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ABSTRACT 

This MSFC r e p o r t  on the  luna r  environment r ep resen t s  t he  f i r s t  of a 
s e r i e s  of r e p o r t s  e n t i t l e d  Space Environment C r i t e r i a  Guidel ines .  
Subsequent r e p o r t s  w i l l  d i s cuss  mat ters  p e r t i n e n t  t o  o the r  space 
environments inc luding  (1) the  e a r t h ' s  atmosphere above 100 km; (2) the  
atmosphere and s u r f a c e  of Mars; (3) the  atmosphere of Venus; ( 4 )  t he  
r a d i a t i o n  environment of space; (5) the meteoroid environment of space; 
and ( 6 )  the  magnetic and g r a v i t a t i o n a l  f i e l d s  of the e a r t h ,  moon, and 
the  p lane ts .  The p resen t  s tudy  and these f u t u r e  s t u d i e s  are intended 
f o r  use by MSFC i n  f u t u r e  lunar  and space programs. These s t u d i e s  a s  
p re sen t ly  envisaged w i l l  compliment work being done on space environ- 
ments a t  o the r  government and cont rac tor  f a c i l i t i e s .  

Under t h e  heading of l una r  topographic f e a t u r e s  comparative 
ana lyses  have been made of s e v e r a l  geologica l  c l a s s i f i c a t i o n s  of lunar  
f e a t u r e s  based on i n f e r r e d  age r e l a t ionsh ips .  Also, a d i scuss ion  of 
t h e  major landforms, Continents and Maria, is included. The g e n e t i c  
c l a s s i f i c a t i o n ,  based on in fe r r ed  geological  o r i g i n  of the  va r ious  
luna r  landforms , a t tempts  t o  compare by analogy c e r t a i n  luna r  f e a t u r e  
wi th  t h e i r  i n t e r p r e t e d  t e r r e s t r i a l  counterpar t s .  

* Engineering S p e c i a l i s t ,  Brown Engineering Company. 
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Since des ign  c r i t e r i a  f o r  a s t a t i o n a r y  v e h i c l e  w i l l  no t  s u f f i c e  
f o r  fu tu re  missions involving mob i l i t y ,  t h i s  r e p o r t  provides design 
c r i t e r i a  parameters f o r  both mobile and s t a t i o n a r y  veh ic l e s .  A need 
e x i s t s  f o r  r e l i a b l e  smal l  s c a l e  da t a  t o  ob ta in  a luna r  s u r f a c e  c r i t e r i a  
based on “rea l -case”  condi t ions  in s t ead  of “worst-case” assumptions.  

, 

, 
I 

> ~ ~~ 

A d e l i b e r a t e  a t tempt  has been made t o  be o b j e c t i v e  and t o  draw 
I from the  e n t i r e  spectrum of lunar  geo log ica l  knowledge some s p e c i f i c  

conclusions regarding the  somewhat c o n t r o v e r s i a l  o r i g i n s  of lunar  
f e a t u r e s .  A p r a c t i c a l  approach has  been taken i n  i d e n t i f y i n g  c e r t a i n  
f e a t u r e s  as predominantly impact i n  o r i g i n  versus  vo lcan ic  s i n c e  ‘ i t  is 
r e a l i z e d  t h a t  many dec is ions  have t o  be made now regard ing  f u t u r e  lunar  
s u r f a c e  vehic les  and missions.  An independent judgment has been made 
concerning the  g e n e t i c  s i g n i f i c a n c e  of c e r t a i n  luna r  f e a t u r e s  and i n  
such cases the  a u t h w s  of t h i s  r e p o r t  assume f u l l  r e s p o n s i b i l i t y  f o r  
t h e i r  t e n t a t i v e  conclusions.  
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TECHNICAL MEMORANDUM X-53124 

LUNAR ENVIRONMENT: AN INTERPRETATION OF THE 
SURFACE OF THE MOON AND ITS ATMOSPHERE 

SUMMARY 

This r e p o r t  on t h e  lunar  environment is the  f i r s t  of a series of 
r e p o r t s  e n t i t l e d  Space Environment Criteria Guidel ines .  Subsequent 
r e p o r t s  w i l l  d i s cuss  mat te rs  p e r t i n e n t  t o  o t h e r  space environments 
inc luding  (1) t h e  earth, 's  atmosphere above 100 km; (2) the  atmosphere 
and s u r f a c e  of Mars; (3) the  atmosphere of Venus; ( 4 )  t he  r a d i a t i o n  
environment of space; (5) t h e  meteoroid environment of space;  and ( 6 )  
t he  magnetic and g r a v i t a t i o n a l  f i e l d s  of t h e  e a r t h ,  moon, and t h e  p l ane t s .  
The p resen t  s tudy  and these  f u t u r e  s t u d i e s  are  intended f o r  use by MSFC 
i n  f u t u r e  luna r  and space programs. These s t u d i e s  as p r e s e n t l y  envisaged 
w i l l  complement work being done on spa'ce environments .a t  o t h e r  government 
and con t r ac to r  f a c i l i t i e s .  

Under t h e  heading of l una r  topographic f e a t u r e s ,  comparative 
ana lyses  have been made of s e v e r a l  geologica l  c l a s s i f i c a t i o n s  of l una r  
f e a t u r e s  based on i n f e r r e d  age r e l a t i o n s h i p s .  Also,  a d i scuss ion  of 
t he  major landforms, Continents and Maria, is included. The g e n e t i c  
c l a s s g f i c a t i o n ,  based on i n f e r r e d  geologica l  o r i g i n  of t he  va r ious  
luna r  landforms, a t t e m p t s  t o  compare by analogy c e r t a i n  luna r  f e a t u r e s  
wi th  t h e i r  i n t e r p r e t e d  terrestrial  counterpar t s .  

A d e l i b e r a t e  a t tempt  has been made t o  be ob jec t ive  and t o  draw 
from the  e n t i r e  spectrum of lunar  geological  knowledge some s p e c i f i c  con- 
c lus ions  regard ing  the  somewhat con t rove r s i a l  o r i g i n s  of l una r  f e a t u r e s .  
A p r a c t i c a l  approach has been taken i n  i d e n t i f y i n g  c e r t a i n  f e a t u r e s  as 
predominantly impact i n  o r i g i n  versus  vo lcan ic  s i n c e  i t  is r e a l i z e d  t h a t  
many dec i s ions  have t o  be made now regarding f u t u r e  lunar  s u r f a c e  
v e h i c l e s  and missions.  An independent judgment has been made concern- 
ing t h e  g e n e t i c  s i g n i f i c a n c e  of c e r t a i n  luna r  f e a t u r e s ,  and i n  such 
cases  the  au thors  of t h i s  r e p o r t  assume f u l l  r e s p o n s i b i l i t y  f o r  t h e i r  
L 3 l I L c l L L V C  LUIICLUb LU113. 
+ - + ^ + J . . -  - - - - 1 - - - 2 - - -  

Since design c r i t e r i a  f o r  a s t a t i o n a r y  v e h i c l e  w i l l  n o t  s u f f i c e  f o r  
f u t u r e  missions involving mob i l i t y ,  t h i s  r e p o r t  provides des ign  c r i t e r i a  
parameters f o r  bo th  mobile and s t a t i o n a r y  veh ic l e s .  A need e x i s t s  f o r  
r e l i a b l e  s m a l l  s c a l e  da t a  t o  ob ta in  a l una r  s u r f a c e  c r i t e r i a  based on 
"real-case"  condi t ions  in s t ead  of "worst-case" assumptions.  

This r e p o r t  was prepared under NASA Government order  No. NAS8-5285. 



I. INTRODUCTION c 

Present ly ,  t he  moon and i t s  a s soc ia t ed  problems occupy a s i g n i f i c a n t  

must be provided t o  the  s i g n i f i c a n t  problems regard ing  t h e  moon's s u r f a c e  
i f  adequate des ign  c r i t e r i a  are t o  be  e s t a b l i s h e d  f o r  f u t u r e  luna r  
explorat ion.  This document provides t h e  des igner  of bo th  luna r  co lonies  
and roving v e h i c l e s  wi th  the  s t a t e  of t he  a r t  i n  luna r  technology i n  the  
s d b j e c t s  most s i g n i f i c a n t  f o r  t h e i r  p a r t i c u l a r  des ign  purposes. 
i t  i s  expected t h a t  t h i s  document w i l l  be  use fu l  t o  those  ind iv idua l s  
charged with the  r e s p o n s i b i l i t y  f o r  f u t u r e  lunar  mission s t u d i e s .  

p o r t i o n  of t h e  r e sea rch  e f f o r t  i n  t he  space  sc iences .  D e f i n i t e  answers 1 

Secondly, 

An a t t e m p t  is  made a t  o b j e c t i v i t y  s i n c e  some of the  luna r  problems 
are of a cosmological na tu re  and o the r s  are  of an  engineer ing na ture .  
That there  should be a d i s t i n c t i o n  between these  two broad f i e l d s  of 
r e sea rch  is n o t  only s i g n i f i c a n t ,  b u t  necessary i f  a proper conceptual 
engineering des ign  is t o  be achieved a t  t h i s  s t a g e  i n  lunar  explora t ion .  

11. STATEMENT OF THE PROBLEM AREAS 

A s  of t he  time of t h i s  w r i t i n g ,  t he  design parameters f o r  P r o j e c t  
Apollo have a l r eady  been def ined  and no s i g n i f i c a n t  new knowledge con- 
cerning the luna r  environment has been obtained s i n c e  the  des ign  
c r i t e r i a  f o r  the Apollo Lunar Excursion Module (LEM) were put  i n t o  
e f f e c t . l  However, t h i s  i s  only a temporary condi t ion ,  and wi th  the  
success fu l  l una r  landing of f u t u r e  Ranger and Surveyor s p a c e c r a f t ,  t h i s  
s i t u a t i o n  should change r ap id ly .  

A t  the p re sen t  time, i t  might be e a s i e r  t o  compile a l i s t  of what 

For example, i n  t he  area of cosmological problems, w e  do not know 
we do no t  know about t he  moon than t o  compile one of what w e  know about  
it. 
(1) t h e  chemical composition, (2) t he  exac t  mechanism of c r a t e r  o r  Maria 
formation, (3)  t he  d e n s i t y  and thermal d i s t r i b u t i o n  of t he  i n t e r i o r ,  (4) 
t he  ex i s t ence  of water o r  o t h e r  minera ls  r equ i r ed  f o r  t h e  sus tenance  of 
l i f e ,  o r  (5) the  t r u e  na tu re  of t h e  sma l l - sca l e  f e a t u r e s  of l una r  su r -  
f ace ,  e.g., d u s t ,  v e s i c l e s ,  " f a i r y  c a s t l e , "  s u r f a c e  roughness,  hardness ,  
etc. 

IOn t h e  morning of J u l y  31, 1964, t he  Ranger V I 1  s u c c e s s f u l l y  re layed  
back t o  e a r t h  the  f i r s t  close-up photographs of t he  l u n a r  su r face .  The 
r e s o l u t i o n  of these  photographs is es t imated  as 2000 t i m e s  b e t t e r  than 
t h e  b e s t  ear th-based photographs. These photographs and t h e i r  implica- 
t i o n s  of t h e  luna r  s u r f a c e  sma l l - sca l e  s t r u c t u r e  and engineer ing  param- 
eters w i l l  be  d iscussed  i n  Sec t ion  V I 1 1  of t h i s  r epor t .  

2 



\ The major engineer ing problem encountered i n  e s t a b l i s h i n g  luna r  
s u r f a c e  des ign  c r i t e r i a  is t h a t  too l i t t l e  is known concerning the  small- 
s c a l e  f ea tu res .  I f  a conserva t ive  view is adopted and the  engineer  t r i e s  
t o  design f o r  a "worst-case" moon, it has been assumed t h a t  t he  two main 
problems are an  abnormally low bearing s t r e n g t h  exh ib i t ed  by t h e o r e t i c a l  
types of l una r  s o i l  models and a r e l a t i v e l y  h igh  percentage of t h e  s u r -  
f a c e  covered by s lopes  of more than 15 degrees  i n  the  landing area 
caused by l o c a l  protuberances , e.g., boulders  , c r a t e r  p i t s  , e t c .  The 
Apollo design c r i t e r i a  are b a s i c a l l y  f o r  a Lunar Excursion Module (LEN) 
which can land and t ake  o f f  on a ttworst-case" moon without  tu rn ing  over  
due t o  landing on a h igh  s l o p e  o r  s ink ing  deeply i n t o  a s t r u c t u r a l l y  
weak s o i l  mixture.  However, the  Apollo des ign  and engineer ing param- 
eters may no t  be s a t i s f a c t o r y  f o r  f u t u r e  s c i e n t i f i c  missions because 
t h e  LEM v e h i c l e  is designed only t o  land and take  o f f  on t h e  luna r  s u r -  
face.  
t r u e  r e g a r d l e s s  of whether a mobile l abora to ry  o r  a luna r  base is 
e s t a b l i s h e d  as the Apollo follow-up mission.  

The post-Apollo des ign  must a l low f o r  mobi l i ty .  This w i l l  be  

As  soon as t h e  post-Apollo mission concept is def ined ,  i t  w i l l  be  
necessary t o  re-examine t h e  Apollo lunar  s u r f a c e  des ign  c r i t e r i a  based on 
the  new mission concept and objec t ives .  Hopefully,  by t h a t  t i m e ,  our  
knowledge of the luna r  environment w i l l  have progressed s u f f i c i e n t l y  so  
that des ign  parameters may be based on t h e  rea l i t i es  t h a t  exis t  f o r  t h e  
luna r  s u r f a c e ,  r a t h e r  than on "worst-case," engineer ing expediencies .  
A des ign  based on a "real-case"  moon would o f f e r  much more f l e x i b i l i t y  
and a d a p t a b i l i t y  than could ever be a f fo rded  by a t h e o r e t i c a l  l una r  s u r -  
f a c e  model. 

To be  s u r e ,  environmental problems exist  on t h e  moon o t h e r  than  
those  a s soc ia t ed  wi th  the moon's surface.  
t o  t h e  moon's meteoroid,  r a d i a t i o n  and thermal environments. The moon's 
t o t a l  environment is t h e  sum of these d i s c r e t e  environments. However, 
t h i s  document d e a l s  p r imar i ly  wi th  the  s u r f a c e  environments and atmos- 
phere. The moon's r a d i a t i o n  and meteoroid environment w i l l  be included 
i n  f u t u r e  s e c t i o n s .  

These problems are r e l a t e d  

% n i t i a l  r e s u l t s  from Ranger V I 1  i nd ica t e  t h a t  only about  10 pe rcen t  of 
the  Kare s u r f a c e  is covered by  crater plts arid rock f r a g m i i t s  and t h a t  
t h e  percentage of crater p i t s  and rock fragments i n  t h e  l u n a r  r ays  is 
s u f f i c i e n t l y  h igh  enough t o  preclude s e l e c t i n g  landing si tes on them. 
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One of the  main problems f ac ing  the  systems des igner  is eva lua t ing  
t h e  var ious envi ronmenta l . fac tors  i n  terms of f u t u r e  system design.  This 
type of eva lua t ion  w i l l  l i k e l y  be made on the  b a s i s  of engineer ing t rade-  
o f f s .  For example, t he  r a d i a t i o n  and meteoroid environments w i l l  r e q u i r e  
more cons idera t ion  i n  terms of s h i e l d i n g ,  gross  weight,  e t c . ,  f o r  manned 
missions than f o r  unmanned ones. This document does not  a t tempt  t o  
d e f i n e  s p e c i f i c  parameters f o r  design s i n c e  these  w i l l  vary  from m i s -  
s i o n  t o  mission. In s t ead ,  a broad coverage of a l l  lunar  s u r f a c e  environ- 
mental  parameters as they are known today is presented.  

Where t h e r e  a r e  d i f f e rences  of opinion o r  where a c r i t e r i o n  is based 
on an  i n t e r p r e t a t i o n  of cosmological arguments, e.g., the  l o g i c a l  con- 
sequences of impact versus  vo lcan ic  o r i g i n  of major l una r  f e a t u r e s ,  t h i s  
document w i l l  i d e n t i f y  these  opinions and i n t e r p r e t a t i o n s .  In  f a c t ,  the  
problem of i n t e r p r e t a t i o n  is  of such fundamental importance t h a t  a 
d e l i b e r a t e  a t tempt  has been made t o  s e p a r a t e  the  luna r  s u r f a c e  f e a t u r e s  
i n t o  a number of d i s t i n c t  ca t egor i e s ,  e.g., a c l a s s i f i c a t i o n ,  based on 
several schemes. It is hoped t h a t  t h i s  method of a n a l y s i s  w i l l  no t  only 
he lp  t h e  designer  avoid t h e  handicap of "hazy" th inking  a s soc ia t ed  wi th  
mixing unre la ted  concepts,  bu t  t h a t  a t  the same t i m e  i t  w i l l  l a y  the 
foundation f o r  a poss ib l e  g e n e t i c  c l a s s i f i c a t i o n  of lunar  f e a t u r e s .  A 
g e n e t i c  c l a s s i f i c a t i o n  w i l l  r e s u l t ,  no t  only i n  b e t t e r  des ign  concepts,  
b u t  a l s o  i n  a b e t t e r  understanding of the moon as a body of s c i e n t i f i c  
i n t e r e s t .  

The philosophy adopted i n  t h i s  gu ide l ine  is t h a t  design c r i t e r i a  
are much more e f f e c t i v e  as they approach the  t r u e  condi t ions  t h a t  they 
are intended t o  descr ibe .  In  l i e u  of s u f f i c i e n t  knowledge of a s u b j e c t ,  
e.g. , small-scale  s t r u c t u r e  of t he  moon's s u r f a c e ,  assumptions must be 
made regarding the  na tu re  of t he  moon's su r f ace .  
importance t h a t  we be aware whether we are dea l ing  wi th  a known condi- 
t i o n  o r  an assumed one. It is intended t h a t  the  ana lyses  of the lunar  
s u r f a c e  on the  following pages l ead  t o  a c l e a r e r  understanding of both 
of t hese  condi t ions.  

It is of t he  utmost 

111, LUNAR ATMOSPHERE 

It has been s t a t e d  numerous t i m e s  t h a t  t he  moon has a tenuous 
atmosphere. Cer ta in ly  by comparison t o  the  e a r t h ' s  atmosphere, t h i s  is 
a t r u e  s ta tement  and the  atmosphere on the  moon could more a p p r o p r i a t e l y  
be compared t o  the  vacuum of space wi th  a l l  of i t s  a s s o c i a t e d  problems, 
e.g., subl imat ion of l u b r i c a n t s  and some polymeric materials, and vapor i -  
z a t i o n  of l i q u i d s .  Other problems a s soc ia t ed  wi th  t h i s  environment 
involve heat  t r a n s f e r  under condi t ions  where t h e r e  a r e  no convection 
c u r r e n t s  and where conduction p r o p e r t i e s  a r e  n o t  w e l l  known. 
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SPECIES 

H2 

H2O 

co2 

Various 

A 1  1 
> 

It would be i n c o r r e c t  t o  s ta te  t h a t  t he  moon has no atmosphere 
s i n c e  some gaseous emissions have been de tec ted .  The pressures  and 
d e n s i t i e s  are very  low by e a r t h ' s  s tandards ,  and the  e f f e c t s  of t hese  
gases  on f u t u r e  des ign  w i l l  probably be  small. Judging from the  e f f e c t s  
of t h e  lunar  atmosphere as an a c t i v e  agent  of weathering on l a r g e  s c a l e  
luna r  s u r f a c e  f e a t u r e s ,  i t  may be s t a t e d  t h a t  t he  atmosphere w i l l  have 
a n e g l i g i b l e  e f f e c t  on f u t u r e  spacec ra f t  except  f o r  problems a s soc ia t ed  
wi th  the  e f f e c t s  of vacuum on components and m a t e r i a l s .  The l a c k  of 
atmosphere, fur thermore,  a l lows the  moon's s u r f a c e  t o  be f u l l y  exposed 
t o  t h e  e f f e c t s  of t he  r a d i a t i o n  and micrometeoroid environment, and f o r  
a l l  p r a c t i c a l  purposes,  t hese  environments may be regarded as g r e a t l y  
enhanced by comparison t o  t h e i r  e f f e c t s  on e a r t h .  

