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INTRODUCTION 

Seve ra l  t ypes  of m e t e o r i t e s  c o n t a i n  unusuai  o b j e c t s  10 micrometers t o  2 
cen t ime te r s  a c r o s s  t h a t  are enriched i n  r e f r a c t o r y  elements such as calcium, 
aluminum and t i t an ium.  These o b j e c t s ,  commonly known as r e f r a c t o r y  i n c l u -  
s i o n s ,  are most abundant i n  t h e  m e t e o r i t e s  known as carbonaceous c h o n d r i t e s .  
Th i s  a b s t r a c t  d e s c r i b e s  t h e  r e f r a c t o r y  i n c l u s i o n s  :hilt have been found i n  t h e  
Ornans m e t e o r i t e ,  a member of a l i t t l e - s t i l d i e d  group cf carbonaceous chond- 
r i tes .  Some r e f r a c t o r y  i n c l u s i o n s  i n  Ornans resemble those  it.Ind i n  o t h e r  
m e t e o r i t e s ,  while  o t h e r s  ere u n l i k e  any seen b e f o r e ,  'I;;? il-ii$cL'L i n c l u s i o n s  
i n  Ornans con ta in  mine ra l s  w i t h  e x t r a o r d i n a r y  enrichment h igh?v  r e f r a c t o ? y  
e1en;ents. 

F i r s t ,  a background s e c t i o n  w i l l  d e s c r i b e  carbonacec m d r i t e  t y p ? s ,  
t h e  r e f r a c t o r y  i n c l u s i o n s  found i n  them and t h e  techn'ques used f o r  f inr i icg 
and s tudv ing  r e f r a c t o r y  i n c l u s i o n s .  Then, t h e  inclu*;icn:;  i n  Orn'tns w i l l  b e  
desc r ibed  and compared with those  found i n  o t h e r  carbonaceous c h o n d r i t e s .  The 
imp l i ca t ions  of t h e  new work w i l l  be given at  t h e  end. 

BACKGROUND 

Carbonaceou:: Cliondrite @pes 

These ) b j e c t s  i nc lude  chondrules  ( s p h e r i c a l  o b j e c t s  c o n s i s t i n g  of t h e  common 
mine ra l s  o l i v i n e  [ (Mg,Fe)zSiOk] and pyroxene [ (Mg,Fe)SiCj] and g l a s s ,  which 
have t e x t u r e s  i n d i c a t i n g  r ap id  c o o l i n g ) ;  chondrule f ragmenis;  aggrega te s  of 
o l i v i n e  o r  pyroxene o r  b o t h ;  g r a i n s  of i ron -n icke l  and i r o n  and i ron -n icke l  
s u l f i d e s ;  and r e f r a c t o r y  i n c l u s i o n s .  Three classes of carbonaceous c h o n d r i t e s  
are d i scussed  i n  t h i s  a b s t r a c t .  C2 cnondr i t e s  have an abundant b l a c k ,  f i n e -  
grained m a t r i x  (50 t o  80% by volume) made of water-bearing mine ra l s  r e l a t e d  
t o  those  found i n  clay.  The chondrules and i n c l u s i o n s  are small (up t o  0 . 5  
m i l l i m e t e r s  a c r o s s ) .  
i n e  (15  t o  40% by volume) and small chondrules and i n c l u s i o n s  up t o  0.5 m i l l i -  
mete-- a c r o s s .  
50% by volume) bu t  have l a r g e r  chondrules ,  u p  t o  2 mil l imeters  a c r o s s .  Re-  
f r a c t o r y  i n c l u s i o n s  up t o  2 Centimeters a c r o s s  have been found. 

