independent model s e t u p s  would produce models w i th  

d i f f e r e n t  datum t i l t s .  

Excessive datum t i l t s  could no t  be removed by p a r a l l a x  a d j u s t -  

ANALYTfC PLOTTER PROJECT 

Through the  coopera t ion  of M r .  Lloyd Herd of t he  Ohio S t a t e  

Highway Department , the  U. S. Geological  Survey was granted  a 

4-week pe r iod  t o  a t t empt  photogrammetric r educ t ion  of s e l e c t e d  

Ranger s t e r e o  p a i r s  on the  Department 's  a n a l y t i c  p l o t t e r s  a t  

Columbus, Ohio. 

The a n a l y t i c  p l o t t e r  (AP/C) c o n s i s t s  of two h i g h - p r e c i s i o n  

s te reocompara tors  ( t h e  viewing u n i t s ) ,  a d i g i t a l  e l e c t r o n i c  high- 

speed computer, and an  e l e c t r o n i c a l l y  c o n t r o l l e d  XY coordinatograph.  

A b a s i c  a n a l y t i c a l  s o l u t i o n  i s  preprogrammed i n  o r d e r  t o  r e c o n s t r u c t  
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~ s t e r e o  models based on mathematical  formulas.  These models enable  
i 

c o r r e c t i o n  f o r  lens d i s t o r t i o n ,  f i l m  sh r inkage ,  c u r v a t u r e ,  atmos- 

pher ic  r e f r a c t i o n ,  and any known s y s t e m a t i c  e r r o r s .  

a r e  en te red  i n t o  the  computer as d i g i t a l  va lues .  

The c o r r e c t i o n s  

Not a l l  combinations of the  maximum v a r i a b l e s  can  be d i sp layed  

on the p l o t t e r  because i t s  computer i s  programmed f o r  se t  ranges 

of the va r ious  q u a n t i t i e s .  

range of Bz- - r e su l t s  s o l e l y  from t h e  p h y s i c a l  l i m i t  of t he  p l o t t e r  

motion. For  example, t he  l i m i t a t i o n  of  t h e  i n t e r i o r  v a r i a b l e  d i s -  

tance i s  f 4,180 nun. 

photo-to-model s c a l e  of 0.50 t o  2.00. 

th ree  r o t a t i o n  angles  a r e  l imi t ed .  The re fo re ,  t he  e x i s t i n g  Ap/C 

programs were s p e c i a l l y  modified so  t h a t  l a r g e  t i l t  ang le s  could  

be processed. 

The g r e a t e s t  r e s t r i c t i o n - - t h e  measuring 

The computer i s  programmed f o r  a range of 

For  the  Ranger models, t he  

A f t e r  these  mod i f i ca t ions  were made, the  swing ang le  (k) 

could be r o t a t e d  as much as 180", and the  X and Y tilt  ang les  could 

be ro t a t ed  90". 

O r i e n t a t i o n s  and Parameters  

Opera t ion  begins  wi th  a p a i r  of photographs f o r  which the  

o r i e n t a t i o n  elements  are no t  a c c u r a t e l y  known. F i r s t ,  t he  two 

p l a t e s  are se t  on the  s l i d e  c a r r i a g e s .  Normally, s e t t i n g  them 

approximately i n  the  c e n t e r  of each c a r r i a g e  reduces the  number 

of i t e r a t i o n s  by the  computer. 

O r  ien t a t ion  e lemen t s 

Before the  o r i e n t a t i o n  procedure beg ins ,  approximate va lues  

f o r  a l l  t h e  e lements  of i n t e r i o r ,  r e l a t i v e ,  and a b s o l u t e  o r i e n t a -  

t i o n  must be prepared f o r  en te r ing .  These elements  inc lude  model 

s c a l e ,  f o c a l  l eng th ,  t he  s i x  parameters  Bx, By, B z ,  W ,  cp, and k as 

w e l l  as the  c o n t r o l  p o i n t  d a t a  f o r  a b s o l u t e  o r i e n t a t i o n .  

Model s c a l e  should be determined cons ide r ing  the  l i m i t a t i o n  

of the photo-to-model s c a l e  r a t i o ,  which i s  from 0.50 t o  2.00. 

I n  o ther  words,  t he  r e s t r i c t i o n  f o r  bo th  Bz's should be i n  the  

range of 1 1 2  t o  2 of each f o c a l  l e n g t h ,  r e s p e c t i v e l y .  
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The q u a n t i t i e s  Bx, By, and Bz are the coord ina te s  of each 

camera p o s i t i o n  wi th  r e s p e c t  t o  the  model c e n t e r  i n  model s ca l e .  

The a n g l e s  k, tu and cp are the  swing, X - t i l t ,  and Y - t i l t  ang le s  of 

t h e  camera a x i s  w i th  r e s p e c t  t o  the  axes p a r a l l e l  t o  t he  model 

axes .  For  the  model coord ina te  system, a r igh t -hand or thogonal  

coord ina te  system i s  adopted,  and a l l  p o s i t i v e  ang le s  are meas- 

ured counterclockwise when viewed along each a x i s  t o  t h e  o r i g i n ,  

which is  the  model cen te r .  

As an  i l l u s t r a t i o n ,  t he  model of FA1 and FA2 of Ranger IX 
w a s  processed on the  AP/C. The model s c a l e  w a s  chosen as 

1: 100,000 because the  s c a l e s  and the  p r i n c i p a l  d i s t a n c e s  of t hese  

two d iapos i t  ives  are : 

F1 = 79.178 mm 
1 - 

'1 - 95,690 

1 - 
'2 - 96,500 F2 = 213.416 mm 

The r a t i o  of photo-to-model i s  then 1.04,  which is  i n  the  

range of l i m i t a t i o n .  

The Bz of each photograph can  be  converted i n t o  the  model 

s c a l e  from t h e i r  a c t u a l  a l t i t u d e  such t h a t ,  

Bz = 7.1956 km x Sm = 71.956 nun 

Bz2 = 19.5729 km x Sm = 195.729 mm 

1 

The de te rmina t ion  of Bx and By i s  somewhat d i f f e r e n t  from con- 

v e n t i o n a l  photogrammetry because w e  know only  one t i l t  ang le  which 

i s  a combination of the  components W and cp. The two d i a p o s i t i v e s  

a r e  se t  on the  s t a g e  plates  so t h a t  the p r i n c i p a l  l i n e ,  which i s  

the  l i n e  between the n a d i r  and p r i n c i p a l  p o i n t  on the  p la tes ,  i s  

para l le l  t o  the  p l o t t e r  X-axis. Thus, when a g iven  t i l t  ang le  

f o r  the  element cp is  en te red  i n t o  the computer, w w i l l  be zero.  

I n  the model o r i e n t a t i o n  the p r i n c i p a l  p o i n t  of the  lower 

photograph,  which i s  the  photograph on the  r i g h t  i n  the model set-  

u p ,  w a s  used as the  model c e n t e r .  Therefore ,  e lements  Bx and By 

of each p l a t e ,  w i th  r e s p e c t  t o  the  cen te r  of t he  model, were 

determined as fo l lows:  
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Since  we know the  s e l e n o d e t i c  c o o r d i n a t e s  of t h e  p r i n c i p a l  

p o i n t s ,  and t h e  n a d i r  p o i n t s ,  as w e l l  as each  re t ic le  of the  two 

photographs,  t h e  d i s t a n c e s  between PP1 and NP 

w e l l  as t h e  angle  CY, which is  the  d i f f e r e n c e  of aximuth between 

PP1 and NP2 as 1' 

NP2 t o  PPI and NP2 t o  PP2, can be c a l c u l a t e d  from the  computed 

Y Z coord ina te s  ( f i g .  6) s i n c e  t h e  ground coord ina te s  can  be com- 

puted from t h e i r  longi tude  and l a t i t u d e  o f f e r e d  by JPL by adop t ing  

t h e  l o c a l  s e l e n o d e t i c  coord ina te  system. 

Angle: a = (NP2 _j) PP,) - (NP2 PP1) 

= 78'4.06' - 69'28.6' 

= 8'35.5' 

Dis tances :  PP1 t o  NP = 2.4357 km 1 
PP1 t o  NP2 = 8.2065 km 

Bx = PP1 t o  NP1 = 2.4357 km x Sm 

= 24.357 mm 
1 

Bx = (PP1 t o  NP2) cos  cy = - 8.206 km x cos  8O35.5' x Sm 2 
= -  8.1144 km x Sm = - 81.144 mm 

Byl = 0 

By2 = (PP1 t o  NP ) s i n  ty = - 8.2065 km x s i n  8O35.5' x Sm 2 
= 1.2260 km x Sm = - 12.260 nun 

And as mentioned be fo re ,  

'pl = t l  = 18.2481' UI = 0.0' 1 

'p2 = t2 = 18.1217" UI = 0.0" 
2 

For k ,  we assumed t h a t  the p r i n c i p a l  l i n e  of each p l a t e  i s  

p a r a l l e l  t o  the  machine X-axis ,  and s i n c e  the  model c e n t e r  is  a t  the  

cen te r  of the  FA1 photograph, we set  k = 0 and t h e  d i f f e r e n t  

va lues  of swing ang le s  can be looked up from the  JPL d a t a  t o  be t h e  
1 

value of k as 
2 

kl = 0.0000" 

k2 = 98.7290" - 98.7720" = -0.0430' 

Values of a l l  t he  o r i e n t a t i o n  elements  nay be en te red  by the  
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'A 2 ( Spacecraf t 1 

Figure  6. --Geometry of parameters f o r  AP/C. 
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Operat ion O r i e n t a t i o n  Element push b u t t o n s  whenever they are needed. 

I n t e r i o r  o r i e n t a t i o n  

A f t e r  proper  program tapes  have been read i n t o  the  computer, 

the  va lues  of model scale, f o c a l  l e n g t h ,  and Bz of each photograph 

are entered .  

on each photograph are measured by s e t t i n g  the  f l o a t i n g  mark i n  

coincidence wi th  each f i d u c i a l  mark. A t  t h i s  p o i n t  the  o r i g i n a l  

geometric cond i t ion  of t he  two cameras i s  r econs t ruc t ed  by the  cal- 

cu la t ed  pe r spec t ive  c e n t e r  of the  camera. 

image X and Y coord ina te s  are c a l c u l a t e d  wi th  r e s p e c t  t o  t h e  com- 

puted c e n t e r  of t he  camera. Now, the  model coord ina te s  X Y and m y  m 
Z should be s e t  t o  zero  a t  the  c e n t e r  of t he  r i g h t  photograph. 

Then the  photo coord ina te s  of t he  f o u r  f i d u c i a l  p o i n t s  

Then a l l  photopoin t  

m 
For  Ranger photographs,  any group of f o u r  symmetric r e t i c l e s  

can be  used f o r  t h i s  purpose. 

R e  l a  t i v e  o r i e n t a t  i on  

Re la t ive  o r i e n t a t i o n  i s  based on me'asurements of Y-para l lax  

using from 5 t o  12 p o i n t s  i n  the  model. Programs f o r  t h i s  purpose 

so lve  cont inuous ly  the  se t  of equa t ions  which l o c a t e  the  measured 

poin ts  on each p a i r  of photographs cor responding  t o  a g iven  p o i n t  

i n  the  t h ree  dimensional  model. Then va lues  of c o r r e c t i o n s  f o r  

t he  approximate o r i e n t a t i o n  elements  can  be a u t o m a t i c a l l y  c a l c u l a t e d  

by t h e  computer based on t h e  measured Y-paral laxes .  

