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A b s tr a c t

A  s te p p e d  c o m b u s t io n  te c h n iq u e  h a s  b e e n  d e v e lo p e d  to  re so lv e  th e  d if fe re n t 
s u lp h u r - b e a r in g  c o m p o n e n ts  o f  m e te o r i te s .  T h e  te c h n iq u e  h a s  b e e n  a p p l ie d  
to  s tu d ie s  o f  c a r b o n a c e o u s  a n d  e n s t a t i t e  c h o n d r i te s .

S te p p e d  c o m b u s t io n  o f  C l  a n d  0 2  c a r b o n a c e o u s  c h o n d r i te s  p ro v id e s  ev 
id e n c e  fo r  th e  p re s e n c e  o f  s e c o n d a ry  s u lp h u r  m in e ra ls .  E v id e n c e  fo r  s ix  
d if fe re n t  s u lp h u r  c o m p o n e n ts  h a a  b e e n  fo u n d  ( e le m e n ta l  a n d  o rg a n ic  s u l
p h u r ,  s u lp h id e s ,  F E S O N  a n d  s u lp h a te s ) .  M o s t  o f  th e  s u lp h u r  in  C l  a n d  C 2  
m e te o r i te s  is  o x id is e d  a n d  p r o b a b ly  fo rm e d  a s  a q u e o u s  a l t e r a t io n  p r o d u c ts  
o f  p re c u rs iv e  s u lp h id e  m in e r a ls  in  th e  m e te o r i te  p a r e n t  b o d ie s . C l  a n d  C 2 
c h o n d r i t e s  b o th  c o n ta in  th e  s a m e  s u lp h u r  c o m p o n e n ts  s u g g e s t in g  t h a t  h y 
d r o th e r m a l  a l t e r a t io n  m a y  h a v e  e v o lv e d  a lo n g  a  c o m m o n  p a th w a y .  C h a n g e s  
in  s u lp h u r  i s o to p ic  c o m p o s i t io n  a s s o c ia te d  w i th  a l t e r a t io n  h a v e  le d  to  a n  e n 
r ic h m e n t  o f  in  e le m e n ta l  s u lp h u r  a n d  s u lp h a te s  c o m p a r e d  to  th e  s t a r t i n g  
s u lp h id e  m a te r ia l .

M o s t  o f  th e  s u lp h u r  in  C 3 , C 4  a n d  C 5 / 6  c h o n d r i t e s  is  p r e s e n t  a s  s u lp h id e ,  
b u t  s te p p e d  c o m b u s t io n  h a s  d e m o n s t r a te d  t h a t  th e r e  is  a lso  a  c o m p o n e n t  
o f  p r e te r r e s t r i a l  o x id is e d  s u lp h u r  in  th e s e  m a te r ia l s .  C h e m ic a l  e v id e n c e  s u g 
g e s ts  t h a t  o x id is e d  s u lp h u r  m a y  o c c u r  a s  F E S O N  o r  a n h y d r i t e .  T h is  f in d in g  
in d ic a te s  t h a t  C 3  a n d  C 4  c h o n d r i t e s  h a v e  u n d e rg o n e  a  s m a ll  a m o u n t  o f  
h y d r o u s  a l t e r a t io n  o n  th e  m e te o r i te  p a r e n t  b o d y  a n d  th i s  p ro v id e s  a n  im 
p o r t a n t  e v o lu t io n a ry  lin k  w i th  C l  a n d  C 2  m e te o r i te s .

T h e  s te p p e d  c o m b u s t io n  m e th o d  h a s  b e e n  u s e d  a s  a  m e a n s  o f  e issessing  
th e  r e la t iv e  a b u n d a n c e s  o f  th e  tw o  m a in  s u lp h id e s  ( t r o i l i t e  a n d  o ld h a m ite )  in  
e n s t a t i t e  c h o n d r i t e s  a n d  a u b r i t e s .  I t  w a s  fo u n d  t h a t  t r o i l i t e  a n d  o ld h a m i te  
a b u n d a n c e s  b o th  d e c re a s e  s y s te m a t ic a l ly  w i th  p e t ro lo g ic  g ra d e .  T h e  v a r i 
a b i l i ty  o f  th e s e  tw o  m in e r a ls  p ro v id e s  c o n s t r a in t s  o n  m o d e ls  e n v is a g e d  fo r  
t h e  e v o lu t io n  o f  th e  e n s t a t i t e  c h o n d r i t e  p a r e n t  b o d y . E n s t a t i t e  c h o n d r i t e s  
h a v e  w h o le - ro c k  v a lu e s  o f  c lo se  to  0%o, w h e re a s  a u b r i t e s  a r e  d e p le te d  
in  b y  u p  to  2%o.
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C h a p ter  1 

I n tr o d u c t io n

1.1 B ack grou n d

A  f u n d a m e n ta l  p r in c ip le  o f  th e  th e o ry  o f  a to m ic  s t r u c t u r e ,  p u t  f o rw a rd  b y  
D a l to n  in  1803 , w a s  t h a t  a to m s  o f  th e  s a m e  e le m e n t  a re  e q u a l  in  w e ig h t .  
T h is  p o s tu l a te  w a s  l a t e r  c h a lle n g e d  b y  W il l ia m  C ro o k e s  in  a n  a d d r e s s  to  
t h e  C h e m ic a l  S e c t io n  o f  th e  B r i t i s h  A s s o c ia t io n  a t  B i rm in g h a m  in  1886 . 
In  a  p r o p h e t i c  s t a t e m e n t ,  C ro o k e s  s u g g e s te d  t h a t  a to m s  o f  a n y  p a r t i c u l a r  
e le m e n t  m a y  v a ry  in  th e i r  a to m ic  w e ig h ts  ( th e s e  h e  r e fe r re d  to  a s  m e ta 
e le m e n ts ) ,  a n d  f u r th e r m o r e ,  t h a t  s u c h  m a s s  d if fe re n c e s  c o u ld  le a d  to  p h y s ic a l  
f r a c t i o n a t io n  b e tw e e n  th e  l ig h t  a n d  h e a v y  a to m s .  In  1913 , S o d d y  p r o p o s e d  
th e  t e r m  is o to p e s  ( f ro m  th e  G re e k  iso  a n d  to p e s  m e a n in g  e q u a l a n d  p la c e )  
b e  u se d  fo r  th e s e  s u b s ta n c e s .

T h e  th e o ry  o f  is o to p e s  h a s  i t s  o r ig in  in  th e  d is c o v e ry  o f  r a d io a c t iv i ty .  
In  1896  B e c q u e re l n o t ic e d  t h a t  so m e  p h o to g r a p h ic  p la te s  w h ic h  h a d  b e e n  
s to r e d  n e a r  to  a  u r a n iu m  c o m p o u n d  h a d  b e c o m e  fo g g e d . H e sh o w e d  t h a t  
th i s  e ffe c t w a s  d u e  to  ‘r a d i a t i o n s ’ e m i t t e d  b y  th e  u r a n iu m .  T h e  ‘r a d i a t i o n s ’ 
a r e  p a r t i c le s  e je c te d  w h e n  a n  u n s ta b le  n u c le u s  s p o n ta n e o u s ly  d is in te g r a t e s  
to  a c q u ir e  a  m o re  s ta b le  s t a t e ,  th e  p a r e n t  n u c le u s  u n d e rg o e s  a  c h a n g e  in  
a to m ic  n u m b e r  d u r in g  r a d io a c t iv e  d e c a y  a n d  th e re fo r e ,  b e c o m e s  a  n u c le u s  
o f  a  d if fe re n t e le m e n t  (k n o w n  a s  th e  d a u g h te r  e le m e n t) .  F o r  e x a m p le ,  a n  
is o to p e  o f  r u b id iu m ,  ®^Rb, is  u n s ta b le  a n d  w ill d e c a y  b y  e m is s io n  o f  a n  

e le c t ro n  to  s ta b le  ®^Sr

8: R b  %  +  ë

S ta b le  is o to p e s ,  a s  th e  n a m e  s u g g e s ts ,  d o  n o t  u n d e rg o  r a d io a c t iv e  d e c a y  a n d  

v a ry  o n ly  in  a to m ic  w e ig h t .
T h e  f ir s t  in d ic a t io n  t h a t  is o to p e s  o f  s ta b le  e le m e n ts  e x is t  c a m e  in  1912  

w h e n  J .  J .  T h o m p s o n  d e m o n s t r a te d  t h a t  n e o n  h a s  is o to p e s  w ith  m a s s e s  20 
a n d  22. T h o m p s o n  u se d  a  m a g n e t ic  d e f le c tio n  in s t r u m e n t  w h ic h  c o n s t i tu t e d  
th e  f ir s t  m a s s  s p e c t r o g r a p h  a n d  th i s  e x p e r im e n t  w a s  th e  f irs t d e m o n s t r a t i o n



o f  th e  p r in c ip le  o f  m a s s  s p e c tro s c o p y , th e  s e p a r a t io n  a n d  re c o rd in g  o f  th e  
m a s s  o f  a n  io n iz e d  a to m . ‘M a s s  s p e c t r o g r a p h ’ is a  te r m  t h a t  is  n o w a d a y s  
u s u a l ly  e m p lo y e d  fo r  in s t r u m e n ts  t h a t  d e te c t  io n s  b y  a  p h o to g r a p h ic  p la te ,  
w h e re a s  a  ‘m a s s  s p e c t r o m e te r ’ u se s  a n  e le c tr ic a l  m e th o d  o f  d e te c t io n .  T h e  
f i r s t  p re c is io n  s p e c tro s c o p e s  w e re  c o n s t r u c te d  b y  J .  D e m p s te r  in  1918  a n d  
F .  W . A s to n  in  1 919 , to  m e a s u re  th e  r e la t iv e  a b u n d a n c e s  o f  so m e  is o to p e s .  
A s to n ’s s p e c t r o g r a p h  w a s  u s e d  in i t ia l ly  to  c o n f irm  t h a t  n e o n  is  c o m p o s e d  
o f  tw o  c o n s t i tu e n t s  w h ic h  c o r r e s p o n d  to  S o d d y ’s is o to p e s ,  a n d  h a v e  m a s s  
n u m b e r s  20  a n d  22  ( th e  t h i r d  s ta b le  i s o to p e  o f  m a s s  21 w a s  d is c o v e re d  b y  
H o g n e ss  a n d  K v a in e s  in  1 9 2 8 ).

In  1 9 2 0 , F .  W . A s to n  d is c o v e re d  t h a t  s u lp h u r  h a s  th r e e  s ta b le  i s o to p e s  
w i th  m a s s  n u m b e rs  3 2 ,3 3  a n d  34  w h ic h  o c c u r  in  th e  a p p r o x im a te  a b u n d a n c e  
r a t i o  o f  9 6 :1 :3 , re s p e c tiv e ly . F o llo w in g  a  c a lc u la t io n  b y  W ig n e r  m a d e  in  1 9 3 7 , 
w h ic h  sh o w e d  t h a t  m a s s  36  s h o u ld  a lso  b e  a  s ta b le  is o to p e .  N ie r  (1 9 3 8 ) , 
u s in g  a  h ig h  p re c is io n  m a s s  s p e c t r o m e te r  p ro v e d  th e  e x is te n c e  o f  w i th  
a n  a b u n d a n c e  o f  0 .0 1 6 % . T h e  a to m ic  a b u n d a n c e s  o f  s u lp h u r  in  t r o i l i t e  
(F e S ) f ro m  th e  C a n y o n  D ia b lo  i ro n  m e te o r i te  ( C D T ) ,  se le c te d  a s  th e  p r im a r y  
s t a n d a r d  to  w h ic h  a ll s u lp h u r  is o to p e  m e a s u r e m e n ts  a re  re fe r re d  (d is c u s s e d  
in  S e c t io n  1 .2 .1 ) ,  w e re  p ro p o s e d  b y  A u l t  a n d  J e n s e n  (1 9 6 2 ) a s  fo llo w s.

32s =  9 4 .9 4 1 %
33s =  0 .7 6 9 %
34s =  4 .2 7 3 %

36s =  0 .0 1 7 %

U re y  a n d  G r ie f  (1 9 3 5 ) p r e d ic te d  t h a t  th e  is o to p e s  o f  so m e  l ig h t  e le m e n ts  
(H , L i, B , C , N , a n d  O ) s h o u ld  v a ry  s l ig h t ly  in  th e i r  c h e m ic a l p r o p e r t ie s  a n d  
th i s  p r o m p te d  th e  f ir s t  s tu d ie s  o f  th e  n a t u r a l  a b u n d a n c e  v a r ia t io n s  o f  s t a b le  
i s o to p e s  in  g e o lo g ic a l s a m p le s  (M a n ia n  e t  a l . ,  1934; N ie r  a n d  G u lb r a n s e n ,  
1939 ; M u r p h e y  a n d  N ie r , 1 9 4 1 ). T h o d e  (1 9 4 9 ) a n d  T h o d e  e t  a l . (1 9 4 9 ) , 
u t i l iz in g  m a s s  s p e c t r o m e tr y ,  p io n e e re d  s u lp h u r  s ta b le  is o to p e  m e a s u r e m e n ts  
o f  v a r io u s  n a t u r a l  s a m p le s . T h o d e  a n d  h is  c o -w o rk e rs  sh o w e d  t h a t :

1 . L a rg e  s u lp h u r  is o to p ic  v a r ia t io n s  e x is t  in  n a t u r e  ( T h o d e  e t  a l . ,  1 9 4 9 ) .

2 . C e r t a in  m a te r ia l s  h a v e  c h a r a c t e r i s t i c  s u lp h u r  is o to p ic  c o m p o s i t io n s  
( T h o d e  e t  a l . ,  1949; M a c n a m a r a  a n d  T h o d e ,  1950 ; S z a b o  e t  a l . ,  19 5 0 ; 
T h o d e  e t  a l . ,  1958; T h o d e  e t  a l . ,  1961 ; S h im a  e t  a l . ,  1963; T h o d e  a n d  
M o n s te r ,  1 9 6 5 ).

3 . C e r ta in  b a c te r i a  (e .g . D e s u lfo v ib r io  d e s u lfu r ic a n s )  f r a c t i o n a te  s u lp h u r  
is o to p e s  ( T h o d e  e t  a l . ,  1951; H a r r i s o n  a n d  T h o d e ,  1 9 58 ).

4 . T h e  is o to p ic  c o m p o s i t io n  o f  m e te o r i t i c  s u lp h u r  is c o n s ta n t  ( M a c n a 
m a r a  a n d  T h o d e ,  1 9 5 0 ).



S u lp h u r  is o to p ic  s tu d ie s  a re  n o w  r o u t in e ly  in c lu d e d  in  c e r ta in  a s p e c ts  o f  g eo 
c h e m is try ,  m e te o r i t ic s ,  h y d ro lo g y , m e te o ro lo g y , p o l lu t io n  a n d  e n v i r o n m e n ta l  
c o n t r o l ,  b io c h e m is tr y  a n d  c h e m ic a l  k in e tic s .

1.2  D e ter m in a tio n  o f  su lp h u r s ta b le  iso to p es

1 .2 .1  S u lp h u r iso to p e  n om en cla tu re

T h e  a b s o lu te  a b u n d a n c e s  o f  s u lp h u r  is o to p e s  a re  n o t  n o r m a l ly  d e te r m in e d .  
A s  a  c o n v e n t io n ,  th e  a b u n d a n c e  o f  th e  h e a v y  is o to p e  (^^S , a n d  36g) is  r e 
f e r re d  to  t h a t  o f  th e  l ig h t  is o to p e  (^^S ), to  d e f in e  a  d im e n tio n le s s  p a r a m e te r ,  
th e  is o to p e  r a t i o  R .

R  =  3 3 g /3 2 g  o r  34gy32g  3 6 g /3 2 g

T h e  is o to p e  r a t i o s  m e a s u re d  fo r  s a m p le s  c a n  b e  r e fe r re d  to  a n a lo g o u s  r a t i o s  
o b ta in e d  fo r  a  s t a n d a r d  u s in g  th e  6- n o ta t io n ,  d e f in e d  as:

6 =  X 1000  p e r  m il . (%o)

e .g . 634g =  X 1000 (%o)

A s  n a t u r a l  v a r ia t io n s  in  t h e  m in o r  i s o to p e s  o f  s u lp h u r  a re  s m a ll ,  6 is  
e x p re s s e d  in  p a r t s  p e r  th o u s a n d  o r  ‘p e r  m i l ’ (%o). E s s e n t ia l ly ,  th e  6- n o t a t i o n  
is  t h e  p e r  m il d e v ia t io n  in  R  o f  th e  u n k n o w n  s a m p le  f ro m  th e  s t a n d a r d .

H is to r ic a l ly  t r o i l i t e  (F e S ) f ro m  a ll  iro n  m e te o r i te s  w a s  t h o u g h t  t o  b e  
is o to p ic a l ly  h o m o g e n e o u s  a n d  to  h a v e  a  34gyS2g j-a tio  ( =  0 .0 4 5 0 0 4 5 1 )  a p 
p r o x im a te ly  e q u a l to  th e  a v e ra g e  o f  t e r r e s t r i a l  s a m p le s  (T ro f im o v , 1949 ; 
M a c n a m a r a  a n d  T h o d e ,  1 9 5 0 ). H o w e v e r , s u b s e q u e n t  is o to p ic  m e a s u r e m e n ts  
p e r f o rm e d  o n  t r o i l i t e  f ro m  m a n y  d if fe re n t i ro n  m e te o r i te  s a m p le s  h a s  r e 
v e a le d  th e  e x is te n c e  o f  s m a ll  v a r ia t io n s  in  63^S in  th e  o r d e r  o f  ±  0.1% o, a n d  
so , s t a n d a r d  s p e c if ic a tio n  w a s  r e s t r ic te d  to  t r o i l i t e  f ro m  th e  C a n y o n  D ia b lo  
i r o n  m e te o r i te  a b b r e v ia te d  to  C D T  ( A u l t  a n d  J e n s e n ,  1 9 6 2 ). U n f o r tu n a te ly  
th i s  s t a n d a r d  h a s  n o t  b e e n  a d o p te d  b y  s c ie n t is ts  w o rk in g  in  E a s t e r n  E u r o p e  
w h e re  t r o i l i t e  f ro m  th e  S ik h o te -A lin  m e te o r i te  is  th e  a c c e p te d  s t a n d a r d .  
T r o i l i te  r e p r e s e n ts  a n  in fe r io r  c h o ic e  fo r  a  s u lp h u r  is o to p ic  s t a n d a r d  b e c a u s e  
i t  is  c h e m ic a l ly  im p u r e  ( c o n ta in in g  m in o r  a m o u n ts  o f  n ic k e l, c o b a l t  a n d  s o m e  
c a r b id e s )  m a k in g  i t  d if f ic u lt  to  re c o v e r  100%  o f  th e  s u lp h u r  u s in g  c h e m ic a l  
p r e p a r a t io n s  (N ie lse n , 1 9 8 3 ).

1 .2 .2  M ass sp ectro m etry

T h e  o p t ic a l  s p e c t r o g r a p h s  d e v e lo p e d  by  A s to n ,  T h o m p s o n  a n d  o th e r s  w e re  
s u p e rc e d e d  by  h ig h e r  p re c is io n  g a s  s o u rc e  m a s s  s p e c t r o m e te r s  c o n s t r u c te d



b y  N ie r  a n d  c o w o rk e rs  (e .g . N ie r  a n d  G u lb r a n s e n ,  1939 ; M u rp h e y  a n d  N ie r , 
1 9 4 1 ). T h e  o r ig in s  o f  th e  m o d e rn  m a s s  s p e c t r o m e te r s  lie  in  th e  i n s t r u m e n t  
o r ig in a lly  d e s c r ib e d  b y  N ie r  (1 9 4 7 ) a n d  l a te r  im p ro v e d  b y  M c K in n e y  e t  a l. 
(1 9 5 0 ). A n  in s t r u m e n t  e s p e c ia lly  m o d if ie d  f ro m  N ie r ’s d e s ig n  fo r  m a k in g  
s u lp h u r  i s o to p e  m e a s u r e m e n ts  u s in g  s u lp h u r  d io x id e  g a s  h a s  b e e n  d e s c r ib e d  
b y  W a n le ss  a n d  T h o d e  (1 9 5 3 ) . S u lp h u r  d io x id e  g a s  is  u s u a lly  o b ta in e d  
b y  c o m b u s t io n  o f  s u lp h id e  s a m p le s  in  o x y g e n , h o w e v e r , su c h  m e a s u r e m e n ts  
a re  r e s t r ic te d  to  63^8 d e te r m in a t io n s  b e c a u s e  is o b a r ic  in te r fe re n c e s  f ro m  
o x y g e n  is o to p e s  p r e v e n t  p re c is e  636g a n d  63^8 m e a s u r e m e n ts .  T h e  r a t io s  
o f  th e  m in o r  is o to p e s  (33g a n d  36g) a re  n o r m a l ly  a n a ly s e d  u s in g  s u lp h u r  
h e x a f lu o r id e  g a s  b e c a u s e  f lu o r in e  is  m o n o is o to p ic .

T h e  in s t r u m e n t  c o n f ig u r a t io n  ( F ig u re  1 .1) a l lo w s  h ig h ly  p re c is e  i s o to p e  
r a t i o  m e a s u r e m e n ts  to  b e  o b ta in e d  b y  r a p id  a n d  r e p e a te d  re fe re n c e / s a m p le  
c o m p a r is o n s .  T h e  s a m p le  a n d  re fe re n c e  g a se s  a re  c o n t in u o u s ly  ( d y n a m 
ic a lly )  le a k e d  th r o u g h  c a p i l la r ie s  to  a  c h a n g e o v e r  v a lv e  (M u rp h e y , 1947) 
w h ic h  a l lo w s  se le c tio n  o f  e i th e r  g a s  fo r  is o to p ic  a n a ly s is .  A s o n e  g a s  is d i
r e c te d  to  th e  io n iz a t io n  s o u rc e  o f  th e  m a s s  s p e c t r o m e te r ,  th e  o th e r  is  b le d  
to  w a s te  a t  th e  s a m e  r a t e  to  e n s u re  t h a t  a n y  is o to p ic  f r a c t io n a t io n  o c c u r 
r in g  d u r in g  th e  a n a ly s is  a f fe c ts  b o th  s a m p le  a n d  re fe re n c e  g a se s  to  th e  s a m e  
e x t e n t .  T h e  io n  b e a m s  o f  i n te r e s t  ( fo r  s u lp h u r  d io x id e  m / z  6 4 , 65  a n d  6 6 ) 
a r e  fo c u s se d  o n to  tw o  F a r a d a y  b u c k e ts  a n d  th e  e le c tro n ic  s ig n a ls  f ro m  th e s e  
a r e  a m p lif ie d  to  o b ta in  r a w  is o to p e  r a t i o  m e a s u r e m e n ts .

1.3 T h e  co sm o ch em istry  o f  su lp h u r

1 .3 .1  N u c leo sy n th esis

S u lp h u r  is  th e  n in th  m o s t  a b u n d a n t  e le m e n t  in  th e  s o la r  s y s te m  h a v in g  a n  
a b u n d a n c e  o f  5 .0 x 1 0 3  ( r e la t iv e  to  s il ic o n , S i = 106 ) ,  a n d  iro n  is th e  o n ly  h e a v 
ie r  e le m e n t  m o re  a b u n d a n t  t h a n  s u lp h u r  ( C a m e r o n ,  1 9 8 2 ). E x p lo s iv e  n u c le 
o s y n th e s is  is  th e  m o s t  im p o r t a n t  s t e l la r  p ro c e s s  fo r  p r o d u c t io n  o f  s u lp h u r  
is o to p e s  (3^8, 36s, 34g a n d  3®8) a n d  o n ly  3^8 is  s y n th e s is e d  in  h y d r o s ta t ic a l ly  
s ta b le  s t a r s .  D u r in g  e x p lo s iv e  c a r b o n  b u r n in g  th e  m a in  s u lp h u r  i s o to p e  to  
b e  fo rm e d  is  36g ( A r n e t t ,  1973; W a n n ie r ,  1 9 8 0 ), b u t  u n d e r  c e r ta in  c o n d i t io n s  
s y n th e s is  o f  32g, 34g a n d  3®g c a n  a lso  o c c u r  (A u d o u z e  a n d  V a u c la ir ,  1 9 8 0 ). 
M a jo r  p r o d u c t io n  o f  32g a n d  3^g o c c u rs  d u r in g  e x p lo s iv e  o x y g e n  b u r n in g  a s  
d o e s  36g, b u t  th e  l a t t e r  is c o n f in e d  to  n e u t r o n - r ic h  e n v i ro n m e n ts  ( A r n e t t ,  
1973; C a m e ro n ,  1 9 8 2 ). O n ly  32g is  s y n th e s is e d  in  h y d r o s ta t ic a l ly  s t a b le  
s t a r s .  D u r in g  o x y g e n  b u r n in g ,  o x y g e n  n u c le i c a n  u n d e rg o  th e  fo llo w in g  r e 
a c t io n :

16q  16q  32g ^  ^
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F i g u r e  1 .1  S c h e m a tic  d ia g r a m  o f  (a )  n o r m a l  g e o m e try , a n d  (b )  e x te n d e d  
g e o m e try  fo r  io n  o p t ic s  in  d y n a m ic  m a s s  s p e c t r o m e te r s .  (V G  =  
V a c u u m  G e n e ra to r s ,  C h e s h ir e ,  E n g la n d ) .



S o u r c e 3 4 g / 3 3 g 3 2 g y 3 4 g

S g r B 5.3  ±  1 .0 17.1 ±  1 .0
M 1 7 2 2 .2  ±  1.0

O ri A 4 .8  ±  5 .0 2 1 .6  ±  1.0
N G C  7538 2 6 .0  ±  2 .0

S o la r  s y s te m 5.5 23

T a b l e  1 .1  S o m e  e x a m p le s  o f  s u lp h u r  i s o to p e  r a t i o s  in  g ia n t  g a la c t ic  c lo u d s . 
(F r o m  W a n n ie r ,  1 9 8 0 ).

T h e  s il ic o n  q u a s i-e q u il ib r iu m  p ro c e s s  o c c u r r in g  d u r in g  s il ic o n  b u r n in g  in 
v o lv e s  th e  fo llo w in g  n u c le a r  r e a c t io n :

28gi +  4He _> 32g +  ^

H e liu m  n u c le i a r e  c a p tu r e d  b y  s il ic o n  n u c le i to  fo rm  s u lp h u r  (A u d o u z e  a n d  
V a u c la i r ,  1980)

1 .3 .2  S u lp h u r in th e  in terste lla r  m ed iu m

T h e  c h e m is t ry  o f  s u lp h u r  in  i n te r s t e l l a r  c lo u d s  is  c o m p le x  a n d  h a s  b e e n  
c o n s id e re d  in  d e ta i l  b y  O p p e n h e im e r  a n d  D a lg a r n o  (1 9 7 4 ). S u lp h u r  o c c u rs  
in  17%  o f  k n o w n  in te r s t e l l a r  m o le c u le s  (e .g . S O 2 , S iS , C S , O C S , H 2C S , 
C H 3C S : M a n n  a n d  W ill ia m s , 1 9 8 0 ).

A s tr o n o m ic a l  o b s e rv a t io n s  o f  s u lp h u r  is o to p e  a b u n d a n c e s  c a n n o t  b e  r e 
la te d  d i r e c t ly  to  a  s t a n d a r d  so  th e y  a re  c o n v e n tio n a l ly  e x p re s s e d  a s  ^^S /^^S  
a n d  ^^S /^^S  r a t io s .  T h e  o b s e rv e d  in te r s t e l l a r  r a t i o s  (T a b le  1 .1 ) ,  m e a s u r e d  
in  g ia n t  g a la c t ic  c lo u d s  b y  m il l im e te r -w a v e  a n d  m ic ro w a v e  s p e c tro s c o p y , a r e  
c o n s is te n t  w i th  th e  s o la r  v a lu e s  ( s o la r  a n d  r a t i o s  h a v e  v a l
u e s  o f  2 2 .5  a n d  5 .5  r e s p e c tiv e ly )  a n d  sh o w  l i t t l e  s p a t i a l  v a r ia t io n  w i th in  th e  
g a la x y  ( B e r to jo  e t  a l . ,  1974; W a n n ie r ,  1 9 8 0 ). T h is  is  in  c o n f lic t w i th  c u r r e n t  
th e o r ie s  o f  n u c le o s y n th e s is  w h ic h  p r e d ic t  a n  in c re a s e  in  m e ta l l ic i ty  to w a r d s  
th e  g a la c t ic  c e n t r e ,  th i s  in  t u r n  s h o u ld  le a d  to  a n  in c re a s e  in  th e  a b u n d a n c e s  
o f  th e  n e u t r o n - r ic h  is o to p e s  a n d  (W a n n ie r ,  1 9 80 ).

1 .3 .3  S u lph u r co n d en sa tio n  in th e  so lar  n eb u la

T h e  m a jo r  g a s e o u s  s u lp h u r - b e a r in g  sp e c ie s  in  th e  s o la r  n e b u la  is h y d ro g e n  
s u lp h id e  (L a r im e r ,  1 9 6 7 ). A s s u lp h u r  is  a  s id e ro p h i le  e le m e n t,  e q u i l ib r iu m  
c o n d e n s a t io n  o c c u rs  by  r e a c t io n  w i th  m e ta l l ic  iro n :

H 2S (g ) +  F e (s )  F e S (s )  +  H 2(g )



C o m p o u n d C o n d e n s a t i o n  t e m p e r a t u r e  ( K )
M n S 1160
Z n S 730
F eS 68 0
C d S 57 0

T a b l e  1 .2  E q u i l ib r iu m  c o n d e n s a t io n  te m p e r a tu r e s  o f  so m e  s u lp h id e  m in e r 
a ls  in  a  s o la r  n e b u la  w i th  a  t o t a l  p re s s u re  o f  6 .6  x  1 0 “ ^ a tm o s p h e re s  
( f ro m  L a r im e r  1 9 6 7 ).

C o n d e n s a t io n  b e g in s  a t  68 5  K  a n d  is  in d e p e n d e n t  o f  n e b u la  p re s s u r e  (W a i 
a n d  W a sso n , 1 9 7 7 ). I ro n  m e ta l  c o n d e n se s  a t  a r o u n d  1375 K  ( G r o s s m a n  a n d  
L a r im e r ,  1974 ) a n d  t r o i l i t e  fo rm s  b y  p e r m e a t io n  o f  th e  m e ta l  w i th  s u lp h u r ;  
c a lc u la t io n s  sh o w  t h a t  50%  o f  th e  s u lp h u r  h a s  c o n d e n se d  b y  648  K  (W a i 
a n d  W aisson , 1 9 7 7 ). I t  is  p o s s ib le  t h a t  th e  r e a c t io n  b e tw e e n  iro n  a n d  H 2S 
w ill c e a se  t o  o c c u r  w h e n  a v a ila b le  m e ta l  s u r fa c e s  h a v e  b e e n  c o a te d  w i th  F eS  
( L a r im e r  a n d  A n d e r s ,  1967; K e r r id g e ,  1 9 7 6 ). I f  su c h  a  k in e t ic  b a r r ie r  is 
irn p o s e d  th e n  so m e  s u lp h u r  m a y  c o n d e n se  a s  e i th e r ,  o th e r  m e ta l  s u lp h id e s ,  
o r  p o s s ib ly  a s  s o lid  h y d ro g e n  s u lp h id e  a t  a b o u t  2 5 0  K  (W a i a n d  W a sso n , 
1 9 7 7 ).

T h e  e q u i l ib r iu m  c o n d e n s a t io n  t e m p e r a tu r e s  o f  so m e  s u lp h id e  m in e ra ls  
a r e  g iv e n  in  T a b le  1 .2 . T h e  c o n d e n s a t io n  te m p e r a tu r e s  o f  c a d m iu m , m a n 
g a n e se  a n d  z in c  s u lp h id e s  a r e  h ig h e r  t h a n  th o s e  o f  th e  c o r re s p o n d in g  p u r e  
e le m e n ts  (L a r im e r ,  1 9 6 7 ). T h u s ,  C d S , M n S  a n d  Z n S  a re  e x p e c te d  to  b e  
n e b u la  c o n d e n s a te s  fo rm in g  a t  s im i la r  t e m p e r a tu r e s  to  t r o i l i t e .  W a i a n d  
W a sso n  (1 9 7 7 ) h a v e  c a lc u la te d  th e  50%  c o n d e n s a t io n  p o in t  o f  s p h a le r i te ,  a s  
a  s o lid  s o lu t io n  in  F eS , to  b e  6 8 4  K  a t  1 0 “ ^ a tm .

Z n (g )  +  F e S (s )  —» Z n S (s p h .)  +  F e (s )

U n lik e  t r o i l i t e ,  th e  c o n d e n s a t io n  o f  s p h a le r i te  is  p r e s s u r e - d e p e n d e n t ,  so  a t  
h ig h e r  n e b u la r  p re s s u re s  s p h a le r i te  w ill c o n d e n se  a t  a  t e m p e r a t u r e  h ig h e r  
t h a n  t h a t  o f  t r o i l i t e  (e .g . a t  1 0 “ ^ a t m  th e  c o n d e n s a t io n  p o in t  o f  s p h a le r i te  
is  7 1 0  K : W a i a n d  W a sso n , 1 9 7 7 ). Z n S  is  a n  a c c e sso ry  m in e r a l  in  e n s t a t i t e  
c h o n d r i t e s  a n d  a c h o n d r i te s  a n d  is  c o m m o n ly  fo u n d  in  t r o i l i t e  n o d u le s  o f  iro n  
m e te o r i te s .

L a r im e r  (1 9 6 7 ) p r e d ic te d  a  c o n d e n s a t io n  te m p e r a tu r e  o f  1160  K  fo r  M n S  
in  a  s o la r  g a s  a t  t o t a l  p re s s u re  o f  6 .6 x 1 0 “  ̂ a tm .  M n S  (a s  a l a b a n d i te ) ,  M g S  
(a s  n in in g e r i te )  a n d  C a S  (a s  o ld h a m ite )  a re  fo u n d  a lm o s t  e x c lu s iv e ly  in  e n 
s t a t i t e  c h o n d r i t e s  a n d  a u b r i te s .  I t  is g e n e ra lly  a g re e d  t h a t  th e  o c c u r re n c e  o f  
th e s e  th r e e  s u lp h id e s  is r e la te d  to  th e  h ig h ly  re d u c in g  c o n d i t io n s  a n d  h ig h



p r e s s u r e s  t h a t  p re v a ile d  in  th e  re g io n  o f  th e  s o la r  n e b u la  w h e re  th e s e  m e 
te o r i te s  fo rm e d  (e .g . K e il, 1968; L a r im e r ,  1968; H e rn d o n  a n d  S u e ss , 1976; 
L a r im e r  a n d  B a r th o lo m a y ,  1979; S e a rs ,  1 9 8 0 ). S u lp h id e s  o f  C a  a n d  M g  
a r e  u n lik e ly  to  fo rm  u n d e r  n o rm a l ly  a c c e p te d  n e b u la r  c o n d i t io n s  d u e  to  th e  
p r io r  c o n d e n s a t io n  ( > 1 3 0 0  K ) o f  m o s t  o f  th e  C a  a s  p e r o v s k i te  ( C a T iO s ) ,  
g e h l in i te  ( C a 2A l2S iO y ) a n d  d io p s id e  (C a M g S i2 0 e ) ,  a n d  m o s t  o f  th e  M g  a s  
f o r s t e r i te  (M g S iO ^ ) . O ld h a m ite  is  th o u g h t  to  c o n d e n se  a t  h ig h  te m p e r a 
tu r e s  in  th e  s o la r  n e b u la  u n d e r  r e d u c in g  c o n d i t io n s  (> 2 0 0 0  K : H e rn d o n  a n d  
S u e ss , 1 9 7 6 ). S in c e  o ld h a m ite  b e c o m e s  u n s ta b le  a t  lo w e r  te m p e r a tu r e s ,  i t s  
s u rv iv a l  d e p e n d s  u p o n  re m o v a l f ro m  c o n ta c t  w i th  th e  c o o lin g  n e b u la  g a s  a t  
n e a r - f o r m a t io n  te m p e r a tu r e s ,  b y  e n c lo s u re  w i th in  o th e r  e a r ly  c o n d e n s a te s  
( L a r im e r  a n d  B a r th o lo m a y ,  1976 ; S e a rs ,  1 9 8 0 ).

C d S  is  n o t  k n o w n  f ro m  m e te o r i te s ,  a l th o u g h  L a r im e r  (1 9 6 7 ) h a s  c a lc u 
la te d  t h a t  i t  is a  s ta b le  c o n d e n s a te  a t  570  K  f ro m  a  s o la r  g a s  w i th  a  t o t a l  
p r e s s u r e  o f  6 .6 x 1 0 “ ^ a tm .  T h e  a b s e n c e  o f  C d S  in  m e te o r i te s  is  p ro b a b ly  
d u e  to  th e  r e la t iv e ly  lo w  c o n d e n s a t io n  t e m p e r a tu r e  o f  th is  m in e r a l ,  b e c a u s e  
m o s t  o f  th e  s u lp h u r  (a s  H 2S) w ill h a v e  p re v io u s ly  r e a c te d  w i th  F e , C a , M n  
a n d  Z n .

1 .3 .4  Su lph ur in so lar sy stem  b o d ies

A p a r t  f ro m  th e  h ig h  le v e l o f  s u lp h u r  in  th e  s u n ,  s u lp h u r  c o m p o u n d s  a re  c o m 
m o n  a n d  o f te n  p la y  k e y -ro le s  in  p la n e ta r y  p ro c e s s e s  o n  o th e r  S o la r s y s te m  
b o d ie s  (T a b le  1 .3 ).

Venus

L ew is  (1 9 7 2 ) h a s  p r e d ic te d  t h a t  s u lp h u r  is  v i r tu a l ly  a b s e n t  f ro m  M e rc u ry  
a n d  V e n u s  b e c a u s e  m a te r ia l  f o rm in g  th e s e  p la n e ts  a c c r e te d  a t  t e m p e r a tu r e s  
a b o v e  th e  c o n d e n s a t io n  p o in t  o f  t r o i l i t e .  H o w e v e r , th e  c lo u d  la y e r  w h ic h  
s h ro u d s  V en u s  is  k n o w n  to  b e  la d e n  w i th  s u lp h u r ic  a c id  a e ro so l d r o p le t s  
(H o ffm a n  e t  a l . ,  1 9 7 9 ). S u lp h u r ic  a c id  fo rm s  b y  p h o to c h e m ic a l  o x id a t io n  
a n d  h y d r a t io n  o f  s u lp h u r  d io x id e  in  th e  u p p e r  c lo u d  re g io n s  (W in ic k  a n d  
S te w a r t ,  1 9 8 0 ). T h e  h ig h  s u r fa c e  te m p e r a tu r e s  o f  V en u s  p r e c lu d e  th e  e x is 
te n c e  o f  s u lp h u r  c o m p o u n d s  a s  l i th o s p h e r ic  c o m p o n e n ts  (L e w is , 1 9 6 9 ,1 9 7 3 ) .  
H o w e v e r , i f  V en u s  re c e iv e d  a  s m a ll  a m o u n t  o f  t r o i l i t e  d u r in g  a c c r e t io n  f ro m  
th e  s o la r  n e b u la ,  o r  i f  th e r e  w a s  a d d i t io n  o f  a n  e x t r a -V e n u s ia n  c o m p o n e n t ,  
e n o u g h  s u lp h u r  m a y  h a v e  b e e n  p r o v id e d  to  s a t u r a t e  th e  a tm o s p h e r e  ( P r in n ,  
1 9 7 3 ) . M o d e ls  o f  a tm o s p h e r ic  s u lp h u r  c h e m is try  ( in v o lv in g  S O 2 , C O S  a n d  
H 2S O 4 ) o n  V en u s  e x is te d  (P r in r i ,  1973 , 1975 ) p r io r  to  p o s i t iv e  d e te c t io n  o f  
s u lp h u r  c o m p o u n d s  by  e i th e r  th e  P io n e e r  V en u s  m is s io n  (H o ffm a n  e t  a l . ,  
1 9 7 9 ) , o r  e a r th - b a s e d  s p e c tro s c o p y  (B a r k e r ,  1 9 7 9 ).



O b j e c t C o m p o n e n t R e f e r e n c e
S u n S /S i  «  0 .5 . C a m e ro n , (1 9 8 2 )
V en u s A tm o s p h e re  

(H 2S O 4 , S O 2 , C O S ).
H o ffm a n  e t  a l. (1 9 7 9 )

E a r th C o re ,  m a n t le ,  c r u s t ,  
b io s p h e re ,  o c e a n , 
a tm o s p h e re .

W u e n sc h  e t  a l . (1 9 7 8 )

M a rs C o re  (F e S ) , 
r e g o l i th  (S O ^ " , S ^ ~ ) .

A n d e r s e n  a n d  J o r d e n ,  (1 9 7 1 ) 
C la r k e  e t  a l . (1 9 7 6 )

lo S u rfa c e  (S " , S O 2) . W a rm s te c k e r  e t  a l . (1 9 7 4 ) 
H a p k e  (1 9 7 9 )

C o m e ts S O 2 , H 2S F ra n k  a n d  S ill, (1 9 8 2 )
A s te ro id s  ( m e te o r i te s ) S “ , S O ^ - ,  S ^ - K a p la n  a n d  H u ls to n  (1 9 6 6 )
I n te r p la n e ta r y  
d u s t  p a r t ic le s

s ^ - B ro w n le e  a n d  W h e e lo c k  (1 9 8 5 )

T a b l e  1 .3  S u lp h u r  in  th e  s o la r  s y s te m

Earth

S u lp h u r  h a s  a  w id e s p re a d  a n d  d iv e rs e  o c c u r re n c e  o n  e a r th .  S u lp h u r  e x is ts  
in  a  n u m b e r  o f  d if fe re n t  o x id a t io n  s t a te s ,  th e  m o s t  im p o r t a n t  o f  w h ic h  a re  
S^~ ( in  s u lp h id e ,  s u lp h o s a l ts  a n d  h y d ro g e n  s u lp h id e  g a s ) ,  S^ ( in  e le m e n ta l  
s u lp h u r ) ,  S^+ ( in  s u lp h u r  d io x id e  g a s )  a n d  S®"  ̂ ( in  s u lp h a te s  a n d  s u lp h u r  
t r io x id e  g a s ) .  S c h n e id e r  (1 9 7 8 ) h a s  l is te d  a  t o t a l  o f  3 1 0  n a tu r a l ly  o c c u r r in g  
s u lp h u r - b e a r in g  m in e ra ls ,  o f  th e s e ,  th e r e  a r e  106 s u lp h id e  a n d  174 s u lp h a te  
m in e ra ls .

T h e  is o to p ic  c o m p o s i t io n  o f  s u lp h id e s  in  m a fic  a n d  u l t r a m a f ic  ig n e o u s  
ro c k s  p ro v id e s  th e  b e s t  e s t im a te  o f  th e  p r im i t iv e  is o to p ic  v a lu e  o f  th e  e a r th  
a s  th e s e  ro c k s  a r e  r e la te d  to  a  m a n t le  o r ig in . T h e  is o to p ic  c o m p o s i t io n  o f  p r i 
m a ry  s u lp h id e s  g iv e s  a  g lo b a l m e a n  v a lu e  o f  b e tw e e n  0  a n d  -j-l%o (S h im a  
e t  a l . ,  1963 ; S m ith e r in g d a le  a n d  J e n s e n ,  1963; S c h n e id e r ,  1970; K a n e h i r a  e t  
a l . ,  1973 ; G r in e n k o  e t  a l .,  1975; P u c h e l t  a n d  H u b b e r to n ,  1980; S a k a i e t  a l . ,  
1 9 8 5 ;) , t h i s  v a lu e  is  v e ry  c lo se  to  th e  a v e ra g e  fo r  m e te o r i te s .

S u lp h id e  m in e ra ls  w h ic h  a r e  e x p o s e d  to  th e  e a r t h ’s  a tm o s p h e r e  o r  a e r 
a t e d  w a te r  a r e  so o n  a l te r e d  to  s u lp h a te  b y  o x id a t io n .  T h e  r e s u l t in g  s u l
p h a t e s  a r e  r e la t iv e ly  s o lu b le  a n d  a re  s p a t ia l ly  s e p a r a te d  f ro m  s u lp h id e ,  v ia  
th e  t r a n s p o r t i n g  m e d iu m  o f  w a te r ,  to  th e  o c e a n s . P r e s e n t  d a y  o c e a n  s u l
p h a t e  h a s  a  r e m a rk a b ly  u n ifo rm  is o to p ic  c o m p o s i t io n  w ith  a  6^‘̂ S v a lu e  o f  
+20.997oo (R e e s  e t  a l . ,  1978).



T h e  r e d u c t io n  o f  s u lp h a te  to  s u lp h id e  is  th e  im p o r t a n t  s te p  in  th e  “b i
o lo g ic a l s u lp h u r  c y c le ” w h ic h  is r e s p o n s ib le  fo r  m o s t  o f  th e  g lo b a l s u lp h u r  
i s o to p e  v a r ia t io n s .  S u lp h u r  is  a  k ey  e le m e n t  fo r  m a n y  b io c h e m ic a l p ro c e s se s , 
i t  is  p r e s e n t  in  th e  s u lp h u r  c o n ta in in g  a m in o  a c id s  ( c y s te in e  a n d  m e th io n 
in e ) ,  a n d  is  r e q u ir e d  fo r  p r o d u c t io n  o f  so m e  c o -e n z y m e s  ( P o s tg a te ,  1968). 
T h e  is o to p ic  s e le c t iv i ty  o f  b io lo g ic a l s u lp h a te  r e d u c t io n  h a s  b e e n  s tu d ie d  ex 
te n s iv e ly  ( H a r r is o n  a n d  T h o d e ,  1958; K a p la n  a n d  R i t te n b u r g ,  1964; N a k a i 
a n d  J e n s e n ,  1964; K e m p  a n d  T h o d e ,  1968; S m e jk a l e t  a l .,  1971) a n d  c a n  
g iv e  r is e  to  h y d ro g e n  s u lp h id e  d e p le te d  in  ^^S b y  b e tw e e n  0 a n d  60%o w ith  
r e s p e c t  to  th e  s u lp h a te  re s e rv o ir .

M oon

A lth o u g h  d e p le te d  in  th e  m o o n  r e la t iv e  to  i t s  c o sm ic  a b u n d a n c e ,  s u lp h u r  is 
p r e s e n t  in  a ll lu n a r  ro c k s , m a in ly  a s  t r o i l i te .  M a re  b a s a l t s  a re  s u b s t a n t ia l ly  
r ic h e r  in  s u lp h u r  t h a n  a re  h ig h la n d  ro c k s ,  v a lu e s  o f  u p  to  3 0 0 0  p p m  b e in g  
fo u n d  in  th e  fo rm e r  a n d  d o w n  to  20  p p m  in  th e  l a t t e r .  S o ils  d o  n o t  a p p e a r  
to  b e  d e p le te d  n o r  e n r ic h e d  s ig n if ic a n t ly  in  s u lp h u r  w ith  r e s p e c t  to  th e i r  
a s s o c ia te d  ro c k s  (M o o re  e t  a l . ,  1972; G ib s o n  a n d  M o o re , 1974; K e r r id g e  
e t  a l . ,  1 9 7 5 ). A n  a p p a r e n t  d e p le t io n  in  so ils  a t  A p o llo  11 w a s  r e p o r te d  by  
K a p la n  e t  a l . (1 9 7 0 ) , b u t  th i s  m a y  h a v e  b e e n  d u e  to  in c o m p le te  s a m p lin g  
(K e r r id g e  e t  a l .,  1 9 7 5 ).

A b u n d a n c e  p a t t e r n s  o f  s u lp h u r  in  lu n a r  so ils  h a v e  b e e n  in te r p r e te d  in  
te r m s  o f  s im p le  m ix in g  m o d e ls  in v o lv in g  c o n t r ib u t io n s  f ro m  v a r io u s  id e n t i 
f ia b le  m a jo r  r o c k - ty p e s  (e .g . M o o re  e t  a l . ,  1972 ; G ib s o n  a n d  M o o re , 1 9 7 4 ). 
A n  e x t r a lu n a r  c o m p o n e n t  o f  s u lp h u r  h a s  b e e n  s u g g e s te d  by  K e r r id g e  e t  a l. 
(1 9 7 5 ) to  e x p la in  th e  is o to p ic  f r a c t i o n a t io n  o b s e rv e d  b e tw e e n  ro c k s  a n d  so ils  
(S e c tio n  1 .5 )

Mars

M a rs  is  th o u g h t  to  c o n ta in  a  c o re  o f  F eS  (A n d e rs e n  a n d  J o r d o n ,  1971) a n d  
r e s u l t s  f ro m  th e  V ik in g  2 la n d e r  sh o w e d  t h a t  th e  m a r t i a n  r e g o li th  c o n ta in s  
h ig h  le v e ls  o f  s u lp h u r  o f  u p  to  3 .5  w t% . T h e  s u lp h u r  m in e ra ls  ( C la rk e  e t  a l . ,  
1 9 76 ) in c lu d e  s u lp h a te s  (p o s s ib ly  k ie s e r i te ,  M g S 0 4 .H 2 0 : B a ir d  e t  a l . ,  1976) 
a n d  s u lp h id e s .  T h e  S N C  m e te o r i te s  ( s h e r g o t t i te s ,  n a k h l i te s  a n d  c h a s s ig n i te )  
a r e  r e p u te d  to  h a v e  a  m a r t i a n  o r ig in  (W e in k e , 1978; W o o d  a n d  A sh  w a i, 1981 ; 
M c S w e e n , 1 9 8 4 ), b u t  c o n ta in  o n ly  u p  to  0 .2 5  w t%  s u lp h u r  (G ib s o n  e t  a l . ,  
1985 ) w h ic h  is  n o ta b ly  lo w er t h a n  th e  m e a s u r e m e n ts  m a d e  b y  s p a c e c r a f t  o n  
t h e  m a r t i a n  s u r fa c e . A  d e ta i le d  e x a m in a t io n  o f  S h e r g o t t i t e  B E T A  79001  h a s  
led  to  th e  d is c o v e ry  o f  s u lp h u r - r ic h  a lu m in o s i l ic a te  m in e ra lo id s  w h ic h  m a y  
b e  m a r t i a n  w e a th e r in g  p r o d u c ts  (G o o d in g  a n d  M u e n o w , 1986 ).
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lo

In  th e  o u te r  re g io n s  o f  th e  s o la r  s y s te m  lo  ( a  J o v ia n  s a te l l i te )  is  a n  im p o r t a n t  
s i te  fo r  s u lp h u r .  T h e  s u r fa c e  o f  lo  is r ic h  in  e le m e n ta l  s u lp h u r  a n d  f ro z e n  
s u lp h u r  d io x id e  ( W a rm s te c k e r  e t  a l . ,  1974; H a p k e , 1 9 7 9 ). T h e  r e s u l t s  o f  th e  
V o y a g e r  1 m is s io n  sh o w e d  t h a t  in te n s e  v o lc a n is m  is o c c u r r in g  o n  lo , a n d  
s u lp h u r  is  b e lie v e d  to  p la y  a  p r o m in e n t  ro le  in  th i s  a c t iv i ty  (e .g . S m ith  e t  
a l . ,  1979 , C a r r  e t  a l . ,  1 9 7 9 ). I t  h a s  b e e n  s u g g e s te d  t h a t  th e  s u r fa c e  o f  lo  
is  c o v e re d  in  a  m o l te n  la y e r  o f  s u lp h u r ,  so m e  k i lo m e te rs  th ic k  r e s t in g  o n  a  
s i l ic a te  s u b c r u s t ,  w h ic h  is  v is ib le  o n ly  a s  o c c a s io n a l  m o u n ta in s  ( S m i th  e t  
a l . ,  1 9 7 9 ). S u rfa c e  t e m p e r a tu r e s  o f  lo  a r e  b e tw e e n  4 0 0  a n d  6 0 0  K  ( C a r r ,  
1985 ) w h ic h  a re  a b o v e  th e  m e l t in g  p o in t  o f  s u lp h u r  (4 0 0  K ) ,  b u t  to o  lo w  
fo r  m o lte n  s i l ic a te s  to  b e  p r e s e n t  (w h ic h  m e l t  a t  1300  K ). L ew is (1 9 8 2 ) 
h a s  c o n s id e re d  th e  e v o lu t io n  o f  s u lp h u r - r ic h  liq u id s  o n  lo  a n d  p ro p o s e s  a  
s t a r t i n g  m a te r ia l  w i th  a  s im i la r  c o m p o s i t io n  to  e i th e r ,  m e ta l - f re e  C V 3 , o r  
C M 2 c a rb o n a c e o u s  c h o n d r i te  m a te r ia l .  L ew is  c o n s id e rs  t h a t  s u lp h a te s  a re  
im p o r t a n t  c o n s t i tu e n t s  o f  th e  m a n t le  in  t h a t  th e y  p r e v e n t  to t a l  e x t r a c t i o n  o f  
s u lp h u r  to  th e  c o re  w h ic h  w o u ld  o th e rw is e  o c c u r  d u r in g  re c y c lin g  o f  d e n s e r  
s u lp h id e  sp e c ie s .

