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Chemical data  f o r  non-mare and h i g h l a n d  rocks e x h i b i t  a  h i g h  degree o f  
i n t e r n a l  s t r u c t u r e ,  i .e. , c o n s i s t e n t  groupings a re  observed f o r  major  e l e -  
ments and l i t h o p h i l e  t r a c e  elements. These c o n s i s t e n t  groupings suggest  t h a t  
homogenizing impact  processes have n o t  o b l i t e r a t e d  a l l  t races  o f  the  chemical 
d i f f e r e n t i a t i o n  processes i n v o l v e d  i n  l u n a r  pet rogenes is  . These groups 
commonly have 1  arge and o f t e n  para1 l e l  i n t e r n a l  chemical v a r i a t i o n s  , suggest- 
i n g  t h a t  o r i g i n a l  chemical composi t i o n s  and i n t e r n a l  v a r i a t i o n s  have been 
b a s i c a l l y  preserved except  f o r  i n c o r p o r a t i o n  o f  a  few percen t  o f  x e n o l i t h i c  
ma te r i  a1 and an o v e r l a y  o f  metamorphic e f f e c t s .  

A p l o t  o f  MgO vs A1203 ( F i g  1)  i l l u s t r a t e s  the major  chemical groups, 
the major  i n t e r n a l  v a r i a t i o n s ,  and t h e  major  immediate causes o f  the i n t e r n a l  
v a r i a t i o n s .  Each o f  these groups i s  c h a r a c t e r i z e d  by t y p i c a l  l i t h o p h i l e  and 
minor e lement abundances. F i g  2  shows REE, Ba, and U data f o r  t h r e e  o f  the 
groups shown i n  F i g  1. Data f o r  the o t h e r  groups have been presented i n  
e a r l i e r  p u b l i c a t i o n s  ( 3 ) .  A lso shown i n  F igu re  1  are some examples o f  pos- 
s i  b l e  o l i v i n e ,  or thopyroxene and s p i n e l  c o n t r o l  l i n e s ,  the p l a g i o c l a s e  c o n t r o l  
l i n e  f o r  14310 t y p e  KREEP, and a  p o s t u l a t e d  p l a g i o c l a s e  c o n t r o l  l i n e  f o r  the 
more aluminous VHA b a s a l t s .  The dominant v a r i a n t  i n  t h e  proposed low-K 
anor thos i  t i c  s e r i e s  (LKAS) i s  p l a g i o c l a s e .  A  two component m ix ing  l i n e  f o r  
61016 i s  a l s o  shown. Some samples f a l l  o u t s i d e  t h e i r  seemingly proper  groups 
i n  F igure  1. For  example, 72275 d i f f e r s  most obv ious ly  f rom Apo l lo  17 KREEP 
by a  much h i g h e r  Fe con ten t  ( 1 ) .  Sample 61016,143 f a l l s  t o  the  l e f t  o f  the 
VHA group and has a  REE p a t t e r n  t h a t  i s  d i f f e r e n t  i n  d e t a i l  f rom VHA samples. 
Also, samples 67075,53 and 15418 have f l a t  p a t t e r n s  f o r  t r i v a l e n t  REE t h a t  
d i s t i n g u i s h  them f rom members o f  t h e  LKAS. 