Refractory Inclusions in C3V Clzondvites 
Refractory i n c l u s i o n s  have been s t u d i e d  i n  C3V c h o n d r i t e s  f o r  over  15 

y e a r s .  Most of t hose  s t u d i e d  are from t h e  Allende m e t e o r i t e ,  which is t h e  
l a r g e s t  and b e s t  known C3V c h o n d r i t e  (over  2 t o n s  of i t  f e l l  i n  Mexico i n  
1.969). The i n c l u s i c n s  are composed of mine ra l s  r i c h  i n  h igh ly  r e f r a c t o r y  
elements.  These mine ra l s  are rare on e a r t h  and only fou-id i n  r e f r a c t o r y  in- 
c l u s i o n s  i n  m e t e o r i t e s .  They inc lude  m e l i l i - t e  [Caz(MgS ' ,AlA!l)Si07]. s p i n e l  
[MgA12041, fassaite [Ca(Mg,Al,Ti) (Si ,A1)206] ,  percvr;!tite [CaTi031 and h i b o n i t e  
;CaA112ulg]. 
c a l c u l a t i o n s  t o  condense from a coo l ing  gas  of s o l a r  composition. S ince  e q u i -  
l i b r ium thermodynamic c a l c u l a c i o n s  cannot p r e d i c t  tilt: d i r e c t i o n  of temperature  
change, t h e  mineralogy of t h e  i n c l u s i o n s  i s  a l s o  c o n s i s t e n t  with t h e i ?  being 
r e s idues  l e f t  from e x t e n s i v e  evapora t ion  o€ normal s o l a r  s y s t e m  material 
(e.9.  , bulk carbonaceous c h o n d r i t e s ) .  

Carbonaceous chondr i t e s  c o n t a i n  o b j e c t s  se t  i n  a f ine-grained ma t r ix .  

C30 Chondrites have a f ine-grained gray ma t r ix  of o l i v -  

C3V c h o n d r i t e s  have a f ine-grained gray o l i v i n e  r i a t r i x  (20  t o  

These mine ra l s  are the f i rs t  ores p red ic t ed  by thermodynamic 

Allende i n c l u s i o n s  can be d iv ided  i n t o  

15 
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two major t y p e s ,  f ine-grained and coarse-grained,  based on whether o r  not  
mineral, g r a i n s  can bc seen i n  a normal o p t i c a l  microscope. Both types  of i n -  
CluSiOilS have been a l t e r e d  be fo re  they were incorpoia.ed i n t o  t h e  Allende 
parent  body. During a l t e r , c i o n ,  r e f r a c t o r y  mine ra l s  a , e  r ep laced  by n i n e r a l s  
s t a b l e  at lower temperature .  The high temperature mine ra l s  a r e  more exten- 
s i v e l y  a l t e r e d  I n  f i n e  -grained than i n  coarse-graired i n c l u s i o n s .  Fine- 
g ra ined  Fnclu,ions are only now be ing  s t u d i e d  i n  detail . ,  because t h e  g r a i n s  
i n  them a r e  s o  small t h a t  t h e  can only be seen i n  an e l e c t r o n  microscope. 
There are t w . .  major t ypes  of coarse-eyained inclusio!is i n  C3V chondr i t e s :  
Type A and Type 8 .  Type A i n c l u s i o n s  c o n s i s t  of m e l i l j t e  and s p i n e l  w i th  
mincr h i b o n i t e  and p e r c v s k i t e  snd Type B i n c l u s i o n s  c o n s i s t  of f a s s a i t e ,  
m e l i l i t e  and s p i n e l  w i t h  m’nor pe rovsk i t e .  

Allende coarse-grained i n c l u s i o n s  are enriched i n  a l l  r e f  r ac ro ry  elements 
by aboui. 20 times r e l a t i v e  t a  normal s o l a r  s y s t e m  condensible  , i i e t e r i a i .  Thus,  
they a r e  thought t o  r e p r e s e n t  t h e  f i r s t  5% of condensiblc  material t o  have 
condensed as t h e  p r i m i t i v e  s o l a r  nebula  cooled.  Conversely,  they could repre- 
s e n t  t h e  f i n a l  5% l e f t  a f t e r  cvapora t ion  of norms1 s o l a r  system condensible  
uiat r i a l .  Allende i n c l u s i o n s  are t h e  o l d e s t  o b j x t s  knovn. Radiometric 
d a t i n g  by t h e  uranium-lead method shJws t h a t  they formed 4.56 b i l l i o n  y e a r s  
ago when t h e  s o l a r  sys tem is  be l i eved  t o  have formed. About i o  !;ears ago,  i t  
was discovered t h a t  t h e  Allende i n c l u s i o n s  con ta in  exce,; magnesium-26 from 
t h e  decay of aluminum,-26. Nucleosynthesis  of a!uminum-26 mu;: have taken 
place b e l o r e  t h e  c o l l a p s e  of t h e  presclar cloud t o  form t h e  s o l a r  sysLem. 
Since h a l f  of t h e  aluminum-26 decays every 720,000 y e a r s ,  t h e  i n c l u s i o n s  m u s t  
have formed w i t h i n  o n l y  a f e w  m i l l i o n  years of formation of t h e  s o l a r  s v s t t m .  
It i s  i n  Allende i n c l u s i o n s  t h a t  isotopj-c  anomalies i n  many elements have been 
found. These anumalics provide in fo rnac ion  on t h e  mechanism of nucieosyctne-  
sis of t he  elements.  