Comets

S u lp h u r - c o n ta in in g  m o le c u le s  (e .g . s u lp h u r  d io x id e  a n d  h y d ro g e n  s u lp h id e )  
h a v e  b e e n  o b s e rv e d  f ro m  th e  s p e c t r a  o f  c o m e ts  ( F r a n k  a n d  S ill, 1 9 8 2 ). S u l
p h u r  is  c o n s id e re d  to  b e  p r e s e n t  a t  n e a r -c o s m ic  a b u n d a n c e s  in  th e s e  b o d ie s  
(D e lse m m e , 1 9 8 2 ).

1.4  T h e a b u n d an ce  an d  d istr ib u tio n  o f  su lp h u r  
in  m eteo r ite s

S u lp h u r  o c c u rs  in  v i r tu a l ly  a l l  m e te o r i te s  a n d  is  o f te n  th e  f if th  m o s t  a b u n 
d a n t  e le m e n t  a f te r  s il ic o n , o x y g e n , m a g n e s iu m  a n d  iro n . T h e  r e p o r te d  
r a n g e  fo r  s u lp h u r  in  d if fe re n t  m e te o r i te  g ro u p s  is  sh o w n  in  F ig u re  1 .2 . 
C a rb o n a c e o u s  a n d  e n s t a t i t e  c h o n d r i te s  a r e  th e  tw o  m o s t  s u lp h u r - r ic h  g ro u p s  
o f  m e te o r i te s .  C a rb o n a c e o u s  c h o n d r i t e s  c o n ta in  b e tw e e n  1.31 a n d  6 .7 0  w t%  
s u lp h u r  (M a s o n , 1963 ) a n d  th e  e n s t a t i t e  c h o n d r i t e s  b e tw e e n  2 .6 2  a n d  6 .1 2  
w t%  s u lp h u r  (M a s o n , 1 9 6 6 ). O r d in a r y  c h o n d r i t e s  h a v e  a v e ra g e  t o t a l  s u l
p h u r  c o n te n ts  o f  a b o u t  2 w t%  (G r ip e  a n d  M o o re , 1 9 7 5 ). H - a n d  L -g ro u p  
c h o n d r i te s  n o rm a l ly  c o n ta in  b e tw e e n  1 a n d  3 w t%  s u lp h u r  b u t  th e  r a n g e  is 
s l ig h t ly  la rg e r  fo r L L  c h o n d r i te s  ( b e tw e e n  1 a n d  5 w t% : G rip e  a n d  M o o re , 
1 9 7 5 ). S u lp h u r  c o n te n ts  o f  a c h o n d r i t ic  m e te o r i te s  a re  n o rm a l ly  b e lo w  1 
w t% . T h e  a u b r i t e s  c o n ta in  th e  g r e a te s t  c o n c e n t r a t io n s  o f  a n y  a c h o n d r i te
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F i g u r e  1 .2  T h e  s u lp h u r  c o n te n ts  o f  m e te o r i te s .  T h e  n u m b e r  o f  m e te o r i te s  
a n a ly s e d  fo r  e a c h  c la s s  is  g iv e n  in  p a r e n th e s e s .  D a ta  is  ta k e n  f ro m : 
B u c h w a ld  (1 9 7 5 ), G r ip e  a n d  M o o re  (1 9 7 5 ) , G ib s o n  e t  a l . (1 9 8 5 ) a n d  
M a s o n  (1 9 6 3 , 1 9 6 6 ).
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g ro u p , w i th  a  r a n g e  f ro m  0 .2 5  to  0 .8 6  w t%  (G ib s o n  e t  a l . 1 9 8 5 ). S u lp h u r  
in  i ro n  m e te o r i te s  is lo c a liz e d  in  h e te ro g e n e o u s ly  d i s t r ib u t e d  t r o i l i te - r i c h  
n o d u le s  th u s  m a k in g  i t  s o m e w h a t  d if f ic u lt  to  d e te r m in e  th e  t o t a l  s u lp h u r  
a b u n d a n c e s  o f  th e s e  m a te r ia l s  ( B u c h w a ld ,  1 9 7 5 ). F o r  a  t r u e  b u lk  v a lu e  i t  is 
n e c e s s a ry  e i th e r  to  d is so lv e  s e v e ra l  h u n d r e d  g r a m s  o f  iro n  m e te o r i te ,  o r  to  
u se  p la n im e t r y  (B u c h w a ld ,  1 9 7 5 ). C o n c e n t r a t io n s  o f  s u lp h u r  in  i ro n  m e te 
o r i te s  a r e  n o r m a l ly  b e lo w  1 w t% , h o w e v e r , B u c h w a ld  (1 9 7 5 ) r e p o r t s  a  v a lu e  
o f  12 w t%  s u lp h u r  fo r  th e  S o ro t i  m e te o r i te .

O v e r  tw e n ty  d if fe re n t  s u lp h u r - b e a r in g  m in e ra l  sp e c ie s  h a v e  so  f a r  b e e n  
id e n tif ie d  in  m e te o r i te s  (T a b le  1 .4 ). S u lp h u r  h a s  b e e n  fo u n d  in  b o th  re d u c e d  
(s u lp h id e s )  a n d  o x id is e d  ( s u lp h a te s )  c o m p o u n d s  a n d  in  e le m e n ta l  fo rm . In  
a d d i t io n ,  so m e  o f  th e  s u lp h u r  in  c a rb o n a c e o u s  c h o n d r i te s  is p r e s e n t  in  o r 
g a n ic  c o m p o u n d s  ( S tu d ie r  e t  a l . ,  1965; M u r p h y  a n d  N a g y , 1966; H a y e s , 1967; 
H a y e s  a n d  B ie m a n n , 1 9 6 8 ). M a n y  e le m e n ts  in  c h o n d r i te s  h a v e  a  d o m in a n t  
a f f in ity  to  s u lp h u r :  F e (a s  t r o i l i t e ) ,  C u  (a s  c h a lc o p y r i te ,  v a l le r i te  a n d  c u b a n -  
i te ) ,  Z n  (a s  s p h a le r i te ) ,  n ic k e l (a s  p y r r h o t i t e  a n d  p e n t la n d i te )  a r e  a m o n g  
th e  m o s t  c o m m o n . S o m e  e le m e n ts  t h a t  a r e  n o r m a l ly  l i th o p h ile  c a n  o c c u r  
a s  s u lp h id e s  in  m e te o r i te s :  C a  (a s  o ld h a m i te ) ,  M n  (a s  n in in g e r i te ) ,  K  a n d  
N a  (a s  d je r f is h e r i te )  a n d  M g  (a s  a la b a n d i te )  a r e  p r e s e n t  in  e n s t a t i t e  c h o n 
d r i te s  a n d  a u b r i t e s .  S u lp h a te s  (m a in ly  e p s o m ite  a n d  g y p su m ) h a v e  b e e n  
d is c o v e re d  in  C l  a n d  C 2  c a r b o n a c e o u s  c h o n d r i te s  (e .g . D u F re s n e  a n d  A n 
d e r s ,  1962; B o s t ro m  a n d  F re d r ik s s o n , 1966; F u c h s  e t  a l . ,  1973; B u n c h  a n d  
C h a n g ,  1 9 8 0 ). I t  h a s  b e e n  s u g g e s te d  t h a t  th e  p re s e n c e  o f  s u lp h a te s  a lo n g  
w i th  e le m e n ta l  s u lp h u r  in  c a r b o n a c e o u s  c h o n d r i te s  is  e v id e n c e  fo r  o x id a t io n  
o f  t r o i l i t e  w h ic h  o c c u r re d  b y  a q u e o u s  a l t e r a t io n  o n  th e  m e te o r i te  p a r e n t  
b o d y  ( B o s tr o m  a n d  F re d r ik s s o n ,  1 9 6 6 ).

B y  f a r  th e  m o s t  c o m m o n  s u lp h u r - b e a r in g  m in e r a l  fo u n d  in  m e te o r i te s  is 
t r o i l i t e  (F e S ) , n a m e d  a f te r  F a th e r  D e m e n ic o  T ro i l i  w h o  f irs t  d e s c r ib e d  i ro n  
s u lp h id e  n o d u le s  in  th e  A lb a r e to  m e te o r i te  in  1 766  ( H a id in g e r ,  1 8 6 3 ). R a m -  
d o h r  (1 9 7 3 ) h a s  e x a m in e d  th e  o p a q u e  m in e ra lo g y  o f  135 s to n y  m e te o r i te s  
a n d  id e n tif ie d  t r o i l i t e  a s  a  c o n s t i tu e n t  o f  a ll o f  th e m .  T h e  c o n c e n t r a t io n  o f  
t r o i l i t e  c a n  b e  h ig h  in  m e te o r i te s ,  K e il (1 9 6 8 ) h a s  r e p o r te d  12 w t%  t r o i l i t e  
in  th e  e n s t a t i t e  c h o n d r i t e  B li th f ie ld . T ro i l i te  is  a lso  th e  d o m in a n t  s u lp h id e  
fo u n d  in  lu n a r  m a te r i a l  (E v a n s ,  1970; M a s o n  e t  a l . ,  1970; S k in n e r  e t  a l . ,  
1 9 7 0 ). T ro i l i te  is  la rg e ly  a b s e n t  f ro m  t e r r e s t r i a l  ro c k s ,  b u t  i t  h a s  b e e n  fo u n d  
a s s o c ia te d  w i th  la rg e  s e r p e n t in e  a n d  m a g n e t i te  m a s s e s  (E a k le ,  1 9 2 2 ). O n  
e a r th ,  p y r i t e  (F e S 2) a n d  p y r r h o t i t e  ( F e i - ^ S )  a r e  c o m m o n  ig n e o u s  s u lp h id e s ,  
a n d  p y r i te  is  th e  s ta b le  iro n  s u lp h id e  m in e r a l  in  s e d im e n ta r y  ro c k s .

T h e  c o m p o s i t io n  a n d  s t r u c t u r e  o f  m e te o r i t i c  t r o i l i t e  is s u rp r is in g ly  v a r i
a b le . T ro i l i te  is o f te n  n o n - s to ic h io m e tr ic  F eS , c o n ta in in g  u p  to  1% o f  im p u 
r i t ie s ,  p r e d o m in a n t ly  o f  c h ro m iu m , n ic k e l, c o p p e r  a n d  z in c  (N ic h ip o ru k  a n d  
C h o d o s ,  1 9 5 9 ). In  m a n y  iro n  m e te o r i te s  a n d  e n s t a t i t e  c h o n d r i te s ,  w h e re  th e
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M i n e r a l F o r m u l a
E le m e n ta l  s u lp h u r S
T ro i l i te F eS
O ld h a m ite C a S
A la b a n d i te M n S
S p h a le r i te Z nS
P y r r h o t i t e F e i_ iS
A k in a iv i te F g i+ i S
P y r i t e F eS z
M o ly b d e n ite M 0 S 2
B r e z in a i te C rsS 4
S c h re ib e ro i te C r 2S 3
F e r ro a n  a l a b a n d i te (F e ,M n )S
P e n t la n d i t e (F e ,N i)gS 8
C h a lc o p y r r h o t i te (C u ,F e )S
N in in g e r i te (F e ,M g ,M n )S
D a u b r e e l i te F e C r 2S 4
C h a lc o p y r i te C u F e S 2
C u b a n i te C u F e 2Sg
V a lle r i te C u F e S 2
D je r f is h e r i te K 3 (N a ,C u ) (F e ,N i) i2 S i4
H e id e ite ( F e ,C r ) i_ ,( T i ,F e )2 S 4
S c h o llh o rn i te N a o .3 (H 2 0 )[C rS 2 ]
C eLSw ellsilverite N a C rS 2
A n h y d r i te C a S 0 4
B a s s a n i te C a S 0 4 . | H 2 0
G y p s u m C a S 0 4 .2 H 2 0
L e o n h a r d t i te M g S 0 4 .4 H 2 0
E p s o m ite M g S 0 4 .7 H 2 0
B lo e d ite M g S 0 4 .N a 2 S 0 4 .4 H 2O
B o u s s in g a u l t i te (N H 4) 2S 0 4 .M g S 0 4 .6 H 2 0

T a b l e  1 .4  T h e  s u lp h u r  m in e ra ls  o f  m e te o r i te s .
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c o n c e n t r a t io n  o f  c h r o m iu m  is  h ig h ,  t r o i l i t e  c o n ta in s  e x s o lu tio n  la m e lla e  o f  
d a u b r e e l i t e  (F e C rg S ^ ) (E l G o rs e y , 1967; K e il, 1968; R a m d o h r ,  1 9 7 3 ).

M a n y  m in o r  a c c e s so ry  s u lp h id e s  h a v e  b e e n  id e n tif ie d  in  m e te o r i te s ,  e .g . 
H e id e ite  ( F e ,C r ) i+ a ; (T i ,F e ) 2S4 , in  th e  B u s te e  a u b r i t e  (K e il a n d  B r e t t ,  1 9 7 4 ), 
c a s w e l ls i lv e r i te  N a C r S 2 in  th e  N o r to n  C o u n ty  a u b r i t e  (O k a d a  a n d  K e il ' 
1 9 8 2 ), a n d  d je r f is h e r i te ,  K 3 ( N a ,C u ) ( F e ,N i) i2S i 4 in  P e n c a  B la n c a  S p r in g s  a n  
a u b r i t e ,  a n d  th e  e n s t a t i t e  c h o n d r i te s :  S t .  M a rk s ,  K o ta - K o ta  (F u c h s , 1 9 6 6 ), 
Q in g z h e n  (E l G o rs e y  e t  a l . ,  1 9 8 3 ), I n d a rc h  a n d  Y a m a to  691 (E l G o rs e y  e t  
a l . ,  1 9 8 5 ). H o w e v e r , so m e  o f  th e s e  m in e ra ls  a p p e a r  to  h a v e  fo rm e d  by  te r r e s 
t r i a l  w e a th e r in g  o f  p re - e x is t in g  m e te o r i t i c  s u lp h id e s ,  e .g . in  N o r to n  C o u n ty ,  
b a s s a n i t e  ( C a S 0 4 . |H 2 0 )  is  a  w e a th e r in g  p r o d u c t  o f  o ld h a m ite  (O k a d a  e t  
a l . ,  1 9 8 1 ), s c h o l lh o r n i te  N ao .3 , (H 2 0 ) i [ C r S 2] f ro m  C cisw ellsilverite  (O k a d a  e t  
a l . ,  1985 ) a n d  le o n h a r d t i t e  (M g S 0 4 .4 H 2 0 ) h a s  b e e n  fo u n d  o n  th e  e x p o s e d  
s u r fa c e s  o f  c h o n d r i te s  in  A n ta r c t i c a  ( M a rv in  a n d  M o ty le w s k i,  1980 ).

1.5 T h e su lp h u r iso to p ic  co m p o sitio n  o f ex tr a te r 
re str ia l m a ter ia ls

T h e  f ir s t  s u lp h u r  is o to p ic  s tu d y  o f  m e te o r i te s  w a s  c o n d u c te d  b y  T ro fim o v  
(1949) o n  t r o i l i t e  s a m p le s  f ro m  fo u r  iro n  m e te o r i te s .  D a ta  w a s  p r e s e n te d  
a s  S /^ ^ S  r a t i o s  w i th  ±  10%o e r r o r s .  Im p ro v e d  in s t r u m e n t  p re c is io n  e n 
a b le d  M a c n a m a r a  a n d  T h o d e  (1950) to  m e a s u r e  v e ry  s m a ll  v a r ia t io n s  in  th e  

r a t i o s  o f  t r o i l i t e  s u lp h u r  in  i ro n  m e te o r i te s .  W i th  a  p re c is io n  o f  ±  
0.57oo th e  t o t a l  r a n g e  in  v a lu e s  m e a s u re d  in  five  m e te o r i te s  w a s  b e tw e e n  
0.0 a n d  -1.8%o. M a c n a m a r a  a n d  T h o d e  n o te d  t h a t  th e  m e te o r i t i c  3 4 g /3 2 g  

r a t i o  w a s  c o n s ta n t  a n d  a p p r o x im a te ly  e q u iv a le n t  to  th e  a v e ra g e ^ '^ S /^ ^ g  pa- 
t io  o f  t e r r e s t r i a l  s u lp h u r .  T h is  le d  th e m  to  s u g g e s t  t h a t  th e  34gy32g ^ ^ tio  
o f  m e te o r i t i c  s u lp h u r  is  th e  p r im o r d ia l  t e r r e s t r i a l  v a lu e  a n d  t h a t  v a r ia t io n s  
m e a s u r e d  in  t e r r e s t r i a l  s a m p le s  r e p r e s e n t  i s o to p ic  f r a c t io n a t io n s  a c c o m p a 
n y in g  g e o lo g ic a l p ro c e s se s  o c c u r r in g  w i th in  th e  E a r t h ’s c r u s t .

V in o g ra d o v  (1 9 5 7 ) r e p o r te d  c o n s ta n t  v a lu e s  fo r  e le v e n  m e te o r i te s  
f ro m  th e  S o v ie t  U n io n . A u l t  a n d  K u lp  (1 9 5 9 ) u se d  t r o i l i t e  f ro m  th e  C a n y o n  
D ia b lo  iro n  m e te o r i te  a s  th e i r  p r im a r y  s t a n d a r d  a g a in s t  w h ic h  a l l  s a m p le s  
w e re  re fe re n c e d . O n  th e  b a s is  o f  th e  i s o to p ic  c o n s is te n c y  o f  m e te o r i t i c  s u l
p h u r ,  T h o d e  e t  a l . (1 9 6 1 ), s u g g e s te d  t h a t  i t  c o u ld  b e  u se d  a s  a  s t a n d a r d  o f  
c o m p a r is o n  fo r  a l l  s u lp h u r  is o to p ic  m e a s u r e m e n ts  a n d  s e t  a b o u t  a  c a re fu l  
in v e s t ig a t io n  o f  c o n s ta n c y  o f  th e  r a t i o  in  s e v e n te e n  s to n e  a n d  i ro n
m e te o r i te s .  S u lp h u r  in  o n e  sp e c im e n , th e  B e lla  R o c a  iro n  m e te o r i te ,  w a s  
s u b je c te d  to  n in e  s e p a r a te  is o to p ic  a n a ly s e s  to  a s se ss  w h e th e r  th e re  a re  a n y  
in te r n a l  s u lp h u r  is o to p ic  v a r ia t io n s  w i th in  a  m e te o r i te .  W i th  a  m e a s u r e m e n t  
p re c is io n  o f  ±  0.1%o, T h o d e  e t  a l . ,  fo u n d  t h a t  th e r e  w a s  a  m a x im u m  s p r e a d
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Enstati te chondrites  (3)

___________ Carbonaceous c hondrites (1 0)

Ordinary chondrites (9)

_ Aubrite (1)

Iron meteori t es  (17)
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ô^'^ScDT ( ° /o o )

F i g u r e  1 .3  W h o le - ro c k  v a lu e s  fo r  m e te o r i te s .  T h e  n u m b e r  o f  m e te 
o r i te s  a n a ly s e d  fo r  e a c h  c la s s  is  g iv e n  in  p a r e n th e s e s .  D a t a  is  ta k e n  
f ro m  K a p la n  a n d  H u ls to n  (1 9 6 6 ) , T h o d e  e t  a l. (1 9 6 1 ) a n d  U e d a  e t  
a l. (1 9 8 6 ).

o f  o n ly  ±  0.27oo f ro m  th e  m e a n  v a lu e . T h e s e  r e s u l t s  le d  to  th e  a d o p t io n  
o f  t r o i l i t e  f ro m  th e  C a n y o n  D ia b lo  i ro n  m e te o r i te  a s  th e  p r im a r y  s u lp h u r  
s t a n d a r d  ( A u l t  a n d  J e n s e n ,  1962).

T h e  f i r s t  s u lp h u r  is o to p e  s tu d y  w h ic h  a t t e m p te d  to  p e r f o rm  m e a s u r e 
m e n ts  o n  d if fe r e n t  s u lp h u r  c o m p o n e n ts  o f  m e te o r i te s  w a s  u n d e r ta k e n  b y  
M o n s te r  e t  a l .  (1 9 6 5 ) , o n  th e  O rg u e il  c a rb o n a c e o u s  c h o n d r i te .  T h e  r e s u l t s  
in d ic a te d  t h a t  b o th  e le m e n ta l  a n d  t r o i l i t e  s u lp h u r  w e re  e n r ic h e d  in  w h ile  
s u lp h a te  w a s  d e p le te d ,  h o w e v e r , th e  in te g r a te d  v a lu e  fo r  b u lk  O rg u e il  
w a s  c lo se  to  0%o. I t  w a s  s u g g e s te d  b y  M o n s te r  e t  a l . ,  t h a t  th e  s u lp h u r  iso 
to p ic  f r a c t io n a t io n s ,  b e tw e e n  d if fe re n t  s u lp h u r  s p e c ie s  in  O rg u e il ,  w e re  th e  
r e s u l t  o f  p a r e n t  b o d y  a l t e r a t io n  p ro c e s se s .

K a p la n  a n d  H u ls to n  (1966) c a r r ie d - o u t  a  d e ta i l e d  in v e s t ig a t io n  o f  th e  
is o to p ic  c o m p o s i t io n  o f  s u lp h u r  c o m p o u n d s  in  tw e n ty - tw o  m e te o r i te s .  S u l
p h u r  f ro m  d if fe re n t  c o m p o n e n ts  w a s  e x t r a c te d  b y  c h e m ic a l  m e th o d s .  M o s t  
s u lp h u r  c o m p o u n d s  e x h ib i te d  s m a ll  v a r ia t io n s  in  f^ ^ S  o f  b e tw e e n  1 a n d  2%o 
b u t  th e  a v e r a g e d  d a t a  fo r  e a c h  m e te o r i te  g a v e  w h o le - ro c k  v a lu e s  o f  
b e tw e e n  -f-0.60%o a n d  —0.76%o (F ig u r e  1.3). T h e  m o s t  s ig n i f ic a n t  d e v ia t io n  
f ro m  th e  m e te o r i t i c  a v e ra g e  w a s  m e a s u re d  in  s u lp h u r  f ro m  th e  w a te r - s o lu b le  
f r a c t io n  o f  N o r to n  C o u n ty  ( th o u g h t  to  b e  o ld h a m i te  s u lp h u r )  w i th  a  
v a lu e  o f  —5.67oo. T h e  s m a ll  v a r ia t io n s  in  b e tw e e n  d if fe re n t  c o m p o u n d s  
w e re  in te r p r e te d  a s  m a s s - d e p e n d e n t  is o to p ic  f r a c t io n a t io n s  w h ic h  o c c u r re d
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d u r in g  th e i r  f o rm a t io n  o n  th e  m e te o r i te  p a r e n t  b o d ie s . M o re o v e r , th e  o v e r 
a ll c o n s ta n c y  in  w a s  u se d  a s  e v id e n c e  fo r  th e  is o to p ic  h o m o g e n e ity  o f  
s u lp h u r  in  th e  s o la r  n e b u la .

T h e  v e ry  r e s t r ic te d  r a n g e  in  r e p o r te d  fo r m e te o r i te s  ( F ig u r e  1 .3) 
p r o m p te d  H u ls to n  a n d  T h o d e  (1 9 6 5 a )  to  c o n s id e r  th e  r e m a in in g  tw o  iso 
to p e s  o f  s u lp h u r  (^^S a n d  ^®S) t h a t  c o u ld  b e  m e a s u re d .  I n i t ia l  r e s u l t s  u s in g  
s u lp h u r  d io x id e  fo r  m a s s  s p e c t r o m e t r i c  a n a ly s e s  w e re  d is c o u ra g in g  b e c a u s e  
in te r fe re n c e s  f ro m  o x y g e n  is o to p e s  in  th e  m a s s  s p e c t r u m  le d  to  u n a c c e p t 
a b le  p r e c is io n  o f  a n d  T h is  p ro b le m  w a s  s u r m o u n te d  b y  u s in g
s u lp h u r  h e x a f lu o r id e  a s  th e  a n a ly s is  g a s  ( f lu o r in e  b e in g  m o n o is o to p ic  th u s  
a v o id in g  a n y  is o b a r ic  in te r fe re n c e s ) .  T h e  a n a ly s is  o f  a  n u m b e r  o f  d if fe re n t  
c a r b o n a c e o u s ,  e n s t a t i t e  a n d  i ro n  m e te o r i te s  y ie ld e d  6^^S, S^‘̂ S a n d  v a l
u e s  w h ic h  c o u ld  b e  a c c o u n te d  fo r  b y  c h e m ic a l a n d  p h y s ic a l  f r a c t io n a t io n  
e ffe c ts  a lo n e . A g a in  th e  m o s t  e x t r e m e  s u lp h u r  is o to p ic  c o m p o s i t io n s  w e re  
m e a s u re d  in  th e  w a te r - s o lu b le  f r a c t io n  o f  N o r to n  C o u n ty  (5^^S =  —5.5%o, 

=  —2.97oo, =  —4.57oo) a n d  th e  w e ig h te d  m e a n s  o f  th e  c o m p o n e n ts
in  a l l  m e te o r i te s  g a v e  v a lu e s  c lo se  to  0%o.

In  a  s e p a r a te  s tu d y ,  H u ls to n  a n d  T h o d e  (1 9 6 5 b )  s e a rc h e d  fo r  s p a l la t io n  
s u lp h u r  in  iro n  m e te o r i te s .  T ro i l i te  n o d u le s  w e re  a v o id e d  b e c a u s e  d e t e c t io n  
o f  s p a l l a t io n  s u lp h u r  in  th e s e  a r e a s  w o u ld  n o t  b e  p o s s ib le  d u e  to  t h e  la rg e  
a m o u n t  o f  n a t u r a l  s u lp h u r  p r e s e n t .  I n s te a d ,  H u ls to n  a n d  T h o d e ,  m e a s u r e d  
th e  s u lp h u r  in  th e  ir o n -p h a s e  o f  m e te o r i te s  a n d  fo u n d  e v id e n c e  fo r  s p a l la 
t io n  in  th r e e  s a m p le s  (C la rk  C o u n ty ,  P in o n  a n d  T la c to p e c )  w i th  th e  
p o s s ib i l i ty  o f  so m e  s p a l la t io n

D e s p i te  a  r e c o m m e n d a t io n  b y  H u ls to n  a n d  T h o d e  (1 9 6 5 b ) t h a t  te c h 
n iq u e s  s h o u ld  b e  im p ro v e d  to  a l lo w  m o re  p re c is e  e s t im a t io n  o f  c o s m ic - ra y -  
p r o d u c e d  a n d  in  m e te o r i te s ,  n o  s u lp h u r  is o to p ic  m e a s u r e m e n ts  o f  
m e te o r i te s  w e re  r e p o r te d  b e tw e e n  1965  a n d  1977 . T h is  n e g le c t  w a s  p r o b 
a b ly  d u e  to :  (a )  th e  n a r r o w  r a n g e  in  v a lu e s  w h ic h  h a d  so  f a r  b e e n
r e p o r te d  fo r  m e te o r i t i c  s u lp h u r  c o m p a r e d  to  t h a t  o f  t e r r e s t r i a l  s a m p le s ,  a n d  
(b )  th e  r e tu r n  o f  th e  f ir s t  lu n a r  s a m p le s  in  1969  d iv e r t in g  a t t e n t i o n  a w a y  
f ro m  m e te o r i te s .

M a n y  in v e s t ig a t io n s  o f  s ta b le  s u lp h u r  is o to p e s  c o m m e n c e d  fo llo w in g  p r o 
v is io n  o f  lu n a r  m a te r i a l  f ro m  th e  A p o llo  m is s io n s  w h ic h  b e g a n  in  1 969 . T h e  
o b s e rv a t io n s  o f  lu n a r  s u lp h u r  is o to p e  s y s te m a t ic s  m a y  b e  s u m m a r iz e d  a s  fo l
lo w s . T h e  lu n a r  b a s a l t ic  ro c k s  h a v e  s l ig h t ly  p o s i t iv e  v a lu e s  r e la t iv e  to  
th e  m e te o r i t i c  v a lu e  (f^ ^ S  =  0%o). T h e  h e a v y  is o to p e s  o f  s u lp h u r ,  lik e  th o s e  
o f  o x y g e n , s il ic o n  a n d  p o ta s s iu m  a re  e n r ic h e d  in  lu n a r  so ils  r e la t iv e  to  lu n a r  
r o c k s  a n d  th e  d e g re e  o f  e n r ic h m e n t  in c re a s e s  w i th  in c re a s in g  s a m p le  m a t u 
r i t y  ( K a p la n  e t  a l . ,  1970; P e tr o w s k i  e t  a l . ,  1974; R e e s  a n d  T h o d e ,  1 9 7 5 ). 
V a r io u s  m e c h a n is m s  h a v e  b e e n  p ro p o s e d  to  e x p la in  th i s  h e a v y  is o to p e  e n 
r ic h m e n t  o f  s u lp h u r  w h ic h  a c c o m p a n ie s  m a tu r a t i o n  o f  th e  lu n a r  m a te r ia l .
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K a p la n  a n d  S m ith  (1970) a n d  B e rg e r  (1970) s p e c u la te d  t h a t  e n r ic h m e n t  in  
in  th e  so ils  w a s  d u e  to  e x p o s u re  to  th e  s o la r  w in d  p r o to n s .  T h e  

r e m o v a l p ro c e s s  is  t h o u g h t  to  in v o lv e  c o n v e rs io n  to  w h ic h  is  s u b s e 
q u e n t ly  lo s t  f ro m  th e  m o o n . T h e  g r e a te r  d e p le t io n  o f  in  th e  lu n a r  so ils
m a y  b e  d u e  to  th e i r  la rg e r  su r fa c e  a r e a  a v a i la b le  fo r  in te r a c t io n  w i th  th e  
s o la r  w in d . A n  a l t e r n a t iv e  e n r ic h m e n t  p ro c e s s  w a s  p ro p o s e d  b y  C la y 
to n  e t  a l. (1974) w h o  c o n s id e re d  t h a t  R a y le ig h  f r a c t io n a t io n  o c c u r re d  w h e n  
m a te r ia l  w a s  e i th e r  v a p o u r is e d  d u r in g  m e te o r i te  im p a c t  o r  s p u t t e r e d  f ro m  
v a p o u r  d e p o s i te d  la y e rs . I s o to p e  e ffec ts  a s s o c ia te d  w i th  th e  fo rm e r  p ro c e s s , 
t h e  th e r m a l  d e c o m p o s i t io n  o f  t r o i l i t e  d u e  to  lo c a liz e d  h e a t in g  f ro m  m e te 
o r i te  a n d  m ic r o m e te o r i te s  im p a c t ,  h a s  b e e n  d is c u s s e d  b y  M c E w in g  e t  a l . 
(1980), w h ile  th e  l a t t e r ,  s p u t t e r in g  o f  th e  g r a in  s u r fa c e s  by  th e  s o la r  w in d , 
w a s  c o n s id e re d  b y  H a ff  e t  a l . (1977). D e s p i te  th e  u n c e r ta in ty  s u r ro u n d in g  
th e  n a t u r e  o f  th e  e n r ic h m e n t  p ro c e s s , th e  lu n a r  so ils  c o n ta in  th e  h ig h e s t  

v a lu e s  o f  a ll e x t r a t e r r e s t r i a l  m a t t e r  so  f a r  m e a s u re d  in  th e  la b o r a to r y ,  
w i th  th e  0 .5 / im  s ize  f r a c t io n  o f  lu n a r  so il 1571 h a v in g  a  v a lu e  o f  -f-20.2%o
( T h o d e  a n d  R e es , 1976).

I n te r e s t  in  m e te o r i te s  r e s u m e d  w h e n  R e es  a n d  T h o d e  (1977) d is c o v e re d  a  
17oo ex c e ss  o f  in  th e  la s t  f r a c t io n  o f  s u lp h u r  e x t r a c te d  f ro m  a  b u lk  A lle n d e  
s a m p le  b y  p ro g re s s iv e ly  s t r o n g e r  H C l le a c h e s . H o w e v e r , u s in g  a n  a l t e r n a t iv e  
le a c h in g  te c h n iq u e ,  T h o d e  a n d  R e es  (1979), w e re  u n a b le  to  c o n f irm  th e  
p re v io u s  d e t e r m in a t io n  o f  a  ex c ess . M o re  r e c e n tly ,  U e d a  e t  a l . (1986) 
h a v e  c h e m ic a l ly  e x t r a c te d  s u lp h id e  ( t r o i l i t e )  a n d  s u lp h a te  s u lp h u r  f ro m  th r e e  
ty p e  6  o r d in a r y  c h o n d r i te s  (P e a c e  R iv e r , B r u d e r h e im  a n d  V u lc a n ) . T h e  
s u lp h a te  in  e a c h  o f  th e s e  m e te o r i te s  w a s  fo u n d  to  b e  e n r ic h e d  in  (5^^S =  
+ 1 .9  to  +3.07oo) r e la t iv e  to  th e  s u lp h id e  ( 6^^S =  —1.0 to  —0.2%o), h o w e v e r , 
U e d a  e t  a l .  m a d e  n o  c o m m e n t u p o n  th e  o r ig in  o r  c h e m ic a l n a t u r e  o f  th e  
s u lp h a te .

1.6  R esea rch  o b jectiv es

S u lp h u r  is  p r e s e n t  in  t e r r e s t r i a l  a n d  e x t r a t e r r e s t r i a l  m a te r ia l s  in  a  m u l t i 
tu d e  o f  fo rm s , b o th  in  e le m e n ta l  s t a t e  a n d  in  c o m p o u n d s .  A l th o u g h  th e  
c o n c e n t r a t io n  o f  s u lp h u r  is  r o u t in e ly  m e a s u r e d  in  c h e m ic a l a s s a y s  o f  m e 
te o r i te s ,  is o to p ic  m e a s u r e m e n ts  a re  n o t  n o r m a l ly  p a r t  o f  th i s  p ro c e d u re .  
In d e e d , o n ly  a  few  p a p e r s  c o n c e rn e d  w i th  s u lp h u r  is o to p e  s tu d ie s  o f  m e te 
o r i te s  h a v e  a p p e a r e d  s in c e  th e  m id d le  s ix t ie s ,  a f te r  i t  w a s  sh o w n  t h a t  th e  
r a n g e  in  o f  th e s e  m a te r ia l s  is v e ry  r e s t r ic te d .  E v e n  so , o u r  k n o w le d g e  
o f  s u lp h u r  is o to p e  s y s te m a t ic s  in  e x t r a t e r r e s t r i a l  m a te r ia l s  is s t i l l  f a r  f ro m  
c o m p le te .  A n  im p o r t a n t  o b je c tiv e  o f  th is  r e s e a rc h  is to  r e - in v e s t ig a te  th e  
a b u n d a n c e  s p é c ia t io n  a n d  is o to p ic  c o m p o s i t io n  o f  s u lp h u r  in  sp e c if ic  ty p e s
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o f  m e te o r i te s .  P ro g r e s s  to w a r d s  th i s  o b je c tiv e  r e q u ire s  th e  a p p l ic a t io n  o f  a n  
a n a ly t i c a l  m e th o d  c a p a b le  o f  e x t r a c t in g  s u lp h u r  f ro m  d if fe re n t  c o m p o u n d s  
w i th o u t  h a v in g  to  s e p a r a te  th e m  f ro m  th e  h o s t  m e te o r i te  p r io r  to  a n a ly s is .  
I t  w a s  d e c id e d  to  e v a lu a te  th e  u se  o f  a  n ew  m e th o d  t h a t  w o u ld  a v o id  c o n v e n 
t io n a l  c h e m ic a l  p ro c e s s in g , w h ic h  is  u s u a lly  u n d e r ta k e n ,  to  e x t r a c t  s u lp h u r  
a n d ,  in  so  d o in g , k e e p  s a m p le  r e q u ir e m e n ts  to  a  m in im a l  le v e l. T h e  fe a s i
b i l i ty  o f  u s in g  a  s te p p e d  c o m b u s t io n  te c h n iq u e  fo r  is o to p ic  m e a s u r e m e n ts  
o f  c a r b o n ,  h y d r o g e n  a n d  n i t r o g e n  h a s  a l re a d y  b e e n  d e m o n s t r a te d  (e .g . D es- 
M a ra is ,  1978 ; S w a r t  e t  a l . ,  1983; L ew is  e t  a l . ,  1983; Y a n g  a n d  E p s te in ,  1 9 8 3 ), 
b u t  i t s  a p p l ic a t io n  fo r  s u lp h u r  h a s  n o t  b e e n  p re v io u s ly  c o n s id e re d . T h u s ,  a n  
in i t i a l  u n d e r ta k in g  w a s  th e  d e v e lo p m e n t  o f  a  s te p p e d  c o m b u s t io n  te c h n iq u e  
c a p a b le  o f  p r o d u c in g  s u lp h u r  d io x id e  g a s  fo r  s u lp h u r  a b u n d a n c e  a n d  is o to p ic  
m e a s u r e m e n ts .  C h a p te r  2 d e ta i l s  th i s  d e v e lo p m e n t  a n d  d e m o n s t r a te s  th e  
su c c e ss  o f  th i s  m e th o d  to  s e le c tiv e ly  l ib e r a te  s u lp h u r  d io x id e  f ro m  m ix tu re s  
o f  s u lp h u r  c o m p o u n d s  w h o se  c o n s t i tu e n t  m e m b e rs  b u r n  o r  d e c o m p o s e  o v e r  
d is c re te  te m p e r a t u r e  in te r v a ls .

B e fo re  th e  s te p p e d  c o m b u s t io n  m e th o d  c o u ld  b e  a p p l ie d  to  m e te o r i te  
s a m p le s ,  th e  p e r f o rm a n c e  o f  a  d y n a m ic  m a s s  s p e c t r o m e te r  fo r  m a k in g  s u l
p h u r  is o to p e  m e a s u r e m e n ts  w a s  a s se sse d . D u r in g  th e  l a t t e r  p a r t  o f  th i s  
s tu d y ,  th e  m a s s  s p e c t r o m e te r  w a s  a d a p te d  so  t h a t  s u lp h u r  is o to p e  a n a ly s e s  
u s in g  e i th e r  s u lp h u r  d io x id e , o r  s u lp h u r  h e x a f lu o r id e  c o u ld  b e  p e r fo rm e d . In  
C h a p te r  2 , th e  a b i l i ty  o f  th e  m a s s  s p e c t r o m e te r  to  r o u t in e ly  m e a s u r e  s u lp h u r  
i s o to p e  r a t i o s  u s in g  s u lp h u r  d io x id e  (u s in g  th e  c o n v e n t io n a l  a n d  m o d if ie d  in 
s t r u m e n ts )  a n d  s u lp h u r  h e x a f lu o r id e  (u s in g  th e  m o d if ie d  i n s t r u m e n t  o n ly )  
is  e v a lu a te d  u s in g  re fe re n c e  g a se s  o f  k n o w n  is o to p ic  c o m p o s it io n .

T h e  su c c e ss  o f  s te p p e d  c o m b u s t io n  to  re so lv e  d if fe re n t s u lp h u r  c o m p o 
n e n t s  f ro m  a n  a r t i f ic ia l ly  p r o d u c e d  re fe re n c e  m ix tu r e  e n c o u ra g e d  f u r th e r  
s tu d ie s  in v o lv in g  m e te o r i te s .  T h re e  in v e s t ig a t io n s  w e re  u n d e r ta k e n .

C l and C2 carbonaceous chondrites

T h e r e  is  e v id e n c e  t h a t  C l  a n d  C 2 c a r b o n a c e o u s  c h o n d r i te s  h a v e  u n d e rg o n e  
p a r e n t  b o d y  a q u e o u s  a l t e r a t io n  (e .g . D u F re s n e  a n d  A n d e r s ,  1962 ; B o s t ro m  
a n d  F re d r ik s s o n ,  1966; B u n c h  a n d  C h a n g ,  1 9 8 0 ). S u lp h u r  in  C l  a n d  C 2  
c a r b o n a c e o u s  c h o n d r i t e s  is k n o w n  to  o c c u r  in  b o th  o x id is e d  ( s u lp h a te )  a n d  
r e d u c e d  ( s u lp h id e )  fo rm s , h o w e v e r , th e  r e a c t io n s  w h ic h  le d  to  th e  f o r m a t io n  
o f  th e s e  c o m p o u n d s ,  a l th o u g h  p r o b a b ly  r e la te d  to  th e  a q u e o u s  a l t e r a t io n  
e v e n t ,  a r e  n o t  fu lly  u n d e r s to o d  (M o n s te r  e t  a l . ,  1965; L ew is , 1967 ; L ew is  
a n d  K ro u s e ,  1 9 69).

P re v io u s  s u lp h u r  is o to p e  r e s e a rc h  o n  m e te o r i te s  h a s  c o n c e n t r a te d  o n  C l  
a n d  C 2  c a r b o n a c e o u s  c h o n d r i te s .  S u lp h u r  is o to p ic  s tu d ie s  w e re  u n d e r ta k e n  
b y  M o n s te r  e t  a l. (1 9 6 5 ) , H u ls to n  a n d  T h o d e  (1 9 6 5 a )  a n d  K a p la n  a n d  H u l-
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s to n  (1 9 6 6 ) , b u t  w ere : (a )  c a r r ie d - o u t  o n  a  l im i te d  n u m b e r  o f  m e te o r i te s ,  
a n d  (b )  m a d e  o n  s u lp h u r  e x t r a c te d  f ro m  m e te o r i te s  u s in g  c h e m ic a l  r e a g e n ts  
w h o se  e ffe c ts  w e re  o n ly  p o o r ly  u n d e r s to o d .  C h a p te r  3 d e ta i l s  e f fo r ts  to  
m e a s u re  th e  c o n c e n t r a t io n  a n d  is o to p ic  c o m p o s i t io n  o f  th e  v a r io u s  c o m p o 
n e n t s  o f  C l  a n d  C 2  c a rb o n a c e o u s  c h o n d r i te s  u s in g  s te p p e d  c o m b u s t io n .  T h e  
s a m p le s  s tu d ie d  in c lu d e  so m e  s a m p le s  fo r  w h ic h  s u lp h u r  d a t a  a l r e a d y  e x is ts  
b u t  in c lu d e  m a n y  s a m p le s  fo r  w h ic h  s u lp h u r  is o to p e  m e a s u r e m e n ts  a re  n o t  
a v a ila b le .  A lso  in  C h a p te r  3 , th e  e ffe c ts  o f  c o n v e n tio n a l  c h e m ic a l  p ro c e s s 
in g  o f  m e te o r i te s ,  to  e x t r a c t  s u lp h u r  c o m p o n e n ts ,  a r e  a s se sse d  b y  u s in g  th e  
r e s u l t s  o f  s te p p e d  c o m b u s t io n s  o f  re s id u e s  a n d  e x t r a c t s  p r e p a re d  f ro m  th e  
M u rc h is o n  m e te o r i te .

C3-C6 carbonaceous chondrites

P é t r o g r a p h ie ,  m in é ra lo g ie  a n d  c h e m ic a l s tu d ie s  h a v e  re v e a le d  t h a t  h y d r o u s  
a c t iv i ty  h a s  a f fe c te d  ty p e  3 o r d in a r y  a n d  c a rb o n a c e o u s  c h o n d r i te s  ( B u n c h  
a n d  C h a n g ,  1980; H u tc h is o n  e t  a l . ,  1985; A le x a n d e r  e t  a l . ,  1986; G ro s s m a n  
e t  a l . ,  1986 ; T o m e o k a  a n d  B u s e c k , 1986) . I t  is  u s u a lly  c o n s id e re d  t h a t  
s u lp h u r  in  m e te o r i te s  o f  h ig h e r  p e t ro lo g ic  ty p e s  o c c u rs  e x c lu s iv e ly  a s  s u l
p h id e  (m a in ly  a s  t r o i l i t e ) .  H o w e v e r , i f  h y d r o u s  a l t e r a t io n  h a s  b e e n  a c t iv e  
a t  so m e  s ta g e  in  th e  e v o lu t io n  o f  th e s e  m e te o r i te s ,  th i s  m a y  h a v e  le d  to  th e  
f o r m a t io n  o f  a  s m a ll  q u a n t i ty  o f  o x id is e d  s u lp h u r .  P re v io u s ly ,  th e  c h e m ic a l  
te c h n iq u e s  a p p l ie d  to  m e te o r i te s ,  h a v e  p r o b a b ly  b e e n  to o  c o m p lic a te d  a n d  
in s u f f ic ie n tly  s e n s i t iv e  to  d e t e c t  s m a ll  a m o u n ts  o f  o x id is e d  s u lp h u r  ( K a p la n  
a n d  H u ls to n ,  1 9 6 6 ). C h a p te r  4  d e s c r ib e s  u se  o f  th e  s te p p e d  c o m b u s t io n  
m e th o d  to  in v e s t ig a te  ty p e s  C 3  to  C 6  c a r b o n a c e o u s  c h o n d r i te s  in  a n  e f fo r t  
to  re s o lv e  th e i r  d if fe re n t s u lp h u r  c o m p o n e n ts .  T h is  w a s  d o n e  in  th e  h o p e  
t h a t  th e  d i s t r ib u t io n  o f  s u lp h u r  (a s  s u lp h a te  o r  s u lp h id e )  c a n  b e  u s e d  to  
c o n f irm  t h a t  e a r ly  s o la r  s y s te m  a q u e o u s  a l t e r a t i o n  a f fe c te d  so m e  o f  th e s e  
m e te o r i te s ,  su c h  in fo rm a t io n  w o u ld  h a v e  im p l ic a t io n s  fo r  e x is t in g  m o d e ls  o f  
c a rb o n a c e o u s  c h o n d r i te  e v o lu t io n .  F o r  c o m p a r a t iv e  p u rp o s e s ,  th e  a n a ly s e s  
w e re  e x te n d e d  to  in c lu d e  a  p r e l im in a r y  in v e s t ig a t io n  o f  a  ty p e  3 o r d in a r y  
c h o n d r i te .

Enstatite chondrites and aubrites

T h e  r e la t io n s h ip  b e tw e e n  e n s t a t i t e  c h o n d r i t e s  a n d  th e  c h e m ic a l ly  a n d  m in -  
e ra lo g ic a lly  s im ila r  a u b r i t e s  h a s  b e e n  th e  s u b je c t  o f  m u c h  d is c u s s io n . M a n y  
f e a tu r e s  (e .g . c h e m ic a l ,  t e x tu r a l  a n d  is o to p ic )  in d ic a te  t h a t  th e s e  tw o  g ro u p s  
c o u ld  b e  c o g e n e t ic  a n d  d e r iv e  f ro m  th e  s a m e  p a r e n t  b o d y  (e .g . W a t te r s  a n d  
P r in z ,  1979; B isw a s  e t  a l .,  1980; W o lf  e t  a l . ,  1 9 8 3 ). H o w e v e r , th e r e  is  a n  
in te r r u p t i o n  in  th e  c h e m ic a l t r e n d s  b e tw e e n  c h o n d r i t e s  a n d  a u b r i t e s  m a k 
in g  e v id e n c e  fo r a  c o m m o n  o r ig in  fo r  th e s e  tw o  g ro u p s  in c o n c lu s iv e  (e .g .
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W a sso n  a n d  W a i, 1970; B r e t t  a n d  K e il, 1 9 8 7 ). E n s t a t i t e  c h o n d r i te s  a n d  
a u b r i t e s  c o n ta in  th e  s a m e  s u lp h id e  m in e r a ls ,  b u t  th e  s u lp h u r  c o n te n t  o f  
a u b r i t e s  is  s ig n if ic a n t ly  lo w e r  (M a s o n , 1 9 6 6 ). S te p p e d  c o m b u s t io n  a n a ly s e s  
o f  e n s t a t i t e  c h o n d r i te s  a n d  a u b r i t e s  m a y  p ro v id e  c lu e s  to  th e i r  r e la t io n s h ip  
a n d  w h e th e r  th e  d if fe re n c e s  in  s u lp h u r  w e re  in f lu e n c e d  b y  p ro c e s se s  a c t iv e  
in  th e  n e b u la  o r  b y  m e ta m o r p h is m  a n d  p a r t i a l  m e lt in g  o n  th e  p a r e n t  b o d y  
o r  b o d ie s . S te p p e d  c o m b u s t io n  r e s u l t s  fo r  e n s t a t i t e  c h o n d r i te s  a n d  a u b r i t e s  
a r e  d is c u s s e d  in  C h a p te r  5.
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C h a p ter  2

E x p e r im e n ta l M e th o d s

T h e  a b u n d a n c e  a n d  is o to p ic  c o m p o s i t io n  o f  s u lp h u r  in  m e te o r i te s  h a s  b e e n  
in v e s t ig a te d  c o n v e n t io n a l ly  e i th e r  b y  c o m b u s t io n  o f  th e  b u lk  s a m p le  to  p r o 
d u c e  s u lp h u r  d io x id e  g a s , o r  b y  s e le c tiv e ly  l ib e r a t in g  th e  s u lp h u r  f ro m  th e  
m in e r a ls  o f  i n te r e s t  u s in g  c h e m ic a l r e a g e n ts  a n d  th e n  c o n v e r t in g  th i s  s u lp h u r  
t o  a  s t a b le  c o m p o u n d  (u s u a lly  b a r iu m  s u lp h a te  o r  s i lv e r  s u lp h id e )  w h ic h  c a n  
b e  c o m b u s te d  to  fo rm  s u lp h u r  d io x id e  (H u ls to n  a n d  T h o d e ,  1 9 6 5 a ; M o n s te r  
e t  a l . ,  1965 ; K a p la n  a n d  H u ls to n ,  1966; U e d a  e t  a l . ,  1 9 8 6 ). A s  m e te o r i te s  
a r e  a m o n g  th e  r a r e s t  m a te r ia l s  a v a ila b le  fo r  s tu d y  o n  E a r th ,  i t  is  im p e r a t iv e  
t h a t  d e s t r u c t iv e  a n a ly t i c a l  te c h n iq u e s  s h o u ld  c o n s u m e  m in im u m  q u a n t i t i e s  
o f  s a m p le  a n d  y e t  m a x im is e  th e  a m o u n t  o f  o b ta in a b le  d a t a  a t  a n  a c c e p ta b le  
le v e l o f  a c c u ra c y  a n d  p re c is io n . I t  is  a lso  i m p o r t a n t  t o  e n s u re  t h a t  th e  s a m 
p le  a n a ly s e d  is  r e p r e s e n ta t iv e  o f  th e  b u lk  m e te o r i te .  S a m p le  r e q u ir e m e n ts  
a r e  d i c t a t e d  b y  th e  m in im u m  a m o u n t  o f  s u lp h u r  m e a s u r a b le  in  th e  m a s s  
s p e c t r o m e te r ,  b la n k  le v e ls  a n d  c h e m ic a l  e x t r a c t io n  p ro c e d u re s .  P re v io u s  
w o rk  u t i l iz in g  r a t h e r  c o m p lic a te d  c h e m ic a l  p a th w a y s ,  n e c e s s a ry  to  f re e  s u l
p h u r  f ro m  d if fe re n t  m in e r a ls  in  m e te o r i te s ,  h a s  m e a n t  t h a t  in  so m e  c a se s  u p  
to  s e v e r a l  g r a m s  o f  m e te o r i te  a r e  r e q u ir e d  fo r  a  g o o d  a n a ly s is  (e .g . K a p la n  
a n d  H u ls to n ,  1 9 6 6 ).

