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P e t r o l o g i c  processes on t h e  Moon a r e  n o t  n e c e s s a r i l y  t h e  same as those on 
Ear th .  We suggest  t h a t  t o t a l  and p a r t i a l  m e l t i n g  d u r i n g  impact  events,  a  
process i n s i g n i f i c a n t  on Ear th ,  i s  i m p o r t a n t  i n  t h e  pet rogenes is  o f  t h e  l u n a r  
high1 ands. The f o l  l o w i n g  c o n s i d e r a t i o n s  d r i v e  us t o  t h a t  concl  us ion.  

1. Why a r e  about  85% o f  t h e  non-mare rocks  p o l y m i c t  b r e c c i a s ?  
2. Why do t h e  b u l k  rocks  a t  each l a n d i n g  s i t e  d i s p l a y  a  wide range o f  

composi t ions whereas t h e  s o i l s  show a nar rower  range (Tab le  I ) ?  
3. Why do a1 1  b r e c c i a s  have a  s i g n i f i c a n t  m e t e o r i t e  component (1  ) ?  
4. Why do about  ha1 f t h e  non-mare b r e c c i  as have me1 t - d e r i v e d  m a t r i c e s  

( 2 ) ?  
5. How can a  " p r i m i t i v e "  ( o l d )  r o c k  s u r v i v e  m u l t i p l e  impacts? 

The answers t o  these ques t ions  have i m p o r t a n t  p e t r o l o g i c  i m p l i c a t i o n s .  
1, Most non-mare rocks  a r e  impact-produced b r e c c i a s  t h a t  have undergone 

mu1 t i p l e  impact  events ,  ev idenced by common b r e c c i  a - i n -b recc ia  t e x t u r e .  The 
compos i t iona l  range o f  t h e  l i t h i c  and m ine ra l  c l a s t s  i s  a  measure o f  t h e  
amount o f  m i x i n g  t h a t  each r o c k  has undergone. 

2. Assuming t h a t  rocks  r e p r e s e n t  l o c a l  bedrock, and t h a t ,  t o  a  f i r s t  
approximat ion,  s o i  1  s  a r e  d e r i  ved by c rush ing  o f  bedrock d u r i n g  impact  events,  
t he  r e s t r i c t e d  range o f  s o i l  compos i t ions  a t  each s i t e  r e f l e c t s  t h e  m i x i n g  
e f f i c i e n c y  o f  impact  processes. 

3. Meteor i  t e  components a r e  a d d i t i o n a l  ev idence t h a t  a1 1  b r e c c i  as have 
been mixed w i t h  t h e  reg01 i t h  ( t h i s  r e l i e s  on assumed base l e v e l  abundances 
( 1 ) ) .  . , ,  

4. Apparen t l y  p o r t i o n s  o f  e j e c t a  and fa1  1  -back b l a n k e t s  reached me1 t i n g  
temperatures, and t h e  1  arge f r a c t i o n  o f  non-mare b r e c c i  as i nvo l ved ,  suggest 
t h a t  m e l t i n g  processes on t h e  l u n a r  s u r f a c e  a r e  p o t e n t i a l l y  impor tant .  T o t a l  
m e l t i n g  w i l l  have t h e  e f f e c t  o f  m ix ing ,  b u t  p a r t i a l  m e l t i n g  may produce 
d i f f e r e n t i a t i o n .  F r a c t i o n a l  c r y s t a l  1  i z a t i o n  would a l s o  produce d i f f e r e n t i a -  
t i o n ,  b u t  r a p i d  c o o l i n g  and h i g h  c l a s t  contents  make t h i s  process u n l i k e l y .  

5. A r o c k  w i t h  h i g h  me1 t i n g  temperature has t h e  b e s t  p r o b a b i l i t y  t o  
su rv i ve .  The few i d e n t i f i e d  " p r i m i t i v e "  rocks  a r e  h i g h  me1 ti ng-temperature 
cumul ates.  

