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INTRODUCTION 

The sub jec t  of poss ib le  f l u i d  erosion on t h e  moon i s  a  top ic  of con- 
t i nu ing  i n t e r e s t .  Much of t h e  i n t e r e s t  has stemmed from t h e  presence of 
lunar1 r i l l e s  some of which do not  lend themselves r ead i ly  t o  t e c t o n i c  

1. Some i n v e s t i g a t o r s  p r e f e r  t h e  s p e l l i n g  t tr i l l t l .  This seems unfortunate  
inasmuch a s  luna r  r i l l e s  a r e  f a r  g r e a t e r  i n  magnitude than e a r t h l y  
r i l l s ,  and almost c e r t a i n l y  d i f f e r e n t  i n  o r i g i n .  

i n t e r p r e t a t i o n .  The advent of r e l a t i v e l y  l a r g e  s c a l e  Lunar O r b i t e r  photo- 
graphy i n  t h e  l a s t  few years  has s t imulated specula t ion  because of t h e  
remarkable meandering p a t t e r n s  of some sinuous2 r i l l e s .  

2 .  The term ltsinuoustt connotes a  winding course without t echn ica l  r e s t r i c t i o n  
on degree of s i n u o s i t y .  Sinuous and meandering, however, a r e  n o t  neces- 
s a r i l y  synonymous. A meandering course i s  a  sinuous course i n  which t h e  
limbs of many of t h e  r e p e t i t i v e  curves a r e  p a r a l l e l  o r  exceed p a r a l l e l -  
i s m .  A sinuous course may have meanders only l o c a l l y .  A stream i s  
no t  gene ra l ly  r e fe r red  t o  a s  meandering i f  only an occasional  curve i s  
meander-like, but  i s  o r d i n a r i l y  so designated i f  many of t h e  curves a r e  
of t h i s  cha rac te r .  We s h a l l  use t h e  term open meanders f o r  those curves 
i n  which t h e  limbs a r e  p a r a l l e l ,  and c losed  meanders f o r  those  whose 
limbs a r e  curved inward toward each o t h e r .  

I n  seeking an explanat ion f o r  sinuous r i l l e s  it i s  understandable t h a t  
t h e  p o s s i b i l i t y  of f l u i d  flow should have received considerable  a t t e n t i o n .  
I f ,  f o r  example, t h e  Moon i s  a  small  s c a l e  analog of t h e  Earth wi th  a  com- 
parable  e a r l y  record of degassing, cons iderable  q u a n t i t i e s  of water vapor 
should have been emit ted.  Whether t h e  l i b e r a t e d  water vapor, o r  any o t h e r  
vapors f o r  t h a t  matter ,  could be re ta ined  considering t h e  low g r a v i t y  of 
t h e  Moon and t h e  high temperatures during lunar  days, has been warmly de- 
bated.  We w i l l  cons ider  some of t h e  c u r r e n t  views l a t e r .  The present  
approach i s  pr imari ly  geomorphic and concent ra tes  on t h e  problem of whether 
any f e a t u r e s  of t h e  luna r  landscape r equ i re  f l u i d  e ros ion .  

The sculp tur ing  of t h e  lunar  highlands,  h i t h e r t o  somewhat neglected,  
w i l l  a l s o  be considered.  I n  many a reas ,  t h e  scu lp tu r ing  suggests  f l u i d  
e ros ion  a t  an e a r l y  s t a g e  i n  luna r  h i s t o r y .  I f  t h i s  proves t o  be t r u e ,  

the products of t h i s  erosion may l i e  buried under t h e  l a t e r  depos i t s  of t h e  
lunar  maria.  The post-mare meandering r i l l e s ,  on t h e  o the r  hand, a r e  
sparse ly  d i s t r i b u t e d  and l a r g e l y  confined t o  t h e  lunar  maria.  I f  due t o  
f l u i d  erosion,  t h i s  a c t i v i t y  was very loca l i zed  i n  post-mare t ime. 
Localized f l u i d  erosion i s  a l s o  suggested by t e r r e s t r i a l - t y p e  va l l eys  on 
t h e  inne r  and o u t e r  f l anks  of both pre- and post-mare c r a t e r s .  



It should be pointed ou t  t h a t  only t h e  landscape of t h e  near  s i d e  
of t h e  moon i s  considered because of 1 )  t h e  abundance of high q u a l i t y  
photog-raphs over much of t h e  a rea ,  2 )  t h e  a v a i l a b i l i t y  of geologic maps 
prepared by t h e  U.S. Geological Survey, 3 )  t h e  a v a i l a b i l i t y  of lunar  
c h a r t s ,  many with contours ,  and 4 )  t h e  g r e a t e r  expanses of t e r r i t o r y  not  
completely c r a t e r e d .  The most comprehensive coverage of t h e  near  s i d e  
of t h e  moon i s  provided by t h e  Lunar O r b i t e r  I V  photography taken i n  1967. 
Although genera l ly  exce l l en t ,  t h e  photos a r e  somewhat b lur red  i n  some 
a r e a s  and d e t a i l s  a r e  obscured. Thus, genera l  s ta tements  on t h e  topog- 
raphy of t h e  near  s i d e  of t h e  moon a r e  q u a l i f i e d  t o  t h e  ex ten t  t h a t  perhaps 
5 t o  10  percent of t h e  a rea  could no t  be examined i n  t h e  same d e t a i l  a s  
the  remainder. 

SINUOUS RILLES 

We a r e  here in  concerned pr imari ly  with those  sinuous r i l l e s  whose 
c h a r a c t e r i s t i c s  i n d i c a t e  t h e  p o s s i b i l i t y  of f l u i d  e ros ion .  Because of 
i n a b i l i t y  t o  d i s t i n g u i s h  s u f f i c i e n t  d e t a i l ,  we w i l l  d i s regard  r i l l e s  l e s s  
than two inches i n  length  (about  20 miles  a t  t h e  s c a l e  of t h e  Lunar Orb i t e r  
I V  photographs), and w i l l  d i s regard  l a r g e r  r i l l e s  i f  d e t a i l  i s  obscure.  
A few simply curving r i l l e s  have been included because of s p e c i a l  charac- 
t e r i s t i c s .  

The loca t ions  of se l ec t ed  r i l l e s ,  and of a r e a s  i n  which groups of 
r i l l e s  occur, a r e  shown i n  Figure 1. The a reas  out l ined  a t  l o c a l i t i e s  
1 and 2 a r e  t h e  Ar is ta rchus  and Alpine Valley regions wi th in  which t h e r e  
a r e  too  many r i l l e s  t o  be p lo t t ed  sepa ra t e ly .  Elsewhere, l a r g e  r i l l e s  
a r e  drawn i n  completely, and t h e  s i t e s  of small r i l l e s  o r  groups of small 
r i l l e s ,  a r e  indica ted  by an X. The Apollo 11 and 12 landing s i t e s  a r e  
included f o r  genera l  information.  Only t h e  r i l l e s  of t h e  Aris tarchus and 
Alpine Valley regions a r e  descr ibed i n  d e t a i l .  The c h a r a c t e r i s t i c s  of 
a l l  o the r s  a r e  l i s t e d  i n  Table I. 

One of t h e  l i s t e d  p rope r t i e s  i s  s i n u o s i t y .  This i s  expressed a s  t h e  
r a t i o  of t h e  l eng th  of t h e  curving channel t o  e i t h e r  t h e  length  of t h e  
va l l ey  wi th in  which it occurs,  o r  - i f  on a  p l a in  - t o  t h e  length  of t h e  
l i n e  passing through t h e  midpoints of a l l  curves .  The s inuos i ty  of a  
stream with curves having p a r a l l e l  limbs i s  1 . 5 .  This i s  considered t o  be 
a  meandering stream, a s  a r e  a l l  streams with g r e a t e r  s i n u o s i t i e s .  A 
s t r a i g h t  stream has a  s i n u o s i t y  of 1 .0 .  Intermediate  types have s i n u o s i t i e s  
between 1 -0  and 1 . 5  . It should be pointed out ,  however, t h a t  meandering 
streams may have long s t r e t c h e s  i n  which t h e  s inuos i ty  i s  l e s s  than 1 . 5 .  
The Miss i s s ipp i  River, f o r  example, has a  s inuos i ty  of 1 .61  f o r  about 288 
miles  from Cairo,  I l l i n o i s  t o  Greenvi l le ,  Miss i s s ipp i .  I n  t h e  f i r s t  25 
miles  south of Cairo,  however,-the index i s  only 1.21; f o r  33 miles  south 
of Caru the r sv i l l e ,  Arkansas it i s  1 .47 ;  and f o r  80 miles  south of New 
Orleans it i s  only 1 .06 .  Lunar r i l l e s ,  too, vary i n  s inuos i ty  along t h e i r  
course .  
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Fig. 1. Map of r i l l e  and t e r r a  s i t e s .  Small numbers, r i l l e  
l o c a l i t i e s ;  roman numerals, t e r r a  l o c a l i t i e s .  
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The c h a r a c t e r i s t i c s  of t h e  se l ec ted  sinuous r i l l e s  a r e  summarized 
below. The numbers correspond t o  those i n  Figure 1 and Table I .  

Length and Continuity 

Lengths vary from t h e  a r b i t r a r i l y  se lec ted  minimum of about 20 
miles  t o  a  maximum of 214 miles  (Rima Sharp, No. 5 ) .  

Some r i l l e s  a r e  discont inuous,  cons i s t ing  of s e v e r a l  a l igned segments. 

Some r i l l e s  a r e  in t e r rup ted  by wrinkle  r idges .  

Other r i l l e s  c r o s s  wrinkle  r idges  without i n t e r r u p t i o n .  

Widths vary from 1000 f e e t  t o  about 4  miles  ( s c h r 6 t e r t s  Valley,No. 1 ) .  

Widths may decrease progressively wi th  decreasing depth,  may inc rease  
with decreasing depth, may remain cons tant  f o r  long d is tances ,  o r  may 
vary along t h e  course .  

Depth 

Depths r e l a t i v e  t o  width vary from extremely shallow t o  deep. 

Depths a r e  genera l ly  independent of l eng th .  

Depths may be g r e a t e s t  a t  one end and shallower toward t h e  o t h e r .  
This change may be independent of v a r i a t i o n s  i n  width.  

Depths may be g r e a t e s t  i n  midcourse r a t h e r  than a t  e i t h e r  terminus.  

Depths may change independent of changes i n  c r o s s - p r o f i l e s .  

Cross-prof i l e  

Cross-prof i les  inc lude  both V and U shapes. U shapes may be 
shallow o r  deep r e l a t i v e  t o  width.  

Cross-prof i les  may change gradual ly  o r  abrupt ly  along t h e  course 
of a  r i l l e .  Rima Sharp (No. 5 )  d i sp lays  abrupt  changes. 

A few r i l l e s  and vakleys have an inner  r i l l e  inc i sed  wi th in  t h e i r  
f l a t  f l o o r s .  (Schro te r ' s  Valley, Alpine Valley, and R i l l e  No. 4 ) .  

Associat ion with Cra te r s  

A c r a t e r  i s  present  a t  t h e  heads of some r i l l e s ,  p a r t i c u l a r l y  those  
t h a t  r i s e  i n  t e r r a  a r e a s .  

Many r i l l e s  l a c k  c r a t e r s  a t  e i t h e r  end. P a r t i c u l a r l y  t r u e  of r i l l e s  
r e s t r i c t e d  t o  mare su r faces .  



C r a t e r s  a r e  s c a t t e r e d  along t h e  course  of  some r i l l e s .  Their  con- 
finement wi th in  t h e  r i l l e s  suggest  a g e n e t i c  r e l a t i o n s h i p .  

Some c r a t e r s  breach t h e  r i m s  of r i l l e s  and probably r ep resen t  
co inc iden ta l  me teo r i t i c  impacts.  

S inuos i ty  

Overa l l  s i n u o s i t i e s  of t h e  s e l e c t e d  r i l l e s  i s  c o n s i s t e n t l y  below 
1.5, t h e  minimum index f o r  meanders. However, s i n u o s i t i e s  ind ica-  
t i v e  of meandering a r e  found along segments of many r i l l e s  (See 
Table I ) .  Some r i l l e s  have only i s o l a t e d  meander-like curves .  

S i n u o s i t i e s  t h a t  can be adequately explained by t e n s i o n a l  t e a r i n g  
do n o t  i n  themselves provide evidence of f l u i d  flow al though they 
do n o t  d i sprove  t h i s .  In t e r lock ing  meander curves,  however, do  
suggest  f l u i d  flow. 

The d i s t r i b u t i o n  of t h e  sinuous r i l l e s  i s  obviously r e l a t e d  t o  t h e  
d i s t r i b u t i o n  of t h e  maria.  Sinuous r i l l e s ,  f o r  example, a r e  non-exis ten t  

within t h e  c e n t r a l  highlands and throughout t h e  southern hemisphere below 
l a t i t u d e  25O south .  A secondary problem concerns t h e  s c a r c i t y  of sinuous 
r i l l e s  i n  t h e  e a s t e r n  maria a s  compared t o  t h e  western.  These problems 
a r e  o u t s i d e  t h e  scope of t h e  present  i n v e s t i g a t i o n .  I n  searching f o r  
apparent  explanat ions,  however, t h e  p o s s i b i l i t y  was considered t h a t  t h e  
d i s t r i b u t i o n  i s  apparent  r a t h e r  than r e a l  and due t o  v a r i a t i o n s  i n  photo 
q u a l i t y ,  t o  t h e  a r b i t r a r y  b a s i s  of r i l l e  s e l e c t i o n ,  and t o  incons i s t enc ie s  
i n  t h e  s e l e c t i o n  procedure i t s e l f  - f o r  example - i n  determining which 
r i l l e s  a r e  sinuous enough f o r  i nc lus ion  i n  t h e  map. With a few except ions 
on t h e  e a s t e r n  l imb of t h e  moon, t h e  Lunar Orb i t e r  I V  photographs a r e  of 
high q u a l i t y  and can n o t  account f o r  t h e  unequal d i s t r i b u t i o n  p a t t e r n .  
To determine whether t h e  a r b i t r a r y  minimum leng th  of r i l l e s  s e l e c t e d  pre- 
sented a t r u e  p i c t u r e  of sinuous r i l l e  d i s t r i b u t i o n  o r  merely recorded t h e  
d i s t r i b u t i o n  of l a r g e  r i l les ,  a l l  sinuous r i l l es  smal le r  than t h e  cu t -of f  
s i z e  were counted i n  t h e  e a s t e r n  and western ha lves  of t h e  v i s i b l e  f a c e  
of t h e  moon. The proport ions were e s s e n t i a l l y  t h e  same a s  f o r  t h e  l a r g e r  
r i l l e s .  The p o s s i b i l i t y  t h a t  photos on a l a r g e r  s c a l e  than t h e  Lunar 
O r b i t e r  I V  photographs might r evea l  s t i l l  smal le r  r i l l e s  i n  a d i f f e r e n t  
d i s t r i b u t i o n  pa t t e rn ,  i s  no t  borne out  i n  t h e  r e s t r i c t e d  a r e a s  covered by 
t h e  l a r g e  s c a l e  Lunar Orb i t e r  I, 11, 111, and V photographs. A s  f o r  t h e  
s e l e c t i o n  of a r i l l e  a s  sinuous enough, i n  whole o r  p a r t ,  t o  mer i t  t h e  in-  
c l u s i o n  i n  t h e  f igu re ,  t h e  determining f a c t o r  was t h e  presence of curves  
comparable t o  those  i n  t e r r e s t r i a l  channels .  

The d i s t r i b u t i o n  of sinuous r i l l e s  i s  t h e r e f o r e  r e a l ,  n o t  apparent .  
The explanat ion of t h e  unequal d i s t r i b u t i o n  must awai t  answers t o  t h e  
problem of t h e  unequal d i s t r i b u t i o n  of t h e  maria themselves. 

schr:terts R i l l e  and Alpine R i l l e  a r e  discussed i n  d e t a i l  on t h e  
premise t h a t  i f  f l u i d  erosion can be subs t an t i a t ed  f o r  e i t h e r  of t h e s e  
r i l l e s ,  t h e  p robab i l i t y  t h a t  it may apply t o  o t h e r  r i l l e s  w i l l  be enhanced. 



1t 
These two r i l l e s  a r e  confined t o  two well-known lunar  va l leys ,  S c h r o t e r t s  
Valley and Alpine Valley. The va l l eys  themselves w i l l  be descr ibed  i n  
d e t a i l  because they provide t h e  s e t t i n g  f o r  t h e  inner  r i l l e s  and because 
t h e i r  o r i g i n  may have bearing on t h e  o r i g i n  of t h e  r i l l e s .  

s c h r 8 t e r 7 s  Valley and R i l l e s  of t h e  Ar is ta rchus  Region 

Many of t h e  r i l l e s  i n  t h i s  region have been given names (Lunar 
Aeronautical Charts  38 and 39) depending on whether they a r e  more c l o s e l y  
assoc ia ted  with t h e  Aris tarchus Pla teau  o r  wi th  Prinz Cra te r  t o  t h e  north- 
e a s t  (F ig .  2 ) .  A l l  of t h e  former bear  t h e  group name Rima Ar is ta rchus  and 
a r e  d i s t ingu i shed  from each o the r  by roman numerals from I t o  V L I I .  Only 
two of t h e  r i l l e s  assoc ia ted  with Prinz C r a t e r  a r e  named: Rima Pr inz  I 
and Rima Pr inz  11. 

~ c h r 8 t e r  T s Valley 

P r i o r  t o  t h e  advent gf t h e  r e l a t i v e l y  l a r g e  s c a l e  Lunar O r b i t e r  I V  
photography i n  1967, S c h r o t e r t s  Valley appeared i n  photographs simply a s  
an unusually l a r g e  sinuous r i l l e .  The Orb i t e r  I V  photography, however, 
revealed t h e  presence of an inner ,  narrow meandering r i l l e  inc i sed  i n  t h e  
f l o o r  of t h e  v a l l e y .  To a v ~ i d  confusion, we s h a l l  cont inue t o  
r e f e r  t o  t h e  l a r g e r  f e a t u r e  a s  S c h r o t e r t s  Valley and w i l l  r eserve  t h e  
term s c h r 8 t e r t s  R i l l e  f o r  t h e  inner  meandering channel .  

s c h r 8 t e r 1  s  Valley i s  a  broad f  l a t - f loo red ,  s teep-sided t rough.  For 
t h e  f i r s t  10 miles  from t h e  c r a t e r  known a s  Cobra Head it i s  3  1/2-4 miles  
wide and a s  much a s  4000 f e e t  deep. I t s  width decreases  t o  about 2  1/2 
miles  where t h e  va l l ey  leaves  t h e  s lopes  of Herodotus and t h e  depth  de- 
c reases  t o  about ha l f  t h a t  a t  t h e  Cobra Head. I t s  width remains essen- 
t i a l l y  cons tant  f o r  the  next  65 miles ,  although t h e  t rench  becomes pro- 
g res s ive ly  shal lower.  A t  t h e  end of t h i s  65 mile  s t r e t c h ,  t h e  t rough t u r n s  
westward f o r  3-4 miles  before ending aburpt ly  with very l i t t l e  diminution 
i n  width.  I spa11 r e f e r  t o  t h i s  wes ter ly  terminat ion a s  The Toe ( F i g .  2 
and 1 6 ) .  S c h r o t e r t s  R i l l e ,  t h e  inne r  channel,  does not  t u r n  west i n t o  
The Toe but cont inues southwesterly f o r  another  30-35 miles eventua l ly  
dying o ~ t  on t h e  mare sur face  about 10  miles  of fshore .  The o v e r a l l  l eng th  
of S c h r o t e r t s  R i l l e  i s  thus  about 110 miles  exc lus ive  of t h e  sinuous curves .  
Had t h e  presence of t h i s  remarkable r i l l e  been known p r i o r  t o  t h e  advent 
of Lunar O r b i t e r  photography, it might have induced some modif icat ion i n  
proposed t h e o r i e s  of o r i g i n  of t h e  va l l ey  i t s e l f .  

s c h r $ t e r t s  Valley l i e s  within t h e  V a l l i s  ~ c h r 8 t e s i  Formation of t h e  
Aris tarchus Pla teau .  Moore (1965, 1967) has subdivided t h i s  formation i n t o  
seve ra l  members each of whichTthas d i f f e r e n t  su r face  c h a r a c t e r i s t i c s .  He 
be l ieves  t h a t  t h e  V a l l i s  Schro te r i  Formation, a s  wel l  a s  t h e  d e p o s i t s  of 
Oceanus Procellarum, c o n s i s t  of volcanic  a sh  flows, a sh  f a l l s ,  and lava  
flows. 

The genera l  conf igura t ion  of sch r ; t e r t s  Valley, exclusive of t h e  inne r  
r i l l e ,  suggests  f r a c t u r e  c o n t r o l .  The suggest ive evidence includes t h e  
angular  U-shape c r o s s - p r o f i l e ,  t h e  p a r a l l e l  s i d e s ,  t h e  angular  t u r n s  i n  





p a r t s  of i t s  course ,  and t h e  p a r a l l e l i s m  of p a r t s  of i t s  course  w i th  t h e  
major f r a c t u r e  d i r e c t i o n s  of t h e  p l a t eau .  The s imp les t  f r a c t u r e  explan- 
a t i o n  would seem t o  be t h a t  of a  graben.  Although t h i s  i s  probably t r u e ,  
it does seem unusual t h a t  t h e  t r ench  should s t a r t  f u l l - f l e d g e d  a t  a  c r a -  
t e r  and diminish i n  dimensions more o r  l e s s  cont inuously downvalley. I f  
t h e  graben r e s u l t e d  from t h e  meteoric  impact t h a t  c r e a t e d  t h e  c r a t e r ,  why 
were n o t  f r a c t u r e s  c r e a t e d  i n  o t h e r  d i r e c t i o n s  a s  i s  t r u e  of Hyginus R i l l e  
(See F ig .  1 4 ) .  Lunar Aeronaut ical  Char t  No. 39 shows only one i n t e r r u p t i o n  
i n  t h e  downslope g r a d i e n t  of t h e  va l l ey ,  a t  a  po in t  about  8 mi les  from 
Cobra Head. I f ,  however, a s  mapped by Moore (1965, 67) and concurred i n  
by t h e  w r i t e r ,  t h e  mare- l ike  m a t e r i a l  forming t h e  f l a t  f l o o r  of t h e  t r ench  
i s  l a t e r  than  t h e  t r e n c h  i t s e l f ,  it may h ide  an i r r e g u l a r  va&ley f l o o r  
below. An a l t e r n a t i v e  t o  t h e  graben hypothes i s  i s  t h a t  S c h r o t e r t s  Valley 
s t a r t e d  a s  a  simple t e n s i o n  c r a c k  and t h a t  i t s  f l a t - f l o o r e d  graben- l ike  
appearance i s  due t o  t h e  l a t e r  f i l l i n g  of mare- l ike  m a t e r i a l .  An o r i g i n a l  
t e n s i o n  c r a c k  more than 3 mi les  wide a t  t h e  c r e s t  would be unusual.  Per- 
haps t h e  c r a c k  was narrow a t  f i r s t ,  bu t  deep enough t o  accommodate t h e  pro- 

& c t s  of mass movement r e spons ib l e  f o r  i t s  p re sen t  g r e a t  width.  I f  con- 
s i d e r a b l e  widening by mass movements had taken place,  however, it i s  un l ike ly  
t h a t  t h e  remarkably p a r a l l e l  s i d e s  would have p e r s i s t e d .  I b e l i e v e  t h a t  
an o r i g i n  by downdropping of a  s l i v e r  of t h e  c r u s t  p r i o r  t o  t h e  i n n e r  f i l l  
i s  t h e  more l i k e l y  of t h e  d i r e c t  f r a c t u r e  o r i g i n s .  

An i n d i r e c t  f r a c t u r e - c o n t r o l  hypothesis  of t h e  va l l ey  would involve  
f l u i d  e ros ion ,  wi th  t h e  c r a t e r  a s  t h e  source of t h e  f l u i d  which a t  f i r s t  
s p i l l e d  ac ros s  t h e  p l a t eau  guided by f r a c t u r e - c o n t r o l l e d  swales . One d i f f i -  

cul ty  i s  t h e  abrupt  t e rmina t ion  of t h e  f l a t - f l o o r e d  v a l l e y  a t  The Toe, 
whereas t h e  i nne r  r i l l e  cont inues  on. Another d i f f i c u l t y  concerns t h e  u l -  

t imate  f a t e  of t h e  v a s t  q u a n t i t y  of m a t e r i a l  t h a t  presumably would have been 
eroded from t h e  v a l l e y .  There i s  no evidence of it a t  p re sen t  on t h e  mare 
su r f ace  a t  t h e  terminus of t h e  v a l l e y .  We would thus  have t o  assume t h a t  
t h e  v a l l e y  i s  o l d e r  than  a t  l e a s t  p a r t  of t h e  mare depos i t s  and i t s  d e b r i s  
i s  hidden under t h e  mare s u r f a c e .  Yet t h e  r e l a t i v e  f r e shness  of t h e  t r ench  

compared t o  t h e  worn appearance of t h e  r e s t  of t h e  topography of Ar is ta rchus  
P l a t eau  suggests  recency. This i s  supported t o  some e x t e n t  by t h e  continu- 
a t i o n  of t h e  i nne r  r i l l e  ou t  onto t h e  mare s u r f ~ c e .  I n  t h e  a u t h o r ' s  
opinion, t h e  evidence f avo r s  t h e  view t h a t  S c h r o t e r T s  Valley ( n o t  R i l l e ) ,  
from Cobra Head t o  The Toe, i s  a  graben r a t h e r  than  an  e r o s i o n a l  f e a t u r e  
and t h a t  it was occupied s h o r t l y  a f t e r  formation by t h e  mare-like m a t e r i a l  
which forms i t s  f l a t - f l o o r .  Ear ly  f i l l i n g  seems requi red  t o  exp la in  t h e  
p r e s e r v a t i o n  of t h e  e s s e n t i a l l y  p a r a l l e l  v a l l e y  s i d e s .  Evidence t o  be 
presented l a t e r  i n d i c a t e s  t h a t  t h e  amount of t ime a f t e r  depos i t i on  of t h e  
f i l l  was a l s o  t o o  s h o r t  f o r  s i g n i f i c a n t  modi f ica t ion  of t h e  t r ench  w a l l s .  

Cameron (op.  c i t  ., p.  2424), i n  r e j e c t i n g  a  f a u l t  o r i g i n  f o r  s c h r 8 t e r t s  
Valley, s t a t e s  t h a t  some expression of t h e  r e spons ib l e  f a u l t s  ought t o  
be found on t h e  upland beyond sharp  bends, and t h e  p r i n c i p a l  d i r e c t i o n s  of 
t h e  r i l l e  ought t o  be repeated i n  t h e  p a t t e r n  of i n t e r s e c t i n g  r i d g e s  and 
v a l l e y s  i n  t h e  immediate v i c i n i t y .  I f  we cons ider  some of t h e  long reaches 
of t h e  t r e n c h  i t s e l f ,  we f i n d  t h a t  t h e  southwester ly  lower course  of 
s c h r & t e r t  s Valley does indeed p a r a l l e l  one of t h e  major i n f e r r e d  f r a c t u r e  
d i r e c t i o n s ,  a l though t h e  v a l l e y ' l o c a l l y  d e v i a t e s  from t h i s  t r e n d .  Small 



segments of t h e  upper course  t rend  northwest ,  p a r a l l e l  t o  a  second major 
f r a c t u r e  d i r e c t i o n ,  bu t  t h e  o v e r a l l  t r end  i s  i r r e g u l a r .  The s i t u a t i o n  i s  
no d i f f e r e n t  than t h a t  encountered on Ea r th  where f r a c t u r e s  do n o t  neces- 
s a r i l y  conform t o  a  few major t r ends ;  cons ide rab le  divergence i s  common. 
Re la t ive  t o  Cameron's comment t h a t  evidence of f r a c t u r e s  should be v i s i b l e  
beyond sha rp  bends, it might be noted f i r s t  t h a t  t h e  r e l a t i v e l y  smal l  
s c a l e  of t h e  photos may conceal  s u b t l e  f r a c t u r e  t r a c e s ,  and secondly, t h a t  
t h e  mechanics of f a u l t i n g  may determine whether o r  n o t  f r a c t u r e  t r a c e s  
a r e  expec tab le  o u t s i d e  t h e  conf ines  of t h e  v a l l e y .  I f ,  f o r  example, one 
s i d e  of t h e  v a l l e y  merely pu l led  away from t h e  o the r ,  t h e  r e s u l t i n g  f r a c -  
t u r e  might be q u i t e  i r r e g u l a r  but w i t h  l i t t l e  e f f e c t  beyond t h e  f r a c t u r e .  
O r ,  i f  t h e  v a l l e y  subsided a s  a  graben, t h e r e  need be no s i g n i f i c a n t  
f r a c t u r i n g  o u t s i d e  t h e  t r ench  so  formed. Cameron's object$ons,  t h e r e f o r e ,  
do n o t  d i sprove  a  f a u l t  o r i g i n  f o r  t h e  main t rough of Sch ro te r ' s  Val ley.  
The h ighly  sinuous i n n e r  r i l l e ,  however, unknown u n t i l  r ecen t ly ,  can ha rd ly  
be a t t r i b u t e d  t o  f r a c t u r e  c o n t r o l  a lone ,  r e g a r d l e s s  of how t h e  f r a c t u r e s  
a r e  arranged o r  how they were genera ted .  

Pr iog t o  r ecogn i t i on  of t h e  i n n e r  r i l l e ,  Cameron (1964) had suggested 
t h a t  S c h r o t e r ' s  Valley, which descends uniformly t o  t h e  west, might have been 
eroded by nu6es a rdentes - type  flows. The m a t e r i a l  w i th in  t h e  v a l l e y  would 
presumably r e p r e s e n t  t h e s e  p y r o c l a s t i c  d e p o s i t s .  Moore and Cat termole 
(1967, p .  136)  po in t  o u t  t h a t  p y r o c l a s t i c s  a r e  t y p i c a l l y  a c i d i c  i n  compo- 
s i t i ~ n  wi th  much h ighe r  albedo than t h a t  shown by t h e  m a t e r i a l  w4thin 
S c h r o t e r ' s  Val ley.  Aside from t h i s ,  however, t h e  f a c t  t h a t  S c h r o t e r ' s  
Valley te rmina tes  ab rup t ly  i n  a  blank wa l l  a t  The Toe, weakens t h e  analogy 
made by Cameron wi th  t h e  channel of an h i s t o r i c  ign imbr i te  flow i n  Japan 
which i s  open downvalley. Furthermore, i f  an  ign imbr i te  flow had s t a r t e d  
on t h e  p l a t eau  s u r f a c e  p r i o r  t o  e ros ion  of t h e  v a l l y ,  why t h e  sharp  curves  
a t  t h i s  l e v e l  p r i o r  t o  downcutting? A s  f o r  t h e  i nne r  r i l l e ,  t h e  p o s s i b i l i t y  
of a  narrow, s t ream-l ike  ign imbr i te  flow fol lowing a  t i g h t l y  meandering 
course  on t h e  l e v e l  va l l ey  f l o o r  before  i n c i s i o n  seems even more remote.  