DENSITY, MOLECULES p e r  cm3 

0.12 105 

1.4 105  

1.4 - 3.4 105  

0.1 105 

3.5 105 
- 

c 

A. Densi ty  

Based on d e n s i t y  measurements involving r a d i o  star occu la t ions ,  
i t  has been determined t h a t  t h e  gas d e n s i t y  of t he  moon is less than 

The lowest  v a l u e  y e t  ob ta ined  using t h i s  method, which is  regarded as 
t h e  most s e n s i t i v e  a v a i l a b l e ,  is l e s s  than t i m e s  t h a t  of t h e  e a r t h  
va lue  [ l ] .  

and poss ib ly  t i m e s  t he  mean d e n s i t y  a t  t h e  e a r t h ' s  su r f ace .  

The r e s u l t s  of an  ana lys i s  by 'dpik [2]  of t h e  d e n s i t y  of the 
daytime luna r  atmosphere are shown i n  Table 1. 

B . Compos i t  ion  

Lunar gaseous composition has been es t imated  using t h e o r e t i c a l  

Other observers  have theor ized  t r a c e s  of SO2, Krypton 
cons ide ra t ion  by Gpik [2]  a s  cons is t ing  p r imar i ly  of H20 and C02 with  
some admixed H,. 
and Xenon due t o  outgassing of lunar volcanoes.  

C. P re s su re  

Lunar atmospheric pressure  is es t imated  a t  times t h e  
e a r t h ' s  mean sea level pressure .  
by 8 p i k  on t h e  composition of the  lunar  atmosphere [2] .  

Table 1 shows t h e . r e s u l t s  of a s tudy  
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D. Sources of Gases 

The sources  f o r  gases  on the luna r  s u r f a c e  a r e  e i t h e r  i n t e r n a l  
o r  ex terna l .  I n t e r n a l l y ,  gases  may r e s u l t  from outgass ing  due t o  lunar  
volcanism, o r  e x t e r n a l l y ,  they may r e s u l t  from the  dynamic i n t e r a c t i o n  
between s o l a r  wind protons o r  s o l a r  e lec t romagnet ic  r a d i a t i o n  wi th  the  
luna r  sur face  ma te r i a l s  o r  by outgassing of occluded gases  from lunar  
s o i l s  i n  vacuum. Present  i nd ica t ions  a r e  t h a t  l i t t l e  o r  no t r u e  cu r ren t  
vo lcan ic  a c t i v i t y  e x i s t s  on the  lunar  su r face .  One poss ib l e  except ion t o  
t h i s  l a t t e r  s ta tement  can be found i n  the  work of Sovie t  Astronomer D r .  
N.  A .  Kozyrev of the Pulkova Observatory. On the  n i g h t  of November 3,  
1958, Kozyrev observed gaseous emissions accompanied by a r edd i sh  glow 
from the  c r a t e r  Alphonsus which he recorded s p e c t r o  raphicaAly. 
i d e n t i f i e d  emission bands a r e  C, molecules a t  4735 H, 4713 A ,  and 4696 i, 
C, molecules a t  5165 8 ,  5130 8, and C, bands of comet s p e c t r a  a t  between 
4100 and 3950 [3] .  Although t h i s  information is s i g n i f i c a n t ,  i t  is 
no t  d e f i n i t i v e  s i n c e  the  r e s u l t s  have been i n t e r p r e t e d  i n  seve.ra1 ways. 
Those lunar s c i e n t i s t s  who regard volcanism a s  the  most s i g n i f i c a n t  
geologic  process on the moon consider  t h i s  a s  a s i g n i f i c a n t  lunar  erup- 
t i o n ,  while those s c i e n t i s t s  who be l i eve  t h a t  meteoroid impact is the  
ch ief  geologic  process argue t h a t  i t  could have been caused by impact of 
a carbide-containing meteoroid i n t o  a water-bear ing s o i l ,  o r  i t  could 
simply be due t o  the  r e l e a s e  of occluded gases  from m e t e o r i t i c  m a t e r i a l  
under high vacuum condi t ions ,  I n  a d d i t i o n ,  S h o r t h i l l  [4]  has r e c e n t l y  
noted tha t  the temperatures of the i n t e r i o r  of some luna r  c r a t e r s  a r e  
h igher  than the  ad jacen t  low-lying a reas  both before  and a f t e r  a luna- 
t i o n ,  This observa t ion  is  l ikewise  open t o  s e v e r a l  i n t e r p r e t a t i o n s .  

The 

i 

E.  Loss of Gases 

The moon's gene ra l ly  s l i g h t  atmosphere is  due t o  the  f a c t  t h a t  
i t s  low g r a v i t a t i o n a l  a c c e l e r a t i o n  al lows most gases  t o  achieve escape 
v e l o c i t y  e a s i l y .  K ine t i c  energy, imparted to the  molecules by thermal 
r a d i a t i o n ,  a c c e l e r a t e s  the  molecules t o  escape v e l o c i t i e s .  This process 
is more e f f e c t i v e  on l i g h t  gases  than the  heav ie r  ones,  and i t  is  gene ra l ly  
be l ieved  t h a t  the  l o s s  of gases  from the moon has occurred l a r g e l y  by t h i s  
process .  

IV.  TOPOGRAPHIC FEATURES 

A .  General Cons ide ra  t i ons  

Lunar topographic f e a t u r e s ,  l i k e  e a r t h  f e a t u r e s ,  lend themselves 
t o  seve ra l  methods of c l a s s i f i c a t i o n .  One type of landform c l a s s i f i c a t i o n  
is  based on in fe r r ed  age of the  lunar  f e a t u r e  i n  ques t ion ,  Observations 
of age r e l a t ionsh ip  a r e  use fu l  f o r  those ind iv idua l s  who a r e  i n t e r e s t e d  
i n  the  moon's geologic  h i s t o r y  and the n a t u r a l  consequences der ived  from 
a cons idera t ion  of the time and o r i g i n  of l una r  f e a t u r e s .  
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Another type of c l a s s i f i c a t i o n  is  based on the  s c a l e  of t he  
luna r  f e a t u r e  i n  quest ion.  Broadly speaking,  l una r  f e a t u r e s  are e i t h e r  
macroscopic o r  microscopic ,  depending on the  a b i l i t y  of a competent 
observer  t o  view them from a n  astronomical observatory.  
f e a t u r e s  are those  which can be seen and photographed under ord inary  
"seeing" condi t ions ,  and the  microscopic f e a t u r e s  are those  which are  
sma l l e r  than t h e  r e so lv ing  power of most te lescopes .  
of smal l - sca le  luna r  f e a t u r e s  a r e  in fe r r ed  and based l a r g e l y  on theo- 
re t ical  cons idera t ions .  For design purposes,  however, the microscopic  
f e a t u r e s  are of primary importance, and a t  p re sen t ,  t he  most s i g n i f i c a n t  
l una r  experiment would be  t o  increase our knowledge of t he  microscopic  
f ea tu res .  

The macroscopic 

The c h a r a c t e r i s t i c s  

A g e n e t i c  c l a s s i f i c a t i o n  of l una r  topographic f e a t u r e s  is based 
on t h e  i n t e r p r e t e d  geo log ica l  development of t h e  f e a t u r e  i n  quest ion.  
The s t a t e - o f - t h e - a r t  of l una r  technology is such t h a t  t he  major l una r  
landforms, i .e.,  c r a t e r s ,  Maria, e tc . ,  could have been formed by e i t h e r  
l a r g e  s c a l e  volcanism o r  ex tens ive  meteoroid bombardment i n  the  geo- 
l o g i c  p a s t .  The i s sues  involved i n  t h i s  s c i e n t i f i c  argument have f a r  
g r e a t e r  consequences than i f  they were merely academic ques t ions .  Indeed, 
i t  is f a i r  t o  say  t h a t  the  f u t u r e  d i r e c t i o n  of the  luna r  exp lo ra t ion  
program hinges on the  c o r r e c t  geological  i n t e r p r e t a t i o n .  It seems germane, 
t he re fo re ,  t o  p o i n t  ou t  a few of the n a t u r a l  consequences which d e r i v e  
from a l l  of t hese  theo r i e s  and t o  poin t  ou t  t he  des ign  cons idera t ions  
t h a t  are s i g n i f i c a n t  f o r  each of them. 

B. Geological  C l a s s i f i c a t i o n s  of Lunar Features  Based on I n f e r r e d  
Age Rela t ionships  

To cons t ruc t  a geologic  map of t he  moon's surface,  i t  is neces- 
s a r y  t o  formulate  a hypothesis  f o r  e s t a b l i s h i n g  t h e  c r i t e r i o n  which w i l l  
be  used f o r  determining the  r e l a t i v e  ages of lunar  topographic f e a t u r e s .  
Poss ib l e  inferences  regard ing  relative age r e l a t i o n s h i p s  might be based 
on t h e  r e l a t i v e  "sharpness" of the  r i m  material of a luna r  c r a t e r  o r  
t h e  re la t ive  b r igh tness  of r a y  mater ia l .  By induct ive  reasoning,  w e  
might say  t h a t  t he  r e l a t i v e  "sharpness" of rim material should be 
r e l a t e d  t o  age,  s i n c e  t h e  o lde r  an o b j e c t  i s ,  the  longer  it has been 
exposed t o  weathering and e ros ion  which are the  ch ief  aging processes  
on t h e  moon. S imi l a r ly ,  i t  can be i n f e r r e d  t h a t  the b r i g h t e r  t he  r ays  

r a d i a t i o n  darkens most m a t e r i a l s  with t i m e .  The rates and e f f i c i e n c y  
of t h e  processes  of e ros ion  and weathering on the  moon are no t  known 
w i t h  a h igh  degree of accuracy. Neither a r e  the  agents  r e spons ib l e  f o r  
l u n a r  e ros ion  and weathering processes w e l l  known, a l though seve ra l  
r e c e n t  l abora to ry  s t u d i e s  i n d i c a t e  t h a t  s o l a r  wind bombardment [ 5 ] ,  and 
f r equen t  meteoroid and micrometeoroid bombardment [ 6 ]  c o n s t i t u t e  lunar  
e r o s i o n  processes .  I n  the  presence of u l t r a -h igh  vacuum, such as e x i s t s  

'5.. Ll e. yuUL15er .. ̂.... - ths  f ea tu re  frm vhich they came, s h c e  it 5s tnmm t h a t  
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on t h e  moon, the c l a s t i c  o r  d e t r i t a l  m a t e r i a l  der ived  from meteor i te  
bombardment could be r e c o n s t i t u t e d  i n t o  var ious  arrangements of mineral  
g r a i n s  qu i t e  un l ike  those wi th  which we a r e  f a m i l i a r  on e a r t h .  But even 
wi th  a l e s s  than adequate knowledge o f  the  luna r  weathering and e r o s i o n a l  
processes ,  i t  seems s a f e  t o  assume t h a t  they do e x i s t  and probably have 
throughout l una r  h i s  t o ry .  

Other observat ions which i n d i c a t e  r e l a t i v e  age r e l a t i o n s h i p s  on the  
l u n a r  su r face  a r e  overlapping o r  t runca ted  c r a t e r  r i m s  (Figure 2 3 ) ;  par-  
t i a l l y  buried c r a t e r s ,  known a s  "ghost" c r a t e r s  (Figure 2 4 )  ; 1 i g h t  colored 
r a y  mater ia l  spread o u t  over p r e - e x i s t i n g  s u r f a c e s ;  and r e l a t i v e  ages of 
t h e  post-Maria and pre-Maria c r a t e r s  wi th  the  Maria. None of these pre- 
v ious  observat ions i n d i c a t e  t h e  absolu te  age of any lunar  f e a t u r e s .  The 
only  absolute  age f o r  t he  moon i s  4 . 5  x l o 9  y e a r s ,  and t h i s  is  based on 
t h e  assumption t h a t  the  moon and e a r t h  and c e r t a i n  meteoroids a r e  a l l  the  
same age. Therefore ,  i n  c l a s s i f y i n g  luna r  f e a t u r e s  by age ,  we a r e  con- 
cerned with e s t a b l i s h i n g  a method f o r  determining the  r e l a t i v e  ages 
e x h i b i t e d  by luna r  topographic f e a t u r e s .  Several  schemes have been pro- 
posed t o  c l a s s i f y  luna r  f e a t u r e s  according t o  i n f e r r e d  age r e l a t i o n s h i p s .  
These proposed methods of age c l a s s i f i c a t i o n  w i l l  be reviewed b r i e f l y  i n  
t h e  following paragraphs.  

1. United S t a t e s  Geological Survey 's  Or ig ina l  C l a s s i f i c a t i o n  

The United S t a t e s  Geological Survey, i n  i t s  p u b l i c a t i o n  
e n t i t l e d  Engineer Spec ia l  Study of the Surface of the  Moon, 1961 [ 7 ] ,  
divided the luna r  rocks i n t o  t h r e e  major c a t e g o r i e s  based on r e l a t i v e  
age. Their c l a s s i f i c a t i o n  presupposes t h a t  the  Maria were formed long 
a f t e r  t h e  moon formed and t h a t  a l l  of t he  Maria were formed about t he  
same time, This assumption has l e d  t o  the  concept of t he  Maria a s  a 
t ime-s t ra t igraphic  formation. 
boundaries based on geologic  time, i . e . ,  w i t h  synchronous boundaries 
[ 2 3 ] .  With t h i s  c l a s s i f i c a t i o n ,  t he  rocks have been d iv ided  i n t o  pre- 

Maria, Maria, and post-Maria based on t h e i r  r e l a t i v e  ages.  

A t i m e - s t r a t i g r a p h i c  formation has 

a .  Pre-Maria 

According t o  the  U.S.G.S., t he  pre-Maria rocks a r e  
l a r g e l y  accre t ionary  m a t e r i a l  composed of s tony  meteoroids .  Most of 
t h i s  m e t e o r i t i c  m a t e r i a l  has been broken up and fragmented t o  a v e r y  
f i n e  g r a i n  s i z e .  I n  a d d i t i o n ,  b r e c c i a s  and l a y e r s  of e j e c t a  a r e  expected 
i n  t h e  lunar highlands.  Volcanic and o t h e r  igneous rocks a r e  no t  regarded 
a s  s i g n i f i c a n t  i n  the  a r e a  of t he  pre-Maria outcrops ,  The predominant 
la rge-sca le  f e a t u r e s  i n  the  luna r  highlands,  o r  pre-Maria a r e a s ,  a r e  
c r a t e r s  caused by impact. 
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The Maria, by c o n t r a s t ,  a r e  i n t e r p r e t e d  as lava flows 
composed of t h i c k  b a s a l t  shee t s .  
s e v e r a l  
ou t  a t  the margins. 
t i m e ,  r a t h e r  l a t e  i n  the  development of t h e  moon a s  evidenced by the  
r e l a t i v e l y  few post-Maria c r a t e r s .  Large impacts of p l ane to ida l  o r  
a s t e r o i d a l  dimensions d e r e  requi red  to  produce the  1arg.e s t r u c t u r a l  
bas ins  which a r e  now occupied by t h e  lava flows of t h e  c i r c u l a r  Maria, 
e.g. , Imbrium, S e r e n i t a t i s ,  Nec ta r i s ,  Humorum, and C r i s i u m  (Figures 2 
and 3 ) .  

These v a s t  flows vary  i n  th i ckness  from 
'i - thousand f e e t  i n  the cen te r s  of the  Maria t o  a feather-edge pinch- 

The Maria probably occurred over a s h o r t  per iod of 

t 

c. Post-Maria 
5 

The post-Maria depos i t s ,  according t o  the  U.S.G.S. 
o r i g i n a l  c l a s s i f i c a t i o n ,  c o n s i s t  l a r g e l y  of e j e c t a  der ived  from impact- 
ing meteoroids.  J u s t  as i n  the  highlands,  f i n e l y  d iv ided  acc re t iona ry  
m a t e r i a l  and b recc ia t ed  rocks a r e  a n t i c i p a t e d  i n  post-Maria f e a t u r e s .  
Post-Maria c r a t e r s ,  however, a r e  b e s t  observed i n  the  Maria where they 
a r e  more o r  less randomly d i s t r i b u t e d  on the  su r face .  However, post-  
Maria c r a t e r s  i n  the  luna r  highlands a r e  obscured by t h e  thousands of 
pre-Maria c r a t e r s .  

The youngest of t he  post-Maria c r a t e r s  a r e  those 
which con ta in  a s soc ia t ed  systems of rays .  Rays a r e  i n t e r p r e t e d  as e j e c t a  
sprayed from a n  impact c r a t e r .  The o p t i c a l  p r o p e r t i e s  of the  rays  ind i -  
cat; t h a t  they may be composed of vo lcanic  g l a s s .  They apparent ly  form a 
t h i n ,  l ow- re l i e f ,  veneer - l ike  mater ia l  on the Maria su r face .  Because of 
the  low lunar  g r a v i t y  and the  near  absence of an atmosphere, ray-forming 
m a t e r i a l  w a s  spread  out  i n  a r a d i a l  d i s t r i b u t i o n  over l a r g e  p a r t s  of t he  
lunar  su r face .  

It is conceded t h a t  some post-Maria f e a t u r e s  may be 
t r u l y  vo lcan ic  i n  o r i g i n ,  p a r t i c u l a r l y  the  cha in  c r a t e r s .  

2. United S t a t e s  Geological Survey's Newest C l a s s i f i c a t i o n  

More r e c e n t l y  (1962), the U.S.G.S. has subdivided the  luna r  
surface rocks i n t o  five systems o f  rock u n i t s  [8: 181. Arranged accord- 
ing t o  age (from o l d e s t  t o  youngest) t hese  a r e  pre-Imbrian, Imbrian, 
P r o c e l l a r i a n ,  Eratos  thenian,  and Copernican. This terminology. is now 
being used by the U.S.G.S. on t h e i r  lunar  geo log ica l  maps. Maps have 
been prepared f o r  s e v e r a l  regions on the  moon inc luding  Kepler (Fig- 
u r e  30) , Copernicus (Figure 29) , Letronne, Archimedes (Figure 31). Fig- 
ures  4 and 5 a r e  examples of the  recent  geologic  map of the  Kepler region.  
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The lunar  geo log ica l  systems a r e  def ined  as fol lows:  

a.  Pre-Imbrian System 

The pre-Imbrian rocks e x i s t  i n  the luna r  h ighlands ,  
e.g,  the  Apennine Mountains i n  the  Archimedes Region (Figure 31) .  This 
pre-Imbrian m a t e r i a l  i s  composed of e j e c t a ,  b r e c c i a ,  and poss ib ly  vo l -  
can ic  o r  o ther  igneous rocks.  

, 

'I - 

b. Imbrian System 

The Imbrian depos i t s  of the Kepler r eg ion  a r e  i n t e r -  
p re t ed  as e j e c t a  b lanket  m a t e r i a l  and b recc ia ,  e .g . ,  those occurr ing  i n  
patches t o  the  sou th  and e a s t  of Kepler (Figure 11). The Imbrian depos i t s  
of the  moon a r e  der ived  c h i e f l y  from e j e c t a  from the  r eg ion  of Mare 
Imbrium and they r e s t  s t r a t i g r a p h i c a l l y  on pre-Imbrian depos i t s .  

c. P r o c e l l a r i a n  Systemrik 

This m a t e r i a l  is made up most ly  of t h i c k  s h e e t s  of 
b a s a l t i c  lava flows which rest  s t r a t i g r a p h i c a l l y  on the  Imbrium depos i t s  
and which form the  rocks of t h i s  v a s t  l una r  Maria. P r o c e l l a r i a n  depos i t s  
a r e  r e l a t i v e l y  dark and smooth and have a s u r f a c e  of low r e l i e f  contain-  
ing a few low r i d g e s ,  domes, and an occas iona l  f a u l t  s ca rp  (Figures 24 
and 25). 
l engths  of 15 t o  30 km (Figures  25, 29, and 35).  However, i n  some cases ,  
r i dges  range up t o  200 km (Figures  29 and 35) i n  length .  

