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PYROXFERROITE: BREAKDOWN AT LOW PRESSURE AID HIGH TEMPERATURE; 

D .  H .  Lindsley,  J .  J.  Papike,  and A .  E. Bence, S t a t e  Univ. of New York, 
Stony Rrook, N .  Y.  11790 

Heating experiments a t  950-990'~ confirm t h e  hypothesis  t h a t  l u n a r  pyrox- 
f e r r o i t e  i s  metas tab le  a t  low p r e s s u r e s  wi th  r e s p e c t  t o  t h e  three-phase assem- 
blage Ca-rich clinopyroxene p l u s  f a y a l i t e  p l u s  t r i d y m i t e .  Rate  s t u d i e s  of t h e  
breakdown r e a c t i o n  may provide informat ion on t h e  coo l ing  r a t e s  of l u n a r  i g -  
neous rocks  c o n t a i n i n g  p y r o x f e r r o i t e .  

The discovery o f  t h e  new minera l  p y r o x f e r r o i t e  i n  a  number o f  l u n a r  ig -  
neous rocks  has  posed an enigma, f o r  phase equ i l ib r ium s t u d i e s  had shown t h a t  
s y n t h e t i c  Mg-free p y r o x f e r r o i t e  i s  s t a b l e  only a t  p r e s s u r e s  g r e a t e r  t h a n  1 0  kb 
( ~ i n d s l e y  & Burnham, Science,  1970).  The l u n a r  occurrences-- la te-s tage miner- 
a l s  a s s o c i a t e d  w i t h  t r i d y m i t e ,  c r i s t o b a l i t e ,  and g l a s s  i n  volcanic  o r  near-  
s u r f a c e  rocks--strongly suggested,  on t h e  o t h e r  hand, t h a t  t h e  n a t u r a l  m a t e r i a l  
c r y s t a l l i z e d  a t  very  low p r e s s u r e .  One p o s s i b l e  exp lana t ion  was t h a t  l u n a r  
p y r o x f e r r o i t e  might be s t a b i l i z e d  by minor c o n s t i t u e n t s  t h a t  a r e  missing i n  t h e  
s y n t h e t i c  m a t e r i a l .  However, t h e  metas tab le  c r y s t a l l i z a t i o n  from s y n t h e t i c  
g l a s s e s  of Ca-Fe pyroxenoids approaching pyroxf e r r o i t e  i n  composition  o ow en, 
S c h a i r e r ,  and Posnjak,  Am. J. S c i . ,  1933; see  a l s o  Lindsley and Munoz, Am. J. 
S c i  . 2 6 7 ~ ~  1969) suggested t h a t  pyroxf e r r o i t e  may have c r y s t a l l i z e d  metas tab ly  
and was t h e n  cooled so  r a p i d l y  t h a t  a  more s t a b l e  assemblage was unable  t o  
form. This hypothesis  r e c e i v e d  support  fYom observa t ions  of an apparent  break- 
down symplec t i c - - faya l i t e ,  a s i l i c a  minera l ,  and a  Ca-enriched m e t a s i l i c a t e - -  
a f t e r  p y r o x f e r r o i t e  (ware and Lovering, Science,  1970) which i n d i c a t e s  t h a t  at 
l e a s t  some p y r o x f e r r o i t e s  may have cooled s u f f i c i e n t l y  s lowly t o  permit  t r a n s -  
formation t o  a  more s t a b l e  assemblage. 

S ing le  c r y s t a l s  o f  p y r o x f e r r o i t e  were separa ted  from samples 12021,38 and 
l202l , lO9 by E .  Dowty f o r  Mdssbauer s t u d i e s .  Se lec ted  c r y s t a l s ,  from 0 . 1  t o  
0.2 mm, were mounted i n  epoxy, po l i shed ,  and analyzed by e l e c t r o n  microprobe 
f o r  Fe, Ca, Mg, S i ,  A l ,  T i ,  and Mn; t h e  range of compositions W 0 ~ ~ E n ~ 3 F s 7 ~ -  
W0~4En4Fs8~ i s  c l o s e l y  s i m i l a r  t o  t h a t  r e p o r t e d  by Boyd e t  a l .  f o r  ano ther  
sample of rock 12021. S i n g l e - c r y s t a l  p recess ion  x-ray d i f f r a c t i o n  photographs 
confirmed t h a t  t h e  c r y s t a l s  a r e  p y r o x f e r r o i t e ;  some showed minor amounts o f  
o r i e n t e d  clinopyroxene  a able I ) .  It i s  not  y e t  c l e a r  whether t h i s  c l i n o -  
pyroxene occurs  a s  f i n e  lamel lae  o r  a s  e p i t a x i a l  d i s c r e t e  c r y s t a l s .  Next t h e  
p y r o x f e r r o i t e  c r y s t a l s  were wrapped i n  envelopes o f  Ag70Pd30 f o i l ,  s e a l e d  i n  

0 
evacuated s i l i c a - g l a s s  t u b e s ,  heated t o  temperatures  ranging from 950-990 C ,  
and quenched i n  water .  