Moore (1967) sugges ts  t h a t  s c h r 8 t e r t s  Valley i s  e i t h e r  a  graben o r  
"a channel produced by flow of vo lcan ic  m a t e r i a l v .  Based on t e r r e s t r i a l  
analogs,  l ava  i s  n o t  an e f f e c t i v e  eroding agent  and hard ly  capable  of 
eroding deep v a l l e y s .  I f ,  a s  seems t o  be t r u e ,  t h e  t r ench  m a t e r i a l  i s  
a c t u a l l y  younger than  t h e  p l a t eau  m a t e r i a l s  above, then  a  f u r t h e r  o b j e c t i o n  
t o  an e r o s i o n a l  o r i g i n  whether by lava  o r  any o t h e r  agency, concerns t h e  
fa te t ,o f  t h e  l a r g e  amount of m a t e r i a l  t h a t  would have been eroded from 
Schro te r ' s  Val ley.  The amount has  been es t imated a t  100 h3 (24 mi les3)  
by Cameron (1964, p .  2428). I f  t h e  mare s u r f a c e  were a l ready  i n  ex i s t ence ,  

the products  of e ros ion  should have covered it beyond t h e  mouth of t h e  v a l l e y .  
There i s  no evidence of such d e p o s i t s .  The d i f f i c u l t y  might be circum- 
vented by assuming e i t h e r  1 )  t h e  d e b r i s  was s c a t t e r e d  t h i n l y  and long  
enough ago t o  have allpwed darkening t o  t h e  t one  of t h e  surrounding mare 
s u r f ~ c e ,  o r  2 )  t h e  sediments a r e  interbedded wi th  t h e  mare d e p o s i t s .  I f  
S c h r o t e r r s  Valley i s  a  graben, and i f  it formed l a t e r  than t h e  mare su r -  
f a c e  a s  suggested by evidence t o  be presented s h o r t l y ,  then t h e  problem 
of d i spos ing  of huge q u a n t i t i e s  of e r o s i o n a l  d e b r i s  i s  avoided. 



I f  t h e  va l l ey  i s  i n  t r u t h  a  graben, t h e  l e v e l  trough f l o o r  i n t o  
which t h e  inne r  r i l l e  i s  inc ised  could conceivably be t h e  downdropped sur -  
f ace  of t h e  p la teau  o r  a  l a t e r  f i l l i n g .  Moore (1965, 1967) d i f f e r e n t i a t e s  
t h i s  valley-bottom mate r i a l  on t h e  bas i s  of i t s  higher  albedo from t h e  
smewhat s imilar-appearing p la teau  ma te r i a l  bordering t h e  va l l ey  along much 
of i t s  upper course .  He concludes t h a t  t h e  t rench  f i l l i n g  i s  younger than 
t h e  p la teau  ma te r i a l  above. I n  places along t h e  lower course of t h e  va l ley ,  
t h e  p la teau  sur face  i s  hummocky and q u i t e  d i f f e r e n t  i n  appearance from t h e  
smoother, l i g h t e r ,  mare-like mater ia l  wi th in  t h e  t rench  i t s e l f .  The con- 
t r a s t  confirms t h a t  t h e  t rench  ma te r i a l  i s  not  a  downdropped segment of 
t h e  p la teau  surface,  but  i s  younger. A younger age i s  a l s o  suggested by 
the l e s s e r  c r a t e r i n g  of t h e  mare-like f i l l i n g  a s  compared t o  t h e  super- 
f i c i a l l y  s i m i l a r  p a r t s  of t h e  p la teau  above. 

I f  t h e  graben hypothesis i s  t r u e ,  t h e r e  i s  evidence t h a t  t h e  mare- 
l i k e  t rench  f i l l i n g  was emplaced s h o r t l y  a f t e r  t h e  graben was formed. The 
evidence i s  simply t h a t  t h e r e  appears t o  have been i n s u f f i c i e n t  t ime f o r  
mass movements t o  des t roy  t h e  pa ra l l e l i sm of t h e  va l ley  s ides  p r i o r  t o  
occupation by t h e  va l l ey  f l o o r  f i l l .  

Moore (1967) i n t e r p r e t s  t h e  p la teau  ma te r i a l s  a s  volcanic  and be l ieves  
t h a t  t h e  ma te r i a l  wi th in  t h e  va l l ey  i s  a t  l e a s t  veneered with volcanic 
d e p o s i t s .  The resemblance of t h e  f i l l  t o  p a r t  of t h e  p la teau  ma te r i a l s  
above supports  t h i s  i n t e r p r e t a t i o n .  That t h e  su r face  of t h e  f i l l  i s  no t  
an a l l u v i a l  su r face  i s  suggested by t h e  absence of channels o r  meander 
s c a r s .  Perhaps t h e  f i l l i n g  i s  gas- f lu id ized  d e b r i s .  

~ c h r g t e r '  s R i l l e  

Figure 3 i s  a  s t e r e o p a i r  of p a r t  of s c h r 8 t e r 1 s  Valley and R i l l e  pre- 
pared from Lunar O r b i t e r  V Photography. The viewer w i l l  undoubtedly be 
d i s t r a c t e d  by t h e  apparent  o f f s e t s  i n  r e l i e f  between adjacent  photographic 
s t r i p s .  The o f f s e t s  a r e  due t o  t h e  e l e c t r o n i c s  of scanning and t ransmit-  

t i n g  t h e  indiv idual  s t r i p s  back t o  Ear th .  The viewer should examine t h e  
three-dimensional p i c t u r e  wi th in  each narrow s t r i p  independently of t h e  
off s e t  s t r i p s  above and b ~ l o w  . 

The meanders of Schro te r ' s  R i l l e  a r e  f a i t h f u l  analogs of inc i sed  
e a r t h l y  meanders. The meander b e l t  i t s e l f ,  i n  t h e  few places where it can 
be measured, i s  between 1 and 1 1/2 miles wide,and t h e  rad ius  of cu rva tu re  
o f  indiv idual  meanders i s  1 / 2  mile  o r  l e s s .  

I n  inc ised  meandering va l l eys  on Earth, numerous meander spurs  a r e  
asymmetric, with t h e  s t e e p e r  s lope  on t h e  upstream o r  undercut s ide ,  and 
t h e  g e n t l e r ,  on t h e  downstream o r  s l i p - o f f  s i d e .  Unfortunately,  because 
of t h e  black shadows on t h e  lunar  photos, it i s  impossible t o  d i s c e r n  t h e  
base of t h e  s lopes on t h e  shady s i d e  t o  compare wi th  t h e  s lope  on t h e  oppo- 
side,; 1 a m  unable, t he re fo re ,  t o  say whether any of t h e  meander spurs  along 
Schro te r ' s  R i l l e  a r e  asymmetric. Should t h i s  eventual ly  be demonstrated, 
a  f l u i d  agency would, i n  my opinion, be e s t ab l i shed  beyond reasonable doubt .  

A few observat ions bearing on time of formation may be i n  order .  I f  
one c a r e f u l l y  examines Figures 3 and 4, he w i l l  no te  t h a t  where t h e  inne r  
r i l l e  i s  crowded a g a i n s t  t h e  s u n l i t ,  southern s i d e  of t h e  t rench,  t h e  t r ench  



Fig. 3 .  schr8ter1s  Valley and Ri l le ,  Aristarchus region. Note the  
interlocked meanders a t  A and B. Note the  probable cutoff 
a t  A and the  inc ip ien t  cutoff a t  B .  The horizontal  framlets 
a r e  o f f s e t  ve r t i ca l ly  a s  a r e su l t  of e lect ronic  transmission 
techniques . 
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w a l l  seems t o  t r u n c a t e  t h e  meanders. The e f f e c t  i s  n o t  o p t i c a l ,  t h a t  i s ,  
it i s  not  due t o  concealment by g l a r e  of por t ion  of t h e  wa l l .  I f  one 
p ro jec t s  with a  penci l  t h e  probable cont inuat ions  of t h e  meanders i n t o  
t h e  l i g h t  a reas ,  he w i l l  f ind  t h a t  t h e r e  should be numerous places around 
t h e  curves f o r  shadows t o  o u t l i n e  t h e  course.  The t runca t ions  of t h e  mean- 
d e r s  i s  an a c t u a l i t y ;  t h e  va l ley  s i d e  a c t u a l l y  comes down t o ,  and encroa- 
ches i n t o  t h e  meanders. Note i n  Figure 4 t h a t  accumulations of rock f r ag -  
ments, including one fragment 100 f e e t  across ,  occur a t  t h e  f o o t  of t h e  
va l ley  s lopes,  both where these  meet t h e  t e r r a c e  su r face  and where they 
extend t o  t h e  bottom of t h e  channel.  The l a r g e r  fragments a r e  gene ra l ly  
a t  g r e a t e r  d i s t a n c e s  from t h e  f o o t  of t h e  s lope  than t h e  smaller ,  a  s i t u -  
a t i o n  a l s o  t r u e  on Earth.  It appears,  t he re fo re ,  t h a t  i n c i s i o n  of t h e  
meandering channel took  place s u f f i c i e n t l y  long ago t o  allow f o r  encroach- 
ment of s lope  d e b r i s  i n t o  t h e  no-longer a c t i v e  channel.  

The bedrock exposures upslope may seem t o  c o n t r a d i c t  t h e  suggest ion of 
a  d e b r i s  slope, a t  l e a s t  f o r  those por t ions  of t h e  southern s lope  t h a t  en- 
croach i n t o  t h e  channel.  A poss ib le  explanat ion i s  provided by r e l a t i o n s  
on t h e  nor th  s i d e  of t h e  v a l l e y .  Here bedrock i s  exposed on s lopes  only 
i n  those  reaches where t h e  channel i s  across  t h e  va l ley ,  t h a t  i s ,  t h e  bed- 
rock s lopes  descend only t o  t h e  l e v e l  of t h e  f i l l  t e r r a c e ,  n o t  t o  channel 
l e v e l .  It seems possible ,  t he re fo re ,  t h a t  d e b r i s  s lopes  occur only where 
va l ley  s i d e s  have been oversteepened by erosion of t h e  channel.  A s  long 
a s  t h e  channel was being a c t i v e l y  eroded, t h e  bulk of t h e  d e b r i s  was pre- 
sumably removed from t h e  f o o t  of t h e  steepened s lopes  a s  rap id ly  a s  it 
accumulated, although t h e  l a r g e  blocks may have had t o  await  comminution. 
When t h e  agency respons ib le  f o r  channel e ros ion  ceased t o  operate ,  t h e  
d e b r i s  from t h e  oversteepened s lopes accumulated and encroached i n t o  t h e  
channel .  The same s i t u a t i o n  probably a p p l i e s  where t h e  channel impinges 
a g a i n s t  t h e  no r th  wall ,  but t h e  d e t a i l s  a r e  hidden i n  t h e  s t rong shadows. 

Other R i l l e s  of t h e  Ar is ta rchus  Region 

Within a  f a n - l i k e  a rea  extending northwest t o  no r theas t  of Ar is ta rchus  
a r e  e i g h t  r i l l e s  bearing t h e  names Rima Ar is ta rchus  I t o  V I I I ,  whi le  due 
nor th  of Prinz a r e  two r i l l e s  named Rima Pr inz  I and I1 (Fig .  2 ) .  Other 
unnamed r i l l e s  a r e  s c a t t e r e d  about t h e  region.  Although only a  few of t h e  
r i l l e s  may be termed sinuous, some of t h e  o the r s  w i l l  be b r i e f l y  discussed 
because of i n t e r e s t i n g  r e l a t i o n s h i p s  which may bear  on t h e i r  o r i g i n .  

Perhaps t h e  most s t r i k i n g  f e a t u r e  of t h e  e a s t e r n  group of Ar i s t a rch ian  
r i l l e s  (Rimae) and t h e  Prinz r i l l e s  t o  t h e  e a s t  i s  t h e  prefer red  orient.-  
a t i o n  of c e r t a i n  r e c t i l i n e a r  segments c l e a r l y  ind ica t ing  t e c t o n i c  c o n t r o l  
a t  l e a s t  i n  p a r t  (F ig .  5 ) .  Tectonic c o n t r o l  i s  a l s o  indica ted  by f a i n t  
r e c t i l i n e a r  t o n a l  l ineaments,  with t h e  same genera l  t rend,  t h a t  c r o s s  t h e  
r i l l e s ,  by s i m i l a r l y  o r i en ted  l i n e a r  t rends  i n  t h e  upland northwest of 
Aris tarchus,  by r e c t i l i n e a r  segments of s c h r 8 t e r t  s Valley t o  t h e  southwest, 
and by t h e  angular  pa t t e rns ,  on a  smaller  s ca le ,  of t h e  wal l s  of some of 
t h e  r i l l e s  such a s  Rima Prinz I1 and Rima Aris tarchus V .  A second t e c t o n i c  
o r i e n t a t i o n  i n  t h e  r i l l e s  i s  l e s s  obvious, c o n s i s t i n g  of s t r a i g h t  reaches 
up t o  seve ra l  miles  i n  length  or ien ted  northwest-southeast,  approximately 
a t  r i g h t  angles  t o  t h e  more prominent no r theas t e r ly  t r end .  This northwest 
t rend  i s  prominently represented by t h e  sca rp  t rending  southeas t  from 





Aris ta rchus  C and by t h e  bold sca rp  nor theas t  of s c h r 8 t e r t s  Valley (F ig .2 ) .  
Numerous p a r a l l e l ,  bu t  l e s s  obvious l ineaments a r e  present  both i n  t h e  
Ar is ta rchian  upland a s  wel l  a s  i n  t h e  ad jo in ing  maria.  Because of t h e  
reg ional  cu rva tu re  of t h e  f r a c t u r e  t rends ,  t h e i r  exact  compass d i r e c t i o n s  
change l a t e r a l l y .  I n  general ,  however, both d i r e c t i o n s  accord wi th  t h e  
rec tangular  o u t l i n e s  of t h e  Aris tarchus p la teau  a s  a  whole. A t h i r d  t ec -  
t o n i c  d i r e c t i o n ,  no r th  by nor theas t ,  may be ind ica ted  by r e c t i l i n e a r  seg- 
ments i n  some of t h e  r i l l e s  but t h e  ind ica t ions  a r e  not  a s  convincing a s  
t h e  o t h e r s .  The nor th  wal l  of Rima Prinz I, immediately nor th  of c r a t e r  
Prinz,  i s  angula te  i n  pa t t e rn  and c l e a r l y  i n d i c a t e s  c o n t r o l  b y  t h e  f r a c t u r e  
s e t s  descr ibed .  

The v a r i a t i o n  i n  t h e  types of r i l l e  heads i s  i n t e r e s t i n g .  Rima 
Aris tarchus I i s  a  gen t ly  curving l i n e a r  depression without any c l e a r  c r a t e r  
a t  i t s  head and shows no obvious tendency t o  narrow o r  become shal lower i n  
one d i r e c t i o n  o r  another .  A s h o r t  r i l l e  a t  1 (Fig .5) ,  no r theas t  of Prinz,  
i s  a l s o  of t h i s  type .  The r i l l e s  a t  2 and 3, no r theas t  of Prinz,  a s  we l l  
a s  Rima Pr inz  I and t h e  southern branch of Rima Ar is ta rchus  111, s t a r t  a t  
f l a t - f l o o r e d  depressions of d i f f e r e n t  shapes.  The f l a t  f l o o r  of each of 
these  depressions,  except t h a t  a t  t h e  head of t h e  south branch of Rima 
Aris tarchus 111, continues down t h e  r i l l e s  t o  varying d i s t a n c e s .  The r e s t  
of t h e  r i l l e s  i n  Figure 4 appear t o  s t a r t  i n  o r  next  t o  c r a t e r s .  

Many of t h e  r i l l e s  become narrower and shallower away from t h e i r  
source ( ex .  Ar is ta rchian  r i l l e s  I11 and IV), o the r s  become broader ( e x .  
Rima Prinz I and t h e  r i l l e  a t  4 ) .  Those t h a t  become broader have f l a t  
f l o o r s  t o  t h e i r  very ends, whereas those  t h a t  become narrow, a r e  V-shaped 
toward t h e i r  terminus . 

P r a c t i c a l l y  a l l  of t h e  r i l l e s  of Figure 5 a r e  sinuous t o  some ex ten t  
but  most of t h e  curves a r e  of t h e  open type and a r e  a s  e a s i l y  explained by 
t ens iona l  t e a r i n g  of t h e  c r u s t  a s  by o t h e r  processes .  There a r e  exceptions,  
however. The curve a t  5 (F ig .  5 and t o p  of Fig.  6 )  i s  more h ike  an  inc ised  
meander than  a  f r a c t u r e  f ea tu re ,  a s  a r e  t h e  meanders of S c h r o t e r t s  Valley. 
A few of t h e  r i l l e s  have i n t e r r u p t i o n s  along t h e i r  course.  This i s  t r u e  of 
t h e  eas t e rn  t i r b u t a r y  of Rima Aris tarchus V I I I  a t  6, of Rima Ar is ta rchus  V I I  
a t  7 ;  of Rima Ar is ta rchus  V I  a t  8, and perhaps one o r  two o t h e r  l e s s  obvious 
s i t e s  along o t h e r  r i l l e s .  

A d i f f e r e n t  type of i n t e r r u p t i o n  occurs along t h e  r i l l e  n o r t h  of t h e  
number 2 i n  Figure 5 and j u s t  t o  r i g h t  of t h e  c e n t e r  of Figure 6. A segment 
of t h e  su r face  has obviously dropped down here,  y e t  only t h e  f a i n t e s t  t r a c e  
of a  channel i s  recorded i n  t h e  graben even i n  t h e  Lunar Orb i t e r  V photo- 
graphs (Medium Resolution, Frame 189) .  A poss ib le  explanat ion i s  t h a t  t h e  
graben was subsequently flooded by ma te r i a l  which e f f e c t i v e l y  conceals  t h e  
r i l l e .  The s ign i f i cance  of t h e  f a i n t  channel - l ike  t r a c e  across  t h e  f l o o r  
of t h e  graben i s  not  c l e a r .  It i s  unl ike ly  t h a t  it i s  a  t r u e  channel s i n c e  
it can not  be t raced  i n t o  t h e  f l a t  depress ion  a t  t h e  head of t h e  r i l l e .  
Perhaps a  recurrence of f r a c t u r i n g  i s  ind ica ted .  I f  so, t h e  f r a c t u r e  i s  
t r aceab le  wi th in  t h e  r i l l e  f o r  severa l  miles  no r th  and south of t h e  graben. 
The m a t e r i a l  of t h e  f l a t - f l o o r e d  depressions a t  t h e  heads of some of t h e  
neighboring r i l l e s  may a l s o  be a  l a t e r  f i l l i n g .  



Fig. 6 .  Ri l les  of t he  Prinz region. Crater  Prinz i n  upper l e f t .  
Harbinger Mountains t o  north and northeast .  For names of 
fea tures  r e f e r  t o  Figure 5.  Rect i l inear  segments and 
angular turns  indicate  f rac ture  control  of many r i l l e s .  
Note 1 )  i so la ted  meander i n  uppermost r i l l e  (Rima Prinz 11),  
2 )  t ransect ion of the  t e r r a  ridge (West Ridge) by next 
Lower r i l l e  (Rima Prinz I), 3 )  spatula- l ike  depression 
along course of t h i rd  r i l l e  from top with f a i n t  r i l l e  
crossing f l oo r  of depression, and 4 )  broad terminations 
of some of r i l l e s .  



A few a d d i t i o n a l  observat ions wi th in  t h e  a rea  of t h e  f i g u r e s  a r e  
worthy of note .  Frame 189 of t h e  Medium Resolution, O r b i t e r  V photography 
c l e a r l y  shows a  t e r r a c e  wi th in  Rima Pr inz  11 a t  l o c a l i t y  9  (F ig .  5)and a t  t h e  
top  of Figure 6 .  This one occurrence, however, provides l i t t l e  b a s i s  f o r  
specula t ion  on i t s  o r i g i n .  A t  l o c a l i t y  10, d e b r i s  from a  c i r c u l a r  h i l l  
(volcanic  dome?) has s p i l l e d  i n t o  Rima Aris tarchus VII i n d i c a t i n g  t h a t  t h i s  
r i l l e  a t  l e a s t  i s  not  t h e  l a t e s t  landform i n  t h e  a r e a .  Another dome ap- 
pears  a t  11, near  t h e  terminus of Rima Aris tarchus VIII. A t  l o c a l i t y  12  
i s  a  textbook example of a  graben while a t  13, an i n t r i c a t e l y  embayed 
shore l ine  appears .  The broken l i n e  a t  s i t e  14 o u t l i n e s  a  f a i n t  pa t t e rn ,  
b e s t  seen under magnif icat ion,  which represents  t h e  l o b a t e  f r o n t s  of 
e a r t h l y  lava  flows. The da rk  a rea  t o  t h e  south a t  1 5 ,  t h e  so-cal led Wood- 
spot ,  may be a  lava  p l a i n .  Note t h a t  Rima Prinz I1 c u t s  ac ross  West Ridge 
of Harbinger Mountains a t  l o c a l i t y  16 .  I f  a  f l u i d  o r i g i n  of t h e  r i l l e  were 
e s t ab l i shed ,  we might be j u s t i f i e d  i n  examining t h e  p o s s i b i l i t i e s  of super- 
pos i t ion  o r  antecedence. Both of these  p o s s i b i l i t i e s  r equ i re  long-term, 
even though i n t e r m i t t e n t  erosion,  and t h e  superpos i t ion  theory, i n  addi t ion ,  
would r e q u i r e  evidence of a  h igher  sur face  from which superpos i t ion  occurred.  
The a l t e r n a t i v e  i s  t h a t  a  low place ex i s t ed  here  t h a t  of fered  no obs t ruc t ion  
t o  f l u i d  passage. 

About 7 mi les  no r th  of t h e  junc t ion  of Rima Aris tarchus I11 and I V  
( s i t e  17 ) ,  t h e  combined r i l l e  s p l i t s  with a  smal le r  d i s t r i b u t a r y  tak ing  
o f f  t o  t h e  nor th .  A t  t h e  point  of departure ,  t h e  d i s t r i b u t a r y  hangs 
above t h e  main channel.  About 3  mi les  down t h i s  d i s t r i b u t a r y  t h e r e  ap- 
pears t o  be another  d i s t r i b u t a r y  s p l i t t i n g  of f  from t h i s  branch and t h e r e  
may be s t i l l  another  near  i t s  terminus.  The main d i s t r i b u t a r y  i s  i n t e r -  
rupted i n  a t  l e a s t  two places by small  swarms of c r a t e r s  i n d i c a t i n g  t h a t  
t h e  d i s t r i b u t a r y ,  i f  due t o  f l u i d  erosion,  has not  r ecen t ly  been eroded. 
The d i s t r i b u t a r y  r i l l e  p a t t e r n  i s  reminiscent of t h a t  on f ans  and d e l t a s  
on Earth,  but no evidence of assoc ia ted  depos i t s  i s  v i s i b l e .  Nor i s  t h e r e  
recognizable  evidence of depos i t s  a t  t h e  t e rmin i  of t h e  o t h e r  r i l l e s  i n  
t h i s  region including those (ex.  Pr inz I and 1 1 )  t h a t  r e t a i n  f u l l  width 
t o  t h e i r  t e rmin i .  

The presence of d i s t r i b u t a r y  r i l l e s  i s ,  of course,  inconclusive a s  
f a r  a s  demonstrating f l u i d  flow. The w r i t e r  has observed s i m i l a r  d i s -  
t r i b u t a r y  p a t t e r n s  i n  sinuous t ens iona l  cracks i n  cement and concre te  
(F ig .  7 ) .  

The r e c t i l i n e a r  c r o s s  r i l les  a t  18  and 19 (F ig .  5 ) ,  and t h e  i n t e r -  
rupted r i l l e  a t  20, a r e  c l e a r l y  f r a c t u r e  con t ro l l ed  but  t h e  exac t  mecha- 
nism by which they were c rea ted  presents  a  problem. I n  t h e  absence of 
recent  f l u i d  erosion - and t h e r e  i s  no evidence of such i n  these  t h r e e  

r i l l e s  - t h e  furrows may represent  e i t h e r  open cracks r e s u l t i n g  from tens ion  
a t  t h e  sur face ,  o r  narrow co l l apse  f e a t u r e s  r e s u l t i n g  from tens ion  below 
t h e  s u r f a c e .  The remarkable l i n e a r i t y  f o r  g r e a t  d i s t ances  suggests  t h e  
p o s s i b i l i t y  of s t r i k e  s l i p  f a u l t i n g ,  although t h e r e  i s  no independent 
evidence of t h i s .  The broad in t e r rup ted  r i l l e  a t  s i t e  20, with t h e  abrupt  
te rminat ions  a t  both ends of each segment, i s  reminiscent  of c o l l a p s e  
f e a t u r e s  above buried f a u l t s .  In a  sense,  i t s  segments a r e  small  narrow 
r e p l i c a s  of t h e  s p a t u l a - l i k e  graben along t h e  r i l l e  a t  l o c a l i t y  2 .  I f  
s t r i c t l y  due t o  t ens iona l  t e a r  a t  t h e  surface,  we might expect each seg- 
ment t o  have tapered r a t h e r  than abrupt  ends. The f l o o r s  of many r i l l e s  



Fig. 7 .  Tension c racks  i n  cement. a .  This c r a c k  has 
t h e  h ighes t  s i n u o s i t y  r a t i o  (1 .06)  of t h e  t h r e e  
shown. Note l o c a l  b ra id ing  and r igh t - ang le  
t r i b u t a r y .  b  . Acute ang le  t r i b u t a r i e s .  Note 
over lapping o f f s e t s  a long main c r a c k  and lower 
t r i b u t a r y .  c  . Tributary  f e a t h e r i n g  o u t  toward 
main c rack .  Local b ra id ing .  None of dozens of 
c racks  observed show meander-like cu rves .  



a r e  occupied by mare-l ike ma te r i a l  s i m i l a r  t o  t h a t  i n  many broad de- 
press ions .  A broad sinuous r i l l e  (3 ,  F ig .  5 )  extends southward from 
such a  depress ion .  Although 4000-5000 f e e t  wide, t h e  r i l l e  i s  only 
about 8 miles  long t o  t h e  poin t  where i t s  f l o o r  merges with t h e  mare sur-  
face beyond. The impression i s  s t rong t h a t  t h e  depression and r i l l e  
were once considerably deeper, t h a t  t h e  r i l l e  once had a  much g r e a t e r  
length,  but t h a t  mare ma te r i a l ,  perhaps both from t h e  depression a t  i t s  
head and t h e  mare bas in  beyond, flooded t h e  r i l l e  and submerged i t s  
lower course .  

The s i t u a t i o n  he re  may provide a  poss ib le  explanat ion f o r  t h e  con- 
t r a s t  i n  te rminat ions  of sinuous r i l l e s .  Those t h a t  decrease i n  s i z e  
and f e a t h e r  out  on t h e  mare sur face  a r e  V-shaped, a t  l e a s t  i n  t h e i r  lower 
courses ,  and mare-like ma te r i a l  does n o t  extend t o  t h e i r  terminuses.  
Fluid erosion p r i o r  t o  f i l l i n g  of t h e i r  upper reaches may be ind ica ted .  
This suggestion would be enhanced i f  we could f i n d  evidence of f an - l ike  
depos i t s  a t  t h e  channel mouths. Such depos i t s  have not  y e t  been iden- 
t i f i e d .  The sinuous r i l l e s  t h a t  r e t a i n  f u l l  width t o  t h e i r  ends, such 
a s  Rima Pr inz  I and 11, d i sp lay  a  mare-like f i l l i n g  throughout t h e i r  
length .  This ma te r i a l ,  therefore ,  may conceal e ros ional  d e b r i s  a t  t h e  
channel mouths, and may i t s e l f  be d i f f i c u l t  t o  d e t e c t  on t h e  mare sur -  
f ace  i f  it i s  i d e n t i c a l  i n  c h a r a c t e r i s t i c s  and o r i g i n  t o  t h e  mare ma- 
t e r i a l s .  I f  t h e  r i l l e s  an teda te  t h e  l a t e s t  mare depos i t s ,  t h e  l a t t e r  
may bury e a r l i e r  e ros iona l  depos i t s .  

A number of o t h e r  sinuous r i l l e s  i n  t h e  Ar is ta rchus  region ou t s ide  
t h e  a rea  of Figure 5 mer i t  b r i e f  cons idera t ion .  Several  of these  a r e  
shown i n  Figure 8 .  The broad, deep, rap id ly  t ape r ing  r i l l e  south of 
Aris tarchus R r evea l s  c l e a r  evidence of f r a c t u r e  c o n t r o l  i n  t h e  sharply 
angular  bends i n  t h e  va l ley  i n  t h e  east-west s e c t i o n  of i t s  course  and 
t h e  f a c t  t h a t  t h e  two wal l s  d o v e t a i l  exac t ly .  Within t h e  upland, and 
f o r  a  s h o r t  d i s t a n c e  beyond, t h e  r i l l e  i s  e s s e n t i a l l y  V-shaped i n  c r o s s  
p r o f i l e ,  bu t  t h e  p r o f i l e  changes t o  a  progressively shallower channel 
ou t  toward t h e  terminus.  The r i l l e ,  which i s  about a  mi le  wide a t  i t s  
head, s t a r t s  abrupt ly  wi th in  a  mile  of a  c r a t e r  approximately 1 1 / 2  mi les  
i n  diameter .  The r i l l e  d i sp lays  no d e t a i l s  t h a t  demand cons idera t ion  of 
an o r i g i n  o t h e r  than t ens iona l ,  but  t h e  abrupt  beginning, and t h e  d i s -  
t r i b u t i o n  of t h e  t ens iona l  l o c i  present  problems. The r i l l e  p a t t e r n  i n  
t h e  upland, i f  t ens iona l ,  would seem t o  r equ i re  a  foundering of t h e  a rea  
within t h e  main bend of the  r i l l e ,  but why t h e  abrupt  head? Perhaps 

the head a c t u a l l y  i s  a  small  c r a t e r ,  no wider than t h e  r i l l e ,  from which 
a  f l u i d  moved down t h e  r i l l e .  I f  so, why no modif icat ion of t h e  angular  
va l l ey - s ide  p ro jec t ions  i n  t h e  east-west s ec t ion?  Could t h e  downwarping 
have t o r n  t h e  head of t h e  r i l l e  a p a r t  by s t r i k e - s l i p  movement along t h e  
lineament expressed by t h e  wrinkle  r idge  i n  t h e  S t r a i t s  of Ar is ta rchus  
and i t s  more s u b t l e  cont inuat ion  on l and .  It i s  obvious t h a t  we can 
only present  problems here ;  t h e r e  i s  no b a s i s  f o r  answers. There a r e  
many o t h e r  luna r  r i l l e s  wi th  abrupt  heads where no t r a c e  of a s soc ia t ed  
lineaments have been observed. 

The most i n t e r e s t i n g  of t h e  r i l l e s  i n  Figure 8 i s  t h a t  a t  t h e  f o o t  
of Bar r i e r  I s land  and which, f o r  convenience, we w i l l  r e f e r  t o  simply a s  



Fig .  8 .  R i l l e s  of northwestern port ion of Aris tarchus region.  The long sinuous 
r i l l e  a t  t h e  f o o t  of Bar r i e r  I s l and  shows in t e r lock ing  meanders from B t o  C 
and D t o  E. The r i l l e  a c t u a l l y  c o n s i s t s  of two sepa ra t e  r i l l e s ,  one extending 
n o r t h  and one extending south from t h e  prominent wrinkle  r idge .  For d e s c r i p t i o n  
of o the r  r i l l e s ,  s ee  t e x t .  