T h i s  evidence o f  m i x i n g  and me1 t i n g  l e a d s t o  t h e  expected conc lus ion  t h a t  
non-mare rocks  have recorded t h e  i n t e n s e  impact  h i s t o r y  t h a t  i s  e v i d e n t  f rom 
photogeology. A s t r a i g h t f o r w a r d  p r e d i c t i o n  f rom these concepts i s  t h a t  a l l  
b recc ias  w i t h i n  a  " r e g i o n  o f  m i x i n g "  shou ld  be o f  a lmost  cons tan t  composi t ion.  
The " r e g i o n  o f  m i x i n g "  i s  d e f i n e d  by t h e  s a t u r a t i o n - c r a t e r  s i z e  i n  t h e  h igh-  
lands:  a t  l e a s t  50 km i n  d iameter,  y i e l d i n g  a  r e g i o n  o f  7500 km2 t h a t  i s  up t o  
10 km deep. However, i n  t h e  area o f  one l a n d i n g  s i t e  wh ich  i s  two o rde rs  o f  
magnitude s m a l l e r  than t h e  " r e g i o n  o f  mixing," t h e  rocks  do n o t  have a  con- 
s t a n t  composi t ion,  i n d i c a t i n g  t h a t  t h e  above p r e d i c t i o n  i s  wrong. 

Th is  apparent  paradox may be r e s o l v e d  i f  t h e  d i v e r s i t y  o f  h igh land  brec-  
c i a  composi t ions may somehow be a s c r i b e d  t o  t h e  same impacts t h a t  t end  t o  
homogenize composi t ions.  Impact p a r t i  a1 me1 t i n g  , accompanied by separa t i on  o f  
me1 t and res idue,  i s  such a  process. The f o l l o w i n g  p o i n t s  t e s t  t h e  geochem- 
i c a l  da ta  i n  t h e  c o n t e x t  o f  impact  p a r t i a l  m e l t i n g .  S o i l s  a r e  used as an 
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example o f  b u l k  compos i t ion  o f  p a r e n t a l  m a t e r i a l  w i t h i n  e j e c t a  and f a l l - b a c k  
b l  an ke ts .  

6. Why do impact  me1 t s  a t  each l a n d i n g  s i t e  show a d e f i n i t e  p a t t e r n  i n  
compos i t ion  f rom KREEP through VHA b a s a l t  t o  H igh land b a s a l t  ( 2 ) ,  even though 
t h e  "average" ( s o i l )  compos i t i on  a t  each s i t e  i s  d i f f e r e n t ?  

7. Why do a1 1  non-mare b r e c c i a s  ( i n c l u d i n g  impact  me1 t s )  have t h e  same 
s lope  t o  t h e i r  REE d i s t r i b u t i o n s  ( 3 ) ,  and an i n v e r s e  c o r r e l a t i o n  between 
A1203 and many t r a c e  element (e.g., Sm) con ten ts  (Tab le  I ) ?  

8. Why do most c r y s t a l l i z a t i o n  ages o f  h i g h l a n d  rocks  f a l l  between 3.85 
and 4.05 AE, w i t h  a  few as o l d  as 4.25 AE (4,5,6)? 

9. Why can t h e  whole r o c k  Rb-Sr d a t a  be approximated by a 4.6 AE, ISr= 
0.6990 1  i n e  f o r  l ow  Rb samples, and a  4.26 AE, ISr=0.69925 l i n e  f o r  
moderate and h i g h  Rb samples (4,6,7)? 

These ques t ions  may be answered w i t h  q u i t e  reasonable assumptions t h a t  
suggest t h e  n a t u r e  o f  t h e  p a r t i a l  m e l t i n g .  

6. Phase e q u i l i b r i u m  r e l a t i o n s  ( 8 )  show t h a t  i t  i s  p o s s i b l e  t o  generate:  
KREEP by smal l  (10-35%) amounts o f  p a r t i a l  me1 t i n g  o f  a lmost  any h i g h l a n d  
s o i l ;  VHA b a s a l t  by  l a r g e  (ca. 60%) amounts of p a r t i a l  m e l t i n g  o f  a f e l d -  
s p a t h i c  (Apol l o  16 t y p e )  h i g h l a n d  s o i  1  , o r  by  smal l  (<20%) amounts o f  p a r t i a l  
me1 t i n g  o f  a  f e l d s p a t h i c  s p i n e l  t r o c t o l  i t e  (phase e q u i l i b r i a  cannot d i s t i n -  
gu i sh  between these two sources f o r  VHA b a s a l t ) ;  and High land b a s a l t  ( o r  
h i g h e r  A1 203 compos i t ions  such as 684151416) by n e a r l y  t o t a l  me1 t i n g  o f  f e l d -  
s p a t h i c  (Apol l o  16 t y p e )  h i g h l a n d  s o i l s .  