T h e  is s u e  o f  s a m p le  a v a i la b i l i ty  w a s  a  k ey  f a c to r  in  d e te r m in in g  th e  
c u r r e n t  a p p r o a c h  to  a n a ly s in g  s u lp h u r  is o to p e  r a t i o s  in  m e te o r i te s .  T h e  
c o u p l in g  o f  a  g a s  e x t r a c t io n  lin e , to  b e  u s e d  fo r  s te p p e d  c o m b u s t io n  e x p e r 
im e n ts ,  t o  a  m a s s  s p e c t r o m e te r  w i th  m a x im is e d  s e n s i t iv i ty  w a s  u n d e r ta k e n  
so  t h a t  s u lp h u r  is o to p e  m e a s u r e m e n ts  c o u ld  b e  o b ta in e d  f ro m  m il l ig r a m  
q u a n t i t i e s  o f  m e te o r i te s .  T h e  m a s s  s p e c t r o m e te r  u s e d  in  th e  l a t t e r  p a r t  o f  
th i s  s t u d y  w a s  n o t  a  c o m m e rc ia l ly  a v a ila b le  i n s t r u m e n t ,  so  i t  w a s  n e c e s s a ry  
t o  fu lly  a s se ss  t h e  c a p a b l i t ie s  o f  th i s  i n s t r u m e n t  fo r  s u lp h u r  is o to p e  r a t i o  
m e a s u r e m e n ts .  T h e  m a s s  s p e c t r o m e te r  w a s  c o n n e c te d  to  a  c o m p u te r  fo r 
c o n t r o l  o f  d a ta - a c q u is i t io n ,  -h a n d l in g ,  a n d  - s to r a g e .  A n  in i t ia l  p e r io d  w a s  
s p e n t  d e v e lo p in g  th e  s o f tw a re  fo r th e s e  p ro c e d u re s .

W h e n  a  c o m p o u n d  c o n ta in in g  s u lp h u r  is c o m b u s te d  in  o x y g e n , s u lp h u r
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d io x id e  is  th e  m a in  s u lp h u r - c o n ta in in g  p r o d u c t  a lo n g  w ith  p e r h a p s  a  l i t 
t le  s u lp h u r  t r io x id e .  T h e  s te p p e d  c o m b u s t io n  m e th o d  ( in c r e m e n ta l  h e a t in g  
o f  th e  s a m p le  in  o x y g e n )  a llo w s  r e la t iv e ly  in v o la t i le  sp e c ie s  (e .g . s u lp h id e s ,  
s u lp h a te s )  to  b e  c o n v e r te d  to  a  g a s . T h is  te c h n iq u e  d is c r im in a te s  b e tw e e n  
s u lp h u r  f ro m  d if fe re n t  c o m p o u n d s  o n  th e  b a s is  o f  c o m b u s tio n  o r  d e c o m p o 
s i t io n  te m p e r a t u r e .  In  th e  c a se  o f  s u lp h id e s ,  th e  s u lp h u r  is o x id is e d  to  a  
g a s , w h e re a s  s u lp h a te s  d e c o m p o s e  to  y ie ld  s u lp h u r  d io x id e . T h e  c o m b u s t io n  
te c h n iq u e  h a s  a l r e a d y  b e e n  a p p l ie d  su c c e ss fu lly  to  s tu d ie s  in v o lv in g  th e  e l
e m e n ts  c a r b o n ,  n i t r o g e n  a n d  h y d ro g e n  (e .g . D e s M a ra is ,  1978; S w a r t  e t  a l .,  
1983; L ew is e t  a l . ,  1983 ; Y a n g  a n d  E p s te in ,  1 9 8 3 ). T h e  m a in  a d v a n ta g e s  o f  
s te p p e d  c o m b u s t io n  o v e r  c h e m ic a l  s e p a r a t io n  a p p e a r  to  b e :

1 . T h e  s m a lle r  s a m p le  r e q u ir e m e n ts .

2. T h e  r e d u c e d  r isk  o f  s a m p le  lo ss  o r  c o n ta m in a t io n .

3. T h e  e a se  o f  a n a ly s is .

P o in t  (3 ) is  p a r t i c u la r ly  im p o r t a n t  s in c e  th e  u se  o f  s te p p e d  c o m b u s t io n  d o e s  
n o t  e n t a i l  t im e -c o n s u m in g  a n d  in t r i c a te  c h e m ic a l  a n d  p h y s ic a l  s e p a r a t io n  
te c h n iq u e s ,  w h ic h  o f te n  n e e d  to  b e  a p p l ie d  to  th e  s a m p le  in  o rd e r  to :  (a )  
is o la te  th e  p a r t i c u la r  s u lp h u r  c o m p o n e n t  o f  i n te r e s t ,  a n d  (b )  c o n v e r t  th i s  
c o m p o u n d  in to  a  fo rm  s u i t a b le  fo r  c o n v e rs io n  to  s u lp h u r  d io x id e .

2.1  M a ss  sp ec tr o m e tr y

2 .1 .1  T h e m ass sp ectro m eter

S u lp h u r ,  a f te r  b e in g  c o n v e r te d  to  s u lp h u r  d io x id e ,  is  a n a ly s e d  in  th e  m a s s  
s p e c t r o m e te r .  D u r in g  th e  f i r s t  p a r t  o f  th i s  p r o je c t  th e  in s t r u m e n t  u se d  w a s  
a  V G  M ic ro m a s s  6 0 2 E  (V a c u u m  G e n e r a to r s ,  C h e s h ir e ,  E n g la n d ) .  T h is  is  a  
90® s e c to r ,  6 .2c m  r a d iu s  d o u b le  c o l le c tin g  m a s s  s p e c t r o m e te r  e s s e n t ia l ly  o f  
th e  ty p e  d e s c r ib e d  b y  N ie r  (1 9 4 0 , 1947 ) a n d  l a t e r  m o d if ie d  b y  M c K in n e y  e t  
a l . (1 9 5 0 ) . T h e  m a s s  s p e c t r o m e te r  o p e r a te s  in  th e  d y n a m ic  m o d e  w h e re  re f
e re n c e  a n d  s a m p le  g a se s  a re  a l t e r n a t e ly  a d m i t t e d  to  th e  io n  s o u rc e  v ia  a  d u a l  
in le t  s y s te m . B o th  in le ts  a r e  f i t te d  w i th  v a r ia b le  v o lu m e  b e llo w s  a s s e m b lie s  
to  e n a b le  b a la n c in g  o r  e q u a l is a t io n  o f  re fe re n c e  a n d  s a m p le  io n  s o u rc e  p r e s 
s u re s .  E a c h  in le t  a lso  hcis a  m e ta l  c o ld  f in g e r  w h ic h  a llo w s  th e  s a m p le  g a s  to  
b e  c ry o g e n ic a lly  t r a n s f e r r e d  in to  a  s m a ll  v o lu m e , a n d  th u s ,  m e a s u r e m e n t  o f  
s u lp h u r  s a m p le s  a s  s m a ll  a s  10 /ig  a r e  p o s s ib le  ( th i s  lo w e r  l im it  h a s  b e e n  re 
d u c e d  to  l / / g  s u lp h u r  u s in g  th e  m o d if ie d  i n s t r u m e n t  d e s c r ib e d  b e lo w ) . T w in  
c a p i l la r y  le a k s  a re  c o n n e c te d  to  a n  e le c tr ic a lly  o p e r a te d  c h a n g e o v e r  v a lv e  o f 
th e  d e s ig n  o f  M u rp h e y  (1 9 4 7 ) a n d  im p ro v e d  by  M c K in n e y  e t  a l. (1 9 5 0 ) . A s
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R a d iu s
N o . o f  c o l le c to rs  
M a g n e t  
G a s e s  a n a ly s e d  
M in . s a m p le  s ize  
P re c is io n  :
10 / ig  s u lp h u r  
1 /ig  s u lp h u r

6 0 2 E M o d i f i e d  I n s t r u m .

6 cm 9 c m

2 4
P e r m a n e n t E le c tro -

N 2 , C O 2 , S O 2 C O 2 , S 0 2 ,  S F c

10/ig s 1/ig S

±  0.37oo i  0.2°/oo
i  0.3%o

T a b l e  2 .1  C o m p a r is o n  o f  th e  6 0 2 E  w i th  th e  m o d if ie d  m a s s  s p e c t r o m e te r .

o n e  g a s  ( re fe re n c e  o r  s a m p le )  flow s in to  th e  io n  s o u rc e  th e  o th e r  is  d iv e r te d  
to  t h e  p u m p s  to  e n s u re  t h a t  b o th  g a s  p re s s u re s  d e c a y  a t  t h e  s a m e  r a te .

T h e  6 0 2 E  h a s  a  d o u b le  c o l le c to r  s y s te m  to  a llo w  tw o  io n  b e a m s  to  b e  
c o l le c te d  s e p a r a te ly  in  tw o  F a r a d a y  b u c k e ts .  T h e  io n  b e a m  s ig n a ls  a r e  a m 
p lif ie d  a n d  th e n  d ig i t is e d  v ia  a  1 6 -b it  a n a lo g u e - to - d ig i ta l  ( a - to -d )  c o n v e r te r  
b e fo re  b e in g  s e n t  to  t h e  c o m p u te r  (B B C  m ic r o c o m p u te r ,  A c o rn  C o m p u te r s  
L td . ,  C a m b r id g e )  fo r  h a n d l in g  a n d  r e d u c t io n  o f  th e  ra w  d a t a .  T h e  c o m 
p u te r  is  in te r f a c e d  v ia  a  d ig i ta l - to - a n a lo g u e  ( d - to - a )  s ig n a l c o n v e rs io n  u n i t  
( b u i l t  b y  M r  A .W . J o in e s )  to  t h e  p r o g ra m m a b le  h ig h  v o l ta g e  p o w e r  s u ^  y 
a n d  a llo w s  s o f tw a r e - c o n t ro l le d  a d ju s tm e n t  o f  t h e  a c c e le ra t in g  v o l ta g e .  e 
c o m p u te r  c a n  a lso  c o n t r o l  th e  r e fe re n c e - s a m p le - is o la te  s w itc h in g  f a c il i t ie s  o

th e  c h a n g e o v e r  v a lv e .  ̂ ^
D u r in g  th e  l a t t e r  p a r t  o f  th i s  p r o je c t  t h e  m a s s  s p e c t r o m e te r  w a s  s u b s t a n 

t ia l ly  m o d if ie d  t o  im p ro v e  s e n s i t iv i ty  a n d  a l lo w  m e a s u r e m e n t  o f  u p  to  f o u r  
in d iv id u a l  io n  b e a m  in te n s i t ie s ,  r a th e r  t h a n  h a v in g  tw o  io n  b e a m s  im p in g in g  
o n  o n e  c o l le c to r .  T h e  g e n e ra l  f e a tu re s  o f  t h e  o r ig in a l  a n d  m o d if ie d  i n s t r u 
m e n t  a r e  c o m p a r e d  in  T a b le  2 .1 . F o r  t h e  o r ig in a l  in s t r u m e n t  th e  g a se s  t h a t  
c o u ld  b e  a n a ly s e d  in c lu d e d  c a r b o n  d io x id e  a n d  s u lp h u r  d io x id e  b y  c o l le c tio n  

o f  th e  fo llo w in g  io n  b e a m s .

1. m / z  4 4 + 4 5  a n d  46  f ro m  0 0 ^ .

2 . m / z  4 8 + 4 9  a n d  50  f ro m  S 0 + .

3 . m / z  6 4 + 6 5  a n d  6 6  f ro m  S O j .

T h e  n ew  in s t r u m e n t  h a s  a  V G  S IR A  24 9 c m  r a d iu s  e x te n d e d  g e o m e try  f l ig h t  
t u b e ,  fo u r  c o l le c to rs  a n d  a n  e le c t ro m a g n e t .  T h e  m a m  c o m p o n e n ts  o f  is 
s y s te m  a re  s h o w n  in  F ig u re  2 .1 . T h e  p o s i t io n s  o f  th e  c o l le c to r  s l i t s  a re  fixed
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H a lf -p la te  v o lta g e 8 V
Io n  r e p e llo r  v o lta g e + 0 .5 V
E le c tro n  en e rg y 65 V
T ra p  c u r r e n t 200/zA
M a g n e t  c u r r e n t 2 .5 A
A c c e le ra tin g  v o l ta g e
( m /z  =  6 6 ) 2 .2 3 K V
( m /z  =  50) 2 .8 5 K V

T a b l e  2 .2  Io n  s o u rc e  o p e r a t in g  p a r a m e te r s .

b u t  s p a c e d  su c h  t h a t  d e te c t io n  o f  io n  b e a m s  f ro m  th e  fo llo w in g  io n ic  sp e c ie s  
a re  a ll p o s s ib le :

1. m / z  4 4 , 45  a n d  4 6  f ro m  C O ^ .

2. m / z  48  a n d  50  f ro m  S O + .

. 3 . m / z  64  a n d  66  f ro m  S O ^ .

4 . m / z  127 , 128 , 129 a n d  131 f ro m  S F f .

A n  a p p r a is a l  o f  th e  u se  o f  s u lp h u r  h e x a f lu o r id e  in  th i s  m a s s  s p e c t r o m e te r  
is  m a d e  in  S e c t io n  2 .6  a n d  A p p e n d ix  A . ( E s s e n t ia l ly ,  b e c a u s e  f lu o r in e  is  
m o n o is o to p ic ,  a n a ly s is  o f  s u lp h u r  h e x a f lu o r id e  a l lo w s  d i r e c t  m e a s u r e m e n t  o f  
^33s , a n d  f3 6 g )

T h e  io n  s o u rc e  o p e r a t in g  c o n d i t io n s  fo r  s u lp h u r  d io x id e  a re  s h o w n  in  
T a b le  2 .2 . D u r in g  s u lp h u r  d io x id e  a n a ly s is  i t  is  n e c e s s a ry  to  a l t e r  th e  a c c e l
e r a t in g  v o l ta g e  b e tw e e n  th e  m e a s u r e m e n t  se q u e n c e  fo r  8 0 ^  ( m / z  64  a n d  6 6 ) 
a n d  SO"^ ( m / z  48  a n d  5 0 ) . T h e  s e g m e n t  o f  th e  m a s s  s p e c t r u m  c o n ta in in g  
th e  p a r e n t  io n s  ( S O j )  is  s h o w n  in  F ig u re  2 .2  a n d  a ll  th e  io n ic  sp e c ie s  o f  
s u lp h u r  d io x id e  p r o d u c e d  in  th e  m a s s  s p e c t r o m e te r  a r e  g iv e n  in  T a b le  2 .3 .

T h e  m a s s  s p e c t r a  o f  8 0 ^  a n d  8 0 ^  a re  c o m p lic a te d  b y  th e  p re s e n c e  o f  
io n s  c o n ta in in g  a n d  a to m s .  T h e  c o n t r ib u t io n  o f  to  m a s s
6 6  is  m u c h  s m a l le r  t h a n  t h a t  f ro m  a n d  a  s u i t a b le  c o r r e c t io n  c a n  b e
a p p l ie d .  H o w e v e r , f ^^8 m e a s u r e m e n ts  u s in g  s u lp h u r  d io x id e  a re  im p r a c t ic a l
b e c a u s e  th e  c o n t r ib u t io n  o f  to  m / z  68  is  o f  th e  s a m e  o r d e r  a s
3 6 8 i6 o i6 o .  S im ila r ly , th e  p re s e n c e  a t  m / z  65  o f  a n d

m e a n s  t h a t  5^^8 m e a s u r e m e n ts  a re  e q u a lly  u n o b ta in a b le .  E v e n  fo r  ^^^8 
m e a s u r e m e n ts  th e  is o to p ic  c o m p o s i t io n  o f  th e  o x y g e n  in  th e  re fe re n c e  a n d  
s a m p le  g a s e s  a re  d if fe re n t  a n d  i t  is n e c e s sa ry  to  p e r fo rm  is o b a r ic  c o r r e c t io n s  
o n  th e  ra w  d a t a  o b ta in e d  f ro m  th e  s u lp h u r  d io x id e  a n a ly s e s .  T h is  is a c h ie v e d
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F i g u r e  2 .2  T h e  m a s s  s p e c t r u m  o f  s u lp h u r  d io x id e  in  th e  re g io n  f ro m  m / z  
64  to  6 6 . T h e  m / z  64  p e a k  is  ofFscale.

64 65 66 67
32S160160 33gl6ol6o

32S16Q170
34gl6ol6o
32gl7ol8o
33gl6ol7o
32S17Q17Q

32gl6ol8o
33gl7ol7o
33gl6ol8o

68 69 70 71 & 72
b̂glGQlGQ

34gl6Ql8Q
33gl7ol8o
32gl8ol8o

36s 17o 16q
34gl7ol8o
33gl8ol8o

36gl7ol7o
36gl6ol8o
34gl8ol8o

3cigi7oi8o
36gl7Ql8Q

Table 2.3 T h e  m o le c u la r  sp e c ie s  o f  s u lp h u r  d io x id e .
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b y  m e a s u r in g  th e  is o to p ic  c o m p o s i t io n s  o f  b o th  S O f  ( m /z  6 6 /6 4 )  a n d  S O +  
( m /z  5 0 /4 8 )  a n d  th e n  a p p ly in g  a p p r o p r ia t e  c o r r e c t io n s  to  o b ta in  th e  
a n d  v a lu e s  ( in  a  fa s h io n  s im ila r  to  t h a t  o f  H o lt ,  1 9 75 ).

2 .1 .2  S u lp h u r d iox id e  in th e  m ass sp ectro m eter

S u lp h u r  d io x id e  h a s  so m e  d r a w b a c k s  fo r  u se  in  m a s s  s p e c t r o m e try .  T h e  
m o s t  im p o r t a n t  o f  th e s e  is  t h a t  i t  is  a d s o rb e d  r e a d i ly  o n to  co ld  m e ta l  s u r 
fa c e s  m a k in g  i t  d if f ic u lt  to  re m o v e  f ro m  th e  m a s s  s p e c t r o m e te r  a n d  in le t  
s y s te m  b y  p u m p in g .  T h is  c h a r a c t e r i s t i c  o f  s u lp h u r  d io x id e  n e c e s s i ta te s  b o th  
lo n g e r  p u m p in g  cy c le s  ( a t  l e a s t  5 m in u te s )  a n d  in c re a s e d  d e la y  in te r v a ls  
w h e n  s w itc h in g  b e tw e e n  re fe re n c e  a n d  s a m p le  s id e s  o f  th e  m e ta l  c h a n g e o v e r  
v a lv e  o f  th e  in s t r u m e n t .  T h is  d e la y  is  th e  t im e  b e tw e e n  a d m i t t i n g  th e  g a s  
to  th e  io n  s o u rc e  a n d  th e  s t a r t  o f  is o to p e  r a t i o  m e a s u r e m e n ts .  T h e  d e la y  
in te r v a l  is  5 s e c o n d s  w h e n  u s in g  c a r b o n  d io x id e  a n d  s u lp h u r  h e x a f lu o r id e , 
b u t  m u s t  b e  in c re a s e d  to  30  se c o n d s  fo r  s u lp h u r  d io x id e .

A f te r  p u m p in g ,  s u lp h u r  d io x id e  s lo w ly  d e s o rb s  f ro m  th e  co ld  m e ta l  s u r 
fa c e s  o f  th e  in le t  m a n ifo ld ,  c h a n g e o v e r  v a lv e  a n d  io n  so u rc e . T h is  is  a n  
i m p o r t a n t  p r o b le m  b e c a u s e  m ix in g  o f  d e s o rb in g  s a m p le  g a s  w i th  re fe re n c e  
g a s  ( a n d  v ic e  v e r s a )  in  a n y  o f  th e s e  s i te s  w ill le a d  to  e r r o rs  in  th e  
m e a s u r e m e n ts .  T h e  e r r o r  is  m a n if e s te d  a s  a  r e d u c t io n  in  th e  t r u e  is o to p ic  
d if fe re n c e  b e tw e e n  s a m p le  a n d  re fe re n c e  g a se s . T h is  “m e m o r y ” e ffec t c a n  b e  
a l le v ia te d  b y  h e a t in g  v a r io u s  c o m p o n e n ts  o f  th e  m a s s  s p e c t r o m e te r  (R e e s , 
1978) s in c e  th i s  c a u se s  f a s te r  d e s o rp t io n  o f  s u lp h u r  d io x id e  g a s  f ro m  m e ta l  
su r fa c e s . F o r  th e  in s t r u m e n t  u s e d  in  th i s  s tu d y ,  m o s t  o f  th e  m a s s  s p e c t ro m e 
t e r  ( in c lu d in g  th e  io n  s o u rc e ,  f l ig h t  tu b e ,  c h a n g e o v e r  v a lv e , c a p i l la r ie s ,  m e ta l  
in le t  a n d  c o l le c to r s ,  b u t  n o t  th e  r e m o te  h e a d  a m p lif ie r s )  w a s  h e a te d  to  a b o u t  
1 1 0 °C . In  o r d e r  to  a s se ss  th e  effic iency  o f  th e  h e a t in g ,  th e  m / z  64  io n  c u r 
r e n t  w a s  m o n i to re d  d u r in g  p u m p in g .  D e c a y  r a te s  o f  th e  m / z  64  io n  c u r r e n t  
o b ta in e d  w h e n  th e  m a s s  s p e c t r o m e te r  weis h e a te d  ( to  1 1 0 °C ) a n d  u n h e a te d ,  
a r e  p lo t t e d  in  F ig u re  2 .3 . F o r  c o m p a r is o n , th e  m o re  f a v o u r a b le  p u m p in g  r a t e  
o f  s u lp h u r  h e x a f lu o r id e  ( m /z  127) is  a lso  p lo t t e d .  F ro m  F ig u re  2 .3 , i t  c a n  
b e  se e n  t h a t  a f te r  8 s e c o n d s  th e  v a lu e  o f  th e  m / z  127  io n  c u r r e n t  (^ ^ S F ^ )  is 
a b o u t  1%  o f  th e  n o rm a l  o p e r a t in g  v a lu e , fo r  th e  m / z  64  io n  c u r r e n t  (^ ^ S O ^  ) 
to  r e a c h  th e  s a m e  v a lu e  i t  t a k e s  80  s e c o n d s  w h e n  th e  m a s s  s p e c t r o m e te r  
is  u n h e a te d ,  a n d  44  s e c o n d s  w h e n  i t  is  h e a te d .  E v e n  a f te r  30 0  s e c o n d s  (5 
m in u te s )  th e  m / z  64  io n  c u r r e n t  (^ ^ S O ^ ) fo r  th e  in s t r u m e n t  w h e n  u n h e a te d ,  
is  s t i l l  0 .6 %  o f  th e  o p e r a t in g  v a lu e , w h e re a s  t h a t  o f  m / z  127 (^ ^ S F ^ )  fo r  th e  
s a m e  t im e - p e r io d  is <  0 . 1% . T h e  e ffec t o f  te m p e r a tu r e s  a b o v e  1 1 0 °C  w a s  
te s te d  b u t  fo u n d  n o t  to  im p ro v e  p u m p in g  effic iency . M o re o v e r , h e a t in g  to  
h ig h e r  te m p e r a tu r e s  w a s  n o t  d e s ira b le  b e c a u s e  o f  th e  a d v e rs e  e ffec t u p o n  
e le c tr ic a l  c o m p o n e n ts  in  th e  h e a d  a m p lif ie r s  a n d  th e  a c c e le ra te d  o x id a t io n
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o f  th e  w ire s  c o n n e c t in g  th e  p o w e r  s u p p ly  to  th e  e le c tro m a g n e t  a n d  th o s e  
c a r r y in g  th e  h ig h  v o l ta g e  s ig n a ls  to  th e  io n  s o u rc e . A t  a  t e m p e r a t u r e  o f  
1 1 0 °C , a  m in im u m  p u m p in g  t im e  o f  5 m in u te s  is r e q u ir e d  b e fo re  a d m is 
s io n  o f  a  n ew  g a s  s a m p le  in to  th e  m a s s  s p e c t r o m e te r  a n d  a  30  s e c o n d  d e la y  
is  im p o s e d  b e tw e e n  s w itc h in g  o f  th e  c h a n g e o v e r  v a lv e  a n d  p ro c e e d in g  w i th  
i s o to p e  r a t i o  m e a s u r e m e n ts .

T h e  m a s s  s p e c t r u m  o f  s u lp h u r  d io x id e  o c c u rs  in  a  re g io n  w h ic h  c a n  p o 
te n t i a l ly  su ffe r  f ro m  in s t r u m e n t  b a c k g ro u n d . A  m a s s  s c a n  o f  th e  b a c k g r o u n d  
in  th e  m o d if ie d  in s t r u m e n t  f ro m  m / z  20  to  80  is s h o w n  in  F ig u re  2 .4 a . P r io r  
to  th e  b a c k g r o u n d  s c a n  th e  in s t r u m e n t  h a d  b e e n  p u m p e d  fo r te n  m in u te s  to  
o b ta in  a  s o u rc e  p re s s u r e  o f  3 x 1 0 “ ^° m b .  F o r  c o m p a r is o n , F ig u re  2 .4 b  sh o w s  
a  m a s s  s c a n  o f  s u lp h u r  d io x id e  g a s  a t  a  ty p ic a l  w o rk in g  s o u rc e  p re s s u r e  o f  
4 x 1 0 “ ® m b  a c h ie v e d  u s in g  a  s a m p le  o f  1 7 /ig  o f  s u lp h u r  a s  s u lp h u r  d io x id e . 
I t  c a n  b e  se e n  f ro m  th e  b a c k g ro u n d  s c a n  ( F ig u re  2 .4 a )  t h a t  th e r e  is  o n ly  a  
t r a c e  o f  r e s id u a l  s u lp h u r  d io x id e  g a s  p r e s e n t  in  th e  m a s s  s p e c t r o m e te r .  T h e  
b a c k g r o u n d  lev e l o f  s u lp h u r  d io x id e  is  le ss  t h a n  0 .0 0 7 %  o f  th e  t o t a l  w o rk in g  
p r e s s u r e ,  th e re fo r e ,  n o  c o r r e c t io n  is  r e q u ir e d  fo r  a  b a c k g ro u n d  c o n t r ib u t io n .

2 .1 .3  Iso to p ic  reference gases

T w o  is o to p ic  re fe re n c e  g a se s  w e re  p r e p a r e d  a n d  s to r e d  in  d e m o u n ta b le  tw o  
l i t r e  c a p a c i ty  g la ss  b u lb s  fo r  d a i ly  u se . T h e s e  g a se s  a re :

S O 2- I  T a k e n  d ir e c t ly  f ro m  a  c y l in d e r  o f  c o m p re s s e d  g a s  (B D H  C h e m ic a ls ,  
L td ,  E n g la n d ) ,  w i th  a n  v a lu e  o f  -f-1 0 . I 6 %o r e la t iv e  to  C D T .

S O 2—2  P r e p a r e d  b y  th e  th e r m a l  d e c o m p o s i t io n  o f  b a r iu m  s u lp h a te  a t  te m -  
j> e r a tu r e s  a b o v e  1300°C u s in g  th e  a p p a r a tu s  s h o w n  in  F ig u re  2 .5 , th i s  
g a s  h a s  a n  is o to p ic  c o m p o s i t io n  o f  -M6.1l7oo r e la t iv e  to  CDT.

B o th  g a s e s  a re  s to r e d  in  s e p a r a te  b u lb s  a t  a  p r e s s u re  o f  a p p r o x im a te ly  o n e  
a tm o s p h e re .  T h e  is o to p ic  c o m p o s i t io n s  o f  th e  re fe re n c e  g a se s  w e re  c h e c k e d  
r e g u la r ly  b y  c o m p a r is o n  w i th  s u lp h u r  d io x id e  o b ta in e d  b y  c o m b u s t io n  o f  
s o lid  m a te r i a l s  w i th  k n o w n  v a lu e s  (e .g . B e lla  R o c a  t r o i l i t e ) .  R e m o v a l 
o f  a b o u t  4 0 0  a l iq u o ts  o f  S O 2- I  ( th e  re fe re n c e  m o s t  f re q u e n t ly  u s e d ) ,  o v e r  a  
p e r io d  o f  tw o  y e a r s ,  o n ly  c h a n g e d  th e  v a lu e  o f  th i s  g a s  b y  0 . 1%o.

2 .1 .4  O p era tin g  proced u re

T h e  s u lp h u r  d io x id e  s a m p le s  p r e p a re d  u s in g  th e  g la ss  e x t r a c t io n  lin e , w h ic h  
w ill b e  d e s c r ib e d  in  S e c tio n  2 .2 . 1 , a r e  p a s s e d  d i r e c t ly  to  th e  in le t  m a n ifo ld  
o f  th e  m a s s  s p e c t r o m e te r .  A d m is s io n  o f  th e  s a m p le  g a s  to  th e  io n  s o u rc e  
o f  th e  m a s s  s p e c t r o m e te r  is fo llo w ed  by  e q u a l is a t io n  o f  th e  m a jo r  io n  b e a m
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(a) Background Scan (10"^^ Amp)

(b)Scan of sulphur dioxide 
(10-'°Amp)
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F i g u r e  2 .4  M a ss  s c a n s  of: (a )  b a c k g ro u n d , a n d  (b )  s u lp h u r  d io x id e  in  th e  
m a s s  s p e c t r o m e te r .
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F i g u r e  2 .5  A p p a r a tu s  fo r  th e  p r e p a r a t io n  o f  S O 2- 2 .

( m / z  64) in te n s i t ie s  a n d  io n  s o u rc e  p r e s s u r e s  o f  th e  s a m p le  a n d  re fe re n c e  
g a se s . T h is  p r o c e d u re  is m o re  d if f ic u lt  to  a c h ie v e  u s in g  s u lp h u r  d io x id e  t h a n  
fo r  c a r b o n  d io x id e , b e c a u s e  th e  “s t ic k y ” n a t u r e  o f  th e  g a s  m e a n s  t h a t  th e r e  
is a  s ig n if ic a n t  t im e  d e la y  b e tw e e n  m a n u a l  a d j u s tm e n t  o f  th e  v a r ia b le  v o l
u m e  a n d  re s p o n s e  in  io n  b e a m  in te n s i ty .  T h e  p r o c e d u re  is  a s s is te d  b y  a  
g r a p h ic a l  d is p la y  o f  th e  io n  b e a m  in te n s i t ie s  o n  th e  c o m p u te r  V D U  sc re e n  
a n d  s u p p le m e n te d  b y  a  d i r e c t  r e a d o u t  o f  th e  re fe re n c e  a n d  s a m p le  io n  b e a m  
c u r r e n t s  in  a m p s . P r e s s u r e  b a la n c in g  is  a lw a y s  c a r r ie d - o u t  u s in g  th e  in te n 
s i t y  o f  th e  m a jo r  b e a m  m / z  64, a n d  n o t  m / z  66, 48 o r  50, b e c a u s e  i t  is 
b o th  th e  m o s t  in te n s e  a n d  s ta b le  o f  th e  f o u r  b e a m s . U s in g  th i s  m e th o d ,  th e  
re fe re n c e  a n d  s a m p le  io n  b e a m  c u r r e n ts  c a n  b e  r o u t in e ly  b a la n c e d  to  w i th in  
5% . T h e  g r a p h  in  F ig u re  2.6 sh o w s  t h a t  b a la n c in g  o f  th e  io n  b e a m s  is  a  
c r i t ic a l  p a r t  o f  th e  a n a ly s is  p r o c e d u re  s in c e  a n  im b a la n c e  in  th e  m / z  64 io n  
c u r r e n t s  o f  30% le a d s  to  a n  e r r o r  o f  ±  0.5%o o n  th e  m e a s u r e m e n t ,  th is  
is  r e d u c e d  to  i  0.3%o fo r  a  20% im b a la n c e .  O n c e  th e  b e a m s  a r e  m a tc h e d ,  
th e y  m u s t  b e  a l lo w e d  to  s ta b i l i s e  fo r  a t  le a s t  30 s e c o n d s  b e fo re  is o to p e  r a t i o  
m e a s u r e m e n ts  c o m m e n c e , to  e n s u re  t h a t  t h e  g a s  p r e s s u r e  e q u i l ib r a te s  fu lly  
in  th e  io n  so u rc e .

F o llo w in g  p r e s s u r e  b a la n c in g ,  th e  d a t a  a c q u is i t io n  c o m p u te r  p r o g r a m  
( w r i t t e n  in  c o n ju n c t io n  w ith  D r  I  P . W r ig h t)  is i n i t i a t e d  by  ty p in g  th e  a p 
p r o p r ia te  c o m m a n d s  a t  th e  k e y b o a rd .  T h e  c o m p u te r  is p ro g ra m m e d  to  
e x a m in e  th e  s e g m e n t  o f  th e  m a s s  s p e c t r u m  f ro m  m / z  64 to  6 6 . B y  u s in g  
th e  o u t p u t  f ro m  a  c o a rs e  ( 0 -0 .2  K V ) 8 - b i t  d - to - a  c o n v e r te r ,  th e  c o m p u te r
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F i g u r e  2 .6  T h e  e ffec t o f  r e f e r e n c e /s a m p le  io n  b e a m  im b a la n c e  o n  th e  m e a 
s u re d  v a lu e .
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id e n tif ie s  th e  re g io n  o f  th e  m a s s  s p e c t r u m  c o n ta in in g  m / z  66  a n d  p r o g ra m s  
a  fin e  ( 0 -7 5  V , a n d  v a r ie d  b y  a  p o te n t io m e te r )  d - to - a  to  p r o d u c e  a  “m in 
isw e e p ” o f  2 5 6  d a t a  p o in ts  o f  th e  io n  c u r r e n t  a c ro s s  th e  m in o r  c o l le c to r .  T h e  
c o m p u te r  p r o g ra m  th e n  e v a lu a te s  th e  a c c e le ra t in g  v o l ta g e  t h a t  c o r r e s p o n d s  
to  th e  m id - p o in t  o f  th e  m / z  66  b e a m  p ro file  a n d  se n d s  th e  a p p r o p r ia t e  o u t 
p u t  c o d e  to  th e  d - to - a  in  o r d e r  to  fo cu s  th e  io n  b e a m s  o n  th e  c o l le c to rs .  T h e  
io n  b e a m  p ro file s  o b ta in e d  f ro m  b o th  th e  c o a rs e  a n d  fine s c a n s  a re  p lo t t e d  
o n  th e  c o m p u te r  V D U  s c re e n  a s  a  v isu a l g u id e  to  p e a k  s h a p e  a n d  c o r r e c t  
a l ig n m e n t  o f  th e  io n  b e a m s  o n  th e  c o l le c to rs .  A t  th i s  p o in t  d a t a  a c q u is i t io n  
c o m m e n c e s ; a  s e q u e n c e  o f  s ix  c o m p a r is o n s  o f  th e  re fe re n c e  a n d  s a m p le  g a se s  
is  m a d e . D u r in g  e a c h  c o m p a r is o n  a  t o t a l  o f  5 0 0  r a t i o  m e a s u r e m e n ts  (6 6 /6 4 )  
a r e  m a d e . E a c h  b lo c k  o f  5 0 0  r a t i o s  is  d iv id e d  in to  10 g ro u p s  o f  50  to  o b ta in  
a  r e a l - t im e  r a t i o  d is p la y  a n d  th e  a v e ra g e  o f  e a c h  o f  th e  10  g ro u p s  is u se d  
in  th e  d a t a  r e d u c t io n  p a r t  o f  th e  p r o g ra m . T h e  a v e ra g e  r a t i o  is  o u t p u t ,  in  
r e a l - t im e ,  to  th e  c o m p u te r  V D U  s c re e n  w h ic h  is  u se fu l fo r id e n tify in g :

1 . T h e  p re s e n c e  o f  c o n ta m in a t in g  sp e c ie s .

2 . F lu c tu a t io n s  in  th e  a p p a r e n t  r a t i o  d u e  to  m e c h a n ic a l  v ib r a t io n s  a n d  
e le c tr ic a l  in te r fe re n c e .

3 . R a t io  d r i f t ,  i.e . c h a n g e s  t h a t  m a y  r e s u l t  f ro m :

•  u n b a la n c e d  c a p il la r ie s .

•  in c o m p le te  s e a lin g  o r  o p e n in g  o f  th e  tu n g s t e n  c a r b id e  b a l ls  o f  th e  ■ 
c h a n g e o v e r  v a lv e .

•  f lu c tu a t io n s  in  th e  m a g n e t ic  fie ld  o r  s o u rc e  p a r a m e te r s .

•  s m a ll  a tm o s p h e r ic  le a k s  in  th e  in le t  o r  m a s s  s p e c t r o m e te r .

S o m e  o f  th e  r a t i o  t r a c e s  t h a t  c a n  b e  e n c o u n te re d  a n d  th e  c o n d i t io n s  t h a t  
c a u s e d  th e m  a re  p r e s e n te d  in  F ig u re  2 .7 .

A  30  s e c o n d  t im e  d e la y  is  r e q u ir e d  b e tw e e n  e a c h  c o m p a r is o n  ( i.e . f ro m  
s w itc h in g  th e  c h a n g e o v e r  v a lv e  f ro m  th e  re fe re n c e  to  s a m p le  s id e s )  to  a l lo w  
th e  p r e s s u r e  o f  s u lp h u r  d io x id e  g a s  to  fu lly  e q u i l ib r a te  in  th e  io n  s o u rc e . 
T h is  is  i l l u s t r a t e d  in  F ig u re  2 .8 , w h ic h  is a  g r a p h  s h o w in g  th e  io n  c u r r e n t  
v e r s u s  t im e  p ro file  fo r  th e  m a jo r  b e a m  ( m /z  6 4 ) j u s t  a f te r  o p e r a t io n  o f  th e  
c h a n g e o v e r  v a lv e . A t  leeist f if te e n  se c o n d s  e la p s e  u n t i l  th e  m a jo r  io n  c u r r e n t  
r e a c h e s  i t s  m a x im u m  v a lu e , i.e . b e fo re  th e  g a s  h a s  fu lly  e q u i l ib r a te d .  T h a t  
i t  is  n o t  a n  id io s y n c ra s y  o f  th e  in s t r u m e n t  w a s  e s ta b l is h e d  by  o b s e rv in g  th e  
b e h a v io u r  o f  c a r b o n  d io x id e  a n d  s u lp h u r  h e x a f lu o r id e  g a se s , b o th  o f  w h ic h  
r e a c h e d  e q u i l ib r iu m  c o n d i t io n s  in  a b o u t  o n e  s e c o n d .

T h e  f ir s t  s a m p le  v e rsu s  re fe re n c e  c o m p a r is o n  o f  m /z  6 4 /6 6  is m a d e  to  
e s ta b l is h  a n  a p p r o x im a te  66 6  v a lu e  so  t h a t  th e  r a t i o  t r a c e ,  a s  p lo t t e d  o n  th e
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F i g u r e  2 .7  A  s e le c tio n  o f  d if fe re n t  r a t i o  t ra c e s .
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F i g u r e  2 .8  R e s p o n s e  o f  th e  m a jo r  a m p lif ie r  m o n i to r in g  th e  m / z  64  io n  
c u r r e n t  a n d  i l l u s t r a t i n g  th e  s lo w  e q u i l ib r a t io n  o f  s u lp h u r  d io x id e  in  
th e  io n  so u rc e .

V D U  s c re e n , o c c u p ie d  th e  m id d le  o f  th e  d is p la y . M e a s u re m e n ts  m a d e  d u r in g  
th e  f i r s t  c o m p a r is o n  a r e  n o t  u s e d  in  th e  d a t a  r e d u c t io n  p ro c e d u re .  O n c e  a ll 
s ix  c o m p a r is o n s  b e tw e e n  re fe re n c e  a n d  s a m p le  g a se s  h a v e  b e e n  m a d e  fo r  
# 6 6 ; t h e  o u t p u t  o f  th e  p r o g r a m m a b le  p o w e r  s u p p ly  is a d ju s te d ,  b y  m e a n s  
o f  th e  c o a r s e  d - to - a ,  b y  th e  c o m p u te r .  T h is  is  d o n e ,  in  a  s im ila r  w a y  to  th e  
p re v io u s  io n  b e a m  o p t im is a t io n  p r o c e d u re  ( fo r  m / z  6 6 ) , to  fo c u s  m / z  50  o n to  
th e  m in o r  c o l le c to r .  T h e  io n  b e a m s  m / z  48  a n d  50  a r e  a p p r o x im a te ly  h a l f  
th e  in te n s i t y  th o s e  m e a s u r e d  fo r  m / z  64  a n d  6 6 . W i th  th e  m / z  50  a n d  48 
b e a m s  fo c u s se d  o n  th e  m in o r  a n d  m a jo r  c o l le c to r s  re s p e c tiv e ly ,  a  s e q u e n c e  
o f  r a t i o  m e a s u r e m e n ts  a n a lo g o u s  to  th o s e  o f  6 6 /6 4  c o m m e n c e s .

O n  c o m p le t io n  o f  r a t i o  m e a s u r e m e n ts  th e  v a lu e  a lo n g  w i th  o th e r  
r e le v a n t  in f o r m a t io n  (su c h  a s  #66  a n d  #5 0  v a lu e s , #^® 0 v a lu e s , e r r o r s  e tc .)  
a r e  d is p la y e d  o n  th e  c o m p u te r  V D U  sc re e n  a n d  t r a n s f e r r e d  to  a  f lo p p y  d isc  
fo r  s to r a g e .  T h e  t o t a l  t im e  ta k e n  fo r  e a c h  c o m p le te  #^^S d e t e r m in a t io n  
is  a p p r o x im a te ly  tw e n ty  m in u te s .  W i th  five m in u te s  n e c e s sa ry  fo r  p u m p in g  
b e tw e e n  c o n s e c u tiv e  s a m p le  a n a ly s e s  th e r e  is  n o  p o s s ib i l i ty  o f  m a k in g  r e p e a t  
m e a s u r e m e n ts  o n  in d iv id u a l  s a m p le s  p r o d u c e d  f ro m  a  s te p p e d  c o m b u s t io n  
e x p e r im e n t  a s  f re sh  s u lp h u r  d io x id e  g a s  is g e n e r a te d  a p p r o x im a te ly  e v e ry  
t h i r t y  m in u te s  (S e c tio n  2 .2 ) .
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2.1 .5  D a ta  in terp reta tio n

T h e  r a w  m a s s  s p e c t r o m e tr i c  d a t a  o b ta in e d  a s  6 6 /6 4  a n d  5 0 /4 8  r a t i o s  a re  
c o n v e r te d  to  # -v a lu e s .

(66m =  -  l] X 1000

- 1] X 1000# 5 0 m  =

# 6 6 m  =  m e a s u r e d  #66  v a lu e .
# 5 0 m  =  m e a s u r e d  #5 0  v a lu e .

T h e  m e a s u re d  # - v a lu e s  c a n  th e n  b e  a d ju s te d  b y  a p p l ic a t io n  o f  v a lv e -  
m ix in g  ( S e c tio n  2 .1 .6 )  a n d  is o b a r ic  c o r re c t io n s .  T h e  is o b a r ic  c o r r e c t io n s  a re  
o f  th e  fo rm :

#3^S =  ( 1 .0 8 9 2 x # 6 6 m )  -  (0 .0 0 4  x  #18Q)

# 1 ^ 0  =  (2 6 .8 4 0 2 x # 6 6 m )  -  (2 5 .7 4 1 3  x  # 5 0 m )

D u r in g  e a c h  a n a ly s is  o f  s u lp h u r  d io x id e  g a s  a  t o t a l  o f  5 0 0 0  m e a s u r e m e n ts  
o f  th e  6 4 /6 6  a n d  4 8 /5 0  r a t i o s  a re  d e te r m in e d  a n d  s to r e d  in  th e  c o m p u te r  
m e m o ry . A t  th e  e n d  o f  th e  a n a ly s is ,  th e  m e a n  r a t i o  a n d  th e  s t a n d a r d  e r r o r  
o f  th e  m e a n  r a t i o  a re  c a lc u la te d  fo r  #6 6  a n d  # 5 0 .

e .g . E sqq — {■É’Ieesam +  -^leeref}
—0.5

T h e  s t a n d a r d  e r r o r  re f le c ts  p e r tu r b a t io n s  in  i s o la t io n  a n d  p u r if ic a t io n  p ro c e 
d u re s  a p p l ie d  to  th e  s a m p le  a s  w e ll a s  f lu c tu a t io n s  in  in s t r u m e n t  p a r a m e te r s .  
F o r  th i s  r e a s o n  th e  e r r o r s  q u o te d  fo r  s a m p le s  p r e p a r e d  o n  th e  g a s  e x t r a c t io n  
s y s te m  a r e  u s u a l ly  g r e a te r  t h a n  th o s e  o f  th e  re fe re n c e  g a se s . T h e  la rg e s t  
e r r o r s  o c c u r  a t  le v e ls  n e a r  th e  d e te c t io n  l im i t ,  c o n s e c u tiv e  a n a ly s e s  o f  1 /ig  
a n d  1 0 /ig  a l iq u o ts  o f  s u lp h u r  a s  S O 2- I  re fe re n c e  g a s  h a v e  e r r o r s  o n  th e  6 6 /6 4  
r a t i o s  o f  ±  0.5%o a n d  ±  0.2%o re s p e c tiv e ly .  S im ila r ly ,  ty p ic a l  e r r o r s  fo r  50/48  
r a t i o s  a r e  ±  0.7%o a n d  ±  0.3%o fo r  1 a n d  1 0 /ig  s a m p le  s iz e s  re s p e c tiv e ly .

T h e  p re c is io n  o f  th e  #^‘*8 v a lu e  c a n  b e  e s t im a te d  b y  c o m b in in g  th e  e r 
r o r s  a s s o c ia te d  w i th  th e  #6 6  a n d  #50  m e a s u r e m e n ts .  T h e  ty p ic a l  e r r o r  fo r  
a n  is o to p ic  a n a ly s is  o f  s a m p le  S O 2- I  v e rs u s  re fe re n c e  S O 2- I  ( th e  s o -c a lle d  
z e ro  e n r ic h m e n t  t e s t ) ,  u s in g  s a m p le  s iz e s  in  th e  o r d e r  o f  10 /ig ,  o n  th e  m o d 
ified  i n s t r u m e n t ,  is  ±  0.2%o, t h i s  v a lu e  in c re a s e s  to  a r o u n d  ±  0.3%o fo r  z e ro  
e n r ic h m e n ts  in v o lv in g  1/ig  o f  s u lp h u r .  F o r  i s o to p ic  m e a s u r e m e n ts  o f  r e a l  
s a m p le  g a se s  ( p re p a r e d  o n  th e  g a s  e x t r a c t io n  l in e ) ,  w h e re  i t  is im p o s s ib le  to  
re m o v e  a ll t r a c e s  o f  c a r b o n  d io x id e  a n d  w a te r ,  th e  e r r o r s  ty p ic a l ly  in c re a s e  
to  ±  0.3%o fo r  10 /ig  o f  s u lp h u r  a n d  ±  0.8%o fo r  1 /ig  s u lp h u r  s a m p le s .
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2 .1 .6  C om bined  v a lv e-m ix in g  and  m em ory correction

A  s m a ll  a m o u n t  o f  g a s  le a k a g e  a c ro s s  th e  tu n g s te n  c a rb id e  b a l ls  o f  th e  
c h a n g e o v e r  v a lv e  is  in e v i ta b le  a s  th e  s e a ls  b e tw e e n  th e  b a l ls  a n d  s e a ts  a re  
im p e r fe c t .  T h is  m e a n s  t h a t  so m e  o f  th e  g a s  w h ic h  is  b e in g  b le d  to  w a s te ,  
le a k s  th r o u g h  th e  s e a t  a n d  m ix e s  w i th  th e  g a s  t h a t  is b e in g  a n a ly s e d . In  
c o n s e q u e n c e , th e  t r u e  d if fe re n c e  in  b e tw e e n  s a m p le  a n d  re fe re n c e  g a se s  
c a n n o t  b e  a s c e r ta in e d .  N o rm a lly  th e  a m o u n t  o f  c ro s so v e r  is  in s ig n if ic a n t ,  
b u t  i f  i t  e x c e e d s  0 .1 %  a  v a lv e -m ix in g  c o r re c t io n  (V M C ) m u s t  b e  a p p l ie d .