B a r r i e r  R i l l e .  This 60-mile long f e a t u r e ,  which extends beyond t h e  
l i m i t s  of t h e  f igu re ,  i s  i n t e r rup ted  only a t  t h e  wrinkle  r idge  t h a t  
c rosses  t h e  S t r a i t s  of Aris tarchus and a t  s i t e  F where s lope  d e b r i s  
has apparent ly crowded i n t o  t h e  r i l l e .  The r i l l e  hugs t h e  base of 
Bar r i e r  I s l and  f o r  about 10 miles  between A and B and f o r  about 3 miles  
a t  l o c a l i t y  F. The r i l l e  f e a t h e r s  ou t  a t  both t h e  nor thern  and southern 
ex t r emi t i e s  ( F i g .  2)  but f o r  most of i t s  course appears t o  be f a i r l y  
constant  i n  width and depth.  A t  i t s  nor th  end it seems t o  te rminate  
i n  a  small ,  f a i n t  c r a t e r ;  a t  i t s  south end, it tu rns  westward through an 
i n t e r r u p t i o n  i n  Bar r i e r  I s l and  and d i e s  out  immediately on t h e  f a r  s i d e .  

The r i l l e  cannot be t raced  ac ross  t h e  wrinkle  r idge  i n  i t s  mid- 
course .  Perhaps t h e  r idge  came i n t o  being l a t e r  and dismembered t h e  r i l l e ,  
a ided perhaps by t h e  c r e a t i o n  of t h e  c l u s t e r s  of small  c r a t e r s  i n  t h i s  
a r e a .  O r ,  conceivably, we a r e  a c t u a l l y  dea l ing  with two r i l l e s  which 
have t h e i r  sources a t  t h e  wrinkle  r idge  and flow away from each o t h e r .  
This might explain t h e  tapered ends t o  t h e  nor th  and south.  Although 
t h e r e  i s  a  c r a t e r  about 500 meters i n  diameter on t h e  south s i d e  of 
t h e  wrinkle  r idge  immediately ad jacen t  t o  t h e  source ( ? )  of t h e  southern 
r i l l e ,  t h e r e  i s  only a  c l u s t e r  of smal le r  c r a t e r s  a t  t h e  source ( ? )  of 
t h e  nor thern  r i l l e .  Lunar Aeronautical Chart  No. 38 shows t h e  wrinkle  

ridge a s  a  d iv ide  across  t h e  S t r a i t s  of Aris tarchus with t h e  t e r r a i n  
s loping  away t o  t h e  nor th  and south.  Thus, t h e  genera l  topography seems 
t o  support  t h e  suggestion provided by t h e  tapered t e rmin i  of t h e  r i l l e  
t o  t h e  e f f e c t  t h a t  we a r e  dea l ing  with two r i l l e s  heading, fu l l - f l edged ,  
a t  t h e  wrinkle  r idge .  

It i s  unl ike ly  t h a t  t h e  r i l l e  can be explained throughout i t s  
length  a s  a  simple t ens iona l  c rack  because of t h e  in t e r lock ing  meander- 
l i k e  curves between B and C ,  and D and E .  Fluid erosion o r  f l u i d  modi- 
f i c a t i o n  of a  ragged f r ac tu re ,  seems ind ica ted .  The i n t e r s e c t i o n  of 
t h e  e a s t e r n  f a u l t  of Bar r i e r  I s l and  and t h e  l i n e  of weakness suggested 
by t h e  wrinkle  r idge  may have provided t h e  avenue of escape f o r  f l u i d  
from below. That t h e  wrinkle r idge  may follow an en echelon s e t  of 
f r a c t u r e s  i s  suggested by northwest-southeast o f f s e t s  along i t s  course.  

I n  those places where t h e  r i l l e  hugs t h e  s lopes  of Bar r i e r  I s l and ,  
a  t e n s i o n a l  f r a c t u r e  seems ind ica ted .  I f  f l u i d  a c t u a l l y  emerged a t  t h e  
wr inkle  r idge ,  perhaps it followed t e c t o n i c  l i n e s  wherever these  were 
a v a i l a b l e .  Another curving r i l l e  appears on t h e  opposi te  s i d e  of t h e  
S t r a i t s  of Aris tarchus (F igs .  2 and 8,G).  It has no t i g h t  curves hence 
c o u l d  be a  simple t ens iona l  c rack .  This i s  supported t o  some e x t e n t  by 
the i n t e r r u p t i o n s  along i t s  course and t h e  r e c t i l i n e a r i t y  of i t s  northern- 
most segment. If these  two p a r a l l e l  r i l l e s  a r e  d i r e c t l y  o r  i n d i r e c t l y  
r e l a t e d  t o  f a u l t s ,  t h e  broad in tervening  t r a c t ,  S t r a i t s  of Aris tarchus,  
may represent  a  pre-mare graben. 

There a r e  a  number of o t h e r  curving r i l l e s  i n  t h e  Ar i s t a rch ian  
region but  these  add nothing t o  t h e  problem of genes i s .  One of t h e  
l a r g e r  appears j u s t  southwest of t h e  c e n t e r  of Figure 8 .  It i s  s h o r t  
r e l a t i v e  t o  i t s  breadth and depth,  and - whether by design o r  acc iden t  - 
has a  c r a t e r  a t  i t s  head. It shallows t o  t h e  nor th ,  b u t  t h e r e  i s  l i t t l e  
i n d i c a t i o n  of narrowing. It  appears t o  be a  simple graben t h a t  was 



e i t h e r  1 )  caused by t h e  meteor i te  impact t h a t  c rea ted  t h e  c r a t e r ,  2) 
happened t o  terminate  i n  a  c r a t e r  a t  one end, o r  3 )  t h a t  had a  ttblow-outtt 
a t  one end. There i s  no reason t o  suspect  a  f l u i d  agency i n  view of t h e  
abruptness wi th  which t h e  f e a t u r e  te rminates .  

Another s i m i l a r  curving r i l l e  occurs on t h e  p la t eau  northwest of 
Herodotus (F ig .  2 ) .  I t  r i s e s  i n  a  c r a t e r  and cont inues genera l ly  north-  
ward f o r  16-18 mi le s .  It i s  in t e r rup ted  i n  midcourse by a  p a i r  of 
overlapping c r a t e r s  whose rims block t h e  r i l l e  ind ica t ing  t h a t  t h e  c ra -  
t e r s  a r e  p o s t - r i l l e .  North of t h e  c r a t e r s ,  t h e  r i l l e  diminishes s t e a d i l y  
i n  width and depth  u n t i l  it i s  l o s t  i n  t h e  p la teau  su r face .  Although 
it shows no meander-like curves,  it resembles s c h r 8 t e r t s  Valley i n  t h a t  
i t s  source i s  i n  a  c r a t e r  and it tape r s  ou t  toward t h e  d i s t a l  end. 

The r i l l e  a t  H i n  Figure 8  i s  a  broad, angular ,  pa ra l l e l - s ided ,  
f l a t - f l o o r e d  f e a t u r e  probably of t e c t o n i c  o r i g i n .  

I n  t h e  f a r  west-center  of Figure 2 i s  an i n t e r e s t i n g  curving r i l l e  
with many small  r imless  c r a t e r s  along i t s  course .  A reasonable i n t e r -  
p r e t a t i o n  i s  t h a t  t h e  c r a t e r s  a r e  gas vents  along a  t ens iona l  f r a c t u r e ,  
a  common s i t u a t i o n  on Ear th .  

I n  b r i e f ,  t h e  r i l l e s  of t h e  Aris tarchus-Prinz region xary i n  char- 
a c t e r i s t i c s  and probably i n  o r i g i n .  A few, including S c h r o t e r t s  R i l l e ,  
seem t o  r equ i re  a  f l u i d  medium, o the r s  a r e  obviously t ens iona l  f r a c t u r e s ,  
and s t i l l  o the r s  may involve f l u i d s  whose paths were i n  p a r t  f r a c t u r e  
c o n t r o l l e d .  

Alpine Valley and R i l l e s  of t h e  Alpine Region 

Alpine Valley 

Alpine Valley ( F i g .  9 )  extends some 90 miles  across  t h e  Alpine 
range from Mare F r i g o r i s  on t h e  nor theas t  t o  Mare Imbrium on t h e  south- 
west.  I t s  t rend  i s  about N 6 0 ' ~ .  For convenience i n  desc r ip t ion  we 
s h a l l  r e f e r  t o  t h e  oppos i te  s ides  of Alpine Valley a s  t h e  no r th  and south 
s ides  r a t h e r  than northwest and southeas t  s i d e s .  The va l ley  i s  a  s teep-  
s ided trough wi th  a  maximum width of about 9  miles  i n  i t s  midcourse 
and averaging 5 t o  6  mi les  f o r  t h e  g r e a t e r  p a r t  of i t s  ex ten t .  S t a r t i n g  
about 20 miles  inland from Mare F r igo r i s  it grows shallower and narrower 
i n  t h a t  d i r e c t i o n .  It d i e s  ou t  about 5 miles  from Mare F r i g o r i s  
while s t i l l  about 2-1/2 miles  wide. I n  t h e  Mare Imbrium d i r e c t i o n ,  it 

pinches t o  a  gap, he re in  r e fe r red  t o  a s  The Col la r ,  25 miles no r theas t  
of t h e  broad midpoint. The va l ley  then f l a r e s  abrupt ly  t o  a  width of 
8  o r  9  miles  i n  a  d i s t a n c e  of only 4 miles ,  f i n a l l y  terminat ing a t  a  
c o n s t r i c t i o n  i n  t h e  mountain mass which we s h a l l  r e f e r  t o  a s  The Gorge. 
There i s  no evidence of a  va l ley  f l o o r  i n  t h i s  4-5 mile  gorge. Beyond 
the  gorge i s  t h e  embayment of Mare Imbrium r e f e r r e d  t o  here in  a s  Alpine Bay. 
The o v e r a l l  l ength  of Alpine Valley, i f  we inc lude  Alpine Bay, i s  about 
100 mi le s .  



Fig .  9 Oblique view of Alpine Valley r eg ion .  Note c o n t r a s t  between 
massive angu la r  mountain blocks and knobby p l a t eau .  For 
f r a c t u r e  p a t t e r n s ,  s e e  Figure 11. 



The f l o o r  of Alpine Valley, exc lus ive  of t h e  inner  r i l l e ,  i s  essen- 
t i a l l y  f l a t .  It c o n s i s t s  of d a r k  mare-like ma te r i a l  with a  cons iderable  
sp r ink l ing  of small c r a t e r s  most of which a r e  1/4 of a  mile  o r  l e s s  i n  
diameter .  The l a r g e s t  c l e a r l y  d i s c e r n i b l e  c r a t e r  i s  about 1 1 / 2  mi les  
across ,  but  t h e r e  a r e  only a  few t h a t  exceed 1 mile  i n  diameter .  

The nor th  s i d e  of Alpine Valley i s  somewhat more sinuous than t h e  
south s ide ,  with seve ra l  l a r g e  s c a l l o p s .  It i s  much smoother i n  d e t a i l ,  
however. The south s i d e  r evea l s  about a  dozen narrow peninsula- l ike  
p ro jec t ions  extending a s  much a s  4 miles  i n t o  t h e  v a l l e y .  Most of these  
extend obl iquely i n t o  t h e  va l l ey  i n  a  no r the r ly  d i r e c t i o n .  I f  one neg- 
l e c t s  t h e s e  peninsulas,  t h e  south s i d e  of t h e  v a l l e y  i s  remarkably rec-  
t i l i n e a r  wi th  only a  s l i g h t  bow outward. A few of t h e  peninsulas  j u s t  
upvalley from The C o l l a r  seem t o  sepa ra t e  c r a t e r s  along t h e  south wall ,  
suggest ing t h e  p o s s i b i l i t y  t h a t  t h e  peninsulas a r e  r i m s  between con- 
t iguous  c r a t e r s .  There i s  l i t t l e  o r  no evidence of r i m s  on t h e  v a l l e y  
f l o o r ,  however, s o  t h a t  t h e  r i m  explanat ion i s  not  e n t i r e l y  convincing. 
Cer t a in ly  many of t h e  peninsulas f u r t h e r  no r theas t  can not  be so  ex- 
plained;  they do no t  appear t o  be assoc ia ted  with c r a t e r s .  

I n  t h e  broadest p a r t  of t h e  va l l ey ,  an i s o l a t e d  h i l l  about a  mi le  
across  a t  t h e  base, r i s e s  above t h e  va l l ey  f l o o r  a t  a  d i s t a n c e  of 2-3 
mi les  from t h e  south w a l l .  A much smal le r  h i l l  i s  about 5  miles  t o  t h e  
nor theas t ,  wi th in  2 miles  of t h e  n o r t h  w a l l .  

The va l l ey - f loo r  mare-like ma te r i a l  meets t h e  south and n o r t h  wal l s  
i n  sharp c o n t a c t .  It in t imate ly  embays t h e  r een t ran t s  between t h e  penin- 
s u l a s  of t h e  south w a l l .  Clear ly  Alpine Valley had e s s e n t i a l l y  i t s  
present  conf igura t ion  p r i o r  t o  t h e  mare-Like f i l l i n g ;  t h e  south s i d e  had 
long descending spurs  whereas t h e  nor th  s i d e  was mildly sinuous without  
notable  spur s .  

The occurrence within Alpine Valley of mare-like ma te r i a l  apparent ly  
i d e n t i c a l  t o  t h e  sur face  ma te r i a l s  of Mare Imbrium i n  both albedo and 
low frequency of l a r g e  c r a t e r s ,  suggests  t h a t  Alpine Valley i s  o l d e r  
than a t  l e a s t  t h e  l a s t  phase of Imbrium f i l l i n g .  

It has been suggested (F ie lde r ,  1965, p. 107)  t h a t  Alpine Valley 
follows a  l e f t - l a t e r a l  ( s i n i s t r a l )  s t r i k e - s l i p  f a u l t .  The p r i n c i p a l  evi-  
dence presented i s  t h e  apparent o f f s e t  of t h e  range f r o n t  a t  t h e  mouth 
of t h e  va l l ey ,  an o f f s e t  s a id  t o  amount t o  32 km ( 2 0  mi l e s ) .  Other 
evidence c i t e d  c o n s i s t s  of tttwo h o r s t  lineaments ... displaced s i n i s t r a l l y  
f o r  20 km; and a  s h o r t  d i p - s l i p  f a u l t  - probably of recent  o r i g i n  - 
bends ac ross  t h e  Valley ... i n  a  manner t h a t  can be explained i f  it de- 
veloped dur ing  a  phase of s i n i s t r a l  movement along t h e  a x i s  of t h e  va l ley" .  
None of t h e  modern l a r g e  s c a l e  photographs of t h i s  region were a v a i l a b l e  
a t  t h e  t ime of F i e l d e r ' s  comments. Examination of Lunar Orb i t e r  I V  and 
V photos f a i l s  t o  v e r i f y  t h e  observat ion on t h e  displaced h o r s t s  and 
t h e  d i p - s l i p  f a u l t .  On t h e  assumption t h a t  t h e  mountain f r o n t  was d i s -  
placed s i n i s t r a l l y  32 km (20 mi les) ,  t h e  s i t u a t i o n  p r i o r  t o  t h e  d i s -  
placement has been r e s to red  i n  Figure 10,B. Note t h a t  t h e  r e s t o r a t i o n ,  
except a long t h e  Imbrium shore,  r e s u l t s  i n  a  poorer f i t  of t h e  northwest- 
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Fig.  10.  Diagram i l l u s t r a t i n g  proposed s t r i k e - s l i p  displacement along 
Alpine Valley. A .  Present  d i s t r i b u t i o n  of mountain masses 
no r th  and south of Alpine Valley. A l e f t - l a t e r a l  o f f s e t  of 20 
miles  has  been suggested. B .  D i s t r ibu t ion  of mountains masses 
p r i o r  t o  suggested o f f s e t .  Note poorer f i t  of mountain groups 
and o f f s e t  of Mare F r igo r i s  c o a s t .  



t rending  mountain groups than before,  and t h e  shore l ine  on t h e  Mare 
F r i g o r i s  s i d e  i s  now o f f s e t .  Note, too, t h a t  even though t h e  assumed 
o f f s e t  a t  t h e  mouth of Alpine Valley i s  e l iminated by t h e  r e s t o r a t i o n ,  
an equal ly prominent o f f s e t  i n  t h e  mountain f r o n t  s t i l l  remains some 20 
miles t o  t h e  south.  The width of t h e  va l ley  i n  t h e  res tored  vers ion  
appears g r e a t e r  because no at tempt  was he re in  made t o  c l o s e  t h e  spaces 
r e s u l t i n g  from t h e  movement along t h e  necessa r i ly  c u r v i l i n e a r  f a u l t .  
I f  we assume a shear  couple t o  have been respons ib le  f o r  t h e  s t r i k e -  
s l i p  movement, t hese  openings would,of course,  be c losed .  

Thus t h e r e  appears t o  be no convincing evidence of t h e  suggested 
s t r i k e - s l i p  movement. There i s ,  however, convincing evidence of dip-  
s l i p  f a u l t i n g  i n  t h e  reg ion .  Probably t h e  most s t r i k i n g  evidence i s  
afforded by 1 )  t h e  "precipi tous1 '  f r o n t  of t h e  Alpine Range overlooking 
Mare Imbrium, p a r t i c u l a r l y  i n  t h e  a rea  south of Alpine Bay, 2) 
t h e  remarkably l i n e a r  t r end  of t h e  scarp, and 3 )  i t s  planar  faces  des- 
cending toward Mare Imbrium. These c h a r a c t e r i s t i c s  suggest a  major 
d i p - s l i p  f a u l t  which w i l l  be r e f e r r e d  t o  f o r  convenience a s  t h e  Mount 
Blanc Fau l t  (F ig .  1 1 ) .  The Mount Blanc Fau l t  appears t o  t r u n c a t e  t h e  
obl iquely t rending  mountain groups inland and t h e s e  same mountain groups 
a r e  probably t runca ted  by a  major f a u l t  a t  t h e i r  no r th  end, a  f a u l t  
p a r a l l e l  t o  Alpine Valley. Between t h e  Mount Blanc Fau l t  and Mare Imbrium, 
i s  a  discont inuous b e l t  of mountains UD t o  about 2 5  miles  wide. The 
segment of t h e  b e l t  n o r t h  of Alpine Bay i n  p a r t i c u l a r  i s  rec tan-  
g u l a r  i n  shape and c l e a r l y  divided i n t o  segments by f r a c t u r e s  p a r a l l e l  
t o  t h e  Mount Blanc F a u l t .  The t r ends  of t h e  f r a c t u r e s  a r e  indica ted  by 
s t r a i g h t  and p lanar  scarps ,  and by t o n a l  t r a c e s  with t h e  same o r i e n t a t i o n  
cross ing  t h e  ind iv idua l  mountain masses. The nor th  end of t h i s  rec tangular  
mountain a rea  i s  sharp ly  t runca ted  along a  l i n e  roughly p a r a l l e l  t o  
Alpine Valley, almost c e r t a i n l y  t h e  s i t e  of another  major f a u l t .  A f a u l t  
s c a r p l e t  e n c i r c l e s  t h e  no r theas t  corner  of t h e  block. The mountain groups 
f a r t h e r  inland a l s o  te rminate  approximately along t h i s  l i n e  al though 
the  presence of a  p a r a l l e l  f a u l t  i s  poss ib le .  

The segment of t h e  b e l t  south of Alpine Bay i s  smal le r  and 
more ragged than t h a t  t o  t h e  nor th  but t h e  same prekerred o r i e n t a t i o n  
of t r ends  i s  v i s i b l e .  Locally,  t h e r e  i s  an even more pronounced blocky 
topography than i n  t h e  northern segment. 

I n  seeking an analogy f o r  these  major topographic conf igura t ions ,  
one need only t u r n  t o  t h e  margins of some of t h e  l a r g e  c r a t e r s ,  such a s  
Copernicus, o r  t o  t h e  margins of o t h e r  c i r c u l a r  mare. Many of t h e  c ra -  
t e r s  show c l e a r  evidence of per iphera l  f a u l t i n g  with concent r ic  segments 
which have been downdropped i n  progressively g r e a t e r  amounts toward t h e  
c e n t e r  of t h e  depress ion .  The downdropping i s  no t  uniform, however; 
some p a r t s  of an a r c u a t e  s l i v e r  may hang back a t  higher  l e v e l s ,  o t h e r  
por t ions  may subside t o  considerably g r e a t e r  depths .  Baclward r o t a t i o n  
during downdropping of mare margins may account f o r  f looding between 
t h e  c r e s t  of t h e  subsided block and t h e  main scarp,  o r  t h e  fragmentation 
of t h e  block during subsidence may provide low a r e a s  f o r  f looding.  Thus, 
f a r t h e r  south,  along t h e  southeas t  shore of Mare Imbrium nor theas t  of 
C r a t e r  Eratosthenes,  a  long rugged s l i v e r  of land l i e s ,  l i k e  an  o f f shore  



Fig. 11. Frac tu re  p a t t e r n s  of t h e  Alpine Valley reg ion .  



bar ,  some 1 5  t o  20 miles  off  t h e  bold Apennine c o a s t  (F ig .  1 2 ) .  Except 
f o r  a  few much smal le r  e longate  i s l ands ,  it i s  separated from t h e  l i n e a r  
scarp  of t h e  Apennines by a  broad lagoon of mare ma te r i a l .  Local o f f -  
s e t s  of t h e  c o a s t  appear t o  be due t o  i n t e r s e c t i n g  f a u l t s ,  a s  suggested 
by t h e  angular  o f f s e t s  of t h e  face ted  mountain f r o n t .  Supporting evi -  
dence f o r  a  f a u l t  o r i g i n  of t h i s  segment of t h e  Apennine c o a s t  i s  t h e  
presence of p a r a l l e l  graben i n  t h e  b e l t  of land separa t ing  t h i s  por t ion  
of Mare Imbrium from Palus Putredinus t o  t h e  n o r t h e a s t .  I n  t h e  case  
of t h e  Mount Blanc f r o n t ,  t h e  southern segment of t h e  o f f shore  b e l t  i s  
s t i l l  connected t o  t h e  mainland f o r  h a l f  i t s  length,  t h e  remainder being 
separated by a lagoon of t h e  mare. That dip-slope f a u l t i n g  has continued 
u n t i l  recent ly ,  o r  may s t i l l  be a c t i v e ,  i s  indica ted  by t h e  curving 
s c a r p l e t s  i n  t h e  mare extending south of c r a t e r  Protagorus B (F ig .  10, 
and Local i ty  1, Fig .  1 1 )  and o the r s  a t  t h e  f o o t  of t h e  main sca rp  a t  2, 
i n  t h e  same v i c i n i t y .  There a r e  suggest ions of s c a r p l e t s  elsewhere along 

l%is segment, bu t  no t  a s  c l e a r l y  def ined .  The high curving scarp  a t  3 
may represent  an e a r l i e r  s t age  of foundering. 

The broad embayment and lagoon t h a t  has l e d  t o  t h e  suggest ion of 
s t r i k e - s l i p  movement a t  t h e  mouth of Alpine Valley may merely i n d i c a t e  
d i f f e r e n t i a l  subsidence of t h e  l i n e a r  block seaward of t h e  Mount Blanc 
Faul t ,  g r e a t e s t  toward t h e  mouth of Alpine Valley. The r ec tangu la r  
segment t o  t h e  r i g h t  of t h e  mouth of t h e  Valley, which preseumably was 
l e f t  s tanding a s  t h e  former cont inuat ions  on e i t h e r  s i d e  subsided, i s  
surrounded on t h e  n o r t h  and e a s t  by mare ma te r i a l ,  and recent  f a u l t i n g  
i s  suggested by t h e  rec tangular  s c a r p l e t  a t  t h e  no r theas t  corner  ( 4 ) .  
An a d d i t i o n a l  suggest ion of recency, i s  t h e  f a c t  t h a t  t h e  s c a r p l e t  a t  
t h e  f o o t  of t h e  main sca rp  a t  2  appears t o  c u t  a  f r e s h  c r a t e r  on t h e  
su r face  of t h e  mare. 

I n  b r i e f ,  although t h e r e  i s  no convincing evidence of s i g n i f i c a n t  
s t r i k e - s l i p  displacement i n  t h e  Alpine Valley region, t h e r e  i s  convin- 

cing evidence of d i p - s l i p  movement. The apparent  o f f s e t  a t  t h e  mouth of 
t h e  va l ley  appears reasonably explained by d i f f e r e n t i a l  down-faulting 
of t h e  broad s l i v e r  of land seaward of t h e  Mount Blanc Faul t ,  t h e  de- 
pression being g r e a t e s t  a t  t h e  mouth of Alpine Valley and on t h e  f a r  
s i d e  of t h e  r ec t angu la r  segment across  Alpine Valley. The f a u l t i n g  
p a r a l l e l  t o  t h e  Alpine f r o n t  may, except f o r  sca le ,  be s i m i l a r  t o  t h a t  
respons ib le  f o r  t h e  mul t ip l e  r i m s  of c r a t e r s  and o t h e r  c i r c u l a r  marias,  
namely slumping ( f a u l t i n g )  i n  toward t h e  c e n t e r  of t h e  depressions.  

This br ings  us t o  t h e  quest ion of t h e  o r i g i n  of Alpine Valley proper,  
involving such problems a s  i t s  conf igura t ion ,  t h e  presence of t h e  penin- 
s u l a s  on t h e  south s ide ,  and t h e  c e n t r a l  r i l l e .  

The s teep-sided,  canoe-shaped conf igura t ion  of t h e  va l ley  seems 
simply explained on t h e  bas i s  of a  graben o r i g i n .  The c o n t r a s t  i n  t h e  
two walls ,  however, i s  s t r i k i n g .  The south wal l  i s  t h e  more r egu la r  of 
t h e  two a s  f a r  a s  g ross  conf igura t ion  i s  concerned. I t s  t r end  desc r ibes  
a  shallow a r c  f o r  70 miles  from nea r  Mare F r i g o r i s  t o  The C o l l a r .  The 
s impl i c i ty  of t h i s  simple a r c  i s  modified, however, by t h e  many penin- 
s u l a s  t h a t  p r o j e c t  from t h e  va l l ey  wal l .  The nor th  wall ,  on t h e  o t h e r  
hand, i s  r eg iona l ly  more i r r e g u l a r  with a  number of small and l a r g e  



Fig .  12 .  Southeast c o a s t  of Mare Imbrium. The bold, l i n e a r ,  
f a c e t t e d  mountain f r o n t  i s  a  f a u l t  s ca rp  s i m i l a r  t o  t h e  
Alpine f r o n t  ( Fig. 11 ) . 



s c a l l o p s .  It i s  a t  t h e  l a r g e  sca l lops  t h a t  t h e  va l l ey  reaches i t s  
g r e a t e s t  width.  I n  d e t a i l ,  however, t h e  no r th  wal l  appears t o  be 
smoother than t h a t  on t h e  south, except f o r  a  c l u s t e r  of p a r a l l e l  pro- 
tuberances a  s h o r t  d i s t ance  upvalley from C r a t e r  Trouvelot (F ig .  9 ) .  

I n  order  t o  determine i f  t h e  c o n t r a s t  i n  d e t a i l  of t h e  two wal l s  
i s  s o l e l y  due t o  t h e  shadowing e f f e c t s  r e s u l t i n g  from t h e  d i r e c t i o n  of 
incidence of t h e  sun ' s  rays i n  t h e  photos,the author  shaded t h e  n o r t h  
wal l  a s  it might appear i f  t h e  l i g h t  were coming from t h e  nor th .  No 
narrow peninsulas,  such a s  mark t h e  south s ide ,  appeared, but t h e  ab- 
sence may be due t o  t h e  c r u d i t y  of t h e  method employed. Because t h e  
c o n t r a s t  i n  d e t a i l  poses secondary problems wi th  t h e  graben hypothesis,  
another  poss ib le  explanation was considered.  It w i l l  be noted (F ig .  11) 
t h a t  i n  t h e  southwestern ha l f  of t h e  va l ley ,  a t  l e a s t  a  ha l f  dozen c ra -  
t e r s  occur along t h e  base of t h e  south wa l l .  Two o r  t h r e e  of t h e  penin- 
su las  appear t o  l i e  between adjacent  c r a t e r s .  This suggests  t h e  pos- 
s i b i l i t y  t h a t  t h e  peninsulas represent  t h e  common r i m s  of ad jacen t  
c r a t e r s .  The c r a t e r s  d i sp lay  no r i m s ,  however, on t h e  va l l ey  f l o o r :  
t h e  c r a t e r s  appear a s  p i t s  below t h e  mare-like f i l l i n g .  Furthermore, 
some of t h e  peninsulas,  including t h e  longes t  one of a l l ,  revea l  a  
layer ing  s i m i l a r  t o  t h a t  of t h e  upland blocks.  I n  deference t o  t h e  l a s t  
observat ion,  we might suppose t h a t  t h e  peninsulas represent  p ro jec t ing  
s l i v e r s  of t h e  upland t h a t  separated an e a r l i e r  genera t ion  of a l igned  

c r a t e r s ,  and t h a t  these  o l d e r  c r a t e r s  were subsequently submerged by 
t h e  mare-like ma te r i a l  and l a t e r  reopened. The d i s t r i b u t i o n  of t h e  
c r a t e r s  may i n d i c a t e  a  major f r a c t u r e  a t  t h e  base of t h e  south wa l l  be- 
low t h e  va l l ey  f i l l .  The complete, o r  near ly  complete absence of r i m s  
suggests  subsidence r a t h e r  than explosion. 

The obl iquely-trending peninsulas  i n  t h e  upstream hal f  of t h e  val-  
ley ,  however, a r e  c l e a r l y  f r ac tu re -con t ro l l ed ,  and have no obvious c ra -  
t e r s  a s soc ia t ed  with them. This r a i s e s  an important quest ion:  how 
were these  peninsulas etched ou t  p r i o r  t o  t h e  va l l ey  f i l l ,  when t h e  
va l ley  was deeper than now? Are they merely r e s i d u a l  f e a t u r e s  l e f t  a s  
t h e  c e n t r a l  a rea  dropped, c r e a t i n g  ragged t e a r s  i n  t h e  i n t r i c a t e l y  
f r ac tu red  va l l ey  s ide?  I f  so, why wasn't  t h e  opposing va l l ey  s i d e  s i m -  
i l a r l y  a f f e c t e d ?  O r ,  a r e  t h e  spaces between t h e  peninsulas  t h e  s i t e s  
of p r e - f i l l  l a n d s l i d e  s c a r s ?  Again why t h e  d i f f e r e n c e  i n  t h e  two va l l ey  
s ides?  We might suppose t h a t  t h e  o r i g i n a l  s l a b  of upland dropped d i f -  
f e r e n t i a l l y ,  a  g r e a t e r  amount on one s i d e  than t h e  o t h e r .  Perhaps t h e  
major f a u l t  i s  on t h e  simply curved south s i d e  of t h e  va l l ey  where t h e  
al igned c r a t e r s  a r e .  Although it seems poss ib le  t h a t  d i f f e r e n t i a l  sub- 
s idence of t h e  graben might account f o r  t h e  cont ras ted  appearance of 
t h e  two s ides ,  I am a t  a  l o s s  t o  explain t h e  development of t h e  d e t a i l s .  