7. The REE d a t a  f o r  h i g h l a n d  and mare samples cons idered t o g e t h e r  demand 
t h a t  KREEP and VHA b a s a l t  a r e  p a r t i a l  me1 t s  (3). S ince t h e  REE, d e r i v e d  
m a i n l y  f rom accessory phases, a r e  en r i ched  i n  t h e  f i r s t  e x t r a c t s  o f  p a r t i a l  
me1 t s ,  t hey  w i l l  be i n v e r s e l y  c o r r e l a t e d  w i t h  t h e  amount o f  p a r t i a l  me1 t i n g ,  
and phase e q u i l i b r i a  r e l a t i o n s  show t h a t  A1203 f rom f e l d s p a r  g r a i n s  i s  
d i r e c t l y  c o r r e l a t e d  w i t h  t h e  amount o f  p a r t i a l  me1 t i n g .  Hence t h e  REE s lope  
and c o r r e l a t i o n  o f  KREEP and VHA may be generated by  p a r t i a l  m e l t i n g  o f  
l o c a l  s o i l .  

Since a  s i g n i f i c a n t  m e t e o r i t e  component has been found i n  a1 1  analyzed 
non-mare me1 t rocks  (1  ),  and most c o n t a i n  shocked c l a s t s ,  none o f  them i s  a  
pure  p a r t i a l  m e l t  f rom t h e  l u n a r  i n t e r i o r .  There a r e  t h r e e  p o s s i b l e  schemes 
t o  account  f o r  t h e  data :  ( i )  a  p a r t i a l  m e l t  f rom t h e  l u n a r  i n t e r i o r  t h a t  has 
been contaminated w i t h  r e g o l i t h  on i t s  way t o  t h e  sur face,  ( i i )  a  t o t a l  impact  
me1 t o f  a  m i x t u r e  o f  v o l c a n i c  r o c k  p l  us reg01 i t h ,  and ( i  i i ) a  p a r t i a l  t o  t o t a l  
impact  me1 t o f  r e g o l i t h  o r  bedrock p l u s  r e g o l i t h .  For schemes ( i )  and ( i i ) ,  
i f  t h e  v o l c a n i c  rocks  were young (3.9-4.1 AE) , we would expect  t o  f i n d  f r a g -  
ments w i t h  p r imary  t e x t u r e s  (which we d o n ' t ) ,  and, i f  t h e  v o l c a n i c  rocks  were 
o l d ,  t hey  would have been o b l i t e r a t e d  i n  t h e  m i x i n g  o f  subsequent impacts.  
A l though scheme ( i i i )  r e q u i r e s  p h y s i c a l  separa t i on  o f  a  p a r t i a l  m e l t  w i t h i n  
an e j e c t a  o r  f a l l - b a c k  b lanke t ,  t h e  separa t i on  d i s t a n c e  need be o n l y  i n  t h e  
o r d e r  o f  meters ( t h e  s i z e  o f  t h e  l a r g e s t  known masses o f  KREEP and VHA b a s a l t 1  
a n d  t e r r e s  tri a1 impac t  me1 t s  do separate? 

8. The s p e c t r a  o f  - c r y s t a l  1  i z a t i o n  ages and t h e  1  ack o f  01 de r  dates have 
been used as ev idence o f  a  l una r -w ide  catac lysm a t  about  3.9 A€ (6) .  The data  
a re  a1 so c o n s i s t e n t  w i t h  a  continuum o f  s m a l l e r  impact  events o f  s u f f i c i e n t  
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i n t e n s i t y  and frequency t o  r e s e t  t h e  r a d i o m e t r i c  c locks w i t h  a h a l f - l i f e  of 
about 100 m i l l i o n  years.  Th is  i m p l i e s  t h a t  few h igh land  rocks  w i l l  age i n  
e j e c t a  f o r  more than 200 m i l l i o n  years be fo re  being remelted, The impacts 
capable o f  r e s e t t i n g  ages and r e m e l t i n g  m a t e r i a l s  seem t o  have stopped by 
3.85 AE. 