Therefore ,  t he  f i r s t  s t e p  a f t e r  proper  programs have been f ed  

i n t o  t h e  computer is t o  e n t e r  i n i t i a l  estimates of o r i e n t a t i o n  

elements Bx, By, k, W ,  and rq by the  Relative O r i e n t a t i o n  Element 

push but tons .  The Y-para l lax  of each p o i n t  i n  the  model i s  e l i m i -  

nated by the  o p e r a t o r  by d i f f e r e n t i a l  displacement  us ing  incrementa l  

input  swi tches  i n  the  Y-pos i t ion  of t he  two photographs.  During 

t h i s  process  the  amount of motion r equ i r ed  i s  recorded as the  Y- 

parallax of each p o i n t  and is  e n t e r e d  i n d i v i d u a l l y  by a c t i v a t i n g  

the  O r i e n t a t i o n  S tep  S e l e c t i o n  push bu t tons .  Then c o r r e c t i o n s  f o r  

o r i e n t a t i o n  elements  are c a l c u l a t e d  and a u t o m a t i c a l l y  en te red  i n t o  

the  corresponding o r i e n t a t i o n  elements .  The program a t  t h i s  t i m e  
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a u t o m a t i c a l l y  r e t r a c e s  the  movement of t h e  Y-axis of the  photo 

fo l lowing  the  element c o r r e c t i o n s .  

S ince  t h i s  r e l a t i v e  o r i e n t a t i o n  procedure i s  only  approximate,  

i t  is  normally repea ted  several t i m e s  before  adequate  r e l a t i v e  

o r i e n t a t i o n  i s  achieved. I n  g e n e r a l ,  it i s  impossible  t o  have 

ze ro  v a l u e s  f o r  a l l  o r i e n t a t i o n  element c o r r e c t i o n s .  The sum of 

squares  of  t h e  c o r r e c t i o n s  is a l s o  ca l cu la t ed .  This  may g ive  the  

o p e r a t o r  a c r i t e r i o n  when a c e r t a i n  minimum c o r r e c t i o n  va lue  i s  

approached. I n  g e n e r a l ,  s u f f i c i e n t l y  good r e l a t i v e  o r i e n t a t i o n  

f o r  compil ing i s  reached when l i n e a r  c o r r e c t i o n s  are less than 

0 . 1  mm and angular  c o r r e c t i o n s  are l e s s  t han  0.02". 

Absolute  o r i e n t a t i o n  

Absolute  o r i e n t a t i o n  i s  performed by e n t e r i n g  the  coord ina te s  

of assumed c o n t r o l  p o i n t s  and l o c a t i n g  those c o n t r o l  p o i n t s  i n  the  

s t e r e o  model. The en te red  d a t a  are then used by the  computer t o  

c a l c u l a t e  c o r r e c t i o n s  t o  t h e  o r i e n t a t i o n  elements  of both photo- 

graphs f o r  the  e s t ab l i shmen t  of absolu te  o r i e n t a t i o n .  

Three o r  more c o n t r o l  p o i n t s  must b e  used. The f i r s t  p o i n t  

should always be t h e  p o i n t  n e a r e s t  t h e  c e n t e r  of t he  a r r a y  of 

c o n t r o l  p o i n t s .  

model w i l l  be o r i e n t e d  t o  achieve  a l eas t - squa res  e r r o r  ad jus tment  

from the  p o i n t s  used. 

I f  more than  t h r e e  c o n t r o l  p o i n t s  are used,  t h e  

I n d i v i d u a l  push bu t tons  are used t o  i d e n t i f y  c o n t r o l  po in t s .  

When t h e s e  push bu t tons  are a c t i v a t e d ,  the  coord ina te s  of c o n t r o l  

p o i n t s  are en te red  by us ing  the  Data Entry Replace Switch f o r  

a c t i v a t i n g  the  model p o i n t  s e l e c t i o n  switch X 

by d e p r e s s i n g  the  Compute push b u t t o n  the computer w i l l  au tomat ica l -  

l y  e s t a b l i s h  the  r equ i r ed  c o r r e c t i o n s  in  a l l  the  o r i e n t a t i o n  

e lemen t s . 

Ym and 2 Then m y  m. 

P l o t  t i n g  

P l o t t i n g  i s  a l s o  c o n t r o l l e d  i n  p a r t  by t h e  computer program. 

The c o n s t a n t s  S and S are scale f a c t o r s  r equ i r ed  by the  coordina-  

tograph program t o  magnify the d a t a  fo r  p l o t t i n g .  
X Y 

These en te red  
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S and S values w i l l  cause a movement i n  the  coord ina tograph  

p ropor t iona l  t o  the  change i n  S and S 

h o r i z o n t a l  s c a l e  f o r  p l o t t i n g  and n o t  t he  e l e v a t i o n s  i n  t h e  model. 

Figure 7 demonstrates  the  o r i e n t a t i o n  system f o r  t he  AP/C. 

d a t a  used i n  gene ra t ing  the  models are a v a i l a b l e  i n  t h e  Branch 

of Astrogeology. 

X Y 
which a f f e c t  on ly  t h e  

X Y’ 

The 

SUMMARY AND RESULTS 

Anaglyphic S t e r e o  

F igu res  8-11 r e p r e s e n t  t he  en t i r e  p roduc t ive  e f f o r t  i n  t e r m s  

of generated form- l ine  base  maps. This  does n o t ,  however, r e f l e c t  

t he  number of r e p e t i t i v e  s t e r e o  models t h a t  were s e t  f o r  a t tempted  

d e f i n i t i o n  of a b s o l u t e  o r i e n t a t i o n .  Ranger VI11 FA2-3 w a s ,  i n  

f a c t ,  se t  up some n ine  times vary ing  t h e  procedure i n  t h r e e  cases. 

A t  no t i m e  were models reproduced t h a t  agreed i n  essence  wi th  

another  mode 1. 

It w a s  noted dur ing  these  a t t empt s  t h a t  t he  assumed datum 

t i l t e d  d i f f e r e n t l y  every  t i m e  and t h a t  supposed re f inement  of 

p a r a l l a x  and d e l i b e r a t e  i n t r o d u c t i o n  of v a r i o u s  p r o j e c t o r  r o t a -  

t i o n a l  motions had l i t t l e  o r  no e f f e c t  upon the  datum tilt .  The 

conclus ion  w a s  t h a t  l a c k  of d e f i n i t i o n  (image c o n t r a s t )  i n  con- 

junc t ion  wi th  postage-stamp-size s t e r e o  area and narrow ang le  

r ay  i n t e r s e c t i o n  r e s u l t s  i n  a f l u i d  type viewing datum. Experi-  

ments w i th  convent iona l  v e r t i c a l  photography where the  base  t o  

he ight  r a t i o  w a s  d e l i b e r a t e l y  reduced somewhat s u b s t a n t i a t e s  t h i s  

occurrence of f l u i d - t y p e  datum where d i f f e r e n t  p a r a l l a x  s o l u t i o n s  

tend t o  have s m a l l  e f f e c t s  on datum t i l ts .  

Ana ly t i c  P l o t t e r  

The e n t i r e  e f f o r t  on the  A P / C  w a s  l i m i t e d  t o  crater measure- 

ment, s p o t  e l e v a t i o n  r eco rd ing  for  s l o p e  computat ion,  and de- 

l i n e a t i o n  of geologic  u n i t s .  

been a v a i l a b l e  form- l ine  maps could have been produced. For 

example, Ranger I X  FA frames 4-5 were o r i e n t e d  both  r e l a t i v e l y  

and a b s o l u t e l y  by d i f f e r e n t  o p e r a t o r s  working independent ly  and 

The o p e r a t o r s  f e l t  t h a t  i f  t i m e  had 
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Figure 9.--Form-line base map compiled from Ranger VI11 FA2 and 

FA3 photographs. Compiled by AP/C. 
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Figure 10.--Form-line base map compiled from Ranger VI11 FA2 and 
FA3 photographs. Compiled by AP/C. 
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Figure 11.--Sketch map of Ranger VI11 FA frames 2-3 drawn from 
spot elevations derived from AP/C. 
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t h e  r e s u l t s  v a r i e d  on ly  w i t h i n  a few microns. 

F igu re  11 is a rough s k e t c h  map of Ranger V I 1 1  FA frames 

2-3 drawn from s p o t  e l e v a t i o n s .  Comparison of f i g u r e s  9 and 11 

i n d i c a t e s  t h a t  a reasonable  agreement e x i s t s  i n  t h e  topographic 

forms d e r i v e d  by t h e  E R 5 5  and A P / C  model gene ra t ions .  

s u b t l e  s imilar i t ies  would d e f i n i t e l y  suggest a t r u e  s t e r e o  model. 

The 

The fo l lowing  models were s e t  on the Ohio S t a t e  Highway 

Department 's  AP/C a t  Columbus, Ohio. 

Ranger V I 1  FA frames 

1-2 Image match poor. P a r a l l a x  r e s i d u a l s  up t o  200 microns. 

No measurement made. 

3-4 Datum appeared e r r a t i c a l l y  warped. Shadow l eng ths  would 

n o t  a g r e e  wi th  c r a t e r  w a l l  s l ope  measurements. Very weak viewing 

datum. 

Ranger V I 1 1  FA frames 

2-3 Model set twice w i t h  r e s i d u a l  p a r a l l a x ,  a f t e r  a b s o l u t e  

o r i e n t a t i o n ,  less than 5 microns i n  both cases .  Shadow l e n g t h s  

i n  agreement wi th  measured s lopes .  Heighting r e p e a t a b i l i t y  w i t h i n  

10 microns on s p e c i f i c  image p o i n t s .  A ve ry  good model o v e r a l l .  

Datum appeared ve ry  reasonable  and no warpage apparent .  Viewing 

datum appeared r e l a t i v e l y  s o l i d .  

3-4 P a r a l l a x  r e s i d u a l s  less than  20 microns. Shadow l eng ths  

i n  agreement wi th  measured s lopes .  Time element e l imina ted  

f u r t h e r  i n v e s t i g a t i o n .  F a i r  viewing datum. 

Ranger I X  FA frames 

4-5 P a r a l l a x  r e s i d u a l s  10 microns a f t e r  a b s o l u t e  o r i e n t a t i o n .  

Extens ive  h e i g h t i n g  measurements made. Shadow l eng ths  i n  agree-  

ment w i t h  measured s lopes .  The b e s t  viewing datum of a l l  Ranger 

models t e s t e d .  

. l - 2  P a r a l l a x  r e s i d u a l s  300 microns. Datum t i l t s  excess ive .  

Viewing datum f l u i d .  

I n  g e n e r a l ,  i t  w a s  concluded t h a t  viewing on t h e  AP/C w a s  

con t ingen t  i n  p a r t  upon the  degree  of c o n t r a s t  of t he  d i a p o s i t i v e  

as r e l a t e d  t o  d e f i n a b l e  image p o i n t s .  Only a t r i a l - a n d - e r r o r  

4 1  



method of diaposit ive making was applicable as no one factor such 

as dark or l i ght  diaposit ives  would su f f i ce  for various frame 

comb inat ions. 
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INTERPRETATION OF SMALL LUNAR CRATERS 

By H. J. Moore 

INTRODUCTION 

The s u c c e s s f u l  ope ra t ion  of t he  Ranger, Luna 9 ,  and Surveyor I 

s p a c e c r a f t  has provided e x c e l l e n t  photographic d a t a  on the  f i n e -  

scale f e a t u r e s  of t he  luna r  su r face .  These f e a t u r e s  are predom- 

i n a n t l y  craters ,  a l though blocks and o ther  p o s i t i v e  f e a t u r e s  are 

p resen t .  The o r i g i n  of these  f e a t u r e s  is d i scussed  h e r e i n ,  and 

man-made craters are compared wi th  small luna r  craters, thereby  

enab l ing  in fe rences  regard ing  the  phys ica l  p r o p e r t i e s  of t he  luna r  

s u r f  ace. 