T h e  s e a t  le a k a g e  fo r  th e  v a lv e  o n  th e  in s t r u m e n t  u se d  in  th i s  s tu d y  h a s  
p re v io u s ly  b e e n  d e te r m in e d  u s in g  c a r b o n  d io x id e  ( G ra d y , 1983) a n d  r e q u ir e d  
th e  m e a s u r e d  v a lu e  to  b e  m u l t ip l ie d  b y  1 .0 0 1 . In  o th e r  w o rd s ,  th e r e  
w a s  a  0 .1%  c ro s s o v e r  o f  g a s  b e tw e e n  th e  tw o  s id e s  o f  th e  v a lv e . G ra d y  (1 9 8 3 ) 
o b ta in e d  th e  V M C  u s in g  th e  m e th o d  d e s c r ib e d  b y  F a llic k  (1 9 8 0 ) a n d  th i s  
a p p r o a c h  w a s  a d o p te d  fo r  a n  e v a lu a t io n  o f  th e  le a k a g e  fo r  s u lp h u r  d io x id e  
g a s  w i th  th e  v a lv e  h e a te d  to  a  t e m p e r a tu r e  o f  1 1 0 °C .

T h e  re fe re n c e  re s e rv o ir  is  f illed  w i th  4 x 1 0 ” ® m b  p re s s u re  o f  a rg o n  a n d  
th e  m / z  64  io n  c u r r e n t  (Ig^) is  m e a s u re d  fo r  th e  re fe re n c e  s id e  w i th  th e  
s a m p le  r e s e rv o ir  e v a c u a te d .  T h is  g iv e s  a  v a lu e  fo r  c o n ta m in a n t  s u lp h u r  
d io x id e  in  th e  a rg o n . T h e  s a m p le  r e s e rv o ir  is  th e n  filled  w i th  4 x 1 0 ” ® m b  
s u lp h u r  d io x id e  a n d  th e  in c re a s e  in  Ig^ in  th e  a rg o n -fi l le d  s id e  is  m e a s u re d .  
S u b t r a c t io n  o f  th e  c o n ta m in a n t  v a lu e  th e n  g iv e s  th e  t r u e  le a k a g e  o f  s u lp h u r  
d io x id e  f ro m  th e  s a m p le  to  re fe re n c e  c h a m b e rs  o f  th e  c h a n g e o v e r  v a lv e . A s  
b o th  s e a ts  w ill h a v e  d if fe re n t  le a k a g e  c h a r a c te r i s t i c s ,  i t  is  n e c e s s a ry  to  r e p e a t  
th e  p ro c e s s  to  d e te r m in e  th e  le a k a g e  f ro m  th e  re fe re n c e  re s e rv o ir .  T h e  v a lv e  
c r o s s ta lk  is  th e n  e q u a l  to  th e  s u m  o f  th e  le a k a g e s  th r o u g h  th e  re fe re n c e  a n d  
s a m p le s  r e s e rv o ir s  a n d  fo r  t h e  i n s t r u m e n t  u s e d  in  th i s  s tu d y  g a v e  a  v a lu e  o f  
1 .0 0 4 5 . T h e  c o r r e c te d  #®^S v a lu e  is  th e n  c a lc u la te d  as:

#® ^Scorr. =  #® ^Sm eas. x  1 .0045  

W h e re  #® ^Sm eas. =  m e a s u re d  #®̂ *S v a lu e .

T h u s ,  th e r e  is  a  0 .4 5 %  le a k a g e  o f  s u lp h u r  d io x id e  b e tw e e n  th e  tw o  s id e s  o f  
th e  v a lv e , th i s  v a lu e  is  la rg e r  t h a n  t h a t  o b ta in e d  p re v io u s ly  (b y  G ra d y ,  1 9 8 3 ), 
p o s s ib ly  b e c a u s e  th e  v a lv e  is  h e a te d .  H o w e v e r , th e  V M C  d e te r m in e d  in  th i s  
s tu d y  r e p r e s e n ts  b o th  v a lv e  c r o s s ta lk  a n d  a  c o n t r ib u t io n  f ro m  th e  m e m o ry  
e ffe c t b e c a u s e  g a s  is c o n s ta n t ly  d e s o rb in g  f ro m  th e  m e ta l  w a lls  o f  th e  v a lv e  
a n d  io n  s o u rc e . A s  b o th  e ffe c ts  a r e  a d d i t iv e ,  i.e . th e y  b o th  te n d  to  re d u c e  
th e  is o to p ic  d if fe re n c e  b e tw e e n  re fe re n c e  a n d  s a m p le  g a se s , i t  m a y  e x p la in  
w h y  th e  c o r r e c t io n  is g r e a te r  t h a n  th e  p re v io u s  r e s u l t  o b ta in e d  by  G ra d y  
(1 9 8 3 ) . T h e  in d iv id u a l  c o n t r ib u t io n s  f ro m  c ro s s ta lk  o r  m e m o ry  to  th e  o v e ra ll  
c o r r e c t io n  f a c to r  a re  im p o s s ib le  to  d is t in g u is h ,  a l th o u g h  th e  c o n t r ib u t io n
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f ro m  th e  m e m o ry  e ffec t w ill d e c re a s e  w i th  t im e  a s  s u lp h u r  d io x id e  d e s o rb s  
f ro m  th e  m e ta l  a n d  is p u m p e d  to  w a s te .

2.2 S te p p ed  co m b u stio n  an a lysis

2 .2 .1  G as ex tra ctio n  sy stem

T h e  s u lp h u r - b e a r in g  c o m p o n e n ts  o f  m e te o r i te s  (e .g . S ° , S ^~ , e tc .)  a re
c o n v e r te d  to  s u lp h u r  d io x id e  b y  c o m b u s t io n  in  p u r e  o x y g e n  u s in g  a n  e x t r a c 
t io n  s y s te m  w h ic h  is s h o w n  d ia g r a m m a tic a l ly  in  F ig u re  2 .9 . T h e  e x t r a c t io n  
s y s te m  is  c o n s t r u c te d ,  p re d o m in a n tly ,  o f  P y re x  g la ss  a n d  g re a se le s s  v a c u u m  
v a lv e s  (Y o u n g ’s , A c to n ,  E n g la n d )  P r io r  to  th e  a n a ly s is ,  m e te o r i te  s a m p le s  
a re  w e ig h e d  a n d  lo a d e d  in to  p re -b a k e d  ( a t  1 2 0 0 °C  in  a ir )  q u a r tz  g la s s  tu b e s  
(o r  “b u c k e ts ” w i th  d im e n s io n s : 1 5 m m  le n g th ,  3 m m  o .d . b y  2 m m  i.d .)  t h a t  
h a v e  b e e n  s e a le d  a t  o n e  e n d .

T h e  b u c k e t ,  c o n ta in in g  th e  s a m p le ,  is  p la c e d  in  th e  u p p e r m o s t  re g io n  o f  
th e  c o m b u s t io n  tu b e  w h e re  i t  is  s u s p e n d e d  b y  m e a n s  o f  a  m a g n e t ic  iro n  s lu g  
e n c a s e d  in  P y r e x  g la ss . T h e  r e a c t io n  tu b e  is c a re fu lly  e v a c u a te d  to  a  p re s s u re  
o f  le ss  t h a n  1 0 “  ̂ t o r r  b y  s lo w ly  o p e n in g  a  n e e d le  v a lv e  (v a lv e  A  in  F ig u re  
2 .9 ) ,  c o n n e c te d  to  a  r o ta r y  p u m p , w h ile  th e  p r e s s u re  in  th e  r e a c t io n  tu b e  is 
c o n s ta n t ly  m o n i to re d  b y  a  P i r a n i  g a u g e . T h is  p r o c e d u re  h a s  b e e n  a d o p te d  
to  p r e v e n t  s a m p le  f ro m  b e in g  in a d v e r te n t ly  d is p la c e d  f ro m  th e  b u c k e t  d u r in g  
re m o v a l o f  a i r  t r a p p e d  b e tw e e n  th e  g ra in s  o f  th e  m a te r ia l .  S a m p le  lo ss  c a n  
o c c u r  i f  t h e  v esse l is  p u m p e d  to o  r a p id ly  fo llo w in g  is o la t io n  f ro m  a tm o s p h e re .  
A t  a  p r e s s u r e  o f  le ss  t h a n  1 0 “  ̂ to r r  i t  is  n o  lo n g e r  n e c e s sa ry  to  c o n t in u e  
e v a c u a t io n  th r o u g h  th e  n e e d le  v a lv e , th e  p u m p in g  is  s w itc h e d  o v e r  to  a n  o il 
d if fu s io n  p u m p , a n d  th e  e n t i r e  e x t r a c t io n  s y s te m  is  e v a c u a te d  to  a  p re s s u r e  
lo w e r  t h a n  1 0 “ ® to r r .

T h e  lo w e r  s e c tio n  o f  th e  c o m b u s t io n  tu b e  is  c o n s t r u c te d  o f  8m m  d ia m 
e t e r  q u a r t z  tu b in g  a n d  is  a t t a c h e d  to  th e  r e s t  o f  th e  e x t r a c t io n  s y s te m  v ia  
a  q u a r t z / P y r e x  g ra d e d  se a l ( C a m b r id g e  G leiss, C a m b r id g e ,  E n g la n d ) .  P r io r  
to  s a m p le  a n a ly s is ,  th e  q u a r tz  tu b in g  is h e a te d  u n d e r  v a c u u m  to  1 2 0 0 °C  
u s in g  a  w ire -w o u n d  r e s is ta n c e  f u rn a c e  ( F i ,  w i th  d im e n s io n s :  1 6 cm  le n g th ,  
7 c m  o .d . a n d  1 .5 cm  i .d .)  c o n tro l le d  b y  a  v a r ia b le  t r a n s f o r m e r  (Z e n ith  E le c 
t r i c  C o m p a n y , M il to n  K e y n e s , E n g la n d ) ;  th e  s e c t io n  o f  g la ss  d i r e c t ly  a b o v e  
is  h e a te d  to  1 0 0 0 °C  u s in g  a  s e c o n d  f u rn a c e  ( F 2) o f  s im ila r  d e s ig n . T h e  
fu rn a c e  te m p e r a tu r e s  a re  m e a s u re d  u s in g  a  c h ro m e l-a lu m e l  th e rm o c o u p le ,  
c o n n e c te d  to  a  d ig i t a l  th e r m o m e te r  (KM IOOOO, K a n e -M a y  L td ,  H e r ts ,  E n g 
la n d ) ,  p o s i t io n e d  b e tw e e n  th e  o u ts id e  o f  th e  r e a c t io n  v esse l a n d  th e  w a ll o f  
th e  fu rn a c e .  H e a t in g  is a llo w e d  to  c o n t in u e  fo r  a t  le a s t  e ig h t  h o u r s  b e fo re  
th e  s a m p le  is lo a d e d , in  o rd e r  to  re m o v e  a n y  s u lp h u r  c o n ta m in a n t s  f ro m  
th is  a r e a  o f  th e  g la ss . S u lp h u r - c o n ta in in g  c o n ta m in a n t  c o m p o u n d s  in  th e
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Pe

CM

,(A)

Pi 4

CF2
11 F3 
CuO

VTCF2
VTCF1^  Pi

DP F2
CF1

Mass  s p e c ,  
inlet

Mass  s p e c ,  
inlet

RP

Manometer

OF = Cold f inger

CM = C a p a c i t a n c e  
m a n o m e te r

Pi=  Pirani  h e a d  
R P -  R o t a r y  pump

V T C F =  V a r ia b le  t e m p e r a t u r e  
c r y o g e n i c  f in g e rDP= Di ff us ion  pump  

E =  E x p a n s i o n  v o lu m e  v a l v e s

F= F u r n a c e  ^  s i n g l e
M= M olec u lar  s i e v e  , .0  B a c k e d
Pe= Penn ing  gauge

F i g u r e  2 .9  S c h e m a tic  r e p r e s e n ta t io n  o f  th e  g a s  e x t r a c t io n  lin e  u se d  fo r 

s te p p e d  c o m b u s tio n .
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e x t r a c t io n  s y s te m  a re  n o t  c o n s id e re d  to  b e  p r e s e n t  a t  s ig n if ic a n t ly  h ig h  lev 
e ls  to  in te r fe re  w i th  th e  s te p p e d  c o m b u s t io n  a n a ly s is  o f  s a m p le s  (d is c u s se d  
in  S e c t io n  2 .2 .3 ) .  H o w e v e r , i t  is  p o s s ib le  t h a t  so m e  s u lp h u r  m a y  b e  in a d 
v e r te n t ly  in t r o d u c e d  in to  th e  s y s te m  d u r in g  s a m p le  lo a d in g  ( in  th e  fo rm  o f  
f in g e r p r in ts ,  d u s t ,  f ib re s  e tc . ) ,  h e n c e  th e  r e a c t io n  tu b e  is  a lw a y s  p re -b a k e d . 
B e fo re  s a m p le  a n a ly s is ,  th e  tw o  fu rn a c e s  ( F % a n d  F 2) , a re  a l lo w e d  to  co o l 
to  ro o m  te m p e r a tu r e .  O x y g e n  fo r  th e  s a m p le  c o m b u s t io n  is p r e p a re d  b y  
c ry o g e n ic a lly  t r a p p in g ,  a t  — 1 9 6 °C , o n to  5 Â  m o le c u la r  s ie v e , th e  g a s  l ib e r 
a t e d  f ro m  h e a t in g  c o p p e r  ( II )  o x id e  (w ire  fo rm , B D H  C h e m ic a ls  L td ,  P o o le ,  
E n g la n d )  to  95 0  C  u s in g  F 3 ( th e  C u O  w a s  in i t ia l ly  o u tg a s s e d  b y  r e p e a te d ly  
h e a t in g  a t  1000  C  a n d  c o o lin g  to  600®C in  a n  is o la te d  v o lu m e , fo llo w e d  b y  
p u m p in g  th e  r e m a in in g  g a se s  to  w a s te ) .  T h is  is  c o n t in u e d  fo r  f if te e n  m in 
u te s  fo llo w in g  w h ic h  th e  c o p p e r  ( II )  o x id e  is  is o la te d  a n d  c o o le d  to  6 0 0 °C . 
T o  p r o v id e  a l iq u o ts  o f  o x y g e n  fo r  e a c h  s te p  o f  th e  c o m b u s t io n  th e  m o le c u la r  
s ie v e  is  w a rm e d  to  ro o m  te m p e r a tu r e .  T h e  t o t a l  p re s s u re  o f  o x y g e n , w h ic h  
a lw a y s  ex c e e d s  200  to r r ,  is  m e a s u re d  w i th  a  P i r a n i  g a u g e . T h e  m o le c u la r  
s ie v e  is  p re - b a k e d  a t  3 0 0 °C , b e fo re  b e in g  u se d  a s  a n  o x y g e n  r e s e rv o ir ,  in  o r 
d e r  to  re m o v e  a n y  c o n ta m in a n t  g a se s  (e .g . n i t r o g e n ,  c a r b o n  d io x id e ,  a rg o n , 
s u lp h u r  d io x id e )  a d s o rb e d  o n to  th i s  m a te r ia l .

T h e  s a m p le  is d r o p p e d  in to  th e  co o l r e a c t io n  tu b e  b y  e x te r n a l  m a n ip u la 
t io n  o f  th e  i ro n  s lu g  u s in g  a  h a n d  m a g n e t .  A n  a l iq u o t  o f  o x y g e n  is  e x p a n d e d  
in to  th e  c o m b u s t io n  tu b e ,  w h ic h  is  th e n  is o la te d ,  a n d  F i  is  r a is e d  to  th e  
te m p e r a t u r e  o f  th e  f irs t  s te p  ( u s u a lly  1 0 0 °C ). A ll c o n d e n s ib le  g a s e s  fo rm e d  
d u r in g  h e a t in g  a re  fro z e n  o n to  a  co ld  f in g e r  ( C F l ,  a t  - 1 9 6 ° C )  a s  th e y  fo rm . 
F 2 , w h ic h  is  p o s i t io n e d  d ir e c t ly  a b o v e  F i ,  is  k e p t  a t  1 0 0 0 °C  fo r  tw o  r e a s o n s .

1 * T o  re d u c e  a s  m u c h  a s  p o s s ib le  a n y  s u lp h u r  t r io x id e  fo rm in g  d u r in g  th e  
c o m b u s t io n  to  s u lp h u r  d io x id e . A c c o rd in g  to  th e  e q u i l ib r iu m :

2 S O 2 +  O 2 ^  S O 3

S u lp h u r  t r io x id e  is  o n ly  s ta b le  a t  ro o m  te m p e r a t u r e  o r  a t  v e ry  h ig h  
p re s s u re s ,  h o w e v e r , b e lo w  1 0 0 0 °C  so m e  s u lp h u r  t r io x id e  r e m a in s  u n 
d e c o m p o s e d  (S c h e n k  a n d  S te u d e l,  1 9 6 8 ).

2 . T o  a llo w  a n y  s u b l im in g  e le m e n ta l  s u lp h u r ,  w h ic h  w o u ld  o th e rw is e  c o n 
d e n s e  o n to  co o l g la ss  a b o v e  F i ,  th e  o p p o r tu n i ty  to  r e a c t  w i th  o x y g e n  
a t  h ig h  te m p e r a tu r e  a n d  th u s  fo rm  s u lp h u r  d io x id e . A  h e a te r  t a p e  is 
w r a p p e d  a r o u n d  th e  r e m a in in g  e x p o s e d  g la s s  a n d  k e p t  a t  a  t e m p e r a 
tu r e  o f  1 1 0 °C  fo r  th e  s a m e  p u rp o s e  a n d  a lso  to  p r e v e n t  w a te r ,  s u lp h u r  
d io x id e  a n d  s u lp h u r  t r io x id e  f ro m  c o n d e n s in g .

A t  th e  e n d  o f  th e  c o m b u s t io n  s te p ,  w h ic h  is  a lw a y s  t h i r t y  m in u te s  in  d u 
r a t i o n ,  a n y  u n r e a c te d  o x y g e n  is r e a d s o rb e d  o n to  th e  m o le c u la r  s ie v e  fin g e r
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fo llo w in g  im m e rs io n  in  l iq u id  n i t r o g e n ,  N o n -c o n d e n s ib le  g a se s  re le a s e d  d u r 
in g  th e  c o m b u s t io n  s te p  a re  e i th e r ,  in a d v e r te n t ly  a d s o rb e d  o n to  th e  m o le c 
u la r  s ie v e  a lo n g  w i th  o x y g e n , o r  th e y  a re  p u m p e d  aw a y . F o llo w in g  is o la t io n  
o f  th e  m o le c u la r  s ie v e  f in g e r , th e  g ases  p ro d u c e d  d u r in g  th e  c o m b u s t io n  a re  
t r a n s f e r r e d  f ro m  C F l  to  th e  f ir s t  o f  tw o  v a r ia b le  t e m p e r a tu r e  c ry o g e n ic  fin 
g e rs  ( V T C F l ) .  M e a n w h ile ,  a  f re sh  a l iq u a n t  o f  o x y g e n  is  e x p a n d e d  in to  th e  
r e a c t io n  tu b e  a n d  th e  te m p e r a t u r e  o f  F i  r a is e d  to  t h a t  o f  th e  n e x t  s te p .

T h e  V T C F  a r e  c o n s t r u c te d  o f  r e s is ta n c e  w ire  c o ile d  a r o u n d  a  s h o r t  tu b e  
o f  P y re x  g la s s  (6 m m  i.d .)  w i th  a  th e rm o c o u p le  in c lu d e d  fo r te m p e r a tu r e  
m e a s u r e m e n t ,  th i s  a s s e m b ly  is  e n c lo se d  in  a  s h e a th  o f  P y re x  g la ss . T h e  
V T C F  a r e  im m e rs e d  in  l iq u id  n i t r o g e n  a n d  a n  e le c tr ic a l  c u r r e n t ,  w h ic h  c a n  
b e  v a r ie d  b y  m e a n s  o f  a  v a r ia b le  t r a n s f o r m e r ,  is  p a s s e d  th r o u g h  th e  w ire  to  
g iv e  th e  r e q u ir e d  t e m p e r a tu r e .  V T C F l  is  k e p t  a t  —9 0 ° C  a n d  i t s  fu n c t io n  
is to  re m o v e  a n y  w a te r  l ib e r a te d  d u r in g  h e a t in g / c o m b u s t io n  o f  th e  s a m 
p le . T h is  is  p a r t i c u la r ly  im p o r t a n t  fo r  s a m p le s  o f  C l  a n d  C 2  c a rb o n a c e o u s  
c h o n d r i te s  w h ic h  c a n  c o n ta in  u p  to  2 0 %  s i l ic a te - b o u n d  w a te r  a n d  h y d ro g e n  
in  o rg a n ic  c o m p o u n d s  t h a t  fo rm s  w a te r  o n  c o m b u s t io n .  F a ilu re  to  re m o v e  
w a te r  f ro m  th e  p r o d u c t  g a se s  a t  th is  s ta g e  r e s u l t s  in  s u lp h u r  is o to p ic  m e a 
s u r e m e n ts  o f  p o o r  q u a l i ty .  A l th o u g h  w a te r  a n d  s u lp h u r  d io x id e  w ill r e a c t  
r e a d i ly  to  fo rm  s u lp h u r o u s  a c id ,  th i s  p ro c e s s  d o e s  n o t  o c c u r  to  a  s ig n i f ic a n t  
e x t e n t  d u r in g  th e  s te p p e d  c o m b u s t io n  e x p e r im e n ts .  T h e  r e a c t io n  o f  in te r e s t  
is:

H 2 O  +  S O 2  —F H 2 S O 3

In  o r d e r  to  t e s t  fo r  th e  e ffe c ts  o f  th i s  r e a c t io n ,  k n o w n  v o lu m e  a l iq u o ts  o f  
s u lp h u r  d io x id e  w e re  m ix e d  w i th ,  a n d  th e n  c ry o g e n ic a lly  s e p a r a te d  f ro m  
w a te r .  C o m p le te  re c o v e ry  o f  th e  o r ig in a l  s u lp h u r  d io x id e  w a s  a c h ie v e d  b y  
th i s  m e th o d .

V T C F 2  f a c i l i ta te s  p u r if ic a t io n  o f  th e  r e m a in in g  p r o d u c t  g a se s , w h ic h  
c o n s is t  m a in ly  o f  c a r b o n  d io x id e  a n d  s u lp h u r  d io x id e ,  b y  a llo w in g  s e p a r a 
t io n  a c c o rd in g  to  v o la t i l i ty .  D u r in g  c a re fu l  c a l ib r a t io n  e x p e r im e n ts ,  c a r r ie d  
o u t  o n  m ix tu r e s  o f  c a r b o n  d io x id e  a n d  s u lp h u r  d io x id e  in  v a ry in g  p r o p o r 
t io n s ,  a  n o m in a l  t e m p e r a t u r e  r a n g e  o f  — 1 5 2 °C  to  — 1 3 5 °C  w a s  d e d u c e d  a s  
t h a t  s u i t a b le  to  a llo w  c a r b o n  d io x id e  to  e n t e r  th e  g a s  p h a s e  w h ile  s u lp h u r  
d io x id e  r e m a in e d  f ro z e n . T h e  e x a c t  te m p e r a t u r e  n e c e s s a ry  fo r  s e p a r a t io n  
w a s  fo u n d  to  v a ry  d e p e n d in g  u p o n  th e  p r o p o r t io n s  o f  s u lp h u r  d io x id e  a n d  
c a r b o n  d io x id e  in  th e  f ro z e n  m ix tu re ;  h ig h  c a r b o n  d io x id e  c o n te n t  r e la t iv e  
t o  s u lp h u r  d io x id e  s u p p re s s e s  th e  s e p a r a t io n  t e m p e r a t u r e  a n d  v ice  v e r s a ,  a  
c e r ta in  a m o u n t  o f  p r a c t ic e  is  n e c e s sa ry  to  a c h ie v e  a  su c c e ss fu l s e p a r a t io n .  
A s a n  a id  to  c ry o g e n ic  s e p a r a t io n  o f  c a r b o n  d io x id e  f ro m  s u lp h u r  d io x id e , 
th e  p re s s u re  o f  g a se s  e v o lv in g  f ro m  V T C F 2  is m o n i to re d  u s in g  a  c a p a c i ta n c e  
m a n o m e te r  (M K S  B a r a t r o n  ty p e  315 , M K S  I n s t r u m e n t s  In c ., M a s s .,  U S A ).
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F i g u r e  2 .1 0  C h a r a c t e r i s t i c  t e m p e r a t u r e  v e rs u s  g as  p re s s u re  p ro file  o b 

ta in e d  fo r  C O 2/ S O 2 s e p a r a t io n s .  C u rv e s  r e p r e s e n t  th e  fo llo w in g  
m ix tu re s :  ( 1) P u r e  C O 2 , ( 2 ) 75%  C O 2 : 25%  S O 2 , ( 3 ) 5 0 %  C O 2 
: 50%  S O 2 , (4 ) 25%  C O 2 : 75%  S O 2 , (5 ) P u r e  S O 2 .

T h e  m e a s u r in g  h e a d  o f  th i s  in s t r u m e n t  is  k e p t  a t  a  t e m p e r a tu r e  o f  a b o u t  
1 1 0 °C  to  p r e v e n t  s u lp h u r  d io x id e  f ro m  b e in g  a d s o rb e d  o n to  th e  m e ta l  s u r 
fac es . T h e  b a r a t r o n  is in te r f a c e d  to  a  c o m p u te r  so  t h a t  a  g r a p h ic a l  d is p la y  
o f  th e  g a s  p re s s u r e  v e rs u s  t im e  p ro file  c a n  b e  o b ta in e d .  N o rm a lly  a n  a p 
p r o x im a te ly  l in e a r  h e a t in g  p r o g r a m  is e m p lo y e d , a t  + r C  p e r  s e c o n d  f ro m  
- 1 7 0 ° C ,  a n d  th u s  th e  d is p la y  is  e s s e n tia l ly  g a s  p re s s u re  v e rsu s  t e m p e r a t u r e  
o f  V T C F 2 . T y p ic a l  h e a t in g  p ro file s  fo r  d if fe re n t m ix tu r e s  o f  s u lp h u r  d io x id e  
a n d  c a r b o n  d io x id e  a re  s h o w n  in  F ig u re  2 . 1 0 . T h e r e  is  c le a r ly  a  p la te a u  in  
th e  g a s  p re s s u r e  v e rs u s  t im e  p ro file  fo r  e a c h  n fiix tu re , w h ic h  fo llo w s th e  e v o 
lu t io n  o f  c a r b o n  d io x id e , b u t  o c c u rs  b e fo re  th e  l ib e r a t io n  o f  s u lp h u r  d io x id e . 
I f  th e  o n s e t  o f  s u lp h u r  d io x id e  e v o lu t io n  is  o b s e rv e d  p r e m a tu r e ly ,  th e n  th e  
te m p e r a t u r e  p r o g r a m  is s to p p e d ,  a l l  th e  g a se s  re - f ro z e n  in to  V T C F 2 a n d  th e  
s e p a r a t io n  p r o c e d u re  is r e p e a te d .  F o llo w in g  a  su c c e ss fu l s e p a r a t io n ,  th e  c a r 
b o n  d io x id e  is f ro z e n  o n to  a  co ld  f in g e r (C F 2 )  c o n n e c te d  to  th e  c a p a c i ta n c e  
m a n o m e te r  a n d  is o la te d  f ro m  V T C F 2 . A f te r  m e a s u r e m e n t  o f  th e  c a r b o n  
d io x id e  p re s s u re ,  th e  g a s  is  p u m p e d  a w a y . M e a n w h ile , th e  t e m p e r a tu r e  o f  
V T C F 2  is r a is e d  to  —1 1 0 °C  to  l ib e r a te  s u lp h u r  d io x id e , w h ils t  le a v in g  b e 
h in d  a n y  w a te r  n o t  a l re a d y  fro z e n  in  V T C F l .  If  so m e  w a te r  is fo u n d  to  b e
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p r e s e n t  in  th e  s a m p le  g a s  a t  th i s  s ta g e  th e n  th e  s u lp h u r  d io x id e  a n d  w a te r  
m ix tu r e  c a n  b e  le f t  in  c o n ta c t  w i th  V T C F l  a t  - 9 0 ° C  to  e n s u re  c o m p le te  
p u r i f ic a t io n  o f  s u lp h u r  d io x id e . W a te r  c a n  b e  d e te c te d  in  th e  “s e p a r a te d ” 
g a se s  b y  th e  in s t a b i l i ty  o f  th e  b a r a t r o n  r e a d in g , w h ic h  b e g in s  to  d e c re a s e  
r a p id ly  a s  w a te r  c o n d e n se s  o n to  th e  g la ss . P u r e  s u lp h u r  d io x id e  is  t r a n s 
f e r re d  to  C F 2 . T h e  v o lu m e  o f  C F 2  is  c a l ib r a te d  to  f a c i l i ta te  s u lp h u r  y ie ld  
m e a s u r e m e n t ,  i t  c a n  b e  in c re a s e d  v ia  c o n n e c t io n  to  a  5 0 0 cm ^  g la ss  b u lb  
(El) fo r  m e a s u r e m e n t  o f  la rg e  g a s  s a m p le s . T h e  y ie ld  o f  p u r e  s u lp h u r  d io x 
id e  is  m e a s u r e d  u s in g  th e  b a r a t r o n  a n d  th e n  th e  g a s  is  a d m i t t e d  to  th e  m a s s  
s p e c t r o m e te r .

2 .2 .2  S am p le  h an d lin g

D e te r m in a t io n  o f  s u lp h u r  in  m e te o r i te  s a m p le s  r e q u ir e s  th e  u se  o f  p ro c e d u re s  
w h ic h  m in im is e  th e  a m o u n t  o f  fo re ig n  m a t t e r  ( in c lu d in g  b o th  p a r t i c le s  a n d  
a d s o rb e d  g a se s)  a d d e d  to  th e  s a m p le  d u r in g  w e ig h in g  a n d  lo a d in g  in to  th e  
g a s  e x t r a c t io n  lin e . T h e  s a m p le s  h a v e  b e e n  p r e p a r e d  b y  c ru s h in g  2 0 0 m g  
c h ip s  o f  m e te o r i te  to  a  < 5 0 /im -s iz e d  p o w d e r  b y  D r  M .M . G ra d y . A l iq u a n ts  
o f  th e s e  c ru s h e d  r e s e rv o ir s  a r e  re m o v e d  fo r  s te p p e d  c o m b u s t io n  a n a ly s e s .  
S a m p le  w e ig h in g  is  c a r r ie d - o u t  o n  a  b a la n c e  in  a  c le a n  ro o m  e q u ip p e d  w i th  
a  la m in a r  a ir-f lo w  b e n c h . F in e - p o in te d  s ta in le s s  s te e l  tw e e z e rs  a r e  u se d  to  
m a n ip u la te  a  s m a ll  “b o a t ” o f  a lu m in iu m  fo il o n to  a  b a la n c e ,  a n  a l iq u a n t  o f  
s a m p le  is  a d d e d ,  a n d  th e  b o a t  a n d  s a m p le  re -w e ig h e d , th e  s a m p le  w e ig h t  is 
c a lc u la te d  b y  s u b t r a c t io n .  E a c h  a lu m in iu m  b o a t  is  u se d  fo r  a  s in g le  w e ig h in g  
o p e r a t io n  a n d  th e n  d is c a r d e d .  T h e  a lu m in iu m  fo il a n d  tw e e z e rs  a r e  c le a n e d  
b e fo re  u se  b y  u l t r a s o n if ic a t io n  in  a  5 0 :5 0  m ix tu r e  o f  to lu e n e  a n d  m e th a n o l  
fo llo w e d  b y  d ry in g  in  a n  o v e n  a t  100®C. T h e  s a m p le  is m a n ip u la te d  in to  a  
p r e - b a k e d  q u a r tz  b u c k e t  a n d  th e  a lu m in iu m  b o a t  is  re w e ig h e d  to  c h e c k  fo r  
z e ro  ( i.e . to  e n s u re  t h a t  a ll th e  s a m p le  h a s  b e e n  t r a n s f e r r e d  to  th e  q u a r tz  
b u c k e t) .  T h e  b u c k e t ,  c o n ta in in g  th e  s a m p le  is  t r a n s f e r e d  to  th e  g a s  e x t r a c 
t io n  s y s te m  w h e re  i t  is  lo a d e d  in to  th e  r e a c t io n  v esse l. T h is  is  u s u a l ly  d o n e  
w i th in  five m in u te s  o f  t h e  s a m p le  b e in g  w e ig h e d .

2 .2 .3  S y stem  b lan k

A  p r o c e d u r a l  b la n k  o f  a  s te p p e d  c o m b u s t io n  a n a ly s e s  o f  a n  e m p ty  q u a r tz  
b u c k e t  g iv e s  a  t o t a l  y ie ld  o f  s u lp h u r  o f  a b o u t  l / / g  u p  to  1 2 0 0 °C . F ig u re  2 .1 1  
sh o w s  a  s te p p e d  c o m b u s t io n  p ro file  o b ta in e d  f ro m  a n  e m p ty  b u c k e t  a n d  i t  
c a n  b e  se e n  t h a t  m o s t  o f  th e  s u lp h u r  is r e le a s e d  b e lo w  5 0 0 °C . T h e  u s u a l  
y ie ld  p e r  1 0 0 °C  s te p  is  b e tw e e n  0 .2  a n d  0 .3 /ig  s u lp h u r ,  w h ic h  is  a b o u t  2 %  
o r  3%  o f  th e  u s u a l  s a m p le  s ize  (lOA^g) fo r a  1 0 0 °C  t e m p e r a t u r e  s te p  o f  a  
m e te o r i te  s te p p e d  c o m b u s t io n .  A s s u c h , th e  b a c k g r o u n d  lev e l o f  s u lp h u r  is
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d e e m e d  in s ig n if ic a n t  a n d  n o  c o r r e c t io n  is  a p p l ie d  to  th e  d a t a .  T h e  sm a ll  
b la n k  t h a t  is p r e s e n t  in  th e  s y s te m  m u s t  d e r iv e  p r e d o m in a n t ly  f ro m  th e  
q u a r t z  b u c k e t  a n d  is p ro b a b ly  in t r o d u c e d  d u r in g  s a m p le  w e ig h in g . T h is  
fo llo w s  b e c a u s e  a  b la n k  c o m b u s t io n  a t  1 2 0 0 °C  (a s  a  s in g le  s te p )  c a r r ie d  o u t  
o n  a n  e m p ty  s y s te m , l ib e r a te s  a b o u t  lOOng o f  s u lp h u r .  T h is  a lso  in d ic a te s  
t h a t  th e r e  is  a  n e g lig ib le  a m o u n t  o f  s u lp h u r  p ro d u c e d  b y  h e a t in g  e i th e r  th e  
c o p p e r  o x id e , o r  th e  r e a c t io n  v esse l.

2.3  A p p lic a tio n  o f  s tep p ed  co m b u stio n  to  refer
en ce  m a ter ia ls

In  o r d e r  to  a s se ss  w h e th e r  s te p p e d  c o m b u s t io n  c o u ld  re so lv e  th e  d if fe re n t  
s u lp h u r  c o m p o u n d s  e x p e c te d  to  b e  p r e s e n t  in  m e te o r i te s  a n d  to  t e s t  if  th e  
s u lp h u r  i s o to p e  m e a s u r e m e n ts  m a d e  u s in g  th i s  te c h n iq u e  w o u ld  b e  is o to p i-  
c a lly  f r a c t i o n a te d  (d is c u s se d  in  S e c tio n  2 .4 ) ,  a  n u m b e r  o f  a n a ly s e s  o f  p u re  
c h e m ic a l  s u b s ta n c e s  w e re  m a d e .  T h e s e  m a te r ia l s  (w h ic h  in c lu d e d  s u lp h id e s  
a n d  s u lp h a te s )  w e re  c h o se n  to  b e  c h e m ic a lly  r e p r e s e n ta t iv e  o f  m in e r a ls  t h a t  
h a v e  b e e n  p e t ro g r a p h ic a l ly  id e n tif ie d  in  m e te o r i te s .  M e a s u r e m e n ts  w e re  
m a d e  o n  b o th  th e  p u r e  c o m p o u n d s  a n d  m e c h a n ic a l  m ix tu r e s  c o m p o s e d  o f  
s e v e ra l  d if fe re n t s u lp h u r  c o m p o u n d s .

2 .3 .1  E lem en ta l su lph ur

T h is  s u b s ta n c e  h a s  b e e n  o b s e rv e d  in  a t  le a s t  o n e  g ro u p  o f  m e te o r i te s ,  th e  C l  
c a rb o n a c e o u s  c h o n d r i te s .  A  s te p p e d  c o m b u s t io n  p ro file  o f  e le m e n ta l  s u lp h u r  
is  sh o w n  in  F ig u re  2 .1 2 ; i t  w a s  fo u n d  to  b u r n  a t  th e  lo w e s t te m p e r a t u r e  o f  
a ll s u lp h u r  sp e c ie s  a n a ly s e d  b y  th is  te c h n iq u e  so  f a r  ( T < 2 0 0 ° C ) .  U n fo r 
tu n a te l y  i t  p r o v e d  to  b e  v e ry  d if f ic u lt  to  o b ta in  1 0 0 % y ie ld s  o f  e le m e n ta l  
s u lp h u r  a s  s u lp h u r  d io x id e  d u r in g  s te p p e d  c o m b u s t io n .  T h is  is  b e c a u s e  e l
e m e n ta l  s u lp h u r  te n d s  to  s u b l im e  w h e n  h e a te d  a n d  th e n  r e c o n d e n s e  o n to  
c o o le r  re g io n s  o f  th e  r e a c t io n  tu b e  ( th e  m e l t in g  p o in t  o f  e le m e n ta l  s u lp h u r  
a t  1 a t m  is  1 1 9 °C : M e y e r , 1 9 6 8 ). T h e  f a i lu re  o f  fu rn a c e  F 2 ( a t  1 0 0 0 °C ) 
to  c o n v e r t  s u lp h u r  to  s u lp h u r  d io x id e  m a y  b e  a t t r i b u t e d  to  th e  la rg e  a n d  
s u d d e n  e v o lu t io n  o f  s u lp h u r  v a p o u r  a s  th e  te m p e r a t u r e  o f  th e  c o m b u s t io n  
f u rn a c e  ( F i )  is  r a is e d  th r o u g h  th e  s u b l im a t io n  p o in t .  A t te m p ts  to  in c re a s e  
y ie ld s  o f  s u lp h u r  d io x id e  b y  c o m b u s t in g  in  s m a l le r  t e m p e r a tu r e  in c re m e n ts  
( i.e . lo w e r in g  th e  h e a t in g  r a te )  o v e r  th e  in te r v a l  f ro m  ro o m  t e m p e r a t u r e  to  
2 0 0 °C  (u s in g  5 0 °C  t e m p e r a tu r e  s te p s  a s  o p p o s e d  to  1 0 0 °C ), m a d e  o n ly  a  
m o d e s t  im p r o v e m e n t .  P re s u m a b ly ,  a t  th e s e  lo w  te m p e r a tu r e s  th e  r e a c t io n  
r a t e  o f  s u lp h u r  o x id a t io n  is so  s lo w  t h a t  th e  p ro c e s s  o f  v o la t i l i s a t io n  p r e 
d o m in a te s .  T h is  is c le a r ly  a  p ro b le m  fo r  th e  s te p p e d  c o m b u s t io n  a n a ly s is  o f
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m e te o r i te s  c o n ta in in g  e le m e n ta l  s u lp h u r ,  b e c a u s e  th e  re c o n d e n s e d  m a te r ia l  
m ig h t :

1. B u rn  l a t e r  d u r in g  th e  e x p e r im e n t  u n d e r  th e  in f lu e n c e  o f  c o n v e c te d  h e a t  
f ro m  e le v a te d  te m p e r a tu r e s  o f  th e  c o m b u s t io n  fu rn a c e  a n d  m ix  w ith  
s u lp h u r  l ib e r a te d  f ro m  o th e r  c o m p o u n d s .

2 . B e a v a ila b le  fo r  is o to p ic  e x c h a n g e  r e s u l t in g  in  e r ro n e o u s  m e a s u r e 
m e n ts .

In  a n  a t t e m p t  to  p r e v e n t  is o to p ic  e x c h a n g e  r e a c t io n s  f ro m  o c c u r r in g ,  th e  s u l
p h u r  d io x id e  fo rm e d  d u r in g  e a c h  c o m b u s t io n  s te p  is  c ry o g e n ic a lly  re m o v e d  
f ro m  th e  r e a c t io n  tu b e  a s  i t  fo rm s .

2 .3 .2  S u lp h id e

A  n u m b e r  o f  d if fe re n t s u lp h id e  m in e r a ls  h a v e  b e e n  t r e a t e d  to  s te p p e d  c o m 
b u s t io n ,  in c lu d in g : t r o i l i t e  (F e S ) , p y r i te  (F e S 2) ,  c h a lc o p y r i te  (F e C u S g ) a n d  
c a lc iu m  s u lp h id e  (C a S ) .  A  c o m p o s ite  p ro file  o f  s e p a r a te  s te p p e d  c o m b u s 
t io n s  fo r  so m e  o f  th e s e  s u lp h id e s  is g iv e n  in  F ig u re  2 .1 2 . W i th  th e  e x c e p t io n  
o f  c a lc iu m  s u lp h id e ,  a ll th e  s u lp h id e s  a n a ly s e d ,  b u r n  o v e r  a  n a r r o w  te m p e r 
a t u r e  in te r v a l ,  i .e . b e tw e e n  20 0  a n d  6 0 0 °C . T ro i l i te ,  h a n d -p ic k e d  f ro m  th e  
B e lla  R o c a  i ro n  m e te o r i te ,  h a s  b e e n  a n a ly s e d  b y  s te p p e d  c o m b u s t io n  s e v e n  
t im e s  in  th e  c o u r s e  o f  th i s  w o rk  a n d  h a s  a  r e m a rk a b ly  c o n s ta n t  c o m b u s t io n  
t e m p e r a t u r e ,  w i th  a  m a x im u m  re le a s e  o c c u r r in g  b e tw e e n  4 0 0  a n d  4 5 0 °C . 
T h e  m ix tu r e  o f  s u lp h id e s  s h o w n  in  F ig u re  2 .1 2  p ro b a b ly  c o u ld  n o t  b e  r e 
s o lv e d  s a t is f a c to r i ly  u s in g  1 0 0 °C  t e m p e r a t u r e  s te p s ,  b u t  i t  m a y  b e  p o s s ib le  
to  d o  th i s  u s in g  s te p  s iz e s  o f  5 0 °C  o r  2 5 °C . F o r  m o s t .o f  th e  s u lp h id e s  s tu d ie d  
i t  is  a s s u m e d  t h a t  r e a c t io n  w i th  o x y g e n  r e s u l t s  in  th e  fo r m a t io n  o f  s u lp h u r  
d io x id e  a n d  th e  m e ta l  o x id e .

2M S  +  3 O 2 — 2 M O  “h 2 S O 2

W h e re  M  r e p r e s e n ts  th e  m e ta l .  A n  id e a lis e d  m e ta l (M ) - s u lp h u r -o x y g e n  s t a 
b i l i ty  d ia g r a m  is  s h o w n  in  F ig u re  2 .1 3 . D u r in g  th e  u s u a l  c o n d i t io n s  o f  
s te p p e d  c o m b u s t io n  e v e ry  e f fo r t  is  m a d e  to  a c h ie v e  e x p e r im e n ta l  c o n d i t io n s  
w h ic h  f a v o u r  th e  M O  fie ld , th u s  th e  th e  p a r t i a l  p r e s s u r e  o f  o x y g e n  is  g r e a te r  
t h a n  lo g  —4 P a  a n d  p a r t i a l  p re s s u re  o f  s u lp h u r  d io x id e  is  m in im is e d  b y  
im m e d ia te  c ry o g e n ic  t r a p p in g  in  a  co ld  f in g e r .

C a lc iu m  s u lp h id e  w a s  c h o se n  to  b e  th e  c lo s e s t  t e r r e s t r i a l  a n a lo g u e  to  
th e  m in e r a l  o ld h a m i te  w h ic h  is k n o w n  to  o c c u r  in  e n s t a t i t e  m e te o r i te s  (see  
C h a p te r  5 ) . C a lc iu m  su lp h id e  c o m b u s ts  b e tw e e n  80 0  a n d  1 1 0 0 °C  ( F ig u r e  
2 .1 2 )  w h ic h  is a t  s ig n if ic a n t ly  h ig h e r  t e m p e r a tu r e s  th a n  th e  o th e r  s u lp h id e s  
a n a ly s e d . T h e  h ig h  c o m b u s t io n  t e m p e r a tu r e  o f  c a lc iu m  s u lp h id e  m a y  b e
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F i g u r e  2 .1 3  Id e a lis e d  s t a b i l i ty  d ia g r a m  fo r  th e  m e ta l ( M ) - s u lp h u r - o x y g e n  
s y s te m  ( a f te r  G re e n w o o d  a n d  E a r n s h a w , 1 9 8 6 ).

e x p l ic a b le  in  te rm s  o f  a n  in i t i a l  r e a c t io n  o f  th i s  c o m p o u n d  w i th  o x y g e n  
o c c u r r in g  b e lo w  6 0 0 °C .

C a S  -|- 2 O 2 —  ̂ C a S O ^

C a lc iu m  s u lp h a te  w o u ld  th e n  d e c o m p o s e  to  c a lc iu m  o x id e  a n d  l ib e r a te  s u l
p h u r  d io x id e  a t  h ig h e r  te m p e r a tu r e s  (S e c tio n  2 .3 .3 ) .  In  o r d e r  to  a s se ss  th e  
e x t e n t  o f  th i s  p ro c e s s , a  w e ig h e d  s a m p le  o f  C a S  w a s  e x p o s e d  to  th e  a tm o 
s p h e re  a t  6 0 0 °C  fo r  e ig h t  h o u r s .  I f  a l l  th e  c a lc iu m  s u lp h id e  is  c o n v e r te d  to  
c a lc iu m  s u lp h a te  th e n  a n  89%  w e ig h t in c re a s e  w o u ld  b e  e x p e c te d ,  h o w e v e r , 
a  w e ig h e d  g a in  o f  o n ly  30%  w a s  o b s e rv e d . T h e  c a lc iu m  s u lp h id e  m a y  h a v e  
u n d e rg o n e  o n ly  a  p a r t i a l  r e a c t io n  w i th  a tm o s p h e r ic  o x y g e n , o r  e lse  i t  m a y  
h a v e  r e a c te d  w ith  w a te r  v a p o u r  d u r in g  th e  fo llo w in g  r e a c t io n  (M e llo r ,  1 9 2 5 ):

2 H 2O +  2 C a S  C a ( 0 H )2 +  C a (S H )2

T h e  p r o d u c ts  o f  th i s  r e a c t io n  a re  c a lc iu m  h y d ro x id e  a n d  c a lc iu m  h y d r o s u l
p h id e .  T h is  r e a c t io n  c o u ld  o n ly  o c c u r  a t  th e  v e ry  s u r fa c e  o f  th e  c a lc iu m  
s u lp h id e  p o w d e r , b e c a u s e  w a te r  w o u ld  b e  d r iv e n - o u t  o f  th e  m a te r ia l  a t  th e  
r e la t iv e ly  h ig h  te m p e r a tu r e s  in v o lv e d . T h e  r e a c t io n  b e tw e e n  c a lc iu m  s u l
p h id e  a n d  w a te r  sh o u ld  le a d  to  a  25%  w e ig h t g a in  if  i t  g o es to  c o m p le t io n ,  
a l th o u g h  so m e  h y d ro g e n  s u lp h id e  m a y  b e  fo rm e d  by  th is  r e a c t io n .
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2 .3 .3  S u lp h ates

S te p p e d  c o m b u s t io n  p ro file s  o f  th r e e  s u lp h a te s  ( iro n  s u lp h a te ,  F eS O ^; c a l
c iu m  s u lp h a te ,  C a S 0 4 .2 H 2 0 ; m a g n e s iu m  s u lp h a te ,  M g S 0 4 .7 H 2 0 ) a r e  c o m 
b in e d  in  F ig u re  2 . 1 2 . S u lp h a te s  d o  n o t  c o m b u s t ,  r a th e r  th e y  d e c o m p o se  
a t  v e ry  p re c is e  t e m p e r a tu r e s  to  p ro d u c e  a n  o x id e  a n d  s u lp h u r  d io x id e  g a s  
(W ils o n  a n d  N e w a ll,  1 9 6 6 ). F o r  e x a m p le ,  m a g n e s iu m  s u lp h a te  d e c o m p o se s  
a t  1 1 2 4 °C  (W e a s t  e t  a l . ,  1 9 8 5 ).

3 MgS0 4  — * 3MgO “h 3 SO 2 “b SO3

S u lp h u r  t r io x id e  is th e r m a l ly  u n s ta b le  a b o v e  1 0 0 0 °C  (S c h e n k  a n d  S te u d e l ,  
1968 ) a n d  w ill b e  r e d u c e d  to  s u lp h u r  d io x id e  a t  th e  d e c o m p o s i t io n  te m p e r 
a t u r e  o f  m a g n e s iu m  s u lp h a te .

2 S O 3 —  ̂ 2 S O 2 +  O 2

B e c a u se  o f  th e i r  d is c re te  c o m b u s t io n  a n d  d e c o m p o s i t io n  te m p e r a tu r e s  m o s t  
s u lp h a te s  a n d  s u lp h id e s  s h o u ld  b e  re s o lv a b le  b y  s te p p e d  c o m b u s t io n .

2 .3 .4  R eference m ix tu re

A  m ix tu r e  o f  fo u r  re fe re n c e  c o m p o u n d s  w a s  p r e p a r e d  u s in g  e q u a l  p r o p o r t io n s  
o f  s u lp h u r  a s  e le m e n ta l  s u lp h u r ,  t r o i l i t e  (F e S ) , g y p s u m  ( C a S 0 4 .2 H 2 0 ) a n d  
e p s o m ite  (M g S 0 4 .7 H 2 0 ) . T h e  s u lp h u r  re le a s e  p ro file  is  s h o w n  in  F ig u re  2 .1 2 . 
T h e  c o m p o s i t io n  o f  th i s  m ix tu r e  w a s  c h o s e n  to  a p p r o x im a te  to  th e  s u lp h u r -  
b e a r in g  m in e ra l  c o n te n t  o f  ty p e  C l  a n d  0 2  c a r b o n a c e o u s  c h o n d r i te s .  T h e  
p lo t  in  F ig u re  2 .1 2  i l l u s t r a te s  so m e  i m p o r t a n t  f e a tu re s :

•  T h e r e  is  a  f a ir ly  c lo se  c o r re s p o n d e n c e  b e tw e e n  th e  t e m p e r a t u r e  o f  d e 
c o m p o s i t i o n /  c o m b u s t io n  fo r  e a c h  p u r e  re fe re n c e  c o m p o u n d  a n d  t h a t  
re c o rd e d  f ro m  th e  s a m e  c o m p o n e n t  a s  a  c o n s t i tu e n t  o f  th e  m ix tu r e .

