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I n  t h i s  paper we presen t  new exper imental  d a t a  bear ing  d i r e c t l y  on t h e  
cool ing h i s t o r i e s  of l u n a r  rocks ,  a s  w e l l  a s  d e s c r i p t i v e  mineralogy of c e r t a i n  
opaque minerals  i n  t h e  Apollo 17 samples. Resul ts  of our e a r l i e r  Apollo 17 
i n v e s t i g a t i o n s  have been repor ted  elsewhere (1 ,2 ,3 ) .  

COOLING RATES - Taylor  and McCal l is ter  (4) exper imental ly  determined t h e  
p a r t i t i o n i n g  of Z r  between i l m e n i t e  and ulvZjspine1 i n  t h e  Fe-Ti-Zr-0 system 
and showed t h i s  p a r t i t i o n i n g  t o  b e  s t r o n g l y  a  func t ion  of temperature .  Taylor 
e t  a l .  (5) showed t h a t  t h e  Z r i l  -- / Z r W p  i s  r e l a t i v e l y  cons tan t  f o r  a  g iven 
l u n a r  rock and demonstrated t h e  use of t h i s  Z r  p a r t i t i o n i n g  as  a  geothermo- 
meter wi th  which d i f f e r e n c e s  i n  coo l ing  h i s t o r i e s  of minera log ica l ly  and 
t e x t u r a l l y  s i m i l a r  l u n a r  rocks could be  discerned.  However, What a r e  t h e  
abso lu te  cool ing r a t e s  of t h e s e  rocks?  

I n  an attempt t o  answer t h i s  query,  k i n e t i c  s t u d i e s  have been i n i t i a t e d  t o  
determine t h e  r a t e  a t  which a  Z r  p a r t i t i o n i n g  formed a t  h igh temperatures w i l l  
r e e q u i l i b r a t e  upon cgol ing.  An assemblage of FeTiO + Fe Ti0 + Fe + Z r O  wgs 3  2  4  
e q u i l i b r a t e d  a t  1100 C.  S p l i t s  of t h i s  run were then placed a t  900' and 800 C ,  

where t h e  i l m e n i t e  and u lv6sp ine l  would be  i n i t i a l l y  
s u p e r s a t u r a t e d ,  and samples were taken a f t e r  va r ious  
anneal ing t imes .  The samples were analyzed by EMP 
f o r  t h e  Z r  contents  of t h e  i l m e n i t e  and ulvSspine1.  

!= -,- Because t h e  Z r  content  of t h e  i l m e n i t e  v a r i e s  g r e a t l y  
as a  f u n c t i o n  of temperature ,  i t  was used as an i n d i -  
c a t o r  of t h e  r e e q u i l i b r a t i o n  process .  A s  shown i n  

f̂  Fig. 1, t h e  Z r  content  of t h e  i l m e g i t e  was 1.1 w t . %  
a t  t h e  : tar t  of t h e  runs ( t h e  1100 C Z r  s a t u r a t i o n ) .  

i 

- 
The 900 C equ i l ib r ium Z r  content  i s  about 0.49 w t .  %. 

The 9 0 0 ~ ~  charges reachgd equ i l ib r ium i n  30 t o  40 
days,  whereas those  a t  800 C were l e s s  than 112 way 
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5 m A' 'ioo along towards equ i l ib r ium even 
l?ig, 1 T i m e ,  Days a f t e r  50 days.  Based on t h e s e  

d a t a ,  i t  would appear  t h a t  c e r t a i n  of t h e  l u n a r  rocks ,  
which have Z r  p a r t i t i o n i n g s  i n d i c a t i v e  of h igh tempera- 
t u r e  equ i l ib r ium ( i  . e .  > 1 8 0 0 ~ ~ )  , have cooled r a p i d l y  
t o  temperatures below 900 C -- t imes on t h e  o rder  of 
s e v e r a l  days t o  a  few weeks. This might be  expected near  
t h e  top  of a  flow o r  e j e c t a  b l a n k e t .  I n  o rder  t o  check 
t h e  a p p l i c a b i l i t y  of t h e s e  d a t a ,  f u r t h e r  exper imentat ion 
continues us ing a p p r o p r i a t e  l u n a r  samples. 