I f  we assume t h a t  t h e  o r i g i n a l  va l l ey  wal l  once followed t h e  ends 
of t h e  peninsulas ,  we a r e  then faced with t h e  problem of explaining 
how t h e  r e e n t r a n t s  were tlerodedu back, and furthermore why t h e  r e e n t r a n t s  
combined t o  form a  simple c u r v i l i n e a r  t r end .  I f  we cons ider  t h e  g r e a t  
l eng th  of t h e  scarp,  perhaps t h i s  d i f f i c u l t y  i s  more imaginary than 
r e a l :  r e e n t r a n t s  of 2-4 miles  along a  75-mile long l i n e a r  sca rp  do no t  
se r ious ly  d e t r a c t  from t h e  simple reg ional  conf igura t ion .  



I n  b r i e f ,  u n t i l  t h e r e  i s  evidence t o  t h e  cont rary ,  it w i l l  be 
assumed t h a t  Alpine Valley i s  a  graben, formed by subsidence of a  s l i v e r  
of t h e  Alpine upland p r i o r  t o  a t  l e a s t  t h e  l a t e s t  episode of mare f i l -  
l i n g , t h a t  t h e  depth of t h e  graben was g r e a t e r  than now and was sub- 
sequent ly reduced by invasion of t h e  mare-like m a t e r i a l .  

Alpine R i l l e  

Running down t h e  c e n t e r  of Alpine Valley i s  Alpine R i l l e  which, 
except f o r  a  few i r r e g u l a r i t i e s ,  i s  remarkably r e c t i l i n e a r  ( F i g .  9 ) .  
The ex i s t ence  of t h i s  r i l l e  was known p r i o r  t o  advent of Lunar O r b i t e r  
photography but d e t a i l s  were lacking .  The r i l l e  i s  shown on t h e  pre- 
l iminary geologic  map of rhe  P la to  quadrangle (MtGonigle and Schle icher ,  
1966).  The r i l l e  averages about a  h a l f  mile  i n  width from r i m  t o  r i m .  
The mare-like sur face  below which it i s  etched i s  densely p i t t e d  wi th  
small  c r a t e r s  t h e  l a r g e s t  of which, wi th  a  few exceptions,  a r e  about a  
ha l f  mile  ac ross .  The f l o o r  of t h e  i n n e r  r i l l e  appears f l a t  over  long 
s t r e t c h e s  (F ig .  1 3 )  and c o n s i s t s  of ma te r i a l  somewhat l i g h t e r  i n  tone 
and wi th  fewer c r a t e r s  than t h e  graben f l o o r  ma te r i a l  above. The l a r g e r  
c r a t e r s  i n  t h e  graben f l o o r  a r e  occupied by s imilar-appearing m a t e r i a l .  
I n  one p lace  t h e  inner  f i l l  of Alpine R i l l e  extends l a t e r a l l y  i n t o  a  
breached c r a t e r  indent ing  t h e  s i d e  of t h e  r i l l e .  The above r e l a t i o n s  
c l e a r l y  i n d i c a t e  t h a t  a f t e r  t h e  mare-like f i l l i n g  of the  graben, t h e  
r i l l e  was c rea ted  on i t s  f l o o r ,  and t h e  r i l l e  a s  we l l  a s  some of t h e  
l a r g e r  c r a t e r s  were occupied by ma te r i a l  whose su r face  i s  smoother than 
t h a t  of t h e  graben f l o o r  ma te r i a l  above. The sharp junct ion  of t h i s  
inne r  m a t e r i a l  wi th  t h e  s ides  of t h e  r i l l e  makes it seem unl ike ly  t h a t  
it i s  mass movement mater ia l  from t h e  s i d e s  of t h e  r i l l e .  Poss ib le  ex- 
planat ions a r e  lava o r  gas- f lu id ized  d e p o s i t s .  

The o r i g i n  of t h e  r i l l e  i t s e l f  i s  obscure.  The following f a c t s  
a r e  r e l evan t :  

1. The r i l l e ,  with a  few l o c a l  dev ia t ions ,  i s  remarkably s t r a i g h t  
i n  t h e  60 miles from The Co l l a r  t o  t h e  l a t i t u d e  of t h e  upland 
c r a t e r  Trouvelot . 

2. A t  two places between The C o l l a r  and t h e  l a t i t u d e  of Trouvelot, 
t h e r e  a r e  l o c a l  wr inkle- l ike  depar tures  from t h e  r e c t i l i n e a r  
course  of t h e  r i l l e .  The l a r g e s t  depar ture  amounts t o  2- 
2 1/2 miles  (5,  Fig.  1 1 ) .  

3 .  The r i l l e  width of about 1 /2  mile  i s  cons tant ,  w i th  only 
l o c a l  v a r i a t i o n s .  

4 .  The r i l l e  does not  cont inue through t h e  gorge i n t o  Mare 
Imbrium (F ig .  13, A ) .  

5. The r i l l e  i s  i n t e r rup ted  a t  a  number of places along i t s  course,  
i n  some placed by c r a t e r s  ( F i g .  13, C ) ,  i n  o thers ,  by extension 
of t h e  sur face  of t h e  graben f i l l  across  t h e  r i l l e  t o  form dam- 
l i k e  b a r r i e r s  ( D ) .  The l a t t e r  may i n d i c a t e  subsidence of t h e  
r i l l e  along a  subsurface f r a c t u r e ,  r a t h e r  than d i r e c t  t e a r i n g  
of t h e  su r face .  



Fig. 13.  Southwest terminus of Alpine R i l l e .  Note t h a t  t h e  r i l l e  
does no t  cont inue beyond A .  Bedrock extends unbrokenly 
across  t h e  gorge beyond A and i s  almost continuous from 
B t o  B.  The r i l l e  i s  in t e r rup ted  a t  s eve ra l  places  
( C ,  D, and E ) .  I t s  f l o o r  i s  f l a t  and occupied by l i g h t e r  
ma te r i a l  than t h e  p i t t e d  su r face  above. 



6. Cra te r s  a r e  a l igned  along t h e  r i l l e  f o r  about 15 miles  s t a r t -  
ing  from a  poin t  about 6 miles  upvalley from The C o l l a r .  A t  
l e a s t  t h r e e  of these  c r a t e r s  form a  continuous chain ( 6 ,  Fig. 1 1 ) .  

7 .  I n  t h e  v i c i n i t y  of t h e  dev ia t ion  a t  5 ( F i g .  l l ) ,  approximately 
north-south l ineaments,  i n  p a r t  c o n s i s t i n g  of small  a l igned  
c r a t e r s ,  c ross  t h e  graben f l o o r  obl iquely and a l i g n  wi th  f r a c -  
t u r e  t r a c e s  on t h e  ad jacent  uplands. 

8 .  A t  l o c a l i t y  7 ( F i g .  l l ) ,  nea r  c r a t e r  Trouvelot, t h e  va l l ey  
appears o f f s e t  d e x t r a l l y  . A lineament (furrow?) c rosses  t h e  
va l l ey  f l o o r  a t  t h i s  poin t .  The r i l l e ,  much l e s s  prominent 
beyond here,  i s  d isp laced  i n  t h e  same d i r e c t i o n  a s  t h e  va l l ey  
a s  a  whole. Another small  o f f s e t  i n  t h e  r i l l e ,  about 4 miles  
downvalley, i s  a l s o  assoc ia ted  wi th  a  f a i n t  lineament on t h e  
va l l ey  f l o o r  p a r a l l e l  t o  t h a t  a t  7 .  

9. There a r e  few pronounced curves along t h e  course of t h e  r i l l e ,  
and only one o r  two i n  which t h e  limbs approach pa ra l l e l i sm.  

I n  t h e  au thor ' s  opinion, a l l  of t hese  observat ions a r e  s a t i s f a c t -  
o r i l y  explained on t h e  assumption t h a t  t h e  r i l l e  i s  a  f r a c t u r e  represent ing  
a  renewed s p l i t t i n g  of Alpine Valley. The i n t e r r u p t i o n s  along i t s  course 
a r e  expectable  according t o  t h i s  hypothesis .  Figure 7,b i s  a  t ens iona l  
f r a c t u r e  i n  cement showing such an i n t e r r u p t i o n ,  and a l l  t h r e e  t r a c t u r e  
i l l u s t r a t i o n s  show s i n u o s i t y  and t r i b u t a r y  f r a c t u r e s .  

The l o c a l  devia t ions  from t h e  r e c t i l i n e a r  t rend may be r e l a t e d  t o  
t h e  conf igura t ion  of t h e  bedrock below t h e  graben f i l l .  Note t h a t  t h e  
dev ia t ion  a t  5 (F ig .  1 1 )  occurs a t  t h e  s i t e  of a protuberance of t h e  
no r th  wal l  and a  r e e n t r a n t  i n  t h e  south wall ,  although closely-spaced 
c r o s s - f a u l t s  may a l s o  have had some inf luence .  As f o r  t h e  alignment 
of c r a t e r s  along f r a c t u r e s ,  t h e r e  a r e  numerous e a r t h l y  analogs.  None 
of t h e  curves of t h e  r i l l e  have meander-like necks; hence present  no 
d i f f i c u l t y  f o r  t h e  t ens iona l  spreading hypothesis .  

There a r i s e s  then t h e  quest ion of whether t h e  r i l l e ,  a f t e r  opening 
a s  a  f r a c t u r e ,  might not  have served a s  a  channel f o r  a  f l u i d .  Objections 
t o  t h i s  a r e  t h e  i n t e r r u p t i o n s  i n  t h e  r i l l e  and i t s  absence i n  The Gorge. 
The a l igned  c r a t e r s  could, of course,  have come i n t o  ex is tence  a t  any 
l a t e r  t ime. 

I n  summary, t h e  evidence suggests  t h a t  Alpine Valley i s  a  graben 
and t h a t  a f t e r  i t s  occupation by t h e  mare-like f i l l i n g  a  cont inuat ion  of 
t h e  d i s t e n s i v e  fo rces  r e su l t ed  i n  t h e  new f r a c t u r e  represented by Alpine 
R i l l e .  Subsequently, more mare- l ike ma te r i a l  occupied cons iderable  
p a r t s  of t h e  r i l l e  f l o o r .  



Other R i l l e s  of t h e  Alpine Region 

Rima P la to  11: The most remarkable of t h e  neighboring r i l l e s  i s  
Rima P l a t o  I1 nor th  of Alpine Valley ( F i g s .  9 and 1 1 ) .  The r i l l e  i s  
about 87 mi les  long, about 2800 f e e t  wide a t  i t s  head, and about 1000 
f e e t  wide a t  i t s  terminat ion.  

I n t e r e s t i n g  a spec t s  of t h i s  r i l l e  a r e  i t s  twin headwater branches 
which, f o r  convenience, we w i l l  r e f e r  t o  a s  South and East forks ,  i t s  
sinuous pa t t e rn ,  and i t s  decrease i n  s i z e  a s  it flows out  over Mare 
Imbrium. Except a t  l o c a l i t i e s  4 and 8 ( F i g .  l l ) ,  t h e  r i l l e  flows on 
t h e  su r face  of f resh-looking mare m a t e r i a l  which has only s c a t t e r e d  
small  c r a t e r s .  South Fork occupies a broad lowland whose l i n e a r  mar- 
g ins  suggest f a u l t  c o n t r o l .  The western margin may be t h e  s i t e  of t h e  
Mount Blanc F a u l t .  East Fork and t h e  course  of t h e  main r i l l e  i n t o  Mare 
Imbrium, a r e  p a r a l l e l  t o  t h e  bold l i n e a r  mountain f r o n t  which extends 
inland from Mare Imbrium. Fau l t  c o n t r o l  of t h e  lowlands i s  s t rong ly  
ind ica ted .  

S u p e r f i c i a l l y  a t  l e a s t ,  Rima P la to  I1 seems t o  support t h e  hypo- 
thesis of f l u i d  e ros ion;  it has headwater branches, a l o c a l l y ,  highly 
sinuous course,  and continues randomly ou t  over t h e  neighboring mare sur -  
face .  The d i f f i c u l t i e s  with t h e  simple f l u i d  e ros ion  hypothesis a re :  
1 )  t h e  abrupt  beginnings, p a r t i c u l a r l y  of East  Fork, 2 )  t h e  c ross ing  of 
t h e  low neck of upland a t  l o c a l i t y  4 (F ig .  1 1 ) ;  3 )  t h e  passage ac ross  
t h e  low a rea  of upland a t  l o c a l i t y  8; and 4 )  t h e  i n t e r r u p t i o n s  i n  t h e  
course,  a t  l o c a l i t i e s  4 and 8. Although t h e  s i t u a t i o n  a t  t h e  head of 
South Fork i s  not  e n t i r e l y  c l e a r ,  t h e  f o r k  seems t o  o r i g i n a t e  i n  an  
i r r e g u l a r  depression some 2 1/2 - 3 miles  across ,  whose f l o o r  i s  below 
t h e  mare su r face  i n t o  which t h e  r i l l e  i s  inc i sed .  To t h i s  ex tent ,  South 
Fork resembles many o the r  r i l l e s  t h a t  r i s e  i n  depress ions .  For most of 
i t s  30-mile course toward t h e  junct ion  wi th  East Fork it i s  h ighly  
sinuous, although long segments of t h e  course a r e  e s s e n t i a l l y  s t r a i g h t .  South 
Fork becomes narrower, shallower, and l e s s  sinuous a s  it progresses north-  
ward. I t s  f a i n t  channel seems t o  overhang East Fork a t  t h e  junc t ion .  

East  Fork i s  only 9-10 miles  long, roughly t h e  maximum ex ten t  of 
t h e  mare embayment it occupies.  About 5 miles  beyond i t s  junc t ion  wi th  
South Fork, it terminates  i n  a c r a t e r  1 1 / 2  miles  i n  diameter .  Between 
t h e  junct ion  and t h e  c r a t e r ,  t h e  r i l l e  i s  inc i sed  i n  two l a r g e  meander- 
l i k e  curves ac ross  a low neck of t h e  upland a t  4 ( Fig. 1 1 ) .  

There i s  no connection immediately beyond t h e  c r a t e r  with t h e  main 
p a r t  of Rima P l a t o  11. The f i r s t  c l e a r  i n d i c a t i o n  of the  beginning of 
t h e  main rima i s  about 4 miles beyond. As near ly  a s  can be determined, 
t h e  r i l l e  cont inues with one poss ib le  i n t e r r u p t i o n  t o  l o c a l i t y  8 (F ig .  1 1 )  
where an apparent  i n t e r r u p t i o n  occurs .  It i s  possible ,  however, t h a t  
t h e  r i l l e  wanders across  a l e v e l  lowland he re  and i s  d i f f i c u l t  t o  d e t e c t .  
From l o c a l i t y  8, t h e  r i l l e  can be t r aced  ac ross  t h e  sur face  of Mare 
Imbrium f o r  about 50 mi les .  An angular  p a t t e r n  i n  i t s  d i s t a l  port ion,  
and t h e  angular  p a t t e r n  of a nearby r i l l e  i n d i c a t e  f r a c t u r e  c o n t r o l .  
Frac ture  c o n t r o l  may a l s o  be ind ica ted  by s t r a i g h t  sec t ions  and r i g h t  
angle  bends i n  both South and East  Forks. 



D i f f i c u l t i e s  wi th  t h e  hypothesis t h a t  t h e  r i l l e  system represents  
t ens iona l  cracking of t h e  lowlands i n  which they occur a r e  these:  1 )  
t h e  o r i g i n  of South Fork i n  a depression, 2) t h e  highly sinuous course  
and t h e  genera l  l a c k  of trmatchlt of t h e  opposing va l l ey  s ides ,  3 ) t h e  
terminat ion (source?)  of East Fork i n  a c r a t e r ,  and 4 )  t h e  highly sinuous 
course of Rima P la to  I1 beyond t h e  c r a t e r .  

The major d i f f i c u l t i e s  wi th  t h e  f lu id -e ros ion  hypothesis  a r e  t h e  
i n t e r r u p t i o n s  along t h e  course of t h e  r i l l e .  Perhaps t h e  a c t u a l  con- 
nect ion a t  4 i s  underground, o r  perhaps t h e  f l u i d  d i s s i p a t e d  by evapo- 
r a t i o n  o r  seepage j u s t  before reaching East  Fork. As f o r  t h e  i n t e r r u p t i o n  
a t  l o c a l i t y  8, f a i n t  su r face  ind ica t ions  suggest  t h a t  t h e r e  may a c t u a l l y  
be a connection he re .  Assuming t h e  connections e x i s t ,  superimposition 
a s  an explanat ion of t h e  c ross ing  of these  low, oldland a reas  may n o t  be 
necessary.  The upland su r face  i s  p r a c t i c a l l y  a t  mare l e v e l  a t  t h e s e  
s i t e s  and the  r i l l e  may have been a b l e  t o  wander around among t h e  low 
hummocks maintaining a c o n s i s t e n t l y  downhill g r a d i e n t .  The problem of 
t h e  c r a t e r  a t  one terminat ion of East Fork remains. 

Although Rima P la to  I1 presents  c e r t a i n  d i f f i c u l t i e s ,  t h e  weight 
of evidence supports t h e  former presence of a flowing f l u i d .  P a r t s  of 
i t s  course  may follow f r a c t u r e  t r aces ,  but  t h e  s inuos i ty  even along 
these  r e l a t i v e l y  s t r a i g h t  s t r e t c h e s ,  and t h e  extreme s inuos i ty  between 
l o c a l i t i e s  4 and 8, cannot be explained by simple d i s t ens ion .  Even d i s -  
regarding t h e  meander-like curve a t  s i t e  9 which seems t o  follow around 
a low knob, t h e  t i g h t  meanders a t  s i t e  10, wi th  a probable meander c o r e  
i n  one of them, renders  t h e  d i s t ens ion  o r i g i n  p r a c t i c a l l y  impossible .  

I n  b r i e f ,  t h e  a v a i l a b l e  evidence suggests t h a t  a f l u i d  was involved 
i n  t h e  excavation of Rima P la to  11, although p a r t s  of i t s  course may 
have been o r i g i n a l l y  determined by f r a c t u r e s .  

Rima Pla to  I: Rima P la to  I, inc ised  e n t i r e l y  i n  t h e  hummocky 
Alpine Plateau, i s  a deep r i l l e ,  V-shaped i n  c r o s s - p r o f i l e ,  with a uni- 

form width of about 1 1/4  - 1 1/2  miles  f o r  t h e  50 miles  of i t s  course  
shown i n  Figure 11 (lower r i g h t ) .  It d i sp lays  one l a r g e  and seve ra l  
smal le r  curves,  a l l  open and i n  no way resembling meanders. I t s  talweg 
i s  c l e a r l y  i r r e g u l a r ,  t h a t  i s ,  it does not  descend uniformly i n  one 
d i r e c t i o n .  Locally t h e  i n t e r r u p t i o n s  wi th in  t h e  r i l l e  r i s e  almost t o  
t h e  l e v e l  of t h e  upland. Except f o r  i t s  g r e a t e r  breadth,  and i t s  devel-  
opment i n  t h e  ttbasementtl rocks of t h e  p la teau  r a t h e r  than i n  mare ma te r i a l ,  
Rima P l a t o  I resembles Alpine R i l l e  i n  genera l  c h a r a c t e r i s t i c s .  There 
i s  no reason f o r  suspect ing o t h e r  than a f r a c t u r e  o r i g i n .  

R i l l e ,  S i t e  11 (F ig  11) :  Eleven o r  twelve miles  e a s t  of Rima P la to  I 
a t  l o c a l i t y  11 i s  a broad, beaded c u r v i l i n e a r  l ineament c o n s i s t i n g  of a 
cha in  of c r a t e r s  which, a f t e r  an i n t e r r u p t i o n  of a few miles,  becomes a 
continuous V-shape r i l l e .  The l a t t e r  becomes narrower and shallower 
toward t h e  shore of Mare F r igo r i s  where t h e  r i l l e  fades o u t .  The head 
of t h e  r i l l e  i s  a c r a t e r  of t h e  same magnitude a s  those forming t h e  cha ins  
a t  11. The chain seems reasonably explained a s  a s t r i n g  of blowouts 
along a f r a c t u r e ;  t h e  continuous sec t ion  may represent  t h e  f r a c t u r e  wi th  
only a s i n g l e  vent  a t  i t s  head. 



Although t h e r e  a r e  a  few meander-like curves  nea r  t h e  terminus of 
t h e  cont inuous r i l l e ,  t h e  curves  a r e  open and could have r e s u l t e d  from 
t e n s i o n a l  rup tu re .  Thus, t h e r e  i s  no c l e a r  evidence t o  i n d i c a t e  whether 
o r  n o t  a  f l u i d  was involved i n  t h e  fash ioning  of t h i s  cont inuous r i l l e .  

South of Alpine Valley, a  r e l a t i v e  smal l  
r i l l e  w i t h  V-shape p r o f i l e  fo l lows  a  r e c t i l i n e a r  cou r se  o u t  of a  mare 
pool and ac ros s  an i s l a n d - l i k e  o u t l i e r  of t h e  mountainous t e r r a .  I t s  
head appears  t o  be a  s t r i n g  of c r a t e r s .  On t h e  f a r  s i d e  of t h e  t e r r a  
i s l a n d  it b ra ids  i n  a  simple p a t t e r n .  Beyond he re , t he re  appear  
t o  be s e v e r a l  f a i n t  branches extending among t h e  low knobs of t h e  
p l a t eau  su r f ace .  However, t h e  s i t u a t i o n  i s  hazy a t  b e s t .  The r e c t i -  
l i n e a r  pa th  of t h e  g r e a t e r  p a r t  of t h e  r i l l e ,  a s  w e l l  a s  i t s  pa th  a c r o s s  
t h e  t e r r a  i s l and ,  suggest  a  f r a c t u r e  o r i g i n .  The s imple  bra id ing  could 
conceivably be of f r a c t u r e  o r i g i n ,  but  does n o t  seem t o o  l i k e l y .  The 
d i s t r i b u t a r y  ( ? )  p a t t e r n  beyond h e r e  i s  n o t  amenable t o  f r a c t u r e  i n t e r -  
p r e t a t i o n .  Although t h e  r i l l e  i s  small ,  and some of t h e  d e t a i l s  d i f f i -  

c u l t  t o  make out ,  i t  may w e l l  be t h a t  a  f l u i d  followed t h e  f r a c t u r e  and 
debouched i n  t h e  a r e a  of t h e  d i s t r i b u t a r i e s .  The vermicular - l ike  
t e x t u r e  i n  t h e  a r e a  of t h e  d i s t r i b u t a r i e s  i s  d i f f e r e n t  from t h a t  of t h e  
surroundings and tempts t h e  conclusion t h a t  we a r e  a c t u a l l y  dea l ing  wl th  
a  s i t e  of depos i t i on .  A s  f a r  a s  t h e  w r i t e r  i s  aware, no c l e a r  evidence 
of depos i t i on  has been found a t  t h e  t e r m i n i  of r i l l e s  anywhere, sug- 
g e s t i n g  e i t h e r  t h a t  no depos i t i on  has  taken place,  o r  t h a t  t h e  d e p o s i t s  
a r e  t o o  t h i n  and widespread t o  d i s t i n g u i s h  a t  t h e  s c a l e  of t h e  photos .  

Or ig in  of Sinuous R i l l e s  

We have a l ready  noted t h a t  most of t h e  h igh ly  sinuous r i l l e s  a r e  
l oca t ed  around t h e  border of t h e  mare bas ins  o r  a s soc i a t ed  wi th  i s l and -  
l i k e  o r  pen insu la - l ike  a r e a s  surrounded by mare m a t e r i a l s  (F ig .  1 ) .  
We a l s o  noted t h a t  they appear  t o  be concentrated i n  t h e  western h a l f  
of t h e  n e a r  f a c e  of t h e  moon where g r e a t e r  a r e a s  of mare a r e  found. 

The var ious  proposed t h e o r i e s  of r i l l e  o r i g i n  w i l l  be considered 
and g d d i t i o n a l  suggest ions  w i l l  be o f f e red .  Of a l l  t h e  sinuous r i l l e s ,  
Sch ro t e r  s R i l l e  w i th  i t s  remarkable i nc i sed  meanders is , ,probably t h e  
most s p e c t a c u l a r  and informat ive .  For t h i s  reason, S c h r o t e r ' s  R i l l e  
w i l l  r e c e i v e  s p e c i a l  a t t e n t i o n .  

General  Considerat ions  

We have a l ready  considered t h e  improbabi l i ty  t h a t  s c h r ; t e r t s  
Valley could have been eroded by l ava  o r  ign imbr i te  f lows.  The prospec ts  
f o r  such o r i g i n  a r e  even more remote f o r  t h e  h igh ly  sinuous i n n e r  r i l l e .  
The p r i n c i p a l  ob jec t ions  a r e  t h e  improbabi l i ty  t h a t  vo lcan ic  flows would 
meander on a  f l a t  su r f ace  o r  erode meandering cou r ses .  



A v a r i e t y  of t h e  l ava  eros ion  hypothesis  would have t h e  r i l l e s  
form by c o l l a p s e  of lava  tunne l s .  Aside from t h e  magnitude of t h e  tun- 
ne l s  t h a t  would be required, t h e r e  i s  no record of co l l apse  f e a t u r e s  on 
Earth wi th  highly meandering courses .  Furthermore, co l l apse  va l l eys  
genera l ly  have i r r e g u l a r  widths and t h e i r  f l o o r s  a r e  a  s e r i e s  of bas ins .  
This i s  no t  t o  say t h a t  col lapsed l ava  tunnels  do not  e x i s t  on t h e  moon, 
but only t h a t  they can not  explain t h e  extreme s inuos i ty  and t h e  g r e a t  
dimensions of t h e  sinuous r i l l e s .  

I f  volcanic  f l u i d s ,  e i t h e r  lava  o r  ignimbr i te  flows, a r e  unaccept- 
able ,  what f l u i d  media remains? A number of i n v e s t i g a t o r s  have sug- 
gested t h e  p o s s i b i l i t y  of erosion by running water, e i t h e r  a t  t h e  sur -  
face (Gi lvar ry ,  1969) underground ( Firsof  f ,  19601), o r  more complicated 

- - 

1. This publ ica t ion  i s  r e fe r red  t o  by Cameron (1964) but  could n o t  
be loca ted  by t h e  present  w r i t e r .  

processes involving permafrost (Gold, 1964; Lingenf e l t e r ,  Peale, and 
Schubert, 1968). We w i l l  cons ider  these  suggest ions i n  reverse  o r d e r .  
I should l i k e  t o  emphasize again t h a t  t h e  present  a n a l y s i s  i s  pr imar i ly  
geomorphic: it seeks t o  determine whether t h e  observed landforms a r e  
reasonably explained by t h e  suggested processes,  e spec ia l ly  a s  t h e s e  would 
be a f f e c t e d  by t h e  inf luence  of t h e  l e s s e r  g r a v i t y  of t h e  moon. 

Subsidence above Sub-permafrost Rivers 

Gold (1964, p.  253-54) has pos tu la ted  t h e  presence of a  t h i c k  perma- 
f r o s t  l a y e r  on t h e  moon s t a r t i n g  a t  a  depth of about 100 meters and with 
water trapped below it. The presence of subterranean water  i s  a t t r i b u t e d  
t o  r ad ioac t ive  hea t ing .  Gold suggests  t h a t  when t h e  permafrost l a y e r  
i s  breached by a  c r a t e r ,  t h e  water shoots  out  and b o i l s  o f f .  He proposes 
a  subterranean system of r i v e r s  under t h e  permafrost running toward t h e  
poin t  where t h e  water  can escape f r e e l y .  This would be analagous t o  
groundwater drawdown a t  an e a r t h l y  we l l .  Gold suggests  t h a t  t h e s e  
subterranean streams a r e  forced up a g a i n s t  t h e  underside of t h e  perma- 

f r o s t  by hydros ta t i c  pressure causing them t o  wear a  pa t t e rn  by melt ing 
t h e  i c e .  A s  t h e  subterranean r i v e r  courses  become l a r g e  enough, t h e  
sur face  subsides t o  provide r e p l i c a s  of t h e  subsurface r i v e r  channels .  
Gold s t a t e s  t h a t  r i l l e s  commonly converge on c r a t e r s  i n  f l a t  ground. The 
suggest ion of permafrost i s  i n t r igu ing ,  but it i s  most unl ike ly  t h a t  t h e  
sinuous r i l l e s  can form a s  suggested. I n  t h e  f i r s t  place, many r i l l e s  
do no t  have c r a t e r s ;  secondly, c r a t e r s  occur a t  t h e  2rupstreamv end of 
many r i l l e s  and would more reasonably appear t o  be t h e  source r a t h e r  
than t h e  termicus of any f l u i d  flows; and t h i r d l y ,  t h e  sur face  r i l l e s ,  
including S c h r o t e r l s  R i l l e ,  do not have t h e  highly va r i ab le  width and 
i r r e g u l a r  f l o o r s  t h a t  c h a r a c t e r i z e  subsidence va l l eys  on Earth.  



Surface Erosion by Cra te r - l ibe ra t ed  Sub-permafrost Water 

Lingenfe l te r ,  Peale,  and Schubert (1968) follow Gold i n  h i s  sug- 
ges t ion  of a  permafrost l a y e r  t h a t  may be breached by c r a t e r i n g  t o  l i b -  
e r a t e  entrapped water .  They, however, propose su r face  e ros ion .  They 
i n f e r  a  permafrost l a y e r  one kilometer t h i c k  and r equ i re  a  c r a t e r  a t  
l e a s t  one kilometer i n  diameter f o r  t h e  necessary breaching. To c i r -  
cumvent rapid evaporation i n  t h e  l u n a r  vacuum they v i s u a l i z e  t h g  sequence 
of events a s  follows ( p .  267): 

" A s  t h e  water welled up wi th in  t h e  c r a t e r ,  t h e  exposure t o  near- 
vacuum would cause it t o  bo i l ,  t h e  l a t e n t  hea t  being supplied 
from t h e  water  - pr inc ipa l ly  through t h e  formation of su r face  
i c e .  Boiling would cont inue i n  t h e  l i q u i d  below u n t i l  t h e  
weight of t h e  i c e  l a y e r  was s u f f i c i e n t  t o  maintain t h e  t r i p l e -  
poin t  pressure  (37 g/cm2 under l u n a r  g r a v i t y ) .  Sublimation would 
occur a t  t h e  i c e  su r face  a t  a  r a t e  depending on how rap id ly  energy 
was suppl ied t o  t h e  su r face .  Liquid would cont inue t o  f r e e z e  
a t  t h e  ice-water i n t e r f a c e .  The i c e  would th icken  u n t i l  an equi l -  
ibrium was e s t ab l i shed  i n  which t h e  upper su r face  mass-loss r a t e  
by sublimation ... balanced t h e  r a t e  of mass ga in  a t  t h e  bottom ..." 