A l l  t h e  d a t a  on craters produced by exper imenta l  impact i n  

t h e  l a b o r a t o r y  were c o l l e c t e d  as p a r t  of a coope ra t ive  program of 

r e sea rch  between the  U.S. Geologica l  Survey and Ames Research 

Center ,  Mof fe t t  F i e l d ,  C a l i f .  , where the p r i n c i p a l  experimenters  

are D. E. Gau l t ,  W. R. Quaide,  and V. Oberbeck. Data on missile 

impact craters were c o l l e c t e d  through the c o u r t e s y  of the  U.S. 

Army and the  Commanding General of White Sands Missile Range, 

N. Mex. 

PREDICTED DISTRIBUTION OF CRATERS 

ON THE LUNAR SURFACE 

C a l c u l a t i o n s  of t h e  frequency d i s t r i b u t i o n  of impact c r a t e r s  

produced by the  i n f l u x  of meteoroids  and o t h e r  o b j e c t s  from space 

sugges t  t h a t  the  luna r  s u r f a c e  should reach a "s teady-s ta te"  (Moore, 

1964;  ,Shoemaker, 1965, p. 122-124) and become almost  completely 

covered w i t h  small impact craters of var ious  s i z e s .  I n  t h i s  

" s t e a d y - s t a t e , "  craters are des t royed  as  r a p i d l y  as they are formed 

so  t h a t  t h e  gene ra l  appearance of t h e  s u r f a c e  remains the  same, 

a l though the  d e t a i l s  c o n t i n u a l l y  change w i t h  t i m e .  The " s t eady- s t a t e "  
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i s  f i r s t  a t t a ined  f o r  the smallest craters and with t i m e  extends 

t o  the  l a rge r  ones. 

One set  of ca lcu la t ions  (Moore, 1964) i s  based on the as- 

sumption tha t  the cumulative frequency of meteoroids and o ther  

objects  from space t h a t  impact the lunar  sur face  i s  inverse ly  pro- 

por t iona l  t o  t h e i r  masses (see Whipple, 1963, curve B) and then 

uses c r a t e r i n g  theory t o  e s t a b l i s h  the s i z e  of c r a t e r s  produced. 

Calculations using Whipple's curve B lead t o  the conclusion t h a t  

the lunar  surface cannot contain the number of craters t h a t  would 

eventual ly  be formed on i t .  

subsequent impacts. Assuming t h a t  the l i f e t i m e  of a c r a t e r  i s  

proportional t o  i t s  l i n e a r  dimension, the ca l cu la t ions  suggest 

that  the cumulative-frequency d i s t r i b u t i o n  of c r a t e r s  on the lunar  

surface would be composed of two par t s .  The cumulative frequency 

of the smaller craters,  where the "steady-state ' '  has been achieved, 

should be inversely proport ional  t o  the square of t h e i r  diameters ;  

and the cumulative frequency of the  l a r g e r  c r a t e r s ,  where the 

"steady-state" has not been achieved, should be inversely pro- 

por t iona l  t o  the cube of t h e i r  diameters.  

surface,  10 t o  34 percent  of the area should be covered by craters 

within each decade of crater diameters from 0.0001 t o  10 m and 

possibly t o  100 m across.  

i n  each of the s i z e  in t e rva l s  would range from f r e s h  and unmodi- 

f ied t o  p a r t l y  destroyed by eros ion  and i n f i l l i n g  ( see  a l s o  J a f f e ,  

1965). 

by c r a t e r s  i n  a given decade of crater diameters ,  the craters 

range from f r e s h  craters t o  those about 3/10 of the way t o  

destruct ion.  For the condi t ion of 34 percent  coverage of the 

surface , the c r a t e r s  range from f r e s h  t o  bare ly  d iscern ib le .  

Eroscon of the craters resu l t s  from the e j e c t i o n  of debr i s  duri.ng 

c ra t e r  formation by subsequent impacts. 

mater ia l  dislodged by impact moves downslope and c o l l e c t s  i n  

depress ions. 

Hence, c r a t e r s  must be destroyed by 

For a b i l l ion-year -o ld  

For t h i s  "s teady-state ,"  the c r a t e r s  

For the condi t ion of 10 percent  coverage of the sur face  

I n f i l l i n g  r e s u l t s  as 



Simi lar  crater d i s t r ibu t ions  might a l so  be produced by the 

impact of fragments along rays r ad ia t ing  from craters such as 

Copernicus, Tycho, o r  Aris tarchus (Moore, 1964, p. 49; Shoemaker 

1965) as w e l l  as around young smaller  impact craters. 

Predicted crater frequencies and ac tua l  c r a t e r  counts made 

from photographs of the lunar surface a re  compared i n  f i g u r e  1. 

The predicted c r a t e r  d i s t r i b u t i o n  w i l l  be compared with t h a t  of 

the lunar  surface later. 

EXPERIMENTAL SIMULATION 

OF LUNAR CRATERS 

The U. S.  Geological Survey and Ames Research Center (NASA) 

have conducted a c ra t e r ing  experiment i n  the laboratory as p a r t  

of a cooperat ive program of research. The experiment i l lus t ra tes  

how repeated impacts produce a "steady-state" surface and what 

c r a t e r  morphologies may be expected f o r  a sur face  t h a t  has reached 

the "steady-state.  " The sur face  produced i n  t h i s  experiment w a s  

similar t o  sur faces  shown i n  the highest  r e so lu t ion  Ranger photo- 

graphs and the surface around Surveyor I. These sur faces  are 

charac te r ized  by c r a t e r s  of various s izes  i n  var ious states of 

preservat ion.  

I n  the experiment, c r a t e r s  were produced by dropping and 

f i r i n g  p r o j e c t i l e s  i n t o  an  8-foot-square box f i l l e d  t o  a depth of 

30 cm with noncohesive sand covered by a l aye r  of coarse  carborun- 

dum powder about 2 cm thick.  The p r o j e c t i l e s ,  the method of 

pro jec t ion ,  the average diameters of c r a t e r s  produced, and the 

r e l a t i v e  frequencies of impact are as follows: 

P r o j e c t i l e  Projector  

Average Relat ive 
c r a t e r  diam. p r o j e c t i l e  

(cm) frequency 

30 c a l  r i f l e ,  30-06 30 1.0 
22 c a l  r i f l e ,  22 13 10.4 
BB BB gun 4.2 10 6 
B i rdsho t r i f l e ,  22( sawed o f f )  2.5 1,410 

#12 shot  25-f 00 t drop .5L 127,000 
#8 shot 25 - foot  drop 1.1 11,200 
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Figure 1. --Frequency d i s t r i b u t i o n  of s m a l l  c ra te rs  on the lunar  

sur face  and predicted frequency d i s t r i b u t i o n  and experimental 

simulation. 
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The 30-ca l iberY 22-cal iber ,  and BB p r o j e c t i l e s  were f i r e d  a t  

random points  using a gr id  t o  con t ro l  aiming. 

f i r i n g  w a s  not random; one 22-caliber b u l l e t  was f i r e d  a f t e r  every 

ten  B B ' s ,  and one 30-cal iber  b u l l e t  w a s  f i r e d  a f t e r  every ten  22- 

c a l i b e r  bu l l e t s .  Prec ise  sequencing of b i rdshot  and drops of #8 

and 812 shot  was not possible  s ince  about 5 ,  13, and 153 c r a t e r s  

p e r  square foot  were produced by each f i r i n g  o r  drop of b i rdshot ,  

118 sho t ,  and #12 shot ,  respect ively.  The ca lcu la ted  number of 

B B ' s  and shot  f e l l  only i n t o  the cen t r a l  4-foot  square because of 

the la rge  n:imber of shot  required.  According t o  the ca lcu la t ions  

of Moore (1964), the product of the r e l a t i v e  frequencies  of the 

c r a t e r s  produced i n  each s i z e  c l a s s  and the  cube of t h e i r  d ia -  

meters should be ccnstant .  The l i s t  above shows t h a t  t h i s  was  

near ly  achieved; however, the c r a t e r s  produced by the B B ' s  were 

about 20 percent too small--hence the bend i n  the c r a t e r  frequency 

curve ( f i g .  1).  The most s i g n i f i c a n t  shortcoming of the experi-  

ment is the small range of s i z e s  of c r a t e r s  produced. On the 

The sequence of 

lunar sur face ,  craters range i n  diameter from less than a few cen t i -  

meters t o  more than hundreds of meters, whereas the c r a t e r s  i n  

the s imulat ion range from 0.5 t o  30 cm. 

I n  s p i t e  of the small range of sizes of craters produced and 

the under-size BB c r a t e r s ,  the experiment w a s  ins t ruc t ive .  The 

i n i t i a l l y  smooth surface soon became pocked with c r a t e r s  of a l l  

s i z e s  as the f i r i n g  proceeded. I n  the e a r l y  s tages ,  areas between 

the smal les t  c r a t e r s  were smooth and f l a t  where no c r a t e r s  were 

present .  

s ta te"  f o r  the smaller c r a t e r s  and none of the  o r i g i n a l  surface 

escaped the bombardment. Upon reaching the "steady-s tate, 'I  c r a t e r s  

were produced approximately as rapidly as they were destroyed. 

Further  bombardment eventua l ly  produced a "steady-state" for a l l  

s izes  of c r a t e r s .  When the surface reached the  "s teady-state  , ' I  

the general  appearance remained e s sen t i a l ly  the same with con- 

tinued bombardment although the d e t a i l s  of the surface cont inua l ly  

changed. 

With continued bombardment the surface reached a "steady- 
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Craters were destroyed by a combination of e ros ion  and in- 

f i l l i n g ,  as i l l u s t r a t e d  i n  f igu re  2. TWO young craters with 
v i r t u a l l y  no superposed smaller craters  can be seen. 

from these craters has i n f i l l e d  and buried many smaller craters 

around them, and a large number of smaller craters were destroyed 

by the excavation, 

the e jec ta  blankets  of two f a i r l y  f r e s h  craters have been somewhat 

eroded by smaller craters. Many rimless craters are v i s i b l e  whose 

e j e c t a  blankets  are S O  eroded by impacts producing smaller craters 

that  they are no longer d iscern ib le .  Addit ional  shallow depressions 

with v i r t u a l l y  no shadows i n  them may be seen. Some of these 

depressions 

ob 1 i t e r a t ed .  

The ejecta 

I n  the lower right-hand corner  of f i g u r e  2 ,  

represent  craters on the verge of being completely 

The craters on the experimental sur face  can be grouped i n t o  

morphologic s tages ,  l i k e  those of t e r res t r ia l  f ea tu res  (see f o r  

example, Davis, 1909,  p. 170, 176-178) : youthful  t o  old. Youthful 

c r a t e r s  are w e l l  defined and have d i s t i n c t  r i m s  and ejecta blankets .  

Old  c r a t e r s  are vague rimless depressions.  Such s t age  designat ions 

do not  ind ica te  absolute  ages but  r a t h e r  r e l a t i v e  ages of c r a t e r s  

the same s i ze .  Crater counts made by N. J.  Trask from a photograph 

of the c e n t r a l  &foot  square of the f i n a l  sur face  are shown i n  

f igure  1. The f i n a l  sur face  w i l l  be compared with the lunar  sur-  

face la te r  on. It i s  a l s o  noteworthy t h a t  many of the l a rge r  

c r a t e r s  have smaller craters on t h e i r  r i m s ,  and occasional  doublets  

a re  found among the intermediate-s ize  cra.ters.  Other craters 

appear t o  be al ined.  