•  T h e  s te p p e d  c o m b u s t io n  m e th o d  is  a b le  to  re so lv e  th e  in d iv id u a l  c o n 
s t i t u e n t s  o f  a  m ix tu r e  o f  d if fe re n t  s u lp h u r  c o m p o u n d s  e v e n  w h e n  u s in g  
s te p  s izes  o f  1 0 0 °C . P o s s ib ly  e v e n  b e t t e r  r e s o lu t io n  m a y  b e  o b ta in 
a b le  u s in g  s m a lle r  t e m p e r a tu r e  in c re m e n ts  s u c h  a s  5 0 °C  o r  e v e n  2 5 °C . 
H o w e v e r , i t  is n o te d  t h a t  th e  re fe re n c e  m a te r i a l  is  m e re ly  a  m echani-^ 
c a l m ix tu r e  o f  fo u r  5 0 /im -s iz e d  p o w d e rs ,  w h ic h  m a y  b e  q u i te  d if fe re n t 
to  a  m e te o r i te  s a m p le  c o n ta in in g  f in e -g ra in e d  in te r g r o w th s  o f  d if fe re n t 
m in e ra l  c o m p o n e n ts .  M in e ra l  in te r g r o w th s  m a y  p r o m o te  c o m b u s t io n  
b e c a u s e  e x o th e rm ic  r e a c t io n s  w ill r e s u l t  in  lo c a lis e d  h e a t in g  e ffec ts .

•  T h e  y ie ld s  o f  s u lp h u r  a s  g y p s u m  a n d  e p s o m ite  a re  b e t t e r  th a n  10 % 
o f  th e  p r e d ic te d  a m o u n ts ,  w ith  d u e  a l lo w a n c e  fo r  w e ig h in g  a n d  y ie ld
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m e a s u r e m e n t  e r ro rs ,  th i s  d e m o n s tr a te s  t h a t  s u lp h u r  t r io x id e  f o rm a t io n  
is  o f  m in o r  im p o r ta n c e  d u r in g  s te p p e d  c o m b u s t io n  a t  h ig h  te m p e r a 
tu r e  (h o w e v e r , see  S e c t io n  2 .4  fo r  a  d is c u s s io n  o f  is o to p e  f r a c t io n a t io n ) .  
T h e  y ie ld  o f  t r o i l i t e  is  s o m e w h a t  lo w e r  (8 2 % ), b u t  in  th e  c a se  o f  e le 
m e n ta l  s u lp h u r  th e  y ie ld  is  v e ry  p o o r  (1 6 % ). T h is  c a n  b e  a t t r i b u t e d  
to  s u b l im a t io n  o f  e le m e n ta l  s u lp h u r  d u r in g  h e a t in g ,  a s  w a s  e x p la in e d  
in  S e c t io n  2 .3 .1 .

T h e  s u lp h u r  re le a s e  p ro file  o f  th e  re fe re n c e  m ix tu r e  is u t i l is e d  in  C h a p te r  3 
fo r  “c a l ib r a t in g ” th e  s u lp h u r  re le a se  p a t t e r n s  o b ta in e d  f ro m  m e te o r i te s .

2 .4  S u lp h u r iso to p e  m ea su rem en ts  o f  re feren ce  
m a te r ia ls

F ig u re  2 .1 4 a  sh o w s  th e  re le a se  a n d  is o to p ic  c o m p o s i t io n  o f  s u lp h u r  v e r 
su s  t e m p e r a t u r e  o b ta in e d  fo r  a  s te p p e d  c o m b u s t io n  a n a ly s is  o f  B e lla  R o c a  
t r o i l i t e .  I t  is  a p p a r e n t  t h a t  th e r e  a re  c h a n g e s  in  is o to p ic  c o m p o s i t io n  w i th  
v a r y in g  te m p e r a t u r e .  In  o r d e r  to  a s se ss  w h e th e r  th e  m e a s u re d  is o to p ic  v a l
u e s  o b ta in e d  b y  s te p p e d  c o m b u s t io n  a re  r e p r e s e n ta t iv e  o f  th e  t r u e  i s o to p ic  
c o m p o s i t io n  o f  t r o i l i t e  s u lp h u r ,  i t  is  n e c e s sa ry  to  c o m p a re  th e  c a lc u la te d  

v a lu e  f ro m  th e  s te p p e d  c o m b u s t io n  d a t a  w i th  th e  v a lu e  o b ta in e d  
b y  b u lk  c o m b u s t io n  o f  a n  id e n t ic a l  s a m p le  a t  1 2 0 0 °C . T h e  c u m u la t iv e  
v a lu e  o b ta in e d  f ro m  th e  s te p p e d  c o m b u s t io n  o f  B e lla  R o c a  t r o i l i t e ,  sh o w n  
in  F ig u re  2 .1 4 a , is  -2 .5 % o  a n d  th e  t o t a l  y ie ld  o f  s u lp h u r  is  8 9 % , w h e re a s  
t h a t  o b ta in e d  b y  b u lk  c o m b u s t io n  is  —0.4%o a n d  th e  y ie ld  is 9 8 % . S h o w n  
in  F ig u re  2 .1 4 b , a r e  th e  r e s u l t s  fo r  a n  e a r ly  a n a ly s is  o f  t r o i l i t e  w h ic h  g a v e  a  

v a lu e  o f  —0 .1%o, th is  is  in  g o o d  a g r e e m e n t  w i th  th e  v a lu e  o b ta in e d  b y  
b u lk  c o m b u s t io n  a n d  in d ic a te s  t h a t  s te p p e d  c o m b u s t io n  a n a ly s e s  c a r r ie d -  
o u t  a t  a n  e a r ly  s ta g e  o f  th is  p r o je c t  y ie ld e d  r e l ia b le  is o to p ic  d a t a .  T h o d e  e t  
a l . (1 9 6 1 ) h a v e  p re v io u s ly  r e p o r te d  a  v a lu e  o f  -0.45%o fo r  B e lla  R o c a  
t r o i l i t e .

T h e  r e a s o n s  fo r  th e  is o to p ic  d iffe re n c e s  b e tw e e n  th e  s te p p e d  a n d  b u lk  
c o m b u s t io n  d a t a  c o u ld  b e  d u e  to  o n e  o r  a  c o m b in a t io n  o f  th e  fo llo w in g :

1. S a m p le  w e ig h in g  e r ro rs .

2 . L o ss  o f  s a m p le  p o w d e r  d u r in g  e v a c u a t io n .

3 . L o ss  o f  s u lp h u r  d io x id e  d u r in g  s e p a r a t io n  o f  th e  p r o d u c t  g a se s .

4 . K in e t ic  is o to p e  f r a c t io n a t io n  ( th is  w o u ld  h a v e  to  b e  a n  in c o m p le te  
c o m b u s t io n  o f  th e  t r o i l i t e ,  o th e rw is e ,  th e  c a lc u la te d  6 ^^S v a lu e  w o u ld  
e q u a l  th e  b u lk  5^'^S m e a s u r e m e n t) .
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F i g u r e  2 .1 4  T h e  a b u n d a n c e  (— ) a n d  is o to p ic  c o m p o s i t io n  ( - • - )  o f  s u lp h u r  
in  tw o  B e lla  R o c a  t r o i l i t e  s a m p le s  a s  d e te r m in e d  by  s te p p e d  c o m b u s 
t io n .  (a )  S a m p le  S 0 7 9  (p re - f lu o r in a t io n  e x p e r im e n ts )  a n d  (b )  s a m p le  
8 0 1 6  (p o s t-H u o r in a t io n  e x p e r im e n ts ) .
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5. S u lp h u r  t r io x id e  f o rm a tio n .

P r o b le m s  1 a n d  2 c a n  o n ly  a c c o u n t  fo r lo w  y ie ld s  a n d  m o re o v e r ,  th e  e ffec ts  
o f  1 -3  c a n  la rg e ly  b e  d ism is se d  fo r  th e  fo llo w in g  r e a s o n s .  R e a s o n s  1 a n d  2 
a re  u n lik e ly  to  b e  s ig n if ic a n t b e c a u s e  s a m p le s  a n a ly s e d  b y  b u lk  c o m b u s t io n  
(w h ic h  w e re  a b o u t  th e  s a m e  w e ig h t  a s  th o s e  u s e d  fo r  s te p p e d  c o m b u s t io n )  
g a v e  c o n s is te n t ly  g o o d  y ie ld s  o f  s u lp h u r  o f  100 i t  5%  o f  th e  th e o re t ic a l  v a lu e . 
M o re o v e r ,  th e  s a m e  m e th o d  o f  s a m p le  e v a c u a t io n  w a s  a p p l ie d  to  s a m p le s  in  
b o th  ty p e s  o f  e x p e r im e n t .  In d e e d  a  c o n s id e ra b le  e f fo r t w a s  m a d e  in  o r d e r  
to  d e v is e  a  m e th o d  o f  e v a c u a t in g  th e  s a m p le s  f ro m  a tm o s p h e re ,  sp e c if ic a lly  
to  a v o id  lo s in g  a n y  s a m p le  p o w d e r . T h e  e ffe c ts  o f  r e a s o n  3 s h o u ld  b e  v e ry  
s m a ll ,  s in c e  t r i a l  e x p e r im e n ts  p e r fo rm e d  in  o r d e r  to  c ry o g e n ic a lly  s e p a r a te  
m ix tu r e s  o f  k n o w n  q u a n t i t ie s  o f  s u lp h u r  d io x id e , c a r b o n  d io x id e  a n d  w a te r  
h a v e  sh o w n  t h a t  th e  V T C F  (S e c tio n  2 .2 .1 )  a c h ie v e  a n  e x c e l le n t  s e p a r a t io n  o f  
th e s e  g a se s . M o re o v e r ,  th e  a n a ly s is  o f  a  fa ir ly  p u re  s u lp h id e  m in e ra l ,  su c h  a s  
t r o i l i t e ,  w ill p ro d u c e  o n ly  v e ry  sm a ll  q u a n t i t i e s  o f  c a r b o n  d io x id e  a n d  w a te r  
m a k in g  th e  e ffe c ts  o f  th i s  p ro b le m  e v e n  m o re  u n lik e ly . T h is  le a v e s  o p t io n s  
4  a n d  5 a s  th e  p r in c ip a l  m e c h a n is m s  a c c o u n t in g  fo r  lo w  y ie ld s  a n d  is o to p ic  
f r a c t i o n a t io n ,  th e y  a r e  d is c u s se d  in  m o re  d e ta i l  in  S e c t io n s  2 .4 .1  a n d  2 .4 .2 .

I s o to p ic  m e a s u r e m e n ts  m a d e  o n  s u lp h u r  d io x id e  re le a s e d  a b o v e  7 0 0 °C  
d u r in g  s te p p e d  c o m b u s t io n  se e m  to  b e  f re e  f ro m  e r r o r .  I s o to p ic  m e a s u r e 
m e n ts  fo r  th e  re fe re n c e  m ix tu r e  a re  sh o w n  in  F ig u re  2 .1 5  a n d  in  T a b le  2 .4  
th e  s u lp h u r  is o to p ic  c o m p o s i t io n  o f  e a c h  c o m p o n e n t  in  th e  re fe re n c e  m ix tu r e  
h a s  b e e n  c a lc u la te d  b y  s u m m in g  th e  5^^S v a lu e s  m e a s u r e d  o v e r  e a c h  t e m p e r 
a t u r e  in te r v a l  c o r re s p o n d in g  to  a  s e p a r a te  r e le a s e  in  s u lp h u r .  W h e n  th e s e  

v a lu e s  a re  c o m p a r e d  w i th  th o s e  o b ta in e d  b y  s e p a r a te  b u lk  c o m b u s t io n s  
o f  e a c h  c o m p o n e n t  (T a b le  2 .4 ) ,  th e  is o to p ic  v a lu e s  c o m p a r e  f a v o u ra b ly  o n ly  
fo r  g y p s u m  a n d  e p s o m ite ,  b o th  o f  w h ic h  d e c o m p o s e  a b o v e  7 0 0 °C . T h e  d if fe r
e n c e  b e tw e e n  th e  tw o  f^^S  v a lu e s  o b ta in e d  fo r  e le m e n ta l  s u lp h u r  is  p ro b a b ly  
in f lu e n c e d  m a in ly  b y  th e  lo w  y ie ld s  ( i.e . a  k in e t ic  i s o to p e  f r a c t io n a t io n ) .

2 ,4 .1  K in etic  iso to p e  fra ctio n a tio n

T h e  s te p p e d  c o m b u s t io n  p ro file  o f  B e lla  R o c a  t r o i l i t e  ( F ig u r e  2 .1 4 a )  sh o w s  
c h a n g e s  in  5 ^^S w i th  v a ry in g  t e m p e r a tu r e ,  th e s e  c h a n g e s  m a y  r e s u l t  f ro m  
th e  s e le c tiv e  a n d  p ro g re s s iv e  lo ss  o f  o n e  is o to p e  d u e  to  a  k in e t ic  is o to p e  
f r a c t i o n a t io n .  D u r in g  th e  c o n v e rs io n  o f  s u lp h u r  a s  t r o i l i t e  to  s u lp h u r  d io x id e  
th e  is o to p ic  c h a n g e s  c a n  b e  r e p r e s e n te d  b y  th e  fo llo w in g  e q u i l ib r iu m :

Fe^^S +  34S02 — Fe34g +

W h e re  th e  sp e c ie s  o n  th e  le f t o f  th e  e q u a t io n  a re  f a v o u re d . T h e  c h a n g e  in  
th e  is o to p ic  c o m p o s i t io n  o f  th e  s u lp h id e  a s  i t  is p ro g re s s iv e ly  c o m b u s te d  c a n  
b e  d e s c r ib e d  by  th e  R a y le ig h  d is t i l la t io n  e q u a t io n :
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F i g u r e  2 .1 5  T h e  a b u n d a n c e  (— ) a n d  is o to p ic  c o m p o s i t io n  ( - • - )  o f  s u lp h u r  
in  th e  re fe re n c e  m ix tu r e  a s  d e te r m in e d  b y  s te p p e d  c o m b u s t io n .
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C o m p o n e n t
S te p p e d  c o m b u s t io n B u lk  c o m b u s t io n

T e m p e r a tu r e  
in te r v a l  (°C )

%  Y ie ld
(7oo)

%  Y ie ld
(7oo)

E le m e n ta l  S 0 - 3 0 0 16 + 2 0 .8 5 61 + 1 5 .9 2
T ro i l i te 3 0 0 -6 0 0 82 - 2 .1 3 98 - 0 . 4 0

G y p s u m 6 0 0 -9 0 0 92 + 1 2 .3 2 97 + 1 1 .8 7
E p s o m ite 9 0 0 -1 2 0 0 100 + 9 .6 1 95 + 9 .7 9

T a b l e  2 .4  C o m p a r is o n  o f  s u lp h u r  d a t a  o b ta in e d  fo r  th e  re fe re n c e  m ix tu r e  
b y  s te p p e d  c o m b u s t io n  a n d  b u lk  c o m b u s t io n .

=  S^^So +  £ ( S 0 2 / F e S ) - i n f  

=  is o to p ic  c o m p o s i t io n  o f  th e  r e s id u a l  m a te r ia l .

=  is o to p ic  c o m p o s i t io n  o f  th e  o r ig in a l  m a te r ia l .

^(SO a/FeS) =  1 0 0 0 ( a  — l ) .

O: =  R sO a/R F eS - 

R  =  34S /32S .

f  =  f r a c t io n  o f  m a te r ia l  r e m a in in g .

A s  So ~  0 %o in  th i s  in s ta n c e ,  th e n  th e  e q u a t io n  re d u c e s  to ;

=  1 0 0 0 ( o :— l ) . l n f

F ig u re  2 .1 6  sh o w s  th e  is o to p ic  c o m p o s i t io n  o f  m a te r ia l  w i th  is o to p e  e ffe c ts  
r a n g in g  f ro m  1 t o  ll7oo. F ig u re  2 .1 6  a ls o  sh o w s  th e  c h a n g e  in  6^‘̂ S o f  m a te r i a l  
r e m a in in g  d u r in g  p ro g re s s iv e  c o m b u s t io n  o f  tw o  s u lp h id e s ;  t r o i l i t e  ( c a lc u 
la t e d  f ro m  th e  d a t a  o f  F ig u re  2 .1 4 a , s a m p le  8 0 7 9 )  a n d  c h a lc o p y r i te  ( s a m p le  
S 0 8 0 ). T h e  c u rv e s  c a lc u la te d  f ro m  th e  s te p p e d  c o m b u s t io n  d a t a  fo r  t r o i l i t e  
a n d  c h a lc o p y r i te  a r e  c o m p a r a b le  w ith  th e  th e o r e t ic a l  c u rv e s  sh o w n  in  F ig u re  
2 .1 6 , p a r t i c u la r ly  w i th  t h a t  fo r  th e  l%o e ffec t. T h e  t r o i l i t e  d a t a  sh o w  t h a t  
9 5 %  to  9 7 %  o f  th e  s u lp h id e  b u r n s  w i th  a  r e la t iv e ly  c o n s ta n t  is o to p ic  c o m p o 
s i t io n ,  b u t  th e  la s t  3%  to  5%  a re  s t r o n g ly  e n r ic h e d  in  W h e n  c o m p a r in g  
th e  r e s u l t s  o f  th e  t r o i l i t e  c o m b u s t io n  w i th  th e  th e o re t ic a l  c u rv e s  ( F ig u r e
2 .1 6 ) , i t  m u s t  b e  r e m e m b e re d  t h a t  th e  v a lu e  o f  o: is t e m p e r a tu r e  d e p e n d e n t .  
T ro i l i te  c o m b u s ts  o v e r  th e  t e m p e r a tu r e  r a n g e  40 0  to  6 0 0 °C  ( F ig u r e  2 .1 4 ) , 
th e  e n r ic h m e n t  f a c to rs  fo r  s u lp h u r  d io x id e  o v e r  s u lp h id e  a re  b e tw e e n  ll%o 
( a t  4 0 0 °C ) a n d  6 %o ( a t  6 0 0 ° C ) . In  F ig u re  2 .1 6 , k in e t ic  is o to p e  f r a c t io n a t io n
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F i g u r e  2 .1 6  C a lc u la te d  v a r ia t io n  in  o f  m a te r ia l  r e m a in in g  fo r  d if fe r 
e n t  is o to p ic  f r a c t i o n a t io n  b e tw e e n  t r o i l i t e  a n d  s u lp h u r  d io x id e  (so lid  
l in e ) .  V a r ia t io n  in  o f  m a te r i a l  r e m a in in g  d u r in g  s te p p e d  c o m 
b u s t io n  o f  t r o i l i t e  a n d  c h a lc o p y r i te  ( d o t t e d  lin e s ) .  K in e t ic  is o to p e  
f r a c t io n a t io n  c u rv e s  fo r  th e  e x p e r im e n ta l  d a t a  o f  B e lla  R o c a  t r o i l i t e  
s te p p e d  c o m b u s t io n s  w i th  a l lo w a n c e  fo r  th e  c h a n g e  in  th e  v a lu e  o f  
t h e  f r a c t io n a t io n  f a c to r  w ith  t e m p e r a t u r e  (d a s h e d  lin e  a n d  t e m p e r 
a t u r e  s c a le ) .
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c u rv e s  fo r  s u lp h u r  d io x id e  a n d  s u lp h u r  t r io x id e  h a v e  b e e n  p lo t t e d  w h e re  th e  
eflFects o f  t e m p e r a t u r e  o n  th e  v a lu e  o f  ot h a v e  b e e n  in c lu d e d . T h e s e  c u rv e s  
a re  q u i te  d if fe re n t f ro m  th o s e  o f  t r o i l i t e  a n d  c h a lc o p y r i te  (a lso  in  F ig u re
2 .1 6 ) a n d  s u g g e s t  t h a t ,  if  a  k in e t ic  f r a c t io n a t io n  is  in v o lv e d  d u r in g  s te p p e d  
c o m b u s t io n ,  i t  is  n o t  a c c o m p a n ie d  b y  a n  e q u i l ib r iu m  f r a c t io n a t io n .

T r e a t m e n t  o f  d a t a  o b ta in e d  b y  s te p p e d  c o m b u s t io n  o f  s y s te m s  c o n ta in in g  
o n ly  o n e  c o m p o n e n t  ( in  th is  c a se  e i th e r  t r o i l i t e ,  o r  c h a lc o p y r i te )  is r e la t iv e ly  
s t r a ig h t f o r w a r d .  In  m e te o r i te s ,  w h e re  a  m ix tu r e  o f  m in e ra ls  a r e  p r e s e n t ,  th e  
s i t u a t i o n  is  c o m p lic a te d  b e c a u s e  th e  c o m b u s t io n  te m p e r a tu r e s  o f  d if fe re n t  
m in e r a ls  w ill o v e r la p  to  so m e  e x t e n t .  F o r  th i s  re a s o n  a lo n e  m a n y  o f  th e  
m e te o r i te  is o to p e  d a t a  w ill n o t  r e s e m b le  th e  c u rv e s  o f  F ig u re  2 .1 6 , ev e n  
th o u g h  k in e t ic  is o to p e  e ffec ts  m a y  o c c u r .

2 .4 .2  S u lp h u r tr iox id e

C o n s id e r a b le  e f fo r t  w a s  e x p e n d e d  in  a t t e m p t s  to  c h a r a c te r is e  th e  e ffec ts  o f  
s u lp h u r  t r io x id e  p r o d u c t io n  d u r in g  th e  c o m b u s t io n  e x p e r im e n ts .  In  o r d e r  
to  a c c o m p lis h  th is ,  s u lp h u r  t r io x id e  w a s  p r e p a r e d  d ir e c t ly  by  o x id a t io n  o f  
s u lp h u r  d io x id e  u s in g  p la t in u m  (o n  T r i to n  K a o w o o l, B D H  C h e m ic a ls  L td . ,  
P o o le ,  E n g la n d )  a s  a  c a ta ly s t  a t  4 5 0 °C  a n d  a b o u t  1 a t m  p re s s u re  o f  o x y g e n .

2 5 0 2 O 2 ^  2 S O 3

U n d e r  th e  c o n d i t io n s  o f  th e  e x p e r im e n t  s u lp h u r  t r io x id e  d id  n o t  r e m a in  in  
th e  g a s e o u s  p h a s e ,  b u t  fo rm e d  fine  w h i te  ic e - lik e  c r y s ta ls  o n  th e  r e a c t io n  
v e s se l w a lls  w h ic h  w e re  m a in ly  c o n c e n t r a te d  a r o u n d  th e  s e a ts  o f  th e  te f lo n  
v a lv e s . W h e n  th e s e  c r y s ta ls  w e re  h e a te d  to  te m p e r a tu r e s  j u s t  in  ex c ess  o f  
1 0 0 °C  th e y  c h a n g e d  f ro m  w h ite  to  b r ig h t  y e llo w , th e  l a t t e r  b e in g  in d ic a t iv e  
o f  e le m e n ta l  s u lp h u r .  T h is  c o lo u r  c h a n g e  w a s  a c c o m p a n ie d  b y  th e  f o r m a t io n  
o f  a  g a s , w h ic h  w h e n  s c a n n e d  in  th e  m a s s  s p e c t r o m e te r ,  w a s  id e n tif ie d  a s  
s u lp h u r  d io x id e . T h e  r e a c t io n s  in v o lv e d  c a n  b e  s u m m a r is e d  as:

2 5 0 3 —> 2S  d" 3 O 2 
2 S Ü 3  -4- 2 S Ü 2  +  O 2

T h e s e  r e s u l t s  le d  to :

1. T h e  in c o r p o r a t io n  o f  a  f u rn a c e  k e p t  a t  1 0 0 0 °C , p o s i t io n e d  d i r e c t ly  
a b o v e  th e  c o m b u s t io n  fu rn a c e ,  to  th e rm a l ly  re d u c e  a n y  s u lp h u r  t r io x 
id e  a s  i t  fo rm e d .

2. E n c lo s in g  th e  e n t i r e  r e a c t io n  v esse l w i th  h e a te r  t a p e  a t  1 1 0 °C , to  p r e 
v e n t  c r y s ta l l i s a t io n  o f  s u lp h u r  tr io x id e .
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A t  f irs t  th i s  a r r a n g e m e n t  a p p e a r e d  to  w o rk  q u i te  su c c e ss fu lly  a s  th e  w h o le -  
r o c k  v a lu e s , o b ta in e d  b y  s te p p e d  c o m b u s t io n  o f  th e  f ir s t  m e te o r i te s  
t o  b e  m e a s u re d  ( C l  a n d  C2 c a rb o n a c e o u s  c h o n d r i te s ,  see  C h a p te r  3 ) ,  w e re  
c o n s is te n t  w i th  p u b lis h e d  d a t a .  U n fo r tu n a te ly ,  a f te r  th e  e x t r a c t io n  lin e  h a d  
b e e n  u s e d  fo r  a  se r ie s  o f  f lu o r in a t io n  e x p e r im e n ts  (S e c tio n  2.5 a n d  A p p e n d ix  
A ) ,  i t  w a s  fo u n d  t h a t  w h o le - ro c k  5^^S v a lu e s  o b ta in e d  by  s te p p e d  c o m b u s t io n  
w e re  b e tw e e n  2 a n d  3%o lo w e r  t h a n  th o s e  a c q u ir e d  by  b u lk  c o m b u s t io n .

I t  is k n o w n  t h a t  lo w  t e m p e r a t u r e  (b e lo w  1 0 0 0 °C ) e q u i l ib r iu m  is o to p e  ex 
c h a n g e  b e tw e e n  s u lp h u r  d io x id e  a n d  s u lp h u r  t r io x id e  a n d / o r  s u lp h a te  r e s u l t s  
in  s u lp h u r  d io x id e  w i th  a  6 ^^S v a lu e  lo w e r  t h a n  t h a t  o f  th e  s u lp h u r  in  th e  
m o re  o x id is e d  sp e c ie s  (T u d g e  a n d  T h o d e ,  1 9 5 0 ). C le a r ly , if  s u lp h u r  t r io x 
id e  h a d  b e e n  fo rm e d  d u r in g  th e  s te p p e d  c o m b u s t io n  th e n  th is  c o u ld  e x p la in  
th e  a n o m a lo u s ly  lo w  v a lu e s  o f  s u lp h u r  d io x id e . E v id e n c e  t h a t  so m e  
s u lp h u r  t r io x id e  is  fo rm e d  d u r in g  s te p p e d  c o m b u s t io n  co m es f ro m  c o m p a r 
in g  th e  d a t a  o b ta in e d  b y  b u lk  c o m b u s t io n  o f  t r o i l i t e  a t  1 2 0 0 °C  (w h ic h  g a v e  
100%  o f  th e  th e o r e t ic a l  y ie ld  o f  s u lp h u r  w i th  is o to p ic  v a lu e  o f  —0.4%o) w ith  
th e  r e s u l t s  o b ta in e d  b y  s te p p e d  c o m b u s t io n  o f  a n  id e n t ic a l  s a m p le ,  w h ic h  
g a v e  o n ly  a  87%  y ie ld  o f  s u lp h u r  w i th  =  —2.5%o (F ig u re  2 .1 4 a ) .  F u r th e r  
e x p e r im e n ts ,  c a r r ie d  o u t  u s in g  B e lla  R o c a  t r o i l i t e ,  sh o w e d  t h a t  o n ly  b e tw e e n  
80  a n d  9 0 %  o f  th e  s u lp h u r  is  l ib e r a te d  in  th e  fo rm  o f  s u lp h u r  d io x id e . T h e  
r e m a in in g  10  t o  2 0 % s u lp h u r  is  a s s u m e d  to  b e  c o m b u s te d  to  s u lp h u r  t r i 
o x id e . T h e  v a lu e  o f  th e  s u lp h u r  t r io x id e  c a n  b e  c a lc u la te d  u s in g  th e  
e q u a t io n :

Ym =  f r a c t io n a l  y ie ld  o f  s u lp h u r  d io x id e .

=  m e a s u r e d  is o to p ic  c o m p o s i t io n  o f  s u lp h u r  d io x id e .

^^^Stroiiite =  t r u e  is o to p ic  v a lu e  o f  th e  t r o i l i t e  ( —0.4% o).

T h e  v a lu e s  o f  s u lp h u r  t r io x id e  fo rm e d  d u r in g  su c c e ss iv e  s te p p e d  c o m 
b u s t io n s  o f  t r o i l i t e  w e re  fo u n d  to  v a ry  b e tw e e n  1 a n d  25%o (T a b le  2.5).

T h e  m a g n i tu d e  o f  th e  s u lp h u r  t r io x id e  p r o b le m  s h o u ld  d e c re a s e  a s  a  fu n c 
t io n  o f  t e m p e r a t u r e  fo r  tw o  r e a s o n s .  F i r s t ly ,  s u lp h u r  t r io x id e  is  u n s ta b le  a t  
h ig h  t e m p e r a t u r e  ( T > 1 0 0 0 ° C ) ,  w h ic h  a c c o u n ts  fo r  th e  c o r re c t  v a lu e s  o f  
th e  t r o i l i t e  o b ta in e d  f ro m  b u lk  c o m b u s t io n  a n a ly s is  ( a t  1 2 0 0 °C ). S e c o n d ly , 
t h e  f r a c t i o n a t io n  f a c to r s  b e tw e e n  s u lp h u r  t r io x id e  a n d  s u lp h u r  d io x id e  d e 
c re a s e  w i th  in c re a s in g  te m p e r a tu r e .  F ig u re  2 .1 7  sh o w s  c u rv e s  p lo t t e d  fo r  th e  
c h a n g e  in  re d u c e d  f r a c t io n a t io n  f a c to rs  w i th  t e m p e r a tu r e  fo r is o to p ic  e q u i
l ib r ia  in v o lv in g  s u lp h u r  d io x id e , s u lp h u r  t r io x id e  a n d  s u lp h id e s . T h e  c u rv e s  
w e re  c a lc u la te d  u s in g  th e  d a t a  o f  R ic h e t  e t  a l. (1 9 7 7 ). F o r  th e  S O 3 / S O 2
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S a m p l e %  Y i e l d
8 0 8 2 83 - 3 ,0 2 4-12 ,4
8 0 8 3 92 - 1 ,9 7 4-17 .7
8 0 8 4 95 - 1 ,4 5 4-19 .6
8 0 8 5 95 - 0 ,7 9 4-7 .0
8 0 8 6 82 - 1.00 4-2,3
8 0 8 7 81 - 2 ,1 8 4-7,3
8 0 8 8 86 - 2 ,5 9 4-13,1
8 0 8 9 87 - 1 ,1 7 4-4 ,8
8 0 9 0 76 - 1 ,2 8 4-2 ,4
8091 94 - 1 ,9 9 4-24 ,5
8 0 9 2 81 - 0 ,8 1 -f-1.3

T a b l e  2 .5  S u lp h u r  d a t a  fo r e le v e n  c o n s e c u tiv e  s te p p e d  c o m b u s t io n  a n a ly s e s  
o f  B e lla  R o c a  t r o i l i te .  T h e  m e th o d  u se d  to  c a lc u la te  6^'^SgOg is  g iv e n  
in  th e  t e x t .

(a) SOs/SZ"
(b) SO2/S 2-
(c) SO,/SO,

100 200 300  400  500 600  700  800  900 1000 11Q0

Temperature (°C)

F i g u r e  2 .1 7  C a lc u la te d  v a r ia t io n  w ith  t e m p e r a t u r e  o f  th e  r e d u c e d  s u lp h u r  
is o to p e  f r a c t io n a t io n  f a c to rs  (lOOOlno;). C a lc u la te d  f ro m  th e  d a t a  o f  
R ic h e t  e t  a l, (1 9 7 7 ),
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s y s te m  th e  is o to p ic  e x c h a n g e  p ro c e s s  is r e p r e s e n te d  by  th e  fo llo w in g  e q u i
l ib r iu m :

32S03 +  34S02 — 34503 +  32802  

F o r  w h ic h  th e  f r a c t io n a t io n  f a c to r  is d e f in e d  as:

a  =  RSO3/R-SO2

W h e re  R  =  a n d  th e  r e d u c e d  f r a c t io n a t io n  f a c to r  e q u a ls  lOOOlno:.
F o r  th is  e q u i l ib r iu m , lOOOlno: is  b e tw e e n  9%o a t  400°C a n d  6 %o a t  600°C  
( th e  te m p e r a t u r e  in te r v a l  o v e r  w h ic h  t r o i l i t e  c o m b u s ts ) .  H o w e v e r , th e  e n 
r ic h m e n t  in  34g o f  s u lp h u r  t r io x id e  is  c a lc u la te d  f ro m  th e  e x p e r im e n ta l  r e 
s u l t s ,  to  b e  la rg e r  (b e tw e e n  1 a n d  25%o h e a v ie r  t h a n  th e  c o e x is t in g  s u lp h u r  
d io x id e ) .  S t ro n g e r  is o to p ic  f r a c t io n a t io n s  a r e  s h o w n  b y  th e  S O 3 / S 2-  a n d  
S 0 3 ~ /S 3 ~  s y s te m s  w h e re  e n r ic h m e n t  f a c to r s  a t  400°C a re  19%o a n d  2l7oo 
r e s p e c tiv e ly ,  a n d  a t  600°C th e y  a re  9%o a n d  13%o re s p e c tiv e ly .  H o w e v e r , i t  
is  u n lik e ly  t h a t  e q u i l ib r iu m  b e tw e e n  so lid s  (S2~ a n d  S O |“ ) a n d  a  g a s  (S O 3 ) 
c a n  b e  e s ta b l is h e d  e v e n  a t  th e s e  h ig h  t e m p e r a tu r e s .  M o re o v e r ,  th e  th e o r e t i 
c a l c u rv e s  a re  n o t  in c o n tr o v e r t ib le  a s  d e v ia t io n  o f  e x p e r im e n ta l  r e s u l t s  f ro m  
p r e d ic te d  v a lu e s  h a s  b e e n  r e p o r te d  fo r  o th e r  s y s te m s  (G r in e n k o  a n d  T h o d e ,  
1970; R o b in s o n , 1973),

O v e r a l l ,  t h e  o b s e rv a t io n s  m a d e  in d ic a te  t h a t  th e r e  is  a  s ig n i f ic a n t  a m o u n t  
o f  s u lp h u r  t r io x id e  fo rm in g  a lo n g  w i th  s u lp h u r  d io x id e  d u r in g  s te p p e d  c o m 
b u s t io n ,  T h e  s u lp h u r  t r io x id e  is  c le a r ly  n o t  r e d u c e d  b y  th e  1 0 0 0 °C  fu rn a c e  
a n d  th e  f a te  o f  th i s  c o m p o u n d  is  p r o b le m a t ic a l .  A s  f a r  a s  c a n  b e  a s se s s e d  i t  
d o e s  n o t  r e m a in  a f te r  th e  p r o d u c t  g a se s , c a r b o n  d io x id e  a n d  s u lp h u r  d io x id e ,  
h a v e  b e e n  c ry o g e n ic a lly  s e p a r a te d  e .g . i t  is  n o t  id e n tif ie d  in  a  m a s s  s c a n  o f  
t h e  s a m p le  g a s . P re s u m a b ly ,  i t  c o n d e n se s  o n to  th e  g la ss  w a lls  o f  th e  e x t r a c 
t io n  lin e , a n d  in  p a r t i c u la r ,  o n  th e  c o o le s t  a r e a s  o f  g la ss  a r o u n d  th e  s e a ts  
o f  th e  g re a se le s s  v a lv e s , A  fine  w h i te  film  o f  c r y s ta l s  h a s  b e e n  o b s e rv e d  to  
d e v e lo p  a r o u n d  th e  s e a ts  o f  th o s e  v a lv e s  w h ic h  r e g u la r ly  c a m e  in to  c o n ta c t  
w i th  th e  p r o d u c t  g a se s  ( th i s  p h e n o m e n o n  is  v e ry  s im i la r  to  th e  r e s u l t  o f  
th e  e x p e r im e n t  d e s ig n e d  to  p r o d u c e  s u lp h u r  t r io x id e  b y  d i r e c t  o x id a t io n  o f  
s u lp h u r  d io x id e  u s in g  a  p la t in u m  c a ta ly s t ) .  I t  is  n o te d  t h a t  s u lp h u r  t r io x id e  
f o r m a t io n  w a s  a  m o re  s e r io u s  p r o b le m  a f te r  f lu o r in a t io n  e x p e r im e n ts  in  th e  
g la s s  s y s te m ,

S a k a i a n d  Y a m a m o to  (1 9 6 6 ) fo u n d  t h a t  th e  y ie ld  o f  s u lp h u r  d io x id e ,  
fo rm e d  b y  c o m b u s t io n  o f  s i lv e r  s u lp h id e  a t  1 2 0 0 °C , d e c re a s e d  r a p id ly  a s  th e  
q u a r t z  tu b e ,  u se d  fo r  th e  c o m b u s t io n  e x p e r im e n t ,  b e c a m e  d e v i tr if ie d  a f t e r  a  
n u m b e r  o f  s a m p le s  h a d  b e e n  a n a ly s e d . T h e  lo w  y ie ld s  w e re  th o u g h t  to  b e  r e 
la te d  to  th e  in c re a s e d  c a p a c i ty  o f  s u lp h u r  t r io x id e  to  c o n d e n s e  o n to  th e  ro u g h  
s u r fa c e s  o f  th e  d e v i tr if ie d  g la ss  (S a k a i a n d  Y a m a m o to ,  1 9 6 6 ), A lth o u g h ,  d u r 
in g  th e  p r e s e n t  s tu d y ,  a  fre sh  s e c tio n  o f  g la ss  is u se d  fo r e a c h  c o m b u s t io n
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e x p e r im e n t ,  i t  is  p o s s ib le  t h a t  th e  f lu o r in a t io n  e x p e r im e n ts  e tc h e d  g la ss  s u r 
fa c e s  e ls e w h e re  in  th e  e x t r a c t io n  lin e  w h ic h  h a s  e n h a n c e d  th e  t r a p p in g  o r  
s ta b i l iz in g  o f  s u lp h u r  tr io x id e .

A  n u m b e r  o f  d if fe re n t  m e th o d s  w e re  te s te d  in  o rd e r  to  e l im in a te  s u lp h u r  
t r io x id e  fo rm e d  d u r in g  s te p p e d  c o m b u s t io n ,  th e s e  in c lu d e d  b o th  th e r m a l  
d e g r a d a t io n  a n d  c a ta ly t i c  r e d u c t io n .  In  th e s e  e x p e r im e n ts ,  s te p p e d  c o m b u s 
t io n s  o f  B e lla  R o c a  t r o i l i t e  s a m p le s  w e re  u n d e r ta k e n  a n d  th e  g a se s  fo rm e d  
d u r in g  e a c h  t e m p e r a t u r e  s te p  w e re  t r e a te d  in  d if fe re n t w a y s  in  a n  a t t e m p t  to  
re d u c e  a n y  s u lp h u r  t r io x id e  t h a t  m a y  h a v e  fo rm e d . S u lp h u r  t r io x id e  is th e r 
m a lly  u n s ta b le  a n d  w ill d e c o m p o se  a t  t e m p e r a tu r e s  a b o v e  1 0 0 0 °C  to  fo rm  
s u lp h u r  d io x id e  (S c h e n k  a n d  S te u d e l ,  1 9 6 8 ). In  o r d e r  to  e x p lo i t  th i s  e ffe c t, 
th e  c o n d e n s ib le  r e a c t io n  g a se s , o b ta in e d  f ro m  e a c h  s te p  o f  th e  c o m b u s t io n ,  
w e re  t r e a t e d  fo r  five m in u te s  to  a  te m p e r a tu r e  o f  a p p r o x im a te ly  1000®C. In  
a n o th e r  e x p e r im e n t ,  r e d u c t io n  o f  s u lp h u r  t r io x id e  in  th e  p r o d u c t  g a se s  w a s  
a t t e m p te d  u s in g  p la t in u m  a s  a  c a ta ly s t  a t  5 0 0 °C  in  th e  a b s e n c e  o f  o x y g e n  
(S c h e n k  a n d  S te u d e l ,  1 9 6 8 ). H o w e v e r , n e i th e r  o f  th e s e  e x p e r im e n ts  a p p e a r e d  
to  h a v e  a  s ig n if ic a n t e ffec t in  r e d u c in g  s u lp h u r  t r io x id e ,  a s  th e  f o r m a t io n  o f  
th i s  c o m p o u n d  w a s  a g a in  s t r o n g ly  s u g g e s te d  b y  th e  lo w  y ie ld  o f  s u lp h u r  
o b ta in e d  a s  s u lp h u r  d io x id e  (b e tw e e n  80  a n d  9 0 % ) a n d  th e  lo w  v a lu e s  
(b e tw e e n  - 2  a n d  -3 % o ) . T h is  r e s u l t  a d d s  f u r th e r  s u p p o r t  to  th e  n o t io n  
t h a t  s u lp h u r  t r io x id e  c o n d e n se s  d ir e c t ly  o n to  th e  g la ss , r a th e r  t h a n  b e in g  
c ry o g e n ic a lly  t r a n s f e r r e d  to  th e  c o ld  f in g e r . T h is  h y p o th e s is  w a s  te s te d  b y  
h e a t in g  th e  e n t i r e  c o m b u s t io n  tu b e  a n d  c a r r y in g  o u t  f u r th e r  s te p p e d  c o m 
b u s t io n  e x p e r im e n ts  o n  B e lla  R o c a  t r o i l i t e  s a m p le s .  T h e  r e s u l t s  o f  th e s e  
e x p e r im e n ts  a re  s h o w n  in  F ig u re  2 .1 8 . W h e n  th e  r e a c t io n  v esse l w a s  h e a te d  
to  20 0  C  u s in g  h e a te r  t a p e s  w ra p p e d  a r o u n d  th e  g la s s , so m e  im p r o v e m e n t  in  
s u lp h u r  y ie ld  a n d  b u lk  v a lu e s  w a s  n o te d .  T h e  y ie ld  o f  s u lp h u r  re a c h e s
9 7 %  a n d  th e  ^34g v a lu e  o f  s u lp h u r  d io x id e  is  - 0 .7 4 %o a t  2 2 0 °C . E x t r a p o 
la t io n  o f  b o th  g r a p h s  in  F ig u re  2 .18  s u g g e s ts  t h a t  a t  t e m p e r a tu r e s  in  th e  
re g io n  o f  2 5 0  to  2 7 0  C  th e  th e o r e t ic a l  y ie ld  o f  s u lp h u r  (3 6 .3 6 % , a s s u m in g  
p u r e  F eS ) a n d  th e  t r u e  v a lu e  o f  th e  t r o i l i t e  ( -0 .4 % o )  w ill b e  a t t a i n e d .
U n f o r tu n a te ly ,  th e  P T F E  c o n s t i tu e n ts  o f  th e  g re a se le s s  v a lv e s  (e .g . b a r r e ls ,  
‘O ’ r in g s  e tc .)  c a n  o n ly  w i th s t a n d  a  m a x im u m  t e m p e r a t u r e  o f  a b o u t  2 0 0 °C . 
H ig h e r  te m p e r a tu r e s  r e s u l t  in  p e r m a n e n t  d e f o r m a t io n  o f  th e  v a lv e  b a r r e l  
m a k in g  i t  im p o s s ib le  to  se a l th e  v a lv e  p r o p e r ly  w i th  th e  g la ss  s e a t .  In  a n  
a t t e m p t  to  o v e rc o m e  th i s  p ro b le m  th e  v a lv e  b o d ie s  w e re  h e a te d  to  2 0 0 °C  
w h ile  th e  r e s t  o f  th e  r e a c t io n  v esse l w a s  m a in ta in e d  a t  400®C, th e  m a x i
m u m  a t t a i n a b le  t e m p e r a tu r e  o f  th e  h e a te r  t a p e .  U n d e r  th e s e  c o n d i t io n s  th e  
m a x im u m  y ie ld  o f  s u lp h u r  w a s  87%  a n d  th e  v a lu e  w a s  -1.37oo.

A s  i t  is  im p r a c t ic a l  to  h e a t  th e  v a lv e s  to  h ig h e r  te m p e r a tu r e s  th e  o n ly  
r e m a in in g  c o u rs e  o f  a c t io n  w o u ld  b e  to  p r e v e n t  s u lp h u r  t r io x id e  fo rm in g  
f ro m  th e  s a m p le  d u r in g  c o m b u s t io n .  T h is  m a y  b e  a c h ie v e d  by  c a re fu l co n -
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F i g u r e  2 .1 8  T h e  e ffec t o f  d if fe re n t t e m p e r a t u r e s  o n ; (a )  v a lu e , a n d  
(b )  y ie ld  o f  s u lp h u r ,  fo r B e lla  R o c a  t r o i l i t e  s te p p e d  c o m b u s t io n  ex 
p e r im e n ts .
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t r o l  o f  th e  p a r t i a l  p re s s u re  o f  o x y g e n  d u r in g  c o m b u s t io n  a s  s u lp h u r  t r io x id e  
f o rm a t io n  w ill b e  f a v o u re d  b y  a  h ig h  p r e s s u r e  o f  o x y g e n . T h is  is  th e  m e th o d  
c o n v e n tio n a l ly  c h o s e n  to  a v o id  s u lp h u r  t r io x id e  f o rm a tio n  d u r in g  c o m b u s 
t io n .  In  c o n v e n t io n a l  te c h n iq u e s ,  th e  p a r t i a l  p re s s u re  o f  o x y g e n  is  c o n tro l le d  
b y :

1 . U s in g  c o p p e r  (I)  o x id e  ( a s  a n  o x y g e n  d o n o r )  in t im a te ly  m ix e d  w i th  
th e  s a m p le  a n d  c o m b u s te d  a t  e le v a te d  te m p e r a tu r e s  ( a b o v e  1 0 0 0 °C )  
( F r i tz  e t  a l . ,  1974; R o b in s o n  a n d  K u s a k a b e ,  1 9 7 5 ).

2 . U s in g  m ix tu r e s  o f  n i t r o g e n  a n d  o x y g e n  (S a k a i a n d  Y a m a m o to  (1 9 6 6 ).

3. U s in g  v a n a d iu m  p e n to x id e  to  o x id is e  th e  s a m p le  (R ic k e , 1 9 6 4 ).

U n fo r tu n a te ly ,  d u r in g  s te p p e d  c o m b u s t io n  i t  is a lm o s t  a lw a y s  im p o s s ib le  to  
p r e d ic t  th e  a m o u n t  o f  s u lp h u r  t h a t  w ill b e  r e le a s e d  a t  e a c h  te m p e r a tu r e  
s te p ,  h e n c e , th e  a m o u n t  o f  o x y g e n  r e q u ir e d  c a n  n e v e r  b e  a c c u r a te ly  k n o w n . 
H o w e v e r , i t  m a y  b e  p o s s ib le  to  u se  a  c o p p e r  ( II)  o x id e  f in g e r c o n n e c te d  
d ir e c t ly  to  th e  c o m b u s t io n  v esse l. T h is  a r r a n g e m e n t  w o u ld  e n s u re  t h a t  
th e r e  is  a lw a y s  a  c o n s ta n t  o x y g e n  p r e s s u r e  d u r in g  c o m b u s t io n .

2 C u O  2 C u  “H O 2

T h e  e x t e n t  o f  th i s  e q u i l ib r iu m , a n d  h e n c e  th e  o x y g e n  p re s s u re ,  is  c o n tro l le d  
b y  th e  t e m p e r a tu r e .  S e v e ra l t r i a l  e x p e r im e n ts  h a v e  b e e n  p e r fo rm e d  in  a n  
a t t e m p t  to  f in d  th e  o p t im u m  c o n d i t io n s  fo r  th e  f o r m a t io n  o f  s u lp h u r  d io x id e  
w i th o u t  a n y  s u lp h u r  t r io x id e .  S o m e  su c c e ss  h a s  b e e n  a c h ie v e d , w i th  th e  
c o p p e r  ( II )  o x id e  h e a te d  to  7 2 0 °C  a  9 0 %  y ie ld  o f  s u lp h u r  f ro m  B e lla  R o c a  
t r o i l i t e  w i th  5^^S o f  —0.84%o h a s  b e e n  a t t a i n e d .  I t  is h o p e d  t h a t  f u r th e r  
e x p e r im e n ts  w ill im p ro v e  th e  r e s u l t s .

2.5 S u m m ary

A n  a l l-g la s s  e x t r a c t io n  s y s te m  h a s  b e e n  c o n s t r u c te d  to  p ro d u c e  p u r e  s u l
p h u r  d io x id e  f ro m  m e te o r i te  s a m p le s .  T h e  e x t r a c t io n  lin e  is c o n n e c te d  to  a  
m a s s  s p e c t r o m e te r  c a p a b le  o f  p e r fo rm in g  s u lp h u r  i s o to p e  a n a ly s e s . E x p e r 
im e n ts  c a r r ie d -o u t  o n  p u re  re fe re n c e  m a te r ia l s  a n d  m ix tu re s  h a v e  d e m o n 
s t r a t e d  t h a t  s te p p e d  c o m b u s t io n  is  c a p a b le  o f  re s o lv in g  s u lp h u r  f ro m  d if 
f e r e n t  c o m p o n e n ts  a n d  th i s  a s p e c t  o f  th e  te c h n iq u e  h a s  s ig n if ic a n t p o te n t i a l  
fo r  th e  s tu d y  o f  m e te o r i te s .  H o w e v e r , is o to p ic  m e a s u r e m e n ts  m a d e  o n  s u l
p h u r  d io x id e  g e n e r a te d  f ro m  s a m p le s  b e lo w  6 0 0 ° C a re  f r a c t io n a te d  to  lo w e r  
v a lu e s  by  b e tw e e n  1 a n d  3%o. T h is  f r a c t io n a t io n  p ro b a b ly  r e s u l ts  f ro m  th e  
p r o d u c t io n  o f  s m a ll  q u a n t i t ie s  o f  s u lp h u r  t r io x id e .  T h e  is o to p e  is p re f 
e r e n t ia l ly  p a r t i t io n e d  in to  s u lp h u r  t r io x id e ,  w h ic h  le a d s  to  s u lp h u r  d io x id e

63



w ith  a r t i f ic ia l ly  lo w  v a lu e s . S e v e ra l a t t e m p t s  h a v e  b e e n  m a d e  to  re d u c e  
th e  s u lp h u r  t r io x id e  to  s u lp h u r  d io x id e  in c lu d in g  c a ta ly s is  (u s in g  p la t in u m )  
a n d  th e r m a l  d e c o m p o s i t io n  (a b o v e  1 0 0 0 °C ). H o w e v e r , p r e l im in a r y  e x p e r i
m e n ts  h a v e  s h o w n  t h a t  c o n t ro l l in g  th e  p a r t i a l  p re s s u re  o f  o x y g e n  d u r in g  th e  
c o m b u s t io n  a n d  h e n c e , p r e v e n t in g  s u lp h u r  t r io x id e  f o rm a tio n  a l to g e th e r ,  is 
p o te n t ia l ly  th e  m o s t  lik e ly  m e th o d  to  o v e rc o m e  th is  p ro b le m .