These au thors  be l ieve  t h a t  l una r  d i u r n a l  v a r i a t i o n s  i n  the  th ickness  
of t h e  i c e  would be small .  For t h e  formations of t h e  r i l l e s  themselves 
they suggest : 

I f  t h e  water  breached t h e  c r a t e r  wal l ,  it ~nlould flow down t h e  
s lope  ( b o i l i n g  and f reez ing  where exposed t o  vacuum), quickly 
covering i t s e l f  with a  blanket  of i c e .  Since t h e  appearance of 
t h e  r i l l s  , [ r i l les ]  i nd ica te s  t h a t  t h e  r i v e r s  were hundreds of 
meters wide -- l a r g e  r e l a t i v e  t o  t h e  equi l ibr ium th ickness  of 
t h e  i c e  blanket  -- we would no t  expect t h e  i c e  t o  r e s t r i c t  t h e  
r i v e r ' s  course o r  hinder  t h e  development of meanders; cracks i n  
t h e  i c e  would be r ap id ly  repa i red  by t h e  f r eez ing  of water ex- 
posed t o  t h e  vacuum and t h e  supercooled i c e .  

The authors  f u r t h e r  be l ieve  t h a t  i f  t h e  l u n a r  sur face  ma te r i a l  
i s  a  loose  aggregate,  d i s i n t e g r a t e d  by me teo r i t i c  impacts, it would be 
e a s i l y  e rod ib le  down t o  t h e  permafrost l e v e l ,  about 100 meters .  

To expla in  t h e  groupings of sinuous r i l l e s  they pos tu la t e  t h a t  only 
c e r t a i n  a r e a s  of t h e  moon had s u f f i c i e n t  subsurface water pressure  t o  
overflow t h e  threshold-s ize  c r a t e r s .  The l a c k  of r i l l e s  assoc ia ted  wi th  
a l l  c r a t e r s  of t h e  proper s i z e  i n  a  group i s  taken t o  mean t h a t  some of 
t h e  c r a t e r s  were formed a f t e r  pressure had been deple ted  by p r i o r  rup tu re  
of t h e  permafrost.  

I w i l l  l eave  t o  o the r s ,  more competent i n  these  matters ,  t h e  a n a l y s i s  
of t h e  arguments f o r  t h e  presence of permafrost.  For t h e  sake of  t h e  

~ o m o r p h i c  ana lys i s ,  we w i l l  assume t h a t  it e x i s t s  and t h a t  it can be 
breached a s  suggested t o  provide routes  t o  t h e  su r face  f o r  waters trapped 
below. We w i l l  assume t h a t  t h e  i c e  cover of t h e  r i s i n g  water column i n  

the c r a t e r  w i l l  be maintained by acc re t ion  from below a s  t h e  su r face  



wastes by evaporation a s  suggested by Lingenfe l te r  e t  a l .  It must be 
assumed of course t h a t  t h e  i c e  cover i t s e l f .  w i l l  be r a i sed  bodily,  
probably with fragmentation, i f  t h e  water l e v e l  i s  t o  r i s e  i n  t h e  c r a t e r .  

The f i r s t  important observat ion t o  be made i s  t h a t  n o t  a l l  sinuous 
r i l l e s  r i s e  i n  c r a t e r s ,  and of those  t h a t  do, not  a l l  r i s e  i n  c r a t e r s  
deep enough t o  breach t h e  pos tu la ted  th ickness  of permafrost .  The 
sinuous r i l l e  of f  t h e  northwest c o a s t  of Ar is ta rchus  Plateau, a t  t h e  
foot  of Bar r i e r  I s land ,  i s  an example ( F i g s .  2, 8 ) .  The r i l l e  i s  
in t e r rup ted  i n  mid-course; t h e  nor thern  and southern segments appear 
t o  s t a r t  independently a t  a wrinkle  r idge  which connects t h e  i s l and  t o  

t h e  mainland. Each segment becomes narrower and shallower away from 
t h e  r idge  and from each o t h e r .  Lunar Aeronautical Chart  No. 38, with 

c o n t o u r s ,  shows t h e  wrinkle  r idge  t o  be a d iv ide  wi th  t h e  ground f a l l i n g  
away both t o  t h e  nor th  and south.  Although a t i n y  c r a t e r  appears a t  t h e  
end of t h e  nor thern  segment, it appears t o  be a t  t h e  terminus, n o t  a t  
t h e  head of t h e  r i l l e .  It i s  unl ike ly  t h a t  t h e  wrinkle  r idge  i s  a 
l a t e r  f e a t u r e  which arose  ac ross  t h e  path of a formerly continuous r i l l e ,  
because t h e  two segments t a p e r  i n  both d i r e c t i o n s  away from t h e  r idge .  

Other examples of r i l l e s  without  c r a t e r s  a t  t h e i r  heads a r e  l i s t e d  
i n  Table I .  These include some of t h e  longes t  r i l l e s  on t h e  moon. It 
i s  i n t e r e s t i n g  t o  note  t h a t  t h e  longes t  sinuous r i l l e s  observed, beside 
lacking  c r a t e r s  a t  t h e i r  heads,are narrower and shallower,  r e l a t i v e  t o  
t h e i r  length,  than those  wi th  prominent c r a t e r s .  Their  width remains 
f a i r l y  cons tant  f o r  long d i s t a n c e s .  The longes t  of these  a r e  found i n  
t h e  maria, and because some a r e  narrow and shallow, a r e  o f t e n  e a s i l y  
cverlooked. A s  we s h a l l  see  shor t ly ,  t h e  absence of c r a t e r s  a t  t h e  
heads of many sinuous r i l l e s  i s  no t  f a t a l  t o  t h e  breached permafrost 
hypothesis .  

It should perhaps be pointed ou t  a t  t h i s  time, t h a t  Adler and 
Sal i sbury  (1969), a s  a r e s u l t  of t h e i r  vacuum-chamber experiments, con- 
cluded t h a t  i c e  r ead i ly  forms i n  a vacuum t o  s u f f i c i e n t  th ickness  t o  
allow l i q u i d  water  t o  e x i s t  beneath it, but  t h a t  t h e  water  does no t  
erode r i l l e - l i k e  channels .  Ins tead  it percola tes  through t h e  s o i l  f o l -  
lowing t h e  g r e a t e s t  pressure  g rad ien t ,  only here  and t h e r e  momentarily 
breaking through explosively t o  t h e  su r face  before t h e  e x i t  i s  aga in  
sea led  o f f .  

We might suppose t h a t  sinuous r i l l e s  represent  c o l l a p s e  over t h e  
subterranean courses  demonstrated i n  t h e  experiments of Adler and 
Sal i sbury  (1969).  1 am unaware of any e a r t h l y  analog of t i g h t l y  mean- 
de r jng  caverns whose co l l apse  might f u r n i s h  sur face  f e a t u r e s  such a s  
S c h r o t e r r s  R i l l e ,  but  we cannot be s u r e  how t h e  d i f f e r e n c e  i n  l u n a r  
parameters would a f f e c t  subsurface f l u i d  behavior.  The arguments a g a i n s t  
co l lapse ,  however, a r e  t h e  same a s  f o r  col lapsed l ava  tubes,  t h e  uniform 
width of t h e  r i l l e s  and t h e i r  more o r  l e s s ~ c o n t i n u o u s  downslope g r a d i e n t s .  

Let  us assume, however, t h a t  ice-covered r i v e r s  such a s  suggested 
by L ingenfe l t e r  e t  a l .  can indeed e x i s t  on t h e  moon. Can such r i v e r s  
develop meandering courses? W i l l  they erode inc ised  courses? Any 



d i f f i c u l t i e s  t h a t  appear w i l l ,  of course,  apply a l s o  t o  sinuous r i l l e s  
without c r a t e r s  a t  t h e i r  heads. 

L ingenfe l t e r  e t  a l .  ( p .  267-268) dismiss  t h e  problem of t h e  develop- 
ment of s i n u o s i t i e s  wi th  t h e  statement:  

Since t h e  appearance of t h e  r i l l s  [ r i l l e s ]  i n d i c a t e s  t h a t  t h e  r i v e r s  
were hundreds of meters wide -- l a r g e  r e l a t i v e  t o  t h e  equi l ibr ium 
th ickness  of t h e  i c e  blanket -- we would not  expect t h e  i c e  t o  re -  
s t r i c t  t h e  r i v e r ' s  course o r  hinder  t h e  development of meanders; 
c racks  i n  t h e  i c e  would be repa i red  by t h e  f r eez ing  of water  ex- 
posed t o  t h e  vacuum and t h e  supercooled i c e .  

The authors  go on t o  say t h a t  t h e  

bo i l ing  water, when i t  f i r s t  encountered t h e  very porous and 
weakly bonded ma te r i a l  on t h e  s lopes ... would churn t h e  sur -  
f ace  and produce a s l u r r y  of mud and i c e .  

Let us concent ra te  our a n a l y s i s  f o r  t h e  moment on schr ; te r t  s R i l l e .  
Evidence has a l ready been presented ind ica t ing  t h a t  t h e  broad trough of 
s c h r 8 t e r t s  Valley wi th in  which t h e  r i l l e  i s  inc ised ,  i s  a graben. ~t 
could be argued t h a t  t h e  meteor i te  impact t h a t  c rea ted  t h e  Cobra Head, 
was a l s o  respons ib le  f o r  t h e  c r e a t i o n  of t h e  graben. I f  permafrost- 
entrapped water was l i b e r a t e d  by t h e  impact, it flowed down s c h r 8 t e r r  s 
Valley p r i o r  t o  t h e  mare-like f i l l i n g  which - it w i l l  be r eca l l ed  - 
i s  probably younger than t h e  t rench  i t s e l f .  The p r e - f i l l  stream pre- 
sumably escaped from t h e  closed end of t h e  graben, perhaps along a ten-  
s iona l  f r a c t u r e  r a t h e r  than by overflow. One quest ion t h a t  immediately 
a r i s e s  i s  why - a f t e r  o r i g i n a l  breaching of t h e  permafrost by a c r a t e r  
and subsequent emplacement of t h e  mare-like f i l l  - a second period of 
water emission took place t o  erode t h e  inne r  r i l l e  i t s e l f .  We could be- 
c ome involved i n  a complicated, r e l a t i v e l y  unrewarding s e r i e s  of specu- 
l a t i o n s  a t  t h i s  po in t .  Let us ins tead ,  concent ra te  s o l e l y  on t h e  pro- 
pos i t ion  t h a t  t h e  p o s t - f i l l  escaping waters eroded t h e  inc i sed  meander- 

ing channel .  

L ingenfe l t e r  e t  a 1  proposed t h a t ,  a s  t h e  escaping water  flowed 
away from t h e  c r a t e r ,  it was protected from rapid evaporation by an i c e  
cover t h a t  extended i t s e l f  forward with t h e  stream. I assume t h a t  a 
p a r t i a l  e a r t h l y  analog would be an Arct ic  r i v e r  whose sur face  f r eezes  
but which may s t i l l  conf ine  water i n  depth.  The d i f f e rence ,  of course,  
i s  t h a t  t h e  Arc t ic  r i v e r  i s  a l ready t h e r e  and simply f r eezes  over, whereas 
t h e  lunar  r i v e r  grows forward bui ld ing  an i c e  carapace a s  it progresses .  
Because of t h e  fundamental d i f f e r e n c e  i n  t h e  o r i g i n  of t h e  i c e  cover,  
plus t h e  mi t iga t ing  inf luence  of t h e  luna r  vacuum, e a r t h l y  analogs a r e  
probably of only l imi t ed  value although suggest ive.  The l e s s e r  luna r  

g r a v i t y  should n o t  be an overr iding cons idera t ion  because, while t h e  
absolu te  value of t h e  component of g r a v i t y  on t h e  s lope  down which t h e  
water  flows i s  l e s s  than t h a t  on Earth, t h e  dens i ty  of t h e  water  i s  a l s o  
reduced . 



One observa t ion  on cold-cl imate  e a r t h l y  streams t h a t  seems p e r t i n e n t  
i s  t h a t  shallow, s lugg i sh  streams f r e e z e  sooner than  deeper,  s w i f t e r  ones .  
Yet some of t h e  l onges t  meandering r i l l e s  on t h e  Moon, such a s  t h e  one 
j u s t  no r th  of Rima Marius ( F i g .  1, No. 12) ,  a r e  narrower and sha l lower  
than broad, deep sinuous r i l l e s .  By analogy one would expect t h e  l a t t e r  
t o  be t h e  l o n g e s t .  Next, i n  the  f r eez ing  of A r c t i c  and Suba rc t i c  r i v e r s ,  
i c e  may form n o t  only on t h e  su r f ace  of t h e  water  b u t  on t h e  channel  
f l o o r  a s  we l l  (Muller,  1947, p .  24) .  This i s  bottom-ice o r  anchor- ice .  
Such i c e  may appear  even be fo re  su r f ace  i c e  deve lops .  Whether bottom- 
i c e  forms o r  no t ,  however, t h e  r i v e r  becomes inc reas ing ly  c o n s t r i c t e d  a s  
f r eez ing  cont inues ,  and t h e  r e s u l t i n g  h y d r o s t a t i c  p re s su re  fo rces  t h e  
water  i n t o  t h e  alluvium on both s i d e s  of t h e  r i v e r .  The p re s su re  may 
be r e l i eved  by e rup t ion  of t h e  entrapped water  t o  t h e  su r f ace  through 
t h e  r i v e r  i c e  i t s e l f  o r  through t h e  neighboring ground. I am unaware of 
any d e s c r i p t i o n s  of o rde r ly  l a t e r a l  e ros ion  by ice-capped r i v e r s .  Nor 
am I aware of meandering e ske r s  i n d i c a t i v e  of meandering i n  g l a c i a l l y -  
encased s t reams.  A s  f a r  a s  e a r t h l y  analogs a r e  concerned, t h e r e f o r e ,  

there seems t o  be no b a s i s  f o r  assuming t h a t  ice-capped l u n a r  r i v e r s  
would engage i n  o rde r ly  development of meanders. 

I f  we examine t h e  s i t u a t i o n  i n  s c h r 8 t e r t s  Valley, we f i n d  t h a t  
t h e r e  i s  no evidence t h a t  t h e  meanders of s c h r 8 t e r f s  R i l l e  grew from 
simple curves  on t h e  su r f ace  of t h e  graben f i l l . T h e r e  i s  no evidence of 
a  f l oodp la in  on t h e  su r f ace  of t h e  f i l l ;  no c r e s c e n t i c  bars  and swales, 
no c u t - o f f s ,  and no meander s c a r s  i n  t h e ' v a l l e y  s i d e s .  The p i t t e d  su r -  
f a c e  of t h e  f i l l  i s  everywhere uniform i n  appearance from t h e  v a l l e y  s i d e s  
t o  t h e  very b r i n k  of t h e  i nc i sed  r i l l e .  It seems un l ike ly  t h a t  t h e  smal l  
s c a t t e r e d  c r a t e r s  could have completely e l imina ted  a l l  record of former 
f l oodp la in  f e a t u r e s ,  bu t  I h e s i t a t e  t o  say unequivocally t h a t  t h i s  could 
n o t  have happened. To s t rengthen  t h e  ice-capped r i v e r  hypothesis ,  however, 
we might assume t h a t  t h e  meanders a r e  i n i t i a l ,  r a t h e r  than t h e  product  
of evolu t ionary  growth from simple curves .  Ear th ly  streams t h a t  come 
i n t o  being on l e v e l  sur faces ,  such a s  exposed l a k e  bottoms o r  t h e  su r -  
f a c e  of va l l ey  f i l l s ,  may meander from incep t ion .  The ques t ion  is ,  

mu ld  ice-encased streams do l i kewise?  I suspec t  t h a t ,  l i k e  an encrus ted  
l ava  flow, an ice-encased stream under h y d r o s t a t i c  p re s su re  would break  
ou t  of i t s  conf in ing  s h e l l  a t  d i f f e r e n t  places ,  s t a r t i n g  new branches, 
r a t h e r  than engaging i n  o rde r ly  l a t e r a l  s h i f t i n g  of i t s  carapace and en- 
largement of cu rves .  Above a l l ,  t h e r e  i s  t h e  d i f f i c u l t y  of expla in ing  
t h e  acc re t iona ry  growth of s l ende r  t h reads  of i c e  w i th  cons t an t  widths 
f o r  d i s t a n c e s  of 100 mi les  and more. Wasting should have been very r a p i d  
away from t h e  source  of supply.  Furthermore, t h e  i c e  carapace would 
have had t o  p e r s i s t  long enough t o  permit  t h e  water  below t o  erode ver- 
t i c a l l y  hundreds of f e e t .  L ingenfe l t e r  e l  a 1  sugges t  t h a t  t h e  water  

would form an e a s i l y  t r anspor tgb le  s l u r r y  wi th  t h e  loose  luna r  m a t e r i a l s .  
This may be t r u e ,  bu t  i n  S c h r o t e r t s  Valley a t  l e a s t ,  t h e r e  a r e  ledges  of 
s o l i d  rock i n  t h e  v a l l e y  wal ls ,  rock f i rm enough t o  r o l l  down t h e  long 
s lopes  and p e r s i s t  a s  blocks up $0 100 f e e t  ac ros s  a t  t h e  f o o t  of t h e  
s lopes .  I f  t h e  meanders of S c h r o t e r t s  R i l l e  a r e  o r i g i n a l  and r ep re sen t  
t h e  wanderings of an ice-capped stream on t h e  su r f ace  of t h e  v a l l e y  f i l l ,  
we might a s k  where such a  presumably s lugg i sh  stream would d e r i v e  t h e  
energy f o r  vigorous downcutting. There a r e  s e v e r a l  p o s s i b i l i t i e s :  1) 
t h e  h y d r o s t a t i c  p re s su re  under t h e  conf in ing  i c e  cover  might permit  a  



high r a t e  of flow even i n  a meandering course,  provided break-outs d i d  
n o t  occur, 2 )  a s t eepe r  g r a d i e n t  downstream might r e s u l t  i n  a wave of 
rejuvenat ion extending upstream, o r  3 )  favorable  t i l t i n g  might inc rease  
t h e  v e l o c i t y .  The i n c i s i o n  of t h e  r i l l e ,  then, i s  no t  i n  i t s e l f  a 
se r ious  obj ec t ion  t o  t h e  ice-carapace hypothesis .  The o t h e r  d i f f i c u l t i e s  
mentioned, however, render unl ike ly  t h e  "crater-breached permafrost, 
ice-covered r i v e r v  hypothesis of r i l l e  o r i g i n .  The vacuum chamber ex- 
periments of Adler and Sal i sbury  (1969) a l s o  f a i l  t o  support  t h e  view 
t h a t  l o c a l l y  re leased  subsurface water,  would provide continuous sur-  
f ace  s t reams.  The devas ta t ing  argument aga ins t  c ra te r -breaching  of 
permafrost t o  account f o r  - a l l  r i l l e s  of poss ib le  f l u i d  o r i g i n  i s  t h a t  
many sinuous r i l l e s  do not  head i n  c r a t e r s .  

I n  s p i t e  of t h e  objec t ions  t o  t h e  ice-covered r i v e r  hypothesis,  
t h e  proposal t h a t  some sinuous r i l l e s  a r e  eroded by water l o c a l l y  de- 
r ived  from t h e  subsurface i s  compatible with a v a i l a b l e  geomorphic ev i -  
dence including t h e  long downslope g rad ien t s ,  t h e  uniform widths, t h e  
meandering pa t t e rns ,  and imminent c u t o f f s .  The problem then i s  t o  ob- 
t a i n  water from below and make it a v a i l a b l e  f o r  r i l l e  e ros ion  i n  such 
a way a s  t o  overcome t h e  objec t ions  ra i sed  above. 

Before considering a l t e r n a t e  p o s s i b i l i t i e s  involving water, I 
should l i k e  t o  c a l l  a t t e n t i o n  t o  an i n t e r e s t i n g  s e r i e s  of experiments 
by Schwnm (1969) designed t o  demonstrate t h a t  rrsome luna r  sinuous r i l l e s  
could have formed a s  a r e s u l t  of f l u i d i z a t i o n  of loose  su r face  ma te r i a l s  
by gases  vented from l u n a r  c r u s t a l  f r a c t u r e s r r .  Many f e a t u r e s  c rea ted  i n  
t h e  experiments have analogs on t h e  l u n a r  surface,  such a s  l i n e a r  c r a t e r  
cha ins  resembling Hyginus R i l l e  ( Fig 14) ,  i n t e r rup ted  r i l l e s ,  and sinuous 
r i l l e s .  Differences concern t h e  inva r i ab le  development of r i m s  along 
t h e  experimental r i l l e s  i n  c o n t r a s t  t o  t h e  g r e a t  major i ty  of luna r  r i l l e s ,  
t h e  scal loped s i d e s  of many of t h e  experimental r i l l e s  a s  compared t o  
t h e  smooth p a r a l l e l  s i d e s  of most luna r  sinuous r i l l e s ,  t h e  absence of 
V-shaped c r o s s  p r o f i l e s  i n  t h e  experimental r i l l e s ,  t h e  f a i l u r e  of t h e  
experimental r i l l e s  t o  f e a t h e r  ou t  toward t h e i r  t e rmin i  i n  c o n t r a s t  t o  
many l u n a r  sinuous r i l l e s ,  and t h ~  absence of experimental meander pat-  
t e r n s  comparable t o  those  of S c h r o t e r 7 s  R i l l e .  Although Schumm's ex- 
periments do not  d u p l i c a t e  t h e  meandering type luna r  r i l l e  with which we 
a r e  concerned, t h e  o the r  analogs of luna r  f e a t u r e s  suggest t h a t  gas  
emission may be l o c a l l y  important .  The experiments a l s o  suggest t h e  
p o s s i b i l i t y  t h a t  t h e  l e v e l  f i l l s  of some r i l l e s  may c o n s i s t  of gas  
f l u i d i z e d  d e b r i s  which flowed down t h e  r i l l e s  even though t h e  l a t t e r  
were formed by some o t h e r  process .  

A l t e rna te  P o s s i b i l i t i e s  f o r  Libera t ion  of Sub-permafrost Water 

The presence of sinuous r i l l e s  without c r a t e r s  a t  t h e i r  heads 
does n o t  negate  t h e  p o s s i b i l i t y  of o r i g i n  by permafrost-entrapped waters .  
It may merely mean t h a t  t h e  permafrost was breached by o t h e r  than c r a t e r  
impact. We know t h a t  on Earth, a r t e s i a n  water i s  commonly emitted along 
f r a c t u r e s .  We know t h a t  post-mare f a u l t i n g  i s  common on t h e  moon, wi tness  
t h e  "S t ra igh t  Walln, 75 miles  long and 1000 o r  more f e e t  i n  he igh t  i n  
t h e  southeas tern  corner  of Mare Nubiwn, and t h e  r ecen t  f a u l t  scarps  i n  
t h e  Alpine Valley region r e f e r r e d  t o  i n  t h i s  r e p o r t .  Surely i f  permafrost 
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i s  presen t ,  it would be breached by f a u l t s  o r  by simple t e n s i o n a l  t e a r  
f r a c t u r e s .  It i s  a l s o  we l l  known t h a t  a r t e s i a n  water  does no t  r i s e  
everywhere a long a  f r a c t u r e  bu t  only i n  t hose  p laces  where f avo rab le  
passageways e x i s t .  The appearance of water  a t  s p o t t y  i n t e r v a l s  a long  
a  t e n s i o n a l  f r a c t u r e  would overcome one ob jec t ion  t o  t h e  hypothesis  of 
r i l l e  o r i g i n  by L ingenfe l t e r  e l  a l ,  namely t h e  p re se rva t ion  of long, 
narrow ice-capped r i v e r s  fed from a s i n g l e  source .  

Conceivably, too ,  a  permafrost  l a y e r  might be breached l o c a l l y  by 
e rup t ive  gas  ven t s  wi th  o r  without  a s soc i a t ed  f r a c t u r e s .  Unless t h e  
vents  a r e  c l o s e  t oge the r ,  however, o r  l i n e d  up a long  a  l i n e a r  depress ion ,  
it i s  d i f f i c u l t  t o  exp la in  a  continuous r i l l e  i n  t h i s  fash ion .  

Volcanic Vapors and t h e  Or ig in  of R i l l e s  

I f  t h e  p re - inc i s ion  curves  of schr ; te r t  s  R i l l e  were o r i g i n a l  r a t h e r  
than  t h e  r e s u l t  of slow a c c r e t i o n  growth on a  f l oodp la in ,  we avoid t h e  
problem of expla in ing  t h e  change i n  behavior  from a l a t e r a l l y  eroding 
stream dur ing  meander development t o  a  ver t ica l ly -downcut t ing  stream 
d u r i n g  t h e  period of i n c i s i o n .  I f  e ros ion  by ice-covered streams seems 
inadequate  t o  exp la in  sinuous r i l l e s  and y e t  water  seems t h e  most l i k e l y  
agent  of erosion,  t h e  problem of p re se rva t ion  of streams over  long d i s -  
t ances  under approximately p re sen t  l u n a r  cond i t i ons  remains. 

- We do know t h a t  c r a t e r  Ar i s ta rchus  and t h e  Cobra Head a r e  t h e  
scenes of r e c u r r e n t  t r a n s i e n t  events  c o n s i s t i n g  of f l a shes ,  glows, and 
hazy obscura t ions  (Middlehurst  e t  a l ,  1968) .  We a l s o  know t h a t  t h e r e  a r e  
d e b r i s  and l ava  flows on t h e  s lopes  of Ar i s t a r chus .  I f  t h e s e  a r e  a t  
l e a s t  i n  p a r t  vo lcan ic  mani fes ta t ions ,  then  a  vo lcan ic  source of water  

b r  r i l l e  e ros ion  seems p o s s i b l e .  The presence of g r e a t  gaseous c louds,  
l a r g e l y  water  vapor, du r ing  volcanic  e rup t ions  on Ear th  i s  a  well-known 
phenomenon. The ques t ion  i s  could these  p e r s i s t  f o r  any l eng th  of t ime 
i n  the  p re sen t  near-vacuum cond i t i ons  on t h e  moon. Again it seems t o  be 
a  ques t ion  of r a t e  of supply versus  r a t e  of l o s s .  I f  emissions a r e  co- 
pious enough t o  make up f o r  t h e  escape l o s s ,  c louds  might p e r s i s t  and 
provide r a i n  f o r  nourishment of s t reams.  Nourishment would have t o  be 
p l e n t i f u l  t o  provide a  continuous supply of water  t o  t h e  streams and t o  
compensate f o r  evaporat ion,  assuming t h a t  vapor p re s su re  a t  t h e  water-  
a i r  boundary was n o t  greatenough t o  provide equi l ib r ium cond i t i ons .  It 
i s  i n t e r e s t i n g  t o  no te  that because of t h e  absence of wind, a  vo lcan ic  cloud 
might hover longer  over  t h e  volcanic  vent ,  l o c a l i z i n g  r a i n s  more than  

on Ear th .  I n  t h e  absence of wind d r i f t ,  such c louds  would presumably 
d i s s i p a t e  only by escape of substance t o  space.  Some of t h e  t r a n s i e n t  
uobscura t ions t l  repor ted  by Middlehurst  e t  a 1  (1968) may be ephemeral 
c louds .  We a r e  s t i l l  faced wi th  t h e  problem of how r i v e r s  generated by 
such volcanic  r a i n s  could extend themselves 100 mi les  o r  more away from 
t h e i r  source of supply i n  s p i t e  of r ap id  evapora t ion .  The supply of 
water  could be increased  g r e a t l y  i f  permafrost  were l o c a l l y  melted by 
t h e  vo lcan ic  a c t i v i t y  and, t oge the r  with  entrapped water  below, converted 
t o  steam and incorpora ted  i n  t h e  volcanic  c louds .  Even asswning, however, 
t h a t  enormous q u a n t i t i e s  of water  might be made a v a i l a b l e  i n  vo lcan ic  
e rup t ions  we might expect  t h a t  channels  formed by t h e  r e s u l t a n t  streams 



would diminish rap id ly  i n  s i z e  away from t h e i r  source of sustenance.  
Yet t h i s  i s  not  t r u e  f o r  many sinuous r i l l e s ,  including s c h r 8 t e r t s  
R i l l e .  Furthermore, we might reasonably expect t o  f ind  o t h e r  r i l l e s  
r a d i a t i n g  outward from t h e  source a rea  r a t h e r  than, a s  i s  o f t en  t h e  
case ,  a  s i n g l e  r i l l e .  

Perhaps p a r t  of t h e  answer t o  t h e  problem of sus ta ined  flow i s  
emission of volcanic  f l u i d s  a t  many places along f r a c t u r e s .  The sug- 
g e s t i o n  t h a t  c r a t e r s  a l igned  along graben- l ike  f e a t u r e s ,  such a s  Hyginus 
R i l l e ,  a r e  volcanic vents  has been made by a  number of i n v e s t i g a t o r s .  
Middlehurst and Kuiper (1963, p. 34-35) suggest t h a t  volcanism may 
have been t r igge red  by t h e  impact t h a t  c rea ted  Hyginus C r a t e r .  The 
idea  t h a t  volcanism may occur along luna r  f r a c t u r e s  i s  thus  not  new. 
There seems t o  be no l o g i c a l  reason why emissions may no t  t ake  p lace  
without  t h e  a i d  of c r a t e r s ,  t h a t  i s ,  simply a s  f i s s u r e  emissions. It 
i s  i n t e r e s t i n g  t o  note  t h a t  a  t r a n s i e n t  event observed by Greenacre 
and Barr a t  Lowell Observatory on November 28, 1963 (Middlehurst e t  a l ,  
1968) ,consis ted of a  pinkish s t r e a k  i n  s c h r 8 t e r t s  Valley 1 2  mi les  long, 
1 1/2 miles  wide, and 1 1 /4  hours i n  du ra t ion .  The alignment of ho t  
sp r ings  and fumaroles along f r a c t u r e s  i s ,  of course,  common on Ear th .  
I f  such emissions were t o  occur a t  i n t e r v a l s  along a  ragged f r a c t u r e  
on t h e  Moon, f l u i d  flow might be sus ta ined  f o r  cons iderable  d i s t a n c e s  
and a t  d i f f e r e n t  p laces  along t h e  f r a c t u r e ,  during d i f f e r e n t  episodes 
of volcanic  a c t i v i t y .  Fluid erosion,  plus  movement of ma te r i a l  down 
t h e  va l l ey  s ides ,  could then account f o r  t h e  e l iminat ion  of t h e  o r i g i n a l  
raggedness. I n  t h i s  view, t h e  sinuous meanders s t a r t  a s  ragged cracks  
along which volcanic emissions occur and provide water f o r  f l u i d  
modif icat ion . 