Because o f  u b i q u i t o u s  b r e c c i  a t i  on and metamorphic fea tu res ,  one must 
cons ider  two p o s s i b l e  hypotheses t o  account f o r  the observed composi t ional  
groupings and t h e i r  i n t e r n a l  v a r i a t i o n ;  1  ) c r y s t a l - l i q u i d  f r a c t i o n a t i o n  o f  
d i s c r e t e  magma types p r i o r  t o  b r e c c i a t i o n  and metamorphism and 2 )  m ix ing  i n  
con junc t ion  wi t h  b r e c c i  a t i o n  and metamorphism, and perhaps a l so  impact  
generated p a r t i  a1 f u s i o n .  Simple c r y s t a l - l i q u i  d  f r a c t i o n a t i o n  w i  11 produce 
i n t e r n a l  v a r i a t i o n s  c o n s i s t e n t  w i t h  m ine ra l  c o n t r o l  l i n e s .  Mix ing,  i f  
ex tens i  ve, wi 11 t e n d  t o  e r a d i  ca te  i n h e r e n t  chemi ca l  v a r i a t i o n s  . Local  m i  x i  ng 
may produce a  new chemical group w i t h  i n t e r n a l  v a r i a t i o n s  caused by m i x i n g  
two o r  more l o c a l  rock  types t o  va ry ing  degrees. Local  m ix ing  i s  de tec tab le  
i f  t h e  end members have chemical composi t ions which are imposs ib le  o r  d i f -  
f i c u l  t t o  r e l a t e  by c r y s t a l - l i q u i d  f r a c t i o n a t i o n ,  f o r  example the  61016 mix-  
i ng s e r i e s .  

Return ing t o  F igu re  1, t h e  A p o l l o  12 and 15 mare basal  t s  have been i n -  
c luded t o  demonstrate t h a t  t h e  o l i v i n e  c o n t r o l l e d  f r a c t i o n a t i o n  t rends f o r  
these rocks (2 ) ,  c l o s e l y  p a r a l l e l  t he  major  i n t e r n a l  chemical v a r i a t i o n s  o f  
th ree  o t h e r  groups -- A p o l l o  14 common KREEP, Apol l o  16/Apol lo  17 KREEP, VHA 
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Fig.  1. A1 03-Mg0 r e l a t i o n s h i p s  f o r  a  wide range o f  chemical groups found among l u n a r  rocks.  Apo l lo  17 
data p l o t t e i  as open c i r c l e s ,  p rev ious  missions as c losed c i r c l e s .  Also shown are several  m inera l  c o n t r o l  
l i n e s  ( l a r g e  arrows),  p l a g i o c l a s e  c o n t r o l  l i n e s  f o r  14310 type  samples and VHA basa l t s  (dashed l i n e s )  and a  
m ix ing  l i n e  f o r  61016 ( s o l i d  l i n e ) .  F i e l d  f o r  ( s p i n e l )  t r o c t o l i t e s  f rom P r i n z  e t  a l .  (8). 

F i g .  2. REE, Ba and U da ta  f o r  the  newest groups shown i n  Fig.  1. 

'40-I" " I  I I 

L K A S SERIES 
20 - PLUS 15418 AND 67075,53 

- 
I F i g .  2a . I F i g .  2 b  

0 Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



NON-MARE Ar4D HIGHLAND ROCK TYPES 

Hubbard, N.J. e t  a l .  

b a s a l t s ,  and p o s s i b l y  a l s o  s p i n e l  t r o c t o l i t e .  T h i s  p o i n t  i s  s t rengthened by 
t h e  o l i v i n e  c o n t r o l  l i n e s  which a l s o  p a r a l l e l  these groups. Orthopyroxene, 
s p i n e l  and p l a g i o c l a s e  c o n t r o l  p l a y s  a  subord ina te  r o l e  i n  t h e  i n t e r n a l  v a r i a -  
t i o n  of these groups. C r y s t a l - l i q u i d  f r a c t i o n a t i o n  i s  obvious f o r  t h e  mare 
b a s a l t s  (2)  and s t r o n g l y  suggested by F i g u r e  1  f o r  t he  o t h e r  chemical groups. 
One c o u l d  mix  t h e  VHA basal  t s ,  A p o l l o  16 / A p o l l o  17 KREEP, and common A p o l l o  
14 KREEP w i t h  dun i  t e  i n  o r d e r  t o  produce t h e  observed v a r i a t i o n  a long  t h e  01 i - 
v i n e  c o n t r o l  1  i n e s .  However, such a  scheme a l s o  demands t h e  p r i o r  e x i s t e n c e  
o f  these independent chemical groups.  Ex tens ive  i n t e r g r o u p  m i x i n g  i s  n o t  sup- 
p o r t e d  by t h e  d a t a  i n  F i g u r e  1. However, 14310 t ype  KREEP may be a  shock 
me1 t e d  m i x t u r e  o f  common Apol l o  14 KREEP and "anor thos i  t e "  . A1 t e r n a t i v e l y  i t  
may be a  p l a g i o c l  ase r i c h  member o f  t h e  Apol l o  16/Apol l o  17 KREEP group. VHA 
b a s a l t s  appear t o  owe t h e i r  major  i n t e r n a l  chemical v a r i a t i o n  t o  o l i v i n e  
r a t h e r  than t o  p l a g i o c l a s e ,  as suggested e a r l  i e r  ( 3 ) .  However 63335 an? 60335 
may rep resen t  VHA samples en r i ched  i n  cumulate p l a g i o c l a s e .  