9. These r e l a t i o n s  do n o t  suggest a unique geo log ic  process, Consider 
Rb-Sr e v o l u t i o n  by p a r t i a l  impact me1 t i n g  s t a r t i n g  a t  4.6 A €  w i t h  an average 
high1 and composi t ion (e7Rb/87Sr=0, 05, Isr=0.6990) ; a t  100 m i l  1 i o n  year  i n t e r -  
va ls  f rom 4.6 t o  3.9 AE i t e r a t e  t h e  system by aging,mixing, and p a r t i a l  me1 t- 
i n g ;  from 3.9 AE t o  t h e  present  t h e  system i s  o n l y  aged. Th is  model adequate- 
l y  matches t h e  data. 

The f o l l o w i n g  model (F ig .  1)  accounts f o r  t h e  observed r e l a t i o n s .  E a r l y  
i n  the  Moon's h i s t o r y  in tense  c r a t e r i n g  cont inuous ly  crushed and mixed most 
m a t e r i a l  on t h e  1 unar su r face  t o  a depth o f  a t  l e a s t  10 k i l omete rs  w h i l e  
s imul taneously genera t ing  impact me l t s  I n  e j e c t a  and f a l l - b a c k  b lankets .  
These events cont inued from t h e  format ion o f  t h e  moon t o  3.85 AE, w i t h  a 
thermal c y c l e  o f  100 t o  200 m i l l i o n  years. The observed d i v e r s i t y  o f  h igh-  
l and rock composit ions (exc lud ing  t h e  " p r i m i t i v e "  cumulates) i s  l a r g e l y  due t o  
p a r t i  a1 me1 t i n g  o f  su r face  m a t e r i a l s  d u r i n g  impact events. 

Residue from t h i s  p a r t i  a1 me1 t i n g  process must meet we1 1 -def ined chemical 
c r i t e r i a :  ( i )  A12O3 and CaO h i g h e r  than t h e  paren t  ( l o c a l  s o i l ) ,  ( i i )  MgO 
g r e a t e r  than FeO, ( i i i )  T i 0 2 ,  K20, and REE lower  than t h e  parent.  Uncer ta in ty  
about the res idue t e x t u r e  o f  an impact p a r t i a l  m e l t  a l l ows  severa l  a1 te rna-  
t i v e s :  61016 i s  a h igh  ''Sr c a f a c l a s t i c  anor thos i te ;  67955 i s  a l i g h t  m a t r i x  
brecc ia ;  61 295 i s  a g lassy  t o  me1 t e d  m a t r i x  brecc ia ;  and 68815 i s  a devi  tri- 
f i e d  glass.  We f a v o r  c a t a c l a s t i c  anor thos i tes  as t h e  res idue  s ince  they  are  
the wh i te  m a t e r i a l  i n  t h e  m i g m a t i t i c  b l a c k  and wh i te  rocks (2) .  Other workers 
have suggested t h a t  the re  are two s e r i e s  o f  anor thos i tes  (9) .  Perhaps one o f  
these i s  de r i ved  f rom t h e  moon's o r i g i n a l  c r u s t  and t h e  o t h e r  from t h e  res idue  
o f  impact p a r t i a l  mel t ing.  
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T a L f  1. RIL'IGE OF COllPOSlTlONS - APOLLO 16 
METAMORPHOSED Rocks So11s KRrEP YHA 

BRECCIAS 
A1~01(2)  16.4-35.2 24.2-28.2 16.4-19.5 22.4-24.4 

FeO (1) .7-10.5 4.0-6.0 8.6-10.5 5.3-7.8 ' 

K1O (1 )  -03-.39 .07-.13 .34-.39 .14-.28 
Srn (ppa) .M-27.1 3.1-7.0 20.0-27.1 4.5-10.0 

Data from (3) and Curator 's Data Base 

FIGURE 1 
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