In  i n i t i a l  experiments (14163, 14168, Table I ) ,  t h e  c r y s t a l s  were con- 
v e r t e d  t o  Fe-depleted clinopyroxene + t r i d y m i t e ,  apparen t ly  by incongruent 
vapor iza t ion  o f  FeO-rich components (a l though t h e  s i l i c a - g l a s s  capsu les  were 
made a s  smal l  a s  convenient ,  t h e i r  c a p a c i t y  was approximately 105 t imes t h e  
volume of t h e  p y r o x f e r r o i t e  c r y s t a l s ) .  To coun te rac t  t h i s  e f f e c t ,  t h e  f r e e  
space wi th in  t h e  capsu les  was reduced and a s e p a r a t e  charge o f  s y n t h e t i c  
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p y r o x f e r r o i t e  wi th  s e v e r a l  hundred t imes  t h e  mass o f  t h e  l u n a r  c r y s t a l  was 
added. I n  experiments u t i l i z i n g  t h e s e  p recau t ions  (14167 and 14166, Table I ) ,  
one p y r o x f e r r o i t e  c r y s t a l  (14166) hea ted  f o r  a  t o t a l  of 5 days ,  23 hours ,  a t  
960+-3O~ d i d  not  break down but  d i d  develop weak r e f l e c t i o n s  i n  t h e  x-ray d i f -  
f r a c t i o n  photographs a t t r i b u t a b l e  t o  t h e  appearance of o r i e n t e d  clinopyroxene.  
Another (14167) was transformed completely i n  68.5 hours a t  990+3OC t o  an in -  
t ima te  in te rg rowth  o f  cl inopyroxene + f a y a l i t e  + t r i d y m i t e  (??ig7 1) ; t h e  g r a i n  
s i z e  o f  t h e  cl inopyroxene and f a y a l i t e  was j u s t  coarse  enough t o  be  r e s o l v -  
a b l e  by e l e c t r o n  microprobe techniques  (ana lyses  given i n  Table I ) .  Preces- 
s i o n  photographs and o p t i c a l  examination r e v e a l  t h a t  t h e  f a y a l i t e  and t r i d y -  
mi te  occur a s  minute ,  randomly o r i e n t e d  i n c l u s i o n s  wi th in  a  s i n g l e  c r y s t a l  of 
cl inopyroxene t h a t  presumably formed t o p o t a x i a l l y  wi th  r e s p e c t  t o  t h e  pa ren t  
p y r o x f e r r o i t e .  

These p re l iminary  f i n d i n g s  may i n d i c a t e  t h a t  l u n a r  b a s a l t s  con ta in ing  
p y r o x f e r r o i t e  have cooled t o  temperatures  below 9 9 0 ~ ~  i n  l e s s  than  3  days. 

A P O L L O  12021 

F i g .  1. Por t ion  o f  pyrox- 68 112 h r s  o t  9 9 0 °  C 

ene q u a d r i l a t e r a l  showing CLINOPYROXENE 

compositions o f  p y r o x f e r r o i t e  
c r y s t a l  14167, and o f  t h e  
breakdown products c l i n o -  
pyroxene and f a y a l i t e  + tri- 
dymite ( p r o j e c t e d ) .  
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Table I. Data f o r  hea t ing  experiments on pyroxfer ro i te .  
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14167 

Wo12EngFs7g 

6.64 

7.56 
17.40 

114.1 

82.8 

94.3 

791 
PF 

NO 

99053 
6 8'5h 

W036En11Fs53 

9.82 

9.08 

5.29 
106. 0 

453 
c2/c 

YES 

Fo 
7 

14168 

W013En5Fs82 

6.62 

7.55 

17.39 
114.2 

82.7 

94.4 

7 86 
PF 

N 0 

99025 
15d l l h  

"3gEn3gFs26 

9.79 
8.98 

5 27 
105.8 

446 

c2/c 

YES 

NO 

S t a r t i n g  Mater ia ls  
Crys ta l  No. 

Probe Composition 

m r o x f  e r r o i t e  

48 )  
b o b  
c (8) 
a (deg )  

B (deg)  

~ ( d e g )  

v (P3 ) 
Space Group 

Pyroxene presen t  

14166 

w ~ ~ ~ - ~ ~ ~ n ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~  

6.64 

7.55 

17.37 
114.1 

83.1 

93.6 

789 
PF 

NO 

96023 

5d 23h 

Mainly pyroxfer ro i te  

(minor pyroxene ) 

--- 
--- 
--- 
--- 
--- 
--- 
--- 
--- 

14163 

W O ~ ~ E ~ ~ ~ F S ~ ~  

6.62 

7.53 

17.36 

114.1 

82.8 

94.5 

783 
pi 

i n  s t a r t i n g  c r y s t a l  YES 

0 Temperature, C 

Duration 

Run Products 

Pyroxene 

a(8) 
b ( 8 )  
c (8) 
~ ( d e g )  

~ ( 8 ~ )  
Space Group 

Tridymite 

Faya l i t e  

96 025 
15d l l h  

W050En37Fs13 

9.80 

8.98 

5.28 

106.0 

4 47 
c2/c 

YES 

NO 