The r idges  may a t t a i n  a he igh t  of 100 m and t y p i c a l l y  have 

d. Era to s  thenian  Sys t e m  

This system is represented  on the Kepler map (Fig- 
u r e  5 )  by many of the smal le r  c r a t e r s ,  no tab ly  Encke C ,  Encke F, Suess F, 
Moes t l in  H, Kepler C, e t c .  Elsewhere on the  moon, Era tos thenian  c r a t e r s  
inc lude  Eratosthenes (Figure 29) ,  Reinhold, and Landsburg. 

The main c h a r a c t e r i s t i c s  of t he  Era tos thenian  age 
c r a t e r s  a r e  t h a t  they a r e  r a y l e s s  and a r e  superposed on P r o c e l l a r i a n  
depos i t s .  

e ,  Copernican Sys tem 

Deposits of t h i s  age inc lude  material der ived  from 
the  major ray c r a t e r s  on the  moon such as Copernicus, Tyco, Kepler,  e t c .  
The r a y  mater ia l  is cha rac t e r i zed  by its unusual ly  h igh  r e f l e c t i v i t y .  
The f ea tu res  of t y p i c a l  Copernican craters ,  such a s  Kepler,  inc lude  the  
fol lowing:  r ay  m a t e r i a l ,  c r a t e r  r i m  m a t e r i a l ,  c r a t e r  f l o o r  m a t e r i a l ,  
and s l o p e  ma te r i a l .  
%k 

is c l a s s i f i e d  as a subd iv i s ion  of the Imbrian S y s t e m .  

Ray m a t e r i a l  is a l i gh t - co lo red  veneer  of crushed 

On the m o s t  r e c e n t  p r e l i m i n a r y  geo log ic  maps, the P r o c e l l a r i a n  S y s t e m  

10 

I 

1 



r 

1 

. I  " 4  

BY GEOLOGI 
R. J. Hackman 

1962 THE KEPLER PREPARED BY THE US. OEOLOQICAL SURVEY IN COOPERATION 
WITH THE NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

AND THE USAF AERONAUTICAL CHART AND INFORMATION CENTER 



GEOLOGY OF THE MOON 
KEPLER REGION 

1-355 (LAC-57) 

c EXPLANhTION 

--+---,++- 
Ham ndp. 



rock ,  r i m  material ( e j e c t a  b lanket )  is composed of crushed rock mixed 
wi th  l a r g e  b locks ,  f l o o r  m a t e r i a l  i s  composed of crushed b recc ia t ed  rock 
wi th  l a r g e  angular  blocks,  and s lope  ( t a l u s )  m a t e r i a l  is  composed of 
angular  unsorted fragments of r i m  mater ia l  [8]. 

% 

3.  Bensko's C l a s s i f i c a t i o n  of Lunar Geological  Time 

Bensko [ 9 ] ,  w r i t i n g  i n  the Handbook of As t ronaut ica l  
Engineering, has  c l a s s i f i e d  t h e  lunar formations i n t o  f i v e  e r a s  (from 
o l d e s t  t o  youngest):  Eoselenic ,  Archaeoselenic,  Pa leaeose len ic ,  Meso- 
s e l e n i c ,  and Cenoselenic. 
from t h e  c l a s s i c a l  e a r t h  e r a s  of geologic  t i m e .  

The nomenclature f o r  t hese  eras is adapted 

a. Eose len ic  and Archaeoselenic 

The two ea r l i e s t  lunar eras,  t he  Eose len ic  and 
Archaeoselenic ,  comprise the  primeval h i s t o r y  of t he  moon. According t o  
Bensko, t he  rocks of t he  l a r g e  c i r c u l a r  bas ins  (Figures  20 and 21) and 
wal led p l a i n s  were formed during th i s  t i m e .  Also the  lunar  f r a c t u r e  
and j o i n t  systems, i n t e r n a l  vo lcanic  a c t i v i t y ,  ou tgass ing , ,  and la rge-  
s c a l e  cosmic impact a l l  occurred during t h i s  time. 

4 

b. Pa leaeose len ic  

The Pa leaeose len ic  e ra  is i n t e r p r e t e d  as the  t i m e  of 
formation of the  l a r g e  Maria bas ins .  The l a r g e  Maria, i f  they were 
caused by impact, must have occurred be fo re  t h e  o l d e s t  e a r t h ' s  s e d i -  
mentary rocks w e r e  formed s i n c e  there  is  nothing i n  t h e  e a r t h ' s  geologic  
record  t o  correspond t o  t h i s  ca t a s t roph ic  event .  Secondly, t he  Maria 
d id  n o t  occur s imultaneously s i n c e  some Maria show evidence of i s o s t a t i c  
adjustment ,  whereas wi th  o t h e r s ,  formation i n  a r i g i d  c r u s t  is  ind ica t ed .  
Bensko sugges ts  t h a t  t hese  observat ions may i n d i c a t e  t h a t  the  Maria were 
formed j u s t  be fo re  and a f t e r  the  moon became r i g i d .  

c. Mesoselenic 

The Mesoselenic era  i s  cha rac t e r i zed  by eros ion  by 
micrometeoroids,  r a d i a t i o n ,  e t c . ,  and the continued pulver iz ing  and 
g r a n u l a t i o n  of l una r  s u r f a c e  mater ia l .  I n  gene ra l ,  t h i s  process had 
t h e  e f f e c t  of l e v e l i n g  o f f  the sur face  j u s t  a s  e ros ion  does on e a r t h ,  
b u t  t o  a lesser ex ten t .  

d. Cenoselenic 

The Cenoselenic era  was the  t i m e  of formation of the 
luna r  f a u l t s ,  r i l l e s ,  and young c r a t e r s  and a s s o c i a t e d  r a y  systems. 
The g l a s s y  ray  material  is gradual ly  darkened and o b l i t e r a t e d  by r a d i a -  
t i o n ,  and i t s  presence ind ica t e s  a r e l a t i v e l y  r e c e n t  event  on the  lunar  
s u r f a c e .  I 
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4.  Shoemaker's Cor re l a t ion  of the Lunar and Geologic T i m e  

By combining Hackman's c r a t e r  counts w i th  Brown's f l u x  
ra tes ,  Shoemaker es t imates  t h a t  t he  Maria s u r f a c e s ,  o r  t he  P r o c e l l a r i a n  
System, a re  4.5 x l o 9  years  o ld  o r  approximately a s  o ld  as the  o l d e s t  

I rocks on ear th .  

Scales  

It i s  d e s i r a b l e  t o  ob ta in ,  i f  poss ib l e ,  a q u a n t i t a t i v e  
approximation of the abso lu te  age of lunar  f e a t u r e s  t o  compare lunar  
h i s t o r y  with e a r t h  h i s t o r y .  The U.S.G.S. o r i g i n a l  c l a s s i f i c a t i o n  
assumed the Maria t o  be young based on the  r e l a t i v e l y  few post-Maria 
c r a t e r s .  This e s t ima te  has no r e a l  b a s i s  i n  f a c t ,  s i n c e  the frequency 
of i m p a c t  d i s t r i b u t i o n  w a s  no t  considered.  La ter ,  Shoemaker of the 
U.S.G.S. used Harr ison Brown's impact frequency of meteoroid bodies 
p r e s e n t l y  f a l l i n g  upon the  e a r t h .  
frequency is  as  fol lows:  

Brown's formula f o r  maximum impact 

-I r 6.9 x 10l1 M- 0.80 
f =  L ( l O 6  km2) ( lo9  years )  (gm-O*"O)] , 

where f = t o t a l  impact frequency of bodies of m a s s  > M y  and M is  the  mass 
of t he  impacting body i n  grams. Shoemaker m u l t i p l i e d  Brown's formula 
by a n  appropr ia te  f a c t o r  t o  compensate f o r  t he  l e s s e r  lunar  g r a v i t y .  
By counting the  Maria c r a t e r s  and assuming a r e l a t i v e l y  cons tan t  r a t e  
of i n f l u x ,  Shoemaker attempted t o  c a l c u l a t e  the age of the  Maria. 

P 

Studies  performed by Hackman of the U.S.G.S. (quoted i n  
Reference 18) i n d i c a t e  t h a t  he counted 24.2 c r a t e r s  p e r  lo5 km2 on 
Mare Crisium (Figure 2) t o  54 c r a t e r s  p e r  l o 5  km2 on Mare Nubium (Fig- 
ure  3) with an  average of about 45 c r a t e r s  per  lo5 km2 on a l l  t he  
v i s i b l e  Maria su r face .  Table I1 shows a compilat ion of Hackman's d a t a  
f o r  the lunar Maria. With the  except ion of Mare Crisium (Figure 2)  a l l  
of the  lunar Maria have, w i th in  a few pe rcen t ,  the  same number of pos t -  
Maria c r a t e r s  on them. Baldwin [35] a t tempts  t o  exp la in  t h i s  apparent ly  
anomalous condi t ion  of Mare C r i s i u m  by sugges t ing  t h a t  the  Mare is too  
near  t he  limb f o r  optimum viewing, and by c a r e f u l  s tudy  he obtained a 
f i g u r e  of 39 c r a t e r s  p e r  l o 5  km2, f o r  Mare C r i s i u m .  From these  d a t a ,  
he argues t h a t  the  Maria a r e  synchronous, o r  nea r ly  so, and can be used 
a s  a t ime-s t r a t ig raph ic  horizon. 

c 
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One problem wi th  Shoemaker's work is found i n  h i s  assump- 
t i o n  t h a t  the  post-Maria i n f l u x  r a t e  of meteoroid material has been 
cons tan t ,  and t h a t  the  pre-Maria impact r a t e  was much h igher .  
suppos i t ion  w a s  r equ i r ed  t o  account for  t h e  thousands of pre-Maria 
c r a t e r s .  Baldwin argues t h a t  t h e r e  is no r e a l  b a s i s  f o r  t h i s  assump- 
t i o n  and, i n  f a c t ,  argues t h a t  the  f lux  of meteoroid i n f a l l  has been 
on a continuous dec l ine  and t h a t ,  therefore ,  the Maria are  less than 
4.5 x lo9 years  old.  

This 
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0 0 
1 1 
0 1 

1 0 

0 0 

0 0 

5 2 
- -  

TABLE IL Size Frequency Distribution of Primary Impact Craters on the Lunar 
Maria 

Number of craten. accordlng to rtze 
AppmxImate Craten 

42.8 

46.5 

43.7 
41.5 
50.5 

54.0 

46.7 

24.2 
44.9 
- 

Mare lmbdum 

LACUS Somnlomm 
Mare Fdgori, 

Mare Serenltath 
Mare Fecundtutb 
Mare Trroqullllutb 

Palus Epldemlanun 

M.re Nubtun 

Man Nectari, 

Mare Cdrlum 

Mare HtmoNm 

square 
kilometen 

864.000 

439.000 

318.000 
311.000 
402.000 

28,800 
107.000 
261,000 

96,400 

165.000 

Crater diameter In ml lu  

1- 
199 

103 

88 
66 
89 

111 

26 

p e r  ldkm' 

Total 3,056,700 

5. Summary of C l a s s i f i c a t i o n s  Based on I n f e r r e d  Age 
Rela t i onsh ips  

Table 111 is a summary and comparison of t he  major t rends  
and d i f f e r e n c e s  of opinion expressed i n  these  va r ious  schools  of thought 
concerning t h e  re la t ive ages of lunar  topographic f e a t u r e s .  

The fol lowing observat ions have been made concerning these  
va r ious  concepts of lunar  geologic  h i s  to ry .  

a. A l l  t h r e e  theor ies  are i n  agreement concerning the  
major re la t ive  ages of l una r  formations,  v i z .  pre- 
Maria , Maria , pos t-Mar i a  . 
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TABLE I11 

Comparison of Theories of Age Rela t ionships  
Exhibi ted by Lunar Format ions 

U.S.G.S. [71  
O r  i g  ina 1 
Class i f  i c a  t ion 

~~ 

?re- Predominantly 
h r i a  impac t  pro- 

duced s t r u c -  
tu res  and 
topographic 
f ea tu res  . 

4aria Occurred l a t e  
i n  lunar  
h i s t o r y  due 
t o  presence of 
r e l a t i v e l y  few 
pos t-Mar ia 
c r a t e r s  ; com- 
posed of 
impac t  pro- 
duced l ava  
flows. 

Post- Predominantly 
%ria impact c r a t e r s  

produced i n  
recent  geo- 
log ic  t i m e s ;  
rayed c r a t e r s  
are the  
younges t. 

Bensko, MSFC [ 9 ]  

Eoselen ic  and Archaeo- 
s e l e n i c  eras were 
t i m e s  of i n t e n s e  f r a c -  
t u r ing  of l una r  s u r -  
f a c e  by s t r o n g  t i d a l  
fo rces ;  i n t e r n a l  ac-  
t i v i t y  p lus  cosmic 
impact. 

Probably a t  least  1.7 
x l o 9  years  o ld  
(Pa leose len ic  e r a )  
based on theory t h a t  
Maria are o lde r  than 
e a r t h ' s  sedimentary 
rocks ; presen t s  
evidence t h a t  Maria 
formed about  t he  t i m e  
moon became r i g i d  
body. 

Mesoselenic and Ceno- 
s e l e n i c  eras. Times 
of formation of r ay  
c r a t e r s ,  f a u l t s ,  r i l l e ?  
and widespread l e v e l -  
ing ,  e t c .  

Shoemaker, e t  a1 [ l o ]  
and U.S.G.S. newest 

Class i f  i c a t i o n  

Period of i n t e n s e  meteo- 
r o i d  bombardment, a 
II sweeping up" of coarse  
s o l i d  material. Includes 
pre-Imbr i a n  and Imbrian 
Systems . 

Estimated t h a t  Maria 
are  a t  least  4.5 x i o 9  
years  o ld  based on f r e -  
quency of impact es t i -  
mate on e a r t h  compared 
t o  the  moon. Includes 
P r o c e l l a r i a n  System. 

~~ 

Frequency of impact has  
been assumed t o  be 
f a i r l y  cons tan t  over  
t h i s  t i m e  i n  t erva 1. 
Inc ludes  Era tos  thenian  
and Copernican Systems . 

b. Both the  U.S.G.S. o r i g i n a l  c l a s s i f i c a t i o n  [ 7 ]  and 
Shoemaker, e t  a l .  [ l o ]  have conceived of t he  Maria 
as t ime-s t r a t ig raph ic  markers i n  the  geologic  sense .  
Bensko [ 9 ]  be l i eves  t h a t  the formation of t he  Maria 
were n o t  contemporaneous. 
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C. 

d. 

U.S.G.S. o r i g i n a l  c l a s s i f i c a t i o n  [7] be l i eves  t h e  
Mar.ia are geo log ica l ly  young; Bensko [9]  states 
t h a t  they are probably a t  least 1.9 x l o 9  years  
o ld ;  and Shoemakers' t h e s i s  [ l o ]  rests on t h e  
assumption t h a t  they are a t  least  4.5 x lo9  years  
old.  

A l l  of the authors  are i n  gene ra l  agreement con- 
cerning t h e  s i g n i f i c a n c e  of impact meteoroids as a 
geo log ica l ly  a c t i v e  process  i n  crater and Maria 
formation, bu t  a l l  are vague concerning the  r o l e  
and na tu re  of volcanism as a n  a c t i v e  process on 
the  moon. 

C. Major Areas of t he  Lunar Surface 

1. Rela t ions  Between S t ruc tu res  and Landforms on the  Lunar 
Surface 

It is perhaps s i g n i f i c a n t  t h a t  t h e  o r i g i n  of most landforms, 
r e g a r d l e s s  of whether they are on the e a r t h  o r  on the  moon, can be  a t t r l -  
buted t o  a l t e r n a t e  i n t e r p r e t a t i o n s .  The most e f f e c t i v e  way of determin- 
ing,  and o f t e n  t h e  only d e f i n i t i v e  way t o  determine the  o r i g i n  of 
landforms on e a r t h ,  is by means of f i e l d  inves t iga t ions .  Obviously, i n  
t h e  case of t h e  moon, f i e l d  inves t iga t ions  are n o t  y e t  f e a s i b l e .  
l i e u  of a d e f i n i t i v e  method of so lv ing  problems concerning t h e  n a t u r e  of 
t h e  lunar  landforms and luna r  sur face  v a r i a t i o n s ,  i t  is proposed t h a t  
s e v e r a l  s c i e n t i f i c a l l y  sound hypotheses be  considered a t  t h i s  t i m e .  A s  
our knowledge inc reases ,  some of these hypotheses can be e l imina ted  and 
our i n t e r p r e t a t i o n  w i l l  become more precise. 

I n  

The purpose of t he  following d i scuss ion  is t o  cons ider  geo- 
morphology, t he  s tudy  of landforms,and t o  apply t h i s  d i s c i p l i n e  t o  t h e  
landforms on the  luna r  su r face .  This approach t o  t h e  problem should 
provide the  proper d i r e c t i o n  and framework f o r  a n  understanding of l u n a r  
landforms as new and b e t t e r  d a t a  on t h e  moon cont inue t o  come in.  

a. C i rcu la r  Bas ins  

It is known t h a t  the c i r c u l a r  landforms s o  common w i t h  
t h e  luna r  craters can be developed i n  s e v e r a l  ways on ea r th .  Perhaps 
t h e  most common te r res t r ia l  basin- type c i r c u l a r  s t r u c t u r e  occurs when 
s t r a t i f i e d  rocks are downwarped by compressional forces .  This phenomenon 
can be  performed on p r a c t i c a l l y  any scale by a v a r i e t y  of forces .  By 
c o n t r a s t ,  t h e  formation of a topographic bas in  on top of a s t r u c t u r a l  
dome is most o f t e n  a t t r i b u t e d  t o  weathering and e ros ion  of rocks of d i f -  
f e r e n t  hardness fol lowing s t r u c t u r a l  upwarping and is known as the  
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i nve r s ion  of topography. It is p resen t ly  be l ieved  t h a t  e ros iona l  pro- 
cesses  exist on t h e  lunar  s u r f a c e  t o  a much smaller degree than on 
e a r t h  and without s u f f i c i e n t  e ros ive  energy t o  r e s u l t  i n  the  invers ion  
of topography (Figure 6 ) .  

FIGURE 6 .  TOPOGRAPHIC BASIN WITHIN STRUCTURAL DOME - 
INVERSION OF TOPOGRAPHY 

r 

b. Domes 

It is noteworthy t h a t  the  luna r  domes are s t i l l  domal 
and have not evolved by the  process  of e ros ion  i n t o  bas ins  o r  c r a t e r -  
l i k e  s t r u c t u r e s .  Examples of phenomena t h a t  can cause domal s t r u c t u r e s  
on e a r t h  include compressional fo ld ing  by v e r t i c a l  fo rces  such as 
i n t r u s i o n  of s a l t  domes o r  igneous plugs.  I n t r u s i v e  a c t i v i t y  may 
be t h e  cause of domes on the  luna r  sur face .  S imi l a r ly ,  t he  expansion 
of overlying rocks due t o  the  s e r p e n t i n i z a t i o n  of o l i v i n e  i n  the  sub- 
s u r f a c e  has been suggested f o r  t h e  o r i g i n  of l una r  domes [ l l] .  

c. I n t e r n a l  versus  Externa l  Or ig in  of Lunar Topographic 
Features  

The o r i g i n  of a p a r t i c u l a r  s t r u c t u r e  may be due e i t h e r  
t o  i n t e r n a l  forces  a s  i n  the  examples of domal s t r u c t u r e  above, o r  
e x t e r n a l  forces ,  as i n  the  case  of c r a t e r s  due t o  impacting me teo r i t e s ,  
b u t  probably no t  due t o  both  as i n  the  case  of t h e  example of invers ion  
of topography. The e x t e r n a l  forms of c e r t a i n  s t r u c t u r e s  may be i d e n t i c a l  
i n  g ross  ou t l ine ,  and y e t  be produced by e n t i r e l y  d i f f e r e n t  geo log ica l  
processes .  It w i l l  be  wi th in  t h e  province of t h i s  document t o  po in t  
ou t  a l t e r n a t e  hypotheses f o r  t hese  va r ious  f e a t u r e s  and t o  d i scuss  
p o s s i b l e  c r i t e r i a  f o r  recognizing them and determining t h e i r  implica- 
t i o n s  f o r  the lunar  environment c r i t e r i a .  
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Other lunar  s t r u c t u r e s  which may have a r e l a t i o n s h i p  t o  
topographic f e a t u r e s  inc lude  those  due t o  c r u s t a l  movement caused by 
f a u l t s  and f o l d s ;  igneous a c t i v i t y  with r e s u l t i n g  vo lcan ic  cones, 
ca lde ras ,  e t c . ;  and e ros ion  which produces c r a t e r  t e r r a c e s .  These 
f e a t u r e s  and t h e i r  geomorphic development w i l l  be  d iscussed  i n  sub- 
sequent  s ec t ions .  