MISS ILE- IMPACT AND EXPLOSION CRATERS 

Ejecta  and morphologies of experimental craters r e f l e c t  the 

proper t ies  of the materials i n  which the craters formed. The 

nature of these proper t ies  may be revealed by: 

of large blocks i n  the e jec ta ,  which represent  unfractured cohesive 

mater ia l s ,  and the presence of small blocks,  which may represent  

intensely f rac tured  rocks o r  fragmental materials with low cohesion; 

1) the  presence 
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Figure  2.--Photograph of experimental  s imula t ion  of l una r  s u r f a c e  

i l l u s t r a t i n g  e r o s i o n  and i n f i l l i n g  of craters by p r o j e c t i l e  i m -  

pac ts .  Note t h e  var ious  s t a g e s  of preservat ion--from f r e sh -  

appearing craters wi th  rims t o  those b a r e l y  d i s c e r n i b l e .  Larges t  

crater is about  30 c m  across .  
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2) c r a t e r - w a l l  s lopes- -s lopes  of more than  about  60" i n d i c a t e  

cohesive rocks and s l o p e s  between 25" t o  40" imply l i t t l e  o r  no 

cohesion; 3) c r a t e r  rims--where craters less than  a meter o r  so  

ac ross  have smooth, cont inuous ,  e l e v a t e d  rims comple te ly  s u r -  

rounding them, l i t t l e  o r  no cohesion i s  i n d i c a t e d ;  and 4 )  crater 

ou t l ines - - a  round o u t l i n e  i n d i c a t e s  low cohes ion  i f  t h e  p r o j e c t i l e  

was  n o t  i r r e g u l a r  i n  shape and i t s  t r a j e c t o r y  w a s  ob l ique .  

Curren t  d a t a  on exper imenta l  impacts i n  n a t u r a l  materials 

cover craters so small they are measured i n  microns and craters 

as l a r g e  as 8 m ac ross .  However, t h e  luna r  photographs i n  t h i s  

r epor t  show craters t h a t  are as much as t e n s  of meters ac ross .  

The only  man-made c r a t e r s  w i th  which l a r g e  l u n a r  craters can be 

compared are those produced by exp los ives .  Morphologic comparison 

of c r a t e r s  produced by exper imenta l  impact and craters of compar- 

ab le  s i z e  produced by exp los ion  i n d i c a t e s  t h a t  e x t r a p o l a t i o n  can  
1 be made provided t h a t  t he  scale dep th  of b u r i a l  of t he  exp los ive  

i s  less than 1.50 f t  p e r  lb1I3 TNT e q u i v a l e n t  (Moore and o t h e r s ,  

1964). For  exp los ives  de tona ted  above t h e  s u r f a c e  o r  a t  g r e a t e r  

sca led  dep ths ,  the  comparisons are no longer  v a l i d .  

The e j e c t a  around c r a t e r s  produced by chemical exp los ives  

buried a t  sha l low depth  i n  uniform f low b a s a l t  a t  the  Nevada T e s t  

S i t e  is marked by the  p ro fus ion  of conspicuous b locks  t h a t  i s  

c h a r a c t e r i s t i c  of materials wi th  h igh  cohesion and widely spaced 

f r a c t u r e s  ( s e e  Vortman and o t h e r s ,  1962, p. 236-243, f i g s .  A1-A8; 

P o l a t t y  and Curry,  1964, photos.  1-13; and Moore, 1966, p. 268, 

f i g .  12).  I n  materials l i k e  the  f low b a s a l t ,  4 m b locks  may be 

found around craters 67 m a c r o s s ;  2.4 m b locks  around c r a t e r s  

29 m a c r o s s ;  and 1.5 m b locks  around craters 10 m ac ross .  There 

i s  a l s o  a g r e a t  p ro fus ion  of blocks 0.3 m a c r o s s ,  and l a r g e r ,  t o  

d i s t a n c e s  exceeding one crater diameter .  

'The s c a l e  depth  of b u r i a l  used he re  is equa l  t o  the  depth 

of b u r i a l  of t he  exp los ive  i n  f e e t  d iv ided  by the  cube r o o t  of 

the  TNT equ iva len t  of t he  exp los ive  i n  pounds, 
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S t u d i e s  of craters produced by m i s s i l e  impacts a t  White Sands 

Missile Range y i e l d  the  same r e s u l t - - l a r g e  b locks  are abundant 

around craters i n  materials wi th  s p a r s e  f r a c t u r e s  and h igh  cohes ion  

(Moore and o t h e r s ,  1964b and unpub. d a t a ) ,  F igu re  3 shows a n  

impact crater produced i n  indura ted  gypsum by a missile wi th  a 

t r a j e c t o r y  nea r  45" t o  the  ground sur face .  Shear-vane measurements 

i n d i c a t e  t h a t  t h e  unconfined compressive s t r e n g t h  of t he  gypsum is  

between 3 .0  t o  6.0 ba r s .  

Blocks are scarce o r  absen t  around c r a t e r s  i n  i n t e n s e l y  f r a c -  

t u red  materials and i n  weakly cohes ive  to  cohes ion le s s  f ragmenta l  

aggrega te s .  

e x p l o s i v e  charges  bur ied  a t  sha l low depths  i n  a l luv ium i l l u s t r a t e  

t h i s  (see Murphy, 1961, p. 39 ,  f i g s .  A22-A24; Vortman, 1966, p. 34 

and 36 ,  f i g s .  A l ,  A2). Ejecta around these  c r a t e r s  i s  hummocky 

w i t h  r a d i a l  r i d g e s ,  broad g e n t l e  h i l l s ,  and rare blocks.  Ejecta 

around missile impact c r a t e r s  nea r  6 m a c r o s s  i n  a l luv ium is  

similar t o  t h a t  around exp los ion  craters (see f i g .  4). Again, 

Craters 8-9 m a c r o s s  produced by 256-pound chemical 

r a d i a l  r i d g e s ,  broad g e n t l e  h i l l s ,  and rare small b locks  charac- 

t e r i z e  t h e  ejecta. 

The c h a r a c t e r  of t h e  ejecta from c r a t e r s  about  1 m a c r o s s  and 

smaller i s  similar t o  t h a t  of l a r g e r  c r a t e r s .  Ejecta from impact 

c r a t e r s  and exp los ion  craters produced i n  d r y  sand i s  f r e e  of 

l a r g e  f ragments ;  however, c lods  occur  i n  ejecta from craters i n  

weakly cohes ive  materials, such as w e t  t o  mois t  sand and weakly 

bonded sand, These may be as l a r g e  as 0.10 crater d iame te r s  f o r  

craters 5 t o  20 cm a c r o s s  (see f o r  examples, Fulmer, 1965; Gaul t  

and o t h e r s ,  1966b). Ejecta from c r a t e r s  i n  u n f r a c t u r e d  cohes ive  

materials i s  c h a r a c t e r i z e d  by s c a t t e r e d  fragments i n  and around 

t h e  crater. Lengths of such fragments may be  as much as 0 . 1  t o  

0 . 3  crater d iameter  f o r  craters up t o  a meter a c r o s s  (Gaul t  and 

o t h e r s ,  1966b). 

The o r d e r  of d e p o s i t i o n  of e j e c t a  from p r o j e c t i l e  impact 

craters and exp los ion  c r a t e r s  i s  the  r eve r se  of t h e  v e r t i c a l  se- 

quence of undis turbed  t a r g e t  materials. Thus, d e b r i s  from t h e  
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Figure  4.--Crater produced by missile impact i n  gyps i fe rous  alluvium. 

Crater i s  about 6 m (20 f t )  ac ross  and 1.5 m ( 5  f t )  deep. Note 

s t e e p  crater w a l l s ,  pauc i ty  of blocks,  and asymmetrical ejecta 

r e s u l t i n g  from the  obl ique  t r a j ec to ry .  

t h e  missile i s  from top t o  c r a t e r .  (Nearly v e r t i c a l  aerial photo- 

graph cour t e sy  of U. s. Army). 

The trace of t he  p a t h  of 
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lower l a y e r s  of t he  t a r g e t  material occur s  a t  the  s u r f a c e  of the  

e j e c t a  b l anke t  superposed on ejecta from h ighe r  l a y e r s  (Shoemaker, 

1960; Moore, 1964). 

fragments from a lower l a y e r  of cohes ive  s i l t y  c l a y  rest on ve ry  

f i n e  ejecta from 

from the  upper l aye r .  

c l u s i v e l y  i n  the  cohesive l a y e r  of s i l t y  c l ay .  The p ro fus ion  

of blocky ejecta i s  c h a r a c t e r i s t i c  of t he  more cohes ive  s i l t y  

c lay.  

were produced by missile impacts. 

This  r e l a t i o n s h i p  is shown i n  f i g u r e  5 where 

weakly cohes ive  t o  cohes ion le s s  sand and s i l t  

The crater i n  f i g u r e  6 w a s  produced ex- 

The c r a t e r s  i n  f i g u r e s  5 and 6 are both  the  same s i z e  and 

Walls of craters produced by p r o j e c t i l e  impacts va ry  i n  s lope  

depending on the  cohesion of t he  material and the  s i z e  of t h e  crater. 

Slopes of c r a t e r  w a l l s  i n  cohes ion le s s  f ragmenta l  materials are 

near the  ang le  of repose of t he  mater ia l - -30" t o  40" - - r ega rd le s s  

of the  s i z e  of the  crater. I n  cohes ive  materials t h e  mean s l o p e  

of c r a t e r s  30 m a c r o s s  and l a r g e r  may be nea r  30" o r  40" b u t  

l o c a l l y  s l o p e s  may be 60" o r  more (see f i g .  4). Craters less than  

0 .3  m ac ross  i n  porous cohes ive  materials such as pumice have 

very s t e e p  walls, b u t  t h e i r  depth  t o  d iameter  r a t i o  may exceed 

1 . 0  ( s e e  f o r  examples, Gaul t  and o t h e r s ,  1966b; and Moore and 

o t h e r s ,  1964a). Slopes of walls of ve ry  small craters i n  h a r d ,  

dense rocks such as b a s a l t  may no t  be s i g n i f i c a n t l y  d i f f e r e n t  from 

those of craters i n  sand. S i m i l a r l y ,  dep th  t o  d iameter  r a t i o s  of 

small  c r a t e r s  i n  e i t h e r  b a s a l t  o r  sand may be nea r  0.25 t o  0.20. 

Raised r i m s  are t y p i c a l  of a l l  craters l a r g e r  than  30 t o  40 m ,  
but whether o r  no t  small c r a t e r s  have r a i s e d  r i m s  depends on the  

cohesion of t h e  t a r g e t  materials. Craters less than  1 m a c r o s s  

i n  pumice, b a s a l t ,  g r a n i t e ,  and o t h e r  s t r o n g  cohes ive  materials 

a r e  a lmost  always rimless, whereas those  i n  materials l i k e  weakly 

bonded sand,  w e t  sand,  and d r y  sand are surrounded by r a i s e d  rims. 

Rim h e i g h t  t o  c r a t e r  d iameter  r a t i o s  are nea r  0.025 f o r  small 

f r e s h  c r a t e r s  i n  d ry  sand ( s e e  Gaul t  and o t h e r s ,  1966b; and Fulmer, 

1965). R i m  he igh t  t o  c r a t e r  d iameter  r a t i o s  may be 0 .10,  o r  more, 

f o r  smal l  f r e s h  craters i n  w e t  sand (see Fulmer, 1965). 
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A smooth, round c o n f i g u r a t i o n  is t y p i c a l  of small craters 

produced by equidimensional exp los ives  o r  p r o j e c t i l e s  i n  cohesion- 

less materials. The e x t e n t  t o  which the p r o p e r t i e s  of  materials 

a f f e c t  crater  o u t l i n e  dec reases  wi th  inc reas ing  crater s i z e ;  

however, t h e  o u t l i n e s  of even l a r g e  craters may be a f f e c t e d  (Fulmer 

and Rober t s ,  1963). The o u t l i n e s  of m i s s i l e  impact  craters nea r  

6 m a c r o s s  i n  indura ted  gypsum are commonly l i n e a r  and polygonal ,  

whereas craters i n  sand are c i r c u l a r  t o  e l l i p t i c a l .  Experimental  

d a t a  on shapes  of small impact  c r a t e r s  have been c i t e d  p r e v i o u s l y  

(Gau l t  and o t h e r s ,  1966a). 