There may be some advantages t o  a  f r a c t u r e  source of f l u i d s  r a t h e r  
than a  source i n  volcanic  c r a t e r s .  C r a t e r  Posidonius (F ig .  15) ,  on t h e  
nor theas t  c o a s t  of Mare S e r e n i t a t i s ,  may o f f e r  some l i g h t  on t h e  s u b j e c t .  
The c r a t e r  f l o o r  d i sp lays  a  number of r i l l e s  a l l  bu t  one of which a r e  
l i n e a r ,  with angular  bends, and c l e a r l y  f r a c t u r e s .  The exception i s  a  
highly sinuous r i l l e  which hugs t h e  west wal l  of t h e  c r a t e r .  The eas t e rn ,  
f r ac tu red  ha l f  of the  c r a t e r  f l o o r  i s  gene ra l ly  h igher  than t h e  western 
h a l f .  The l a t t e r  appears t o  be drowned i n  f r e s h  mare m a t e r i a l .  The 
l i n e a r  f r a c t u r e s  do not  pene t ra t e  t h e  western mare a rea  t h e  m a t e r i a l  of 
which i s  presumably l a t e r  than t h e  higher ,  f r ac tu red  a r e a .  The sinuous 
r i l l e  on t h e  west s i d e  of t h e  c r a t e r  f l o o r  begins abrupt ly  a t  t h e  c r a t e r  
wal l  where it i s  V-shape i n  c r o s s - p r o f i l e  and r e l a t i v e l y  deep. It i s  
broader and shallower a t  i t s  no r th  end where it fades ou t .  Presumably 
t h e  flow of any involved f l u i d  was t o  t h e  nor th .  I f  t h e  sinuous r i l l e  
was eroded by a  stream formed by r a i n s  from volcanic  clouds,  it i s  d i f -  
f i c u l t  t o  understand why only t h i s  one sinuous r i l l e  r e su l t ed ,  why it 
has no t r i b u t a r i e s ,  and why it has so  abrupt  a  beginning. I f  t h e  f l u i d  
was emitted a t  t h e  south end of a  f r a c t u r e ,  t hese  d i f f i c u l t i e s  d isappear .  
Rela t ive  t o  f r a c t u r e  con t ro l ,  it i s  i n t e r e s t i n g  t o  note  t h a t  t h e  t r ends  
of t h e  two major segments of t h e  r i l l e  conform t o  f r a c t u r e  d i r e c t i o n s  t o  
t h e  e a s t .  



Fig .  1 5 .  C r a t e r  Posidonius on nor theas t  c o a s t  of Mare S e r e n i t a t i s .  The highly 
sinuous r i l l e  a t  l e f t  c o n t r a s t s  wi th  r e c t i l i n e a r  r i l l e s  t o  t h e  r i g h t .  



I n  b r i e f  it would appear t h a t  e i t h e r  permafrost-entrapped water,  o r  
volcanic  waters,  o r  a combination of both, might expla in  t h e  development 
of sinuous r i l l e s .  Emissions along f r a c t u r e  seem t o  be required f o r  
long sinuous r i l l e s .  Incised meandering r i l l e s ,  because of l a c k  of ev i -  
dence of a f loodpla in  a t  which i n c i s i o n  s t a r t e d ,  suggest an o r i g i n a l  
curving course .  The two requirements, mul t ip l e  emissions along t h e  r i l l e  
and an o r i g i n a l  i r r e g u l a r  course,  a r e  met by assuming an o r i g i n a l ,  
i r r e g u l a r  f r a c t u r e  subsequently modified by f l u i d  flow. A s i n g l e  f l u i d  
source might s t i l l  apply t o  r e l a t i v e l y  s h o r t  sinuous r i l l e s  heading i n  
c r a t e r s .  

Although I bel ieve  t h a t  water-modification of i r r e g u l a r  t ens iona l  
f r a c t u r e s  o f f e r s  l e s s  d i f f i c u l t y  than o t h e r  suggest ions offered,  I do 
no t  t h i n k  t h a t  t h e  problem of rap id  evaporation of water a s  it reaches 
t h e  su r face  can be casua l ly  dismissed.  It i s  p rec i se ly  t h i s  d i f f i c u l t y  
t h a t  L ingenfe l t e r  e t  a 1  sought t o  circumvent by proposing an ice-cover 
f o r  t h e  su r face  s t reams.  Yet we have seen t h a t  t h e r e  a r e  objec t ions  t o  
t h i s  concept.  I should l i k e  t o  suggest a poss ib le  way o u t  of t h e  
dilemma f o r  cons idera t ion  by those more versed i n  t h e  chemical and 
physical  l i m i t a t i o n s  than I am. 

Let  us cons ider  f i r s t  sinuous r i l l e s  heading i n  c r a t e r s .  The d i f -  
f i c u l t y  wi th  c ra te r -breaching  o r  permafrost t o  provide su r face  water  i s  
t h a t  it i s  a onenshot mechanism: t h e  e n t i r e  l eng th  and depth of g r e a t  
r i l l e s  l i k e  S c h r o t e r T s  R i l l e  must somehow r e s u l t  from t h i s  s i n g l e  i m -  
pact  event .  I n  c o n t r a s t  volcanic events can be r e p e t i t i v e  and may a l s o  
involve t h e  permafrost.  The basic  requirement would be t h a t  water  vapor 
be emitted i n  such q u a n t i t i e s  over t h e  vent  a s  t o  c r e a t e  a volcanic  cloud 
and maintain it i n  s p i t e  of rapid l o s s  t o  space.  I f  such events  were i n  
progress while  t h e  te rminator  was i n  t h e  a rea ,  t h e  mild temperatures 
would a t  l e a s t  reduce temperature-induced evaporation, and condi t ions  
would be somewhat b e t t e r  su i t ed  f o r  r a i n s  and su r face  streams. Another 
poss ib le  favorable  f a c t o r  would be t h a t  t h e  volcanic  clouds,  i n  t h e  
absence of wind, might tend t o  hover over t h e  vent r a t h e r  than d r i f t  away. 
Because favorable  temperature condi t ions  would follow t h e  te rminator  and 
r e t u r n  only a t  two-week i n t e r v a l s ,  t h e  amount of e ros ion  a t  any one t ime 
might be severely l i m i t e d .  Hence, erosion of long luna r  r i l l e s ,  par- 
t i c u l a r l y  those t h a t  a r e  deeply inc ised ,  may be a long-continued but  
i n t e r m i t t e n t  process resuming whenever chance combinations of p r o l i f i c  
volcanic  e rupt ions  and favorable  temperatures occurred. 

That t t l o c a l  atmospherestr could maintain themselves over vapor- 
emi t t ing  segments of f r a c t u r e s ,  i s  much l e s s  l i k e l y  because of t h e  narrow 
source.  I n  e i t h e r  case ,  t h e  maintenance of streams of water  f o r  long 
d i s t ances  i s  s t i l l  a d i s t u r b i n g  f a c t o r .  It seems necessary t o  r a d i c a l l y  
reduce t h e  evaporation r a t e  a s  wel l  a s  t t increase t t  t h e  supply of water .  
Perhaps t h e  reduct ion i n  evaporation r a t e  can be explained by a high 
sediment content  i n  t h e  water, but not  high enough t o  prevent e ros ion .  

R i l l e  Terminations and R i l l e  Origin 

This bring; us t o  t h e  problem of t h e  c o n t r a s t  i n  r i l l e  te rminat ions .  
Many, l i k e  Schro te r ' s  R i l l e ,  gradual ly become smal le r  and eventual ly  



d i e  ou t .  An e a r t h l y  analogy i s  afforded by streams t h a t  extend from 
humid source a r e a s  i n t o  d r i e r  reg ions .  Such streams l o s e  substance by 
evaporation and i n f i l t r a t i o n .  Other sinuous r i l l e s ,  including s e v e r a l  
no r th  of c r a t e r  Prinz,  while becoming shallower outward, maintain o r  
even inc rease  t h e i r  width.  We have a l ready noted t h e  f r a c t u r e  c o n t r o l  
of a t  l e a s t  por t ions  of t h e  courses  of these  r i l l e s .  The r i l l e s  a r e  
occupied by mare-like ma te r i a l  which seems t o  merge with t h e  su r face  
of t h e  mare beyond. I n  b r i e f ,  cons iderable  por t ions  of these  r i l l e s  
may be buried under t h e  l a t e s t  ma te r i a l s  of t h e  mare bas in .  Although 
sinuous, t h e  r i l l e s  may wel l  be simple t ens iona l  f r a c t u r e s  whose f l a t  
f l o o r s  a r e  occupied by mare-like ma te r i a l  o r  f l u i d i z a t i o n  d e b r i s .  A t  
l e a s t  one r i l l e  provides evidence t h a t  t h e  su r face  of t h e  inner  mare- 
l i k e  ma te r i a l  i s  a c t u a l l y  a  f i l l  and not  a  downdropped p a r t  of surround- 
ing su r face .  The r i l l e  wi th  c i r c u l a r  head j u s t  below t h e  c e n t e r  of 
Figure 5 i s  in t e r rup ted  by a  spa tu la - l ike  depression i n  midcourse. I f  
t h e  r i l l e  had o r i g i n a l l y  continued unin ter ruptedly  t o  t h e  north,  and 
t h e  t r ansve r se  depress ion  had dropped across  i t s  path, t h e  deep r i l l e  
ought t o  be v i s i b l e  i n  t h e  graben. Instead we f i n d  only a  f a i n t  de- 
pression cross ing  t h e  graben and dying out  a  few miles  up and down 
v a l l e y .  We can only assume t h a t  t h e  e s s e n t i a l l y  smooth f l o o r  of t h e  
graben, and of t h e  r i l l e  up and down va l ley ,  r ep resen t s  l a t e r  ma te r i a l  
which buried t h e  downdropped segment of t h e  r i l l e ,  and t h a t  t h e  f a i n t  
depression across  t h e  graben r ep resen t s  a  rejuvenat ion of t h e  o r i g i n a l  
r i l l e  f  r ac  t u r e  . 

TERRA SCULPTURE 

Fourteen a r e a s  have been se l ec ted  t o  i l l u s t r a t e  t h e  wide range of 
s c u l p t u r a l  d e t a i l  i n  t e r r a  landscapes ( F i g .  1 ) .  The unequal d i s t r i b u t i o n  
i s  due i n  p a r t  t o  v a r i a t i o n  i n  q u a l i t y  of t h e  photographs and i n  p a r t  
t o  t h e  s i m i l a r i t y  of t h e  topography over considerable  a r e a s .  I n  these  
l a t t e r  a reas ,  a  s i n g l e  r ep resen ta t ive  photo s u f f i c e s .  

Even cursory examination of t h e  photographs of t h e  near  s i d e  of 
t h e  Moon revea l  s t r i k i n g  d i f f e rences  i n  t h e  appearance of t h e  t e r r a  up- 
lands  i n  d i f f e r e n t  reg ions .  Thus, t h e  mountains along t h e  eas t e rn  bor- 
d e r  of Mare Imbrium a r e  l o f t y ,  and present  bold l i n e a r  escarpments 
overlooking t h e  mare su r face ;  t h e  uplands bordering much of Oceanus 
Procellarum, on t h e  o t h e r  hand, a r e  r e l a t i v e l y  low with ragged borders;  
and t h e  t e r r a  of t h e  c e n t r a l  highlands between Mare Nubiwn and Mare 
Nectar i s  and covering much of t h e  lower ha l f  of t h e  southern hemisphere, 
forms a  h igh  p la t eau  densely p i t t e d  by c r a t e r s  of a l l  s i z e s .  The a reas  
he re in  descr ibed a r e  r ep resen ta t ive  of these  var ied  landscape types .  

It i s  worth not ing  t h a t  landscape f e a t u r e s  analogous t o  t e r r e s t r i a l  
f e a t u r e s  of f l u i d  e ros ion  a r e  r e l a t i v e l y  r a r e  i n  t h e  younger, l i n e a r  
mountain t r a c t s  such a s  t h e  Lunar Alps, and most common i n  t h e  o lder ,  
ragged highlands such a s  those  bordering Oceanus Procellarum. Terres-  
t r i a l - t y p e  va l leys ,  however, appear on t h e  f l anks  and inne r  wal ls  of 
many l a r g e  c r a t e r s  of a l l  ages.  



The conclusions here in  reached regarding f l u i d  e ros ion  i n  t h e  
luna r  highlands a r e  based on 1 )  t h e  presence of analogs of t e r r e s t r i a l  
mountain va l l eys  and 2 )  t h e  evidence of deep and widespread r eg iona l  
degradat ion no t  r ead i ly  explained by present ly  known ianaT processes .  The 
i d e a l  analog of a  f l u v i a l  va l l ey  would be one wi th  t h e  following 
c h a r a c t e r i s t i c s  : 1 )  a  V-shape cross-prof  i l e ,  2)  a  long i tud ina l  p r o f i l e  
descending uniformly downvalley, 3 )  a  curving course,  4 )  widening of 

the va l l ey  towards i t s  mouth, 5 )  a  f ea the r ing  out  towards t h e  head, 
6 )  asymmetric spurs  s t eepe r  on t h e  upvalley s ide ,  7 )  shoulders o r  
t e r r a c e s ,  8)  meandering channels i n  t h e  lower courses  of t h e  va l l eys ,  
9 ) t r i b u t a r i e s  with accordant junc t ions  , and 1 0 )  t e r r e s t r i a l - t y p e  
drainage p a t t e r n s .   he i d e a l ,  embodying a l l  t h e  above c h a r a c t e r i s t i c s ,  
has not  been observed on t h e  Moon. Impact c r a t e r i n g ,  mass movements, 
and invasion by mare ma te r i a l s  s i n c e  development of t h e  va l leys ,  may 
have obscured many of t h e  o r i g i n a l  d e t a i l s .  A s  f o r  reg ional  degradat ion,  
n e i t h e r  me teo r i t e  impact, mass movements, nor  spu t t e r ing  erosion by 
t h e  s o l a r  wind seem competent t o  account f o r  t h e  magnitude of t h e  de- 
g rada t ion .  

Two of t h e  four teen  a reas  discussed a r e  of p a r t i c u l a r  i n t e r e s t  
because o$ t h e  well-known va l l eys  wi th in  them, t h e  Aris tarchus region 
with Schro te r ' s  Valley, and t h e  Alps wi th  Alpine Valley. P r i o r  t o  ad- 
vent of t h e  Lunar Orbi te r  photography t h e  ex is tence  of an inne r  r i l l e  
i n  Alpine Valley was knowr~ but  few d e t a i l s  were a v a i l a b l e .  The presence 
of an i n n e r  r i l l e  i n  S c h r o t e r t s  Valley was a  new discovery.  These two 
a r e a s  a r e  discussed i n  d e t a i l .  The remainder a r e  descr ibed only b r i e f l y  
because of t h e  r e p e t i t i v e  na tu re  of many of t h e  desc r ip t ions .  

The geomorphic evidence, a l though poor i n  many areas ,  suggests  t h e  
p o s s i b i l i t y  of extensive pre-mare f l u i d  e ros ion .  

Local i ty  I .  The Ar is ta rchus  Region 

The Ar is ta rchus  Region i s  he re in  considered t o  comprise t h e  
Ar is ta rchus  Pla teau  wi th  i t s  i s o l a t e d  mountain masses, and t h e  Harbinger 
Mountains t o  t h e  nor theas t  (F ig .  2 ) .  The term pla teau  i s  used i n  t h e  
geographic sense f o r  a  l e v e l  upland, d i s sec ted  o r  undissected, regard- 
l e s s  of t h e  na tu re  and a t t i t u d e  of t h e  underlying rocks.  

Ar is  t a rchus  Plateau 

The p la t eau  i s  a  broad rec tangular  i s l a n d - l i k e  mass, convex i n  
p r o f i l e ,  r i s i n g  above t h e  l e v e l  of Oceanus Procellarum. It i s  approxi- 
mately 160 miles  northwest-southeast,  and about 100 miles  nor theas t -  
southwest.  Because of i t s  angular  shape, Moore and Cattermole (1967, 
p. 119)  suggested t h a t  t h e  p la teau  i s  a  h o r s t  i n  t h e  mare sur face ,  par t -  
l y  eroded by substances extruded dur ing  formation of t h e  mare depress ions .  
Quaide (1965) had e a r l i e r  a t t r i b u t e d  t h e  shape of t h e  p l a t eau  t o  up- 
a rching .  Both s t r u c t u r a l  i n t e r p r e t a t i o n s  a r e  supported i n  t h e  present  
r e p o r t .  

Rel ief  v a r i e s  i n  d i f f e r e n t  p a r t s  of t h e  plateau (Lunar Aeronaut ical  
Charts  38 and 39) .  The rims of Ar is ta rchus  and Herodotus s tand some 



7900 f e e t  above t h e  ad jacent  mare su r face ;  t h e i r  depths a r e  recorded 
a s  8700 and 4700 f e e t  r e spec t ive ly .  Outside t h e  a rea  of these  g i a n t  
c r a t e r s ,  maximum recorded r e l i e f  i s  about 5200 f e e t ,  i n  t h e  a rea  north-  
e a s t  of S c h r o t e r T s  Valley. Elsewhere t h e  r e l i e f  i s  l e s s ;  gene ra l ly  below 
3300 f e e t ,  i n  t h e  s c a t t e r e d  h i l l s  west of Herodotus. 

A l a r g e  p a r t  of t h e  p la teau  appears hummocky i n  t h e  Lunar O r b i t e r  I V  
photographs, although most s lopes  a r e  g e n t l e .  Because of t h e  300-meter 
(1000 f e e t )  contour i n t e r v a l  of t h e  l u n a r  c h a r t s ,  t h e  bulk of t h e  hum- 
mocks v i s i b l e  i n  t h e  photos a r e  not  recorded by t h e  contours .  The 
assumption i s  t h a t  most a r e  l e s s  than 1000 f e e t  high and many probably 
considerably l e s s .  Many a r e  equidimensional and between 2000 and 5000 
f e e t  ac ross .  They a r e  f a i r l y  densely spaced so  t h a t  much of t h e  su r face  
appears pimply o r  cobbly a t  t h e  s c a l e  of t h e  photos. The hummocks occur 
throughout t h e  p la teau  except i n  mare embayments, i n  inland basins  of 
mare-like ma te r i a l ,  and i n  p a r t s  of t h e  upland adjacent  t o  s c h r 8 t e r t s  
Valley. 

Standing above t h e  hummocky su r face  of t h e  p la teau  a r e  s c a t t e r e d  
h i l l s ,  r idges,  and sprawling masses, l a r g e l y  confined t o  t h e  southeas t  
quadran&, west of Herodotus, and t o  t h e  nor theas t  quadrant,  no r theas t  
of S c h r o t e r t s  Valley ( F i g .  2 ) .  The r idges  and h i l l s  west of Herodotus 
show a  prefer red  nor theas t e r ly  o r i e n t a t i o n ,  but some of t h e  sprawling 
masses have i r r e g u l a r  shapes.  Many of t h e  h i l l s  a r e  more than 3000 f e e t  
high with one peak reaching near ly  4300 f e e t .  The h i l l s  i n  t h e  western 
ha l f  of t h e  group form a  semic i rcu lar  p a t t e r n  suggest ive of a  c r a t e r  
r i m ,  bu t  t h e  arrangement may be co inc iden ta l .  The upland nor theas t  
of s c h r 8 t e r t s  Valley d i sp lays  some o r i en ta t ion ,  but  much of it c o n s i s t s  
of broad masses of which only t h e  borders r e f l e c t  t h e  prefer red  o r i e n t -  
a t i o n .  The e n t i r e  northwestern ha l f  of Ar is ta rchus  Plateau shows only 
a  few s c a t t e r e d  h i l l s .  

The p la t eau  d i sp lays  f a i n t  t o n a l  and topographic l i n e a t i o n s  
p a r a l l e l i n g  t h e  rec tangular  p la teau  borders and probably ind ica t ing  
f r a c t u r e s .  There i s  no c l e a r  evidence, however, of c l o s e l y  spaced 
f r a c t u r i n g  . 
Harbinger Mountains 

J u s t  e a s t  of Aris tarchus Plateau and separated from it by about 
25 miles  of mare, i s  Prinz Cra te r  with t h e  Harbinger Mountains extend- , 

ing t o  t h e  nor theas t  ( Fig. 2 ) .  Pr inz Cra te r ,  l a r g e l y  submerged by mare 
ma te r i a l ,  i s  about 28  miles  ac ross .  Harbinger Mountains c o n s i s t  of 
i s o l a t e d  and r a t h e r  widely separated h i l l s  and r idges  of l igh t - toned  
t e r r a  t rending  t o  t h e  nor th  and nor theas t .  The h igher  peaks s tand 
near ly  5000 f e e t  above t h e  ad jacent  mare sur face  which surrounds and 
embays them. The mountains a r e  thus  pre-mare i n  age.  Moore (1965) 
maps them a s  Imbrium. 

Sculptur ing of t h e  Aris tarchus Region 

Examination of t h e  r e l a t i v e l y  small  r e s idua l  mountains i n  t h e  
Ar is ta rchus  Region revea ls  some va l l eys  s i m i l a r  i n  appearance t o  t e r -  
r e s t r i a l  va l l eys .  Whether more would be revealed i n  l a r g e r  s c a l e  
photography, i s  of course problematical .  



I n  Figure 16, no te  t h e  va l l ey  systems i n  t h e  neighborhood of A and 
B, and t h e  deep V-shape va l l eys  a t  C. The smooth mare-like ma te r i a l  
t o  t h e  e a s t  and west of A and B embays t h e  i r r e g u l a r  topography and 
emphasizes the  funnel  shapes of some v a l l e y s .  Note, i n  c o n t r a s t ,  t h e  
r e l a t i v e l y  s t r a i g h t  northwest-trending shore l ine  of Oceanus 
Proc ellarum. 

The p o s s i b i l i t y  t h a t  t h e  h i l l s  represent  e j e c t a  dumped i n  ragged 
heaps i s  improbable because of 1 )  t h e  d i f f i c u l t y  i n  accounting f o r  
t h e i r  no r theas t e r ly  o r i e n t a t i o n  unrelated t o  any l a r g e  source c r a t e r ,  
2 )  t h e  improbabi l i ty  t h a t  e j e c t a  would be deposi ted i n  sca t t e red  p i l e s  
up t o  4000 f e e t  high, and 3 )  t h a t  t h e  e j e c t a  would f a l l  i n  such fashion 
a s  t o  l eave  primary va l l eys ,  some with poss ib le  d e n d r i t i c  p a t t e r n s .  
The topography of a t  l e a s t  p a r t  of t h e  h i l l s ,  i f  p resent  on Earth,  
would be i n t e r p r e t e d  a s  t h e  product of f l u i d  e ros ion .  

Although t h e  abundance of c r a t e r s  c l e a r l y  i n d i c a t e s  modif icat ion 
of t h e  topography by meteor impact, few of t h e  c r a t e r s  a r e  more than 
one mile  i n  diameter and only a  few reach 3 mi l e s .  The v a s t  majori ty  
a r e  small  and could only have modified, not  c rea ted ,  t h e  deep scup tu ra l  
d e t a i l s  of t h e  h i l l s .  Nor i s  it l i k e l y  t h a t  s p u t t e r i n g  erosion by t h e  
s o l a r  wind crea ted  t h e  deep scu lp tu r ing .  Wehner (1964) has concluded 
t h a t  spu t t e r ing  eros ion  probably amounted t o  only about 17 cm i n  4 1 / 2  
b i l l i o n  years  and t h a t  t h i s  was compensated f o r  by d u s t  accumulation. 
A s  f o r  mass movements, only d e b r i s  avalanches seem capable of producing 
in t eg ra t ed  va l l ey  systems a s  a t  A and B, provided t h a t  a  l i n e a r  de- 
press ion  wi th  s u i t a b l y  s t e e p  s lopes  was a l ready a v a i l a b l e .  The va l l eys  
we a r e  concerned with, however, d i f f e r  s i g n i f i c a n t l y  i n  appearance 
from l i n e a r  mass movement' f e a t u r e s  such a s  those on t h e  inner  and o u t e r  
s lopes of Ar is ta rchus .  Figure 17, revea ls  what appear t o  be d e b r i s  
avalanche t r acks  on t h e  northwest wal l  of Aris tarchus a t  A,  B, C,  D, 
and elsewhere. Note t h a t  t h e s e  a r e  1 )  long narrow f e a t u r e s  with uni- 
form widths from source t o  terminat ion,  2)  have narrow confining levees ,  
3 )  have only s l i g h t l y  curving paths,  4 )  have broad U-shaped c ross -  
p r o f i l e s ,  5 )  d i sp lay  evidence of depos i t ion  but  not  erosion, a s  along 
t h e  lower course of A ,  and 6) te rminate  on the  s lopes  r a t h e r  than con- 
t i nu ing  t o  t h e  c r a t e r  f l o o r .  S imi lar  f e a t u r e s  a r e  v i s i b l e  on t h e  o u t e r  
s lope  of Ar is ta rchus  a t  t h e  top  of t h e  photo. The da rk  ma te r i a l  a t  E 
i s  probably a  lava  pool; i n  t h e  o r i g i n a l  photo, under magnification, 
i t s  su r face  appears wrinkled and i t s  margins l o b a t e .  

Figure 18  shows o the r  d e b r i s  flows on t h e  nor th  f l a n k  of Ar is ta rchus .  
Levees and terminal  depos i t s  a r e  wel l  d i sp layed .  These f ea tu res ,  a s  
wel l  a s  those  shown i n  Figure 17, bear  no resemblance t o  t h e  va l l ey - l ike  
f e a t u r e s  with which we a r e  concerned. The o r i g i n  of t h e  broad, t h i n ,  
l oba te  shee t s  of d a r k  ma te r i a l  with l i g h t  borders (C and D ) ,  i s  unknown. 

S t i l l  another  type  of l i n e a r  f e a t u r e  i s  shown i n  Figure 19 on t h e  
southwest f l a n k  of Ar is ta rchus .  Unlike t h e  d e b r i s  avalanches,  t h i s  
f e a t u r e  follows a  swale t h a t  contours t h e  s lope  and i s  i n t e r p r e t e d  a s  
a  lava flow. 



Fig.  1 6 .  Mountain groups i n  Aris tarchus Plateau west of c r a t e r  Herodotus. 
Oceanus Procellarum i n  lower l e f t .  Note c o n t r a s t  i n  topography between 
mare-like m a t e r i a l  i n  lowlands i n  v i c i n i t y  of A and B, and p la teau  su r -  
f ace  elsewhere.  The t e r r a  h i l l s  have been ba t t e red  by meteors. Two of 
t h e  c r a t e r s  a r e  about 3 miles ac ross ;  most, however, a r e  small  and in -  
capable of more than s l i g h t  modif icat ion of t h e  o r i g i n a l  topography. 
Nei ther  1 )  p e l t i n g  by meteor i tes  o r  c r a t e r  e j e c t a ,  2 )  modif icat ion by 
mass movements, o r  3 )  mantling by d e b r i s  from Aris tarchus (no te  rays  on 
mare su r face  a t  D ) ,  has apparent ly been a b l e  t o  des t roy  o r  conceal t h e  
bas ic  topographic forms of these  h i l l s .  Close examination r evea l s  va l -  
l e y  forms and p a t t e r n s  a s  a t  A,  B, and C .  



Fig. 17.  Debris avalanches with levees on northwest wall  Aristarchus 
(A, B, C,  D). Track A i s  over 6 miles long. Probable lava  pools 
a t  E, F, and elsewhere a t  back of slump blocks. Pools d i sp lay  
cracking and twnuli o r  pressure r idges .  



Fig. 1 8 .  Debris flows and t a b u l a r  depos i t s ,  no r th  f l a n k  of 
Aris tarchus . Multiple  flows with levees  appear on 
e i t h e r  s i d e  of A and elsewhere. Note t h e  bulbous 
lobe with c r e s c e n t i c  r idges  a t  B.  Origin of broad 
t a b u l a r  bodies a t  C and D unknown. Probable lava  
pool a t  E .  



Fig .  19 .  Lava flow ( ? )  about 4 mi les  long on southwest f l a n k  of Ar is ta rchus  . 
Most of t h e  fol lowing c h a r a c t e r i s t i c s  support  l ave  i n t e r p r e t a t i o n :  
1) f e a t u r e  fol lows swale t h a t  contours  s lope,  2 )  s t a r t s  i n  prob- 
a b l e  l ava  pool ( A ) ,  3 )  d a r k  tone,  4 )  i n t r i c a t e  b ra id ing  i n  lower 
cou r se  ( B ) ,  5 )  l evees  i n  upper course  ( C ) ,  6 )  p re s su re  r i dges  ( D ) ,  
7 )  bulbous o f f shoo t s  ( E ) ,  and 8 )  a  c r o s s  flow ( F ) .  



Local i ty  11. The Alpine Region 

The Alpine t e r r a i n  within t h e  a r e a  of Figure 9  d i sp lays  t h r e e  main 
topographic elements cons i s t ing  of 1 )  t h e  extensive hummocky o r  h i l l y  
t e r r a i n ,  2 )  t h e  l a r g e r  mountain masses which s tand above it, and 3 )  
t h e  f l o o r  of Alpine Valley and t h e  s c a t t e r e d  mare-like pools .  

The Alpine Pla teau  

The hummocky, o r  intermediate  l e v e l ,  w i l l  be r e fe r red  t o  f o r  con- 
venience a s  t h e  Alpine Plateau because of i t s  wide expanse and r e l a t i v e l y  
high e leva t ion ,  but no implicat ion of geologic  s t r u c t u r e  i s  intended.  
The rugged p la teau  c o n s i s t s  of a  maze of h i l l s  most of which appear t o  
f a l l  wi th in  a  r e s t r i c t e d  s i z e  range wi th  diameters between 1/2 and 
1 1 / 2  mi l e s .  Except f o r  the  sca le ,  t h e  topography i s  reminiscent  of 
morainal topography o r ,  on a  reduced sca le ,  of a  cobble pavement. Judg- 
ing  from s c a t t e r e d  s lope  measurements (Lunar Aeronautical Chart  No. 12) ,  
l a r g e l y  i n  t h e  p la t eau  southwest of Alpine Valley, t h e  p la teau  r e l i e f  
exc lus ive  of i s o l a t e d  mountain masses, i s  probably 1000 f e e t  o r  more. 
I s o l a t e d  h i l l s  and r idges,  some of which a r e  comparable i n  he igh t  t o  
t h e  neighboring mountains, a r e  s c a t t e r e d  about t h e  p la teau .  Some of 
these  masses a r e  up t o  10 miles o r  more i n  l eng th .  The p la teau  sur face  
i s  p i t t e d  with c r a t e r s  t h e  l a r g e s t  of which a r e  Alpes A about 8 miles  i n  
diameter,  and Trouvelot, about 7 mi les  ac ross .  According t o  t h e  l u n a r  
c h a r t ,  Alpes A i s  about 4400 f e e t  deep and Trouvelot, about 3800 f e e t  
deep. Most of t h e  c r a t e r s  range from about 3 miles  i n  diameter down t o  
t h e  l i m i t s  of v i s i b i l i t y ,  with t h e  abundance increas ing  rap id ly  wi th  
diminishing s i z e .  

Very few of t h e  c r a t e r s  d i sp lay  prominent r i m s .  A s t r i k i n g  excep- 
t i o n  i s  t h e  r a i sed  c r a t e r ,  about 1 1/2  miles  across ,  on t h e  south s i d e  
of Alpine Valley near  The Co l l a r .  The prominent r i m  and moderately 
s t eep  s lopes,  i n  c o n t r a s t  with a l l  i t s  neighbors, suggests a  cone of in-  
t e r n a l  o r i g i n .  For convenience, we s h a l l  r e f e r  t o  it a s  The Puck. 

The rocks of t h e  luna r  Alps have been mapped by Page (1966) a s  
Imbriwn i n  age, represent ing  e j e c t a  from t h e  Imbrium Basin. MtGonigle 
and Schle icher  (1966), on t h e  o t h e r  hand, d a t e  them a s  pre-Imbrium o r  
ea r ly  Imbrium i n  age, but be l ieve  they a r e  mantled by younger m a t e r i a l .  