2. Continents (Highlands) 

These broad areas occupy about  60 pe rcen t  of t he  v i s i b l e  
s u r f a c e  of t h e  moon. 
dominantly l i gh t - co lo red  rocks.  These areas conta in  a g r e a t  concentra- 
t i o n  of r inged  p l a i n s  and c r a t e r s  as w e l l  as l i n e a r  f e a t u r e s  of unknown 
o r i g i n .  The cont inents  may be  analogous t o  con t inen t s  on e a r t h ,  and i n  
t h i s  r e s p e c t  they s t and  topographica l ly  h igher  than t h e  Maria. 
dominant boundary between Continent and Maria is sha rp  and commonly 
marked by escarpments. Heights of these  escarpments may va ry  from 
several hundred t o  several thousand meters [12].  

They are composed of rugged topography w i t h  p r e -  

The p r e -  

The U.S.G.S. [ 7 ]  descr ibes  the con t inen t s ,  o r  lunar  high- 
lands as almost completely covered by 30,000 c r a t e r s ,  w i t h  perhaps over  
a m i l l i o n  i n  a l l .  
a lmost  e n t i r e l y  i n  s lopes ,  except  perhaps i n  t h e  bottom of c r a t e r s .  
The s lopes  va ry  from 5" t o  25", averaging about  10'. 

The s u r f a c e  is be l ieved  t o  be extremely rough and 

The material i n  t h i s  reg ion  is cha rac t e r i zed  as fragmental  
material, which is composed of unsorted e j e c t a  and b r e c c i a ,  and a l s o  
some vo lcan ic  material. 

Sa l i sbu ry  [13] i n  d iscuss ing  the  luna r  environment ind i -  
c a t e s  t h a t ,  according t o  the  volcanic  theory ,  t he  h ighlands  should 
e x h i b i t  (a) a complex of overlapping c o l l a p s e  s t r u c t u r e s ,  (b) e x t r u s i v e  
v e s i c u l a r  l avas ,  ( c )  i n t r u s i v e  dikes  and s i l l s ,  and poss ib ly  (d) l a r g e  
lava  caverns.  By c o n t r a s t ,  i f  t h e  highlands are  predominantly due t o  
impact, t h e i r  s t r u c t u r e  should cons i s t  of h ighly  f r a c t u r e d  basement 
rock ove r l a id  by discont inuous layers  of rubble ,  rock flows, and meteo- 
r i t i c  materia 

3. Maria 

These l a r g e  f e a t u r e s  range i n  s i z e  from 300 t o  500 km i n  
diameter  [9] .  Two c l a s s e s  have been def ined:  c i r c u l a r  and i r r e g u l a r .  
The c i r c u l a r  Maria inc lude  Imbrium, Crisium, Nectarus ,  Humorum, a n d , t o  
a lesser exten t ,  S e r e n i t a t i s  (Figures 2 and 3 ) .  I r r e g u l a r  Maria (Fig- 
u re s  2 and 3) inc lude  T r a n q u i l l i t a t i s ,  Fecund i t a t i s ,  Nubium, and Procel-  
larum [14]. The Maria c o n s t i t u t e  40 percent  of the  area of t he  v i s i b l e  
luna r  d i sk ,  b u t  only about 4 percent  of t he  backside [2] .  The s u r f a c e s  
of t h e  Maria a p p e a r  t o  be  very  smooth a t  the  v i s i b l e  s c a l e ,  b u t  i t  must 
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b e  remembered t h a t  our a b i l i t y  t o  r e s o l v e  f e a t u r e s  on t h e  Maria is 
l i m i t e d  to  s t r u c t u r e s  l a r g e r  than 1 km. 

The term "Maria" r e f e r s  t o  the  s t r o n g  resemblance these  
f e a t u r e s  have wi th  terrestrial ocean bas ins  f i l l e d  wi th  water. Smaller 
areas than t h e  Maria, b u t  of a similar na tu re ,  are c a l l e d  Lacus ( f o r  
l akes ) ,  Sinus ( fo r  bays) ,  and Palus ( f o r  swamps),although i t  is r e a l i z e d  
these  names have no g e n e t i c  j u s t i f i c a t i o n .  Eventual ly ,such terminology 
Bhould be rep laced  by c o n s i s t e n t  gene t ica l ly-based  terminology, b u t  t h i s  
should await f u r t h e r  knowledge of t hese  areas [12]. 

Since the  following f e a t u r e s  are r e l a t e d  t o  t h e  Maria, a 
d i scuss ion  of them is appropr i a t e  a t  t h i s  po in t .  

a. Surfaces  

The Maria su r faces  are f l a t  and f e a t u r e l e s s  down t o  
the  l i m i t  of o p t i c a l  r e s o l u t i o n  (max. s lopes  2-3') [ l 5 ] .  

b. Domes and An t i c l ines  

Low domes and a n t i c l i n e s  occur wi th  s lopes  of from 
2-4' [15]. They c o n s i s t  of s l i g h t  e l eva t ions  which a p p e a r  as b l i s t e r s  
on t h e  Maria su r face .  S m a l l  openings on the  summits of some of t h e s e  
have l e d  va r ious  au thors  t o  sugges t  l una r  degassing o r  s h i e l d  vo lcan ic  
o r i g i n s  [16]. Sa l i sbu ry  [ll] writes t h a t  they may be due t o  volumetr ic  
i nc rease  i n  material due t o  s e r p e n t i n i z a t i o n  of o l i v i n e ,  whi le  Bensko 
[9]  po in ts  ou t  t he  p o s s i b i l i t y  of igneous i n t r u s i o n ,  o r  l a r g e  e j e c t a  
blocks covered wi th  smal le r  d e b r i s  and dus t .  

c. Random Craters 

Random c r a t e r s  [15] a r e  p re sen t  which range from below 
the l i m i t  of o p t i c a l  r e s o l u t i o n  up t o  60-80 km i n  diameter ,  b u t  t hese  
a r e  much less numerous than i n  the  con t inen ta l  reg ions  (see Table 11). 

d. Ridpes 

Ridges which e x h i b i t  long s inuous p a t t e r n s  l i e  p a r a l l e l  
t o  t h e  Maria border  (Figures 25, 29, and 35). These r idges  range i n  
h e i g h t  up t o  100 m, i n  width up t o  20 km, and i n  l eng th  up t o  several 
hundred ki lometers .  Some of t hese  s t r u c t u r e s  e x h i b i t  a d iscont inuous  
s u b p a r a l l e l  arrangement resembling en echelon f a u l t i n g  [12].  The 
Serpent ine Ridge is an example  of t h i s  type  of f ea tu re .  
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e. F a u l t  Scarps 

F a u l t  s c a r p s  wi th  concent r ic  p a t t e r n s  occur around 
t h e  borders  of t h e  Maria. Linear  normal f a u l t  s ca rps  have been not iced .  
The c l a s s i c  example of t h i s  type of f a u l t  on t h e  moon is t h e  S t r a i g h t  
Wall which is 130 km long and 250 m h igh  and which t rends  northwest  t o  
s o u t h e a s t  i n  t h e  western p a r t  of Mare Nubium (Figure 24). 

f .  Radial  S t r u c t u r e s  

I n  the  case  of some of t h e  c i r c u l a r  Maria, e.g., Mare 
Imbrium (Figure ll), mountain ridges r a d i a t e  from t h e  d i r e c t i o n  of t h e  
cen te r  [17]. These mountains a r e  t runca ted  by the  Maria p l a i n  (Fig- 
ures  26, 28, 30, 31). 

g. E j e c t a  Blankets 

E j e c t a  b lankets  caused by c r a t e r  explosions a r e  com- 
posed of rough, blocky unsorted e j e c t a  and b r e c c i a  which have been 
depos i ted  on t h e  f l o o r  of t h e  areas  a d j a c e n t  t o  t h e  Maria. 

h. Subsequent Flooding 

The Maria appear  t o  be f i l l e d  wi th  congealed lava.  
Concerning t h i s ,  Urey E171 wrote t h a t  t h e  "secondary processes  such 
as t h e  f low of l ava  from the  c o l l i s i o n  Maria" may have been t h e  agent  
r e s p o n s i b l e  f o r  f i l l i n g  them. Fur ther ,  " the  energy of the  g r e a t  col-  
l i s i o n s ,  even i f  t h e  v e l o c i t i e s  were subsonic ,  is q u i t e  s u f f i c i e n t  t o  
produce some melting." According to  U.S.G.S. i n t e r p r e t a t i o n  [7], t h e  
material indigenous t o  t h e  Maria, o r  lowlands, is composed mainly of 
l ava  flows of b a s a l t - t y p e  lava, which may be covered by loose  m a t e r i a l .  
Of t h e  major t h e o r i s t s ,  only one, Gold (quoted by Reference 15) of 
Cornel1 Un ive r s i ty ,  v i s u a l i z e s  t h e  Maria as formed by some subs tance  
o t h e r  than lava. Gold is a proponent of t h e  hypothes is  t h a t  t h e  Maria 
are f i l l e d  wi th  dust .  

V. GENETIC CLASSIFICATION OF LUNAR TOPOGRAPHIC FEATURES 

A. Large-Scale Lunar Features  

1. S t r u c t u r e s  and Landforms Produced Predominantly by Impact 
Phenomena 

Craters occur only one-tenth as f r equen t ly  i n  t h e  Maria 
as i n  the  highlands.  
t o  polygonal and t h e i r  s i z e s  vary  from 288 km i n  diameter  t o  below t h e  
l i m i t  of o p t i c a l  r e s o l u t i o n  [151. 

Their shapes range from c i r c u l a r  t o  s u b c i r c u l a r  
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. The number of c r a t e r s  increases  as an inve r se  exponent ia l  
func t ion  of t h e i r  diameters  [161, and thus, by e x t r a p o l a t i o n  t o  the  
smaller s i z e s ,  i t  is  argued t h a t  the  moon's s u r f a c e  is covered by a 
v a s t  number of small c r a t e r s  below the l i m i t  of o p t i c a l  r e so lu t ion .  
Niedze [2] ,  i n  a s p e c i a l  s tudy  of the moon, has observed t h a t  t he re  
a r e  over 300,000 c r a t e r s  on the  v i s i b l e  s i d e  of t he  moon wi th  diameters 
of 1.6 km o r  g r e a t e r .  

* 

By c o n t r a s t ,  Bensko and Cortez 11271 have made s e v e r a l  
s t u d i e s  on the  Ocean of Storms t o  a s c e r t a i n  the  order  of magnitude of 
t he  sub te l e scop ic  d i s t r i b u t i o n  of c r a t e r s .  On the  b a s i s  of t h e i r  
s t u d i e s  i n  which they ex t r apo la t ed  percentages of c r a t e r  d i s t r i b u t i o n  
below the  l i m i t  of v i s i b i l i t y  (Figure 7), the  au thors  conclude t h a t  
t he  "Moon's s u r f a c e  does not  become i n f i n i t e l y  rougher because of the  
assumed i n f l u x  of smaller cosmic debr i s  ." 

Craters  e x h i b i t  a genera l ly  inverse  r e l a t i o n s h i p  between 
c r a t e r  diameter and depth. The depth/diameter r a t i o  v a r i e s  from 0.02 
f o r  100 km diameter c r a t e r s  t o  0.1 for  10 km diameter  c r a t e r s  [15]. 

The following f e a t u r e s  and r e l a t i o n s h i p s  desc r ibe  the  
morphology of c r a t e r s .  

Inner  s lopes  of rims gene ra l ly  have h igh  s lopes ,  
approximately 35-40 degrees ,  while  o u t e r  s lopes  of rims have s lopes  
a f  only a few degrees.  Rim ma te r i a l  w i l l  probably e x h i b i t  inver ted  
s t r a t i g r a p h y  i n  the  deb r i s  u n i t s  from the  o r i g i n a l  bedrock s t r a t a  [18]. 

b.  Floor  - 
Impact c r a t e r  f l oo r s  a r e  g e n e r a l l y  depressed below 

the  ground level ( see  Figure 18). T H i s  r e l a t i o n s h i p  appears  t o  be 
s o  genera l  f o r  c r a t e r s  of impact o r i g i n  as t o  form a poss ib l e  c r i -  
t e r i o n  f o r  d i s t i ngu i sh ing  impact c r a t e r s  from vo lcan ic  ca lderas .  
Floor  material may be composed of brecc ia ted  f i n e l y  d iv ided  rock i n  
t h e  deeper c r a t e r s ,  and i n  the  f i l l e d  c ra te rs ,  i t  may conta in  lava or  
d u s t  depos i t s .  

c. Walls 

Crater wal l s  a r e  composed of m a t e r i a l  making up 
t h e  ad jacen t  t e r r a i n ,  and the re fo re ,  a r e  probably d i f f e r e n t  i n  
t h e  Maria than i n  t h e  luna r  highlands. The h igh  inner  s lopes  of the  
rims i n d i c a t e  t h a t  t he  w a l l  ma te r i a l  &IS a shea r  s t r e n g t h  h igher  than 
most g ranu la r  m a t e r i a l s  on e a r t h  s ince  the  inner  s lopes  a r e  as h igh  o r  
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o r  higher  than  t h e  angles  of repose of  most g ranu la r  materials on 
ea r th .  
ment may enhance the  s t r e n g t h  of t h i s  material. 

). 

Vacuum welding and s p u t t e r i n g  e f f e c t s  of s o l a r  wind bombard- 

U 

d. E j e c t a  Blankets 

Material e j e c t e d  from a c r a t e r  c e n t e r  by e i t h e r  
explosion or impact w i l l  r e s u l t  i n  t h e  depos i t i on  of a widespread 
s h e e t  of unsorted angular  rock fragments wi th  s i z e s  ranging from c lay  
(.004 mm) t o  boulders  (256 mm). An example of t h i s  type of t he  e j e c t a  
b l anke t  p a t t e r n  has been obtained from nuc lea r  explos ion  c r a t e r s  
(Figure 8). 

FIGURE 8. EJECTION PATTERN AT TEAPOT ESS NUCLEAR EXPLOSION CRATER 1191 

Simi la r ly ,  material e j e c t e d  a t  low angles  ( 6  t o  14 degrees)  forms the  
continuous e j e c t a  b l anke t  surrounding the  r i m  of Copernicus [19]. 

e. Secondary and S a t e l l i t e  Craters 

Studies  of the  Copernicus reg ion  on t h e  moon (Fig- 
ures  9 and 10) i n d i c a t e  t h a t  fragments e j e c t e d  a t  angles  ranging from 
14 t o  22 degrees form the  secondary i m p a c t  c r a t e r s  ( t h e  gouges) and 
the  rays [19]. 

E jec t ion  angles  ranging from 22 t o  43 degrees r e s u l t  

Material e j e c t e d  a t  angles  above 43" is s e n t  
i n  a r e l a t i v e l y  small volume of material which is widely s c a t t e r e d  
over the luna r  su r face .  
i n t o  escape t r a j e c t o r i e s  [19] i f  the  explos ive  impact energy is su f -  
f i c i e n t  to  cause t h i s  material  t o  achieve  escape v e l o c i t y .  
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1 .  Particles ejected between 6 and 14 degrees form blanket deposit on rim. 
2. Ejecta between 14 and 22 degrees are secondary impact and ray-forming fragments. 
3. Particles ejected between 22 and 43 degrees are widely dispersed over lunar surface. 
4. Over 43 degrees, particles are ejected into escape trajectories. 

FIGURE 9. PROVENANCE OF FRAGMENTS EJECTED FROM COPERNICUS 

Figures 10 and 29 show the e f f e c t s  of fragments e jected 
from the  center of Copernicus on the surrounding lunar t e r r a in .  
u re  10 shows t h a t  a l l  t he  fragments are s i t u a t e d  i n  a c i r c u l a r  b e l t  
around the  c r a t e r  center with an  inner radius  of approximately 50 kilom- 
eters and an outs ide r a d i u s  of 160 kilometers. 
f i v e  secondary impact c r a t e r s  surround Copernicus. The c r i t e r i a  used 
t o  s e l e c t  secondary impact  c r a t e r s  are (1) markedly elongated shapes, 
(2) shallow depth compared t o  most s m a l l  c r a t e r s  outs ide the  r ay  system, 
and (3) an extremely low rim or  the absence of a v i s i b l e  r i m .  

Fig- 

Nine hundred and seventy- 

f .  Rays 

Rays are composed of mater ia l  ranging from clay t o  
boulder s i z e  which produces a debris pa t t e rn  r ad ia t ing  outward from the 
c r a t e r  center.  Many writers have noted t h a t  r ay  material exh ib i t s  a 
very low r e l i e f ,  but a t  a low angle of i l lumination it  has been deter-  
mined t h a t  the  su r face  of t he  rays is rough [19]. It appears t h a t  r a y  
forming materials are ac tua l ly  ejected i n  c l u s t e r s  o r  c l o t s  and are 
e j ec t ed  i n  the  same range of angles as  secondary Lmpact frzgme-nts [Ig] .  

The following topographic s t ruc tu res  are associated 
with c r a t e r s  o r  c r a t e r l i k e  features  [9]: 

(1) Walled Plains - Walled plains  are found only i n  
lunar uplands. These l a rge  depressions are 
characterized by l i t t l e  o r  no rim deposits above 
the  surrounding a rea  and r e l a t i v e l y  smooth f loo r s .  
Diameters of these features  vary from 70 t o  300 km. 
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F I G U R E  10: SECONDARY OR S A T E L L I T E  IMPACT CRATERS 
I N  THE COPERNICAN RAY SYSTEM ( R e f .  19)  
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Ringed P l a i n s  - Ringed p l a i n s  a r e  smaller than 
wal led p l a i n s ,  wi th  continuous w a l l - l i k e ,  v e r t i c a l  
outcrops of lunar rocks and no rims. Floors  are 
low-lying and f l a t  and may be p a r t i a l l y  f i l l e d .  
These f e a t u r e s  range from 10 t o  70 km i n  diameter .  

Craterlets - C r a t e r l e t s  are smaller than c r a t e r s  
(range from 2-10 km i n  diameter)  and l a c k  c e n t r a l  
peaks. 

Crater P i t s  - Crater p i t s  a r e  c i r c u l a r  depress ions  
ranging downward from a few k i lometers  i n  diameter  
and without  rims. 

Chain Cra t e r s  - Chain c r a t e r s  are  a group of 
c r a t e r s  of approximately t h e  same s i z e  l y i n g  
along a w e l l  defined l i n e .  

Central  Peaks - Central  peaks a r e  i r r e g u l a r  peaks 
o r  h i l l y  s t r u c t u r e s  which occur i n  the  cen te r s  of  
t he  l a r g e r  c r a t e r s .  
suggested as e i t h e r  vo lcan ic  o r  rebound. 

Thei r  o r i g i n s  have been 

Others - Other f e a t u r e s  are small volcano- l ike  
s t r u c t u r e s  having s t e e p  conica l  shapes capped by 
a ven t - l i ke  opening and l a r g e  "ghost" c r a t e r s  
almost completely f i l l e d  wi th  depos i t s  which 
occur on some of the  Maria. 

S t ruc tu res  and Landforms Produced by Crus ta l  Movements 

One of t he  most important f a c t s  concerning the  lunar  su r -  
f a c e  is the  l a c k  of evidence of rock deformation by fo ld ing  of t he  
s u r f a c e  formations.  For example, most of t he  lunar  crater shapes are 
s t i l l  c i r c u l a r ,  bu t  had they been located on the  e a r t h  over t h e  e n t i r e  
per iod of geologic  h i s t o r y ,  t hese  c i r c u l a r  forms would have been g r e a t l y  
contor ted  and twisted.  D i s t o r t i o n  of rocks on the  e a r t h  is common no t  
only i n  the  w e l l  known mobile b e l t s ,  such as the  geosyncl ina l  areas, b u t  
a l s o  i n  the  so -ca l l ed  s t a b l e  areas such as the  Canadian Shie ld .  The 
f a c t  t h a t  t h e r e  has been l i t t l e  folding on the  moon's s u r f a c e  s t ands  as 
one of t he  most e a s i l y  d i s c e r n i b l e  d i f f e rences  between t h e  e a r t h  and 
t h e  moon. 