Refracto?? Inclusions in CZ CJiom7ritcs 

tile Murch!son m e t e o r i t e ,  which, l i k e  t h e  Allende m e t e o r i t e ,  is l a r g e  and 
widely a v a i l a b i e .  The i n c l u s i o n s  are much smaller, u s u a l l y  200 micrometers 
a c r o s s  G r  l e s s .  The  major t y p e s  found are: Spinel-diopside,  c o n s i s t i n g  of 
s p i n e l  rimmed by d i o p s i d e  [CaMgSi20b]; s p b e l - h i b o n i t e ,  c o n s i s t i n g  of s p i n e l ,  
h i b o n i t e  and minor p e r o v s k i t e ;  m e l i l i t c - r i c h ,  con ta in ing  mel i l i t e ,  s p i n e l  an2 
minor h i b o n i t e  and pe rovsk i t e ;  monomineralic g r a i n s  of h i b o n i t e  2nd s p i n e l ;  
and r i l t r a r e f r a c t o r y ,  con ta in ing  1,ibon;te and coruc lum LA1203 1 .  T h e  Murchiso;l 
i n c l u s i o n s  a r e  g c e r a l l y  more h igh ly  enriched i n  r e f r a c t o r y  e l e m n t s  than are 
i n c l u s i o n s  ir, C?V c h o n d r i t e s  and are thought t o  form a t  h ighe r  temperatures  
than  t h e  C3V c h o n d r i t e  r e f r a c t o r y  Jnclusions. 

Pc J Rcfrac tory Inc 2usinris are Folcr, i 

c a l l y  10 c e n t i m e t e r s  i n  diarneter,is s l i c e d  l i k e  ti l o a f  o f  bread ,  w i t h  each 
s l ice  0.5 t o  1 cen t ime te r  t h i c k .  The i n c l u s i o n s  are easy t a  f i n d ,  because 
they are white  and t h e  ma t r ix  and o t h e r  o b j e c t s  a r e  a medium g ray .  
carr be sampled with c # t a l  t o o l s  f o r  bu lk  methods of a n a l y s i s  3r they can b e  
impregnated with epoxy and made i n t o  a 30 micrometer t h i c k  s e c t i o n  wi th  a 
pol ished s u r f a c e .  
and e l e c t r o n  microscoper and analyzed f o r  i t s  major and minor element chemical 
composition w i t h  an electrbn microprobe and i ts  t r a c e  e!2ment chemical and 
major e l enen t  i s o t o p i c  composition w i t h  an ton nicroprobe.  The  sarcpling 
method used f o r  Allende i n c l u s i o n s  f a v o r s  l a r g e  i n c l u s i o n s .  

Most of t he  r e f r a c t o r y  i n c l u s i o n s  s t u d i e d  i n  C2 c h o n d r i t e s  have come frcm 

I n c l u s i c n s  i n  Allende are l a r g e  and abundant. A s t o n e  of Allende,  t yp i -  