The topography of t h e  Alpine Region, including t h e  cobbly plateau,  
i s  c l e a r l y  inf luenced by i n t e r s e c t i n g  f r a c t u r e s .  The f r a c t u r e s  a r e  re-  
f l e c t e d  i n  t h e  topography by elongate  h i l l s ,  a l igned h i l l s ,  low l i n e a r  
r idges  and swales, and f ace t t ed  s lopes(Fig .  1 1 ) .  One major f r a c t u r e  
s e t  t r ends  NE-SW, p a r a l l e l  t o  both Alpine Valley and t h e  abrupt  mountain 

b r d e r  about 40 mi les  t o  t h e  northwest.  A second major d i r e c t i o n  i s  a t  
r i g h t  angles  t o  t h i s ,  i n  a NW-SE d i r e c t i o n .  It i s  expressed by a l igned  
high mountains a t  t h e  Imbriwn border, t h e  rough alignment of o t h e r  moun- 
t a i n  masses, and t h e  s t r i k e  of planar  s lopes  of ind iv idua l  mountain 
blocks.  A t h i r d ,  N-S s e t  i s  ind ica ted  by o t h e r  planar  mountain s lopes  
and by t h e  o r i e n t a t i o n  of t h e  peninsula- l ike  pro jec t ions  i n t o  Alpine 
Valley. A fou r th ,  E-W s e t  i s  c l e a r l y  indica ted  on t h e  p la teau  su r face  i n  



t h e  a rea  ad jo in ing  M t .  Blanc and i n  t h e  l i n e a r  mountain mass j u s t  e a s t  
of The Puck. Many of these  f r a c t u r e s  have been mapped by Page and by 
M'Gonigle and Schle icher  (ope  c i t .  ) = The adjacent  sur faces  of Mare 
Imbrium and Mare F r igo r i s ,  i n  c o n t r a s t ,  a r e  r e l a t i v e l y  unfractured.  

The Alpine Mountains 

The Alpine Mountains wi th in  t h e  a rea  of Figure 9  have much g r e a t e r  
ex ten t  nor th  of Alpine Valley than t o  t h e  south.  On t h e  north,  they 
extend more than halfway across  t h e  upland toward Mare F r i g o r i s .  On 
t h e  south, except f o r  s c a t t e r e d  o u t l i e r s ,  they a r e  r e s t r i c t e d  almost 
exc lus ive ly  t o  t h e  border of Mare Imbrium. 

The mountains form ragged groups separated by a r e a s  of p l a t eau  
o r  embayments of mare-like ma te r i a l .  Many ind iv idua l  mountain masses 
a r e  elongate  i n  a  N-S d i r e c t i o n ,  but c o n s i s t  of f a c e t s  determined by 
i n t e r s e c t i n g  f r a c t u r e s .  Many a r e  asymmetric, resembling tilt blocks.  
The mountain groups a r e  o r i en ted  approximately p a r a l l e l  t o  t h e  border 
of Mare Imbrium. They te rminate  abrupt ly  t o  t h e  nor th  i n  a  r e c t i l i n e a r  
f r o n t  normal t o  t h e  c o a s t l i n e  and p a r a l l e l  t o  Alpine Valley. This bold 
f r o n t  i s  probably t h e  s i t e  of a  major f a u l t .  

Relief i n  t h e  Alpine mountains i s  cons iderable .  Mount Blanc, on 
t h e  border of Mare Imbrium 25 miles  southeas t  of t h e  mouth of Alpine 
Valley, s tands  4800 f e e t  above t h e  ad jacent  p la teau  su r face  (Lunar 
Chart  No. 2 5 ) .  The high peak midway between Alpes A and Alpine Valley, 
i s  5000 f e e t  h igh .  The h ighes t  peak, j u s t  outs ide  of t h e  l e f t  margin 
of Figure 9, i s  10,000 f e e t  high.  

Sculp tur ing  of t h e  Alpine Region 

I n  considering poss ib le  o r i g i n s  of t h e  Alpine topography ( F i g .  20), 
t h e  bas i c  quest ion i s  whether t h i s  i s  1 )  a  p r i s t i n e  t e c t o n i c  landscape 
wi th  each block of t e r r a ,  from l a r g e s t  t o  smal les t ,  an o r i g i n a l  h o r s t  
o r  tilt block modified only by s c a t t e r e d  l a r g e  c r a t e r s  and un ive r sa l ly  
smoothed by micrometeorite impacts and mass wasting, 2 )  an e a r l i e r  t ec -  
t o n i c  landscape d i f f e r e n t i a l l y  etched by present ly  recognized luna r  
processes,  o r  3 )  an e a r l i e r  t ec ton ic  landscape modified by f l u i d  e ros ion .  

An unmodified t e c t o n i c  landscape seems un l ike ly .  I am unaware of 
a  t e r r e s t r i a l  analog where tectonism has produced a  comparable a r r ay  of 
p r i s t i n e  t e c t o n i c  blocks i n  such in t ima te  profusion and with such d iver -  
s i t y  of s c a l e .  The l a r g e r  blocks may well  have been u p l i f t e d  r e l a t i v e  
t o  t h e  p la teau  sur face ,  but  not  a l l  of t h e  second order  r e l i e f  of t h e  
blocks, and l i t t l e  of t h e  d e t a i l e d  r e l i e f  of t h e  plateau,  can be a t t r i b u -  
ted  t o  o r i g i n a l  tectonism. Nor do gene ra l ly  accepted l u n a r  processes 
seem adequate t o  expla in  e i t h e r  t h e  magnitude o r  t h e  s e l e c t i v e  n a t u r e  
of t h e  degradat ion.  S e l e c t i v e  modif icat ion of an o r i g i n a l  f a u l t  topo- 
graphy by l a r g e  meteor i tes  i s  unl ike ly  because of t h e  r e l a t i v e  s c a r c i t y  
of l a r g e  c r a t e r s  i n  t h e  a rea  and t h e  w i d e ~ ~ r e a d ' ~ r e s e r v a t i o n  of p lanar  
s lopes .  Erosion by basa l  surges r e s u l t i n g  from major meteoric o r  volcanic  



Fig. 20. S te reopa i r  of p a r t  of Alpine reg ion .  Alpine R i l l e  i n  lower p a r t  
of f i g u r e .  The l a r g e  sinuous r i l l e  i s  Rima P l a t o  11. Relief  amounts 
t o  thousands of f e e t .  Faul t  c o n t r o l  ind ica ted  by bold, l i n e a r ,  
and f a c e t t e d  mountain f r o n t s  t o  west and nor th  of 5 ;  p lanar  f aces  
of h i l l s  and r idges  a s  a t  1 and 7 (no te  the  mul t ip le ,  sh ing le - l ike  
f a c e t t i n g  of r idge  a t  1 and i t s  t runca t ion  by t h e  l i n e a r  s lope  on 
e a s t ) ;  asymmetric r idges  and va l l eys  a s  a t  1 and 2; and geometric 
p a t t e r n s  i n  t h e  lowlands, a s  a t  6. The va l l eys  a t  3 ,  4, and 5, 
although f rac ture-cont ro l led ,  appear t o  be i n t e g r a t e d .  It seems un- 
l i k e l y  t h a t  t h i s  i s  a  p r i s t i n e  f a u l t  topography with each u n i t ,  
from t i n i e s t  t o  l a r g e s t ,  an o r i g i n a l  f a u l t  block modified only by 
recognized l u n a r  processes . A more reasonable explanat ion based 
on t e r r e s t r i a l  analogs i s  d i f f e r e n t i a l  e ros ion  of a  complexly 
f r a c t u r e d  a r e a .  The displacement of successive hor i zon ta l  s t r i p s  
i s  due t o  t h e  e l e c t r o n i c  procedures used i n  photography and 
t ransmiss ion .  



events  ou t s ide  t h e  immediate a rea  i s  unl ike ly  because of 1 )  t h e  l a c k  of 
evidence t h a t  comparable phenomena on Earth,  such a s  nu&es ardentes ,  
a r e  e f f e c t i v e  eroding agents ,  2)  t h e  magnitude of t h e  d i f f e r e n t i a l  de- 
gradat ion,  and 3 )  t h e  m u l t i p l i c i t y  of t rends  of r idges  and v a l l e y s  i n  
the  p la teau  most of which can not  be r e l a t e d  t o  l a r g e  c r a t e r s  c l o s e  t o  
the  a r e a .  D i f f e r e n t i a l  degradation r e s u l t i n g  from pe l t ing  by small  
meteor i tes  can no t  explain t h e  r e l a t i v e l y  deep l i n e a r  va l leys ,  and 
erosion by t h e  s o l a r  wind i s  regarded by most i n v e s t i g a t o r s  a s  
inconsequent ia l .  

The inadequacy of known luna r  processes t o  expla in  s a t i s f a c t o r i l y  
t h e  Alpine landscape j u s t i f i e s  cons idera t ion  of t h e  poss ib le  r o l e  of 
f l u i d  e ros ion .  Figure 21,  of an a rea  i n  t h e  Black H i l l s  of South Dakota, 
appears t o  be a  reasonable analog o r  p a r t  of t h e  Alpine Plateau.  The 
a rea  i s  c r i s s c r o s s e d  by f r a c t u r e s  i n  seve ra l  d i r e c t i o n s  and a  number of 
p lanar  s lopes  a r e  v i s i b l e .  The topography, however, i s  due t o  d i f f e r -  
e n t i a l  e ros ion  a s  indica ted  by t h e  well-developed in t eg ra t ed  drainage,  
p a r t s  of which a r e  de l inea ted .  The analogy wi th  t h e  Alpine Pla teau  
suggests t h a t  t h e  l a t t e r  too,  may have been sub jec t  t o  f l u i d  e ros ion  
long enough t o  have r e su l t ed  i n  many hundreds of f e e t  of r e l i e f .  

MIGonigle and Schle icher  (1966) be l i eve  t h a t  much of t h e  m a t e r i a l  
of t h e  Alpine region c o n s i s t s  of lava  and pyroc las t i c  depos i t s .  A 
shee t ing  may be observed i n  t h i s  ma te r i a l  a t  many places (F ig .  22) .  
Locally,  t h e  t r e n d s  of r idges  conforms t o  t h e  s t r i k e  of t h i s  shee t ing ,  
but  over most of t h e  region t h e  topography seems t o  be independent of it. 
I f  t h e  shee t ing  i s  a c t u a l l y  s t r a t i f i c a t i o n ,  i t s  t runca t ion  by t h e  p la t eau  
sur face  would c o n s t i t u t e  a d d i t i o n a l  evidence of considerable  e ros ion .  
The products of such erosion could conceivably l i e  buried under the, 
mare-like d e p o s i t s  of t h e  i n t e r i o r  bas ins  and under t h e  l a t e s t  d e p o s i t s  
of t h e  neighboring maria.  

Loca l i ty  111. Northwest Border of Mare S e r e n i t a t i s  

Figure 23 i s  a  s t e r e o p a i r  of p a r t  of t h e  northwestern border of 
Mare S e r e n i t a t i s .  The topography resembles t h a t  of t h e  luna r  Alps. The 
upland j o i n s  t h e  Causasus Mountains a t  t h e  top  (west s i d e )  of t h e  view 
wi th  Mare S e r e n i t a t i s  on t h e  l e f t  ( s o u t h ) .  The d a r k  mare-like m a t e r i a l  
on t h e  r i g h t  ( n o r t h )  i s  wi th in  t h e  i r r e g u l a r  c r a t e r  Alexander. 

Frac ture  c o n t r o l  of t h e  topography i n  a t  l e a s t  two d i r e c t i o n s ,  
northeast-southwest  and northwest-southeast,  i s  indica ted  by 1 )  t h e  
rec tangular  topographic mosaic i n  t h e  hummocky p la t eau  between A and 
B (arrows) ,  2 )  t h e  geometric pa t t e rns  i n  t h e  higher  mountains, a s  a t  C, 
and 3 )  t h e  o r i e n t a t i o n  of obvious f r a c t u r e  planes a t  D .  The evidence 
favoring f l u i d  e ros ion  i s  t h e  same a s  f o r  t h e  Alpine region although 
i n  n e i t h e r  of t h e s e  two a reas  may t h e  evidence be regarded a s  convincing. 
Earthly analogs of such topography with rugged highlands, i n t r i c a t e l y  
engraved lowlands, accordant and rounded lowland h i l l s ,  and i n t r i c a t e l y  
embayed shore l ines  r e s u l t  from d i f f e r e n t i a l  erosion of f r ac tu red  t e r r a i n  
r a t h e r  than p r i s t i n e  t e c t o n i c s .  Many of t h e  va l leys ,  furthermore, have 
V-shaped c r o s s  p r o f i l e s  a s  i n  the  v i c i n i t y  of C and E, and t h e  dra inage  
appears t o  be in t eg ra t ed  a t  E and F. 



Fig. 2 1  . Fracture-controlled topography i n  Black Hi l l s ,  South Dakota. 
Arrows indicate  prominent f rac ture  d i rec t ions .  Planar faces 
a t  A and B.  Integrated drainage shown loca l ly .  Modified from 
Ray (1960). 



Fig.  22 .  Sheeting ( s t r a t i f i c a t i o n ?  shearing?)  i n  t e r r a  landscape 
of t h e  l u n a r  Alps. I f  t h e  sheet ing i s  s t r a t i f i c a t i o n ,  
considerable  reg ional  degradat ion i s  implied. Note t h e  
s l i g h t  divergences i n  s t r i k e  i n  t h e  lower c e n t e r .  



F i g .  23 .  S t e reopa i r  of p a r t  of northwest border of Mare 
S e r e n i t a t i s .  P a r t  of Caucasus Mountains a t  t o p  
(wes t ) .  For explanation, see  t e x t .  



I f  f l u i d  e ros ion  i s  i n  f a c t  ind ica ted ,  it must have occurred a t  
an anc ien t  d a t e  t o  account f o r  t h e  degree of modif icat ion of e ros iona l  
d e t a i l s  and f o r  t h e  drowning of va l l eys  by mare ma te r i a l s .  

Loca l i ty  I V .  Southern Apennines 

Figure 24 shows a  segment of t h e  Apennine escarpment overlooking 
Mare Imbriwn, a  small  por t ion  of which appears a t  t h e  upper l e f t .  P a r t  
of Sinus Aestuum i s  i n  t h e  lower l e f t .  Maximum r e l i e f  i n  t h i s  a rea  i s  
about 4500 f e e t .  The inf luence  of northeast-southwest and northwest- 
southeas t  f r a c t u r e s  i s  revealed by lineaments,  p a r t i c u l a r l y  i n  t h e  low- 
land a r e a s .  Frac tures  i n  o the r  d i r e c t i o n s  a r e  a l s o  present .  The rocks 
of t h e  mountains a r e  o l d e r  than t h e  mare ma te r i a l s  which l a p  a g a i n s t  and 
invade indenta t ions  i n  t h e  mountain t e r r a i n .  Large, apparent ly i n t e -  
g ra t ed  va l l eys  a r e  ind ica ted  i n  t h e  west, bu t  c a r e f u l  a n a l y s i s  r evea l s  
even c l e a r e r ,  but much f ine r - t ex tu red  dra inage  i n t e g r a t i o n  i n  t h e  low- 
lands i n  t h e  r i g h t  c e n t e r .  Fracture c o n t r o l  of drainage he re  i s  c l e a r l y  
ind ica ted  by t h e  northeast-southwest t r end  of t h e  r idges .  The i n t e r -  
vening va l leys ,  many V-shape, have been etched o u t  along these  f r a c t u r e s  
by some e f f e c t i v e  agent  of e ros ion .  Except then, f o r  t h e  main scarp,  
f r a c t u r e s  have pr imar i ly  served a s  favorable  s i t e s  f o r  d i f f e r e n t i a l  
e ros ion .  

Local i ty  V .  Taurus Mountains 

Except f o r  t h e  r e l a t i v e l y  recent  c r a t e r  Newcomb and t h e  rims of a  
few smal le r  c r a t e r s ,  t h e  topography shown i n  Figure 25  i s  subdued and 
smooth. This i s  i n  keeping with t h e  r e l a t i v e l y  anc ien t  d a t e  (Imbrium 
and pre-Imbrium) assigned t o  these  ma te r i a l s  by Pohn 41965). A sub- 
dued NW-SE ridge-and-valley topography d isappears  under t h e  mare-like 
f i l l i n g  of o ld  depressions ind ica t ing  an anc ien t  d a t e  f o r  t h i s  topo- 
graphy. The depths and V-shape p r o f i l e s  of many of t h e  va l leys ,  t h e i r  
remarkable l i n e a r i t y  r ega rd le s s  of t h e  ruggedness of t h e  r e l i e f  they 
c ross ,  and t h e  presence of p a r a l l e l  l i n e a r  scarps  i n  t h e  higher  uplands, 
render it unl ikely t h a t  t hese  f e a t u r e s  a r e  i n  any way r e l a t e d  t o  anc ien t  
base surge a c t i v i t y .  Frac ture  c o n t r o l  i s  ind ica ted .  A second s e t  of 
lineaments c rosses  t h e  f i r s t  a t  approximately r i g h t  angles .  I n  p laces  
t h i s  has r e su l t ed  i n  a  segmentation of t h e  NW-SE r idges  and commonly 
a  checkerboard topography. The higher ,  bolder  p a r t s  of t h e  topography 
a l s o  show an angular  blockiness  i n d i c a t i v e  of f r a c t u r e  c o n t r o l .  It 
i s  i n t e r e s t i n g  t o  no te  t h a t  Pohn (op. c i t . )  o r i g i n a l l y  in fe r red  t h e  
presence of f a u l t i n g  on t h e  b a s i s  of small  s c a l e  t e l e scop ic  photos and 
v i s u a l  observat ions.  

For reasons presented i n  t h e  d iscuss ion  of t h e  Alpine landscape 
it i s  unl ike ly  t h a t  t h i s  topography can be e i t h e r  a p r i s t i n e  f a u l t  topo- 
graphy o r  a  f a u l t  topography modified only by gene ra l ly  recognized l u n a r  
processes .  A f l u i d  medium capable of e tching out  lowland va l l eys  and 
d i s s e c t i n g  s t eepe r  s lopes  seems required.  A s i m i l a r  explanation seems 
required f o r  t h e  sinuous va l l eys  d ra in ing  t h e  inne r  s lopes of some of 
the o ld  c r a t e r s .  Where t h e  c r a t e r  f l o o r s  a r e  occupied by a  mare-like 
f i l l i n g ,  t h e  submerged lower s lopes present  an embayed shore l ine .  
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7- Fig .  25 .  Taurus Mountains. Except f o r  t h e  r l m  of t h e  r e l a t i v e l y  r ecen t  c r a t e r  
Newcomb i n  t h e  upper r i g h t  ( N ) ,  and t h e  r i m s  of a  few smaller  c r a t e r s ,  t h e  
topography i s  subdued and smooth. This accords wi th  t h e  anc ien t  d a t e  assigned 
t o  t h e s e  m a t e r i a l s .  I n  s p i t e  of t h e  worn appearance, t h e  inf luence  of NW-SE 
and NE-SW f r a c t u r e s  i n  c o n t r o l l i n g  d i f f e r e n t i a l  e ros ion  i s  obvious. Major 
f r a c t u r e  d i r e c t i o n s  a r e  ind ica ted  by t h e  arrows. I n  p a r t s  of t h e  a rea ,  a s  a t  
A and B, t h e r e  i s  a  subdued ridge-and-valley topography. This topography 
c r o s s e s  a r e a s  of cons iderable  r e l i e f ,  a s  no r th  of B. The higher,  bo lder  p a r t s  
of t h e  topography, a s  a t  C, show an angular  blockiness a l s o  r e f l e c t i n g  f r a c t u r e  
c o n t r o l .  They include scarps  p a r a l l e l i n g  t h e  indica ted  f r a c t u r e  d i r e c t i o n s .  The 
margins of t h e  c r a t e r ,  D, a r e  etched by sinuous va l l eys  which descend toward 
t h e  c r a t e r  f l o o r  where they a r e  embayed by mare-like ma te r i a l .  The i n t r i c a t e  
d e t a i l s  of t h e  topography i n  t h i s  a rea  suggest  a  prolonged episode of degra- 
d a t i o n  involving a  medium capable of eroding lowland va l l eys  and d i s s e c t i n g  
s t e e p e r  s lopes .  

7 3 



Local i ty  V I  Ukert Region 

Ukert i s  loca ted  i n  t h e  low upland between Sinus Medii and Mare 
Vaporum. The d e p o s i t s  of t h e  a rea  shown i n  Figure 26 have been mapped 
by Wilhelms (1968) a s  t h e  Fra Mauro formation bel ieved t o  c o n s i s t  of 
e j e c t a  from t h e  Imbrium basin t o  t h e  northwest.  These e j e c t a  a r e  be- 
leved t o  mask an underlying .landscape i n  which o l d e r  basins ,  such a s  
Aestuum and Vaporum, a s  wel l  a s  t h e i r  t e r r a  borders,  a l ready e x i s t e d .  
A hummocky member of t h e  Fra Mauro formation i s  present  ou t s ide  t h e  
a rea  of Figure 26 and gene ra l ly  c l o s e r  t o  t h e  source of d e b r i s .  It i s  
bel ieved t o  c o n s i s t  of c l o t s  of e j e c t a ,  although p a r t s  of t h e  t e r r a i n  
a r e  descr ibed a s  h i l l s  of s t r u c t u r a l l y  deformed bedrock. The smooth 
f a c i e s  of t h e  formation i s  genera l ly  f a r t h e r  from t h e  source of supply 
and i s  believed t o  be t h i n .  Areas of smooth topography c l o s e r  t o  t h e  
source, a r e  bel ieved t o  have been l e v e l l e d  by mass movements. 

According t o  Wilhelms, t h e  rugged depressions i n  t h e  topography 
a r e  occupied by volcanic  ma te r i a l s .  Volcanism i s  presumed t o  have 
become increas ingly  a c t i v e  toward t h e  end of t h e  Imbrium Period with 
flows of mare ma te r i a l  (Procellarum Group) f i l l i n g  old ba ins .  The 
volcanic flows a r e  bel ieved t o  have been preceded and followed by pyro- 
c l a s t i c  depos i t ion .  Ukert and some of t h e  fresh-looking smaller  c r a t e r  
i n  Figure26 a r e  of l a t e r  o r i g i n .  

According t o  Lunar Aeronautical Chart  No. 59, i n  which t h e  topography 
i s  expressed by a  300-meter (1000-feet)  contour i n t e r v a l ,  some of t h e  
NW-trending va l l eys  a r e  more than 1000 f e e t  deep. The c r a t e r  Ukert 
i s  mapped a s  9500 f e e t  deep; i t s  r i m  s tands about 8000 f e e t  above i t s  
surroundings.  

Poss ib le  i n t e r p r e t a t i o n s  of t h e  l i n e a r  va l l eys  a re :  1) they  a r e  
o r i g i n a l  depressions between long i tud ina l  r idges  of Imbrium e j e c t a  de- 
posi ted a s  we now see  them, 2 )  they were eroded i n  Imbrium depos i t s ,  
possibly along f r a c t u r e s ,  a f t e r  c r e a t i o n  of t h e  Imbrium basin but  before  
accumulation of t h e  l a t e s t  mare mater ia l s ,  3 )  they a r e  narrow down-dropped 
c r u s t a l  s l i v e r s ,  and 4 )  they a r e  pre-Imbrium va l l eys  formed i n  any one 
of t h e  above ways and subsequently l i g h t l y  veneered with Imbrium e j e c t a .  

We need concern outse lves  a t  t h i s  t ime s o l e l y  with t h e  quest ion of 
o r ig in ,  leaving  t h e  problem of age f o r  l a t e r .  For reasons c i t e d  i n  t h e  
d iscuss ion  of t h e  Alpine region, t h e  down-dropped s l i v e r  hypothesis 
seems untenable.  The hypothesis  of o r i g i n a l  depressions between r idges  
of e j e c t a  a l s o  encounters d i f f i c u l t i e s .  The f i r s t  concerns t h e  ragged 
pa t t e rn  of t h e  upland a s  a  whole. It i s  d i f f i c u l t  t o  conceive of such 
spot ty ,  primary depos i t ion ,  and with such high r e l i e f ,  a t  a  d i s t ance  of 
more than 185 miles  from t h e  Imbrium border.  The e f fec t iveness  of d e b r i s -  
laden dens i ty  flows,or basa l  surges i n  s t reaml in ing  topography 
a t  t h i s  g r e a t  d i s t a n c e  from t h e  Imbrium basin,  e spec ia l ly  considering 
t h e  g r e a t  depths of some of t h e  l i n e a r  depressions and t h e  presence of 
s teep,  l i n e a r  scarps  more than 16 kms long, i s  doubt fu l .  F isher  and 
Waters (1969) r e p o r t  t h a t  t e r r e s t r i a l  dens i ty  flows of t h e  nu6es a rdentes  
type a r e  d i spe r s ing  and depos i t ing  agents ,  no t  e ros iona l .  They r e p o r t  
t h a t  t h e  d e p o s i t s  a r e  wave-like with low-amplitude and long axes 
perpendicular  t o  c u r r e n t  d i r e c t i o n .  These au thors  suggest t h a t  i f  perma- 
f r o s t  e x i s t s  on t h e  moon, 

base surq e s  of ph rea t i c  a s  wel l  a s  impact 
o r i g i n  may have occurred. The prob em i s  no t  solved by assuming t h a t  t h e  
e j e c t a  form only a  t h i n  veneer on an o lde r  landscape: it merely moves t h e  
problem back one s t a g e  i n  t ime. 
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That t h e  o r i e n t a t i o n  of t h e  va l l eys  i s  f r ac tu re -con t ro l l ed  i s  
ind ica ted  by t h e i r  r e c t i l i n e a r i t y  and para l le l i sm,  by t h e i r  extension 
a s  l i n e a r  t r a c e s  across  r idge  c r e s t s ,  by complete t r a n s e c t i o n  of t h e  
r idges ,  and by t h e  asymmetry of some va l l eys  with one s i d e  a  r e c t i -  
l i n e a r  sca rp .  The evidence f u l l y  s u b s t a n t i a t e s  t h e  i n t e r p r e t a t i o n s  of 
Wilhelms (1968) who mapped a  c l o s e l y  spaced s e t  of f r a c t u r e s  i n  t h i s  
d i r e c t i o n .  A second f r a c t u r e  d i r e c t i o n  i n t e r s e c t s  t h e  f i r s t  a t  approxi- 
mate r i g h t  angles .  Major f r a c t u r e  d i r e c t i o n s  a r e  indica ted  by arrows 
i n  t h e  f i g u r e *  The r e c t i l i n e a r  con tac t s  of t h e  mare-like ma te r i a l  
with t h e  l i g h t e r  t e r r a  along some of these  lineaments ( a s  a t  C ,  F ig .  26) 
suggests t h a t  t h e  t e r r a  was t runca ted  i n  pre-mare t ime. Yet t h e  drown- 
ing of t e r r a  va l l eys  by mare ma te r i a l s  i nd ica te s  t h a t  t h e  scarps  them- 
se lves  were eroded p r i o r  t o  appearance of t h e  mare ma te r i a l .  

Based on ea r th ly  analogs,  t h e  t e r r a  landscape appear t o  have been 
both f r ac tu red  and d i s sec ted  p r i o r  t o  appearance of t h e  mare ma te r i a l  
which invades i t s  borders .  

Although s te reoscopic  coverage i s  unavai lable  t h e r e  does appear  t o  
be i n t e g r a t i o n  of t h e  f a i n t  va l l eys  immediately west of t h e  l e t t e r  A, 
extending from t h e  r i m  of t h e  depression immediately t o  t h e  r i g h t  of 
Ukert, t o  t h e  edge of the  upland some 2 5  miles  t o  t h e  northwest.  
Another a rea  of poss ib le  in t eg ra t ed  drainage i s  t o  t h e  l e f t  of t h e  l e t -  
t e r  B .  

The deep va l leys ,  some of which a r e  V-shape, t h e  suggest ive i n t e -  
gra ted  drainage,  and t h e  genera l  arguments used e a r l i e r  a g a i n s t  deep 
erosion by present ly  recognized luna r  processes,  suggests t h e  p o s s i b i l i t y  
of f l u i d  erosion,  but  a t  some d i s t a n t  d a t e .  

Local i ty  V I I :  Higland border, southwest s i d e  Mare T r a n q u i l l i t a t i s  

The a r e a  shown i n  Figure 27 inc ludes  T r a n q u i l l i t y  Base, t h e  landing 
s i t e  of Apollo 11. Note t h a t  t h e  a r e a s  a t  A, B, and C a r e  1 )  i n t e r -  
mediate i n  albedo between t h e  su r face  mater ia l s  of Mare T r a n q u i l l i t a t i s  
and t h e  t e r r a  highlands,  2 )  a r e  not  a s  smooth a s  t h e  mare sur face ,  3 )  
have a  g r e a t e r  number of v i s i b l e  c r a t e r s ,  and 4 )  occupy lowlands i n  t h e  
t e r r a .  The western port ion of t h e  l a r g e  c i r c u l a r  a rea  (B)  i s  a t  mare 
l e v e l  and i s ,  i n  f a c t ,  embayed by mare ma te r i a l s .  The sur face  of a r e a  
B r i s e s  t o  t h e  west where it drops of f  i n  a  s t eep  scarp .  West of t h e  
scarp,  across  a  deep depression,  t h e  t e r r a  r i s e s  t o  h igher  mountainous 
l e v e l s .  The genera1 topographic r e l a t i o n s  suggest t h a t  a r e a s  A,  B, and 
C a r e  lowland f i l l s  younger than t h e  t e r r a  highlands but o lde r  than t h e  
mare su r face .  They may rep resen t  an e a r l y  mare f i l l i n g  which 
was t e c t o n i c a l l y  d isp laced  and tterodedfl p r i o r  t o  t h e  l a t e s t  d e p o s i t s  
of Mare T r a n q u i l l i t a t i s .  

The highlands show a  v a r i e t y  of topographic forms. Rela t ive ly  
massive a r e a s  appear a t  D and E;  an i r r e g u l a r  ridge-and va l l ey  topography 
i s  v i s i b l e  i n  t h e  lowland a t  F; and a  rec tangular  topography a t  G .  
The highland a rea  south of Moltke resembles a  p la teau  but  with shallow 
r idges and swales .  I n  considering topographic o r ig ins ,  t h e  ques t ions  
t o  be answered concern t h e  development of the  p la teau  t e r r a  wel l  below 



Fig .  2 7 .  Highland border,  southwest shore  Mare T r a n q u i l l i t a t i s .  A,B,C: 
lowlands occupied by ma te r i a l  younger than mountain rocks 
bu t  o l d e r  than l a t e s t  depos i t s  of Mare T r a n q u i l l i t a t i s .  D,E: 
massive t e r r a  h ig lands ,  F: lowland a r e a  of low r idges  and 
va l l eys ,  G :  r e c t angu la r  topography, H: Rima Hypatia 1, a 
graben wi th  ob l ique  of f  s e t s ,  I, J : high  rimmed, volcanic  
( ? )  cones, X :  T r a n q u i l l i t y  Base. Mottled a r e a  t o  l e f t ,  
photo d e f e c t s  . 



t h e  l e v e l  of t h e  high peaks and r idges,  t h e  o r i g i n  of t h e  i r r e g u l a r  
l r c o a s t l i n e ~ ?  invaded by mare mater ia l ,  and t h e  d i f f e r e n t i a l  e ros ion  of 
t h e  t e r r a  along f r a c t u r e  s e t s .  The two p r i n c i p a l  f r a c t u r e  d i r e c t i o n s  
a r e  ind ica ted  by the  paired arrows. The o r i e n t a t i o n  i s  d i f f e r e n t ,  
however, i n  t h e  uplands surrounding A .  The graben, H, wi th i t s  obl ique  
o f f s e t s ,  and t h e  l ineaments on each s ide ,  a r e  obviously post-mare f i l l  
i n  age. 