However, the  moon is  not e n t i r e l y  devoid of evidence of 
s t r u c t u r a l  movement. G i l b e r t  i n  1893 [26] observed a r a d i a t i n g  system 
of l i n e a r  topographic f e a t u r e s  surrounding Mare Imbrium which he named 
t h e  "Imbrium Sculpture"  (Figure 11). 
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FIGURE 11. GILBERT'S SKETCH MAP OF THE IMBRIUM SCULPTURE (26) 

G i l b e r t  a l s o  be l ieved  t h a t  t he  c i r c u l a r  Maria were the  l a r g e s t  c l a s s  of 
impact c r a t e r s  and t h a t  t he  "Imbrium Sculpture"  was caused by fragments 
of e j e c t e d  materials scouring deep grooves i n  t h e  l u n a  c r u s t .  Shoe- 
maker's i n t e r p r e t a t i o n  is  t h a t  t he  impacting me teo r i t e  produced g i a n t  
shock waves r a d i a t i n g  outward from the  p o i n t  of impact which f r a c t u r e d  
the  moon's c r u s t  and c rea t ed  t h e  "Imbrium Sculpture." This  s c u l p t u r e  
can be seen to  good advantage i n  several of t he  photographs i n  Sec t ion  
V I 1  (Figures 26, 28, 30, and 31). I n  a d d i t i o n ,  t h e  fol lowing s t r u c t u r a l  
f e a t u r e s  have been observed on the  luna r  sur face :  

a. Wrinkle Ridges 

These f e a t u r e s  a r e  commonly loca ted  near  t he  Maria 
margins where they e x h i b i t  broadly concen t r i c  p a t t e r n s  paral le l  t o  the  
bounding walls of t he  Maria. Upon c l o s e  examination, they e x h i b i t  an  - en echelon p a t t e r n  s imilar  t o  a p a r t i c u l a r  type of f a u l t  p a t t e r n  seen  
on ea r th .  The wr inkle ,  o r  p re s su re ,  r i d g e s  may correspond t o  a n t i -  
. c l i n a l  and s y n c l i n a l  fo ld ing  caused by "compressive fo rce  imparted t o  
the  c r u s t  of a lava flow by t h e  v iscous  drag of s lowly  movivg s u b c r u s t a l  
lava" [20]. 

b. Normal F a u l t s  

The S t r a i g h t  Wall has p rev ious ly  been mentioned as an  
outs tanding example of a luna r  normal, o r  g r a v i t y ,  f a u l t .  By d e f i n i t i o n ,  
a normal f a u l t  is one i n  which t h e  hanging w a l l  moves down re la t ive  t o  
the  footwal l  (Figure 12 ) .  
28 
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c. Rilles 

These f e a t u r e s  are long narrow s t r u c t u r a l  v a l l e y s  
developed on the  su r face  of t he  Maria (Fcgure 13). They have been com- 
pared t o  r i f t  v a l l e y s  on e a r t h  such as the  Rhine Graben o r  t he  Dead Sea 
Graben [21]. A poss ib l e  analogy between the  r i f t  v a l l e y s  of Ice land ,  
known as & and lunar  r i l l e s  has been suggested [18]. 

FIGURE 13. A GRABEN (A POSSIBLE ANALOGUE TO A LUNAR RILLE) 

d. Jo in t s  o r  F rac tu res  

These s t r u c t u r e s  a r e  def ined as f r a c t u r e s  which 
e x h i b i t  no apprec iab le  v e r t i c a l  o r  ho r i zon ta l  movement. 
t he  moon has a very  old f r a c t u r e  system, l a i d  ou t  i n  a f a i r l y  w e l l  
def ined  g r id  pa t t e rn .  
t u r e s  were induced by s t rong  e a r t h  t i d e s  during the  moon's primeval 
h i s t o r y .  Presumably, these  e a r l y  t i d e s  exe r t ed  much g r e a t e r  f o r c e  on 
the lunar  c r u s t  than the  present  t i d e s .  During the t i m e  of t he  e a r l y  
t i d e s , t h e  e a r t h  and the  moon were much c l o s e r  toge ther  than they a r e  
now. The t i d a l  forces  inc rease  as the inve r se  t h i r d  power of t he  
d i s t a n c e  from the  e a r t h  t o  the  moon [22] .  

Apparently,  

It has been suggested that these  j o i n t s  o r  f r a c -  

* 
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3. S t r u c t u r e s  and Landforms Caused by I m e o u s  A c t i v i t y  

Some authors  argue t h a t  s t r o n g  t i d a l  fo rces  o f f e r  the  b e s t  

The argument is t h a t  deep f r a c t u r i n g  of t h e  lunar  c r u s t  
mechanism t o  account  f o r  l a r g e  s c a l e  mel t ing  and igneous a c t i v i t y  on 
t h e  moon [20]. 
would cause an i n t e r n a l  release of pressure  i n  t h e  r i g i d  c r u s t  which 
would have r e s u l t e d  i n  l a r g e - s c a l e  mel t ing a t  depth. Since the  m e l t -  
ing po in t s  of most s i l i c a t e  minerals  are increased  by adding p res su re  
t o  t h e  system, these  minera ls ,  under p re s su re ,  are s t a b l e  a t  tempera- 
t u r e s  i n  excess of t h e  melt ing poin ts  of the  same minera ls  a t  atmos- 
p h e r i c  pressure .  The sudden r e l e a s e  of p re s su re ,  caused by impact 
produced o r  t i d a l  f r a c t u r e s ,  could place many s i l i c a t e  minera ls  i n  a 
temperature-pressure environment which would r e s u l t  i n  t h e i r  mel t ing.  
It seems c l e a r  t h a t  t h e r e  has been ex tens ive  igneous a c t i v i t y  on t h e  
luna r  s u r f a c e ,  p a r t i c u l a r l y  i n  t h e  Maria. Whether i t  was caused by 
t i d a l  fo rces  or  l a r g e  impacts, as suggested by Urey [17], is con jec tu ra l .  

The fol lowing f e a t u r e s  a r e  be l i eved  t o  be p r imar i ly  pro- 
duced by igneous a c t i v i t y :  

a. Domes - See Sec t ion  3(b).  

b. Maars and Chain Craters 

The term Maar a c t u a l l y  comes from t h e  German and is 
app l i ed  t o  t h e  small l akes  t h a t  occupy v o l c a n i c  c r a t e r s  i n  Germany [18]. 
I n  t h e  geo log ic  sense,  a Maar is a c i r c u l a r - t o - e l l i p t i c a l  vo lcan ic  
c r a t e r  which ranges from 70 t o  1500 meters i n  diameter ,  and from about 
10 t o  200 meters i n  depth. 

The rim m a t e r i a l  of a Maar is composed of bedded 
e j e c t a  made up of bo th  s u r f i c i a l  ma te r i a l  and i n t r u s i v e  igneous rocks. 
Outer s lopes  of t h e  rim are mostly smooth and a t  a low ang le  t o  t h e  
h o r i z o n t a l ,  b u t  a t  t h e  c r e s t  of the  rim, s l o p e s  up t o  30 degrees  are 
a t t a i n e d .  Apparently, t h e  e rup t ion  of a Maar is concurrent  wi th  t h e  
gene ra t ion  of steam; t h e  r a p i d  t ransformation of w a t e r  t o  gas is 
accompanied by an  explosion [23].  

It has been no t i ced  t h a t  Maars tend t o  occur i n  cha ins ,  
and t h i s  alignment is i n t e r p r e t e d  as due t o  magma we l l ing  upward i n  
s e v e r a l  p laces  a long a deep f r a c t u r e .  I n  t h i s  c o n n e c t i o q i t  is 
important  t o  n o t e  t h e  presence of chain c r a t e r s  on t h e  moon s i n c e  
these  f e a t u r e s  may have an o r i g i n  s i m i l a r  t o  t h e  Maars. 
i t ies t o  luna r  r i l l e s  exh ib i t ed  by c e r t a i n  cha in  c r a t e r s  on the  moon 
sugges t  t h a t  t h e r e  may be a g e n e t i c  r e l a t i o n s h i p  between these two 
f e a t u r e s  [18]. 

The similar- 
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c. Calderas 

By analogy wi th  e a r t h  vo lcan ic  f e a t u r e s ,  some authors  
have argued t h a t  l una r  c r a t e r s  resemble vo lcan ic  f e a t u r e s  known as 
ca lde ras  [20].  To f u r t h e r  t h i s  argument, c e n t r a l  peaks which occur 
i n  many lunar  craters are c i t e d  as evidence f o r  t he  ca lde ra  o r i g i n .  

A ca lde ra  has been def ined  as "a l a r g e  basin-shaped 
vo lcan ic  depression,  more o r  less c i r c u l a r  o r  c i rque - l ike  i n  form, 
the  diameter of which is many t i m e s  g r e a t e r  than t h a t  of t he  included 
vo lcan ic  vent o r  vents"  1231. There are two main types of ca lde ras ,  
those due to  explos ive  e rup t ion  and those due t o  co l l apse .  

Figures  14 and 15  show the  sequence of development 
be l ieved  t o  have occurred wi th  both  types of ca ldera .  I f  t he  concept 
of the  explosive ca lde ra  is invoked, then the  r a y  material surrounding 
t h e  c r a t e r  would c o n s i s t  of p y r o c l a s t i c  vo lcan ic  a s h  depos i t s .  

A s l i g h t l y  d i f f e r e n t  i n t e r p r e t a t i o n  of t he  r a y  
material is t h a t  i t  is d u s t  material l a i d  down by a nude a rden te  [24] ,  
a "highly heated mass of gas charged l ava ,  e j e c t e d  from a v e n t  a t  the  
summit of a volcano where i t  cont inues i t s  course as a n  avalanche,  
f lowing s w i f t l y ,  however s l i g h t  t h e  i n c l i n e  by v i r t u e  of i t s  extreme 
mobil i ty"  [ 231 . 

d. Ring Dikes 

A r i n g  d ike  is a c i r c u l a r  basin- type s t r u c t u r e  which 
resembles a l una r  wal led p l a in .  The geo log ica l  process  r e spons ib l e  
f o r  t h i s  s t r u c t u r e  involves  the  subsidence of a n e a r l y  c i r c u l a r  block 
of rock i n t o  an  underlying magma chamber which fo rces  magma up around 
the  s i d e s  of the  block. 

A map and cross  s e c t i o n  of a r i n g  d ike  i n  New Hampshire 
is  shown i n  F igure  16  [25].  
from 1.28 km t o  over 14.5 km. 
by the  r i n g  d ike  is due t o  the  process  of d i f f e r e n t i a l  e ros ion .  This 
process  simply means t h a t  c e r t a i n  rocks weather and erode f a s t e r  than 
o thers ,and  t h a t  the  material making up the  r i m  has more r e s i s t a n c e  t o  
e ros ion  and weathering than the  ad jacen t  maerial. 

These c i r c u l a r  s t r u c t u r e s  v a r y  i n  diameter 
The prominent r i m  s t r u c t u r e  exh ib i t ed  

On the  moon i n  the  near  absence of weather ing and 
e ros ion ,  the formation of a r i n g  d ike ,  i f  it d i d  occur ,  would probably 
not  advance f a r  p a s t  the C o r  D s t a g e  on Figure  16,and t h e  f i n a l  r e s u l t  
might be a walled p l a i n  (Figure 1 7 ) .  
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FIGURE 14: EVOLUTION OF A CALDERA OF THE KRAKATOA TYPE ( R e f .  21) 

INVADED CALDERA MARE 
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F I G U R E  1 7 .  STAGES I N  THE DEVELOPMENT OF A WALLED P L A I N  W I T H  CENTRAL 
MOUNTAINS BY THE PROCESS OF CAULDRON SUBSIDENCE 
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e. Comparison of Lunar and Terrestrial Crater Morphologies 
t 

It is i n s t r u c t i v e  t o  compare the  morphologies of va r ious  
luna r  s t r u c t u r e s  wi th  some of t h e i r  p o s s i b l e  terrestrial analogues.  Con- 
s i d e r ,  for  example, t he  s u b j e c t  of c r a t e r  shapes o r  b a s i n - l i k e  topographic  
s t r u c t u r e s  on e a r t h  compared t o  those  on t h e  moon. It w a s  observed by 
G i l b e r t  in  1893 [26] t h a t  t h e r e  are marked d i f f e rences  between e a r t h  
impact and vo lcan ic  s t r u c t u r e s ,  and, by analogy, he was a b l e  t o  a s s ign ,  
t e n t a t i v e l y ,  an impact o r i g i n  t o  those luna r  f e a t u r e s  which e x h i b i t  
e s s e n t i a l l y  i d e n t i c a l  morphological c h a r a c t e r i s t i c s  t o  e a r t h  impact 
s t r u c t u r e s .  Likewise, G i l b e r t  ass igned  a vo lcan ic  o r i g i n  t o  luna r  
s t r u c t u r e s  e x h i b i t i n g  a high degree of morphologic s i m i l a r i t y  t o  e a r t h  
vo lcan ic  s t r u c t u r e s .  However, he concluded t h a t  t he  e a r t h  vo lcan ic  
s t r u c t u r e  of primary i n t e r e s t  w a s  the  Maar-type volcano t o  which he 
a t t r i b u t e d  t h e  o r i g i n  of l una r  chain c r a t e r s .  

A s  shown on Figure  18, G i l b e r t  noted,  i n  genera l , ,  t h a t  
t h e  f l o o r s  of bo th  terrestrial impact c r a t e r s  and lunar  c r a t e r s  of pro- 
bable  impact o r i g i n  l i e  below t h e  ground l e v e l  (G.L.) of the surrounding 
t e r r a i n .  With craters e x h i b i t i n g  c e n t r a l  mountains G i l b e r t  noted t h a t  
t h e  cen t r a l  mountains of lunar  c r a t e r s ,  i n  nea r ly  a l l  cases ,  l i e  below 
the  ou te r  r i m ,  bu t  i n  terrestrial  ca lde ra  craters , t he  c e n t r a l  mountains 
sometimes r ise  above the  ou te r  r i m .  

4 .  St ruc tu res  and Landforms Produced by Erosion 

a. Processes  of Erosion 

Processes  of depos i t i on  and e ros ion  r e s u l t  i n  a 
genera l  l eve l ing  of t h e  luna r  su r face .  
a luna r  atmosphere, the  process  of s l o p e  r educ t ion  has gone on a t  a 
g r e a t l y  reduced ra te  compared t o  the  e a r t h .  
g r a v i t y  does n o t  encourage the  downslope movement of material by s lump- 
ing o r  mass movements t o  the  same e x t e n t  as e a r t h  g r a v i t y .  
process  is a l s o  g r e a t l y  r e t a rded  by the  near  absence of l i q u i d  water. 

However, i n  t he  near  absence of 

I n  a d d i t i o n ,  t h e  moon's low 

The l e v e l i n g  

I n  s p i t e  of t hese  d i f f i c u l t i e s ,  t h e r e  is photographic 
evidence t h a t ,  under t h e  inf luence  of l una r  g r a v i t y ,  and probably t r i g -  
gered by moonquakes s e t  o f f  by impact-generated shock waves, lunar  su r -  
f a c e  l eve l ing  has occurred on a l a r g e  s c a l e .  
has been theor ized  t h a t  bombardment by micrometeori tes  and me teo r i t e s  
would have an o v e r a l l  e ros ive  e f f e c t  over a long per iod  of time. 

On a smaller s c a l e ,  it 

Bensko [9]  has regarded t h e  process  of e ros ion  s o  
important as t o  ca t egor i ze  h i s  Mesoselenic era as p r imar i ly  a t i m e  i n  
which "erosional  agents  such as micrometeori tes  and r ad ia t ion"  were 
p a r t i c u l a r l y  e f f e c t i v e ,  and t h a t  even tua l ly  d e b r i s  der ived  from e ros iona l  
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processes  "became concentrated i n  the bases  of c r a t e r s ,  c l e f t s ,  and any 
l o c a l l y  low a r e a s  on the  moon's surface. ' '  
t he  ch ief  lunar  e ros iona l  agents  i n  a d d i t i o n  t o  g r a v i t y  a r e  micrometeo- 
r o i d s  and r a d i a t i o n .  

According t o  t h i s  concept,  

b. Slumping and Mass Movements 

A cons idera t ion  of the c r a t e r  Copernicus i n d i c a t e s  t h a t  
l a r g e  slump blocks occur wi th in  the inner  r i m  of the  c r a t e r .  This e f f e c t  
is  probably due t o  downslope mass movement of f a i r l y  cohesive blocks of 
m a t e r i a l  along curved p lanes ,  s i m i l a r  t o  the  slumpage process  on e a r t h .  
This phenomenon occurs when a load which exceeds the  i n t e r n a l  shea r  
s t r e n g t h  of the  ma te r i a l  is  appl ied  t o  a g ranu la r  m a t e r i a l  on a s t e e p  
s lope .  Such a load could be s imulated by shock waves being t r ansmi t t ed  
through the m a t e r i a l .  Since slumping usua l ly  takes  p lace  i n  a number of 
d i s c r e t e  s t e p s ,  the su r face  is  t e r r aced  a s  i n  the example of Copernicus 
(Figure 29) .  

Mass movements can occur anywhere on the luna r  s u r f a c e  
where the requi red  condi t ions of loose  m a t e r i a l s  s i t u a t e d  on a h igh  
s lope  a re  met. Thus, mass movements of m a t e r i a l  should be p reva len t ,  
n o t  only on the  inner  r i m s  of c r a t e r s ,  b u t  a l s o  on the s i d e s  of r i l l e s ,  
f a u l t  scarps ,  and along r idges .  

c. Other Types of Mass Movement 

Other types of mass movement of lunar  rock m a t e r i a l  
t h a t  can be expected inc lude  t a l u s  d e p o s i t s ,  rock fans and pediment- 
type depos i t s .  I n  t h i s  connection, t h e r e  is  an analogy between luna r  
e ros iona l  processes and those which occur i n  d e s e r t s  on e a r t h .  Here 
aga in ,  the lunar  process w i l l  no t  be nea r ly  a s  complete a s  the  analogous 
e a r t h  process due t o  the absence of running water and wind, b u t  the pro- 
cesses  of comminution by m i s s i l e  bombardment coupled wi th  lunar  g r a v i t a -  
t i o n a l  forces  a c t i n g  on s t e e p  s lopes  over a long per iod of t i m e  w i l l  
i n e v i t a b l y  develop these  analogous f e a t u r e s .  

B. Small-Scale Lunar Features  

For purposes of e s t a b l i s h i n g  lunar  des ign  c r i t e r i a ,  t he  small- 
s c a l e  f ea tu res  may be more important then the  l a rge - sca l e  f e a t u r e s  which 
have j u s t  been discussed.  However, i n  most cases ,  the  sma l l - sca l e  
f e a t u r e s  a r e  der ived  from the  l a rge - sca l e  f e a t u r e s  and the va r ious  pro- 
cesses  respons ib le  f o r  the development of these  l a rge - sca l e  lunar  f ea -  
t u r e s ,  e.g., impact, vo lcanic  a c t i v i t y ,  e ros ion ,  e t c . ,  w i l l  l a r g e l y  
con t ro l  the na tu re  and arrangement of t he  smal l - sca le  f e a t u r e s .  For 
t h i s  reason, the theo r i e s  f o r  the  development of l una r  l a rge - sca l e  
f e a t u r e s  were f u l l y  explained before  a t tempt ing  t o  d iscuss  the var ious  
small-scale  conf igura t ions .  