I n  summary, f r e s h  c r a t e r s  less than about  1 m a c r o s s  i n  d r y  

noncohesive materials such as sand are c h a r a c t e r i z e d  by a round 

o u t l i n e ,  t h e  absence of l a r g e  fragments i n  t h e  e j e c t a ,  crater w a l l s  

w i t h  a l l  s l o p e s  n e a r  t h e  ang le  of repose of t h e  material, and 

smooth cont inuous  e l e v a t e d  rims. Fresh craters less than  1 m 

a c r o s s  i n  ve ry  weakly cohes ive  materials such as mois t  sand are 

c h a r a c t e r i z e d  by a round o u t l i n e ,  c lods  i n  t h e  e jecta ,  crater  

w a l l s  w i t h  average s l o p e s  nea r  30"-40", and cont inuous  e l e v a t e d  

r i m s .  Craters less than  1 m ac ross  i n  cohes ive  dense  indura t ed  

materials such as g r a n i t e ,  sands tone ,  and flow b a s a l t  are rimless 

and l a r g e  fragments are s c a t t e r e d  i n  and around them. Craters i n  

porous cohes ive  materials such as pumice a r e  s t e e p  wal led  and r i m -  

l e s s .  Large b locks  and l o c a l l y  oversteepened c r a t e r  w a l l s  are 

c h a r a c t e r i s t i c  of l a r g e  c r a t e r s  (up t o  100 m) i n  s p a r s e l y  f r a c -  

t u red  cohes ive  materials, whereas smooth ejecta b l a n k e t s  w i thou t  

abundant b locks  and smooth w a l l s  w i th  s l o p e s  of 30"-40" are char -  

a c t e r i s t i c  of f r e s h  l a r g e  c r a t e r s  i n  noncohesive t o  weakly cohes ive  

mate r i a  1 s . 
DATA FROM RANGER I X ,  LUNA 9 ,  AND SURVEYOR I 

Crater D i s t r i b u t i o n  

The s u c c e s s f u l  l una r  probes Ranger I X ,  Luna 9 ,  and Surveyor I 

have t r a n s m i t t e d  ex tens ive  d a t a  on the l u n a r  su r face .  Most of t he  

d a t a  t h a t  t he  probes c o l l e c t e d  were photographic,  b u t  Surveyor I 
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also obtained informat ion  on t h e  mechanical p r o p e r t i e s  of t h e  l u n a r  

su r face .  Photographs taken by a l l  t h e  probes show t h a t  t h e  f i n e -  

scale topography of t h e  l u n a r  s u r f a c e  i s  dominated by craters ,  b u t  

p o s i t i v e  f e a t u r e s  such as b l o c k s ,  f ragments ,  and c l o d s  become in-  

c r e a s i n g l y  abundant w i t h  i n c r e a s i n g l y  f i n e r  scale,  u n t i l ,  a t  a 

scale of a few c e n t i m e t e r s ,  they  are common f e a t u r e s  of t h e  l u n a r  

lands cape. 

The h i g h e s t  r e s o l u t i o n  photographs taken  by Ranger IX ( C a l i f -  

o r n i a  I n s t .  Technology, 1966, p l s .  A-70, B - 8 8 ,  and P-12) show t h a t  

i n  degree of p r e s e r v a t i o n ,  l u n a r  craters 3 t o  600 m wide v a r y  from 

f r e s h  t o  subdued. Craters of a given s i z e  may have wel l -def ined  

rims and sharp  i n t e r n a l  shadows o r  subdued r i m s  and d i f f u s e  i n t e r -  

n a l  shadows, o r  they may be rimless d e p r e s s i o n s  w i t h  almost  no 

i n t e r n a l  shadows. Sur faces  around Surveyor I ( J a f f e  and o t h e r s ,  

1966) and t h e  S o v i e t  Luna 9 (Akad. Nauk SSSR, 1966) are similar t o  

those photographed by Ranger I X  b u t  craters are smaller--a few 

cent imeters  t o  s e v e r a l  meters in .d iameter .  The cont inuous sequence 

of c r a t e r  morphologies--from s h a r p  craters w i t h  wel l -def ined  r i m s  

t o  rimless shal low depress ions- -  is  p r e s e n t  on t h e s e  s u r f a c e s .  The 

c r a t e r e d  s u r f a c e  around Surveyor I i s  shown i n  f i g u r e  7. 

From photographs by Ranger V I 1 1  and IX (Trask ,  1966),  Luna 9 

(Akad. Nauk SSSR, 1966) and Surveyor I (Morr i s ,  E. C . ,  1967, 

personal  commun.), i t  has  been determined t h a t  t h e  frequency of 

c r a t e r s  p e r  u n i t  area i n c r e a s e s  r a p i d l y  w i t h  d e c r e a s i n g  c ra te r  

s i z e .  The cumulative f r e q u e n c i e s  of smaller craters ( s e e  f i g .  1) 

appear t o  be  n e a r l y  p r o p o r t i o n a l  t o  t h e  r e c i p r o c a l  of t h e  square  

of the crater d iameters ,  w i t h  t h e  e x c e p t i o n  of t h e  l a r g e r  craters 

counted around Surveyor I. However, i t  should be  noted t h a t  t h e  

counts f o r  l a r g e  craters a t  t h e  Surveyor I s i t e  may be  r e v i s e d  on 

t h e  b a s i s  of Lunar O r b i t e r  I1 d a t a  (Morr i s ,  E. C . ,  1967, personal  

commun. ). 

I n  c o n t r a s t  w i t h  Ranger photographs,  b o t h  Luna 9 and Surveyor 

I photographs show a s u b s t a n t i a l  number of p o s i t i v e  morphologic 

forms because of t h e  i n c r e a s e  i n  t h e  frequency of b l o c k s ,  f ragments ,  

58 



U 
W 
a, 
rl 

k a a a 
7 
C 
.d 

k 
al 
L1 
cd 
k 
V 

0 

? 
k 
5 

t? 
m 
h 
P 

C s 
(d 
U 

al 

W 
s 
k 
5 
m 
& 
id 
C 
1 
rl 

ICC 
0 

m 
Jz a 
(d 
k 
bo 
0 
U 
0 c a- 

W 
0 
0 
.#-I 

0) 
$4 
7 
bo 

m 
m 
0 
k 

s 
6 
0 

0 
m 
U 
7 
0 
P 
Q 

rn 
d 

a Ei 
0 
& 
bo 
a, 
I-( 
0 
W 

a 
(d a 
U 
0 
0 

b.4 

m 
m 
0 
k 
0 
(d 

E 
m 
a c 
(d 

N 

$ 
a, 
U 
al 
P 

? 

.: 

59 



and c l o d s  w i t h  i n c r e a s i n g l y  f i n e r  scale. Such a n  i n c r e a s e  i n  

frequency wi th  d e c r e a s i n g  s i z e  i s  borne o u t  by unpubl ished s t u d i e s  

(Morris,  E. C . ,  1967, personal  commun.) which i n d i c a t e  t h a t  t h e  

cumulative frequency of b locks  and fragments  i s  i n v e r s e l y  pro- 

p o r t i o n a l  t o  the  2 . 2  power of t h e i r  d iameters .  Both U.S. and 

S o v i e t  observers  r e p o r t  t h a t  f ragments ,  l i k e  craters ,  vary  i n  

form. Forms range from a n g u l a r  t o  rounded. 

D e s c r i p t i o n  of  S e l e c t e d  Lunar Craters 

C e r t a i n  l u n a r  craters were s e l e c t e d  f o r  d e s c r i p t i o n  here :  

1) c r a t e r s  similar i n  s i z e  t o  man-made c r a t e r s ,  2) craters appar-  

e n t l y  unmodified i n  form, and 3) craters t h a t  p e n e t r a t e  o n l y  t h e  

uppermost l a y e r s .  

The l a s t  p a r t i a l  frame from t h e  Ranger I X  B camera ( f i g .  8) 

shows c r a t e r s  from 25 m down t o  1 m a c r o s s .  Craters 1 m and w i d e r  

shown i n  t h i s  photograph are g e n e r a l l y  surrounded by d i s t i n c t  

r a i s e d  rims; of t h e  craters smaller than  1 m t h a t  are v i s i b l e ,  some 

are rimmed, some are rimless. The areas around t h e  r a i s e d  r i m s  of 

t he  t h r e e  l a r g e s t  craters i n  f i g u r e  8 are r e l a t i v e l y  smooth, a l -  

though a few craters and p o s i t i v e  equidimensional  f e a t u r e s  are 

p resen t .  

cast weak s h o r t  shadows. There i s  no evidence f o r  s t e e p  s l o p e s  i n  

the  upper w a l l s  of t h e  craters shown i n  Ranger IX photographs.  

The sun a n g l e  i s  only  5", b u t  t h e  s p a r s e  p o s i t i v e  f e a t u r e s  

Small  c ra te rs  photographed by Surveyor I are similar t o  those  

of comparable s i z e  photographed by Ranger I X .  S e v e r a l  craters 

between 0 . 7  and 3 .3  m a c r o s s  w i t h  smooth r a i s e d  r i m s  and g e n t l y  

s lop ing  w a l l s  occur  around Surveyor I ( f i g .  7 and J a f f e  and o t h e r s ,  

1966a ,  p. 35-39). Many of t h e  smallest c ra te rs ,  a f r a c t i o n  of a 

meter a c r o s s ,  a lso have d i s t i n c t  rims and g e n t l y  s l o p i n g  w a l l s .  

Lumps measuring as much as 1/5 t o  1/40 of t h e  c r a t e r  d iameter  are 

common around t h e  rims of t h e  smallest craters.  A few fragments 

are s c a t t e r e d  around one crater about  6 .3  m a c r o s s ,  and b locks  

are abundant i n  t h e  e jecta  around a crater  about  30 m a c r o s s  

( Ja f fe  and o t h e r s ,  1966a, f i g .  111-10, p. 19 and f i g .  111-24, p .  39) .  

60 

~- 



Figure 8.--Last partial frame from Ranger IX B camera. Largest 

crater i s  about 25 m (82 f t )  across. Next largest craters 

are about 13 m across. Craters as small as 1 m across are 

clearly v is ib le .  
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Most of t he  b locks  around t h e  30 m crater are a n g u l a r  w i t h  smooth 

f aces  and some are rec t angu la r .  

Rimmed c r a t e r s  similar t o  those  photographed by Surveyor I 

a l s o  appear i n  the  Luna 9 panoramas (Akad. Nauk SSSR, 1966). The 

c l e a r e s t  examples of rimmed craters a r e  about  20 t o  30 c m  a c r o s s ,  

but many rimmed c r a t e r s  less than  20 c m  are p r e s e n t .  Most r i m  

he igh t s  are nea r  0 .13  times the  crater d i a m e t e r ,  and a depth- to-  

diameter r a t i o  nea r  1/4 was measured on one 2 1  cm c r a t e r  whose 

f l o o r  i s  v i s i b l e .  The r i m s  of t h e  craters are marked by lumps 

about 0.13 times the  crater d iameter .  

In  summary, f r e sh -appea r ing  l u n a r  craters nea r  10-20 m 

ac ross  have r a i s e d  rims and smooth ejecta b l a n k e t s  w i th  few 

p o s i t i v e  f e a t u r e s ;  smaller l u n a r  c r a t e r s - - n e a r  3 m a c r o s s - - a r e  

c i r c u l a r  w i th  smooth r a i s e d  r i m s .  Craters around 20 cm a c r o s s  

have lumpy r a i s e d  rims. None of t h e  smaller craters have s t e e p  

crater w a l l s .  