Inclusloris 

Sdch a pol ished t t , i n  s ec t io r l  c m  be  stuf7ied with o p t i c a l  
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More r e c e n t l y ,  r e f r a c t o r y  i n c l u s i o n s  have been s t u d i e d  i n  t h e  Murchison 
C2 chondr i t e .  The i n c l u s i o n s  are smail and less abundant,  sc i t  is d i f f i c u l t  
t o  f i x l  them on the  s u r f a c e s  of s l i c e s .  The most s u c c e s s f u l  method of sepa- 
r a t i n g  r e f r a c t o r y  i n c l u s i o n s  from Murchison i z  as fol lows.  A s:one of Mur- 
chison is  disaggregated by soaking i t  i n  water and r epea ted ly  f i e e z i n g  and 
thawing i c .  Since ice  expands as i t  c o o l s  (which is why pop b o t t l e s  b u r s t  
when f r o z e n ) ,  t h e  m e t e o r i t e  is broken i n t o  t i n y  p i e c e s .  Hard o b j e c t s  l i k e  
chondrules and i n c l u s i o n s  are sepa ra t ed  from t h e  porous znd weak ma t r ix .  The 
r e s u l t i n g  powder i s  placed i n  a dense l i q d i d ,  where t h e  very dense i n c l u s i o n s  
and mineral  fragments s i n k  and t h e  ?ss dense mz t r ix  mine ra l s  f l o a t .  The 
dense f r a c t i o n  is d r i e d  and examined under a low power o p t i c a l  microscope. 
Many r e f r a c t o r y  i n c l u s i o n s  can be d i s t i n g u i s h e d  by t h e i r  shape and c o l o r .  
Hiboni te  i s  e s p e c i a l l y  easy t c  f i n d  because i t  is b r i g h t  b lue .  
i n c l u s i o n s  can be a m l y z e d  by bu lk  methods s u c l  as neutron a c t i v a t i o n  ana l -  
y s i s  and mass spectrometry sr  t hey  can be  mounted i n  epoxy, po l i shed  and 
s t u d i e d  w i t n  microscopes and microbeam a n a l y t i c a l  methods. 
s i o n s  a r e  destroyed by t h e  d i s a g g r e g a t i o n  p rocess  awl many i n c l u s i o n s  do nor 
con'ain c o l o r f u l ,  a t t r a c t i v e  m i n e r a l s ,  i h e  samples ob ta ined  by t h i s  method 
art probably no t  r e p r e s e n t a t i v e  of t h e  popu la t ion  of r e f r a c t o r y  i n c l u s i o n s  i n  
C2 chondr i t e s .  

The sepa ra t ed  

S ince  weak inc lu -  

The only way t o  o b t a i n  a r e p r e s e n t a t i v e  sample of i n c l u s i o n s  is t o  look 
a t  a l a r g e  sample of a carbonaceous c h o n d r i t e  and examine a l l  o b j e c t s  i n  i t .  
Th i s  has  been done by e x m i n i n g  po l i shed  t h i n  s e c t i o n s  of t h e  C3V c h o n d r i t e s  
Allende and ?b>koia and t h e  C2 c h o n d r i t e  Miqhei with o p t i c a l  and e l e c t r o n  
microscopes. These s t u d i e s  have only included those  o b j e c t s  t h a t  are l z r g e r  
than 100 t o  2 0  micrometers a c r o s s .  As we w i l l  see b e l a . ,  many of t h e  most 
i n t e r e s t i n g  i n c l u s i o n s  are smaller than  t h i s .  

REFRACTORY INLLUSIONS I N  THE ORpjANS METEOhITE 

I n  t h e  work done h e r e ,  a pol ished t h i n  sec t io i i  of t h e  Oriians m e t e o r i t e  
was examined under a scanning e l e c t r o n  microscope which was equipped w i t h  a n  
X-ray d e t e c t o r .  
sample, t h e  atom g i v e s  o f f  X-rays. A t o m s  of each d e m e n t  g i v e  o f f  X-rays of 
d i f f e r e n t  ene rg ie s .  
of X-rays at once and di.splavs t h e  X-ray energy spectrum on a rcmputer monitor 
The approximate chemical comDositior. of t h e  alrea under Lhe beam can b e  d e t e r -  
mined by a glance a t  the  computsr m o n i t x .  An a c c u r a t e  chemical a n a l y s i s  can 
be made by c o l l e c t i n g  X-rays from a s p o t  f o r  a caupie  of minutes and us ing  t h e  
computer t o  c a l c u l a t e  t h e  composition from t h e  col lected.  X-ray d a t a .  
as small as I micrometer a c i o s s  can be  analyzed.  