T i  I N  TROILITE - Three of t h e  samples,  71502, 75122 h 
75035, con ta in  s e v e r a l  g ra ins  of c o e x i s t i n g  t r o i l i t e  (FeS) 
and i l m e n i t e .  The t r o i l i t e  con ta ins  t r a c e s  of T i ,  and t h e  
p a r t i t i o n i n g  of T i  between t h e s e  two phases has  been 

,Fig. 2  " IIIII T , ~ ,  
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imenta l ly  shown t o  be a func t ion  of temperature ( 6 ) .  
Figure  2 shows t h e  r e s u l t s  of EMF' analyses  of t r o i l i t e  coex i s t ing  wi th  

i l m e n i t e .  The l i n e  r e p r e s e n t s  t h e  exper imental ly  determined dependence of T i  
upon temperature ,  and t h e  measured va lues  a r e  p l o t t e d  a long t h i s  l i n e .  Severa l  
rock fragments were s t u d i e d  i n  d i f f e r e n t  s e c t i o n s  of each s o i l  71502 & 75122. 
The t h r e e  types  of fragments i n  75122 a l l  have about t h e  same mean T i  con ten t  
(x) f o r  t h e  t r o i l i t e .  However, t h e  two types  of rocks i n  71502 have apprec- 
i a b l y  d i f f e r e n t  mean con ten t s  of T i .  It is  p o s s i b l e  t h a t  t h e  rocks i n  75122 
have a l l  undergone t h e  same approximate degree of metamorphism, whereas those  
i n  71502 s t i l l  r e p r e s e n t  t h e  p a r t i t i o n i n g  of t h e  o r i g i n a l  rocks .  The T i  con- 
t e n t  of t r o i l i t e  c o e x i s t i n g  wi th  i l m e n i t e  may be  a s e n s i t i v e  i n d i c a t o r  of r e l -  
a t i v e  degrees of metamorphism t o  which a b r e c c i a  o r  s o i l  has  been s u b j e c t e d .  

Rock 75035, a b a s a l t ,  possesses  a wider range of T i  con ten t s  of t r o i l i t e  
than any o t h e r  rock examined t o  d a t e  and may r e p r e s e n t  p a r t i a l  r e e q u i l i b r a t i o n  
e i t h e r  upon i n i t i a l  slow cool ing o r  upon subsequent metamorphism. 

ARMLCOEITES -- Armalcol i tes  were observed i n  samples 71502 and 75122 and 
a r e  of both  t h e  "ortho- and para-" type a s  described'by Haggerty ( 7 ) .  Williams 
and Taylor (3) r e c e n t l y  s t a t e d  t h a t  t h e  use of t h i s  terminology t o  d i s t i n g u i s h  
2 types  o r  v a r i e t i e s  of a r m a l c o l i t e  does n o t  appear t o  be  v a l i d  - a conclusion 
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supported by Smyth & B r e t t  (8) .  I n s t e a d ,  we 

- 71502.10 4 8 . C  - p r e f e r  t o  regard any minor o p t i c a l  and/or chem- 
75122,3 A i c a l  v a r i a t i o n s  a s  continuous and probably re- 

!?u- .- s u l t i n g  from 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 .  It is  

E - noteworthy t h a t  t h e  "ortho-" a rmalco l i t e s  which - 8 1  - .- a r e  mantled by i l m e n i t e  and presumed t o  b e  e a r l y  

3 - i n  t h e  pa ragene t ic  sequence,  tend t o  high MgO & 

bP 0 1  - - C r  0 con ten t s .  A l t e r n a t i v e l y ,  t h e  "para-" 

f -  a d a ? c o l i t e s ,  which occur as  euhedral  c r y s t a l s  - 
o r  p a r t l y  mantled by i l m e n i t e ,  have h i g h e r  FeO 

I I I I I I I I  

0.8 0.1 1.1 1.2 ,:, - and lower MgO and C r  0 con ten t s .  However, our 
w t .  % Cr in Arrnalcolite d a t a  show no c o n s i s t ~ n z  d i f f e r e n c e s  between t h e  

Fig .  3 two "types ", sugges t ing  t h a t  c r y s t a l l i z a t i o n  was 
probably rap id  and hence,  composi t ional  d i f f e r e n c e s  tended t o  be  governed by 
l o c a l  inhomogeneities i n  t h e  pa ren t  l i q u i d  r a t h e r  than by a well-defined f rac -  
t i o n a t i o n .  The terms "ortho- and para-" simply r e f e r  t o  a r m a l c o l i t e s  which 
occurred a t  two d i f f e r e n t  times i n  t h e  pa ragene t ic  sequence. 