INTERPRETATION OF LUNAR PHOTOGRAPHIC DATA 

Crater D i s t r i b u t i o n  

The s ize- f requency  d i s t r i b u t i o n  and morphologic v a r i a t i o n  of 

small l una r  c r a t e r s  shown i n  the  h i g h e s t  r e s o l u t i o n  photographs 

by Ranger I X ,  Luna 9 ,  and Surveyor I b road ly  f u l f i l l  t h e  expec ta-  

t i o n s  of t h e  concept of a “s teady-s ta te ’ ‘  c r a t e r e d  s u r f a c e  produced 

by repea ted  impacts of meteoroids and o t h e r  d e b r i s  from space. 

I n  any s i z e  group t h e r e  i s  a continuous morphologic series:  

f resh-appear ing  c r a t e r s  w i t h  wel l -def ined  r i m s  g rade  i n t o  sha l low 

c r a t e r s  w i th  subdued rims, which grade  i n t o  n e a r l y  o b l i t e r a t e d  

c r a t e r s .  Such v a r i a t i o n s  are i n  s u b s t a n t i a l  agreement wi th  t h e  

t h e o r e t i c a l  p r e d i c t i o n s  of c r a t e r  ag ing  on a c o n s t a n t l y  bombarded 

su r face  and wi th  exper imenta l  s imula t ion .  This  conclus ion  is  

s u b s t a n t i a t e d  by comparing v e r t i c a l  and ob l ique  photographs of 

the exper imenta l  s u r f a c e  ( f i g s .  2 ,  9) w i th  photographs of t h e  

l u n a r  surface ( f i g s .  7 ,  8; a l s o  see C a l i f .  I n s t .  Technology, 

1966, p l .  A - 7 0 ) .  I n  a d d i t i o n ,  c r a t e r  counts  made us ing  Ranger 
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photographs (Trask ,  1966) , Luna 9 panoramas (Akad. Nauk SSSR, 1966) ,  

and Surveyor I photographs (Morr i s ,  E. C. , 1967, p e r s o n a l  commun.) 

a r e  similar t o  those p red ic t ed  f o r  t h e  l u n a r  s u r f a c e  (Moore, 1964) 

and those  of t he  s imulated s u r f a c e  (Trask ,  1966, personal'commun.). 

The s ize- f requency  d i s t r i b u t i o n s  of craters on those  s u r f a c e s  are 

shown i n  f i g u r e  1. There are s i g n i f i c a n t  d i f f e r e n c e s  between 

p red ic t ed ,  exper imenta l ,  and a c t u a l  crater f r e q u e n c i e s ,  b u t  they  

can be explained.  S t eep  s l o p e s  (> -2.0) of t he  f requency  d i s -  

t r i b u t i o n  f o r  l a r g e  craters imply t h a t  t he  " s t eady- s t a t e "  has  n o t  

been reached f o r  the  l a r g e  crater s i z e s .  Sepa ra t ions  of the  

var ious  curves  may be r e l a t e d  t o  d i f f e r e n c e s  i n  v i s i b i l i t y  and 

r e s o l u t i o n  caused by d i f f e r e n t  i l l u m i n a t i o n  ang le s  and d i f f e r e n t  

viewing ang le s  of t he  photographs.  Frequencies  of t h e  very  small 

craters around Luna 9 and Surveyor I are i n  good agreement wi th  

the " s t eady- s t a t e "  expec ta t ions  , b u t  t he  l a r g e s t  craters photo- 

graphed by Surveyor I are s i g n i f i c a n t l y  more abundant. Such an  

apparent  abundance may ar ise  from the  i n a b i l i t y  t o  measure l a r g e  

more d i s t a n t  c r a t e r s  and a r e a s  wi th  the  c y c l o p t i c  Surveyor. Sub- 

sequent Lunar O r b i t e r  photographs bea r  t h i s  out .  The f l e x u r e  i n  

the  c r a t e r  count  curve f o r  t h e  exper imenta l  s i m u l a t i o n  i s  due t o  

the  f a c t  t h a t  t he  BB p r o j e c t i l e s  produced craters 20 pe rcen t  too 

small f o r  t h e i r  frequency. It i s  necessa ry  t o  stress aga in  t h a t  

p r o j e c t i l e s  of on ly  s i x  s i z e s  were used t o  produce c r a t e r s  i n  t h e  

experimental  s imula t ion ,  whereas t h e  s i z e  range of o b j e c t s  t h a t  

impact the l u n a r  s u r f a c e  i s  v i r t u a l l y  u n r e s t r i c t e d .  A g r e a t e r  

range of small c r a t e r  s i z e s  i n  the  exper imenta l  s i m u l a t i o n  would 

s o f t e n  a l l  f e a t u r e s  and subdue the  r e l i e f .  Comparison of f i g u r e  

8 with f i g u r e  2 i l l u s t r a t e s  t h e  e f f e c t  of t h e  g r e a t e r  range of 

smaller c r a t e r  s i z e s  i n  subduing t h e  r e l i e f  of t he  luna r  s u r f a c e  

f e a t u r e s ,  which are s o f t e r  than  those  on the  s imula ted  su r face .  

Although s i g n i f i c a n t  l o c a l  v a r i a t i o n s  e x i s t  (T rask ,  1966, 

personal  commun. ; Shoemaker, 1965) , c ra t e r - f r equency  d i s t r i b u t i o n s  

on the complex luna r  s u r f a c e  are reasonably  c o n s i s t e n t  w i th  the  

p r e d i c t i o n s  f o r  a " s t eady- s t a t e "  s u r f a c e  produced by repea ted  
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impacts.  It is  d i f f i c u l t  t o  account  f o r  such frequency d i s t r i b u t i o n s  

by p rocesses  o t h e r  than repea ted  impacts, Eros ion  and i n f i l l i n g  by 

repea ted  impacts r e a d i l y  e x p l a i n  the  g rada t ion  from young c r a t e r s  

w i t h  wel l -def ined  rims t o  old c r a t e r s  o r  sha l low rimless depress ions .  

I n  a d d i t i o n ,  e r o s i o n  by impact and s p a l l a t i o n  can account  f o r  the 

f a c t  t h a t  b locks  range from angular  t o  rounded i n  form. It should 

n o t  be cons t rued ,  however, t h a t  a l l  the l a r g e r  c r a t e r s  shown i n  

the  Ranger I X  photographs are the  r e s u l t  of i m p a c t s ,  f o r  c l e a r l y  

they  are not .  

may thus  be of i n t e r n a l  o r i g i n  (Kuiper and o t h e r s ,  1966; Carr, 1966). 

Many are a s s o c i a t e d  w i t h  r i l les  and are a l i n e d ,  and 

Phys ica l  P r o p e r t i e s  of Lunar Sur face  

Comparison of the  morphology of small luna r  craters wi th  t h a t  

of exper imenta l  craters i n d i c a t e s  t h a t  t he  upper luna r  s u r f a c e  

materials are fragmental  and have very  low cohes ion ,  somewhat l i k e  

t h a t  of moist  sand. However, hard rock occurs  below t h i s  l a y e r  of 

s u r f a c e  materials, as is ind ica t ed  by the  angu la r  b locks  i n  the  

e j e c t a  b l a n k e t s  of many deep c r a t e r s .  The presence  of an  upper 

l a y e r  of weakly cohesive material w a s  demonstrated f o r  t h e  area 

around Surveyor  I by the  impact of the 292 kg s p a c e c r a f t  wi th  the  

l u n a r  s u r f a c e  a t  about  3 .6  m p e r  sec ( J a f f e  and o t h e r s ,  1966). 

A f t e r  n e a r l y  s imultaneous impact o f  the t h r e e  30-cm diameter  foo t -  

pads,  t he  luna r  su r face  materials were pushed and e j e c t e d  outward 

as the  footpads  moved outward and pene t r a t ed  downward. 

The presence of small smooth-r imed c r a t e r s  around Surveyor I 

i s  c o n s i s t e n t  w i th  the  e x i s t e n c e  of  a f ragmenta l  s u r f a c e  l a y e r  of 

low cohes ion ,  and i s  a l s o  i n  agreement wi th  the  d a t a  from expe r i -  

mental  c r a t e r i n g  i n  moist  sand. N o  evidence w a s  found of  deep 

rimless craters wi th  depth- to-diameter  r a t i o s  g r e a t e r  than 1, 

which are t y p i c a l  of experimental  c r a t e r s  i n  blocks of pumice; nor  

was t h e r e  evidence of small r imles s  c r a t e r s  w i th  s c a t t e r e d  b locks ,  

which are t y p i c a l  of craters i n  indura ted  rocks.  S ince  the small 

c r a t e r s  shown i n  Luna 9 panoramas and t h e  smallest craters shown 

by Ranger I X  have smooth r a i s e d  rims around them, i t  is reasonable  

t o  conclude t h a t  i n  the  areas photographed by bo th  s p a c e c r a f t  t h e  



su r face  i s  a l s o  unde r l a in  by ve ry  weakly cohes ive  f ragmenta l  

ma te r i a l s .  The absence of abundant b locks  i n  t h e  ejecta of t he  

13 to  25 m c r a t e r s  shown i n  t h e  Ranger IX photographs tends t o  

confirm t h e  presence  of t h e  weakly cohes ive  l aye r .  

The presence of a l a y e r  of hard  rock  benea th  the  s u r f a c e  mate- 

r ia l s  around Surveyor I i s  r evea led  by t h e  s c a t t e r e d  b locks  i n  

e j e c t a  from t h e  30 m d iameter  c r a t e r .  

does no t  have the  p ro fus ion  of b locks  expected from a homogeneous 

indurated material ( s e e  f o r  example, f i g .  6) b u t  r a t h e r  one from 

a layered material ( s e e  f o r  example, f i g .  5). A l s o ,  b locks  i n  t h i s  

e j e c t a  are angular  t o  r e c t a n g u l a r ,  a c h a r a c t e r i s t i c  common i n  in-  

dura ted  terrestrial  rocks.  I n s p e c t i o n  of craters around Surveyor I 

t h a t  range from 3.4 t o  6.3 m i n  d iameter  and have l a r g e  b locks  on 

t h e i r  r i m  sugges t s  t h a t  t he  b locks  are from a l a y e r  about  1 m deep 

( J a f f e  and o t h e r s ,  1966a). 

blocks excavated from a hard- rock  l a y e r  occur  around the  l a r g e r  

craters shown by Ranger I X ;  however, t h e s e  p o s i t i v e  f e a t u r e s  cou ld ,  

ins tead ,  be mounds of d e b r i s .  

The ejecta from t h i s  crater 

A few p o s i t i v e  f e a t u r e s  which may be 

In summary, c u r r e n t  d a t a  on both  exper imenta l  and luna r  craters 

i n d i c a t e  t h a t  t he  luna r  s u r f a c e  materials are layered.  The upper- 

most l a y e r  i s  weakly cohes ive  and about  1 m deep nea r  Surveyor I 

and p o s s i b l y  deeper  i n  t h e  area photographed by Ranger IX .  This  

l aye r  i s  a t  least  10 c m  deep around Luna 9. A l a y e r  of indura ted  

rock occurs  beneath the  s o i l - l i k e  l a y e r  of material i n  t h e  v i c i n i t y  

of Surveyor I. 