meters .  This  e n t i r e  s u r f a c e  w a s  examined a t  500 times magn i f i ca t ion ,  where 
an area13C by 170 micrmcters is viewed a t  once. In each area, t h e  mputer  
monitor w a s  watched t o  s e e  
aluminvm, s i n c e  t h e s e  elements are s t r o n g l y  en r i ched  i n  r e f r a c t o r y  i n c l u s i o n s .  
A l l  i n c l u s i o n s  g r e a t e r  than 20 micrometers acioss were photographed and ana- 
lyzed. 

Resu Its 

When t h t  15 k i l o v o l t  e l e c t r o n  beam s t r i k e s  a n  z tom i n  a 

The :-ray d e t e c t c r  d e t e c t s  a wide variety of e n e r g i e s  

Spots  

The area of t h z  t h i n  s e c t i o n  of Crnans s t u d i e d  w a s  about 75 squa re  m i l - l i -  

when t h e r e  was  a high c o n c e n t r a t i o n  of calcium o r  

Using t h e  meth-l  abo. 4 4  i n c l u s i o n s  ranglng i n  s i z e  from 30 micrometers 
a c r o s s  t o  350 by 500 mi,rmeters, were found. 26 of t h e s e  i n c l u s i o n s  were 

1; 
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m e l i l i t e - r i c h .  They con ta in  F e l i l i t e ,  s p i n e l  and minor pe rovsk i t e  and hibon- 
i t e .  T h e i r  mine ra l  chemistry and t e x t u r e s  rsseqhle those  found i n  some 
ALlende Type A coarse-grained i n c l u s i o n s ,  but  thcy are smaller and more re-  
f r a c t o r y  than Allende inclusior ls .  The m e l i l i t e  i n  them is  lower i n  magnesium 
and s i l i c o n  and h i g h e r  i n  aluminum than  m e l i l i t s  ir. Allende i r ,c lusions.  Th i s  
i n d i 2 a t e s  t h a t  they formed a t  h ighe r  temperatures.  No i n c l u s i m s  l i k e  Allende 
Type B i n c l u s i o n s  were found, s i n c e  no fassai te  was found i n  acy i n c l u s i o n .  
15  s p i n e l - r i c h  i n c l u s i o n s  were found. Some convoluted i n c l u s i o n s  have s p i n e l  
c o r e s  and d i o p s i d e  r i m s  l i k e  i n c l u s i o n s  i n  Murchison, wh i l e  o t h e r s  are compact 
i n c l u s i o n s  c o n s i s t i n g  almost e n t i r e l y  of s p i n e l  w i th  occas iona l  p e r o v s k i t e  
g r a i n s .  

The most i n t e r e s t i n g  i n c l u s i o n s  found are t h e  3 u l t r a r e f r a c t o r v  inc lu -  
h e  i s  a 150 micrameter diameter  i n c l u s i o n  composed almost e n t i r e l y  s i o n s .  