2.6  S u lp h u r iso to p e  m ea su rem en ts  u sin g  su lp h u r  
h exaflu orid e

S u lp h u r  h e x a f iu o r id e  h a s  so m e  f a v o u r a b le  c h a r a c te r i s t i c s  fo r  m a s s  s p e c t r o m 
e try .  T h e  m o s t  im p o r t a n t  o f  th e s e  is  t h a t  f lu o r in e  is  m o n o is o to p ic ,  th e re fo re ,  
t h e r e  a re  n o  is o b a r ic  c o r re c t io n s  to  b e  a p p l ie d  to  th e  ra w  m a s s  s p e c t r o m e tr i c  
d a t a  so  5^^S, a n d  5^®S m e a s u r e m e n ts  a re  a ll p o s s ib le . M e a s u r e m e n t  
o f  th e  m in o r  s u lp h u r  is o to p e s  o f  s u lp h u r  a re  p a r t i c u la r ly  r e le v a n t  fo r  s tu d 
ie s  o f  e x t r a t e r r e s t r i a l  m a te r ia l s  s in c e  is o to p e s  c a n  b e  p ro d u c e d  b y  d if fe re n t  
n u c le a r  p ro c e s se s  (e .g . n u c le o s y n th e s is ,  s p a l la t io n  r e a c t io n s  e tc .)  in  v a r io u s  
p r o p o r t io n s .  T h e s e  e ffec ts  h a v e  b e e n  p r e d ic te d  fo r  s u lp h u r  ( C la y to n  a n d  R a -  
m a d u r a i ,  1977) a n d  o b s e rv e d  fo r  o th e r  e le m e n ts  (e .g . fo r  o x y g e n ; C la y to n  
e t  a l . ,  1973; C la y to n  a n d  M a y e d a , 1977; C la y to n  e t  a l . ,  1977) F o r  s u lp h u r ,  
w h e re  th e r e  a re  th r e e  s ta b le  is o to p e s ,  e n r ic h m e n ts  in  o n e  o r  o th e r  o f  th e  
is o to p e s  c a n  b e  u n a m b ig u o u s ly  id e n tif ie d  a s  a n o m a lo u s  b y  d e p a r tu r e s  f ro m  
th e  m a s s  f r a c t io n a t io n  r e la t io n s h ip s  (H u ls to n  a n d  T h o d e ,  1 9 6 5 a ):

^3 3 s =  ^34s / i .94  

=  1 .89  X

H u ls to n  a n d  T h o d e  (1 9 6 5 a )  d e te r m in e d  a n d  m e a s u r e m e n ts
fo r  s e p a r a te d  s u lp h u r  c o m p o u n d s  fo r  a  n u m b e r  o f  m e te o r i te s ,  b u t  fo u n d  
n o  a n o m a lo u s  e n r ic h m e n ts  in  a n y  o f  th e  is o to p e s .  H o w e v e r , n o n e  o f  th e  
m e te o r i te s  in v e s t ig a te d  in  t h a t  s tu d y  w e re  o f  th e  ty p e  lik e ly  to  h a v e  a n  
is o to p ic  a n o m a ly . S o m e  s a m p le s  t h a t  m a y , p o te n t ia l ly ,  y ie ld  u n u s u a l  is o to p ic  
e n r ic h m e n ts  o f  s u lp h u r  w e re  p r o p o s e d  b y  P i l l in g e r  (1 9 8 4 ).

T h e  in s t r u m e n t  u se d  in  th i s  s tu d y  h a s  b e e n  s p e c ia lly  m o d if ie d  to  e n a b le  
e i th e r  s u lp h u r  d io x id e  o r  s u lp h u r  h e x a f iu o r id e  to  b e  a n a ly s e d . A n  e x te n d e d  
d is c u s s io n  o f  th e  a p p l ic a t io n  o f  s u lp h u r  h e x a f iu o r id e ,  in c lu d in g  e x p e r im e n 
ta l  d e ta i l s  o f  th e  m e th o d s  u se d  in  th i s  s tu d y  fo r i t s  f o r m a t io n  is g iv e n  in  
A p p e n d ix  A . W h a t  fo llo w s h e re ,  is a  s u m m a r y  o f  th e  r e s u l t s .

A n  is o to p ic  re fe re n c e  g a s , S F c —l ,  w a s  o b ta in e d  (B D H  C h e m ic a ls  L td . ,  
P o o le ,  E n g la n d )  a n d  s to r e d  in  a  tw o - l i t r e  d e m o u n ta b le  g la ss  b u lb . Z ero - 
e n r ic h m e n t  te s t s  p e r fo rm e d  u s in g  th is  g a s  sh o w e d  t h a t  th e  p re c is io n  o f  th e  
is o to p ic  m e a s u r e m e n ts ,  u s in g  a  s a m p le  s ize  in  th e  o r d e r  o f  10 /ig  s u lp h u r ,
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& 3 3 S  ( V o o )

. . s # '

^ 9

5343 (V oo)
I— I

1 2 3 4 5 6 7 8 9 10 1 1 1 2  13 14 1 5 1 6

•  C h a lc o p y r i t e o true value

■ Sphalerite □ true value

▲ Troilite A true value

F i g u r e  2 .1 9  A  g r a p h  o f  v e r s u s  fo r  th r e e  d if fe re n t s u lp h id e  m in 
e ra ls .  F il le d  s y m b o ls  -  v a lu e s  o b ta in e d  b y  f lu o r in a t io n  (S F e ) ,  o p e n  
s y m b o ls  -  v a lu e s  o b ta in e d  b y  b u lk  c o m b u s t io n  (S O 2) .

w e re : ±  0.7%o fo r  #33S, ±  0.17oo fo r  ^3^8 a n d  ±  3%o fo r  #36g T h e  m in im u m  
s a m p le  s iz e  o n  w h ic h  is o to p ic  m e a s u r e m e n ts  c o u ld  b e  m a d e  w a s  a b o u t  0 .5 /ig  
s u lp h u r  a s  s u lp h u r  h e x a f lu o r id e .

T h e  p r e p a r a t io n  o f  s u lp h u r  h e x a f lu o r id e  Wcis a p p ro a c h e d  in  tw o  w a y s :

1 . U s in g  c h lo r in e  tr i f lu o r id e  in  a n  a l l - m e ta l  s y s te m .

2. U s in g  so lid  m e ta l  f lu o r id e s  (A u F g  a n d  C 0 F 3) in  a  g la ss  s y s te m .

T h e  f3 3 g  a n d  ^34g m e a s u r e m e n ts  o b ta in e d  u s in g  m e th o d  (1 ) o n  th r e e  
d if fe r e n t  s u lp h id e s  ( c h a lc o p y r i te ,  s p h a le r i te  a n d  t r o i l i t e )  a r e  g iv e n  in  F ig u re  
2 .1 9 . T h e  5335  a n d  ^34g v a lu e s  d e fin e  a  s t r a i g h t  lin e ,

f33g =  6348/2.28

W ith  th e  e x c e p t io n  o f  t r o i l i t e  th e  634g v a lu e s  a re  c lo se  to  th o s e  o b ta in e d  b y  
u s in g  s u lp h u r  d io x id e  p r o d u c e d  f ro m  a  b u lk  c o m b u s t io n  e x p e r im e n t .  63®8 
m e a s u r e m e n ts  m a d e  o n  s u lp h u r  h e x a f lu o r id e  s a m p le s  w e re  re n d e re d  m e a n 
in g le ss  b y  th e  p re se n c e  o f  a n  u n id e n tif ie d  c o n ta m in a n t  a t  m /z  131 , th i s  is 
p r e s u m a b ly  th e  s a m e  a s  t h a t  e n c o u n te re d  b y  T h o d e  a n d  R ees (1 9 6 5 ).
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T r o i l i te  ( s e p a r a te d  f ro m  th e  B e lla  R o c a  iro n  m e te o r i te )  g a v e  c o n s is te n t ly  
lo w  y ie ld s  o f  g a s , th is  e x p la in s  th e  s p r e a d  o f  6 -v a lu e s  o b ta in e d  fo r  th i s  m in 
e r a l  ( F ig u r e  2 .1 9 ) . T h e  c o n s is te n t ly  low  y ie ld s  o b ta in e d  u s in g  t r o i l i t e ,  m e a n s  
t h a t  th i s  m e th o d  w ill b e  o f  o n ly  l im ite d  u se  fo r  m e te o r i te s ,  a s  th i s  m in e ra l  
is u s u a lly  th e  d o m in a n t  s u lp h u r - b e a r in g  c o m p o n e n t .

T h e  r e a c t io n  o f  so lid  m e ta l  f lu o rid e s  w i th  s u lp h id e s  a n d  e le m e n ta l  s u l
p h u r  h a s  b e e n  te s te d  in  a n  a t t e m p t  to  o v e rc o m e  th e  n e c e s s ity  o f  sp e c ia l iz e d  
h a n d l in g  te c h n iq u e s  re q u ir e d  fo r  th e  u se  o f  c h lo r in e  t r if lu o r id e .  A  n u m b e r  
o f  e x p e r im e n t s  w e re  u n d e r ta k e n  u s in g  th e  r e a c t io n s  o f  g o ld  t r i f lu o r id e  a n d  
c o b a l t  t r i f lu o r id e  w i th  e le m e n ta l  s u lp h u r  a n d  s u lp h id e s .  T h e s e  e x p e r im e n ts  
h a v e  b e e n  c o n d u c te d  in  th e  g la ss  e x t r a c t io n  lin e  d e s c r ib e d  in  S e c t io n  2 .2 .1  
a n d  sh o w n  in  F ig u re  2 .9 . U n fo r tu n a te ly ,  n e i th e r  o f  th e  f lu o rid e s  w e re  s u c 
c e ss fu l in  s y n th e s is in g  s u lp h u r  h e x a f lu o r id e , m a s s  s c a n s  o f  th e  p r o d u c t  g a se s  
s h o w e d  t h a t  th e y  c o n s is te d  m a in ly  o f  s il ic o n  te t r a f lu o r id e ,  s u lp h u r y l  f lu o rid e  
a n d  th io n y l  f lu o rid e . F u r th e rm o re ,  th e  u se  o f  f lu o rin e  c o m p o u n d s  in  th e  
g a s  e x t r a c t io n  s y s te m  is  th o u g h t  to  h a v e  b e e n  in d ir e c t ly  re s p o n s ib le  fo r  th e  
p r o b le m  o f  i s o to p ic  f r a c t io n a t io n  a s s o c ia te d  w ith  s u lp h u r  t r io x id e  f o rm a t io n  
d u r in g  th e  s te p p e d  c o m b u s t io n  e x p e r im e n ts  (S e c tio n  2 .4 .2 ) .

In  A p p e n d ix  A , v a r io u s  m e th o d s  a re  p r o p o s e d  in  o r d e r  to  o v e rc o m e  th e  
d if f ic u lt ie s  a s s o c ia te d  w i th  th e  s y n th e s is  o f  s u lp h u r  h e x a f lu o r id e  ( i.e . p re se n c e  
o f  c o n t a m i n a n t s ,  lo w  y ie ld s  a n d  p o o r  63®S m e a s u r e m e n ts ) .  T h e s e  p ro b le m s  
a r e  p r o b a b ly  n o t  in s u r m o u n ta b le ,  b u t  th e y  a re  c o n s id e re d  to  b e  b e y o n d  th e  
s c o p e  o f  th i s  r e s e a rc h .
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C h a p ter  3

T h e  C l  a n d  C 2 C a r b o n a c e o u s  C h o n d r ite s

S u lp h u r  is a  c o n s t i tu e n t  o f  a ll C l  a n d  0 2  c a r b o n a c e o u s  c h o n d r i te s  b e in g  
p r e s e n t  in  e le m e n ta l  fo rm , a n d  a lso  a s  o x id is e d  (e .g . s u lp h a te s )  a n d  r e d u c e d  
(e .g . s u lp h id e s )  c o m p o u n d s .  T h e  im p o r ta n c e  o f  s u lp h u r  in  th e s e  m e te o r i te s  
is  d e m o n s t r a te d  in  S e c tio n  3 .5 .2  w h e re  i t  is  is  e s t im a te d  t h a t  th e  s u lp h u r  
c o m p o n e n ts  o f  O rg u e il  c o n s t i tu t e  14 w t%  o f  th e  m e te o r i te .  T h is  s tu d y  w a s  
d i r e c te d  f irs tly , a t  r e p e a t in g  s a m p le s  fo r  w h ic h  s u lp h u r  is o to p ic  m e a s u r e 
m e n ts  a l r e a d y  e x is t ,  b u t  th e r e a f te r ,  to  e x p lo re  s a m p le s  fo r  w h ic h  th e  r e s u l t s  
a r e  n o t  p r e d ic ta b le .  A n o th e r  a s p e c t  o f  th e  in v e s t ig a t io n  w a s  to  v a l id a te ,  
u s in g  s te p p e d  c o m b u s t io n ,  th e  c h e m ic a l e x t r a c t io n s  e m p lo y e d  b y  p re v io u s  
w o rk e rs  to  c o n c e n t r a te  o r  i s o la te  sp ec ific  s u lp h u r - b e a r in g  m in e ra ls .  T o  p la c e  
th e  s tu d y  in  c o n te x t  th e r e  fo llo w s  a  b r ie f  in t r o d u c t io n  to  th e  c a r b o n a c e o u s  
c h o n d r i te s  a n d  a  re v ie w  o f  th e i r  s u lp h u r - b e a r in g  c o m p o n e n ts .  T h is  i n t r o 
d u c t io n  is  in te n d e d  to  s e rv e  a lso  fo r th e  in v e s t ig a t io n  o f  s u lp h u r  in  C 3 , C 4  
a n d  C 5 / 6  m e te o r i te s  w h ic h  is  d is c u s se d  s e p a r a te ly  in  C h a p te r  4 .

3.1  G en era l p ro p ertie s  and  c la ssifica tio n

T h e  c a r b o n a c e o u s  c h o n d r i te s ,  w i th  a r o u n d  67  m e m b e r s  ( G r a h a m  e t  a l . ,  
1 9 8 5 ) , c o n s t i tu t e  o n ly  a b o u t  1 to  2%  o f  th e  w o r ld  m e te o r i te  c o l le c tio n s , a n d  
y e t  th e y  a re  a m o n g  so m e  o f  th e  m o s t  s tu d ie d  m a te r ia l s  o f  e x t r a t e r r e s t r i a l  
o r ig in .  R e a lly  in te n s e  s tu d y  o f  c a rb o n a c e o u s  c h o n d r i t e s  d id  n o t  b e g in  u n t i l  
a f te r  th e  fa ll o f  tw o  h i th e r to  r a r e  ty p e s ,  t h e  P u e b l i t o  d e  A lle n d e  m e te o r i te  
( a b o u t  2 0 0 0  K g  o f  m a te r ia l )  in  M e x ico  a n d  th e  M u rc h is o n  m e te o r i te  in  
A u s t r a l i a  ( a b o u t  100  K g  o f  m a te r ia l ) ,  b o th  o f  w h ic h  c a m e  to  e a r th  in  1969 .

C a rb o n a c e o u s  c h o n d r i te s  a r e  r e p r e s e n te d  b y  a  n u m b e r  o f  d if fe re n t  p e t r o 
lo g ic  ty p e s  r a n g in g  f ro m  C l  th r o u g h  to  C 6 . T h e  C l  ty p e ,  o f  w h ic h  th e re  
a re  o n ly  five k n o w n  e x a m p le s , h a v e  s p e c ia l  im p o r ta n c e  b e c a u s e  th e y  h a v e  
b u lk  c h e m ic a l c o m p o s it io n s  w h ic h  m o s t  c lo se ly  m a tc h  th o s e  o f  th e  S u n  a n d
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a s  su c h  th e y  a r e  th e  p r im a ry  so u rc e  o f  in f o rm a tio n  fo r th e  s o la r  s y s te m  
a b u n d a n c e s  o f  e le m e n ts  a n d  is o to p e s  (C a m e ro n , 1 9 8 2 ). T h e  t e r m  " c a r b o n a 
ce o u s  c h o n d r i t e ” , w h ic h  w a s  f ir s t  u se d  b y  T s c h e rm a k  (1 8 8 3 ), is  m is le a d in g  
fo r  tw o  re a s o n s .  F i r s t ly ,  th e  C l  m e te o r i te s  d o  n o t  c o n ta in  c h o n d ru le s  a n d  
se c o n d ly , a l th o u g h  th e  c a rb o n  c o n te n ts  o f  th e  g ro u p  a s  a  w h o le  c a n  b e  h ig h  
(b e tw e e n  0 .1 3  w t%  a n d  3 .3 0  w t% , G ra d y , 1 9 8 3 ), th e r e  a re  c o m p a r a b le  a n d  
ev e n  g r e a te r  a m o u n ts  o f  c a r b o n  fo u n d  in  e n s t a t i t e  c h o n d r i te s  (0 .1 5  to  0 .7 0  
w t% ; G ra d y  e t  a l . ,  1 9 8 6 ), o r d in a r y  c h o n d r i te s  (0 .0 1  to  1 .77  w t% ; G ra d y ,  
1983) a n d  u r e i l i te s  (0 .2  to  5 .9  w t% ; G ra d y  e t  a l . ,  1 9 8 5 ).

T h e  o r ig in  o f  c a r b o n a c e o u s  c h o n d r i te s  is  u n c e r ta in ,  th e y  m a y  h a v e  a n  
a s te r o id a l  s o u rc e , o r  th e y  m a y  b e  re s id u e s  d e r iv e d  f ro m  c o m e ts  (A n d e rs ,  
1 9 7 5 ). T h is  is  o n e  o f  th e  m o s t  f u n d a m e n ta l  is su e s  o f  c a rb o n a c e o u s  c h o n d r i te  
r e s e a r c h  a s  c o m e ts  a n d  a s te r o id s  a re  s to r e d  a t  v a s t ly  d if fe re n t  d is ta n c e s  f ro m  
th e  S u n . A s te ro id s  c a n  b e  u p  to  100 k m  in  d ia m e te r  a n d  a re  m a in ly  lo c a te d  
b e tw e e n  th e  o r b i t s  o f  M a rs  a n d  J u p i t e r  (b e tw e e n  1.8 a n d  4 .0  A U ). S p e c 
t r a l  r e f le c ta n c e  s tu d ie s  o f  a s te r o id a l  s u r fa c e s  in d ic a te  t h a t  C - ty p e  a s te r o id s ,  
w h ic h  a re  th e  m o s t  a b u n d a n t  c la s s , a r e  p ro b a b ly  c o m p o s e d  o f  c a r b o n a c e o u s  
c h o n d r i te - l ik e  m a te r i a l  (L a rs o n  e t  a l . ,  1979 ; F e ie rb e rg  e t  a l .,  1 9 8 5 ). In  c o n 
t r a s t ,  c o m e ts  a r e  s m a lle r  b o d ie s  h a v in g  d ia m e te r s  o f  b e tw e e n  1 a n d  10  k m  
a n d  a re  c o m p o s e d  o f  v o la t i le  c o m p o u n d s  ( c o n ta in in g  th e  e le m e n ts  H , C , N  
a n d  O ) w i th  so m e  r e f r a c to r y  m a te r ia l  ( s i l ic a te s  a n d  m e ta l ) .  C o m e ts  a r e  
s to r e d  in  th e  O o r t  c lo u d  w h ic h  e x te n d s  a s  f a r  a s  10  ̂ A U . I f  c a r b o n a c e o u s  
c h o n d r i t e s  c o m e  f ro m  c o m e ts ,  th e n  th e y  a r e  m o s t  lik e ly  to  b e  th e  r e la t iv e ly  
n o n v o la t i le  r e s id u e  w h ic h  r e m a in s  a f te r  th e  a c t iv e  life  o f  th e  c o m e t h a s  c e a s e d  
(W a s s o n  a n d  W e th e r i l l ,  1 9 7 9 ).

T h e  c a r b o n a c e o u s  c h o n d r i t e s  sh o w  a  la rg e  d e g re e  o f  v a r ia t io n  in  te x 
tu r e ,  m in e ra lo g y  a n d  p e t ro lo g y . T h e y  a re  c o m p o s e d  o f  v a ry in g  a m o u n ts  o f  
f in e -g ra in e d  m a t r ix  w h ic h  fo rm e d  p r e d o m in a n t ly  a t  lo w  t e m p e r a t u r e  (0 .1  
to  2 /Lim p a r t i c le  s iz e s , c o n s is t in g  o f  h y d r a te d  fe r ro m a g n e s ia n  s i l ic a te s ,  o r 
g a n ic  m a c r o m o le c u la r  m a te r i a l ,  m a g n e t i te  a n d  s u lp h id e s ) ,  a n d  h ig h  t e m p e r 
a t u r e  c o n d e n s a te s  ( in c lu d in g  c h o n d ru le s ,  r e f r a c to r y  in c lu s io n s , m e ta l  a n d  
F re m d lin g e ) .  E v id e n c e  f ro m  th e  is o to p ic  c o m p o s i t io n  o f  o x y g e n  ( C la y to n  e t  
a l . ,  1977 ) a n d  m a g n e s iu m  ( G r a y  a n d  C o m p s to n ,  1974 ; L ee a n d  P a p a n a s t a s -  
s io u ,  1974 ; L ee e t  a l . ,  1976) in d ic a te  t h a t  so m e  o f  th e  r e f r a c to r y  in c lu s io n s  
p r e s e n t  in  so m e  C 3  c h o n d r i te s  ( c a lc iu m  a n d  a lu m in iu m -r ic h  in c lu s io n s  o r  
C A I)  m a y  in  p a r t  h a v e  a  p r e - s o la r  o r ig in .  In  c o n tra is t ,  m a n y  o f  th e  lo w  
te m p e r a t u r e  c o m p o n e n ts  w e re  p r o b a b ly  fo rm e d  b y  s e c o n d a ry  a q u e o u s  a l t e r 
a t io n  o f  th e  p r im a r y  m in e ra ls  o n  th e  p a r e n t  b o d y  (D u F re s n e  a n d  A n d e r s ,  
1 9 6 2 a ; N a g y  a n d  C la u s ,  1962 ; B o s t ro m  a n d  F re d r ik s s o n ,  1966; K e r r id g e ,  
1 964 , 1 9 7 9 a ,b ; K e r r id g e  a n d  B u n c h , 1979; M c S w e e n , 1 9 7 9 a ). M c S w e e n  
(1 9 7 9 a )  a n d  B u n c h  a n d  C h a n g  (1 9 8 0 ) h a v e  e s ta b l is h e d  th e  o rd e r  o f  in c re a s 
in g  a q u e o u s  a l t e r a t io n  a s  b e in g  C 1 > C 2 > C 3 .  T h e  h ig h e r  p e tro lo g ic  ty p e s
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o f  c a r b o n a c e o u s  c h o n d r i te s  h a v e  su ffe re d  l i t t l e  o r  n o  a q u e o u s  a l t e r a t io n  b u t  
h a v e  b e e n  s u b je c te d  to  s t a t i c  th e r m a l  m e ta m o rp h is m .

A n  in i t i a l  c la s s if ic a t io n  o f  th e  c a rb o n a c e o u s  c h o n d r i te s  w a s  e s ta b l is h e d  
b y  W iik  (1 9 5 6 ) w h o  s u b d iv id e d  th e m  in to  ty p e s  I, II a n d  I II , p r im a r i ly  o n  
th e  b a s is  o f  th e i r  c a r b o n  a n d  w a te r  c o n te n ts .  V an  S c h m u s  a n d  W o o d  (1 9 6 7 ) 
l a t e r  re -c la s s if ie d  th e  c a r b o n a c e o u s  c h o n d r i te s  in to  a  s in g le  c h e m ic a l  g ro u p  
(C )  w i th  th e  r e te n t io n  o f  W i ik ’s  n u m b e rs  a s  C l ,  C 2  a n d  C 3 . C 3  m e te o r i te s  
w e re  f u r th e r  s u b d iv id e d  in to  C 3 ( 0 ) ,  O rn a n s  s u b ty p e ,  a n d  C 3 (V ) ,  V ig a ra n o  
s u b ty p e ,  b y  V a n  S c h m u s  (1 9 6 9 ) a n d  V an  S c h m u s  a n d  H a y e s  (1 9 7 4 ). H o w 
e v e r , W a sso n  (1 9 7 4 ) a rg u e d  t h a t  c h e m ic a l d if fe re n c e s  b e tw e e n  d if fe re n t  c a r 
b o n a c e o u s  c h o n d r i t e s  c o u ld  n o t  b e  r a t io n a l is e d  in  te r m s  o f  a  s in g le  c h e m ic a l  
g ro u p  a n d  h e  c la s s if ie d  th e m  in to  s e p a r a te  c h e m ic a l g ro u p s  la b e lle d  C l ,  C M , 
C V  a n d  C O  (w h e re  I, M , V  a n d  O  r e p r e s e n t  th e  in i t ia l  l e t t e r s  o f  th e  fo u r  
ty p e - m e te o r i te s ,  v iz  I v u n a ,  M ig h e i, V ig a ra n o  a n d  O rn a n s ) ;  th e s e  g ro u p s  
c o r r e s p o n d  to  th e  p re v io u s  C l ,  C 2 , C 3 (V )  a n d  C 3 ( 0 )  c la s se s  r e s p e c tiv e ly . 
L a te r ,  M c S w e e n  (1 9 7 9 a )  a d d e d  a  f u r th e r  g ro u p , C R , to  in c lu d e  tw o  m e te 
o r i te s  (R e n a z z o  a n d  A1 R a is )  w h ic h , a l th o u g h  h a v in g  t e x tu r a l  a f f in itie s  to  
th e  C V  m e te o r i te s  a n d  c h e m ic a l  s im ila r i t ie s  to  th e  C M  g ro u p , w e re  s ig n ifi
c a n t ly  d if fe re n t  in  th e i r  o x y g e n  is o to p ic  c o m p o s i t io n s  ( C la y to n  a n d  M a y e d a , 
1977) a n d  f re e  m e ta l  c o n te n ts  ( c o n ta in in g  u p  to  10%  m e ta l )  to  ju s t i f y  a  se p 
a r a t e  g ro u p in g . F i tz g e r a ld  a n d  J o n e s  (1 9 7 7 ) h a v e  p ro p o s e d  th e  in c lu s io n  o f  
a  f u r th e r  c h e m ic a l  s u b ty p e  o f  th e  c a rb o n a c e o u s  c h o n d r i te s ,  d e s ig n a te d  C K , 
to  in c lu d e  th r e e  m e te o r i te s ;  A d e la id e ,  B e n c h  C r a t e r  a n d  K a k a n g a r i ,  b a s e d  
p r im a r i ly  o n  th e i r  lo w  c a lc iu m  c o n te n ts .  H o w e v e r , M c S w e e n  (1 9 7 7 b )  h a s  
r a is e d  th e  o b je c t io n  t h a t ,  o n  p é t r o g r a p h ie  g ro u n d s ,  th e s e  m e te o r i te s  a r e  to o  
d is s im ila r  to  b e  in c lu d e d  in  th e  s a m e  g ro u p . W ilk e n in g  (1 9 7 8 ) h a s  s u g g e s te d  
t h a t  K a r o o n d a  is  th e  o n ly  r e p r e s e n ta t iv e  s a m p le  o f  th e  C K  g ro u p , h o w e v e r , 
th e  c h e m ic a l  d a t a  o f  F i tz g e r a ld  (1 9 7 9 ) in d ic a te  t h a t  K a r o o n d a  h a s  s t r o n g e r  
a f f in itie s  w i th  th e  C V  g ro u p . T h e  in c lu s io n  o f  a  C K  g ro u p  o f  c a rb o n a c e o u s  
c h o n d r i te s  s t i l l  a w a i ts  u n iv e rs a l  a c c e p ta n c e .  S o m e  c a rb o n a c e o u s  c h o n d r i te s  
a re  u n g r o u p e d  o r  h a v e  u n c e r ta in  c la s s if ic a t io n s  (e .g . A d e la id e , A lla n  H ills  
A 7 7 3 0 7 ). T h e s e  a r e  e i th e r  ‘u n iq u e ’, o r  a r e  o u t ly in g  m e m b e rs  o f  e s ta b l is h e d  
c o m p o s i t io n a l  c lu s te r s  (K a lle m e y n  a n d  W a sso n , 1 9 8 2 ).

T h e  c u r r e n t  c la s s if ic a t io n  o f  th e  c a r b o n a c e o u s  c h o n d r i te s  is b a s e d  u p o n  
th e  s c h e m e s  o f  b o th  V an  S c h m u s  a n d  W o o d  (1 9 6 7 ) a n d  W a sso n  (1 9 7 4 ) , 
w i th  th e  fo llo w in g  g ro u p in g s : C I l ,  C M 2 , C V 3 , C V 4 , C V 5 /6 ,  C 0 3 ;  th i s  
is i l l u s t r a te d  in  F ig u re  3 .1 . T h e  C 3 —►Cl a s s o c ia t io n  r e p r e s e n ts  a  p ro g re s 
s io n  o f  in c re a s in g ly  , p r im i t iv e  c h e m ic a l c o m p o s i t io n  r a th e r  t h a n  a  m e ta m o r -  
p h ic  se r ie s . T h e r e  is  e v id e n c e  t h a t  th e  C 3  c h o n d r i te s  h a v e  b e e n  a f fe c te d  b y  
a q u e o u s  a l t e r a t io n ,  b u t  to  a  le s se r  e x t e n t  t h a n  th e  C l  a n d  C 2  m e te o r i te s  
( K e r r id g e ,  1972; B u n c h  a n d  C h a n g , 1 9 8 0 ). M a n y  C 3  c h o n d r i te s  (e .g . A l
le n d e , M o k o ia , V ig a ra n o )  c o n ta in  a b u n d a n t  a m o u n ts  o f  p h y l lo s i l ic a te s  a n d
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F i g u r e  3 .1  T h e  c la s s if ic a t io n  o f  c a r b o n a c e o u s  c h o n d r i te s .
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a m o rp h o u s  to  p o o r ly  c r y s ta l l in e  m a te r ia l  r e s u l t in g  f ro m  th e  a l t e r a t io n  o f  
p re c u rs iv e  o liv in e , m e ta l  a n d  s u lp h id e s  (B u n c h  a n d  C h a n g , 1980 ; G ro s s m a n  
e t  a l . ,  1 9 8 6 ). F u r th e rm o re ,  K e r r id g e  (1 9 7 2 ) h a s  id e n tif ie d  i ro n - r ic h  v e in s  in 
v a d in g  o liv in e  c h o n d r u le s  in  W a r re n to n  ( C 0 3 )  a n d  h a s  s u g g e s te d  t h a t  w a te r  
m a y  h a v e  b e e n  p r e s e n t  d u r in g  m e ta m o rp h is m  o f  th is  m e te o r i te .

O f  th e  five k n o w n  C l  m e te o r i te s ;  O rg u e il ,  Iv u n a ,  A la is ,  R e v e ls to k e  a n d  
T o n k , o n ly  th e  f ir s t  th r e e  a re  a v a ila b le  in  re a s o n a b le  q u a n t i ty  fo r  s tu d y .  T h e  
C l  m e te o r i te s  a r e  c o m p o s e d  m a in ly  o f  p h y llo s i l ic a te s  a n d  d is e q u il ib r iu m  s u l
p h id e  a s s e m b la g e s  w h ic h  w e re  fo rm e d  by  a q u e o u s  a l t e r a t io n  o f  p re -e x is t in g  
m in e r a ls  (K e r r id g e  e t  a l . ,  1 9 7 8 a ) . R e c e n tly , G r a d y  e t  a l . (1 9 8 6 ) h a v e  s u g 
g e s te d  t h a t  a n  A n ta r c t i c  a c h o n d r i te  f in d  ( Y a m a to  8 2 0 4 2 ) , b e  c la s s if ie d  a s  
a  C M l .  T h is  c la s s if ic a t io n  is b a s e d  o n  d a t a  fo r  o x y g e n  is o to p e s  a n d  t r a c e  
e le m e n ts  w h ic h  in d ic a te  C M  a ff in itie s ,  a n d  t e x tu r a l / p e t r o lo g ic  d a t a  ( in c lu d 
in g  th e  la c k  o f  c h o n d ru le s )  w h ic h  su g g e s ts  a  C l  r e la t io n s h ip .  M c S w ee n  
(1 9 7 9 a ) ,  h a s  p re v io u s ly  c o n s id e re d  th e  p o s s ib i l i ty  o f  re -c la s s ify in g  N o g o y a  
f ro m  i t s  c u r r e n t  C M 2  s t a t u s  to  a  C M l ,  d u e  to  i t s  e x c e p t io n a l ly  a l te r e d  n a 
tu r e .  B u n c h  a n d  C h a n g  (1 9 8 0 ) r e p o r t  t h a t  9 5 %  o f  th e  p r e c u r s o r  m in e r a ls  

in  N o g o y a  a re  a l te r e d .
A  d ia g n o s t ic  f e a tu r e  o f  a q u e o u s  a l t e r a t io n  a p p e a r s  to  b e  th e  p re s e n c e  o f  

p h y llo s i l ic a te s .  In  so m e  c a se s  th e  e x a c t  n a tu r e  o f  th e s e  m in e r a ls  is  n o t  w e ll 
c o n s t r a in e d  a n d ,  a s  s u c h , th e y  a re  r e fe r re d  to  c o lle c tiv e ly , a s  th e  “p o o r ly  
c h a r a c te r i s e d  p h a s e s ” ( P C P ) ,  a  t e r m  o r ig in a lly  in t r o d u c e d  b y  F u c h s  e t  a l . 
(1 9 7 3 ) , to  d e s c r ib e  a  s in g le  p h a s e  o f  u n k n o w n  id e n t i ty  in  M u rc h is o n . U s
in g  th e  t r a n s m is s io n  e le c tro n  m ic ro sc o p e  ( T E M ) ,  th e  c o m p o n e n ts  o f  P C P  
a r e  b e g in in g  to  b e  u n r a v e l le d  (M a c k in n o n  a n d  Z o le n sk y , 1979; M c K e e  a n d  
M o o re , 1979 ; B u n c h  a n d  C h a n g ,  1980; B a r b e r ,  1981; T o m e o k a  a n d  B u s e c k , 
1 9 8 2 a ,b , 1 9 8 3 a ,b , 1985; M a c k in n o n  a n d  Z o le n sk y , 1 9 8 4 ). D e s p i te  t h i s  w o rk ,  
th e r e  is  s t i l l  u n c e r ta in ty  s u r r o u n d in g  th e  m in e ra lo g ic a l  id e n t i ty  o f  so m e  o f  
th e  c o m p o n e n ts  o f  P C P .  T o m e o k a  a n d  B u se c k  (1 9 8 5 ) h a v e  id e n t i f ie d  th e  
fo llo w in g  m in e r a ls  in  P C P :  c r o n s te d t i t e ,  c h r o m i te ,  m a g n e t i te ,  a  F e -N i-C r -P  
b e a r in g  m in e r a l  a n d  a  p h a s e  k n o w n  a s  F E S O N  (n a m e d  a f te r  i t s  p r e d o m i
n a n t  c o m p o n e n ts ,  i.e . F e , S , O  a n d  N i) . A s  su c h , th e  t e r m  P C P  h a s  b e e n  
r e -d e f in e d  a s  “p a r t l y  c h a r a c te r is e d  p h a s e s ” (T o m e o k a  a n d  B u s e c k , 1 9 8 5 ). 
F E S O N  ( th e  s u lp h u r - b e a r in g  p h a s e )  is e s p e c ia lly  r e le v a n t  to  s u lp h u r  iso 
to p e  s tu d ie s  s in c e  th i s  c o m p o n e n t  is  k n o w n  to  c o n ta in  m u c h  o f  t h e  s u lp h u r  
in  th e  m a tr ic e s  o f  C 2  c h o n d r i te s  (F u c h s  e t  a l . ,  1973; B u n c h  a n d  C h a n g ,  
1980; T o m e o k a  a n d  B u s e c k , 1 9 8 5 ). M a c k in n o n  a n d  Z o le n sk y  (1 9 8 4 )  h a v e  
s u g g e s te d  t h a t  th i s  p h a s e  h a s  a  s t r u c t u r e  a n d  c h e m ic a l  c o m p o s i t io n  s im ila r  
to  t h a t  o f  th e  t e r r e s t r i a l  iro n - r ic h  fo rm  o f  to c h i l in i te .
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F i g u r e  3 .2  T h e  s u lp h u r  c o n te n t  o f  c a r b o n a c e o u s  c h o n d r i te s .  D a ta  f ro m  
M a s o n  (1 9 6 3 ).

3.2  T h e su lp h u r co m p o n en ts  o f  ca rb o n a ceo u s ch on 
d r ites

T h e  t o t a l  s u lp h u r  c o n c e n t ra t io n s  o f  e a c h  s u b g r o u p  o f  c a rb o n a c e o u s  c h o n 
d r i t e s  is  s h o w n  in  F ig u re  3 .2  (d u e  to  th e i r  r a r i ty ,  s u lp h u r  c o n te n ts  fo r  C 4 -6  
c h o n d r i t e s  a re  in c lu d e d  in  w i th  G 3 d a t a  in  th i s  d ia g ra m ) .  I t  c a n  b e  se e n  
t h a t  th e r e  is  a  d e c re a s e  in  s u lp h u r  c o n te n t  w i th  in c re a s in g  p e t ro lo g ic  g ra d e ,  
th e  m e a n  s u lp h u r  c o n te n t s  o f  C l ,  C 2 , a n d  C 3  c h o n d r i te s  a re  5 .9  w t% , 3 .4  
w t%  a n d  2 .2  w t%  r e s p e c tiv e ly  (M a s o n , 1 9 6 3 ). T h e  m a jo r  fo rm s  o f  s u lp h u r  
in  th e  C l  a n d  C 2  c h o n d r i te s  a r e  e le m e n ta l  s u lp h u r ,  s u lp h id e s ,  s u lp h a te s  a n d  
o r g a n ic  s u lp h u r  (D u F re s n e  a n d  A n d e rs ,  1 9 6 2 a ; H a y e s , 19 6 7 ); th e  C 3 , 4 a n d  
5 / 6  c h o n d r i t e s  c o n ta in  p r e d o m in a n t ly  s u lp h id e s .  T h e  m a jo r  s u lp h u r - b e a r in g  
m in e r a ls  o f  th e  c a rb o n a c e o u s  c h o n d r i te s  a r e  l i s te d  in  T a b le  3 .1  a lo n g  w i th  
a c c e s so ry  s u lp h u r  m in e ra ls ,  th e  id e n t i ty  o f  so m e  o f  th e  l a t t e r  a w a i t s  c o n f ir 
m a t io n .  T h e  m o s t  im p o r ta n t  s u lp h u r  c o m p o u n d s  a re  n o w  d isc u s se d  in  tu r n .

3 .2 .1  E lem en ta l su lph ur

E le m e n ta l  s u lp h u r  is  n o t  a  c o m m o n  c o n s t i tu e n t  o f  c a r b o n a c e o u s  c h o n d r i te s .  
O rg a n ic  s o lv e n ts  u se d  to  e x t r a c t  c a r b o n  c o m p o u n d s  in  C l  c h o n d r i t e s  in 
e v i ta b ly  y ie ld  e le m e n ta l  s u lp h u r  u p o n  e v a p o r a t io n  ( K a p la n  a n d  H u ls to n ,  
1 9 6 6 ). D u F re s n e  a n d  A n d e rs  (1 9 6 2 a ) n o te d  th e  p re s e n c e  o f  e le m e n ta l  s u l
p h u r  in  e th e r  e x t r a c t s  o f  th e  fo llo w in g  c a rb o n a c e o u s  c h o n d r i te s :  I v u n a  ( C I l ) ,  
M u r ra y  (C M 2 ) , L a n c é  ( C 0 3 )  a n d  M o k o ia  (C V 3 ) .  B o s tro m  a n d  F re d r ik s s o n
(1 9 6 6 ) m e a s u r e d  a  c o n c e n t r a t io n  o f  1 .7%  e le m e n ta l  s u lp h u r  in  O rg u e il  a n d

72



M ineral Formula C l C2 C3 C4 C 5/6
C h a lc o p y r i te C u F eS z #
C u b a n i te C u F e 2Sg •
M o ly b d e n i te M 0 S 2 •
P e n t l a n d i t e (F e ,N i)9 S 8 • e • e •
P y r i t e F e S 2 #
P y r r h o t i t e F ei_a;S • e e

T ro i l i te F eS • # • e

A n h y d r i te C a S 0 4 •
B lo e d i te M g S O 4 .N a 2S O 4 .4 H 2O •
B o u s s in g a u l t i te ( N H 4 )2 S 0 4 .M g S 0 4 .6 H 2 0 ( • )
E p s o m ite M g S 0 4 .7 H 2 0 • •
G y p s u m C a S 0 4 .2 H 2 0 • • ( • )
E le m e n ta l S • • •
F E S O N F ei.4 N io .iS O i.4 ( • ) •
O rg a n ic ? • ' •

T a b l e  3 .1  K n o w n  s u lp h u r  c o n s t i tu e n ts  o f  c a r b o n a c e o u s  c h o n d r i te s .  A f
t e r  N a g y  (1 9 7 5 ) w i th  m o d if ic a tio n s .  •  =  p r e s e n t ;  ( • )  =  p re se n c e  
s u s p e c te d .
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o b s e rv e d  s u lp h u r  in  th e  fo rm  o f  g lo b u le s  a s s o c ia te d  w ith  c o r ro d e d  p y r r h o t i t e  
g r a in s .  T h e y  a lso  n o te d  t h a t  so m e  s u lp h u r  o c c u r s  a s  finely  d is s e m in a te d  p a r 
t ic le s  w h ic h  a r e  n o t  e a s ily  id e n t i f ia b le  b y  p é t r o g r a p h ie  m e th o d s .  B a s s  (1 9 7 0 ) 
fo u n d  s u lp h u r  c r y s ta ls  a lo n g  th e  s u r fa c e s  o f  c r a c k s  t h a t  c u t  c a r b o n a te -  a n d  
s u lp h a te - b e a r in g  v e in s  in  C l  c h o n d r i te s .

3 .2 .2  S u lp h id es

Troilite and pyrrhotite, FeS and Fei-^S

T ro i l i te  (F e S ) is  c la im e d  to  b e  a  c o m m o n  c o n s t i tu e n t  o f  n e a r ly  a ll c a r b o n a 
c e o u s  c h o n d r i te s .  I t  is  c o n s id e re d  to  b e  a n  e n d -m e m b e r  o f  th e  p y r r h o t i t e  
s e r ie s . P y r r h o t i t e  ( F e i - ^ S ) ,  w h ic h  is  a  c o m m o n  t e r r e s t r i a l  m in e r a l ,  o c c u rs  
in  c a r b o n a c e o u s  c h o n d r i te s  a s  a  n ic k e l- r ic h  fo rm .

T h e r e  is  c o n fu s io n  s u r ro u n d in g  th e  e x a c t  n a t u r e  o f  th e  iro n  s u lp h id e  
in  c a r b o n a c e o u s  c h o n d r i te s .  D u F re s n e  a n d  A n d e r s  (1 9 6 2 a )  c o n s id e r  t h a t  
t r o i l i t e  is  a  r a r e  m in e ra l  in  C l  c h o n d r i te s ,  w h ile  F i tc h  e t  a l. (1 9 6 2 ) d e s c r ib e d  
b o th  e u h e d r a l  a n d  c o r ro d e d  t r o i l i t e  c r y s ta l s  in  O rg u e il .  M a so n  a n d  W iik  
(1 9 6 2 a )  h a v e  d e s c r ib e d  t r o i l i t e  in  R e n a z z o  a n d  f u r th e r m o re ,  “p u r e ” t r o i l i t e  
h a s  b e e n  id e n tif ie d  in  A lle n d e  ( C la rk e  e t  a l . 1 9 7 1 ), C o o lid g e  ( S c o t t  a n d  
T a y lo r ,  1985 ) a n d  in  o th e r  C V 3  c h o n d r i te s  b y  M c S w e e n  (1 9 7 7 a ) . A  d e ta i l e d  
s tu d y  o f  35  s u lp h id e  g ra in s  in  M u r r a y  (F r e d r ik s s o n  a n d  K e il, 1964) r e v e a le d  
n ic k e l c o n te n ts  o f  b e tw e e n  0 .9 5  w t%  a n d  2 1 .5  w t% ; th e  N i-r ic h  g r a in s  w e re  
c o n s id e re d  to  b e  p e n t l a n d i t e  a n d  th e  N i-p o o r  g r a in s  a t t r i b u t e d  to  t r o i l i t e .  I t  
is  c le a r  th e re fo re  t h a t  th e  g lib  u se  o f  th e  t e r m  t r o i l i t e  to  d e s c r ib e  s u lp h id e s ,  
w h ic h  h a v e  n o t  b e e n  a n a ly s e d  b y  th e  e le c tro n  m ic ro p ro b e ,  in  c a r b o n a c e o u s  
c h o n d r i te s  is  p e r h a p s  s o m e w h a t  e r ro n e o u s .  R a m d o h r  (1 9 7 3 ), F o lin sb e e  e t  a l .
(1 9 6 7 )  a n d  K e r r id g e  (1 9 7 6 ) h a v e  a ll  p o in te d  o u t  t h a t  p y r r h o t i t e  is  a  m o re  a p 
p r o p r ia te  n a m e  fo r  m o s t  o f  th e  “ t r o i l i t e ” h i t h e r to  r e p o r te d  in  c a r b o n a c e o u s  
c h o n d r i te s .  B o th  t r o i l i t e  a n d  p y r r h o t i t e  a r e  p r o b a b ly  p r e s e n t  in  c a r b o n a 
c e o u s  c h o n d r i te s ,  w i th  so m e  o r  a l l  o f  th e  p y r r h o t i t e  h a v in g  a  s e c o n d a ry  lo w  
te m p e r a t u r e  o r ig in  (K e rr id g e ,  1 9 7 6 ).

Pentlandite, (FeNi)9Sg

P e n t l a n d i t e  is  o f te n  fo u n d  in t im a te ly  a s s o c ia te d  w i th  t r o i l i t e  a n d / o r  p y r r h o t i t e  
in  c a r b o n a c e o u s  c h o n d r i te s .  I t  is  c o n s id e re d  to  b e  a  s e c o n d a ry  m in e ra l  w h ic h  
h a s  fo rm e d  b y  e x s o lu t io n  f ro m  t r o i l i t e  ( K e r r id g e  e t  a l . ,  1 9 7 9 a ). K e r r id g e  e t  
a l. (1 9 7 9 a )  o b s e rv e d  p e n t l a n d i t e  c o m p le te ly  e n c lo se d  b y  p y r r h o t i t e  in  A la is  
a n d  d e te r m in e d  t h a t  th e  c o m p o s i t io n s  o f  th e  tw o  m in e ra ls  w ere  n o t  in  e q u i
l ib r iu m  a n d  th e re fo re ,  u n lik e ly  to  h a v e  fo rm e d  d u r in g  c o n d e n s a t io n  f ro m  a  
g a s  o f  s o la r  c o m p o s i t io n .  A lth o u g h  t r o i l i t e  (o r  p y r r h o t i te )  is u s u a lly  c o n 
s id e re d  to  b e  th e  d o m in a n t  s u lp h id e  m in e r a l  in  c a rb o n a c e o u s  c h o n d r i t e s .
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p e n t la n d i t e  is m o re  a b u n d a n t  in  so m e  C V  c h o n d r i te s  (M c S w e e n , 1 9 7 7 a) 
su c h  a s  A lle n d e  ( C la rk e  e t  a l. 1 9 7 1 ), K a r o o n d a  a n d  P C A  8 2 5 0 0  ( S c o t t  a n d  
T a y lo r  1 9 8 5 ).

P a tc h e s  o f  p e n t l a n d i t e  (2 0 /im  d ia m e te r )  w e re  id e n tif ie d  in  R e v e ls to k e  
(F o lin s b e e  e t  a l . ,  1967 ) a n d  in te r g r o w th s  o f  p e n t l a n d i t e  a n d  t r o i l i t e  w e re  
fo u n d  in  th e  m a t r ix  o f  M u rc h is o n  (F u c h s  e t  a l . ,  1 9 7 3 ). B u n c h  a n d  C h a n g  
(1 9 8 0 ) r e p o r te d  th e  p re se n c e  o f  a l te r e d  p e n t l a n d i t e  in  th e  m a tr ic e s  o f  tw o  
o th e r  C M 2  c h o n d r i t e s ,  N o g o y a  a n d  M u r ra y .  T h e  n ic k e L c o n te n t  o f  p e n t 
la n d i te  in  a  n u m b e r  o f  d if fe re n t c a rb o n a c e o u s  c h o n d r i te s  h a s  b e e n  d e t e r 
m in e d  ( C la rk e  e t  a l . ,  1971; K e r r id g e  e t  a l .,  1979; B u n c h  a n d  C h a n g ,  1980) 
a n d  fo u n d  to  v a ry  b e tw e e n  16 .5  w t%  to  3 9 .0  w t% , th e s e  v a lu e s  c o m p a re  
w i th  th e  n o r m a l  n ic k e l c o n te n t  o f  t e r r e s t r i a l  p e n t l a n d i t e  o f  3 2 .6  w t%  n ic k e l 
(a s s u m in g  F e / N i = l ;  H u r lb u t  a n d  K le in , 1 9 7 7 ).

M i n o r  s u l p h i d e  m i n e r a l s

O th e r  s u lp h id e s  h a v e  b e e n  fo u n d  a s  a c c e sso ry  m in e ra ls  in  c a r b o n a c e o u s  
c h o n d r i te s .  C u b a n i te  ( C u F e 2S s) w a s  f ir s t  id e n tif ie d  b y  M a c d o u g a l a n d  K e r 
r id g e  (1 9 7 7 ) in  O rg u e il  a n d  A la is  a n d  l a te r  in  I v u n a  (K e rr id g e  e t  a l . ,  1 9 7 8 ). 
C u b a n i te  a p p e a r s  to  b e  r e s t r i c t e d  to  C l  m e te o r i te s  w h e re  i t  h a s  a  s e c o n d a ry , 
lo w  te m p e r a t u r e  o r ig in .  R a m d o h r  (1 9 7 3 ) a n d  S c o t t  a n d  T a y lo r  (1 9 8 5 ) h a v e  
n o te d  th e  p re s e n c e  o f  c h a lc o p y r i te  (C u F e S 2) a n d  p y r i te  (F e S 2) in  K a r o o n d a  
a n d  S c o t t  a n d  T a y lo r  h a v e  a lso  id e n tif ie d  c h a lc o p y r i te  in  P C A  8 2 5 0 0 .

M o ly b d e n ite  (M 0 S 2) h a s  so  f a r  o n ly  b e e n  fo u n d  in  th e  C A I o f  A lle n d e  
w h e re  i t  w a s  d is c o v e re d  b y  F u c h s  a n d  B la n d e r  (1 9 7 7 ). I t  o c c u rs  a s  e lo n g a te d  
b la d e s  ( l6 - 2 4 /z m  lo n g )  e m b e d d e d  in  iro n -n ic k e l  m e ta l .  F u c h s  a n d  B la n d e r  
(1 9 7 7 ) h a v e  p r o p o s e d  t h a t  d u r in g  c o n d e n s a t io n  o f  th e  n e b u la r  g a s , m o ly b 
d e n u m  fo rm e d  a n  a llo y  w i th  i r o n  a n d  n ic k e l a n d  th e n ,  a t  lo w e r  te m p e r a t u r e  
th e  m o ly b d e n u m  r e a c te d  w i th  h y d ro g e n  s u lp h id e  g aa  in  th e  n e b u la  to  fo rm  
m o ly b d e n i te .

