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The d i f f e r e n t i a t i o n  of the  lunar  c r u s t  and format ion of the p l a g i o c l a s e -  
r i c h  highlands  p r e s e n t s  one of the  most i n t e r e s t i n g  problems i n  lunar  p e t r o l -  
ogy. One p o s s i b l e  approach t o  t h i s  problem is  the  exper imenta l  determina- 
t i o n  of phase r e l a t i o n s  i n  composit ions t h a t  f o r  one reason o r  ano the r  ap- 
pea r  t o  be reasonable  moon composit ions.  

As a f i r s t  s t e p  i n  the  s tudy  of p o s s i b l e  lunar  composit ions mel t ing  
experiments have been c a r r i e d  o u t  on Ca- and Al - r i ch  aggrega tes  from the  
Allende carbonaceous chondr i t e  (1) .  It was found t h a t  over  a wide p r e s s u r e  
range s p i n e l  i s  the  l i q u i d u s  phase f o  llowed by a luminous c l inopyroxene 
and p l a g i o c l a s e  . Subsol idus  phase assemblages a r e  s p i n e l  and c l i n o -  
pyroxene 5 p l a g i o c l a s e  o r  m e l i l i t e  depending upon the  p ressure .  Melts  
formed from Allende aggrega tes  a r e  very  low i n  s i l i c a  and i r o n  and g r e a t l y  
enr iched i n  calcium and aluminum, resembling no known lunar  rock type.  It 
was concluded t h a t  the  Ca- and A l - r i c h  aggrega tes  from Allende r e p r e s e n t  an  
u n l i k e l y  composit ion f o r  the  moon. 

Two d i f f e r e n t  model moon composit ions,  MC-l(2) and MC-2*(3) have sub- 
sequent ly  been s t u d i e d .  Ol iv ine  and s p i n e l  c r y s t a l l i z e  from mel t  of M C - 1  
composition over  a wide range of temperatures (1200-1400°c) and p r e s s u r e s  
( 1  atm.-at l e a s t  20 kb) ,  wi th  cl inopyroxene c r y s t a l l i z i n g  near  the  s o l i d u s .  

A t  subso l idus  temperatures  o l i v i n e ,  cl inopyroxene and chromite-r ich  s p i n e l  
a r e  the  p r i n c i p a l  phases.  P l a g i o c l a s e  was not  d e t e c t e d  i n  t h i s  composition. 
Melt ing experiments wi th  the MC-2 composition i n d i c a t e  t h a t  below 9 kb 
o l i v i n e  (Fo98-96) i s  the  l i q u i d u s  phase followed by orthopyroxene,  c l i n o -  
pyroxene and c a l c i c  p l a g i o c l a s e .  Above 9 kb the  o rde r  of c r y s t a l l i z a t i o n  
wi th  dec reas ing  temperature i s  o l i v i n e ,  s p i n e l ,  orthopyroxene and c l i n o -  
pyroxene. 

The extreme d i f f i c u l t y  of d e r i v i n g  a p l a g i o c l a s e - r i c h  mel t  o r  cumulate 
from the  MC-1 composit ion makes i t  an u n l i k e l y  composition f o r  the  moon. 
Complete o r  n e a r l y  complete mel t ing  of the MC-2 composition, followed by 
f r a c t i o n a l c r y s  t a l l i z a  t i o n  i n  the  o u t e r  p o r t i o n  of the moon, could on the 
o t h e r  hand produce the  type of p l a g i o c l a s e  r i c h  mel t  necessary  f o r  forma- 
t i o n  of the  lunar  h ighlands .  The product ion of a 60 km t h i c k  a n o r t h o s i t e  
l a y e r  from MC-2 would r e q u i r e  the  mel t ing  of a t  l e a s t  the o u t e r  200 km of 
the  moon, which a f  t e r  d i f f e r e n t i a  t i o n  would c o n s i s t  of d u n i t e  ( o l i v i n e ) ,  
h a r z b u r g i t e  ( o l i v i n e  and or thopyroxene) ,  pyroxene-rich gabbro and p lag io -  
c l a s e - r i c h  gabbro i n  o r d e r  from bottom to  top. This sequence is  reasonable  
and we suggest  t h a t  the  MC-2 composit ion may be f a i r l y  near  the  bulk  com- 
p o s i t i o n  of the  moon. On the  b a s i s  of t h i s  model the  u n d i f f e r e n t i a t e d  
p o r t i o n  of the  moon (below 200 km) would c o n s i s t  of s p i n e l  l h e r z o l i t e  down 
t o  between 500 and 700 km and would c o n s i s t  of ga rne t  l h e r z o l i t e  below 
t h a t  l e v e l .  It i s  q u i t e  p o s s i b l e  t h a t  a m e t a l l i c  phase (< 10%) e x i s t s  
w i t h i n  these  deeper  l a y e r s .  