of 10 by 100 micrometer ' i i bon i t e  b l ades .  It h a s  many v o i d s ,  so  It is u n l i k e l y  
t o  have c r y s t a l l i z e d  frcm a molten d r o p l e t .  Thus i t  is  probably no t  a n  w a p -  
o r a t i o n  r e s i d u e .  The s;cond u l t r a r e f r a c 2 o r y  i r .c lusion is a s i n g l e  c r y s t a l  of 
h i b o n i t e  which e n c l o s e s  two % r a i n s  of pe rovsk i t e .  The p e r o v s k i t e s  c o n t a i n  
abcut 2% y t t r i u m  oxide.  
and is normallv p re sen t  i n  p ? r o v s k i t e s  from r e f r a c t o r y  i n c l u s i o n s  a t  l e v e l s  
below 0.5%. T h e  n o s t  e x o t i c  i nc lus io r ,  h a s  been g iven  t h e  name OSCAR. It coq- 
sists cf an unusual mine ra l  rir5 i n  calcium, aluminum, s l l i c m ,  scandium, t i -  
t a n i u m  and zirconiiiIu, vhictl  seems t o  be  r e l a t e d  t o  f a s s a i t e .  Th i s  m i n e r a l  
con ta ins  I1 t o  18% scandium oxide and 1 . 5  t o  7% zirconium oxide.  The o t h e r  
major m i n e r a l  i n  t h i s  inc1:ision i s  pe rovsk i t e  which c o n t a i n s  6% y t t r i u m  oxide 
and 1% leveis  of some of t S P  most r e f r a c t o r y  of t h e  rare e a r t h  elements. Th i s  
e x t r a o r c i n a r v  i n c i u s i c n  is enriched i n  some r e f r a c t o r y  elements by a f a c t o r  
1(;200 r e l a t i v e  t o  nornial s o l a r  sysrem condensiblc  material. It is d i f f i c u l t  
t o  b e l i e v e  t h a t  i t  could be  extreme evapora t ion  r e s i d u e .  OSCAR w a s  descri-bed 
& L  t,ko t ' e t e o r i t i c a l  Soc ie ty  Meeting last  summer i f i  Albuquerque, New Mexico. 
An a b s t r a c t  about i t  is i n  p r e s s  ( A .  3. Davis,  1984, A scandalously r e f r a c t 3 - y  
i x l u s i o n  i n  Ornans , . ' , !~tsorr ' t . r7~ - 1 9 ! .  

R e c a l l  t h a t  m l s t  Alle-cde i n c l u s i o n s  hzire had some @f t h e i r  r e f r a c t o r y  
mine ra l s  a l t e r e d  t 3  lower temperature w i n e r a l s  p r i o L  t o  emplhcement of t h e  i n -  
c l u s i o n s  i n t o  t h e  Fillende p a r m t  body. The i n c l u s i o n s  i n  Ornans have a l s o  
been a l t e r e d  i n  a similar manner, bu t  t h e  a l t e r a t i o n  i s  ;ess e x t e n s i v e  than  
i n  t h e  Allende i n c l u s i o n s .  The Ornans r e f r a c t o r y  i n c l u s i o n s ,  as w e l l  as 
cttondrules and minz ra l  fragments,  have experienced a second a l t e r a t i o n  s t e p  
i n  t h e  pa ren t  body. I n  t h i s  secord s t e p ,  t h e r e  h a s  been chemical exchange 
and r e a c t i o n  w i t h  t h e  i ron - r i ch  o l i v i n e  mat r ix .  

Y t t r i u m  is  an extremely rare and r c f r a c t o r y  element 

CONCLUSIONS 
The highes: temperature  h i s t o r y  of t h e  e a r l v  s o l a r  s v s t t n r  can only be 

deciphered by examining inclclsions from a v a r i e t y  of Fn_:rorites, s i n c e  d i f f e r -  
e n t  m e t e o r i t e s  s-lem t o  have d i f  fc-ent ~ o ~ i i l - t i  m$ ').. r e f r a c t o r y  i n c l u s i o 3  
types.  It is imror t an t  t o  c h a r a c t e r '  i n c l J J L o n s  dobm t o  ve ry  small  s i z e s ,  
c e r t a i n l y  much l,-ss than 100  meters. The t h r e e  most unusual  i n c l u s i o n s  
in Ornans are  a'.l quirt- t , . i d i l .  I f  e x o t i c  i n c l u s i o n s  l i k e  OSCAR were much 
l a r g e r ,  t hey  w c . 1 ' 1  s i g n i f i c a n t l y  a f f e c t  bu lk  a n a l y s e s  of t h e  m e t e o r i t e .  A s  i t  
is, t h e  amour. of scandium t h a t  would normally be found on a 25 square m i l l i -  
meter area of Ornans i s  concentrated i n t o  an area m i y  60 n i c romete r s  ac ross .  
It  is hoped t h a t  f u r t h e r  study of t h e  chemical and i s o t o p i c  compositions of 
t h e  Ornans r e f r a c t o r y  i n c l u s i o n s  w i l l  broaden our knowledgz of c o n d i t i o n s  i n  
t h e  e a r l y  s o l a r  syst2m. 