1 
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I n  the  s e c t i o n s  t o  fol low,  va r ious  types of smal l - sca le  
f e a t u r e s  w i l l  be d iscussed ,  e.g. ,  those due t o  e j e c t a  o r i g i n  and 
vo lcan ic  o r i g i n ,  and f ea tu res  which have been pos tu l a t ed  on the  b a s i s  
of t h e i r  o p t i c a l  and thermal p rope r t i e s .  F i n a l l y ,  the engineer ing 
parameters dea l ing  wi th  the va r ious  smal l - sca le  f e a t u r e s  w i l l  be 
d is cussed . 

r 

1. Fea tures  Derived from Impact Or ig in  

Obviously, the ejecta ,whether  caused by m e t e o r i t i c  impact 
or  explos ive  volcanoes,  r e s u l t  i n  the widespread depos i t i on  of angular  
fragments on the  su r face .  The s i z e  d i s t r i b u t i o n  may be logar i thmic  and 
range from c lay-s ized  powders ( .004 nun) t o  angular  boulders (256 mm). 
Regardless of the  s i z e  d i s t r i b u t i o n ,  marked a n g u l a r i t y  and poor s i z e -  
s o r t i n g  of t h i s  ma te r i a l  can be expected. The absence of an atmosphere 
and t h e  weathering process is of g rea t  importance s i n c e  the m a t e r i a l  
w i l l  n o t  have been g r e a t l y  modified a f t e r  i t  reached i t s  f i n a l  r e s t i n g  
place.  It is  poss ib l e  t h a t  t he  a n g u l a r i t y  of the  mineral  g r a i n s  making 
up m a t e r i a l  such a s  e j e c t a  b l anke t  depos i t s  surrounding the c r a t e r s ,  
f o r  example, Kepler and Copernicus, w i l l  a l low in t e r lock ing  of g r a i n s  
and consequently r e l a t i v e l y  high bearing s t r e n g t h .  This would r e s u l t  
i n  angles  of repose of the sand-sized f r a c t i o n  (12 nun t o  .06 nun), i n  
excess of 34" (value f o r  t e r r e s t r i a l  sand d e p o s i t s ) .  The o v e r a l l  des ign  
e f f e c t s  produced by high s lopes  a s soc ia t ed  wi th  t h i s  type of depos i t  may 
be negated,  however, should the re  be a s u f f i c i e n t l y  high s u r f a c e  d e n s i t y  
of angular  boulder-s ized fragments (754 nun). For example, i f  the  e j e c t a  
b l anke t  m a t e r i a l  is s u f f i c i e n t l y  poorly s o r t e d ,  t he  major engineer ing 
parameter of i n t e r e s t  t o  v e h i c l e  designers  w i l l  l i k e l y  be s u r f a c e  rough- 
ness caused by protuberances.  A reasonable assumption based on the  
behavior of e j e c t a  around e a r t h  impact c r a t e r s  is t h a t  roughness w i l l  
c o n s t i t u t e  a more s e r i o u s  problem than the  bear ing  s t r e n g t h  of t h e  
impact depos i t s .  

Research performed by Bensko and Cortez of MSFC [ 2 7 ]  sheds 
some l i g h t  on the s i z e  of boulders a s soc ia t ed  wi th  lunar  c r a t e r s .  The 
au thors  contend t h a t  t he re  is a s i m i l a r i t y  of s i z e s  f o r  a l l  impact 
c r a t e r s '  d e b r i s  r ega rd le s s  of whether i t  was formed on the e a r t h  o r  t he  
moon. The e s s e n t i a l  d i f f e r e n c e  is t h a t  t he  e a r t h  impact c r a t e r  d e b r i s  
may e x h i b i t  b e t t e r  s o r t i n g  of p a r t i c l e s  due t o  the  presence of an  atmos- 
phere;  
is t h a t  t h e  maximum block s i z e  of e a r t h  c r a t e r  deb r i s  i n d i c a t e s  an upper 
l i m i t  f o r  the  s i z e s  of lunar  fragments. Based on a curve of c r a t e r  s i z e  
ve r sus  block s i z e ,  a c r a t e r  the s i z e  of Meteor Crater  i n  Arizona (1180 m 
i n  d iameter ) ,  can produce blocks approximately 10-15 meters  i n  diameter 
(Figure 19) .  
blocks and sma l l e r  c r a t e r s ,  smaller  blocks.  

The important s i m i l a r i t y  between t e r r e s t r i a l  and luna r  f e a t u r e s  

Larger impact c r a t e r s  w i l l  produce p ropor t iona l ly  l a r g e r  

39 



16 

14 

"E 12 

r" I O  

0 

z - 

3 
4 
0 > 
W 
a 8  

a 

0 6  

ti 
0 
IL 

(3 
0 
3 

4 

2 

I 
I 

I 
-+Meteor Crater, Arizona 
I (1180m in diameter) 
I 
I 
I 
I 
I 

Buckboard Mesa, N.T.S. 
J. 

=/-DaIgaranga, Western Australia 

&--Project Chariot, Alaska 

r.kBuckboard Mesa, N.T. S. I 
I 
/-US. Bureau of Mines Crater 

I 
I 
I 
I 
I 

Craters produced at Hypervelocity . { ~ B o l l i s t k s  Range, Ames Research 
:1. Center, (Diameter - 6 cm) 

0 '  
0 2 4 6 8 lo 12 

LO6 OF MAXIMUM BLOCK SIZE IN m m  
'Moore, 0oult and Lugn, AStrogeologic Studkr, NASA 
Cantroc t S- 7700 -6. 

F I G U R E  19: R E L A T I O N S H I P  BETWEEN CRATER VOLUME AND MAXIMUM BLOCK S I Z E  
O F  CRATER D E B R I S  ( R e f .  2 7 )  

40 



Regarding o ther  poss ib le  smal l - sc  l e  f e a t u r e s  a s  oc i a t ed  
wi th  luna r  e j e c t a  phenomena, one should be aware of t he  emplacement 
of secondary o r  s a t e l l i t e  craters caused by the  bombardment of blocks 
e j e c t e d  from a l a r g e  impact crater. S tudies  made by Shoemaker [18, 191 
i n d i c a t e  t h a t  t he  fragments capable of forming secondary c r a t e r s  which 
a r e  v i s i b l e  a t  t e l e s c o p i c  r e s o l u t i o n  a re  e j e c t e d  a t  angles  of 14 t o  22 
degrees  (Figure 9).  A map of a r eas  exh ib i t i ng  the  zone of secondary 
c r a t e r s  around Copernicus is provided i n  F igure  10. A cursory  glance 
a t  t h i s  map i n d i c a t e s  t h a t ,  f o r  the purposes of e s t a b l i s h i n g  t r a v e r s e s  
f o r  optimum mobi l i t y ,  reg ions  of secondary c r a t e r  formation must be 
considered from the  s t andpo in t  of small-scale  roughness. These reg ions  
w i l l  conta in  concent ra t ions  of smaller  secondary c r a t e r s  both above and 
below the  l i m i t  of o p t i c a l  r e so lu t ion .  The secondary c r a t e r s  shown on 
Figure  10 l i e  i n  a broad concent r ic  b e l t  surrounding Copernicus. S igni -  
f i can t ly ,  the a r e a  between the  secondary c r a t e r s  and the main impact 
c r a t e r  is r e l a t i v e l y  undis turbed a t  the v i s i b l e  s c a l e ,  and i t  can be 
i n f e r r e d  t h a t  t h i s  a r e a  is covered by m a t e r i a l  of smaller g r a i n  s i z e  
( e j e c t a  b lanket  depos i t s ) .  Perhaps a r e a s  such as t h i s  w i l l  provide 
b e t t e r  s u r f a c e  condi t ions  f o r  planning t r a v e r s e s  around the  l a r g e  
c r a t e r s  such a s  Copernicus. 

F i n a l l y ,  Sa l i sbu ry  [13] po in t s  ou t  t h a t ,  according t o  the  
m e t e o r i t e  theory,  the  subsur face  s t r u c t u r e  should c o n s i s t  "of h igh ly  
f r a c t u r e d  basement rock o v e r l a i n  by discont inuous l a y e r s  of rubble ,  
rock f l o u r ,  and meteoroid mater ia l"  and t h a t  " t h i s  subsur face  s t r u c -  
t u r e  should e x h i b i t  very  l i t t l e  col lapse hazard." 

2. Fea tures  Derived from Volcanic Or ig in  

Almost without  exception, t he  s t u d e n t s  of l una r  topography 
ag ree  t h a t  t he  Maria are  covered by t h i c k  depos i t s '  b u i l t  up by s e p a r a t e  
l ava  s h e e t s .  
l a r g e  me teo r i t e  impacts which occurred during a c r i t i c a l  phase of t he  
moon's cool ing h i s t o r y  [28]. Probably t h e  s u r f a c e  of t he  Maria c o n s i s t s  
of one o r  both of t he  major tex tures  exh ib i t ed  by e a r t h  lava  flows w i t h  
some modi f ica t ions  due t o  the  lower g r a v i t y  and the absence of atmosphere 
on t h e  moon. The t e r r e s t r i a l - t y p e  examples of lava  flows are  aa and 
pahoehoe. A a ,  the  Hawaiian term fo r  b a s a l t i c  lava  flows, is t y p i f i e d  
by a rough, jagged, sp inose ,  c l inkery  s u r f a c e ,  whi le  pahoehoe is t y p i f i e d  
UY ;i ~ i i i ~ ~ t h ,  bi??cvy,  sr  rnpy ~ ~ ~ f a c e  [ 23 ] ,  Modif icat ions t o  these  types 
of lava  flows r e s u l t i n g  from lower luna r  g r a v i t y  and vacuum may inc lude  
deeper  
v e s i c u l a r  l ava  which may p resen t  a co l l apse  hazard.  Ten ta t ive  r e s u l t s  
of a s tudy  by Dobar [29] of Bendix i n d i c a t e  t h a t  on the  moon v e s i c u l a r  
igneous rocks such as pumice and sco r i a  a r e  l i k e l y  t o  be more common 
than  the  dense b a s a l t  of e a r t h  t e r r a i n s .  Sa l i sbu ry  [13] estimates t h a t  
t h e  maximum depth of a v e s i c u l a r  layer  would probably be 1 3  m wi th  

This lava  may have r e su l t ed  from p res su re  r e l eased  by 

L -- 

nuc lea t ion  and slower r i s e  of bubbles r e s u l t i n g  i n  a h ighly  
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average dimensions being about  one-half the  maxima. Fuda l i  [15] ind i -  
c a t e s  t ha t ,  according t o  the  vo lcan ic  theory of Maria formation,  the 
s u r f a c e  w i l l  have a range of t ex tu res  from smooth, i f  i t  is formed from 
pahoehoe o r  welded t u f f s ,  t o  rough, i f  i t  is  aa- type lava .  Other small-  
s c a l e  i r r e g u l a r i t i e s  i n  lava flows a r e  wavy and h igh ly  f r a c t u r e d  su r faces  
which resemble pressure  cracks i n  i c e  flows. These f r a c t u r e d  su r faces  
a r e  caused by v iscous  flow. Also,  the Maria s u r f a c e s  w i l l  have been 
f u r t h e r  modified by meteoroid bombardment, the r e s u l t  of which should 
be the  production of c r a t e r s  and smal l - sca le  r e l i e f  of rubble .  

It has r e c e n t l y  been suggested [30] t h a t  the  e ros ive  a c t i o n  
of g a s - f i l l e d  clouds from lunar  volcanoes heav i ly  laden wi th  ash  and 
c inders  (nudes a rden te s )  may be r e spons ib l e  f o r  eroding Shrge te r ' s  Valley 
(Figure 32). If t h i s  i n t e r p r e t a t i o n  were c o r r e c t ,  p y r o c l a s t i c  depos i t s  
of vo lcanic  a sh ,  t u f f ,  e t c . ,  may be found widely d i s t r i b u t e d  i n  ad jacen t  
low a reas  and might be interbedded wi th  the lava flows. A s imi l a r  theory 
has been suggested by Green t o  exp la in  the r ay  systems a s s o c i a t e d  wi th  
the  younger c r a t e r s  [24].  

3.  Features  Based on Thermal and Opt ica l  Measurements 

Many s c i e n t i s t s  have s tud ied  the  moon's s u r f a c e  by observ- 
ing i t s  thermal and o p t i c a l  r a d i a t i o n ,  Moreover, one might add s t u d i e s  
using radar  measuring devices .  This work has been concerned wi th  t h e  
moon's s p e c t r a l  d i s t r i b u t i o n ,  r e f l e c t i v i t y  (a lbedo) ,  and o p t i c a l  s c a t t e r -  
ing and p o l a r i z a t i o n  p r o p e r t i e s .  It i s  not  w i th in  the  scope of t h i s  
paper t o  d iscuss  these  s t u d i e s  i n  d e t a i l ,  b u t  r a t h e r  t o  d iscuss  some of 
t h e i r  conclusions,  p a r t i c u l a r l y  regarding the  lunar  su r face  cond i t ions ,  

a.  Thermal P rope r t i e s  

Thermal i n e r t i a  is def ined  by the express ion  ( K p ~ ) l / ~ ,  
where K i s  the  thermal conduct iv i ty ,  p t he  d e n s i t y ,  and c the s p e c i f i c  
h e a t  of the s u r f a c e  ma te r i a l  [31].  With the  lunar  s u r f a c e  m a t e r i a l s ,  
the  va lue  of K ranges from 3 x t o  3 x cal/cm2 sec .  Some 
t y p i c a l  values f o r  thermal conduc t iv i t i e s  of t e r r e s t r i a l  m a t e r i a l s  a r e  
as follows: copper,  K = 0.9 cal/cm2 sec ;  rock,  K = 5 x cal/cm2 s e c ;  
pumice, K = 3 x lo'* cal/cm2 sec ;  and powder i n  vacuum, K = 3 t o  
10 x cal/cm2 s e c  [2] .  I n  these  examples, i t  is i n t e r e s t i n g  t o  note  
t h a t  thermal conduc t iv i t i e s  decrease  as the  amount of s u r f a c e  con tac t  
w i t h i n  the ma te r i a l  decreases .  This r e l a t i o n s h i p  is apparent ly  due t o  
the  decrease of conduction paths  wi th in  a volume of d u s t ,  compared t o  
an  equal  volume of s o l i d  rock. In  a d d i t i o n ,  t he  presence of vacuum tends 
t o  decrease the  a l r eady  low thermal conduc t iv i ty  exh ib i t ed  by granula ted  
substances.  Since dus t  o r  powdery m a t e r i a l s  i n  vacuum have about the 
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same low thermal conduc t iv i t i e s  a s  the lunar  s u r f a c e ,  a dus t - l aye r  model 
s u r f a c e  has been suggested by some researchers .  However, o the r  poss ib l e  
s u r f a c e  model conf igura t ions  a l s o  have the  same low thermal conduct iv i ty .  
These w i l l  be mentioned l a t e r  i n  t h i s  r e p o r t .  

Thermal i n e r t i a  i s  a measure of r e s i s t a n c e  t o  h e a t  f low 
i n  a m a t e r i a l .  The moon's s u r f a c e  has a very  low thermal i n e r t i a ,  which 
i n d i c a t e s  t h a t  i t  is  a very  good thermal i n s u l a t o r .  The luna r  s u r f a c e  
temperatures vary  from 389°K ? 5" a t  the  maximum t o  120°K 5 2"  a t  the 
minimum. S in ton  [32] observed a temperature drop fram 374°K t o  < 200°K 
during a per iod of one hour during an e c l i p s e .  The temperature con- 
t inued t o  dec l ine  slowly, thus ind ica t ing  t h a t  the moon's s u r f a c e  has 
e x c e l l e n t  i n s u l a t i o n  p r o p e r t i e s .  

The p r o p e r t i e s  of low thermal conduc t iv i ty  and thermal 
i n e r t i a  seem t o  i n d i c a t e  t h a t  the sur face  temperatures would not  extend 
very  deeply i n t o  the moon's i n t e r i o r  and would have a s u p e r f i c i a l  "skin" 
e f f e c t .  One s tudy  of lunar  subsurface temperatures publ ished by General 
E l e c t r i c  [2 ]  shows t h a t  a t  a depth of 76.2 cm the  subsur face  temperatures 
a r e  a lmost  cons t an t ,  varying s l i g h t l y  from a mean temperature of approxi-  
mately 235°K rega rd le s s  of lunar  sur face  temperatures .  

b. Optical  P rope r t i e s  

(1) P o l a r i z a t i o n  

S tudies  have been conducted t o  determine the  
e f f e c t s  of the  lunar  su r face  m a t e r i a l s  on the  p o l a r i z a t i o n  of l i g h t  [33].  
Since t h e  degree of p o l a r i z a t i o n  is r e l a t e d  t o  the  na tu re  of the  luna r  
s u r f a c e ,  i t  has been hoped t h a t  t h i s  type of a n a l y s i s  may be used t o  
determine luna r  s o i l  p rope r t i e s .  By s tudying m a t e r i a l s  e x h i b i t i n g  s i m i -  
l a r  p o l a r i z a t i o n  t o  t h a t  of t h e  moon's su r f ace  i n  t h e  l abora to ry ,  i t  
seems poss ib l e  t h a t  ana logies  can be drawn wi th  known e a r t h  m a t e r i a l s  
having s i m i l a r  p o l a r i z a t i o n  p rope r t i e s .  

Lyot is quoted by Dollfus  [33] a s  making a p rec i se  
a n a l y s i s  of the  p o l a r i z a t i o n  of moonlight. Lyot ,ob ta ined  a curve of 
p o l a r i z a t i o n  v a r i a t i o n s  wi th  phase angles and noted t h a t  the percentage 
of p o l a r i z a t i o n  v a r i e s  from a minimum of -1 percent  a t  10 degrees from 
f u l l  moon t o  a maximum of 10 percent a t  115 degrees from waxing moon. 

Lyot s tud ied  the p o l a r i z a t i o n  p r o p e r t i e s  of a 
number of t e r r e s t r i a l  m a t e r i a l s  including qua r t z  sands ,  c layey sands,  
and chalky sediments which he says do no t  have the same p o l a r i z a t i o n  a s  
t h e  moon's su r f ace .  This conclusion i s  no t  too  s u r p r i s i n g  i n  view of 
the  f a c t  t h a t  these  minerals  a r e  a l l  c h a r a c t e r i s t i c  of sedimentary 
environments. Experiments wi th  volcanic  lavas  and angular  rock fragments 
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of b a s i c  igneous rocks m e t  w i th  more success  i n  s imula t ing  t h e  luna r  
po la r i za t ion  p rope r t i e s .  On the  b a s i s  of t h i s  work, Dol l fus  writes 
t h a t  "we must conclude, t he re fo re ,  t h a t  the  lunar  s u r f a c e  is covered 
wi th  a very absorbing powder, having a c o n s t i t u t i o n  similar t o  t h a t  of 
vo lcan ic  ash" al though the  s p e c i f i c  type of a sh  is no t  mentioned. 

Niedz's r e p o r t  [2]  on the luna r  s u r f a c e  was some- 
what less o p t i m i s t i c  than Dol l fus  and concludes t h a t  it is poss ib l e  t o  
hope t h a t  t e r r e s t r i a l  counterpar t s  of l una r  rocks may be found, b u t  the  
s t a t e -o f - the -a r t  of p o l a r i z a t i o n  s t u d i e s  does n o t  p e r m i t  our d i sce rn ing  
t h i s  property.  Niedz concludes,  however, based on the  behavior  of i t s  
polar ized  l i g h t ,  t h a t  t h e  s u r f a c e  of the  moon should c o n s i s t  of a f i n e -  
gra ined  sur face  l a y e r .  

(2) Albedo 

The albedo,  o r  r e f l e c t i v i t y ,  of t he  luna r  s u r f a c e  
is  reported t o  be very  low by comparison t o  e a r t h  t e r r a i n s ,  ranging from 
a minimum of 0.051 t o  a maximum of 0.183 [31]. The average s p h e r i c a l  
a lbedo of t h e  moon a s  a whole is  0.073 [ 21. 

Attempts t o  c o r r e l a t e  the moon's a lbedo w i t h  
t e r r e s t r i a l  counterpar t s  i n d i c a t e  t h a t  only ve ry  dark  substances such 
as b a s a l t i c  lava  and the  fus ion  c r u s t  of me teo r i t e s  have albedos approach- 
ing those of the moon. Grani te  has albedos which a r e  too h igh  f o r  pos- 
s i b l e  lunar s u r f a c e  m a t e r i a l s  except  i n  the  con t inen ta l  and mountainous 
regions i n  which the albedos a r e  twice as h igh  as the Maria. 