B a s a l t i c  c r y s t a l l i n e  rocks 70017 and 74275 a r e  s i m i l a r  t o  Apollo 11 
high- t i tanium basa l t s .  70017, a microgabbro wi th  suboph i t i c  t e x t u r e ,  
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p robab ly  r e p r e s e n t s  t h e  i n t e r i o r  of  a  lava  f low o r  s i l l .  I t  c o n s i s t s  p r i n -  
c i p a l l y  o f  t i t a n a u g i t e  (up t o  3.6 w t  % T ~ O ~ ) ,  p i g e o n i t e ,  p l a g i o c l a s e  
(Ar188-7~) and i l m e n i t e  w i t h  minor o l i v i n e  ( F 0 6 ~ - ~ 9 ) ,  a r m a l c o l i t e ,  s p i n e l  
(Chr33 ulv857 Sp+herlO), c r i s t a b o l i t e ,  t r i d y m i t e ,  m e t a l l i c  i r o n  (Ni<l w t  %), 
t r i o l i t e  and v a r i o u s  l a t e  s t a g e  m i n e r a l s  i n  r e s i d u a l  r h y o l i t i c  g l a s s .  Ti -  
t a n a u g i t e  and p i g e o n i t e  occu r  p r i n c i p a l l y  i n  complex i n t e r g r o w t h s ,  some w i t h  
a  d i s t i n c t  hour  g l a s s  p a t t e r n .  Ti tan ium and aluminum c o n t e n t  i n  pyroxenes 
(Al:Ti=2: 1)  d e c r e a s e s  w i t h  d e c r e a s i n g  ca lc ium c o n t e n t .  Lowest t i t a n i u m  and 
aluminum c o n t e n t s  a r e  found i n  e u h e d r a l  p i g e o n i t e  inc luded w i t h i n  p l a g i o -  
c l a s e .  The i ron-enr ichment  t r e n d  i n  pyroxenes,  toward t h e  f e r r o s i l i t e  
c o r n e r  of  t h e  pyroxene q u a d r a l a t e r a l ,  occu r s  on ly  a d j a c e n t  t o  r e s i d u a l  g l a s s  
and i s  much l e s s  extreme than  t h e  t r end  i n  Apol lo  11 pyroxenes ,  S p i n e l  
occu r s  o n l y  w i t h i n  o l i v i n e ,  and a r m a l c o l i t e  occu r s  on ly  w i t h i n  pyroxene.  
The c r y s t a l l i z a t i o n  sequence i s  b e l i e v e d  t o  be s p i n e l ,  o l i v i n e ,  arma l c o  l i t e ,  
pyroxene,  i l m e n i t e  ( a r m a l c o l i t e  r e a c t s  w i t h  l i q u i d ) ,  p l a g i o c l a s e  and 
r e s  idium. 

Rock 74275, a  f i n e - g r a i n e d  i l m e n i t e  b a s a l t  (Ti02=12.5 w t  %, microprobe 
a n a l y s i s  of fused  g l a s s ) ,  h a s  a  w e l l  developed v a r i o l i t i c  groundmass of  
c l inopyroxene ,  p l a g i o c l a s e ,  i l m e n i t e ,  t r i d y m i t e ,  m e t a l l i c - i r o n  (Ni<l w t  %) 
and t r o i l i t e .  Micro-phenocrys ts  a r e  o l i v i n e  ( F O ~ ~ , ~ ~ ) ,  t i t a n a u g i t e  (up t o  
6.5 w t  % Ti02) and a r m a l c o l i t e  rimmed w i t h  i l m e n i t e .  T i t a n a u g i t e  a l s o  
occu r s  a s  g lomeroc rys t s  in tergrown w i t h  and r e p l a c i n g  o l i v i n e .  S p i n e l  
(Chr36,34 S p - H ~ e r ~ ~ , ~ ~ )  o c c u r s  o n l y  w i t h i n  o l i v i n e ,  T i t a n a u g i t e s  
a r e  s t r o n g l y  zoned w i t h  r e s p e c t  t o  t i t a n i u m  (Al:Ti=2:1) b u t  show v e r y  l i t t l e  
tendency toward i r o n  enr ichment  . P l a g i o c  l a s e  occu r s  a s  sma 11 blocky g r a i n s  
w i t h  hol low c o r e s  and a s  e l o n g a t e  anhedra in tergrown w i t h  c l inopyroxene .  
A r m a l c o l i t e  w i t h o u t  i l m e n i t e  r i m s  o c c u r s  a s  i n c l u s i o n s  w i t h i n  pyroxene. 
The c r y s t a l l i z a t i o n  sequence f o r  74275 i s  v e r y  s i m i l a r  t o  t h a t  f o r  70017. 
Texture  and chemis t ry  of phases  i n d i c a t e  t h a t  t he  magma t h a t  produced 74275 
r a p i d l y  c r y s t a l l i z e d  s p i n e l ,  o l i v i n e ,  pyroxene,  a r m a l c o l i t e  and p o s s i b l y  
s m a l l  amounts of  p l a g i o c l a s e  and i l m e n i t e  d u r i n g  i t s  r i s e  t o  t he  s u r f a c e ,  
The f  ine-gra  ined i n t e r g r o w t h  of p l a g i o c l a s e ,  c  l inopyroxene  and i l m e n i t e  i n  
a l l  p r o b a b i l i t y  formed upon e x t r u s i o n  o n t o  the  l u n a r  s u r f a c e .  