S W Y  
Crater - f requency  d i s t r i b u t i o n  shown i n  the  h i g h - r e s o l u t i o n  

photographs taken  by Ranger I X ,  Luna 9 ,  and Surveyor I ag rees  w e l l  

wi th  the  d i s t r i b u t i o n  t h a t  w a s  c a l c u l a t e d  by combining d a t a  on i m -  

pac t  c r a t e r i n g  wi th  d a t a  on the  f l u x  of meteoroids  and o t h e r  d e b r i s  

expected t o  i m p a c t  the  luna r  s u r f a c e ,  and wi th  a c ra t e r - f r equency  

d i s t r i b u t i o n  t h a t  r e s u l t e d  from a s imula ted  meteoroid bombardment 

i n  the l abora to ry .  Morphological ly ,  f i n e - s c a l e  luna r  c r a t e r s  , 
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craters p r e d i c t e d  f o r  a " s t eady- s t a t e , "  and craters produced du r ing  

experiments  a f t e r  the  "s teady-s ta te"  was obta ined  a l l  va ry  con- 

t i n u o u s l y  from young unmodified craters t o  those  so  eroded and in-  

f i l l e d  t h a t  they  are b a r e l y  d i s c e r n i b l e .  Thus, t he  f i n e - s c a l e  

f e a t u r e s  of  t h e  luna r  s u r f a c e  are c o n s i s t e n t  w i t h  the  theory  t h a t  

t he  s u r f a c e  has  been r epea ted ly  c r a t e r e d  by impacts f o r  a per iod  

s u f f i c i e n t l y  long t o  produce a "s teady-s ta te"  i n  which t h e  smaller 

c r a t e r s  are formed as r a p i d l y  as they a r e  destroyed.  Eros ion  by 

repea ted  impacts a l s o  o f f e r s  a ready explana t ion  f o r  the v a r i a t i o n  

i n  shapes of b locks  and fragments on t h e  l una r  su r face .  

Young small craters considered t o  be t h e  r e s u l t  of p r o j e c t i l e  

impac t s  w i th  the  luna r  s u r f a c e  are similar i n  morphology t o  ter- 

res t r ia l  craters i n  materials wi th  very low cohesion. The r a i s e d  

r i m s ,  smooth moderate s lopes  of t he  crater walls, c i r c u l a r  o u t l i n e s ,  

and smooth ejecta b l a n k e t s  are common t o  both  luna r  craters and 

exper imenta l  craters i n  materials with ve ry  low cohesion,  l i k e  

t h a t  of moist  sand. 

Although the  uppermost l una r  m a t e r i a l s  are n e a r l y  cohes ion le s s ,  

l a r g e  craters have some b locks  i n  t h e i r  ejecta which have been 

brought  t o  the  s u r f a c e  du r ing  crater formation by impact .  

sence of b locks  and fragments around c r a t e r s  about  6 m i n  d iameter  

sugges t s  t h a t  a hard-rock l a y e r  occurs about  1 m below the  sur face .  

The p r e -  
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SITE REPORTS MADE I N  PREPARATION FOR THE 

LUNAR ORBITER I MISSION 

Nine r e p o r t s  were prepared on the  geology of t he  primary s i t e s  

to  be photographed by the  f i r s t  Lunar O r b i t e r  miss ion  i n  o rde r  t o  

provide a geologic  base of in format ion  p r i o r  t o  t h e  f l i g h t .  These 

r e p o r t s  summarized the  t e r r e s t r i a l l y  de r ived  geo log ic ,  topographic  

photographic ,  i n f r a r e d ,  and a lbedo  d a t a  t h a t  were then  a v a i l a b l e .  

I n t e r p r e t a t i o n s  based on these  d a t a  were p resen ted  i n  a format  

approximating t h a t  of t h e  r e p o r t s  a n t i c i p a t e d  f o r  t h e  Lunar O r b i t e r  

mission. The r e p o r t s  were a v a i l a b l e  du r ing  t h e  sc reen ing  s e s s i o n  

and were ve ry  u s e f u l  i n  p l o t t i n g  t h e  photographs,  i d e n t i f y i n g  

f e a t u r e s ,  i n t e r p r e t i n g  geology and t e r r a i n  a t  the  l a r g e r  s c a l e s ,  

and, g e n e r a l l y ,  i n  b r idg ing  the  gap between terrestr ia l  observa-  

t i on  and the  f i r s t  o r b i t a l  photography of t h e  Moon. 

The r e p o r t s  a l s o  enabled comparison of geo log ic  i n t e r p r e t a -  

t i ons  based on terrestrial obse rva t ion  wi th  those based on o r b i t a l  

photographic observa t ions ,  This  comparison c l e a r l y  i n d i c a t e d  t h a t  

o r b i t a l  photography i s  of enormous b e n e f i t  i n  r eco rd ing  d e t a i l s  of 

lunar  s u r f a c e  f e a t u r e s ,  b u t  t h a t  t he  s t r a t i g r a p h i c  b a s i s  de r ived  

from terrestrial  obse rva t ions  i s  sound. No sweeping r e v i s i o n s  of 

the s t r a t i g r a p h i c  b a s i s  of r e g i o n a l  l una r  geology are foreseen .  

One of t he  pre-Lunar O r b i t e r  s i t e  r e p o r t s  i s  presented  here .  

It covers  an a r e a  f o r  which the  amount and q u a l i t y  of t e r r e s t r i a l l y  

der ived  informat ion  were about  average. Reports on the  o t h e r  

e i g h t  s i tes  appeared as Technical  L e t t e r s  Astrogeology 14 through 

21. . 



PRE-FLIGHT EVALUATION OF LUNAR ORBITER SITE A - 1  

By T e r r y  W. O f f i e l d  

INTRODUCTION 

The c e n t e r  of s i t e  A - 1  is a t  l a t  0'50' S. and long 42'20' E. 

The a r e a  eva lua ted  i s  a r e c t a n g l e ,  about 40 x 120 km, s l i g h t l y  

l a r g e r  t h a n  t h e  p r o j e c t e d  O r b i t e r  photograph coverage a t  8-meter 

r e s o l u t i o n .  This  r e c t a n g l e  i s  inc l ined  12'00' c lockwise w i t h  

r e s p e c t  t o  t h e  l u n a r  equator .  

Informat ion  from a v a i l a b l e  geologic  and t e r r a i n  maps ( E l s t o n ,  

1965; Holm, Rowan, and McCauley, 1966) h a s  been somewhat updated 

f o r  t h i s  r e p o r t  by t e l e s c o p i c  observa t ion  and s t u d y  of r e c e n t  good- 

q u a l i t y  photographs.  The b e s t  photographs of t h e  s i t e  are C a t a l i n a  

731 and 696 and Lowell L7-193-6-1; C a t a l i n a  103, 223, and 226 o f f e r  

b e t t e r  r e s o l u t i o n  of a f e w  s p e c i f i c  f e a t u r e s .  The photographic  

r e s o l u t i o n  i s  about  1 km o r  s l i g h t l y  b e t t e r .  

GEOLOGY 

Regional S e t t i n g  

S i t e  A - 1  l i es  h a l f  i n  Mare F e c u n d i t a t i s  and h a l f  i n  t h e  up- 

l ands  t h a t  s e p a r a t e  i t  from Mare T r a n q u i l l i t a t i s  ( f i g .  1). 

Crater S e c c h i  X i s  t h e  most praminent f e a t u r e  i n  t h e  mare p a r t  

of t h e  s i t e .  A t  s l i g h t l y  b e t t e r  than 1-km r e s o l u t i o n ,  about  40 

p e r c e n t  of t h e  mare area around Secchi  X i s  v i r t u a l l y  f e a t u r e l e s s .  

The remainder i s  c h a r a c t e r i z e d  by low r i d g e s ,  p r i n c i p a l l y  t h e  

subdued r i m  of a l a r g e  crater  o l d e r  than t h e  mare f i l l i n g .  

l a r g e  low domes, one of  which seems t o  have a summit c r a t e r ,  occur  

w i t h i n  t h i s  o ld  c r a t e r ,  and t h e  w e s t  r i m  of  t h e  c r a t e r  i s  c u t  by 

a r i l l e  connec t ing  two small domes. 

Two 
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A s t r a i g h t  r i l l e  about  h a l f  a mile wide c r o s s e s  the  n o r t h e a s t  

co rne r  of t he  s i te .  

The upland area i s  300-600 meters  above the  gene ra l  mare l e v e l  

and i t s  maximum r e l a t i v e  r e l i e f  i s  about 300 meters (ACIC LAC 79 ,  

contour  d a t a ) .  The mare-uplands con tac t  i s  g e n e r a l l y  sharp  b u t  

v a r i e s  i n  c h a r a c t e r  from a steep s c a r p  t o  a change from smooth 

mare t o  r e l a t i v e l y  low-lying hummocky upland materials. The 

uplands f r o n t  i s  broken a t  t h e  c e n t e r  of t h e  s i t e ,  and the  indenta-  

t i o n  i s  f i l l e d  by a low dome t h a t  has  a summit crater connected by 

a small r i l l e  t o  a t  least  two o t h e r  c r a t e r s .  

The northwest  edge of t h e  s i t e  extends i n t o  t h e  c r a t e r  Lubbock 

P ,  which opens northwestward i n t o  Mare T r a n q u i l l i t a t i s ;  t he  f l o o r  

of t he  c r a t e r  i s  the  d a r k e s t  area i n  the s i t e .  The moderately 

s t e e p  eas t  w a l l  of Lubbock P appears  t o  have been modified by 

f a u l t s  and slumping. 

General  S t r a t i g r a p h y  

The o l d e s t  geologic  u n i t s  a r e  the  pre-Imbrian Censorinus and 

Secchi  Formations of the  uplands ( f i g .  2 ) ,  both  i n t e r p r e t e d  by 

E l s t o n  (1965) t o  be ejecta depos i t ed  dur ing  t h e  excava t ion  of mare 

b a s i n s  t o  the  no r th  and east. The Censorinus Formation is  char-  

a c t e r i z e d  by broadly  undula t ing  s u r f a c e s ,  s t e e p  s lopes  a t  p l a c e s ,  

and r e l a t i v e l y  high albedo. Old c r a t e r s  i n  t h e  Censorinus Forma- 

t i o n  are g r e a t l y  ,modified i n  form. The Secch i  Formation is younger 

than t h e  Censorinus Formation, i s  undula tory  on a smaller scale 

( 2  km), and has a lower albedo. I t  may be p a r t l y  v o l c a n i c  i n  

o r i g i n .  

Un i t s  of u n c e r t a i n  age (pre-Imbrian-Eratosthen-an?) t h a t  are 

probably vo lcan ic  have been s p l i t  from E l s t o n ' s  (1965) Secchi  Form- 

a t i o n  on the  bas i s  of new information.  One such u n i t  is  the  

c r a t e r e d  dome a t  the  embayment i n  the uplands  f r o n t ,  which s t r o n g l y  

resembles a s h i e l d  volcano;  its ma te r i a l  merges eastward wi th  the  

mare m a t e r i a l  without  a n o t i c e a b l e  break. Another probable  vo l -  

c a n i c  u n i t  i s  the  s l i g h t l y  hummocky to  smooth upland-p la ins-  

forming u n i t  des igna ted  I p I s  i n  f i g u r e  2. I n  t h e  uplands j u s t  
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south of t he  s i t e  a t  l e a s t  two o t h e r  d i s t i n c t i v e  probably  v o l c a n i c  

b l anke t ing  u n i t s  can be d e f i n e d ;  one of t h e s e  i s  n o t i c e a b l y  dark.  

The mare f i l l i n g  i s  cons ide red  t o  be v o l c a n i c  material of 

Irnbrian age t h a t  covers  b u t  does n o t  comple te ly  subdue t h e  r i m  

of a l a r g e  o l d e r  c r a t e r .  Domes wi th  and wi thout  v i s i b l e  summit 

c r a t e r s  occur  on the  mare s u r f a c e s ;  t h e s e  are des igna ted  EId i n  

f i g u r e  2 and are e a s i l y  seen  i n  f i g u r e  3.  The l a r g e  domes may b e  

volcanoes o r  expres s ions  of subsu r face  i n t r u s i o n s .  The smaller, 

sharper  domes may be v o l c a n i c  p lug  domes. 

known post-mare age ,  b u t  may be r e l a t e d  i n  t i m e  t o  t he  probable  

vo lcan ic  u n i t s  of  t he  uplands. Mare r i d g e s  are probably  expres-  

s ions  of subsur face  i n t r u s i o n s .  Crater Secch i  X is r e l a t i v e l y  

sharp rimmed b u t  r a y l e s s .  It i s  cons idered  t o  be E r a t o s t h e n i a n ,  

w i t h  b r i g h t  i nne r  s l o p e s  formed by mass was t ing  d u r i n g  Coperni- 

can time. 