Niedz [ 21 r e p o r t s  t e r r e s t r i a l  igneous rocks where 
albedos match lunar  albedos as fol lows:  

L igh te s t  reg ions .  (Continents and mountains) - 
b a s a l t s  and s tony  me teo r i t e s .  

Medium l i g h t n e s s  reg ions  - l avas ,  dark t u f f s ,  
vo lcan ic  ash.  

Darkest  reg ion  - b a s a l t i c  l avas ,  dark 
vo lcan ic  ash ,  f u s i o n  c r u s t  of me teo r i t e s .  

Niedz [ 2 ]  cau t ions ,  however, t h a t  rock types 
exh ib i t i ng  lunar  albedos a r e  numerous and t h a t  i t  is no t  y e t  considered 
j u s t i f i a b l e  t o  s e l e c t  the type of lunar  rocks on the  b a s i s  of t h i s  
photometric proper ty  alone.  
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(3) igh t -S ca t t e r  ing P rope r t i e s  

It has been pointed out  i n  the  l i t e r a t u r e  [ 2 ]  t h a t  
the i n t e n s i t y  of s c a t t e r e d  l i g h t  changes very  r a p i d l y  before  and a f t e r  
f u l l  moon. F u l l  moon is approximately 11 times a s  b r i g h t  a s  f i r s t  o r  
l a s t  q u a r t e r .  This observat ion is qu i t e  un l ike  any smooth s u r f a c e  known, 
b u t  i t  can be s imulated by a ves i cu la r  s u r f a c e  covered by p i t s  and 
i r r e g u l a r i t i e s  on a cent imeter  t o  mi l l imeter  s c a l e .  

Another i n t e r e s t i n g  observa t ion  concerning the  
l i g h t - s c a t t e r i n g  p rope r t i e s  of t he  moon is t h a t  t he re  i s  no limb-darkening 
and t h a t  each p a r t  of t he  moon's su r f ace  a t t a i n s  i t s  maximum br igh tness  
a t  f u l l  moon, r ega rd le s s  of i t s  r e l a t i v e  p o s i t i o n  o r  angular  d i s t a n c e  
from the  cen te r  of the moon. This observat ion bears  ou t  the theory of 
a h igh ly  v e s i c u l a r ,  rough micros t ruc ture  of the  su r face  m a t e r i a l s  [ 2 ] .  

( 4 )  Color 

According t o  Dugan [31] the  moon's su r f ace  is  
e s s e n t i a l l y  c o l o r l e s s .  
co lor  i n  which the b r i g h t e r  the f e a t u r e ,  the redder  i t s  co lo r .  Mare 
reg ions  a r e  b l u i s h  a reas .  

There is a r e l a t i o n s h i p  between b r igh tness  and 

I f  one at tempts  t o  c o r r e l a t e  the c o e f f i c i e n t  of 
b r igh tness  and co lor  of lunar  rocks with poss ib l e  e a r t h  analogues,  the  
fol lowing types of t e r r e s t r i a l  rocks a l l  s a t i s f y  the  luna r  da ta :  vo l -  
can ic  ash ,  coarse-grained b a s a l t  (d iabase) ,  r e d  qua r t z  porphyry, i r o n  
q u a r t z i t e ,  and t u f f  [ 2 ] .  

4.  Concepts of Poss ib le  Surface Configurations 

Our knowledge of the  ac tua l  smal l - sca le  s u r f a c e  s t r u c t u r e  
i s  based l a r g e l y  on the  da ta  from the preceding s e c t i o n s .  Attempts have 
been made t o  c o r r e l a t e  thermal and o p t i c a l  p rope r t i e s  wi th  var ious  theo- 
r e t i c a l  models which a c t u a l l y  exh ib i t  a l l  of the  measured p rope r t i e s  
a v a i l a b l e .  On the  b a s i s  of t h i s  data ,  the  following models have been 
sugges ted.  

a .  Whisker Model 

This su r face  would cons is  t of f i n e  whisker c r y s t a l s  
produced by the  e f f e c t s  of spu t t e r ing  due t o  proton bombardment [ l 5 ] .  

b. Rock-Froth Model 

This type of sur face  is produced by the  outgassing of 
molten lava  and the formation of a ves i cu la r  igneous rock no t  un l ike  
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s c o r i a  o r  pumice. The a c t u a l  t e x t u r e  of the  f r o t h  would be q u i t e  v a r i -  
a b l e  and depend on the composition of t he  mel t ,  cool ing r a t e ,  v i s c o s i t y ,  
e t c .  [151. 

c. Dust Model 

This model presupposes micrometeori te  e ros ion  and the 
production of v a s t  q u a n t i t i e s  of dus t - s ized  (> 0 . 0 6  mm) p a r t i c l e s  der ived  
from lunar  su r face  rocks [15] .  The r a t e  of product ion of lunar  d u s t  
l a y e r  may vary from a maximum of 75 meters /4 .5  x l o 9  years  based on an 
e s t ima te  of e ros ion  r a t e s  by Whipple t o  4.5  meters /4 .5  x l o 9  years  
according t o  Orrok's e s t ima te  quoted by Fudal i  [ 6 ] .  S i g n i f i c a n t l y  
these  es t imates  presuppose t h a t  a l l  of the  eroded m a t e r i a l  was immediately 
removed by t r anspor t ing  agents  - which l i k e l y  do no t  e x i s t  on the  moon - 
and thus c o n s t i t u t e  maxima which probably range f a r  above a c t u a l  va lues .  
I n  f a c t ,  Opik, recognizing t h i s  d i f f i c u l t y ,  is quoted by Fudal i  [ 6 ]  a s  
ind ica t ing  t h a t  the  t o t a l  th ickness  of eroded dus t  is small  and probably 
ranges from 20 t o  100 cm. 

d. Two-Layered Model 

The moon's proper ty  of extremely low thermal conduc- 
t i v i t y  based on in f r a red  and o p t i c a l  emissions has l e d  t o  the concept 
of a two-layered model cons i s t ing  of an upper l aye r  of d u s t ,  approxi-  
mately 9 mm t h i c k ,  and an underlying rock l a y e r  [ 3 4 ] .  The p r o p e r t i e s  
of t he  upper l aye r  a r e  a s  follows: 

K (thermal conduct iv i ty)  = 2.8 x cal /cm/sec/"C 

Q (dens i ty)  = 1.8 g/cm3 

c (spec. h e a t )  = 0 .2  c a l / g  

Under t h i s  l a y e r  i s  a v e s i c u l a r  rock l a y e r  of composi- 
t i o n  of b a s a l t  [ 3 9 ]  having the  following p rope r t i e s :  

K (thermal conduct iv i ty)  = 6.8 x lo-4 cal /cm/sec/°C 

Q (dens i ty)  = 2.08 g/cm3 

. 

'~ 

, 

c (spec. h e a t )  = 0.2 c a l / g  
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e. Corre la t ion  of Small-scale Data wi th  Large Sca le  Data 

It is g r a t i f y i n g  t o  observe the  broad s i m i l a r i t i e s  t h a t  
a re  emerging from a cons idera t ion  of t he  moon's smal l - sca le  and l a rge -  
s c a l e  f e a t u r e s .  For example, thermal and o p t i c a l  p r o p e r t i e s  of the  moon 
po in t  t o  a h ighly  i n s u l a t i n g  mater ia l  having a low thermal conduct iv i ty  
and low thermal i n e r t i a .  The albedo, p o l a r i z a t i o n ,  and co lo r  p rope r t i e s  
sugges t  the  ex is tence ,of  b a s i c  igneous rocks such a s  b a s a l t ,  o r  d iabase ,  
p lus  vo lcan ic  ash ,  and fus ion  c r u s t  of me teo r i t e s .  P o l a r i z a t i o n ,  p a r t i c -  
u l a r l y ,  seems t o  i n d i c a t e  t h a t  t he  sur face  m a t e r i a l  conta ins  a g ranu la r  
l aye r .  By comparison, t he  la rge-sca le  f e a t u r e s  should be composed 
l a r g e l y  of b a s a l t  o r  v e s i c u l a r  lavas  i n  the Maria and g ranu la t ed ,  per-  
haps fused ,  m e t e o r i t i c  m a t e r i a l  i n  the con t inen ta l  a r e a s .  Broadly 
speaking,  t h e r e  is  gOod genera l  agreement between the  i n t e r p r e t a t i o n s  
app l i ed  t o  the l a rge - sca l e  f e a t u r e s  and those app l i ed  t o  the  small- 
s c a l e  ones. 

It seems s i g n i f i c a n t  t h a t  f u t u r e  s t u d i e s  dea l ing  wi th  
luna r  s u r f a c e  c r i t e r i a  should t r y  t o  ob ta in  c o r r e l a t i o n s  of t h i s  na tu re ,  
f o r  t h i s  appears t o  be a f r u i t f u l  wiy t o  so lve  many of the  remaining 
problems dea l ing  wi th  lunar  technology. This type of endeavor w i l l  
r e q u i r e  an e f f o r t  on the  p a r t  of severa l  types of s c i e n t i f i c  s p e c i a l i s t s  
worklng toge ther  t o  a r r i v e  a t  a common goal  - a b e t t e r  understanding of 
t he  lunar  su r face  environment - j u s t  as s o i l  s c i e n t i s t s ,  chemists ,  and 
b a c t e r i o l o g i s t s  may work toge ther  t o  so lve  a t e r r e s t r i a l  s o i l  problem. 

V I .  ENGINEERING PARAMETERS OF THE LUNAR SURFACE 

Many s u b j e c t s  of va lue  t o  engineers have been d iscussed  on the pre- 
vious pages. For example, knowledge of t he  l a rge - sca l e  f e a t u r e s  w i l l  be 
necessary f o r  proper  planning of t raverses  f o r  a l una r  mobile v e h i c l e ,  
and a knowledge of the  smal l - sca le  f e a t u r e s  is r equ i r ed  i f  a proper con- 
ceptua l  design of t he  optimum vehic le  conf igu ra t ion  is t o  be  made. 
However, t he re  e x i s t  s e v e r a l  problems which a r e  p e c u l i a r  t o  v e h i c l e  
engineer ing design o r  f o r  s i t e  s e l e c t i o n  which w i l l  be d iscussed  a t  
t h i s  po in t .  These problems a r e  concerned wi th  the  bear ing  s t r e n g t h s ,  
s l o p e s ,  protuberances,  and the  r e l a t i v e  roughness of the  lunar  su r face .  

A s  Rearing S t r eng th  

The bear ing  s t r e n g t h  of the luna r  s u r f a c e  is  dependent upon 
the  lunar  s u r f a c e  model t h a t  i s  s e l ec t ed ,  e .g . ,  f r o t h ,  whisker,  d u s t ,  
e t c .  I f  a "worst-case" model is se l ec t ed ,  i t  would c o n s i s t  of a t h i c k  
d e p o s i t  of l oose ly  packed dus t .  With the "worst-case" model, t he  bear-  
ing po in t s  w i l l  pene t r a t e  no fu r the r  than 3 - 5 cm (1 - 2 inches)  under 
a load  of 6.89 x l o 4  newtons/m2 (10 p s i )  [lS]. 
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A whisker s u r f a c e  l a y e r  would have a n e g l i g i b l e  bear ing  
s t r e n g t h ,  but i t  would be s o  t h i n  as t o  p re sen t  no bear ing  s t r e n g t h  
problem. Rock f r o t h s  should have s t a t i c  bear ing  s t r e n g t h s  [15] ranging 
from 1.38 x l o 6  newtons/m* (200 p s i )  t o  8.27 x l o 7  newtons/m2 (12,000 p s i ) .  

I 48 

For t he  "worst-case" model c i t e d  above, t h i s  is a very  con- 
s e r v a t i v e  model and does no t  a l low f o r  any m i t i g a t i n g  e f f e c t s  such a s  
cold-welding i n  vacuum or  fus ion  r e s u l t i n g  from micrometeori te  and cosmic 
r a d i a t i o n  bombardment. Recent s t u d i e s  by Wehner e t  a l .  [5] seem t o  
i n d i c a t e  tha t  bombardment by the  s o l a r  wind would not  only darken a 
g ranu la r  ma te r i a l ,  b u t  i t  would a l s o  cement the  g ra ins  toge ther  i n t o  a 
b r i t t l e ,  f ib rous  c r u s t  by s p u t t e r i n g .  Under these  circumstances,  one 
would expect t o  f i n d  an  inc rease  i n  bear ing  s t r e n g t h  over a loose d u s t  
model. 

CRATER DIAMETER 328 m 3,280 m 

Average Slope of Inner  R i m  30 " 24 " 

Maximum Slope of Inner  R i m  70" 46" 

B. Slopes 

32,800 m 

16" 

28 " 

1.  Regional 

Bronner [ 1 2 ]  po in t s  ou t  the fol lowing r e l a t i o n s h i p s  con- 
cerning lunar r eg iona l  s lopes .  

a. Mountain Slopes 

Lunar mountains have s lopes  which are concave 
upward and in  which the  upper po r t ion  is  s t e e p e r  than the  lower por t ion .  

b. Outer Slopes of Craters 

The above r e l a t i o n s h i p  holds  f o r  the  ou te r  s lopes  
of l a r g e r  c r a t e r s  and the  inner  s lopes  of smaller c r a t e r s .  



c. Mare Borders 

Some of the  Mare borders  d i sp l ay  the  c h a r a c t e r i s t i c  
steep s lopes  of escarpments. 

d. Inner  Slopes of Cra te rs  

The inner  s lopes of numerous c r a t e r s  a r e  t e r r aced  
due t o  the  downslope movements of slump blocks.  These t e r r a c e s  which 
are r e l a t i v e l y  ho r i zon ta l  may have fore  s lopes  of from 20 degrees t o  
45 degrees.  

2. Local Slopes and Protuberances 

I f  one accepts  t he  theory of meteoroid bombardment wi th  
r e s u l t i n g  d e b r i s - e j e c t a  depos i t s ,  a l a r g e  por t ion  of t he  moon's s u r f a c e  
is covered by angular  fragments of e j e c t a  which e x h i b i t  a wide s i z e -  
d i s t r i b u t i o n .  Slopes may reach 40 degrees i n  the  case of l a r g e  angular  
blocks o r  lava  s t r u c t u r e s .  The average blocky fragment should be about 
one meter i n  diameter.  I n  addi t ion ,  small c r a t e r s  ranging ,  from l e s s  
than one inch t o  s e v e r a l  hundred meters i n  diameter may be numerous. 

C. Rough Versus Smooth Maria 

Fudal i  [ 6 ]  c o n t r a s t s  t he  major arguments f o r  smooth versus  
rough Maria i n  an at tempt  t o  show t h a t  n e i t h e r  view has the  preponder- 
ance of s c i e n t i f i c  mer i t  i n  i t s  favor. Bas i ca l ly ,  t he  view f o r  a 
smooth Maria emphasizes the  extremely o ld  ages (4.5 x lo9  years )  placed 
on the  Maria by Shoemaker e t  a l .  [10],which provide an  extremely long 
per iod  f o r  micrometeoroid bombardment and leve l ing .  
view f o r  a rough Maria emphasizes the e f f e c t  of e j e c t a  from c r a t e r i n g  
processes  and minimizes the  e f f e c t s  of micrometeoroids' e ros ive  
c a p a b i l i t i e s .  

The con t ra s t ing  

V I I .  LUNAR PHOTOGRAPHIC ATLAS 

This s e c t i o n  presents  s e l ec t ed  photographs from G. P. Kuiper 's  
Lunar Photographic Atlas,which have been reproduced by courtesy of t he  
Un ive r s i ty  of Chicago Press.  
t he  b e s t  photographs a v a i l a b l e  from the  world 's  l ead ing  obse rva to r i e s  
inc luding  Wilson, Lick, McDonald, Yerkes, and Pic-du-Midi. It is  hoped 

They have been compiled by D r .  Kuiper from 

49 



t h a t  they  w i l l  be  i n s t r u c t i v e ,  n o t  only i n  providing d a t a  on lunar  
geography and luna r  formations,  b u t  more important ly ,  i n  i l l u s t r a t i n g  
the  morphologies of the  var ious  l a rge - sca l e  lunar  f e a t u r e s .  Most of 
the- s t r u c t u r e s  and landforms d iscussed  i n  t h e  preceding s e c t i o n s  have 
been noted on the  photographs and keyed i n t o  the  t e x t .  It is hoped 
t h a t  t h e  reader  w i l l  use  these  photographs as he reads  the  t e x t  t o  
o b t a i n  a r e a l i s t i c  viewpoint of t h e  lunar  s u r f a c e ,  i t s  s t r u c t u r a l  and 
topographic f e a t u r e s ,  and t h e i r  s c a l e  and phys ica l  appearance.  

The photographs are o r i en ted  wi th  sou th  a t  t he  top j u s t  as they 
are viewed t e l e scop ica l ly .  This arrangement p laces  w e s t  on the  r i g h t -  
hand s i d e  of t h e  page. 
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LUNAR PHOTOGRAPHIC ATLAS 
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FIGURE 20. FIRST QUARTER 

(Courtesy Un ive r s i ty  of Chicago Press )  
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FIGURE 21. LAST QUARTER 

(Courtesy Univers i ty  of Chicago Press)  
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V I I I .  RANGER V I I ' S  LUNAR PHOTOGRAPHIC MISSION 

The successfu l  photographic mission of Ranger VI1 on J u l y  31, 1964, 
provided 4,316 photographs of t h e  lunar  su r face .  
graphs a r e  included i n  Figures  39 through 45 and a l o c a t i o n  map of the 
f i e l d s  of view of t hese  photographs is included i n  Figure 38. A t  the  
t i m e  of t h i s  w r i t i n g ,  t he  Astrogeology Branch of the  U. S. Geological 
Survey, F l a g s t a f f ,  Arizona, is making d e t a i l e d  ana lyses  of these  photo- 
graphs and w i l l  make the  o f f i c i a l  i n t e r p r e t a t i o n  f o r  f u t u r e  v e h i c l e  
design. The r e s u l t s  publ ished i n  t h i s  r e p o r t  are t e n t a t i v e  and are 
based on press releases made by D r s .  Eugene Shoemaker of the  Astro- 
geology Branch, and Gerard Kuiper of t he  Lunar and P lane ta ry  Laboratory 
of t he  Univers i ty  of Arizona [36, 371. 

Several of t hese  photo- 

I 

Tenta t ive  r e s u l t s  of the  Ranger V I 1  photographs i n d i c a t e  t h a t  t he  
small-scale  roughness of t he  lunar  s u r f a c e  does n o t  c o n s t i t u t e  a s e r i o u s  
problem for  a mobile veh ic l e .  
p i t s  ranging down t o  0.5 m in  diameter ,  bu t  c r a t e r s  w i l l  cover only 
between 1 t o  10 percent  of the  Maria su r face .  

Probably t h e  Maria w i l l  conta in  c r a t e r  

There a re  two types of c r a t e r s  on the  Maria, primary and secondary. 

A. Primary Craters 

In the  Ranger VI1 impact area, the  primary c r a t e r s  were the  
least  frequent  type. It is  be l ieved  t h a t  primary impact c r a t e r s  were 
formed by h igh-ve loc i ty  p r o j e c t i l e s  which were t r a v e l i n g  a t  v e l o c i t i e s  
i n  excess of 2.4 km/sec. which is  the escape v e l o c i t y  of the  moon. It 
is probable t h a t  most of the  primary c r a t e r s  were formed from e x t r a l u n a r  
ob jec t s  which impacted the  moon's sur face .  

Primary c r a t e r s  are  d i s t ingu i shed  from secondary c r a t e r s  by 
t h e i r  s t e e p e r  s lopes  and l a r g e r  depth/diameter  r a t i o .  