Rock 77017 i s  a  p a r t l y  c rushed b l o c k  of  gabbro and a n o r t h o s i t e  t h a t  h a s  
been invaded by l i q u i d  of mare b a s a l t  type .  I t  was c o l l e c t e d  nea r  t h e  l a r g e  
bou lde r  a t  s i t e  7  and may have a  s i m i l a r  o r i g i n .  Uncrushed a r e a s  a r e  o f  two 
types ;  p o i k i l i t i c  gabbro c o n s i s t i n g  of  e u h e d r a l  p l a g i o c l a s e  (Ang7-94) and 
rounded o l i v i n e  (Fo62-64) enc losed  i n  l a r g e  p l a t e s  of  pyroxene and t r o c t o -  
l i t i c  a n o r t h o s i t e  c o n s i s t i n g  of  p l a g i o c l a s e  (Ang7,94), s u b h e d r a l  o l i v i n e  
( F 0 ~ 2 - ~ 0 )  and p o i k i l i t i c  i l m e n i t e .  Pyroxenes were p robab ly  o r i g i n a l l y  
a u g i t e  and p i g e o n i t e ;  bo th  a r e  now exsolved  on a  s c a l e  t o o  f i n e  f o r  a c c u r a t e  
microprobe a n a l y s i s .  This  sample q u i t e  l i k e l y  i s  d e r i v e d  from a  l aye red  
gabbro complex of  h igh land  a f  f  i n i t i e s .  

One t h i n - s e c t i o n  (77017,71) c o n s i s t s  of  a  rounded gabbro  fragment 
surrounded by d a r k  brown mare b a s a l t  g l a s s  (Ti02=6.3 w t  %). The i n t e r i o r  
o f  t h e  c l a s t  c o n t a i n s  pa t ches  of  p a l e  brown t o  c o l o r l e s s  g l a s s  t h a t  h a s  
t h e  composi t ion  of  high-alumina b a s a l t  (Ti02 1.8, A1203 23.4, FeO 7.4, 

7.1, CaO 14.1 w t  %) . Where t h e  two types  of g l a s s  a r e  i n  c o n t a c t  t h e r e  
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i s  a  r e l a t i v e l y  s h a r p  b reak  i n  composi t ion  w i t h  a  p l a t e a u  o f  i n t e r m e d i a t e  
composi t ion ,  We b e l i e v e  t h a t  t h i s  i s  a  r e s u l t  o f  mixing of  t he  two m e l t s ,  
i n d i c a t i n g  t h a t  t he  high-alumina b a s a l t  m e l t  i s  no t  s imply  a  p roduc t  of  
con tamina t ion  o f  mare b a s a l t  by t h e  h igh land  type  gabbro.  The high-alumina 
b a s a l t  m e l t  i s  p robab ly  a  r e s u l t  o f  p a r t i a l  m e l t i n g  o f  77017 gabbro brought  
abou t  by h e a t  from t h e  su r round ing  mare b a s a l t .  Large s c a l e  p a r t i a l  m e l t i n g  
of rocks  s i m i l a r  t o  77017 could  be an  impor t an t  sou rce  o f  high-alumina 
b a s a l t s .  

A c l a s t  o f  mare-type i l m e n i t e  b a s a l t  inc luded w i t h i n  t h e  mare b a s a l t  
g l a s s  i n  77017, 71 shows a n  extreme i ron-enr ichment  t r end  i n  i t s  t i t a n -  
a u g i t e s  v e r y  s i m i l a r  t o  t h a t  observed i n  Apol lo  11 samples (Al:Ti=2:1) .  