3 .2 .3  S u lp h ates  

E p s o m i t e ,  M g S 0 4 . 7H 2 0

E p s o m ite  w a s  f ir s t  id e n tif ie d  in  a  c a rb o n a c e o u s  c h o n d r i t e  (O rg u e i l)  b y  C a lv in  
(1 9 6 1 ) . I t  o c c u rs  in  v e in s  in  C l  c h o n d r i te s  a lo n g  w i th  g y p s u m  a n d  s o tn e  c a r 
b o n a te  m in e ra ls .  E p s o m ite  h a s  b e e n  s tu d ie d  e x te n s iv e ly  in  O rg u e il  w h e re  
th e  e x a c t  c o n c e n t r a t io n  a p p e a r s  to  b e  h ig h ly  v a r ia b le  d u e  to  th e  h e te ro g e 
n e o u s  d is t r ib u t io n  o f  th is  m in e ra l ,  E s t im a te s  v a ry  f ro m  6 .7 %  ( B o s t r o m  a n d  
F re d r ik s s o n , 1966) to  17%  (D u F re s n e  a n d  A n d e r s ,  1 9 6 2 a) a n d  19%  (K a p la n  
a n d  H u ls to n ,  1 9 6 6 ). E p s o m ite  o c c u r r in g  in  v e in s  h a s  a lso  b e e n  o b s e rv e d  in  
I v u n a  a n d  A la is  ( R ic h a rd s o n , 1 9 78).
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K e r r id g e  (1 9 6 7 ) c o n s id e rs  t h a t  s u lp h a te s  a re  la te - s ta g e  m in e ra ls  in  th e  
c a r b o n a c e o u s  c h o n d r i te s ,  a n d  w e re  c o n te m p o ra n e o u s  w i th  b re c c ia t io n .  F u r 
th e r m o r e ,  K e r r id g e  (1 9 6 4 , 1 9 67) h a s  p r o p o s e d  t h a t  e p s o m ite  fo rm e d  in  th e  
p a r e n t  b o d y  r e g o l i th  e n v i ro n m e n t  b y  th e  r e a c t io n  o f  o x y g e n  w i th  s u lp h u r  
d io x id e  o r  s u lp h u r  tr io x id e .

Gypsum , CaS0 4 .2H20

D u F re s n e  a n d  A n d e r s  (1 9 6 2 a )  is o la te d  o n e  la rg e  g ra in  ( 100 /ig )  o f  g y p s u m  
f ro m  M ig h e i.  N a g y  a n d  A n d e r s e n  (1 9 6 4 ) id e n tif ie d  g y p s u m  in  O rg u e il  a n d  
w e re  a b le  to  p e r f o rm  a  v e ry  d e ta i le d  c h e m ic a l a n a ly s is  u s in g  th e  e le c tro n  
m ic r o p ro b e  (1 9 .1  w t%  C a , 3 .1  w t%  F e , 15 .5  w t%  S a n d  t r a c e  a m o u n ts  o f  
S i, A1 a n d  M g ) ,  w h ile  F u c h s  e t  a l. (1 9 7 0 ) fo u n d  g y p s u m  in  th e  m a t r ix  o f  
M u rc h is o n . B a s s  (1 9 7 0 ) c o n f irm e d  th e  p re se n c e  o f  g y p s u m  in  a ll th e  C l  a n d  
C 2  m e te o r i te s  w h ic h  h e  s tu d ie d ,  e v e n  so , th i s  m in e r a l  is  n o t  re c k o n e d  to  b e  
a n  im p o r t a n t  c o n s t i tu e n t  o f  c a r b o n a c e o u s  c h o n d r i te s .

N a g y  a n d  A n d e r s e n  (1 9 6 4 ) c o n s id e re d  t h a t  a ll th e  g y p s u m  in  c a r b o n a 
c e o u s  c h o n d r i t e s  w a s  fo rm e d  b y  th e  h y d r a t io n  o f  a n h y d r i t e  in  th e  e a r t h ’s 
a tm o s p h e re .  A n h y d r i te  ( C a S 0 4 ) w a s  te n ta t iv e ly  id e n tif ie d  in  O rg u e il  b y  
B a ss  (1 9 7 0 ).

Other minor sulphates

B o s tr o m  a n d  F re d r ik s s o n  (1 9 6 6 ) p r o p o s e d  t h a t  s u lp h a te s  c o n ta in in g  o th e r  
c a t io n s ,  n o ta b ly  F e , N a , a n d  N i, m a y  o c c u r  in  c a rb o n a c e o u s  c h o n d r i te s .  
T h e y  fo u n d  e v id e n c e  fo r  s o d iu m  s u lp h a te  (b lo e d i te ;  M g S O 4 .N a 2S O 4 .4 H 2O ) 
n e a r  to  th e  m a rg in s  o f  v e in s . B o u s s in g a u l t i te  ( (N H 4) 2S 0 4 .M g S 0 4 .6 H 2Q ) 
w a s  w a s  r e p o r te d  f ro m  C o ld  B o k k e v e ld  a n d  H a r ip u r a  b y  B a ss  (1 9 7 0 ) b u t  i t s  
p re s e n c e  h a s  n o t  b e e n  c o r r o b o r a te d  b y  a n y  l a t e r  s tu d y .

3 .2 .4  O rganic su lph ur com p ou n d s

In  a  s tu d y  u n r e la te d  to  c a rb o n a c e o u s  c h o n d r i te s ,  B ry c e  a n d  H in s h e lw o o d  
(1 9 4 9 ) h a v e  s h o w n  t h a t ,  w h e n  s u lp h u r  is  h e a te d  w i th  a lk a n e s , th e  p r o d u c ts  
a r e  th io ls  a n d  s u lp h id e s .  T h u s ,  i f  b o th  e le m e n ta l  s u lp h u r  a n d  h y d r o c a r 
b o n s  w e re  p r e s e n t  in  c a rb o n a c e o u s  c h o n d r i te s  u n d e r  c o n d i t io n s  f a v o u r a b le  
fo r  r e a c t io n ,  o rg a n ic  s u lp h u r  c o m p o u n d s  w o u ld  b e  th e  e x p e c te d  p r o d u c ts  
( M u rp h y  a n d  N a g y , 1 9 6 6 ).

E a r ly  s tu d ie s  re v e a le d  t h a t  o rg a n ic  c o m p o u n d s  in  c a r b o n a c e o u s  c h o n 
d r i te s  (M ig h e i a n d  G ro s n a ja )  c o n ta in  s u lp h u r  (V d o v y k in , 1 9 6 3 ). T h e  id e n 
t i t y  o f  th e s e  c o m p o u n d s  w a s  l a t e r  e lu c id a te d  by  S tu d ie r  e t  a l . (1 9 6 5 ) w h o  
s o lv e n t - e x t r a c te d  O rg u e il  to  re v e a l s u lp h o n ic  a c id  e s te r s  ( R - S O 3- C H 3). M u r 
p h y  a n d  N a g y  (1 9 6 6 ) fo u n d  e v id e n c e  fo r  s u lp h u r  in  h e te ro c y c lic  a r o m a t ic
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c o m p o u n d s  in  O rg u e il ,  b u t  n o  e v id e n c e  fo r  o p e n  c h a in  th io ls  (R S H ) o r  o p e n  
c h a in  s u lp h id e s  ( R - S - R ) .  F u r th e r m o r e ,  H a y e s  a n d  B ie m a n n  (1 9 6 8 ) fo u n d  
s u lp h u r  in  th e  in e x t r a c t a b le  p o ly m e r ic  m a te r ia l  o f  M u r ra y  a n d  S im m o n d s  
e t  a l. (1 9 6 9 ) p y ro ly s e d  M u r ra y  a t  5 0 0 °C  to  g iv e  a  r a n g e  o f  th io s p h e n e  r e la te d  
c o m p o u n d s .

3.3  P re v io u s  su lp h u r iso to p ic  stu d ie s  and  th e  p ro 
p o sed  orig ins o f  th e  su lp h u r co m p o u n d s in  
ca rb o n a ceo u s ch o n d rites

T h e  f ir s t  a t t e m p t s  to  m e a s u re  th e  s u lp h u r  i s o to p ic  c o m p o s i t io n  o f  c o m p o 
n e n t s  in  c a r b o n a c e o u s  c h o n d r i te s ,  w e re  m a d e  b y  B r ig g s  (1 9 6 3 ) w h o  r e p o r te d  
th e  6^4g v a lu e  o f  o rg a n ic  m a t t e r  in  fo u r  c a r b o n a c e o u s  c h o n d r i te s  to  v a ry  b e 
tw e e n  -j-2 .0 %o a n d  -f-4.0%o). U n fo r tu n a te ly  th e  u se  o f  o rg a n ic  s o lv e n ts  b y  
B r ig g s  ( a  b e n z e n e  a n d  m e th a n o l  m ix tu re )  to  e x t r a c t  th e  o rg a n ic  m a te r ia l  
w o u ld  u n d o u b te d ly  h a v e  a lso  re m o v e d  so m e  o f  th e  e le m e n ta l  s u lp h u r  a s  w e ll.

S u lp h u r  is o to p e  a n a ly s e s  o f  c a rb o n a c e o u s  c h o n d r i te s  h a v e  a lso  b e e n  u n 
d e r ta k e n  in  th e  p a s t  b y  M o n s te r  e t  a l . (1 9 6 5 ) , a n d  K a p la n  a n d  H u ls to n  
(1 9 6 6 ) , th e  r e s u l t s  o f  th e  l a t t e r  s tu d y  w e re  in i t ia l ly  r e p o r te d  b y  H u ls to n  a n d  
T h o d e  (1 9 6 5 a ) . M o n s te r  e t  a l . (1 9 6 5 ) h a v e  c o n d u c te d  a n  in v e s t ig a t io n  o f  
O rg u e i l  a n d  a t t e m p te d  to  m a k e  s u lp h u r  is o to p e  m e a s u r e m e n ts  o n  th e  d if 
f e r e n t  s u lp h u r  sp e c ie s  w h ic h  w e re  e x t r a c te d ,  o r  c o n c e n t r a te d ,  b y  m e a n s  o f  
c h e m ic a l  r e a g e n ts .  T ro i l i te  a n d  e le m e n ta l  s u lp h u r  w e re  fo u n d  to  b e  e n r ic h e d  
in  (6^4g _  -|-2.6%o a n d  + 1 .5% o fo r  t r o i l i t e  a n d  e le m e n ta l  s u lp h u r  r e s p e c 
t iv e ly )  r e la t iv e  to  e p s o m ite  (6^^g  =  —1.3%o). A  s im ila r  p a t t e r n  o f  6^^g v a lu e s  
w a s  o b ta in e d  fo r  th e  s a m e  th r e e  m in e ra ls  b y  K a p la n  a n d  H u ls to n  (1 9 6 6 ) , 
w h o  e x te n d e d  th e  r a n g e  o f  m e a s u r e m e n ts  to  in c lu d e  th r e e  C M 2  m e te o r i te s  
(C o ld  B o k k e v e ld , M ig h e i a n d  M u r ra y )  in  a d d i t io n  to  O rg u e il.  In  a l l  c a se s  
th e  is o to p ic  v a lu e s  a v e ra g e d  o u t  to  g iv e  b u lk  m e te o r i te  6^4g v a lu e s  b e tw e e n  
07oo ( M u r r a y )  a n d  -f-0.57oo (C o ld  B o k k e v e ld ) . K a p la n  a n d  H u ls to n  o b ta in e d  
a  w h o le  ro c k  6^4g v a lu e  fo r  O rg u e il  o f  -f-0.357oo w h ic h  w a s  a lm o s t  id e n t ic a l  
to  t h a t  o b ta in e d  p re v io u s ly  b y  M o n s te r  e t  a l . (1 9 6 5 ).

T h e  n a t u r e  o f  t h e  p r im a ry  s u lp h u r  b e a r in g  c o m p o n e n ts  in  C l  a n d  C 2  m e 
te o r i te s  r e m a in s  u n re s o lv e d . O n  th e  b a s is  o f  s u lp h u r  i s o to p e  s tu d ie s  M o n s te r  
e t  a l . (1 9 6 5 ) h a v e  su g g e s te d  t h a t  e le m e n ta l  s u lp h u r  is  th e  p r e c u r s o r  m in e r a l .  
H o w e v e r , e le m e n ta l  s u lp h u r  is  n o t  e x p e c te d  to  b e  a  p r im a ry  c o n d e n s a t io n  
p r o d u c t  f ro m  a  g a s  o f  s o la r  c o m p o s i t io n ,  n o r  h a s  i t  b e e n  id e n tif ie d  in  a n y  
o th e r  c la ss  o f  m e te o r i te .  A lte rn a t iv e ly ,  D u F re s n e  a n d  A n d e rs  (1 9 6 2 a )  a n d  
L ew is  (1 9 6 7 ) p ro p o s e d  t h a t  th e  p r im a ry  s u lp h u r  c o m p o n e n t  o f  C l  a n d  C 2  
m e te o r i te s  w a s  t r o i l i te .

S e v e ra l p o s s ib le  c h e m ic a l r e a c t io n s  w h ic h  c o u ld  in v o lv e  s u lp h u r  c o m p o 
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n e n t s  o n  th e  p a r e n t  b o d ie s  h a v e  b e e n  c o n s id e re d .

1. E le m e n ta l  s u lp h u r  w ith  f o r s te r i te  a t  h ig h  t e m p e r a tu r e  fo llo w ed  b y  d is 
p r o p o r t i o n a t io n  r e a c t io n s  o f  th e  p r o d u c ts  to  fo rm  s u lp h a te s  (D u F re s n e  

a n d  A n d e r s ,  1 9 6 2 a ).

2 . S u lp h u r  w i th  w a te r ,  a t  t e m p e r a tu r e s  le ss  t h a n  1 0 0 °C , in  n e u t r a l  r e 
d u c in g  c o n d i t io n s  ( M o n s te r  e t  a l . 1 9 6 5 ).

3 . T r o i l i te  w i th  w a te r  ( B o s t r o m  a n d  F re d r ik s s o n ,  1 9 6 6 ).

4 . T h e  o x id a t io n  o f  t r o i l i t e  t o  fo rm  s u lp h a te s  in  a  u n id i r e c t io n a l  r e a c t io n  
w i th  h y d ro g e n  p e ro x id e  in  a n  a lk a lin e  e n v i ro n m e n t  (L e w is , 1 9 67 ).

R e a c t io n  (1 ) su ffe rs  f ro m  s e v e ra l  d i s a d v a n ta g e s  a s  w a s  p o in te d  o u t  b y  L ew is 
a n d  K ro u s e  (1 9 6 9 ). A s a l r e a d y  n o te d ,  e le m e n ta l  s u lp h u r  is  n o t  p r e d ic te d  to  
b e  a  d i r e c t  c o n d e n s a t io n  p r o d u c t  o f  th e  s o la r  n e b u la .  P u r e  f o r s te r i te  is  n o t  a  
c o m p o n e n t  o f  th e s e  m e te o r i te s ,  a n d  th e  r e a c t io n  o f  f o r s te r i te  w i th  e le m e n ta l  
s u lp h u r  is  th e rm o d y n a m ic a l ly  u n fa v o u r a b le  (L e w is  a n d  K ro u s e , 1 9 6 9 ). T h e  
r e a c t io n  p r o p o s e d  b y  M o n s te r  e t  a l. (1 9 6 5 ) ( r e a c t io n  2) is:

4S  +  3 H 2O  -► 2 H 2S +  S 2O I -  +  2H +

T h is  r e a c t io n  w a s  fo u n d  to  p r o d u c e  v e ry  s im ila r  s u lp h u r  is o to p ic  f r a c t io n a 
t io n s  to  th o s e  w h ic h  h a d  b e e n  m e a s u re d  d u r in g  th e i r  s tu d y  o f  th e  s u lp h u r  
c o m p o n e n ts  in  O rg u e il  ( i.e . a n  e n r ic h m e n t  o f  in  e le m e n ta l  s u lp h u r  a n d  
s u lp h a te  c o m p a r e d  to  s u lp h id e ) .  H o w e v e r  th r e e  b r o a d  a s s u m p t io n s  w e re  

m a d e  d u r in g  th e  e x p e r im e n ts .

1. T h a t  th e  h y d ro g e n  s u lp h id e  fo rm e d  d u r in g  th e  r e a c t io n  is  th e  p r e c u rs o r  

o f  a l l  th e  t r o i l i te .

2 . T h e  s u lp h u r  o x y a n io n s  a r e  th e  p r e c u r s o r  o f  a l l  th e  s u lp h a te s .

3 . T h e  e ffe c ts  o n  e q u i l ib r iu m  b y  th e  p re s e n c e  o f  h y d ro g e n  s u lp h id e  w e re  
n o t  c o n s id e re d ,  s in c e  th i s  g as  w a s  r e m o v e d  f ro m  th e  r e a c t in g  m ix tu r e  

a s  i t  fo rm e d .

T h e  r e a c t io n  o f  w a te r  w i th  t r o i l i t e  ( r e a c t io n  3) w a s  p ro p o s e d  b y  B o s t ro m  

a n d  F re d r ik s s o n  (1 9 6 6 ).

FeS  +  2 H 2O  —► F e O O H  -j- H 2S +  | H 2 
FeS +  2 H 2O -► F e O O H  +  1 |H 2  +  S

B o th  r e a c t io n s  p ro d u c e  l im o n ite  (F e O O H ) w h ic h , to g e th e r  w i th  s u lp h a te s  
a n d  e le m e n ta l  s u lp h u r ,  h a v e  b e e n  o b s e rv e d  in  c lo se  a s s o c ia t io n  w ith  c o r 
ro d e d  p y r r h o t i t e  g ra in s  (M u e lle r ,  1962; N a g y  a n d  C la u s ,  1962; B o s tro m
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a n d  F re d r ik s s o n , 1966; B a s s , 1 9 7 0 ). In d e e d , M u e lle r  (1 9 6 2 ) h a s  fo u n d  
l im o n i te  p s e u d o m o rp h s  o f  t r o i l i t e  in  I v u n a  a n d  O rg u e il  w h e re  so m e  lO fim-  
s iz e d  t r o i l i t e  c r y s ta l s  in  O rg u e il  h a v e  b e e n  c o m p le te ly  c o n v e r te d  to  l im o n ite .

L ew is  (1 9 6 7 ) h a s  s u g g e s te d  t h a t  t r o i l i t e  w a s  th e  p re c u rs o r  o f  a l l  th e  
s u lp h u r  m in e r a ls  in  O rg u e il .  U s in g  a n  in i t ia l  s u g g e s tio n  o f  B o s t ro m  a n d  
F re d r ik s s o n  (1 9 6 6 ) , L ew is (1 9 6 7 ) a d v o c a te s  th e  o x id a t io n  o f  t r o i l i t e  in  a  
u n id i r e c t io n a l  r e a c t io n  w i th  h y d ro g e n  p e ro x id e  in  a n  a lk a lin e  e n v i ro n m e n t  
( r e a c t io n  4 ) . H y d ro g e n  p e ro x id e  c o u ld  h a v e  fo rm e d  b y  u l t r a - v io le t  r e a c t io n s  
o c c u r r in g  in  a  w e t  e n v i ro n m e n t ,  p o s s ib ly  o n  a  la rg e  a s te r o id  c a p a b le  o f  
m a in ta in in g  a  t r a c e  o f  a n  a tm o s p h e r e  (L e w is , 1 9 6 7 ).

T h e  e x a c t  n a t u r e  o f  th e  a q u e o u s  a l t e r a t io n  e v e n t  se e m s  to  h a v e  b e e n  
c o m p le x . V e in s o f  c a r b o n a te  a n d  s u lp h a te  h a v e  b e e n  id e n tif ie d  in  C I l  c h o n 
d r i te s  (N a g y  a n d  C la u s ,  1962; N a g y  a n d  A n d e r s e n ,  1964; R ic h a rd s o n ,  1 9 7 8 ). 
R ic h a rd s o n  (1 9 7 8 ) h a s  fo u n d  e v id e n c e  fo r  th r e e  e p iso d e s  o f  v e in  m in e r a l i 
s a t io n ,  w i th  c a lc i te  p r e c ip i ta t io n  fo llo w ed  b y  a n h y d r i t e  a n d  th e n  e p s o m ite .  
K e r r id g e  a n d  B u n c h  (1 9 7 9 ) s u g g e s te d  t h a t  v e in  fo rm a t io n  in  C l  c h o n d r i te s  
w a s  c o n te m p o r a n e o u s  w i th  b r e c c ia t io n ,  s in c e  so m e  o f  th e  v e in s  a re  u n d is 
tu r b e d  b y  th e  b r e c c ia t io n  e v e n t .  T h is  ra is e s  th e  p o s s ib i l i ty  o f  im p a c t  h e a t in g  
a s  a n  im p o r t a n t  p ro c e s s  fo r  g e n e r a t in g  th e  a q u e o u s  f iu id s  f ro m  w h ic h  th e  
s u lp h a te s  a n d  c a r b o n a te s  w e re  d e p o s i te d  (L a n g e  e t  a l .,  1 9 8 5 ). A n  a l t e r n a 
t iv e  f lu id -g e n e ra t in g  p ro c e s s  w a s  p ro p o s e d  b y  D u F re s n e  a n d  A n d e r s  (1 9 6 2 a )  
w h o  sh o w e d  t h a t  in te r n a l  h e a t in g ,  p o s s ib ly  b y  r a d io n u c l id e  d e c a y , o f  a n  
o b je c t  c o n ta in in g  c h e m ic a l ly -b o u n d  w a te r ,  c o u ld  p r o d u c e  a  n a r r o w  z o n e  o f  
l iq u id  w a te r  w i th in  th e  o b je c t .  T h is  z o n e  w o u ld  s lo w ly  m ig r a te  to w a r d s  th e  
s u r fa c e  u n t i l  i t  w a s  im m e d ia te ly  b e lo w  a n  icy  s u r fa c e - la y e r .  W h e th e r  th i s  
ice  la y e r  c a n  r e m a in  i n t a c t  d u r in g  c o n s ta n t  m e te o ro id  b o m b a r d m e n t  w a s  
n o t  c o n s id e re d  b y  D u F re s n e  a n d  A n d e r s ,  b u t  th o u g h t  t o  b e  lik e ly  b y  K e r 
r id g e  a n d  B u n c h  (1 9 7 9 ). C o n s t r a in t s  u p o n  th e  f lu id -g e n e ra t in g  p ro c e s s e s  
c a n  b e  e a s e d  if  th e  a l t e r a t io n  o c c u r re d  a t  t e m p e r a tu r e s  b e lo w  th e  m e lt in g  
p o in t  o f  ice , d u e  to  th e  p re s e n c e  o f  a n  in te r f a c ia l  w a te r  la y e r  a lo n g  g r a in  
b o u n d a r ie s  ( R ie tm e ije r ,  1 9 8 5 ) . N e v e r th e le s s ,  i t  is  s t i l l  n e c e s sa ry  to  in v o k e  
a n  a c t iv e  a q u e o u s  m e d iu m  to  a c c o u n t  fo r  v e in  m in e r a l is a t io n  in  0 1  m e te 
o r i te s .  C la y to n  a n d  M a y e d a  (1 9 8 4 ) h a v e  p la c e d  t e m p e r a t u r e  c o n s t r a in t s  o n  
th e  h y d r o th e r m a l  a l t e r a t io n  e p iso d e , b y  u s in g  th e r m o m e tr y  th e y
p ro p o s e  t h a t  C l  m a te r ia l  w a s  a l te r e d  a t  h ig h e r  te m p e r a tu r e s  (1 0 0  to  150®C) 
th a n  C 2  m a te r ia l  ( < 4 0 ° C ) .  T h e re fo re ,  th e  a b s e n c e  o f  v e in s  in  C 2  c h o n d r i te s  
m a y  b e  e x p la in e d  b y  th e  lo w e r  t e m p e r a tu r e  ( t h a n  C l )  o f  a q u e o u s  a l t e r a t io n .
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3.4  S u lp h u r a b u n d an ce  and iso to p ic  m ea su rem en ts  
d eterm in ed  by s tep p ed  co m b u stio n

A n  in v e s t ig a t io n  o f  th e  is o to p ic  c o m p o s it io n  o f  s u lp h u r  in  c a r b o n a c e o u s  
c h o n d r i te s  w a s  u n d e r ta k e n  fo r  a  n u m b e r  o f  r e a s o n s .  P r im a r i ly ,  s in c e  th e  
w o rk  o f  M o n s te r  e t  a l .  (1 9 6 5 ) , H u ls to n  a n d  T h o d e  (1 9 6 5 a )  a n d  K a p la n  a n d  
H u ls to n  (1 9 6 6 ) a  w e a l th  o f  d a t a  h a s  a c c u m u la te d  c o n c e rn in g  th e  p e t ro lo g y  
a n d  c h e m is t ry  o f  th e  c a r b o n a c e o u s  c h o n d r i te s  (M c S w e e n , 1 9 7 9 a ; p ro v id e s  
a  re v ie w ) . T h e s e  d a t a  h a v e  b e e n  u se d  a s  a  b a s is  fo r  m a n y  th e o r ie s  a b o u t  
th e  n a t u r e  o f  th e  h y d r o th e r m a l  a c t iv i ty  w h ic h  p la y e d  a n  im p o r t a n t  ro le  in  
th e  e a r ly  e v o lu t io n  o f  a t  le a s t  so m e  o f  th e s e  m e te o r i te s .  In  l ig h t  o f  r e c e n t  
d e v e lo p m e n ts  in  th i s  fie ld , i t  w a s  c o n s id e re d  t h a t  r e a p p r a is a l  o f  th e  s u lp h u r  
is o to p ic  c o m p o s i t io n  o f  c a rb o n a c e o u s  c h o n d r i te s  w o u ld  b e  w o r th w h i le .  S in ce  
th e  1 9 6 5 /1 9 6 6  s tu d ie s  c o v e re d  o n ly  a  m in im a l n u m b e r  o f  m e te o r i te s ,  i t  w a s  
c o n s id e re d  v i t a l  to  in c lu d e  a  n u m b e r  o f  a d d i t io n a l  s a m p le s  fo r  w h ic h  n o  p re 
v io u s  s u lp h u r  is o to p e  m e a s u r e m e n ts  e x is t .  T h e  m a jo r  d if fe re n c e s  b e tw e e n  
th e  s u lp h u r  a b u n d a n c e  a n d  is o to p ic  d a t a  o f  t h i s  s tu d y  w ith  th o s e  d e te r m in e d  
p re v io u s ly , a r e  d is c u s s e d  in  S e c t io n  3 .5 .

In  th e  fo llo w in g  s e c tio n s  th e  s te p p e d  c o m b u s t io n  p ro file s  o f  s u lp h u r  o b 
ta in e d  fo r  th e  m e te o r i te s  w ill b e  re fe r re d  to  th e  m ix tu r e  o f  re fe re n c e  c o m 
p o u n d s  w h ic h  w a s  d e s c r ib e d  in  S e c tio n  2 .3 .4 , a n d  w h ic h  is  r e p r o d u c e d  in  
F ig u re  3 .3 . T h e  c o m p o s i t io n  o f  th is  m ix tu r e  w a s  c h o s e n  to  b e  a n a lo g o u s  
to  th e  s u lp h u r  m in e r a l  c o n te n t  o f  C l  a n d  C 2  c h o n d r i te s  in  t h a t  i t  c o n ta in s  
th e  fo u r  m o s t  c o m m o n  m in e ra ls ;  e le m e n ta l  s u lp h u r ,  t r o i l i t e ,  g y p s u m  a n d  
e p s o m ite .

3.4*1 P re -a n a ly tica l trea tm en t

B e tw e e n  5 a n d  20  m g  o f  m e te o r i te  s a m p le s  w e re  ta k e n  fo r  s te p p e d  c o m 
b u s t io n  a n a ly s is  f ro m  a  “re s e rv o ir ” o f  a b o u t  2 0 0 m g  o f  b u lk  s a m p le  w h ic h  
h a d  b e e n  c r u s h e d  to  a  fine  p o w d e r  ( < 5 0 / /m ) .  L a rg e r  a l iq u a n t s  o f  O rg u e il  
a n d  M u rc h is o n  w e re  ta k e n  fo r  t r e a tm e n t  w i th  h y d r o c h lo r ic  a n d  h y d ro f lu o r ic  
a c id s  fo r  th e  p r e p a r a t io n  o f  re s id u e s  O H F  a n d  M H F . T h e s e  re s id u e s  w e re  
p r e p a r e d  b y  D r  M .M . G ra d y  in  th e  fo llo w in g  w a y : a f te r  e x t r a c t io n  w i th  
o r g a n ic  s o lv e n ts ,  s a m p le s  o f  O rg u e il  a n d  M u rc h is o n  w e re  r e a c te d  w i th  12 M  
H C l fo r  12 h o u r s  a t  1 8 °C  a n d  th e n  w i th  H F  a c id  fo r  48  h o u r s  a t  1 8 °C . T h e  
m a te r ia l  w h ic h  r e m a in e d  w a s  r e - t r e a t e d  w i th  12M  H C l a n d  th e  r e s u l t in g  
re s id u e s  w a s h e d  u n t i l  n e u t r a l i ty  w i th  d is t i l le d  w a te r .  D u r in g  p r e p a r a t io n ,  
O H F  a n d  M H F  u n d e r w e n t  w e ig h t  lo sses  o f  9 5 .5 %  a n d  9 7 .7 %  re s p e c tiv e ly .

80



600

Ü
o 500
O
CL

e 400
Q.a

3 300
SZ
Q.
D
(/) 200
O

■o
0 100
*>

Troilite

Elemental
Sulphur

Gypsum
Epsomite

200 400 600 800 1000 
Temperature (°C)

F i g u r e  3 .3  S u lp h u r  re le a s e d  u p o n  s te p p e d  c o m b u s t io n  o f  th e  re fe re n c e  

m ix tu r e .
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S a m p le
Y ie ld  o f  
s u lp h u r  

W t%

L it .  v a lu e  
s u lp h u r  

W t%

634g
(%o)

L it.  v a lu e  
634g
(7oo)

I v u n a 2 .9 4 6 .7 0  (a ) + 0 .2 5
O r g u e i l - a 2 .83 5 .4 9  (a ) + 0 .3 8 + 0 .3 5  (b )
O rg u e il 4 .3 8 5 .9 6  (b ) 0 .0 0  (b )
O rg u e il 3 .7 2 4 .0 8  (b ) + 0 .4 1  (c)
Y  8 2 0 4 2 2 .5 5 2 .5 0  (d ) + 0 .3 7 -

T a b l e  3 .2  A  s u m m a r y  o f  s u lp h u r  d a t a  o b ta in e d  fo r  C l  m e te o r i te s  a n d  
c o m p a r is o n  w i th  p re v io u s  m e a s u re m e n ts .  R e fe re n c e s : (a )  M a s o n  
(1 9 6 3 ); (b )  K a p la n  a n d  H u ls to n  (1 9 6 6 ); (c) M o n s te r  e t  a l . (1 9 6 5 ); 
(d )  G r a h a m  a n d  Y a n a i (1 9 8 5 ).

3 .4 .2  C l  m eteorites

T h e  d i s t r i b u t io n  a n d  is o to p ic  c o m p o s i t io n  o f  s u lp h u r  w a s  d e te r m in e d  in  tw o  
C I l  m e te o r i te s ,  O rg u e il a n d  I v u n a ,  a n d  Y a m a to  8 2 0 4 2  w h ic h  is  p r o b a b ly  
a  C M l  c h o n d r i t e  ( G r a h a m  e t  a l . ,  1985; G ra d y  e t  a l . ,  1 986 ). F o u r  s a m p le s  
o f  O rg u e il  h a v e  b e e n  a n a ly s e d ,  b u t  o n ly  s te p p e d  c o m b u s t io n  d a t a  fo r  tw o  
o f  th e s e ,  la b e l le d  O r g u e i l - a  a n d  O rg u e i l - b ,  w ill b e  d is c u s se d . T h e  r e m a in 
in g  tw o  O rg u e il  s a m p le s  a re  n o t  c o n s id e re d  f u r th e r  b e c a u s e  p o o r  i s o to p ic  
m e a s u r e m e n ts  w e re  o b ta in e d  f ro m  th e s e  s a m p le s .  O r g u e i l - a  w a s  a n a ly s e d  
b y  s te p p e d  c o m b u s t io n  f ro m  r o o m  te m p e r a t u r e  to  1 2 0 0 °C , w h ils t  O r g u e i l - b  
w a s  o n ly  s te p p e d  c o m b u s te d  u p  to  6 0 0 °C . O rg u e i l - b  w a s  a n a ly s e d  in  th i s  
w a y  in  o r d e r  to  a s se ss  th e  r e p r o d u c ib i l i ty  o f  th e  m e th o d  in  th e  te m p e r a t u r e  
re g io n  o v e r  w h ic h  m o s t  o f  th e  c a r b o n  a n d  w a te r  a re  re le a se d  in  th i s  m e te 
o r i te  ( th e  p re s e n c e  o f  s m a ll  a m o u n ts  o f  th e s e  c o m p o u n d s  a lo n g  w i th  s u lp h u r  
d io x id e  in  th e  m a s s  s p e c t r o m e te r  h a v e  a n  a d v e r s e  e ffec t u p o n  th e  s u lp h u r  
is o to p e  m e e is u re m e n ts  a n d  a s  su c h  i t  is  im p e r a t iv e  t h a t  o n ly  p u r e  s u lp h u r  
d io x id e  is  a d m i t t e d  to  th e  in s t r u m e n t ) .

T h e  s te p p e d  c o m b u s t io n  p ro file s  o f  th e  C l  m e te o r i te s  a re  s h o w n  in  F ig 
u r e  3 .4 . T h e  t o t a l  s u lp h u r  c o n te n ts  a n d  w h o le - r o c k  6^4$ v a lu e s  o b ta in e d  b y  
s u m m a t io n  o f  th e  s te p p e d  c o m b u s t io n  d a t a  a re  c o m p a re d  w i th  p u b l is h e d  
v a lu e s  in  T a b le  3 .2 . T h e  t o t a l  s u lp h u r  c o n te n ts  o f  O rg u e i l - a ,  I v u n a  a n d  
Y a m a to  8 2 0 4 2  a r e  b e tw e e n  2 .5 5  w t%  a n d  2 .9 4  w t% . T h e r e  is  g o o d  a g re e 
m e n t  fo r  th e  s u lp h u r  c o n te n t  o f  Y a m a to  8 2 0 4 2  o b ta in e d  in  th i s  s tu d y  w i th  
t h a t  d e te r m in e d  p re v io u s ly  b y  G r a h a m  a n d  Y a n a i (1 9 8 5 ), b u t  th e  v a lu e s  
o b ta in e d  fo r  I v u n a  a n d  O rg u e il a re  s ig n if ic a n t ly  lo w e r  (b y  56%  in  th e  c a se  o f  
Iv u n a )  t h a n  p r e v io u s  e s t im a te s  (T a b le  3 .2 ) .  T h e  s u lp h u r  c o n te n ts  o f  th e  fo u r
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F i g u r e  3 .4  T h e  a b u n d a n c e  (— ) a n d  is o to p ic  c o m p o s i t io n  ( - • - )  o f  s u lp h u r  
in  C l  m e te o r i te s  a s  d e te r m in e d  by  s te p p e d  c o m b u s t io n .
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O rg u e il  s a m p le s  v a ry  b e tw e e n  2 .8 3  a n d  4 .3 8  w t%  (T a b le  3 .2 ) , w h ic h  s u g g e s ts  
t h a t  th i s  m e te o r i te  h a s  a  v e ry  h e te ro g e n e o u s  d i s t r ib u t io n  o f  s u lp h u r .  T h is  is 
n o t  s u r p r i s in g  a s  m o s t  o f  th e  s u lp h u r  in  O rg u e il ( a n d  I v u n a )  is  c o n c e n t r a te d  
in  s u lp h a te - b e a r in g  v e in s  a n d  i t  is  p o s s ib le  t h a t  th e  q u a n t i ty  o f  m a te r i a l  
a v a i la b le  fo r  s tu d y  (2 0 0 m g ), w a s  n o t  r e p r e s e n ta t iv e  o f  th e  b u lk  m e te o r i te .  
T h is  a r g u m e n t  is s t r e n g th e n e d  b y  th e  g o o d  a g re e m e n t  t h a t  w a s  o b ta in e d  
b e tw e e n  th e  s u lp h u r  a b u n d a n c e s  m e a s u re d  in  th is  s tu d y  fo r  Y a m a to  8 2 0 4 2  
a n d  0 2  c h o n d r i te s  (S e c tio n  3 .4 .3 , T a b le  3 .6 ) w i th  p u b lis h e d  a n a ly s e s ,  s in c e  
v e in  m in e r a l is a t io n  is  u n c o m m o n  o r  a b s e n t  in  th e s e  s a m p le s .

T h e  w h o le - ro c k  6 ^^S v a lu e s  a re  s l ig h t ly  p o s i t iv e  (b e tw e e n  +0.257oo a n d  
-b0.387oo), a n d  a re  w i th in  th e  c h a r a c te r i s t i c  r a n g e  fo r  m e te o r i te s  o f  ±  l 7oo 
o f  C D T  (T a b le  3.2). T h e  w h o le - ro c k  f^'*S v a lu e  fo r  O r g u e i l - a  (-f0.387oo), 
o b ta in e d  b y  s te p p e d  c o m b u s t io n ,  is  id e n t ic a l  to  t h a t  r e p o r te d  b y  K a p la n  a n d  
H u ls to n  (1 9 6 6 ) fo r  th i s  m e te o r i te  (T a b le  3.2). I t  is  a p p a r e n t  t h a t  th e  m u l t i 
re le a se  p ro file s  o f  th e  C l  m e te o r i te s ,  sh o w n  in  F ig u re  3.4, a re  q u a l i t a t iv e ly  
s im i la r  to  e a c h  o th e r  a n d  r e m in is c e n t  o f  th e  s te p p e d  c o m b u s t io n  p ro file  
o b ta in e d  fo r  th e  re fe re n c e  m ix tu r e  (F ig u re  3.3). F o r  th e  m e te o r i te s ,  th e  fo u r  
re le a se s  o f  s u lp h u r  se e n  in  th e  p ro file s  c a n  b e  t e n ta t iv e ly  a s s ig n e d , in  o r d e r  
o f  in c re a s in g  t e m p e r a tu r e ,  to  th e  fo llo w in g  m in e ra ls .

1. E le m e n ta l  a n d / o r  o rg a n ic  s u lp h u r .

2 . S u lp h id e s . P ro b a b ly  t r o i l i t e  o r  p y r r h o t i t e  a l th o u g h  p o s s ib ly  p e n t 
l a n d i t e  a s  w e ll.

3. G y p s u m .

4. E p s o m ite .

H a lb o u t  e t  a l. (1 9 8 6 ) h a v e  p re v io u s ly  r e p o r te d  r e s u l t s  fo r  a  s te p p e d  c o m 
b u s t io n  o f  s u lp h u r  in  O rg u e il ,  h o w e v e r , th e  y ie ld s  o f  s u lp h u r  o b ta in e d  w e re  
to o  lo w  ( a  t o t a l  y ie ld  o f  o n ly  0 .2 5  w t%  s u lp h u r )  to  p e r m i t  a  q u a n t i t a t i v e  
i n te r p r e t a t i o n  o f  th e  re le a s e  p ro file . H a lb o u t  e t  a l . d id  id e n t i fy  fo u r  m a in  l ib 
e r a t io n s  o f  s u lp h u r  w h ic h  o c c u r re d  a t  s im i la r  te m p e r a tu r e s  to  th o s e  o b s e rv e d  
f ro m  th e  s te p p e d  c o m b u s t io n  d a t a  o f  O r g u e i l - a .

T h e  a b u n d a n c e  a n d  f^^S  v a lu e s  fo r  e a c h  o f  th e  s u lp h u r - b e a r in g  c o m 
p o n e n t s  in  th e s e  m e te o r i te s ,  a r e  g iv e n  in  T a b le  3 .3 . A  d is c u s s io n  o f  th e  
m e th o d s  u s e d  to  c a lc u la te  th e  v a lu e s  g iv e n  in  T a b le  3 .3  n o w  fo llo w s.

Organic, elem ental and troilite sulphur

I t  is g e n e ra lly  a c c e p te d  t h a t  th e  c a r b o n a c e o u s  m a te r ia l  r e m a in in g  a f te r  e x 
t r a c t io n  w i th  o rg a n ic  s o lv e n ts  a n d  d e m in e r a l is a t io n  w ith  h y d ro c h lo r ic  a n d

84



I v u n a O r g u e i l - a O rg u e il— b Y  8 2 0 4 2
O rg a n ic  S Y ie ld  (w t% ) 0 .1 2 0 .1 6 0 .0 4

(% ,) N D + 2 .7 0 N D
E le m e n ta l  Y ie ld  (w t% ) 0 .6 5 0 .1 0 0 .5 5 0 .3 6

(% ,) + 1 .9 1 + 4 .2 0 + 1 .3 5 + 1 .5 3
S u lp h id e  Y ie ld  (w t% ) 0 .1 5 0 .4 8 0 .4 7 0 .3 9

(% ,) - 2 .7 5 - 1 .7 8 - 2 .3 4 - 1 . 4 0
F E S O N  Y ie ld  (w t% ) 0 .41 0 .7 8 — 0 .8 8

m s  (7oo) N D N D - N D
G y p s u m  Y ie ld  (w t% ) 0 .9 7 0 .6 6 — 0 .2 3

m s  (7oo) N D N D - N D
E p s o m ite  Y ie ld  (w t% ) 0 .6 3 0 .6 6 — 0 .9 7

(%o) + 0 .2 3 + 1 .5 5 - 0 . 4 3

T a b l e  3 .3  S u m m a r y  o f  s u lp h u r  d a t a  fo r  th e  c o n s t i tu e n ts  o f  C l  m e te o r i te s .  
N D  =  n o t  d e te r m in a b le .

h y d ro f lu o r ic  a c id s , is  r e p r e s e n ta t iv e  o f  th e  c a r b o n  in  th e  fo rm  o f  m a c ro -  
m o le c u la r  o rg a n ic  m a te r ia l  in d ig e n o u s  to  th e  m e te o r i te .  T h e re fo re ,  in  o r d e r  
to  a s se s s  w h a t  p r o p o r t io n s  o f  th e  m a te r ia l  r e le a se d  a t  lo w  te m p e r a t u r e  is  d u e  
to  s u lp h u r  in  e i th e r  e le m e n ta l  o r  o rg a n ic  fo rm s , re s id u e  O H F  w a s  t r e a t e d  to  
a  s te p p e d  c o m b u s t io n  (F ig u r e  3 .5 ) .

T h e  s te p p e d  c o m b u s t io n  p ro file  o f  O H F  sh o w s  t h a t  th e r e  is  a  b im o d a l  r e 
le a s e  o f  s u lp h u r ,  w i th  m a x im a  b e tw e e n  2 5 0  to  3 5 0 °C  a n d  4 0 0  to  5 0 0 °C . T h e  
tw o  re le a s e s  s u g g e s t  t h a t  th e  m a c r o m o le c u la r  m a te r ia l  m a te r ia l  in  O rg u e il  
is  in h o m o g e n e o u s .  F o r  in s ta n c e ,  th e  lo w  t e m p e r a t u r e  s u lp h u r  m a y  r e p r e s e n t  
th e  c o m b u s t io n  o f  s id e -c h a in  m a te r i a l ,  w i th  th e  m o re  s ta b le  (c o re )  m a te r i a l  
b u r n in g  a t  h ig h e r  t e m p e r a tu r e  (G i lm o u r  e t  a l . 1 9 8 5 ).

In  O H F , 4 4 %  o f  th e  o rg a n ic  s u lp h u r  c o m b u s ts  ( e q u iv a le n t  t o  0 .0 7  w t%  
s u lp h u r  in  th e  b u lk  m e te o r i te )  b e tw e e n  ro o m  te m p e r a t u r e  a n d  3 0 0 °C . T h e  
f ir s t  p e a k  in  th e  s u lp h u r  re le a s e  o f  b u lk  O rg u e il  ( F ig u r e  3 .4 ) ,  o c c u rs  b e tw e e n  
ro o m  te m p e r a t u r e  a n d  3 0 0 °C , fo r  w h ic h  th e  m e a s u re d  s u lp h u r  c o n te n t s  a r e
0 .1 7  w t%  fo r  O rg u e il—a  a n d  0 .6 2  w t%  fo r  O r g u e i l - b .  T h u s ,  a  m o r e  r e a l is t i c  
a p p r a is a l  o f  th e  e le m e n ta l  s u lp h u r  c o n te n ts  c a n  b e  c a lc u la te d  a s  b e in g  0 .1 0  
w t%  a n d  0 .5 5  w t%  in  O rg u e il—a  a n d  O r g u e i l - b  r e s p e c tiv e ly . T h e  d if fe re n c e  
in  e le m e n ta l  s u lp h u r  c o n te n ts  b e tw e e n  th e  tw o  O rg u e il  s a m p le s  m a y  b e  d u e  
to :

1. S a m p le  in h o m o g e n e i ty .

2. P ro b le m s  a s s o c ia te d  w ith  c o m b u s t in g  e le m e n ta l  s u lp h u r  ( th i s  w a s  d is -
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F i g u r e  3 .5  T h e  a b u n d a n c e  (— ) a n d  is o to p ic  c o m p o s i t io n  ( - • - )  o f  s u lp h u r  
in  O rg u e il  H F /H C l  r e s id u e  (O H F )  a s  d e te r m in e d  b y  s te p p e d  c o m 
b u s t io n .
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c u s s e d  in  S e c t io n  2 .3 .1 ) .

3 . A  p o o r  s e p a r a t io n  o f  s u lp h u r  d io x id e  f ro m  o th e r  p r o d u c t  g a se s  ( n o ta b ly  
c a r b o n  d io x id e  a n d  w a te r ) .

I f  a n y  o f  th e s e  e x p la n a t io n s  a re  c o r r e c t ,  th e n  th e  h ig h e r  v a lu e  o f  0 .5 5  w t%  
e le m e n ta l  s u lp h u r  w o u ld  s e e m  m o re  a p p r o p r ia te .  P re v io u s  d e t e r m in a t io n s  
fo r  th e  e le m e n ta l  s u lp h u r  c o n te n t  o f  O rg u e il in c lu d e : 0 .6 7  w t%  (D u F re s n e  
a n d  A n d e r s ,  1 9 6 2 a ) , 1 .76  w t%  ( H a y a ts u  e t  a l .,  1 963 , q u o te d  in  M o n s te r  e t  
a l . ,  1 9 6 5 ), 1 .7  w t%  ( B o s tr o m  a n d  F re d r ik s s o n , 1966) a n d  1.8 w t%  ( K a p la n  
a n d  H u ls to n ,  1 9 6 6 ).

T h e  t r o i l i t e  s u lp h u r  c o n te n t  o f  O rg u e il h a s  n o t  p re v io u s ly  b e e n  d e f in e d  
w i th  a n y  f irm  c o n v ic tio n .  V a lu e s  o f  0 .8  w t%  ( M o n s te r  e t  a l . ,  1 9 6 5 ) , 0 .0 4  w t%  
( K a p la n  a n d  H u ls to n ,  1966) a n d  1 .65  w t%  (B o s tr o m  a n d  F re d r ik s s o n , 1966 ) 
h a v e  a ll b e e n  r e p o r te d .  In  th e  p r e s e n t  s tu d y , i t  w a s  n o t  p o s s ib le  to  d e te r m in e  
t r o i l i t e  s u lp h u r  c o n te n ts  d i r e c t ly  f ro m  th e  s te p p e d  c o m b u s t io n  d a t a  b e c a u s e  
o f  in te r fe re n c e  f ro m  o rg a n ic  s u lp h u r .  A n  e s t im a te  o f  th e  t r o i l i t e  s u lp h u r  
c a n  b e  m a d e , h o w e v e r , b e c a u s e  b e tw e e n  3 0 0  a n d  6 0 0 °C  ( th e  te m p e r a t u r e  
r a n g e  o v e r  w h ic h  t r o i l i t e  b u r n s ) ,  56%  (0 .0 9  w t% )  o f  th e  t o t a l  o rg a n ic  s u lp h u r  
(0 .1 6  w t% )  in  O H F  w ill c o m b u s t  (F ig u r e  3 .5 ) .  T h e  q u a n t i t ie s  m e a s u r e d  fo r  
th e  s e c o n d  p e a k  in  th e  s u lp h u r  re le a se  (3 0 0  to  6 0 0 °C ) a re  0 .5 7  w t%  a n d
0 .5 6  w t%  fo r  O r g u e i l - a  a n d  O r g u e i l - b  r e s p e c tiv e ly  (F ig u r e  3 .4 ) .  T h u s  b y  
d if fe re n c e , th e  a m o u n ts  o f  t r o i l i t e  s u lp h u r  a re  c a lc u la te d  a s  b e in g  0 .4 8  w t%  
a n d  0 .4 7  w t%  fo r  O r g u e i l - a  a n d  - b  re sp e c tiv e ly .

T h e  e le m e n ta l  a n d  t r o i l i t e  s u lp h u r  c o n te n ts  o f  I v u n a  (g iv e n  in  T a b le  3 .3 )  
c a n  b e  e s t im a te d  u s in g  th e  d a t a  f ro m  O H F  b y  a s s u m in g  t h a t :

1. T h e  C :S  r a t i o  o f  th e  a c id -  a n d  s o lv e n t- in s o lu b le  m a c r o m o le c u la r  m a 
t e r i a l  in  Iv u n a ,  is  id e n t ic a l  to  t h a t  o f  O rg u e il .

2 . T h e  o r g a n ic  s u lp h u r  in  I v u n a  h a s  a  s im ila r  c o m b u s t io n  p a t t e r n  to  t h a t  
o f  O rg u e il .

S m ith  a n d  K a p la n  (1 9 7 0 ) d e te r m in e d  a  v a lu e  o f  2 .1 5  w t%  c a r b o n  fo r  th e  
a c id -  a n d  s o lv e n t- in s o lu b le  m a c ro m o le c u la r  m a te r i a l  in  O rg u e il ,  t h i s  c a n  b e  
u s e d  to  o b ta in  a  C :S  r a t i o  o f  1 3 .44 . F u r th e r m o r e ,  S m ith  a n d  K a p la n  (1 9 7 0 ) 
o b ta in e d  a  v a lu e  o f  1 .5 7  w t%  fo r  th e  in e x t r a c t a b le  c a rb o n  o f  I v u n a .  U s in g  
th i s  in f o r m a t io n ,  th e  o rg a n ic  s u lp h u r  c o n te n t  o f  I v u n a  is  e s t im a te d  to  b e
0 .1 2  w t% .