B. Secondary Craters 

These c r a t e r s  are much more numerous i n  the  Ranger VI1 impact 
a r e a  and a r e  be l ieved  t o  be caused by secondary e j e c t a  which bombarded 

, t h e  lunar  s u r f a c e  and which w a s  der ived  from the  l a r g e  primary c r a t e r  
, Copernicus (Figure 29). The e j e c t a  which formed these  secondary c r a t e r s  

w a s  t r ave l ing  a t  speeds less than 2.4 km/sec. Kuiper [37] i n d i c a t e s  t h a t  
t y p i c a l l y  t h i s  e j e c t a  was t r a v e l i n g  a t  0.8 kmlsec. 

Secondary c r a t e r s  have a s o f t ,  rounded appearance,  low s l o p e s ,  
and a smal le r  depth/diameter  r a t i o  than primary c r a t e r s .  
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C. Impl ica t ions  of Surface Hardness 

The Ranger V I 1  photographic mission was no t  designed t o  provide 
q u a n t i t a t i v e  da t a  on the  s u r f a c e  hardness o r  bear ing  s t r e n g t h s  of t he  
luna r  su r face .  Any a t tempts  t o  i n f e r  t he  hardness of the  lunar  s u i f a c e  
from these  photographs is an  i n t e r p r e t a t i o n  and should n o t  be considered 
d e f i n i t i v e  a t  t h i s  t i m e .  Present  i n t e r p r e t a t i o n s  on s u r f a c e  hardness 
based on the  Ranger V I 1  photographs range from one which s ta tes  t h a t  
t he  moon's s u r f a c e  might have a few cent imeters  of loose ,  unconsol idated 
d u s t  overlaying a s o l i d  s u b s t r a t e  t o  one a t  the  o t h e r  extreme which s t a t e s  
t h a t  the  moon's s u r f a c e  is  covered by unknown th icknesses  of unconsol i -  
dated d u s t  of low bear ing  s t r e n g t h .  The argument f o r  a reasonably hard 
s u r f a c e  is based on these  observat ions:  (1) the  s u r f a c e  l a y e r  is capable 
of preserv ing  both primary and secondary c r a t e r s ;  (2)  primary c r a t e r s  
have h igh  s lopes ;  and (3 )  a rock fragment is observed i n  a c r a t e r  on one 
of the  photographs (Figure 4 4 ) .  The arguments f o r  an  abnormally s o f t  
s u r f a c e  a r e  a s  follows: (1) the  sur face  is  covered most ly  by s o f t  
rounded c r a t e r s  having low s lopes ;  (2)  t he re  is  a no tab le  l a c k  of rock 
fragments which might i n d i c a t e  t h a t  they a r e  bur ied  by d u s t ;  and (3)  
t h e r e  i s  an absence of f r a c t u r e s ,  f i s s u r e s ,  e t c .  , which should be r e l a -  
t i v e l y  abundant on a lava  su r face .  

P resen t ly ,  n e i t h e r  of t hese  arguments can be proven o r  disproven. 
It is s i g n i f i c a n t ,  however, t h a t  the da t a  on s u r f a c e  roughness which 
were obtained by Ranger V I 1  ind ica ted  t h a t  our f e a r s  of a su r face  
l i t t e r e d  by protuberances and obs tac les  may be l a r g e l y  discounted,  a t  
l e a s t  i n  the  i n t r a - c r a t e r  areas of the Maria. There remains the  bear ing  
st ' rength problem, b u t  t he  conservat ive model adopted by t h e  LEM v e h i c l e  
des igners  s t i l l  seems adequate  f o r  even loose-dust  su r f ace .  

D. Other Findings by Ranger Photographs 

The Ranger V I 1  photographs confirm the  widely-held theory t h a t  
t he  luna r  micro- re l ie f  is  r e f l e c t e d  i n  i t s  macro- re l ie f .  Shoemaker [37] 
po in t s  ou t  t h a t  "even though the  c r a t e r s  increased i n  number very  r a p i d l y ,  
t he  p i c t u r e s  no longer  looked as rough.'' This observa t ion  tends t o  con- 
f i rm an  observa t ion  made by Bensko and Cortez [ 2 7 ]  p r i o r  t o  the  Ranger 
photos when they concluded " t h a t  the s u r f a c e  does no t  become i n f i n i t e l y  
rougher by c r a t e r  ing . " 

One of t he  most s i g n i f i c a n t  f i nd ings  of the Ranger photographs 
concerns the  na tu re  of the  lunar  rays .  Previously,  it w a s  tbought t h a t  
the r ays  were due t o  a l igh t -co lored  d u s t  covering the lunar  s u r f a c e  which 
vas der ived  from the  l a r g e  primary c r a t e r s ,  e .g . ,  Copernicus. Since many 
of t h e  o lde r  lunar  c r a t e r s  d id  n o t  have wel l -def ined r ay  systems a s s o c i a t e d  
wi th  them, i t  w a s  assumed t h a t  the  ray m a t e r i a l  was darkened by r a d i a t i o n ,  
j u s t  as r a d i a t i o n  darkens g l a s s  on ea r th .  Ranger VI1 i n d i c a t e s  t h a t  the 
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r a y s  a r e  a c t u a l l y  concentrat ions of secondary impact c r a t e r s  and have 
extremely rough mic ro - re l i e f  and would not  provide l i k e l y  landing s i t e s .  
This i n t e r p r e t a t i o n  of rays  would seem t o  preclude rad ia t ion-darkening  
of r a y  ma te r i a l  as an  explana t ion  f o r  t h e i r  absence.  In s t ead ,  i t  would 
seem t h a t  a more reasonable  explanat ion is t h a t  they a r e  absent  because 
of t he  superpos i t ion  of younger m a t e r i a l  over them. Sa l i sbu ry  [381 has 
provided a good i l l u s t r a t i o n  of the supe rpos i t i on  of lunar  c r a t e r s  and 
assoc ia ted  debr i s  by younger m a t e r i a l  (Figure 37) .  

It seems reasonable  t o  assume a t  t h i s  time t h a t ,  i f  the  r a y  
ma te r i a l  of the Ranger VI1 photograph is too rough f o r  a landing s i t e ,  
then the s u r f a c e  roughness w i l l  i nc rease  sha rp ly  i n  the  d i r e c t i o n  of 
the parent  r ay  c r a t e r  which i n  t h i s  case  is thought t o  be Copernicus. 
This conclusion, though t e n t a t i v e ,  could have fa r - reaching  impl ica t ions  
f o r  poss ib le  luna r  t r a v e r s e s  by a mobile veh ic l e .  
t o  consider follow-up missions t o  confirm the  r e s u l t s  of Ranger VI1 by 
photographing a very  c l ean  Maria and another  t o  determine the  na tu re  of 
the sur face  near  Copernicus. 

It would seem adv i sab le  
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FIGURE 39. PHOTOGRAPH TAKEN BY THE RANGER V I 1  SPACECRAFT 
AT AN ALTITUDE OF 672.3  KM (480 m i )  

Viewed wi th  the  clock a t  the  upper le f t -hand  corner ,  n o r t h  is a t  
top of p i c tu re .  This photo d u p l i c a t e s  c l o s e l y  r e s o l u t i o n  obtained by 
earth-based photography. The l a r g e  f l a t  bottomed c r a t e r  i n  the  lower 
margin between the  rdseau marks is Lubiniezky. The approximate p o i n t  
of impact of Ranger V I 1  is ind ica t ed  by'.'. 

/ \  

The area i n s i d e  the  whi te  l i n e s  corresponds t o  Area 1 i n  F igure  38. 
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FIGURE 40. PHOTOGRAPH TAKEN BY THE RANGER V I 1  SPACECRAFT 
AT AN ALTITUDE OF 378.1 KM (235 m i )  

Viewed wi th  t h e  clock a t  the  upper le f t -hand  corner ,  n o r t h  is a t  
the  top of the photograph. 
(113 mi). 

Each s i d e  of t he  photograph is about  181.8 km 
The e n t i r e  photograph corresponds t o  Area 1 on Figure 38. 

The predominant f e a t u r e  i n  the  lower le f t -hand  corner  is t h e  c r a t e r  
Darney, 15.28 km (9.5 m i )  i n  diameter.  The small i n d i s t i n c t  whi te  s p o t s  
i n  F igure  39 now appear as s m a l l  c r a t e r s .  These c r a t e r s  a r e  approxi- 
mately 304.78 meters (1,000 f t )  i n  diameter.  

The a rea  i n s i d e  the  whi te  l i n e s  corresponds t o  the  e n t i r e  photo- 
graph shown on Figure 41. 
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FIGURE 41. PHOTOGRAPH TAmN BY THE RANGER V I 1  SPACECRAFT 
AT AN ALTITUDE OF 136.8 km (85 m i )  

Viewed with t h e  clock a t  the  upper le f t -hand  corner ,  no r th  is  a t  
t h e  top of the photograph. 
mately t o  area 2 on Figure 38. 
76.8 km (48 m i ) .  

The e n t i r e  photograph corresponds approxi- 
Each s i d e  of t he  photograph shown is about 

The l a r g e s t  c r a t e r  i n  the  photo is Bonpland H, approximately 3.8 km 
(2.3 m i )  i n  diameter.  Note t h e  in t ense  amount of c r a t e r i n g  i n  the  a r e a  
i n s i d e  the  white l i n e s .  This p a t t e r n  is  i n t e r p r e t e d  t o  be the  r e s u l t  
of some of the ray  material from the  i m p a c t  c r a t e r  Copernicus. 

The a rea  i n s i d e  the  whi te  l i n e s  corresponds t o  the  e n t i r e  photo- 
graph shown in  Figure 42. 



t 
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FIGURE 4 2 .  PHOTOGRAPH TAKEN BY THE RANGER V I 1  SPACECRAFT 
AT AN ALTITUDE OF 54.7 KM (34  mi) 

Viewed wi th  the  clock i n  the  upper le f t -hand  corner ,  no r th  is  a t  
the  top of the  photograph. 
25.7 km (16 m i ) .  The e n t i r e  photograph corresponds approximately t o  
a r e a  3 on Figure 38.  

Each s i d e  of the  photograph shown is  about 

The c r a t e r s  of the Copernicus ray  group seen i n  the  preceding 
photograph a r e  shown i n  g r e a t e r  d e t a i l .  The s m a l l e s t  c r a t e r s  a r e  
approximately 45.72 meters (150 f e e t )  i n  diameter .  

The a rea  i n s i d e  the white  l i n e s  corresponds t o  the e n t i r e  photo- 
graph shown on Figure 4 3 .  

9 8  
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FIGURE 43. PHOTOGRAPH TAKEN BY RANGER VI1 SPACECRAFT 
AT AN ALTITUDE OF 17.7 KM (11 mi) 

Viewed wi th  the  clock i n  the  upper le f t -hand  corner ,  no r th  is a t  
the  top of the  photograph. Each s i d e  of the  photograph shown is about  
6.4 km (4 m i ) .  The e n t i r e  photograph corresponds approximately t o  
a rea  4 on Figure 38. 

Craters  a s  s m a l l  a s  13.7 meters (45 f t )  can be recognized. 

The a rea  i n s i d e  the  white  l i n e s  corresponds t o  the  e n t i r e  photo- 
graph shown on Figure 44. 
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FIGURE 44. PHOTOGRAPH TAKEN BY RANGER VI1 SPACECRAFT 
AT AN ALTITUDE OF 4.8 JQ4 ( 3  m i )  

Each s i d e  of a r ea  shown is about 2.67 km (1.66 mi) .  This a rea  
corresponds t o  a r e a  5 on Figure 38.  

Crater ,  upper l e f t ,  wi th  two rock masses pro t ruding  i n t o  s u n l i g h t  
is about  91.2 m (300 f t )  ac ross .  The r e s o l u t i o n  obtained i n  t h i s  
photograph shows c r a t e r s  about 9.14 meters  (30 f t )  i n  diameter.  
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FIGURE 45. FINAL PHOTOGRAPHS OF RANGER VI1 SPACECRAFT 
AT ALTITUDES OF 912 m (3000 f t )  and 304 m (1000 f t )  

The lower complete p i c t u r e  w a s  taken a t  an  a l t i t u d e  of about 912 m 
(3000 f t )  above the lunar  s u r f a c e  and encloses  an a rea  approximate1.y 
100 f t  on each s i d e .  

Viewed wi th  the  p a r t i a l  p i c t u r e  and l i n e  of r e c e i v e r  no ise  a t  t he  
top,  north i s  a t  the top i n  both  p i c t u r e s .  The top p a r t i a l  p i c t u r e  was 
the  l a s t  taken a t  an  a l t i t u d e  of 304 m (1000 f t )  above the  lunar  s u r f a c e  
and encloses an a rea  about  30.4 m (100 f t )  by 18.2 m (60 f t ) .  
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IX. CONCLUSIONS AND RECOMMENDATIONS 

This r e p o r t  provides  a geologic  frame of re ference  which can be 
used as the fundamental b a s i s  f o r  fu tu re  lunar  exp lo ra t ion  programs. 
For optimum u t i l i z a t i o n ,  t h e  lunar  s c i e n t i f i c  experiments and i n s t r u -  
ments should be designed t o  ope ra t e  w i t h i n  t h i s  framework. T h i s  r epor t  
should be updated a t  appropr i a t e  i n t e r v a l s  t o  insure  inc lus ion  of the 
l a t e s t  i n t e r p r e t a t i o n s  o f  the  lunar  environment,  contained i n  d a t a  from 
o t h e r  NASA Centers ,  the Astrogeology Branch of the United S t a t e s  Geological 
Survey, and q u a l i f i e d  government c o n t r a c t o r s .  Addi t iona l  support ing d a t a  
w i l l  be provided by NASA's cont inuing  lunar  i n v e s t i g a t i o n s  i n  Ranger, 
Surveyor,  and Lunar Orb i t e r  programs. 

Our knowledge about the  lunar  environment i s  l imi ted  t o  i n t e r p r e t a -  
t i o n s  of maps, photographs,  and analogous e a r t h  f e a t u r e s  and processes .  
Because of present  l i m i t a t i o n s  o f  ear th-based photography, improved 
i n t e r p r e t a t i o n s  of smal l - sca le  f e a t u r e s  w i l l  r e q u i r e  more h igh - re so lu t ion  
photographs such as provided by Ranger VI1 taken i n  va r ious  types of 
lunar  t e r r a i n .  A l so ,  d e f i n i t i v e  i n t e r p r e t a t i o n s  o f  lunar  su r face  hard- 
ness  and composition, s t r u c t u r e  of  t h e  i n t e r i o r ,  and the r e l a t i v e  s i g n i -  
f i cance  of vo lcanic  ve r sus  m e t e o r i t i c  processes ,  must awai t  the d a t a  which 
may be provided by the  Surveyor se r ies .  

. ' I  
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GLOSSARY 

ARCUATE 

BASALT 

BRECCIA 

CALDERA 

CLASTIC 

Curved o r  bowed. 

An ex t rus ive  rock composed p r imar i ly  of c a l c i c  p lag io-  
c l a s e ,  pyroxene, with o r  wi thout  o l i v i n e .  Basalt  con- 
s t i t u t e s  one of t he  two major igneous rock c lans  
( c f .  g r a n i t e ) .  

A rock made up of highly angular  coarse  fragments. 
There are f r i c t i o n  o r  f a u l t - b r e c c i a s ,  t a lu s -b recc ia s  
and e r u p t i v e  brecc ias .  

A l a r g e  basin-shaped vo lcan ic  depress ion ,  more o r  less 
c i r c u l a r  o r  c i rque- l ike  i n  form, the diameter of which 
is many t i m e s  g rea t e r  than t h a t  of t he  included vo lcan ic  
ven t  o r  v e n t s ,  no matter  what t he  s teepness  of t h e  w a l l s  
o r  form of the  f loo r .  

A t e x t u r a l  term appl ied t o  rocks composed of fragmental  
m a t e r i a l  der ived from p re -ex i s t ing  rocks by a process  
of mechanical t r anspor t a t ion .  

DETRITAL A synonym f o r  c l a s t i c ,  e.g., minera ls  o r  rock fragments 
which were der ived  from pre-exis t i n g  igneous , s e d i -  
mentary o r  metamorphic rocks.  

EJECTA Material thrown out  of a vo lcan ic  o r  impact me teo r i t e  
c r a t e r  by explosion. 

EN ECHELON P a r a l l e l  s t r u c t u r a l  f e a t u r e s  t h a t  a r e  o f f s e t  l i k e  t h e  
edges of sh ing le s  on a roof when viewed from t h e  s i d e .  

ESCARPMENT, 
S CARP 

The s t e e p  f ace  of a r i d g e  of h igh  land;  a c l i f f  o r  
r e l a t i v e l y  s t e e p  s lope  sepa ra t ing  l e v e l  or  g e n t l y  
s loping t r a c t s  . 

"FAIRY CASTLE" A type of small-scale  s u r f a c e  s t r u c t u r e  of d u s t  p a r t i c l e s  

s a t i s f y  the  da t a  on luna r  photometric p rope r t i e s .  
" f a i r y - c a s t l e "  s t r u c t u r e  depends on e l e c t r o s t a t i c  
charges t o  hold the d u s t  p a r t i c l e s  together .  

S T W  CTLTPZ I f ev  micrcxs i n  diameter which has  been proposed t o  
The 
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GLOSSARY (Continued) 

e 

FAULT 

GEOSYNCLINE 

GRANITE 

LANDFORM 

LUNATION 

MAGMA 

OLIVINE 

OUTCROP 

PYRO CLAS T I C  

RILLE 

A f r a c t u r e  o r  f r a c t u r e  zone along which t h e r e  has  
been displacement of t h e  two s i d e s  r e l a t ive  t o  one 
another  para l le l  t o  the  f r a c t u r e .  The displacement 
may be a few cent imeters  t o  s e v e r a l  thousand meters. 

A s u r f a c e  of r eg iona l  e x t e n t  subs id ing  through a long 
time whi le  contained sedimentary and vo lcan ic  rocks 
are accumulating; g r e a t  th ickness  of t hese  rocks are 
almost i nva r i ab ly  the  evidence of t he  subsidence,  
bu t  no t  a necessary  r e q u i s i t e .  

A p lu ton ic  rock cons i s t ing  e s s e n t i a l l y  of a l k a l i c  
f e ldspa r  and quar tz .  Gran i t e  c o n s t i t u t e s  one of t he  
two major igneous rock c lans  ( c f .  b a s a l t ) .  

I n  geomorphology, the  term landform is app l i ed  t o  each 
one of t he  mul t i tud inous  f e a t u r e s  t h a t  taken toge ther  
make up the  s u r f a c e  of the  e a r t h .  

One complete p h a s e  of t h e  moon l a s t i n g  approximately 
28 days. 

Natura l ly  occurr ing  mobile rock material, generated 
wi th in  the  e a r t h  and capable  of i n t r u s i o n  and ex t ru-  
s i o n ,  from which igneous rocks a r e  considered t o  have 
been der ived  by s o l i d i f i c a t i o n .  

A mineral  series, s o l i d  s o l u t i o n s  of f o r s t e r i t e ,  
&$io4, wi th  f a y a l i t e ,  Fe,SiO,, the  composition o f t e n  
expressed as mol percent  of t he  c o n s t i t u e n t s .  An 
important rock-forming mineral  , e s p e c i a l l y  i n  the  
mafic  and u l t r a m a f i c  rocks.  

That p a r t  of a stratum which appears  a t  t h e  s u r f a c e ;  
t o  crop ou t  is t o  come t o  the  s u r f a c e  of the  ground. 

A genera l  term appl ied  t o  d e t r i t a l  vo lcan ic  materials 
t h a t  have been explos ive ly  o r  a e r i a l l y  e j e c t e d  from a 
vo lcan ic  vent .  Also,  a genera l  term f o r  rocks made 
up of t hese  materials. 

Long narrow s t r u c t u r a l  v a l l e y s  developed on the  lunar  
s u r f  ace  . 
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GLOSSARY (Continued) 

SERPENTINE 

S TRU CTLJRE 

Mg,Si,O,(OH). 
forms by t h e  hydrothermal a l t e r a t i o n  of o l i v i n e .  

A common rock-forming mineral  which 

The sum t o t a l  of the s t r u c t u r a l  f e a t u r e s  of an a rea .  
S t ruc tu res  r e f e r  t o  such occurrences as f a u l t s ,  f o l d s ,  
unconformit ies ,  e tc .  
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