The domes are of un- 

On t h e  b e s t  full-moon photographs,  most of t h e  mare area of 

the  s i t e  is  weakly t o  moderately b r i g h t  owing t o  v a r i a b l e  b u t  

ub iqu i tous  "ray" s c a t t e r  ( f i g .  4 ) .  The e a s t e r n  edge of t h e  s i t e  

i s  w i t h i n  a wel l -def ined  r a y  of Ta run t ius .  

i s  a ve ry  s t r a i g h t  r a y  of Messier A. 

dark  mare occur i n  t h e  s o u t h e a s t  p a r t  of t h e  s i t e  n e a r  t h e  junc- 

t i o n  of t h e  Ta run t ius  and Messier r ays .  

J u s t  sou th  of t he  s i t e  

Two s m a l l  areas of f a i r l y  

F igu re  4 c l e a r l y  shows t h e  v a r i a t i o n  i n  a lbedo  i n  t h e  up lands ,  

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

i n  albedo i n  t h e  mare is  r e l a t e d  t o  "ray" s c a t t e r  and, t h e r e f o r e ,  

probably t o  v a r i a t i o n  i n  crater  frequency. Four f a i r l y  d i s t i n c t  

b r i g h t n e s s  s u b u n i t s ,  ranging  from d a r k  mare t o  s t r o n g l y  developed 

r a y ,  may be de f ined  i n  t h e  mare p o r t i o n  of t h e  si te.  The a lbedo  

v a r i a t i o n s  desc r ibed  are n o t  ve ry  e v i d e n t  i n  t h e  contoured r e l a -  

t i v e  a lbedo  u n i t s  oE f i g u r e  5 ,  which, i n s t e a d ,  v e r y  c l o s e l y  r e f l e c t .  

topography. The r e l a t i v e  a lbedo  u n i t s  range from 5 t o  25. I n  

o the r  s i t e s  t h e  d a r k e s t  r e l a t i v e  u n i t  i s  -1 and t h e  b r i g h t e s t  3 5 .  



F i g u r e  3.--Geologic and topographic d e t a i l  p a r t l y  annotated on 

u n r e c t i f i e d  photograph. Un i t s  compare wi th  f i g u r e  2. Photo- 

graph by C a t a l i n a  Observatory. 
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Figure 4.  --Full-,moon photograph of s i t e  A-1;  note r ay  s c a t t e r  in 'mare 

and albedo v a r i a t i o n  i n  uplands.  
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t 

I n f r a r e d  ,measurements r epor t ed  by S a a r i  and S h o r t h i l l  (1966) 

show t h a t  c r a t e r  Secchi  X i s  a s t r o n g  p o s i t i v e  thermal  anomaly 

and crater  Lubbock P i s  thermal ly  nega t ive  r e l a t i v e  t o  t h e  ad ja -  

cent uplands and 'mare. 

S t r u c t u r a l  Geology 

Linear  f e a t u r e s  ( f i g .  2) i nc lude  f a u l t s ,  r i l l es ,  c h a i n  craters,  

and i r r e g u l a r  troughs.  Lubbock P and a smaller crater nearby i n  

the uplands are c u t  and somwhat modif ied i n  o u t l i n e  by prominent 

f a u l t s .  Ri l les  i n  both  uplands and 'mare connect  craters o r  domes 

and appear  t o  te rmina te  i n  c h a i n  craters. 

trend n o r t h ,  n o r t h e a s t ,  and northwest  matching well-known g l o b a l  

1 ineament sys  terns. 

The l i n e a r  f e a t u r e s  

T e r r a i n  Analys is  

F igure  6 shows t h e  d e t a i l e d  subd iv i s ion  of t e r r a i n  u n i t s  i n  

s i t e  A-1. 

f o r  s t a t i s t i c a l  comparison ( f i g .  7) :  smooth mare; low r i d g e s ,  

inc luding  the  r i m  of t h e  l a r g e  crater and t h e  area w i t h i n  the  

c r a t e r ;  crater Secchi  X ;  a r e l a t i v e l y  sha rp  s i n g l e  r i d g e  p a r a l l e l  

t o  the  mare-uplands con tac t .  

(exc luding  Secch i  X) t he  mare t e r r a i n  u n i t s  are similar. S lopes  

of more than  2" are uncommon and occur  on ly  i n  t h e  r i d g e s  and t h e  

old c r a t e r - r i m  area. The s t anda rd  d e v i a t i o n  of 0.88 f o r  t he  t o t a l  

mare a r e a  f a l l s  i n  the  t e r r a i n  ca t egory  of smooth mare ( f i g .  9 ) .  

Three types  of t e r r a i n  i n  the  mare area were de f ined  

F igu re  8 and t a b l e  1 show t h a t  

Usefu l  s t a t i s t i ca l  d a t a  f o r  t e r r a i n  subareas  ( f i g .  7) i n  t h e  

uplands of s i t e  A-1  are no t  a v a i l a b l e .  The suba reas ,  however, 

were def ined  from s t u d y  of good photographs,  and morphologic 

comparisons can  be made. 

b i sec t ed  by a l i n e  of craters. 

a r e  g e n t l e  and appear  t o  be f a i r l y  smooth. 

smooth t o  s l i g h t l y  hummocky, broken i n  one p l a c e  by a r i l le .  

i s  lower than t h e  surrounding uplands and h ighe r  t han  t h e  ad ja -  

cen t  f l a n k  of t he  probable  volcano,  

most d i v e r s e  uplands t e r r a i n  sample. It inc ludes  r i d g e s  and l i n e a r  

Subarea 5 i s  probably  a s h i e l d  volcano 

The s lopes  of t h i s  domical f e a t u r e  

Subarea 6 i s  a p l a i n ,  

It 

Subarea 7 i s  the  l a r g e s t  and 
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t roughs ,  modified old c r a t e r s ,  and broadly  undu la t ing  p l a t e a u s ,  

and i s  e v i d e n t l y  s t r u c t u r a l l y  complex. Subarea 8 i s  a r c u a t e ,  

hummocky, c r a t e r e d ,  and lower than  t h e  surrounding t e r r a i n .  Sub- 

area 9 i s  t h e  smooth, d a r k ,  mare-covered f l o o r  of Lubbock P crater. 

Apparent ly  i t  i s  crossed  by a f a u l t  and covered w i t h  slump materials 

a t  the  e a s t e r n  edge. No craters wi th  Era tos then ian  o r  Copernican 

c h a r a c t e r i s t i c s  a r e  v i s i b l e  i n  t h e  uplands. 

The mare of subarea  1 and l a r g e  p a r t s  of suba rea  2 ( f i g .  7) 

a t  l-km r e s o l u t i o n  appears  s u i t a b l e  f o r  Apollo landings .  However , 
t h e  d i f f u s e  b r i g h t n e s s  of t h e  mare i s  probably due t o  a h igh  d e n s i t y  

of s m a l l  c r a t e r s  i n  most of t h e  area. If so ,  t h e  s u r f a c e  may be 

bad ly  churned up, and t h e r e f o r e  rougher and p o s s i b l y  less f i r m  

than  the  r e l a t i v e l y  d a r k e r  mare on which Surveyor I landed. The 

p l a i n s  and somewhat rounded p l a t e a u  a r e a s  i n  t h e  uplands o f f e r  

p o s s i b l e  emergency landing  sites. 

Table 1.--Slope s t a t i s t i c s  f o r  mare area 

Slope  - 
Ab 

1 234 0.69 15 1.00 0.54 

2 374 .86  16 1.35 .72 

0 x 
Subarea Number & r e v e r s a l  (percent )  10-90 p e r c e n t  

4 33 .69 24 1.55 .67 

A l l  'mare *775 .88 17 1.75 .69 

*Inc ludes  subarea  3 ,  and ve ry  small area of a d j a c e n t  uplands.  

SUMMARY 
S i t e  A-1  l i e s  h a l f  i n  mare and ha l f  i n  uplands. F e a t u r e s  of 

t he  mare p a r t  i nc lude  smooth mare, r i d g e s ,  bur ied  o r  subdued o l d  

c r a t e r  r i m s ,  domes, a n  Era tos then ian  c r a t e r ,  r i l l e s ,  and v a r i a t i o n  

from d a r k  mare t o  s t r o n g  r a y  a r e a s .  Upland f e a t u r e s  inc lude  p l a -  

t e a u s ,  r i d g e s  and t roughs ,  smooth t o  hummocky p l a i n s ,  a probable  

s h i e l d  volcano ,  cha in  craters and r i l les ,  and .modified o ld  craters.  

The mare-uplands c o n t a c t  i s  v a r i a b l e ,  p robably  bo th  s t r u c t u r a l  and 
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d e p o s i t i o n a l  i n  n a t u r e ,  and w i l l  be ve ry  i n t e r e s t i n g  t o  s tudy  a t  

O r b i t e r  photographic  r e s o l u t i o n .  

i n  both  mare and uplands ,  and O r b i t e r  photographs should enable  

l i n k i n g  t h e s e  v a r i a t i o n s  t o  d i f f e r e n c e s  in .uplands  geo log ic  u n i t s  

and t o  s u r f a c e  c h a r a c t e r i s t i c s  i n  the  mare. 

Albedo v a r i a t i o n s  a r e  conspicuous 

For Apollo l and ings ,  t h e  smooth mare areas are the  b e s t  pos- 

s i b i l i t y .  A l t e r n a t e  landing  a r e a s  could inc lude  r i d g e  a r e a s  i n  

t h e  mare and the  p l a i n s  and p l a t e a u s  of the  uplands. 

F e a t u r e s  of cons ide rab le  geo log ic  i n t e r e s t  which w i l l  be 

prominent i n  t h e  O r b i t e r  p i c t u r e s  are a s  fo l lows :  

1. R i l l e  i n  n o r t h e a s t  co rne r  of s i t e ,  e s p e c i a l l y  i f  coverage 

inc ludes  c r a t e r  c h a i n  a t  sou theas t  end of sha rp  r i l l e .  

2. Subdued r i m  of l a r g e  o ld  crater i n  mare ( t h e  one wi th  Secch i  X 

on i t s  n o r t h e a s t  corner )  and dames w i t h i n  t h e  c r a t e r .  

3 .  Mare r i d g e  and a d j a c e n t  mare-uplands c o n t a c t .  

4.  Dame (cone?) w i t h  summit crater(s) and r i l l e  ( c h a i n  c r a t e r ? )  

I 
l e a d i n g  northeastward fram summit. S l i g h t l y  w e s t  and n o r t h  

of c e n t e r  of s i te .  

5. P o s i t i v e  f e a t u r e  w i t h  p o s s i b l e  lobe ex tend ing  east  and r i l l e  
I 

ex tend ing  south-southwest from it. South of uplands promon- 

t o r y  i n  c e n t e r  of s i te .  

6. D i v i s i o n  of uplands: Dominant smooth b r i g h t  up lands ,  i n  p a r t  

w i t h  l i n e a r  t roughs ;  hummocky da rke r  u n i t  ( southwes t  c o r n e r  

of s i t e ) ;  smooth t o  s l i g h t l y  hummocky p la ins- forming  u n i t ,  

c u t  by r i l l e  (nor thwes t  of dame w i t h  summit c r a t e r ;  a t  n o r t h  

edge i n  w e s t  h a l f  of s i te ) .  

7 .  Lubbock P c r a t e r ;  da rk  f l o o r  except s o u t h e a s t  of l ineament 

which c u t s  a c r o s s  s o u t h e a s t  corner  of c r a t e r .  

8. Lineaments i n  uplands. 

9 .  Cha rac t e r  of d i f f u s e l y  b r i g h t  ( s c a t t e r e d  r ay? )  a r e a s  i n  mare. 
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