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Previous  s t u d i e s  of t h e  magnetic s u s c e p t i b i l i t y  of i n d i v i d u a l  
microgram-size l u n a r  g l a s s  spheru les  a t  low temperatures1 show the  
e x i s t e n c e  of s e v e r a l  an t i fe r romagne t ic  temperature t r a n s i t i o n s  i n  
t h e  g l a s s  spheru les  measured, b u t  only one t r a n s i t i o n  could be 
a s s o c i a t e d  wi th  a known mineral  i n c l u s i o n ,  namely i l m e n i t e .  It  i s  
assumed t h a t  t h e  u n i d e n t i f i e d  t r a n s i t i o n s  a r e  due t o  minute fragments 
of o t h e r  mineral  s p e c i e s  o r  nuc lea ted  regions  i n  t h e  g l a s s ,  t h e  
occurrence of which is  d i r e c t l y  a s s o c i a t e d  wi th  t h e  source  rocks and 
cond i t ions  of format ion of t h e  spheru les .  I n  o rder  t o  i n t e r p r e t  
and i d e n t i f y  t h e  v a r i o u s  temperature t r a n s i t i o n s  found i n  t h e  
lunar  g l a s s  s p h e r u l e s ,  i t  is  necessa ry  t o  know t h e  Neel t r a n s i t i o n s  
f o r  t h e  va r ious  s p e c i f i c  l u n a r  minerals  t h a t  might be found &n the  
lunar  g l a s s ,  iqo magnetic s t u d i e s  have been made on separa ted  pure 
l u n a r  minerals  t o  e s t a b l i s h  t h e s e  t r a n s i t i o n  temperatures ,  and thus ,  
s t a r t i n g  wi th  i l m e n i t e ,  a  sys temat ic  s tudy  of l u n a r  minerals  has  been 
i n t i a t e d .  

The measured t r a n s i t i o n  a t  56 K i n  t h e  one spheru le  mentioned 
p rev ious ly  corresponded c l o s e l y  t o  t h e  known Neel temperature of 
powdered r a t h e r  than a  s i n g l e  c r y s t a l  of i lmeni te .  There a r e  s e v e r a l  
r epor ted  measurements of t h e  Neel t r a n s i t i o n  f o r  t e r r e s t r i a l  and 
s y n t h e t i c  i l m e n i t e  powder samples, b u t  B i z e t t e  and ~ s a i ~  a r e  t h e  only 
i n v e s t i g a t o r s  t o  r e p o r t  measurements on a  s i n g l e  c r y s t a l  of t e r r e s t r i a l  
i lmeni te .  They showed i l m e n i t e  t o  be magnet ical ly  a n i s o t r o p i c  and t o  have 
a  Neel t r a n s i t i o n  a t  68 K p a r a l l e l ,  and a t  approximately 55 K pe rpend icu la r  
t o  t h e  c-axis. T e r r e s t r i a l  o r  s y n t h e t i c  i l m e n i t e  almost always con ta ins  a  
smal l  amount of ~ e ~ ' .  Lunar i l m e n i t e  has  been formed under h igh ly  
reducing c o n d i t i o n s ,  w i l l  c o n t a i n - l i t t l e  o r  no ~ e ~ ' ,  and consequently 
may have a  d i f f e r e n t  t r a n s i t i o n  temperature.  I n  a d d i t i o n ,  neutron 
d i f f r a c t i o n  s t u d i e s  of i l m e n i t e  by Shirane e t  a13 i n d i c a t e s  t h a t ,  
depending on t h e  p u r i t y ,  f e r r i m a g n e t i c  c l u s t e r s  may form i n  i l m e n i t e  
which can i n f l u e n c e  t h e  t r a n s i t i o n  temperature.  I f  t h e  i n c l u s i o n s  a r e  
subdomain i n  s i z e ,  t h e  g l a s s  spheru le  w i l l  have superparamagnetic p r o p e r t i e s  
which may a l s o  have an e f f e c t  on t h e  t r a n s i t i o n  temperature. 

Pre l iminary measurements of a  multifragment sample of lunar  
i l m e n i t e  p icked from a  crushed p i e c e  of lunar  rock 10047 showed t h a t  
i n  a d d i t i o n  t o  t h e  t r a n s i t i o n  a t  56 K,  t h e r e  were weak t r a n s i t i o n s  a t  
11.3 K and a t  4.3 K ~ .  Late r  measurements on pure r  fragments showed only 
t h e  56 K t r a n s i t i o n ;  thus  t h e  low-temperature t r a n s i t i o n s  have been 
asc r ibed  t o  i m p u r i t i e s  o r  t o  ins t rumenta l  e r r o r .  When t h e  i l m e n i t e  
fragments of t h e  l u n a r  sample were o r i e n t e d  i n  t h e  magnetic f i e l d  p r i o r  
t o  magnetic s u s c e p t i b i l i t y  measurements, t h e  t r a n s i t i o n  became sharper  
and s h i f t e d  from 56 K t o  60 K. Aniso t rop ic  magnetic s u s c e p t i b i l i t y  
measurements on a  s i n g l e  c r y s t a l  fragment removed from the  l u n a r  powder 
sample y ie lded  a  ve ry  sharp temperature t r a n s i t i o n  a t  60 K. 
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A s  t h e  60 K t r a n s i t i o n  is  only -evident i n  t h e  sample of t h e  
magnet ical ly  a l igned  fragments and f o r  t h e  s i n g l e  c r y s t a l ,  i t  i s  
i n f e r r e d  t h a t  the  56 K t r a n s i t i o n  observed f o r  powder specimens and a l s o  
i n  t h e  g l a s s  spheru les  measured p rev ious ly  i s  due t o  m u l t i p l e  unor iented 
fragments. A s i n g l e  fragment o r  s e v e r a l  o r i e n t e d  fragments imbedded i n  
t h e  g l a s s  would have y i e l d e d  a t r a n s i t i o n  a t  60 K. 

Addi t iona l  measurements were made on t e r r e s t r i a l  and s y n t h e t i c  
specimens f o r  comparison purposes.  Fe3+, i f  p r e s e n t  a t  a l l ,  i s  a t  
concen t ra t ions  of l e s s  than 0 .1  p e r  cen t  i n  t h e  l u n a r  sample. The 
measurements a l s o  i n d i c a t e  t h a t  t h e  amount of superparamagnetism i n  t h e  
lunar  sample is smal l  compared wi th  t h a t  i n  pure  s y n t h e t i c  i lmeni te .  
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