The LKAS may r e p r e s e n t  t h e  most widespread l u n a r  c r u s t a l  m a t e r i a l  and i s  
perhaps t h e  most a n c i e n t  chemical compos i t ion  w i d e l y  a c c e s s i b l e  on t h e  1  unar  
sur face.  The samples r e t u r n e d  by A p o l l o  16 and 17 and the  o r b i t a l  XRF data  
(4,5) f rom A p o l l o  15 and 16 demonstrate t h a t  t h e  dominant h igh land  r o c k  types 
have more than 24% A1 203, perhaps rocks  1  i ke 77017, 781 55, 76230, 67955, and 
66095,37 a r e  t y p i c a l .  Other da ta  ( 6 )  a r e  suggest ive  o f  an ex tens i ve  r e g o l i t h  
developed on m a t e r i a l  o f  approx imate ly  t h e  average compos i t ion  o f  these rocks .  
I f  t h e  LKAS i s  a  t r u e  r e g i o n a l  r o c k  s e r i e s  t h a t  owes i t s  major  i n t e r n a l  chem- 
i c a l  v a r i a t i o n s  t o  t h e  e x i s t e n c e  o f  a  p l a g i o c l a s e - 1  i q u i d  system and i f  t h e  
samples 61016,79 p l a g i o c l a s e  and 1541 5 a r e  r e p r e s e n t a t i v e  o f  t h e  p l a g i o c l a s e  
and, f u r t h e r ,  samples 1  i ke 7701 7  a r e  r e p r e s e n t a t i v e  o f  t h e  equi  1  i b r i  um 1  i q u i  d  , 
then one can use t h e  low Sr 37/36 r a t i o s  o f  61016,79 and 15415 ( 7 )  as a  b a s i s  
f o r  suggest ing  t h a t  t h i s  i s  t h e  o l d e s t  chemical group shown i n  F igu re  1 .  If 
the  LKAS i s  v a l i d  and once was an e q u i l i b r i u m  c r u s t a l - l i q u i d  system, then t h e  
t o t a l  system must have had l e s s  REE, e t c .  and a  somewhat l a r g e r  p o s i t i v e  Eu 
anomaly than samples l i k e  77017. T h i s  p o s i t i v e  Eu anomaly i s  evidence t h a t  
these rocks  d i d  n o t  d i r e c t l y  o r i g i n a t e  by p a r t i a l  m e l t i n g  and suggests t h a t  
t hey  d i d  n o t  have a  t o t a l l y  l i q u i d  p recu rso r  and t h a t  t hey  never l o s t  l a r g e  
amounts o f  p l a g i o c l a s e .  I n  c o n t r a s t  t h e  VHA and KREEP composi t ions a r e  r e a d i l y  
exp la ined  by p a r t i  a1 me1 ti ng o f  p l  a g i  o c l  ase r i c h  source rocks .  

ria da ta  t a b l e s  a r e  i n c l u d e d  because o f  space 1  i m i t a t i o n s .  Such t a b l e s  
w i l l  be p rov ided  on reques t .  
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