During t h e  p resen t  s t u d y ,  numerous a r m a l c o l i t e  g r a i n s  were analyzed by E m .  
Most of t h e  compositions f a l l  w i t h i n  t h e  range I I 

which we have p rev ious ly  repor ted  ( 1 , 2 , 3 ) ,  2.2 
with  t h e  except ion of 2 g ra ins  i n  75122 which .: 
have low MgO (3.98 & 4.27 wt.%) E 

The i lmeni tes  a s s o c i a t e d  wi th  t h e  armalcol- 5 I.' 
i t e s  were a l s o  analyzed i n  o rder  t o  d i s c e r n  'i1.6 - 
any p o s s i b l e  s y s t e m a t i c  e lemental  p a r t i t i o n i n g  ' 1.4 . . ,1102,10 
betweem them. Figures  3 and 4 show t h e  r e s u l t  * ,., - 75122,3A 
f o r  Mg and C r  p a r t i t i o n i n g  between c o e x i s t i n g  $ I I I I I 

a r m a l c o l i t e  and i l m e n i t e .  Each c l u s t e r  of 1.6 
U U U U U .  

Fig* 4 Wt. % Mg in Armalcolite 
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Wt. % Ni 
Fig.  6 

po in t s  r e p r e s e n t s  analyses  from a  d i f f e r e n t  I I I I  1 1  1 1 '  

and Yakowitz (9) . 
Samples 71502 and 75122 con ta in  Fe g r a i n s  

which a r e  s i m i l a r  - mostly Apollo 11 b u t  a l s o  a  
few m e t e o r i t i c  compositions - 75122 conta ins  some 
Co-rich Fe g r a i n s  as  w e l l .  Based on Co/Ni r a t i o s  
a t  l e a s t  3  types  of v e s i c u l a r  g lassy  b a s a l t  can 
be  d i s t i n g u i s h e d  i n  t h e s e  s o i l s ,  and t h e  rock 
fragments i n  t h e s e  s o i l s  r e p r e s e n t  a t  l e a s t  7  
types .  Notable is  t h e  observa t ion  t h a t  t h e  rock 
-chips  conta ining a r m a l c o l i t e  a l l  have Fe g r a i n s  
wi th  Co>Ni s i m i l a r  t o  Apollo 11 Fe metal  g r a i n s .  

rock fragment w i t h i n  t h e  two s o i l s  examined. 
It i s  p o s s i b l e  t o  d i s t i n g u i s h  d i f f e r e n t  rocks 
which a r e  otherwise  minera log ica l ly  and tex- ,, 
t u r a l l y  s i m i l a r .  The d i f f e r e n t  compositions 

SPINELS - A l l  of t h e  samples examined con ta in  s p i n e l s .  The compositions of 
these  phases a r e  shown i n  Fig.  7  us ing t h e  p l o t  descr ibed by Busche -- e t  a1. (10) . 
The compositions a r e  d i v e r s e .  The ulvEspinels  i n  75035 a r e  r a t h e r  pure - t h e  
only oxides p r e s e n t  i n  amounts> l  w t . %  a r e  FeO, Ti02 and Al 0 where A1203 2  3 '  
ranges from 2.15 t o  4.27 wt .%.  Sample 77017 conta ins  only chromite,  Mg ~ l m e n -  
i t e  and FeNi metal  a s  opaque phases.  A s i n g l e  rock chip i n  71502, a  perido- 
t i t e  fragment,  con ta ins  only chromite and FeNi g r a i n s  a s  opaques - no i l m e n i t e .  
The ulvgspinels  and i l m e n i t e s  i n  a l l  of t h e  Apollo 17 samples c o n t a i n  only 
smal l  amounts of Z r  (usually<O . l  w t  .%) such t h a t  
t h e  Z r  p a r t i t i o n i n g  geothermometer of Taylor and 
McCal l is ter  (4) is n o t  a p p l i c a b l e .  
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a r e  p a r t l y  a  f u n c t i o n  of paragenesis  - i . e .  8 
- 

A  A 
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 .  However, t h e  4 
p a r t i t i o n i n g s  a r e  a l s o  a  f u n c t i o n  of temper- 3 0.5 

A :=A% - 
a t u r e  and oxygen f u g a c i t y .  Experimentation 
i s  i n  progress  i n  an a t tempt  t o  e x p l a i n  A l t ~ l r  

- 
I 

t h e s e  p a r t i t i o n i n g s  o f  Mg and C r .  0 5 10 

Fig. 5  Wt. % Ni 
NATIVE Fe - Figures  5  & 6 show t h e  r e s u l t s  of EMP analyses  of Fe metal  

g r a i n s  i n  s e v e r a l  samples. 70017 & 75035 con ta in  Fe metal  wi th  Co>Ni, and t h e  
compositions a r e  s i m i l a r  t o  n a t i v e  Fe from Apollo 11 samples. 77017, an anor- 
t h o s i t i c  gabbro, con ta ins  numerous FeNi g r a i n s  wi th  high N i  c o n t e n t s ,  and most 
of t h e  compositions a r e  n e a r  o r  i n  t h e  m e t e o r i t i c  range def ined  by Goldste in  