On t h e  bas i s  of e a r t h l y  analogs, t h i s  complex t e r r a  topography 
does not  appear t o  be a  p r i s t i n e  t ec ton ic  landscape although t h e  in -  
f luence  of f r a c t u r i n g  i s  obvious. Nor, except i n  t h e  lower p a r t  of t h e  
f i g u r e  and around t h e  mountainous border of t h e  l a r g e  depression, B, 
a r e  t h e r e  c l e a r  ind ica t ions  of f luv ia l - type  v a l l e y s .  This, however, 
may be p a r t l y  due t o  t h e  small  s c a l e .  

There i s  a  f a r  g r e a t e r  concent ra t ion  of c r a t e r s  of a l l  s i z e s  and 
degrees of wear than i n  preceding t e r r a  photos. This seems t o  be t y p i c a l  
of t h e  c e n t r a l  and southern highlands.  A s  l a t e r  examples w i l l  show, 
evidence of poss ib le  f l u i d  erosion i n  these  regions i s  r e s t r i c t e d  t o  
the  r i m s  of l a r g e  c r a t e r s  o r  t o  t h e  mare borders .  The reasons f o r  t h i s  
w i l l  be explored l a t e r .  Two high-rimmed cones, I and J, unl ike  t h e  low- 
rimmed impact c r a t e r s ,  may be of volcanic  o r i g i n .  

The rocks of t h i s  a rea  have been i n t e r p r e t e d  a s  volcanic ,  both lava 
and pyroc las t i c s ,  by Milton (1968).  They a r e  assigned an Imbriurn age, 
next  t o  t h e  o l d e s t  rocks recognized on t h e  moon. The r i m  ma te r i a l s  of 
some of t h e  fresher-appearing c r a t e r s ,  such a s  Moltke, a r e  assigned a  
younger age .  

The rock ma te r i a l s  c o l l e c t e d  on t h e  Apollo F l i g h t  a t  T ranqu i l l i t y  
Base have been reported on by t h e  Lunar Sample Preliminary Examination 
Team (1969, p. 1217-1220). No evidence of erosion by sur face  water  was 
found, and no secondary hydrated minerals were found i n  t h e  rocks.  Inde- 
pendent evidence of f l u i d  e ros ion  i n  t h e  form of meandering r i l l e s ,  
however, i s  found only a t  a  few s c a t t e r e d  s i t e s  i n  t h e  luna r  maria, 
hence i t s  absence he re  does no t  negate  t h e  idea  of loca l i zed  post-mare 
f l u i d  e ros ion  elsewhere. Nor does t h e  absence of hydrated minerals  i n  
t h e  few samples c o l l e c t e d  negate  t h e  former presence of water elsewhere. 

Local i ty  VIII . North w a l l  c r a t e r  Hipparchus. 

Figure 2 8  i s  a  s t e r e o p a i r  of p a r t  of t h e  no r th  wa l l  of c r a t e r  
Hipparchus. The rocks of t h i s  por t ion  of t h e  c r a t e r  r i m  a r e  pre-Imbrian 
i n  age (Howard and Masursky, 1968), t h a t  i s ,  among t h e  o l d e s t  recognized 
l u n a r  rocks .  Note t h e  t e r r e s t r i a l - t y p e  va l l eys ,  with l o c a l l y  good i n t e -  
g r a t i o n ,  and the  embayed lower s lopes .  The topography resembles drowned 
f l u v i a l  t e r r a i n  on ea r th ,  although modified by c r a t e r s  and probably mass 
movements. 



Fig. 28.  S t e reopa i r  showing spurs  descending from nor th  wal l  of 
c r a t e r  Hipparchus. Topography resembles drowned f l u v i a l  
landscape on Earth.  C r a t e r  f l o o r  ma te r i a l  i s  more densely 
p i t t e d  than t e r r a  s lopes  although no t  by l a r g e  c r a t e r s .  
Cra te r s  possibly of i n t e r n a l  (gas  vent ? )  o r i g i n .  Arrows 
i n d i c a t e  f r a c t u r e  d i r e c t i o n s  i n  t e r r a  s lopes .  O f f s e t t i n g  
of p a r a l l e l  s t r i p s  i n  stereomodel due t o  e l e c t r o n i c  pro- 
cedures i n  t ransmission and recording of images. 



Local i ty  I X .  Cent ra l  highlands,  Northeast s i d e  Mare Nubium 

This l o c a l i t y  ( F i g .  2 9 )  i s  i n  t h e  c e n t r a l  highlands between t h e  
c r a t e r  Ptolemaeus ( P t o l . )  and Mare Nubium (M). The rugged h i l l s  con- 
s i s t  of anc ien t  ma te r i a l s ,  l a r g e l y  pre-Imbrian ( P I )  i n  age (Howard and 
Masursky, 1968). Much of t h e  smooth m a t e r i a l  which f loods  t h e  lower 
a reas ,  including t h e  f l o o r s  of Ptolemaeus and Alphonsus (Alph. ), and 
which embays t h e  h i l l s ,  i s  mapped a s  Imbrium ( I ) .  The d a r k  a rea  i n  
t h e  southwest i s  youngest of a l l ;  t h e  su r face  ma te r i a l s  of Mare Nubium. 

The prefer red  o r i e n t a t i o n  of t h e  l i n e a r  depressions i n  t h e  high- 
lands conforms t o  one of t h e  prominent f r a c t u r e  d i r e c t i o n s  i n  t h i s  p a r t  
of t h e  moon and t h e s e  f r a c t u r e s  have presumably inf luenced t h e  d i f f e r e n t i a l  
degradat ion of t h e  a r e a .  Val ley-l ike depress ions  wi th  t r i b u t a r i e s  
appear t o  be present  i n  t h e  a rea  west of A and elsewhere. 

For reasons presented e a r l i e r ,  t h e  complex network of r idges  and 
depressions i s  no t  regarded a s  a  p r i s t i n e  t e c t o n i c  landscape. An ef fec-  
t i v e  d iscr iminatory  agent  of erosion must have operated p r i o r  t o  t h e  
Imbrium f loods .  

The chain of c r a t e r s  i n  t h e  l e f t  c e n t e r  i s  c l e a r l y  f r ac tu re -con t ro l l ed .  
The p a r a l l e l  s ides  i n d i c a t e  a  graben s i m i l a r  t o  Hyginus R i l l e  ( Fig. 14) 

Local i ty  X .  R i m  of Alphonsus, c e n t r a l  highlands 

Alphonsus, j u s t  e a s t  of Mare Nubiwn and immediately south of c r a t e r  
Ptolemaeus, inc ludes  some of t h e  o l d e s t  known rocks on t h e  moon (Howard 
and Masurky, 1968). Except on t h e  south, where overlapped by t h e  l a t e r  
(Imbriun) depos i t s  of c r a t e r  Arzarchel, t h e  d e p o s i t s  a r e  pre-Imbrium i n  
age, t h a t  i s ,  o l d e r  than t h e  mare basins  themselves. The topography 
of t h e  inne r  and o u t e r  s lopes  (F ig .  3 0 ) ,  al though l o c a l l y  inf luenced 
by f r a c t u r e s ,  suggests  f l u i d  modif icat ion.  The sculp tur ing  inc ludes  
curving V-shape va l l eys ,  some angular,  some rounded. Suggestions of in -  
t eg ra t ed  dra inage  appear a t  a  number of places a s  a t  A ,  i n  t h e  a rea  
below By and a t  C .  The drainage basin below B presents  a  t r e l l i s  arrange- 
ment of t r i b u t a r y  v a l l e y s .  I n  many va l l eys  t h e  downvalley g rad ien t s  
a r e  i n t e r r u p t e d .  This i s  no t  s u r p r i s i n g  considering t h a t  l ands l ides ,  
d e b r i s  flows, and creep  must have been opera t ing  f o r  long periods of t ime.  
Impact c r a t e r s  may account f o r  o the r  i n t e r r u p t i o n s .  The numerous i n t e r -  
rupt ions  suggest t h a t  t h e  valley-forming processes a r e  no longer  
opera t ive .  I n  c o n t r a s t ,  l ands l ide  o r  o t h e r  mass movement d e b r i s  i n  
t e r r e s t r i a l  va l l eys  i s  gene ra l ly  soon removed by stream eros ion .  

Local i ty  X I .  South shore Mare Nubium 

I n  t h i s  a rea  ( F i g .  31),  p a r t  of t h e  southern p la teau  reaches t h e  
sea between rugged peninsulas .  I n  terms of e a r t h l y  analogs, t h e  g ross  
c h a r a c t e r i s t i c s  of t h e  shore l ine ,  t h a t  i s ,  t h e  many headlands, embayments, 
i s l ands ,  and drowned c r a t e r s  (A, By C ) ,  c l e a r l y  i d e n t i f y  it a s  a  shore- 
l i n e  of submergence. I f  one concent ra tes  on shore l ine  d e t a i l s ,  a s  a t  
D, E, and south of B, it becomes apparent  t h a t  many of t h e  small  embayments 



Fig. 29.  Dissected upland west of c r a t e r  Ptolemaeus ( P t o l ) .  Pa r t  of c r a t e r  
w a l l  of Alphonsus (Alph) i n  lower r i g h t .  M: r e e n t r a n t  of Mare Nubium; 
PI: pre-Imbrium rocks, among o l d e s t  on Moon; I: Imbrium depos i t s .  A s  
i n  Ukert a rea  (F ig .  26), prefer red  o r i e n t a t i o n  of r idges  and va l l eys  
conforms t o  major f r a c t u r e  d i r e c t i o n .  Cra te r  chain i n  l e f t  c e n t e r  c l e a r l y  
f r ac tu re -con t ro l l ed  and s i m i l a r  t o  Hyginus R i l l e  (F ig .  1 4 ) .  
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a r e  funnel-shaped and represent  t h e  seaward terminat ion of c o a s t a l  
va l l eys .  That t h e  submergence was due a t  l e a s t  i n  p a r t  t o  subsidence 
of t h e  sea f l o o r  r a t h e r  than  t o  a  thickening mare f i l l  i s  suggested by 
t h e  progressively g r e a t e r  submergence of c r a t e r s  on t h e  seaward s i d e .  
Collapse f e a t u r e s  i n  t h e  c o a s t a l  a rea  may support t h e  subsidence theory .  
Note t h e  s t r i n g  of f l a t - f l o o r e d ,  angular  t o  i r r e g u l a r ,  r imless  depress ions  
a  few miles  back from t h e  shore ( a s  on e i t h e r  s i d e  of F), a s  we l l  a s  
o the r s  in land .  Large f rac ture-cont ro l led  va l l eys  a r e  visible i n  t h e  
highlands,  a s  a t  G and H. Relief  i n  t h e  a rea  i s  considerable ,  a t  l e a s t  
4500 f e e t .  The sca t t e red  e l eva t ions  shown a r e  he igh t s  of prominences 
i n  meters above t h e  lowland on t h a t  s i d e  (Lunar Aeronaut ical  Chart  No.95). 
The depth of c r a t e r  Regiomontanus E (RE) i s  recorded a t  more than 2000 
f e e t .  The p la teau  sur face  a t  I, some 15  miles  inland,  i s  a t  l e a s t  
1000 f e e t  higher  than t h e  shore l ine  near  E .  Except f o r  l o c a l  a r e a s  of 
ma te r i a l s  of Imbrium age and s c a t t e r e d  c r a t e r s  of even younger age, 
t h e  ma te r i a l s  wi th in  t h e  a r e a  of Figure31 a r e  mapped a s  pre-Imbrium, 
although possibly l i g h t l y  veneered with Imbrium e j  ec t a  ( Trask and T i t l e y  , 
1966; Wolt, 1965).  

Based on ea r th ly  analogs then, t h e  coas t  i s  one of submergence 
probably due, a t  l e a s t  i n  p a r t ,  t o  subsidence of t h e  basin.  P r i o r  to ,  
and possibly during t h i s  subsidence, however, t h e  a rea  had experienced 
cons iderable  d i f f e r e n t i a l  erosion a s  indica ted  by both t h e  c o a s t a l  and 
highland va l leys  . 

Local i ty  X I I .  Southeastern Central  Highlands 

The c e n t r a l  highlands comprise, f o r  t h e  most pa r t ,  an extensive 
p la t eau  p i t t e d  by c r a t e r s  of a l l  s i z e s ,  including some more than 50 
miles  ac ross .  I n  some a reas ,  l a r g e  c r a t e r s  a r e  so densely c l u s t e r e d  t h a t  
l i t t l e  l e v e l  sur face  remains; i n  o t h e r  areas ,  a s  i n  Figure 32,  l a r g e  
c r a t e r s  a r e  widely spaced and considerable  l e v e l  t e r r a i n  remains. I n  a  
preliminary geologic map (Mutch and Saunders, 1968), t h e  g r e a t e r  p a r t  
of t h e  a rea ,  including the  l a r g e  c r a t e r s  such a s  P i t i s c u s ,  Hommel and 
Vlacq, a r e  mapped a s  pre-Imbriurn i n  age. The small  sharp c r a t e r s ,  and 
t h e  ma te r i a l  on t h e  i n s i d e  s lopes  of t h e  l a r g e  c r a t e r s ,  i s  mapped a s  
considerably younger. C r a t e r  f l o o r  mater ia l s  a r e  e i t h e r  anc ient  (Hommel) 
o r  q u i t e  young ( P i t i s c u s ) .  The p la teau  sur face  i t s e l f  i s  pre-Imbrium 
i n  age. 

Because of t h e  small s c a l e ,  it i s  impossible t o  be c e r t a i n  of t h e  
presence of f luv ia l - type  v a l l e y s .  S u p e r f i c i a l l y  s i m i l a r  f e a t u r e s  a r e  
present  on t h e  inner  s lopes  of t h e  l a r g e  c r a t e r ,  but  d e t a i l s  a r e  l ack ing .  
The o v e r a l l  view d i sp lays  no obvious evidence of f l u i d  e ros ion .  I f  f l u i d  
e ros ion  has  been absent  he re  i n  c o n t r a s t  t o  i t s  poss ib le  presence i n  
o t h e r  t e r r a  regions,  it could mean e i t h e r  t h a t  t h e  f l u i d  sources were no t  
universa l  o r  - i f  they were - t h e  na tu re  of t h e  t e r r a i n  discouraged 
su r face  erosion.  Perhaps t h e  e s s e n t i a l l y  l e v e l  but  densely p i t t e d  sur-  
face,combined with high permeabili ty,  explains  t h e  l a c k  of v a l l e y s .  



Fig. 3 2 -  Central highlands, Secondary c ra te rs  i n  v ic in i ty  of large  
c r a t e r s  a r e  l e t t e r ed :  PR - Pit iscus  R; HB - Hcvnmel B; e tc  . In t h i s  
par t  of cen t ra l  highlands considerable areas of plateau preserved between 
l a rge  c r a t e r s .  Different  degrees of wear indicate  wide range of c r a t e r  
ages. 
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Local i ty  XI11 . Southern Oceanus Procellarum 

Figure 33 i s  of an a r e a  of near ly  submerged highlands i n  t h e  
southern p a r t  of Oceanus Procellarum. The c e n t e r  of t h e  a rea  i s  about 
60 miles  west of c r a t e r  Euclides and about 100 miles west of Riphaeus 
Mountains. The ma te r i a l  of t h i s  a rea ,  and of t h e  Riphaeus Mountains, i s  
mapped a s  o lde r  than t h e  ma te r i a l s  of t h e  maria (Marshall, 1963; Eggleton, 
1965) a  conclusion amply j u s t i f i e d  by t h e  present  photo evidence. Note, 
f o r  example, t h a t  prominent f r a c t u r e s  ( s e e  arrows, Fig.  33 ) s t o p  a t  
t h e  mare border and t h a t  t h e  mare ma te r i a l  embays a l l  t h e  inden ta t ions  
of t h e  h i l l y  landscape. The topography c o n s i s t s  of a  complex a r r a y  of 
h i l l s ,  r idges ,  and v a l l e y s .  Some of t h e  v a l l e y s  (A, Fig.  33 ) have 
f  r ac tu re -con t ro l l ed  t r i b u t a r i e s ,  a l s o  embayed . Marshall (Letronne Quad., 
1963) suggests  t h a t  t h e  ma te r i a l  of t h e  h i l l y  t e r r a i n  c o n s i s t s  c h i e f l y  
of e j e c t a  from t h e  region of Mare Imbrium. Whatever i t s  o r i g i n ,  it 
was c l e a r l y  i n  place long enough t o  undergo extensive f r a c t u r i n g .  It  
i s  inconceivable t h a t  t h e  ma te r i a l  could have been dumped wi th  i t s  pre- 
s e n t  i n t r i c a t e  topographic pa t t e rn .  Nor i s  it l i k e l y  t h a t  embayed 
va l leys  ( a s  a t  A), o r  va l leys  which widen progressively toward t h e i r  
mouths ( a s  a t  B )  could have been fashioned by l ands l ides  o r  r e l a t e d  mass 
movements. The topography, except f o r  t h e  e f f e c t s  of sca t t e red  c r a t e r s ,  
i s  an exce l l en t  lunar  analog of many embayed f l u v i a l  landscapes on 
Earth ( F i g .  34 ) .  

Local i ty  XIV. Flamsteed Ring. Oceanus Procellarum 

The rocks of t h e  Flamsteed Ring a r e  mapped a s  Imbrium (Marshall ,  
1963 ) . Note i n  Figure 35 t h e  va l l ey  systems d ra in ing  nor th  from A and 
B. The well-rounded topography wi th  i t s  many f l u v i a l - l i k e  va l l eys  i s  
s i m i l a r  t o  many t e r r e s t r i a l  landscape i n  a r e a s  of f l u v i a l  e ros ion .  The 
l i n e a r ,  V-shape va l l eys  bear no resemblance t o  mass movement depressions 
on Earth and can not ,  i n  t h e  w r i t e r ' s  opinion, be explained by p resen t ly  
recognized lunar  processes .  Fluid erosion p r i o r  t o  t h e  l a t e s t  d e p o s i t s  
of t h e  mare seems ind ica ted .  

The pecu l i a r  r o l l - l i k e  t e r r a c e  a t  t h e  f o o t  of t h e  h i l l s  ( a s  a t  C, 
D, and E )  i s  650 t o  1300 f e e t  wide. Trask and Rowan (1967, p. 1531-1532) 
r epor t  such t e r r a c e s  a t  t h e  f o o t  of s t eep  s lopes  i n  o the r  places and 
the w r i t e r  has observed them i n  places along t h e  northwest border of t h e  
Aris tarchus Pla teau .  Trask and Rowan suggest t h a t  they c o n s i s t  of ma- 
t e r i a l s  t h a t  have come down from t h e  s lopes  above, a  conclusion with 
which Milton (1967) agrees .  Their  g r e a t e r  prominence a t  t he  f o o t  of 
t h e  souther ly  s lopes  may be due t o  s t eepe r  d e c l i v i t i e s  on t h a t  s i d e .  

Summary of Observations on Terra Topography and Poss ib le  Implicat ions 

The following observat ions and impl ica t ions  have been made o r  
confirmed from study of the  t e r r a  topography: 

1. The o l d e r  t h e  t e r r a  t e r r a i n ,  t h e  more worn and subdued it 
appears .  



Fig. 33.  Ragged h i l l y  upland west of Riphaeus Mountains, southern 
Oceanus Procellarum. Topography i s  s i m i l a r  t o  f luv ia l ly -d i s sec ted ,  
embayed topography on Ear th .  Arrows i n d i c a t e  f r a c t u r e  d i r e c t i o n s .  
Funnel-shaped va l l eys  wi th  t r i b u t a r i e s  a t  A ,  B, and elsewhere. 



Fig.  34.  Embayed coas t ,  Alaska. Fractur ing indica ted  by r e c t i l i n e a r  
scarps  and promontories, and by t rends  of l i n e a r  bays. Three f r a c t u r e  
d i r e c t i o n s  indica ted  by arrows i n  lower p a r t  of photo. Note s t r i k i n g  
s i m i l a r i t y  of t h i s  c o a s t  t o  t h a t  shown i n  Figure 33.  Photo by U.S. 
A i r  Force. 
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A l l  t e r r a  landscapes show c l e a r  evidence of f r a c t u r i n g  gener- 
a l l y  i n  two dominant s e t s ,  northeast-southwest and northwest- 
southeast ,  but with north-south,  east-west,  and miscellaneous 
d i r e c t i o n s  a l s o  commonly represented.  

Rela t ive ly  prominent f a u l t  topography, wi th  r e c t i l i n e a r  scarps  
and p lanar  sur faces ,  i s  common i n  t h e  t e r r a i n  bordering t h e  
more r ecen t  mare basins  such a s  Imbrium, Humorurn, and O r i e n t a l e .  
The depos i t s  believed t o  have been e j ec t ed  from these  basins  
a r e  grouped a s  t h e  Imbriurn S e r i e s  on t h e  preliminary geologic  
map of t h e  moon (Wilhelms, Trask and Keith, 1962).  

Angular f a u l t  topography i s  r a r e  i n  the  o lder ,  pre-Imbrian 
depos i t s  assoc ia ted  wi th  most of t h e  mare bas ins .  

The t e r r a  landscapes, p a r t i c u l a r l y  t h e  o lder ,  appear t o  have 
been d i f f e r e n t i a l l y  eroded. Hummocky p la teaus  dominated by 
higher  massifs  suggest d i f f e r e n t i a l  degradat ion.  

Fractures  have inf luenced t h e  e ros ive  processes r e s u l t i n g  i n  
r e c t i l i n e a r  p a r a l l e l  v a l l e y s .  

P a r a l l e l  va l l eys  have l o c a l l y  become in t eg ra t ed  t o  provide a 
drainage p a t t e r n  reminiscent of t h e  p a r a l l e l  drainage p a t t e r n  
on Earth.  Fluid erosion seems probable. 

Submergence of t e r r a  t e r r a i n  by mare depos i t s  has r e s u l t e d  i n  
analogs of ea r th ly  embayed shore l ines  with bays, promontories, 
and i s l a n d s .  

The pre-Imbrium mare basins  have subsided with downward f l ex ing  
of t h e  marginal reg ions .  This i s  indica ted  by p a r t i a l l y  sub- 
merged c o a s t a l  c r a t e r s  and by almost completely submerged o f f -  
shore c r a t e r s .  

Widespread pre-Imbrium f l u i d  erosion,  i f  such occurred, ceased 
some time p r i o r  t o  t h e  l a t e s t  mare depos i t s  which show l i t t l e  
evidence of erosion.  

Widespread f l u v i a l  erosion a t  an e a r l y  d a t e  i n  lunar  h i s t o r y  
would imply t h a t  sediments der ived from t h i s  erosion should 
underly a t  l e a s t  t h e  l a t e s t  ma te r i a l s  of t h e  mare bas ins .  That 
t h e  l a t t e r  a r e  not  themselves p a r t  of t h e  sedimentary record 
i s  suggested by t h e  absence of fans  a t  t h e  mouths of t e r r a  
va l l eys  and t h e  almost t o t a l  absence of stream channels on t h e  
mare su r faces .  I n  c o n t r a s t ,  t h e r e  a r e  loba te  forms analogous 
t o  e a r t h l y  lava flows, and t h e  samples c o l l e c t e d  by t h e  Apollo 
11 crew were volcanic,  no t  sedimentary. 

I f  widespread f l u i d  e ros ion  d i d  i n  f a c t  t ake  place e a r l y  i n  
lunar  h i s t o r y ,  an ea r ly  luna r  atmosphere may be ind ica ted .  I n  
view of t h e  low escape ve loc i ty  on t h e  moon, t h i s  would r e q u i r e  
t h a t  t h e  atmosphere be replenished from i n t e r n a l  sources a t  a 
r a t e  equal t o  o r  exceeding t h e  l o s s  t o  space. Conditions 
would of course d i f f e r  on t h e  hot  and cold s ides  of t h e  moon. 



I n  b r i e f ,  from t h e  geomorphic poin t  of view, t h e  pre-Imbriwn topo- 
graphy of t h e  moon suggests t h e  p o s s i b i l i t y  of widespread f l u i d  e ros ion  
e a r l y  i n  l u n a r  h i s t o r y .  Necessary c o r o l l a r i e s  would be 1 )  t h e  presence 
of an e a r l y  atmosphere, and 2 )  t h e  occurrence, a t  some depth i n  t h e  
mare bas ins ,  of sediments der ived from t h i s  e ros ion .  It  i s  i n t e r e s t i n g  
t o  no te  t h a t  Urey (1967) has suggested t h e  p o s s i b i l i t y  of r ecu r ren t  
atmospheres r e s u l t i n g  from comet c o l l i s i o n s .  

CONCLUSIONS 

Localized post-mare f l u i d  e ros ion  i s  in fe r red  pr imari ly  from t h e  
c h a r a c t e r i s t i c s  of a  number of sinuous r i l l e s  although f l u v i a l - t y p e  
va l leys  a r e  present  on t h e  s lopes  of some of t h e  l a r g e r  post-mare c r a t e r s .  
Some segments of sinuous r i l l e s  not  only d isp lay  a  s inuos i ty  comparable 
t o  t h a t  of e a r t h l y  meandering streams, but t h e  meander b e l t  maintains  
uniform width f o r  long d i s t ances ,  a  small percentage of t h e  meanders a r e  
in te r locked,  t h a t  i s ,  t h e  limbs a r e  pinched a t  t h e  neck,and - i n  a t  l e a s t  
a  few places - a  cu tof f  appears t o  have been imminent. Curves a r e  gen- 
e r a l l y  smoothly rounded and t h e  g rad ien t  seems t o  be uniformly down- 
s lope  i n  t h e  meandering r i l l e s  except where subsequently in t e r rup ted  by 
c r a t e r s  o r  s lope  d e b r i s .  These c h a r a c t e r i s t i c s  do no t  accord with a  
simple t ens iona l  f r a c t u r e  hypothesis f o r  these  r i l l e s .  A f l u i d  agent  
seems required,  although i n  some r i l l e s  t h e  f l u i d  may merely have modi- 
f  ied o r i g i n a l  ragged f r a c t u r e s  . 

A v a r i e t y  of explanations f o r  t h e  sinuous r i l l e s  have been proposed. 
These inc lude  co l l apse  over lava tunnels  o r  subterranean stream courses ,  
and eros ion  by lava ,  nubes a rdentes ,  f l u i d i z e d  debr i s ,  o r  water .  The 
uniform widths and gradients ,  and meandering h a b i t s  of many r i l l e s  do 
not  accord wi th  a  co l l apse  o r i g i n .  Lava and nubes a rdentes  a r e  not  
normally eroding agents  nor  do they follow t i g h t l y  meandering courses .  
Experiments with f l u i d i z e d  d e b r i s  have not  produced r i l l e s  of uniform 
width and g rad ien t ,  o r  with meandering pa t t e rns .  A highly mobile, 
ground-hugging, e ros ive  f l u i d  seems required and water  seems t o  be t h e  

m s t  l o g i c a l  medium. 

Water trapped below a  l a y e r  of permafrost has been suggested a s  
a  poss ib le  source of f l u i d  f o r  r i l l e  e ros ion .  It has been proposed t h a t  
t h e  water i s  l i b e r a t e d  during c r e a t i o n  of impact c r a t e r s  a  ki lometer  o r  
more i n  diameter .  Inasmuch, however, a s  many r i l l e s  do no t  have c r a t e r s  
a t  t h e i r  heads, emissions through f r a c t u r e s  o r  by way of endogenetic 
eruptions may be reasonable a l t e r n a t i v e s  . Volcanic e rupt ions ,  with o r  

wi thou t  permafrost, may expla in  t h e  t e r r e s t r i a l - t y p e  va l l eys  on t h e  
inne r  s lopes  of some l a r g e  post-mare c r a t e r s .  

The problem of the  r e t e n t i o n  of sur face  water  i n  t h e  near  vacuum 
of t h e  Moon has been discussed by seve ra l  i n v e s t i g a t o r s .  One proposal 
i s  t h a t  newly-emerged water immediately f r eezes  over and i s  a b l e  t o  ex- 
tend  i t s e l f  by v i r t u e  of the  p ro tec t ion  aga ins t  evaporation of fered  by 
t h e  i c e  cover .  T e r r e s t r i a l  ice-covered streams, however, do no t  meander. 
Nor has t h e  proposed mechanism been supported by vacuum chamber experi-  
ments i n  which extruded water boi led explosively and deposi ted a  f ro thy  
mass of i c e  over t h e  ground. The i c e  evaporated r ap id ly  and no stream 
channels were formed. The experiments, however, were conducted a t  



cons tan t  temperature.  It seems l i k e l y  t h a t  f ro thy  i c e  masses, formed 
during t h e  luna r  night,would undergo more rapid melt ing than subl imation 
a s  t h e  te rminator  moved across  i t .  Under these  circumstances, meltwater 
streams could develop under t h e  f ro thy  i c e  cover much a s  streams develop 
under t e r r e s t r i a l  snow patches.  Because such a  f ro thy  i c e  cover would 
l a s t  only a  s h o r t  time, perhaps only a  day o r  two before t h e  su r face  
temperature became extreme, t h e  meltwater streams would be ephemeral. 
The condi t ions  might be dupl icated,  however, whenever a  s i m i l a r l y  s u i t -  
a b l e  combination of circumstances a rose .  Such a c t i v i t y ,  although i n t e r -  
mi t t en t ,  might - over long periods of time - r e s u l t  i n  t h e  e ros ion  of 
some sinuous r i l l e s .  The development of long sinuous r i l l e s ,  however, 
would probably r e q u i r e  mul t ip l e  sources of water along t h e  r i l l e s  t o  
compensate f o r  l o s s  by evaporation during flow. Perhaps t h e  long sinuous 
r i l l e s  s t a r t e d  a s  ragged f r a c t u r e s .  

Pre-mare f l u i d  erosion i s  suggested no t  only by d i f f e r e n t i a l  deg- 
rada t ion  of broad t e r r a  regions on a  s c a l e  unaccountable by qene ra l ly  
recognized luna r  processes, but by t e r r e s t r i a l - t y p e  va l l eys  around t h e  
shores of t h e  o l d e r  maria and on t h e  inner  wal l s  and f lanks  of t h e  
l a r g e r  of t h e  pre-mare c r a t e r s .  Many of t h e  t e r r e s t r i a l - t y p e  va l l eys  
a r e  V-shaped, wi th  t r i b u t a r i e s  t h a t  appear t o  e n t e r  a t  accordant junc t ions ,  
and l o c a l l y  d i sp lay  in t eg ra t ed  drainage p a t t e r n s .  

The widespread d i s t r i b u t i o n  of evidence f o r  pre-mare f l u i d  e ros ion  
supports t h e  presence of an ea r ly  l u n a r  atmosphere. The products of 
the  widespread eros ion  may l i e  buried under t h e  depos i t s  of t h e  maria .  
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