Rock 73235 i s  a  complex b r e c c i a  w i t h  a  v e r y  f i n e - g r a i n e d ,  s l i g h t l y  
metamorphosed, d a r k  brown m a t r i x .  Monomineralic c l a s t s  c o n s i s t  of  p l a g i o -  
c l a s e  (wi th  a  wide range  o f  shock f e a t u r e s ) ,  o l i v i n e  ( F O ~ ~ , ~ ~ ) ,  zoned 
p i g e o n i t e - s u b c a l c i c  a u g i t e  (Cal0Mg60Fe30-Ca26Mg44Fe30)~ a u g i t e  (nea r  

Ca45Mg36Fe19) c o n t a i n i n g  v e r y  t h i n  e x s o l u t i o n  lama l l a e  of or thopyroxene ,  
a u g i t e  (Ca43Mg32Fe25) w i t h  10- 15  ym lama l l a e  of  or thopyroxene  

(Caq,5Mg45,5Fe50), chrome-rich s p i n e l  (Chr68-58Sp+her3g,30 ulv'd6,1), d a r k  
red s p i n e l  (Chr31-10Sp+her8g-67 U ~ V B ~ - ~ ) ,  p ink  s p i n e l  (Chr5,4Sp+herg5,g6) 
and b a d d e l e y i t e ,  L i t h i c  c l a s t s  a r e  r e l a t i v e l y  unshocked and c o n s i s t  p r e -  
dominate ly  of  a  s u i t e  of  gabbro ic  t o  a n o r t h o s i t i c  rocks  c o n t a i n i n g  p l a g i o -  
c l a s e  (Ang7-g4), o l i v i n e  ( F o ~ ~ - ~ ~ ) ,  or thopyroxene  (CaqMg73Fe23-CaqMg77Felg) 
and minor c l inopyroxene  (Ca3lMg48Fe21), I n  one c l a s t  c l inopyroxene  occu r s  
i n  a  symplect  i t e - l i k e  i n t e r g r o w t h  wi th  chrome-rich s p i n e l ,  p o s s i b l y  r e -  
p r e s e n t i n g  r e s i d u a  1  l i q u i d  r a t h e r  t han  s o l i d  s t a t e  r e e q u i l i b r a t i o n .  One 
sma l l  c l a s t  c o n s i s t s  e n t i r e l y  of a n  in t e rg rowth  of chrome-rich s p i n e l  and 
or thopyroxene ,  and one s m a l l  c  l a s  t of f  i ne -g ra ined  s p i n e l  t r o c t o l i t e  
(Ang0-88, Fogg-82, Chr5,4Sp+herg5,g6) was obse rved ,  c l a s t s  of  mare b a s a l t  
were no t  observed  i n  the  two t h i n - s e c t i o n s  examined (73235,65 and 69) .  
A 1 1  m a t e r i a l  observed  i n  t h e s e  two s e c t i o n s  i s  of  h igh land  d e r i v a t i o n ,  
g r e a t l y  resembl ing  m a t e r i a l  r e t u r n e d  by t h e  Apol lo  16 mis s ion .  

-L 

"MC-1 = Si02 35.88 A1203 12.81 T i 0 2  0.630 FeO 12.73 MnO 0.235 MgO 20.93 
CaO 10.59 Na20 0,583 K20 0.0335 Cr203 0.390 P205 0 ,245 C 1  0.073 
FeS 2 . 8 0 F e  1 .31  N i  0 , 6 9 ( ~ )  

MC-2 = Si02 42.28 A1203 8.226 Ti02 0.4210 FeO 3,195 MnO 0,039 MgO 30,08 
CaO 7.676 Na20 0.1092 K 2 0  0.0116 C 1  0.1336 FeS 2.78 Fe 4.26(3) 

REFERENCES 

(1)  S e i t z ,  M. G ,  and I. Kushiro (1974) Mel t ing  r e l a t i o n s h i p s  of t h e  Al l ende  
m e t e o r i t e ,  S c i e n c e  ( i n  p r e s s ) .  

(2) Kryhenblihl, U . ,  R ,  Ganopathy, J ,  W, Morgan and E ,  Anders (1973) V o l a t i l e  
e lements  i n  Apo l lo  16 samples:  I m p l i c a t i o n s  f o r  h igh land  volcanism and 
a c c r e t i o n  h i s t o r y  o f  t h e  moon. P r o c ,  4 t h  Lunar S c i .  Conf ., Vol. 2 ,  
132 5- 1348. 

(3)  Ganopathy, R. and E. Anders (1974) I n  "Lunar Sc ience  V". 

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