In  I v u n a ,  th e  s u lp h u r  re le a se d  o v e r  th e  tw o  t e m p e r a tu r e  in te r v a ls ,  f ro m  
ro o m  te m p e r a t u r e  to  3 0 0 °C , a n d  f ro m  300  to  6 0 0 °C , a m o u n ts  to  0 .7 0  w t%  
a n d  0 .2 2  w t%  re s p e c tiv e ly  (F ig u re  3 .4 ) . A p p ly in g  a  c o r re c t io n  fo r th e  
a m o u n ts  o f  o rg a n ic  s u lp h u r  l ib e r a te d  o v e r  th e s e  tw o  te m p e r a tu r e  in te r v a ls  
g iv e s  v a lu e s  o f  0 .6 5  w t%  e le m e n ta l  s u lp h u r  a n d  0 .1 5  w t%  t r o i l i t e  s u lp h u r  in
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I v u n a .  T h e r e  a r e  n o  p u b lis h e d  v a lu e s  fo r  th e  c o n te n ts  o f  e le m e n ta l  s u lp h u r  
a n d  t r o i l i t e  in  th i s  m e te o r i te .  S in c e  e le m e n ta l  a n d  t r o i l i t e  s u lp h u r  a p p e a r  to  
b e  g e n e tic a l ly  r e la te d  in  C l  m e te o r i te s  (e .g . B a s s , 1 9 7 0 ), th e  r e la t iv e  p r o p o r 
t io n s  o f  th e s e  tw o  m in e ra ls  m a y  b e  u se d  a s  in d ic a t io n  o f  th e  r e la t iv e  e x t e n t  
o f  a q u e o u s  a l t e r a t io n .  T h e  r a t i o  o f  e le m e n ta l  to  t r o i l i t e  s u lp h u r  is  h ig h e r  in  
I v u n a  (4 .3 3 )  t h a n  in  O rg u e il  (0 .9 6 ) , w h ic h  se e m s  to  in d ic a te  t h a t  I v u n a  is  
m o re  a l te r e d  t h a n  O rg u e il.

F o r  Y a m a to -8 2 0 4 2 , c a r b o n  h a s  b e e n  d e te r m in e d  u s in g  s te p p e d  c o m b u s 
t io n  o f  a  w h o le - ro c k  s a m p le  to  b e  1.05 w t%  ( G r a d y  e t  a l .,  1986) w h ic h  is low  
fo r  a  C l  c h o n d r i te .  T h e  c a r b o n  re le a se d  b e lo w  6 0 0 °C  (i.e . f ro m  m a c ro m o le c 
u la r  o rg a n ic  m a te r ia l )  a m o u n ts  to  0 .5 6  w t% , w h ic h  is  s ig n if ic a n t ly  le ss  t h a n  
t h a t  in  O rg u e il .  U s in g  s im ila r  re a s o n in g  a s  w a s  a p p l ie d  to  I v u n a ,  th e  o rg a n ic  
s u lp h u r  c o n te n t  o f  Y a m a to  8 2 0 4 2  is e s t im a te d  to  b e  0 .0 2 4  w t% . A s s u m in g  
13%  (0 .0 1 8  w t% )  o f  th e  o rg a n ic  s u lp h u r  c o m b u s ts  b e lo w  3 0 0 °C , th e n  th e re  
is 0 .3 7  w t%  e le m e n ta l  s u lp h u r  in  Y a m a to  8 2 0 4 2 . F o r  s u lp h u r  l ib e r a te d  f ro m  
b e tw e e n  3 0 0  a n d  6 0 0 °C , th e r e  is  e s t im a te d  to  b e  0 .0 2 4  w t%  o rg a n ic  s u lp h u r  
a n d  th u s  0 .3 9  w t%  s u lp h u r  a s  t r o i l i te .  T h is  g iv e s  a  e le m e n ta l  to  s u lp h id e  
s u lp h u r  r a t i o  in  Y a m a to  820 4 2  o f  0 .9 4 , w h ic h  s u g g e s ts  t h a t  Y a m a to  8 2 0 4 2  is 
le ss  a l te r e d  t h a n  e i th e r  I v u n a  o r  O rg u e il  a n d  th i s  is  c o n s is te n t  w i th  i t s  C M l  
c la s s i f ic a t io n .

T h e  v a lu e  fo r  s u lp h u r  re le a se d  b e lo w  6 0 0 °C  in  O H F  ( F ig u r e  3 .5 ) 
is  +2.77oo. B rig g s  (1 9 6 3 ) h a s  d e te r m in e d  th e  s ta b le  is o to p ic  c o m p o s i t io n  o f  
th e  o r g a n ic  s u lp h u r  in  O rg u e il  to  b e  + 3 .14% o. T h e  is o to p ic  v a lu e  r e p o r te d  
b y  B r ig g s  is  r e la t iv e  to  th e  is o to p ic  s t a n d a r d  u se d  b y  T h o d e  e t  a l . (1 9 5 4 ) . 
W h e n  th i s  v a lu e  is  c o n v e r te d  to  th e  C D T  s c a le , th i s  t r a n s f o r m s  to  + 4 .04% o . 
H o w e v e r , th e  v a lu e s  o b ta in e d  b y  B r ig g s  m u s t  b e  c o n s id e re d  w i th  c a u 
t io n  s in c e  th e  e x t r a c t io n  te c h n iq u e  in v o lv e d  th e  u se  o f  o rg a n ic  s o lv e n ts  w h ic h  
m a y  h a v e  a lso  r e m o v e d  so m e  o f  th e  e le m e n ta l  s u lp h u r .

I s o to p ic  d a t a  o b ta in e d  fo r  t e m p e r a tu r e  s te p s  b e lo w  300°C in  O H F  (f^4g 
— + 4 .17o o ), c a n  b e  e m p lo y e d  to  c a lc u la te  th e  v a lu e  o f  th e  e le m e n ta l  
s u lp h u r  in  th e  O rg u e il  s a m p le s  (T a b le  3.3). T h e  v a lu e s  so  o b ta in e d ,  a re  
+ 4 .2 0  /oo in  O rg u e i l—a  a n d  +1.35%o in  O rg u e il—b . T h e s e  c o m p a r e  w i th  v a lu e s  
o f  + 1 .4  to  +3.07oo f ro m  M o n s te r  e t  a l . (1965) a n d  + 1.0  to  + 3 .3 %o f ro m  
K a p la n  a n d  H u ls to n  (1966). S in ce  Y a m a to  82042 is  so  d e p le te d  in  o r g a n ic  
s u lp h u r ,  th e n  th e  6^^S v a lu e  o f  +1.537%) r e c o rd e d  f ro m  s te p s  b e lo w  300°C, 
is  p r o b a b ly  th e  b e s t  d i r e c t  e s t im a te  o f  th e  is o to p ic  c o m p o s i t io n  o f  e le m e n ta l  
s u lp h u r .  T h e r e  a re  n o  p re v io u s  is o to p ic  m e a s u r e m e n ts  a v a i la b le  fo r  th e  
o r g a n ic  s u lp h u r  in  I v u n a ,  b u t  th e  v a lu e  o f  +1.917% ,, re c o rd e d  fo r  s te p s  
b e lo w  300 C, p ro b a b ly  r e p r e s e n ts  a n  u p p e r  l im i t  fo r  th e  o f  e le m e n ta l  
s u lp h u r  in  th is  m e te o r i te .

A s  th e  q u a n t i t y  o f  o rg a n ic  s u lp h u r  l ib e r a te d  b e tw e e n  300  a n d  6 0 0 ° C  in  
Y a m a to  8 2 0 4 2  is e s t im a te d  to  b e  o n ly  0 .0 2  w t% , th e  v a lu e  r e c o rd e d

88



S a m p le Y ie ld C a lc . C a lc . L it.
(600-900°C ) g y p s u m C a C a

w t% w t% w t% w t%
I v u n a 1.38 7.42 1.73 1.34 (a )
O r g u e i l - a 1.44 7.74 1.80 0.87 (a )
Y  82042 1.11 5.97 1.39 1.21  (b )

T a b l e  3 .4  C o n te n ts  o f  c a lc iu m  as  g y p s u m  in  C l  m e te o r i te s  c a lc u la te d  f ro m  
s u lp h u r  re le a se d  b e tw e e n  6 0 0 -9 0 0 ° C . R e fe re n c e s : (a )  M a s o n  (1 9 6 3 ); 
(b )  G r a h a m  a n d  Y a n a i (1 9 8 5 ).

in  th i s  te m p e r a t u r e  in te r v a l  o f  +1.49%o is  p r o b a b ly  r e p r e s e n ta t iv e  o f  th e  
is o to p ic  c o m p o s t io n  o f  t r o i l i t e  s u lp h u r  ( F ig u r e  3 .4 ). U sin g  th e  y ^ lu e  
o f  + 3.117o o  o b ta in e d  fo r  s u lp h u r  re le a se d  b e tw e e n  300 a n d  600°C in  O H F  
( F ig u r e  3.5), t o  c o r r e c t  th e  s u m m e d  v a lu e s  fo r  th e  300 to  600°C s u lp h u r  
in  b u lk  O rg u e il  s a m p le s ,  g iv e s  v a lu e s  fo r  s u lp h id e  o f  -1.78%o a n d  - 2 .3 4 %o 
fo r  O r g u e i l - a  a n d  O r g u e i l - b  r e s p e c tiv e ly . U n fo r tu n a te ly ,  th e  q u a n t i t i e s  o f  
s u lp h u r  r e le a s e d  f ro m  I v u n a  fo r  te m p e r a t u r e  s te p s  b e tw e e n  300 a n d  600°C, 
w e re  g e n e ra lly  to o  s m a ll  fo r  is o to p ic  a n a ly s is  a n d  a s  su c h  o n ly  a  s in g le  m e a 
s u r e m e n t  (6^^S  =  —2.0%o) w a s  o b ta in e d .  T h is  u n d o u b te d ly  r e p r e s e n ts  a  
m ix tu r e  o f  o rg a n ic  s u lp h u r  a n d  t r o i l i t e  s u lp h u r .  T h e  n e g a t iv e  v a lu e s  
r e c o rd e d  fo r  O rg u e il  a n d  I v u n a  t r o i l i t e  d iffe r  f ro m  t h a t  o b ta in e d  fo r  Y am - 
a t o  82042 (-|-1.49%o) a n d  p r e v io u s  m e a s u r e m e n ts  r e p o r te d  fo r  O rg u e il 
t r o i l i t e  w h ic h  in c lu d e  +3%o ( K a p la n  a n d  H u ls to n ,  1966) a n d  + 2 .6 %o (M o n 
s t e r  e t  a l . ,  1965). H o w e v e r , th e  r e s u l t s  o f  th i s  s tu d y  a g re e  w ith  th e  o v e ra ll  
s u lp h u r  i s o to p ic  f r a c t io n a t io n  t h a t  w o u ld  b e  p r e d ic te d  fo r  k in e t ic  is o to p e  ef
fe c ts  a s s o c ia te d  w i th  th e  a q u e o u s  a l t e r a t io n  o f  t r o i l i t e  to  e le m e n ta l  s u lp h u r .  
A l te r a t io n  o f  t r o i l i t e  s h o u ld  le a d  to  a  p r e f e r e n t ia l  t r a n s f e r  o f  in to  th e  
o x id is e d  s u lp h u r  c o m p o n e n t  ( e le m e n ta l  s u lp h u r ) .

S u l p h a t e s  a n d  F E S  O N

T h e  c o n c e n t r a t io n s  o f  s u lp h u r  re le a s e d  b e tw e e n  6 0 0  a n d  9 0 0 °C  b y  s te p p e d  
c o m b u s t io n  o f  Iv u n a ,  O r g u e i l - a  a n d  Y a m a to  8 2 0 4 2  a re  g iv e n  in  T a b le  3 .3 . 
A s s u m in g , in  th e  f i r s t  in s ta n c e ,  t h a t  a ll th e  s u lp h u r  l ib e r a te d  o v e r  th i s  t e m 
p e r a tu r e  in te r v a l  is  f ro m  g y p s u m  (a s  i t  is  in  th e  re fe re n c e  m ix tu r e .  F ig u re  
3 .3 ) ,  t h e n  th e  d a t a  c a n  b e  u se d  to  c a lc u la te  th e  c o n te n ts  o f  th i s  m in e ra l  
in  th e  m e te o r i te s .  T h e  g y p s u m  c o n te n ts  so  d e r iv e d , a r e  g iv en  in  T a b le  3 .4  
to g e th e r  w i th  th e  e q u iv a le n t  a m o u n ts  o f  c a lc iu m  w h ic h  a re  c o m p a re d  w ith  
l i t e r a tu r e  v a lu e s  fo r th e  b u lk  c a lc iu m  c o n te n ts  o f  th e  m e te o r i te s .  F ro m  th e
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d a t a  in  T a b le  3 .4 , i t  c a n  b e  se e n  t h a t  th e  c a lc iu m  c o n te n ts  o b ta in e d  f ro m  
th e  “g y p s u m ” v a lu e s  a re  c o n s is te n t ly  h ig h e r  t h a n  th e  p u b lis h e d  b u lk  C a  
c o n te n ts .  A l th o u g h  m o s t  o f  th e  C a  in  C l  c h o n d r i te s  is p r o b a b ly  in  th e  fo rm  
o f  g y p s u m , so m e  o f  th i s  e le m e n t  w ill a lso  o c c u r  a s  c a r b o n a te s  (c a lc i te  a n d  
d o lo m ite )  a n d  a  s m a lle r  a m o u n t  w ill b e  in  p y ro x e n e .  T h e s e  r e s u l t s  in d ic a te  
t h a t  in  a d d i t io n  to  g y p s u m , th e r e  is a n o th e r  m a jo r  s u lp h u r - b e a r in g  p h a s e  in  
th e  m e te o r i te s  w h ic h  c o m b u s ts  b e tw e e n  6 0 0  a n d  9 0 0 °C . T h e re  is  e v id e n c e  
t h a t  th i s  s u lp h u r - b e a r in g  p h a s e  c o u ld  b e  th e  c o m p o n e n t  o f  P C P  k n o w n  as  
F E S O N  (T o m e o k a  a n d  B u s e c k , 1 9 8 5 ), o r  m e te o r i t i c  to c h i l in i te  (M a c k in n o n  
a n d  Z o le n sk y , 1 9 8 4 ). T h e  m a tr ic e s  o f  C M 2  c h o n d r i te s  a n d  O rg u e il  a r e  k n o w n  
to  c o n ta in  s u lp h u r  in  g r e a te r  a m o u n ts  t h a n  c a n  b e  e x p la in e d  b y  v is ib le  s u l
p h id e s  o n  a n  o p t ic a l  m ic ro s c o p e  sc a le  ( B o s tr o m  a n d  F re d r ik s s o n , 1 9 6 6 ). F o r  
th e  C M 2  c h o n d r i te s ,  th i s  h a s  b e e n  e x p la in e d  b y  th e  p re se n c e  o f  F E S O N  in 
th e  m a t r ix ,  fo rm e d  b y  a q u e o u s  a l t e r a t io n  o f  p re - e x is t in g  k a m a c ite  a n d  s u l
p h id e s  (T o m e o k a  a n d  B u s e c k , 1 9 8 5 ). T h e  m a t r ix  o f  O rg u e il  a n d  o th e r  C l  
m e te o r i te s  is  m in e ra lo g ic a l ly  s im i la r  to  t h a t  o f  t h e  C 2  c h o n d r i te s  a n d  a s  su c h  
i t  h a s  b e e n  p r o p o s e d  t h a t  F E S O N  is a lso  a n  im p o r t a n t  c o n s t i tu e n t  o f  th e  
C l  m a t r ix  (T o m e o k a  a n d  B u s e c k , 1 9 8 5 ). T h e  p ro p o s e d  c h e m ic a l f o rm u la  o f  
F E S O N  is F e i .4N io .iS O i .4 (T o m e o k a  a n d  B u s e c k , 1 9 85 ) a n d  is s im i la r  to  t h a t  
o f  a  s u lp h a te ,  w h ic h  w o u ld  b e  c o n s is te n t  w i th  th e  r e la t iv e ly  h ig h  c o m b u s t io n  
t e m p e r a t u r e  (a b o v e  6 0 0 °C )  p r e d ic te d  fo r  th i s  c o m p o n e n t .

In  a n  a t t e m p t  to  d e f in e  th e  c o m b u s t io n  t e m p e r a t u r e  o f  F E S O N , a  s a m p le  
o f  to c h i l in i te  ( f ro m  th e  J a c u p i r a n g a  m in e , S a o  P a u lo ,  B ra z il  a n d  p ro v id e d  
b y  D r  M .E . Z o le n sk y )  w h ic h  is  c o n s id e re d  to  b e  th e  te r r e s t r i a l  a n a lo g u e  to  
t h e  s u lp h u r - b e a r in g  c o m p o n e n t  o f  P O P  (M a c k in n o n  a n d  Z o le n sk y , 1 9 8 4 ), 
w a s  t r e a t e d  to  s te p p e d  c o m b u s t io n  ( F ig u r e  3 .6 ) .  T o c h i l in i te  r e le a s e s  87%  
o f  i t s  t o t a l  s u lp h u r  (2 7 .2 3  w t% )  b e tw e e n  4 0 0  a n d  7 0 0 °C . T h is  is  b e tw e e n  
100 a n d  2 0 0 °C  lo w e r  t h a n  th e  s u s p e c te d  c o m b u s t io n  t e m p e r a tu r e  o f  F E S O N  

c h o n d r i te s ,  h o w e v e r , th i s  d if fe re n c e  m a y  b e  d u e  to  m in e ra lo g ic a l  a n d  
t e x tu r a l  d is s im ila r i t ie s  b e tw e e n  F E S O N  in  t h e  m e te o r i te  m a t r ix  a n d  th e  
p u r e  t e r r e s t r i a l  a n a lo g u e .

I f  th e  i n t e r p r e t a t i o n  t h a t  th e  6 0 0  to  9 0 0 ° C  s u lp h u r  r e p r e s e n ts  a  m ix tu r e  
o f  g y p s u m  a n d  F E S O N  is v a l id , th e n  i t  is  p o s s ib le  to  c a lc u la te  th e  a m o u n ts  
o f  s u lp h u r  p r e s e n t  in  th e s e  tw o  m in e ra ls  ( T a b le  3 .5 ) .  G y p s u m  a n d  F E S O N  
s u lp h u r  c o n te n ts  c a n  b e  c a lc u la te d  a s  follows.* f ir s t ly  a  s m a ll  c o r r e c t io n  is 
a p p l ie d  to  th e  b u lk  m e te o r i te  c a lc iu m  d a t a  ( o f  M c S w e e n  a n d  R ic h a rd s o n ,  
1 9 77 ) to  a c c o u n t  fo r  th e  a m o u n t  o f  th i s  e le m e n t  p r e s e n t  a s  c a r b o n a te .  T h e  
c a r b o n a te  c o n te n ts  fo r  O rg u e il  a n d  I v u n a  w e re  d e te r m in e d  b y  D r  M . M . 
G r a d y  (u n p u b lis h e d  d a t a )  a n d  fo r th e  p u rp o s e s  o f  th e s e  c a lc u la t io n s  i t  is 
a s s u m e d  t h a t  a ll th e  c a r b o n a te  is p r e s e n t  a s  c a lc i te ,  a l th o u g h  i t  is  n o te d  t h a t  
o th e r  c a r b o n a te  m in e ra ls  a r e  p ro b a b ly  p r e s e n t  in c lu d in g  d o lo m ite .  A f te r  
th e  c o r r e c t io n  fo r c a lc iu m  a s  c a lc i te ,  th e  r e m a in in g  c a lc iu m  is a t t r i b u t e d
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F i g u r e  3 .6  T h e  a b u n d a n c e  (— ) o f  s u lp h u r  in  t e r r e s t r i a l  to c h i l in i te  a s  d e 
te rm in e d  b y  s te p p e d  c o m b u s t io n .

S a m p le
T o ta l  C a  
c o n te n t  

w t%

C a  a s  
c a r b o n a te  

w t%

S as  
g y p s u m  

w t%

G y p s u m
c o n te n t

w t%

S as  
F E S O N  

w t%

F E S O N
c o n te n t

w t%
I v u n a 1 .3 4  (a ) 0 .1 3  (c) 0 .9 7 5 .2 0 0 .41 1.71
O r g u e i l - a 0 .8 7  (a ) 0 .0 5  (d ) 0 .6 6 3 .5 3 0 .7 8 3 .2 4
Y  820 4 2 1.21 (b ) 0 .9 2  (d ) 0 .2 3 1 .25 0 .8 8 3 .6 6

T a b l e  3 .5  C a lc u la te d  g y p su m  a n d  F E S O N  c o n te n ts  o f  C l  m e te o r i te s .  R e f
e re n c e s : (a )  a n d  (b )  a s  T a b le  3 .4 ; (c) S m ith  a n d  K a p la n  (1 9 7 0 ); (d )  
D r  M .M . G ra d y , u n p u b lis h e d  d a t a .
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to  g y p s u m . Q u a n t i t ie s  o f  s u lp h u r  a s  g y p s u m  a re  c a lc u la te d  a n d  s u b t r a c te d  
f ro m  th e  t o t a l  s u lp h u r  re le a s e d  b e tw e e n  60 0  a n d  9 0 0 °C  in  th e  m e te o r i te .  T h e  
r e m a in d e r  o f  th e  s u lp h u r  w a s  a t t r i b u t e d  to  F E S O N . T h e  c a lc u la te d  s u lp h u r  
c o n te n ts  a s  g y p s u m  a re  0 .9 7  w t%  ( e q u iv a le n t to  5 .2 0  w t%  g y p su m ) in  I v u n a ,
0 .6 6  w t%  (o r  3 .5 3  w t%  g y p s u m )  in  O r g u e i l - a  a n d  0 .2 3  w t%  (o r  1 .25  w t%  
g y p s u m )  in  Y a m a to  8 2 042  (T a b le  3 .5 ) . F o r  O rg u e il,  th e  v a lu e s  fo r  g y p s u m  
c o n te n t  c a lc u la te d  in  th is  w a y , a r e  a ll h ig h e r  th a n  p re v io u s  d e te r m in a t io n s  
o f  0 .7  w t%  b y  K a p la n  a n d  H u ls to n  (1 9 6 5 ) a n d  2 .9  w t%  by  B o s tro m  a n d  
F re d r ik s s o n  (1 9 6 6 ).

T h e  s u lp h u r  in  F E S O N  a m o u n ts  to  0 .4 1  w t% , 0 .7 8  w t%  a n d  0 .8 8  w t%  
m  Iv u n a , O r g u e i l - a  a n d  Y a m a to  820 4 2  r e s p e c tiv e ly  (T a b le  3 .5 ) . T h e re fo re ,  
th e  c a lc u la te d  c o n c e n t r a t io n s  o f  F E S O N  a re : 1 .71  w t%  in  I v u n a ,  3 .2 4  w t%  
in  O r g u e i l - a  a n d  3 .6 6  w t%  in  Y a m a to  8 2 0 4 2 . T h e s e  d a t a  in d ic a te  t h a t  
a  s ig n i f ic a n t a m o u n t  o f  s u lp h u r  in  C l  m e te o r i te s  m a y  o c c u r  a s  F E S O N , 
in d e e d , 30%  o f  th e  to t a l  s u lp h u r  in  Y a m a to  8 2 0 4 2  c a n  b e  a t t r i b u t e d  to  th is’ 
c o m p o n e n t .  N o  p re v io u s  s tu d y  h a s  d e te r m in e d  th e  a b u n d a n c e  o f  s u lp h u r  
a s  F E S O N  in  C l  m e te o r i te s .  T h e  s ig n if ic a n c e  o f  th e  F E S O N  d a t a  w ill b e  
d is c u s se d  in  m o re  d e ta i l  in  r e la t io n  to  th e  C 2  c h o n d r i te s  in  S e c t io n  3 .5 .3 .

F o r  d a t a  a b o v e  9 0 0 °C  ( th o u g h t  to  b e  s u lp h u r  m a in ly  a s  e p s o m ite ,  a s  i t  
is in  th e  re fe re n c e  m ix tu r e ,  F ig u re  3 .3 )  a  s u lp h u r  c o n te n t  o f  0 .6 3  w t%  is  
o b ta in e d  fo r  I v u n a ,  0 .6 6  w t%  fo r  O r g u e i l - a  a n d  0 .9 7  w t%  fo r  Y a m a to  8 2 0 4 2  
(T a b le  3 .3 ) .  T h e  c a lc u la te d  c o n c e n t r a t io n  o f  e p s o m ite  is  th u s ,  4 .8 4  w t%  in  
Iv u n a ,  5 .0 7  w t%  in  O rg u e il  a n d  7 .4 6  w t%  in  Y a m a to  82042 . A s  th e r e  is  a  
c e r ta in  a m o u n t  o f  o v e r la p  in  th e  c o m b u s t io n /d e c o m p o s i t io n  te m p e r a tu r e s  
o f  F E S O N /g y p s u m  a n d  e p s o m ite ,  th e  e p s o m ite  c o n te n ts  a re  c o n s id e re d  to  
b e  a p p r o x im a t io n s .  M o s t p r e v io u s  m e a s u r e m e n ts  o f  th e  e p s o m ite  c o n te n t  o f  
O rg u e il  a r e  m u c h  h ig h e r  a n d  in c lu d e  1 6 .9 6 %  (D u F re s n e  a n d  A n d e rs ,  1 9 6 2 a ) , 
16 ±  1%  ( M o n s te r  e t  a l .,  1 9 6 5 ) , 18 .9 9 %  ( K a p la n  a n d  H u ls to n ,  1 966 ) a n d  
6 .7 %  ( B o s tr o m  a n d  F re d r ik s s o n ,  1 9 6 6 ).

T h e  t o t a l  c o n c e n t r a t io n s  o f  s u lp h u r  a s  s u lp h a te  (g y p s u m  a n d  e p s o m ite  
s u lp h u r )  fo r  th e  d a t a  a c q u ir e d  b y  s te p p e d  c o m b u s t io n ,  a re ; 1 .32  w t%  (e q u iv 
a le n t  to  4 6 %  o f  th e  t o t a l  s u lp h u r )  fo r  O rg u e il ,  1 .7 0  w t%  (54%  o f  th e  t o t a l  
s u lp h u r )  fo r  I v u n a  a n d  1 .20  w t%  fo r  Y a m a to  8 2 0 4 2  (4 2 %  o f  th e  t o t a l  s u lp h u r .  
T h e s e  f ig u re s  a r e  s o m e w h a t  lo w e r  th a n  is  s u g g e s te d  b y  p re v io u s  d e t e r m in a 
t io n s  fo r  O rg u e il  o f  2 .21  w t%  (D u F re s n e  a n d  A n d e r s ,  1 9 6 2 a ) , 2 .0 8  w t%  
( M o n s te r  e t  a l . ,  1965) a n d  2 .4 7  w t%  ( B o s tr o m  a n d  F re d r ik s s o n , 1 9 6 6 ).

A n  in d ic a t io n  o f  th e  r e la t iv e  e x t e n t  o f  a q u e o u s  a l t e r a t io n  o f  th e  C l  m e 
te o r i te s  c o n s id e re d  in  th is  s tu d y ,  c a n  b e  g a in e d  b y  c o n s id e r in g  th e  r a t i o  o f  
o x id is e d  s u lp h u r  ( i.e . e le m e n ta l ,  s u lp h a te  a n d  F E S O N )  to  re d u c e d  s u lp h u r  
( i.e . s u lp h id e )  in  e a c h  o f  th e  s a m p le s . T h e  r a t io s  so  o b ta in e d  sh o w  t h a t  
th e  a l t e r a t io n  s e q u e n c e  is I v u n a  (1 7 .7 ) >  Y a m a to  8 2 0 4 2  ( 6 .3 ) > O r g u e i l  (4 .6 ) .  
T h u s ,  i t  se e m s  t h a t ,  w h ile  Y a m a to  8 2 0 4 2  a n d  O rg u e il h a v e  b een  s u b je c te d
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to  a b o u t  th e  s a m e  d e g re e  o f  a l t e r a t io n ,  Iv u n a  h a s  e x p e r ie n c e d  c o n s id e ra b ly  
m o re  h y d r o th e r m a l  p ro c e s s in g .

I t  heis b e e n  s u g g e s te d  t h a t ,  in  a d d i t io n  to  g y p su m  a n d  e p s o m ite , th e re  
m a y  b e  m in o r  s u lp h a te  m in e ra ls  p re s e n t  in  C l  c h o n d r i te s  (T a b le  3 .1 ) . T h e s e  
in c lu d e  h y d r a te d  s u lp h a te s  o f  s o d iu m  a n d  c a lc iu m , a n d  s o d iu m  a n d  m a g 
n e s iu m  ( B o s tr o m  a n d  F re d r ik s s o n , 1966; R ic h a rd s o n , 1978 ). D u F re s n e  a n d  
A n d e r s  (1 9 6 2 a ) ,  i s o la te d  a  s in g le  c r y s ta l  o f  b lo e d ite  (M g S O 4 .N a 2S O 4 .4 H 2O ) 
fro m  Iv u n a .  S o d iu m  s u lp h a te  a p p e a r s - to  b e  p re s e n t  in  O rg u e il a t  c o n c e n 
t r a t i o n s  u p  to  0 .6  w t%  (B o s tr o m  a n d  F re d r ik s s o n , 1966) th is  c o r re s p o n d s  to  
a  s u lp h u r  c o n t e n t  o f  0 .0 1  w t%  (a s s u m in g  m e ra b i l i te ,  N a2 S O 4 .1 0 H 2 O ). I t  is 
n o t  s u r p r i s in g  t h a t  th e  e x a c t  n a tu r e  a n d  c h e m ic a l c o m p o s it io n  o f  s u lp h a te  
is p o o r ly  k n o w n , a s  s u lp h a te s  a r e  finely  d is s e m in a te d  w ith in  th e  m a tr ic e s  
o f  C l  c h o n d r i t e s  ( B o s tr o m  a n d  F re d r ik s s o n , 1966; R ic h a rd s o n , 1 9 7 8 ). E v e n  
th e  e x a c t  fo rm  o f  m a g n e s iu m  s u lp h a te  is n o t  w ell k n o w n , i t  o c c u rs  b o th  a s  
e p s o m ite  (M g S 0 4 .7 H 2 0 ) a n d  h e x a h y d r i te  (M g S 0 4 .6 H 2 0 ); i t  is a lso  p o s s ib le  
t h a t  k ie s e r i te  (M g S 0 4 .H 2 0 ) m a y  h a v e  b e e n  a  p r e - te r r e s t r ia l  fo rm  ( R ic h a r d 

so n , 1 9 7 8 ).
F ro m  th e  s te p p e d  c o m b u s t io n  d a t a  o b ta in e d  fo r  th e  re fe re n c e  m ix tu r e  

(F ig u r e  3.3) i t  is  c o n s id e re d  t h a t  m o s t  o f  th e  s u lp h u r  l ib e r a te d  a b o v e  900°C  
is  f ro m  e p s o m ite .  A s s u m in g  t h a t  th e  s a m e  is  t r u e  fo r s u lp h u r  in  th e  C l  
m e te o r i te s ,  th e n  i t  is  p o s s ib le  to  sa y  t h a t  th e  v a lu e  o f  e p s o m ite  is 
+  1 .557oo in  O r g u e i l - a ,  +0.23%o in  I v u n a ,  a n d  -0.43%o in  Y a m a to  82042 
(T a b le  3.3). A s w i th  th e  i s o to p ic  d a t a  fo r  s u lp h id e  s u lp h u r ,  th e re  is a  c le a r  
d is c re p a n c y  b e tw e e n  th e  v a lu e s  fo r  e p s o m ite  o f  th is  s tu d y  w i th  th o s e  
r e p o r te d  p re v io u s ly  (d is c u s se d  in  S e c tio n  3.5) w h ic h  fo r  O rg u e il in c lu d e  
v a lu e s  o f  —1 .6 %o a n d  —1.7%o f ro m  K a p la n  a n d  H u ls to n  (1966) a n d  —1.3%o 
r e p o r te d  b y  M o n s te r  e t  a l .  (1965).

T h e  g a s e s  l ib e r a te d  f ro m  600 to  900°C a re  p r o b a b ly  a  m ix tu re  o f  s u lp h u r  
f ro m  g y p s u m  a n d  F E S O N . In s p e c t io n  o f  th e  s te p p e d  c o m b u s t io n  p ro file  
(F ig u re  3.4) sh o w s  t h a t  th e  5^‘*S v a lu e s  v a ry  m a rk e d ly  b e tw e e n  600 a n d  
900°C ( f ro m  -4.5%o t o  -j-1.9%c in  I v u n a ,  -4.8%o to  -b4.5%o in  O rg u e il ,  a n d  
-2.3%o to  4-3.17oo in  Y a m a to  82042) w h ic h  is  s t r o n g  e v id e n c e  t h a t  s u lp h u r  
is b e in g  l ib e r a te d  f ro m  a t  le a s t  tw o  c o m p o n e n ts  w i th  q u i te  d if fe re n t  
v a lu e s . K a p la n  a n d  H u ls to n  (1966) su g g e s te d  t h a t  g y p s u m  s u lp h u r  h a s  5^'*S 
=  0%o in  O rg u e il .  B e c a u se  o f  th e  d is a g re e m e n t  in  5^^S v a lu e s , fo r  s u lp h u r  
in  t r o i l i t e  a n d  e p s o m ite ,  b e tw e e n  th e  p r e s e n t  s tu d y  a n d  t h a t  o f  K a p la n  
a n d  H u ls to n  (1966), i t  is  u n ju s t i f ia b le  to  u se  th e  v a lu e  fo r  g y p s u m  
s u lp h u r ,  d e te r m in e d  b y  K a p la n  a n d  H u ls to n ,  to  e s t im a te  th e  s u lp h u r  is o to p ic  

c o m p o s i t io n  o f  F E S O N .
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S a m p le Y ie ld L i te r a tu r e L i te r a tu r e
w t% w t% (7oo) 634g (%o)

K iv e s v a a ra 1.74 3 .0 0  (a ) -f-1.10 -

M ig h e i 2 .65 2 .9 9  (b ) 
3 .6 6  (c)

- 0 .7 6 4-0 .30  (b )

M u rc h is o n 3 .38 2 .9 9  (d ) 
3 .2 4  (e)

-1-0.40

M u r ra y 3 .0 7 2 .2 6  (b ) 
2 .8 0  (c)

-b l .2 7 - 0 .0 1  (b )

N o g o y a 2 .8 4 3 .2 7  (c) - f l .1 8 -

A l R a is 1.82 2 .6 6  (c) - 1 .0 9 -

R e n a z z o 1.05 1.31 (c) - 0 .6 5 -

T a b l e  3 .6  S u m m a ry  o f  w h o le - ro c k  s u lp h u r  d a t a  fo r  C 2  c h o n d r i te s  a n d  
c o m p a r is o n  w ith  p u b lis h e d  v a lu e s . R e fe re n c e s : (a )  K in n u n e n  a n d  
S a ik k o n e n  (1 9 8 3 ); (b )  K a p la n  a n d  H u ls to n  (1 9 6 6 ); (c) M a s o n  (1 9 6 3 ); 
(d )  J a ro s e w ic h  (1 9 7 1 ); (e) F u c h s  e t  a l . (1 9 7 3 ). N o te : K a p la n  a n d  
H u ls to n  (1 9 6 6 ) a lso  m e a s u re d  5^‘*S =  + 0 .52% o fo r  C o ld  B o k k e v e ld  
(C M 2 ) .

3 . 4 . 3  C 2  c h o n d r i t e s

T h e  s te p p e d  c o m b u s t io n  p ro file s  o f  five C M 2  c h o n d r i te s  (K iv e s v a a ra ,  M ig h e i,  
M u rc h is o n ,  M u r ra y  a n d  N o g o y a )  a re  g iv e n  in  F ig u re  3 .7  a n d  th o s e  fo r  tw o  
C R 2  m e te o r i te s  (A l R a is  a n d  R e n a z z o )  a re  sh o w n  in  F ig u re  3 .8 . A s  th e  s u l
p h u r  c h e m is t ry  o f  C R 2  m e te o r i te s  is s im i la r  to  t h a t  o f  th e  C M 2  m e te o r i te s ,  
th e  r e s u l t s  f ro m  b o th  ty p e s  w ill  b e  d is c u s s e d  to g e th e r .  In  T a b le  3 .6  th e  
w h o le - ro c k  v a lu e s  a n d  s u lp h u r  c o n te n ts  o f  th e  C 2  c h o n d r i te s ,  a n a ly s e d  
in  t h i s  s tu d y ,  a r e  c o m p a r e d  w i th  p u b lis h e d  v a lu e s . F o r  th e  C M 2  c h o n d r i t e s  
th e  t o t a l  s u lp h u r  c o n te n ts  fa ll  w i th in  th e  r a n g e  1 .74  w t%  ( K iv e s v a a ra )  to  
3 .3 8  w t%  (M u rc h is o n )  a n d  a ll  m e a s u r e m e n ts  e x c e p t fo r  K iv e s v a a ra  a r e  in  
r e a s o n a b le  a g r e e m e n t  w i th  p re v io u s ly  r e p o r te d  v a lu e s  (T a b le  3 .6 ) .  T h e  s u l
p h u r  c o n te n t s  m e a s u re d  d u r in g  th i s  s tu d y  fo r  th e  C R 2  m e te o r i te s  a re  g e n e r 
a l ly  lo w e r  t h a n  th o s e  o f  th e  C M  c h o n d r i te s ;  A l R a is  c o n ta in s  1 .82  w t%  a n d  
R e n a z z o  1 .05  w t%  s u lp h u r  (T a b le  3 .6 ) .  I t  is  n o te w o r th y  t h a t  th e  s a m p le  
o f  K iv e s v a a ra  a n a ly s e d  in  th i s  s tu d y  c o n ta in s  s ig n if ic a n t ly  le ss  s u lp h u r  t h a n  
o th e r  C M 2  c h o n d r i te s .  H o w e v e r , th e  v a lu e  o f  1 .74  w t%  s u lp h u r  fo r  th i s  m e 
te o r i t e  is a t  v a r ia n c e  w ith  th e  w h o le - ro c k  d a t a  o f  K in n u n e n  a n d  S a ik k o n e n  
(1 9 8 3 ) w h o  d e te r m in e d  th e  s u lp h u r  c o n te n t  o f  K iv e s v a a ra  to  b e  3 .0 0  w t% . 
P e r h a p s  th e  s a m p le  a n a ly s e d  h e re in  c o n ta in s  a  r e la t iv e ly  h ig h e r  p r o p o r t io n

94



Mighei_ K ivesvaara Murchison

CO -2

<Ô -4

-6  -

90

80Q.
70a
60

50

3  40

30

20
T3

200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000

Temperature  (®C)

Murray Nogoya
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F i g u r e  3 .7  T h e  a b u n d a n c e  (— ) a n d  is o to p ic  c o m p o s i t io n  ( - • - )  o f  s u lp h u r  
in  C M 2  c h o n d r i te s  a s  d e te r m in e d  by  s te p p e d  c o m b u s t io n .
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Al Rais Renazzo
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F i g u r e  3 .8  T h e  a b u n d a n c e  (— ) a n d  is o to p ic  c o m p o s i t io n  ( - • - )  o f  s u lp h u r  
in  C R 2  c h o n d r i te s  a s  d e te r m in e d  b y  s te p p e d  c o m b u s t io n .
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Kivesvaara Mighei Murchison Murray Nogoya Al Rais Renazzo
Organic S 
Yield (wt%) 0.25 0.17 0.25 0.32 ND ND 0.09

(%.) ND ND -0 .1 1 ND ND ND ND
Elemental 
Yield (wt%) 0.11 ND 0.07 ND ND ND ND

(%o) ND ND ND ND ND ND ND
Sulphide 
Yield (wt%) 0.21 1.04 0.87 1.04 ND 1.04 0.16

(%.) +2.60 -2 .4 7 -0 .5 6 -0 .0 5 ND -1 .8 0 -2 .2 0
FESON 
Yield (wt%) 0.51 0.90 1.00 1.17 0.22 0.46

(%o) ND ND ND ND ND ND ND
Gypsum  
Yield (wt%) 0.21 0.05 0.41 0.28 0.20 0.15(%o) ND ND ND ND ND ND ND
Epsomite 
Yield (wt%) 0.44 0.50 0.79 0.68 0.59 0.34 0.25

(%o) +2.17 -0 .5 2 +2.37 +4.05 +2.54 -0 .7 5 + 0.69

T a b l e  3 .7  S u m m a r y  o f  s u lp h u r  d a t a  fo r  C 2  c h o n d r i te s .  N D  =  n o t  d e t e r 
m in a b le .

o f  m a t r ix  (w h ic h  is  k n o w n  to  b e  s u lp h u r -d e f ic ie n t  in  C M 2  m e te o r i te s ;  M c 
S w e e n  a n d  R ic h a rd s o n ,  1 9 7 7 ).

T h e  m a in  l ib e r a t io n s  o f  s u lp h u r  d u r in g  s te p p e d  c o m b u s t io n  o f  C 2  m e te 
o r i te s  o c c u r  a t  s im i la r  t e m p e r a tu r e s  in  a ll th e  s a m p le s .  I t  c a n  b e  se e n  f ro m  
F ig u re s  3 .6  a n d  3 .7  t h a t  th e r e  a re  tw o  m a in  re le a s e s  o f  s u lp h u r  in  th e  c a se  
o f  K iv e s v a a ra ,  N o g o y a  a n d  R e n a z z o , th r e e  fo r  M ig h e i,  M u r r a y  a n d  A l R a is  
a n d  fo u r  d i s t in c t  re le a se s  in  M u rc h is o n .  A s  in  th e  p re v io u s  s e c t io n  fo r  C l  
m e te o r i te s ,  th e  r e s u l t s  c a n  a g a in  b e  in te r p r e te d  o n  th e  b a s is  o f  th e  p ro file s  
o b ta in e d  fo r  th e  re fe re n c e  m ix tu re .  T h e  v a lu e s  a n d  s u lp h u r  c o n te n ts  
fo r  d iflfe ren t s u lp h u r - b e a r in g  c o m p o n e n ts  o f  C 2  c h o n d r i te s  a r e  g iv e n  in  T a b le  
3 .7 . S te p p e d  c o m b u s t io n  a n a ly s e s  fo r s u lp h u r  in  C M 2  c h o n d r i te s  h a v e  b e e n  
u n d e r ta k e n  p re v io u s ly  b y  H a lb o u t  e t  a l. (1 9 8 6 ) , fo r  M u rc h is o n , M u r r a y  a n d  
C o ld  B o k k e v e ld . T h e  s u lp h u r  re le a se  p ro file s  w e re  s im i la r  to  th o s e  o b ta in e d  
d u r in g  th e  p r e s e n t  s tu d y  fo r  M u rc h is o n  a n d  M u r ra y .  H o w e v e r , a s  w i th  th e i r  
a n a ly s is  o f  O rg u e il ,  H a lb o u t  e t  a l . (1 9 8 6 ) o b ta in e d  v e ry  lo w  y ie ld s  o f  s u lp h u r  
fo r  th e  C M  m e te o r i te s  a n a ly s e d .

O r g a n i c ,  e l e m e n t a l  a n d  t r o i l i t e  s u l p h u r

T h e  p re s e n c e  o f  e le m e n ta l  s u lp h u r  in  C M 2  c h o n d r i te s  is p o o r ly  c o n s t r a in e d .  
K a p la n  a n d  H u ls to n  (1 9 6 6 ) d e te c te d  s m a ll a m o u n ts  o f  e le m e n ta l  s u lp h u r
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in  s o m e  C M 2  m e te o r i te s  (e .g . C o ld  B o k k e v e ld , M u r r a y )  b u t  fo u n d  i t  to  b e  
a b s e n t  f ro m  o th e r  s a m p le s  (e .g . M ig h e i) .  J a ro s e w ic h  (1 9 7 1 ) fo u n d  n o  e v i
d e n c e  fo r  e le m e n ta l  s u lp h u r  in  M u rc h is o n  b u t  F u c h s  e t  a l . (1 9 7 3 ), d u r in g  a  
d e ta i l e d  s tu d y  o f  th is  m e te o r i te ,  s u g g e s te d  a  v a lu e  o f  0 .4 9  w t% , a l th o u g h  
i t  is  p o s s ib le  t h a t  th i s  v a lu e  m a y  b e  a n  o v e r e s t im a te  b e c a u s e  th e  a n a ly t ic a l  
te c h n iq u e ,  in v o lv in g  th e  u se  o f  s o lv e n ts ,  m a y  h a v e  e x t r a c te d  so m e  o rg a n ic  
s u lp h u r .  F o r  C 2  s a m p le s ,  c o n c e n t r a t io n s  o f  s u lp h u r  b u r n in g  b e lo w  3 0 0 °C  
( T a b le  3 .7 )  r a n g e  f ro m  0 .0 0 3  w t%  (R e n a z z o )  to  0 .2 0  w t%  ( K iv e s v a a r a ) .  O n ly  
M u rc h is o n  a n d  K iv e s v a a ra  sh o w  a n y  re a l  e v id e n c e  fo r  a  re le a se  o f  s u lp h u r  
b e lo w  2 0 0 °C  w h ic h  is in  c o n t r a d is t in c t io n  to  th e  r e s u l t s  o b ta in e d  f ro m  th e  
C l  m e te o r i te s .  T h e  s te p p e d  c o m b u s t io n  p ro file  fo r  M H F  (i.e . a n  H F /H C l  
r e s id u e  o f  M u rc h is o n )  is  g iv e n  in  F ig u re  3 .9 . I t  is  n o te d  t h a t  M H F  h a s  
a  b im o d a l  r e le a s e  o f  s u lp h u r  o c c u r r in g  a t  s im i la r  te m p e r a tu r e s  to  th e  tw o  
s u lp h u r  r e le a s e s  id e n tif ie d  in  O H F . A s w i th  O H F , th e  b im o d a l  re le a se  in  
M H F  m a y  b e  a n  in d ic a t io n  o f  th e  s t r u c t u r e  o f  th e  m a c ro m o le c u la r  m a te 
r ia l  p r e s e n t  in  M u rc h is o n . T h e  s u lp h u r  c o m b u s t in g  b e lo w  6 0 0 °C  in  M H F  is 
e q u iv a le n t  to  0 .2 5  w t%  s u lp h u r  in  th e  b u lk  m e te o r i te ,  w h ic h  is  s ig n if ic a n t ly  
m o re  t h a n  w a s  o b ta in e d  fo r  th e  o rg a n ic  s u lp h u r  c o n te n t  o f  O rg u e il (0 .1 6  
w t% ) .  U s in g  th e  v a lu e  o f  1 .48  w t%  c a r b o n  r e p o r te d  fo r  th e  H F / H C l  re s id u e  
o f  M u r c h is o n  ( S w a r t  e t  a l . ,  1983 ; W r ig h t e t  a l . ,  1984 ) th e  C :S  r a t i o  is  c a lc u 
la te d  a s  5 .9 , w h ic h  c o m p a re s  w i th  a  r a t i o  o f  1 3 .4 4  in  O rg u e il.  In  F ig u re  3 .9 , 
29%  ( o r  0 .0 8  w t% )  o f  th e  o rg a n ic  s u lp h u r  in  M u rc h is o n  is re le a s e d  b e tw e e n  
r o o m  t e m p e r a t u r e  a n d  3 0 0 °C  w h ic h  c a n  b e  u se d  to  c o r r e c t  th e  a m o u n t  o f  
s u lp h u r  re le a s e d  b e tw e e n  r o o m  te m p e r a tu r e  a n d  3 0 0 °C  in  M u rc h is o n  (0 .1 5  
w t% ) ,  w h ic h  g iv e s  a n  e le m e n ta l  s u lp h u r  c o n te n t  fo r  th i s  m e te o r i te  o f  0 .0 7  
w t% . I t  is  p o s s ib le  to  e s t im a te  th e  p r o p o r t io n s  o f  e le m e n ta l  a n d  t r o i l i t e  
s u lp h u r  in  o th e r  C 2  c h o n d r i te s  (T a b le  3 .7 )  b y  a s s u m in g  t h a t  th e  a c id -  a n d  
s o lv e n t- in s o lu b le  m a te r ia l  in  th e s e  m e te o r i te s  h a s :

1. A n  id e n t ic a l  C :S  r a t i o  t o  t h a t  in  M u rc h is o n .

2 . T h e  s a m e  c o m b u s t io n  c h a r a c te r i s t i c s  a s  t h a t  in  M H F .

C a r b o n  c o n te n t s  fo r  th e  o rg a n ic  f r a c t io n s  h a v e  b e e n  d e te r m in e d  fo r  M u r c h i
s o n  a n d  th r e e  o th e r  s a m p le s  c o n s id e re d  in  th i s  s tu d y ;  1 .88  w t%  in  M u r ra y  
( G r a d y ,  1 9 8 2 ) , 1 .50  w t%  in  K iv e s v a a ra  (D r  D .W . M c G a rv ie ,  u n p u b lis h e d  
d a t a )  a n d  1 .0 0  w t%  in  M ig h e i (D r  M .M . G ra d y , u n p u b lis h e d  d a t a ) .  F ro m  
th e s e  d a t a  th e  e le m e n ta l  s u lp h u r  c o n te n t  o f  K iv e s v a a ra  is e s t im a te d  to  b e
0 .1 1  w t% . H o w e v e r , fo r  M ig h e i a n d  M u r r a y  th e  c o n c e n t r a t io n s  o f  o rg a n ic  
s u lp h u r  c a lc u la te d  to  b e  re le a s e d  b e tw e e n  ro o m  t e m p e r a t u r e  a n d  3 0 0 °C  a r e  
g r e a te r  t h a n  th o s e  m e a s u re d  d ir e c t ly  f ro m  th e  s te p p e d  c o m b u s t io n  d a t a .  I t  
is a p p a r e n t  t h a t  in  M u r ra y  a n d  M ig h e i, e i th e r  th e  o rg a n ic  f ra c t io n  h a s  a  
d if fe re n t  C :S  r a t i o  ( i.e . h ig h e r ) ,  o r  th e  o rg a n ic  s u lp h u r  h a s  d if fe re n t  c o m 
b u s t io n  c h a r a c te r i s t i c s  c o m p a re d  to  t h a t  in  M u rc h is o n  (i.e . r e la t iv e ly  less
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F i g u r e  3 .9  T h e  a b u n d a n c e  (— ) a n d  is o to p ic  c o m p o s i t io n  ( - • - )  o f  s u lp h u r  
in  M u rc h is o n  H F / H C l  re s id u e  (M H F )  a s  d e te r m in e d  b y  s te p p e d  c o m 
b u s t io n .
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s u lp h u r  is  l ib e r a te d  b e lo w  3 0 0 °C ) . A s  fo r th e  C l  s te p p e d  c o m b u s t io n  d a t a ,  
i t  is  s t r e s s e d  t h a t  th e  c o n te n ts  o f  e le m e n ta l  s u lp h u r  d e te r m in e d  fo r  M u rc h i
so n  a n d  K iv e s v a a ra  c o u ld  b e  lo w e r  l im its  d u e  to  th e  d if f ic u lt ie s  a s s o c ia te d  
w i th  c o m b u s t in g  th i s  m in e ra l .  U n fo r tu n a te ly  N o g o y a  h a s  n o t  b e e n  a n a l
y se d  fo r  c a r b o n  b y  s te p p e d  c o m b u s t io n  b u t  i t  w o u ld  s e e m  lik e ly  to  b e  low  
in  e le m e n ta l  s u lp h u r  b e c a u s e  a  h ig h  o rg a n ic  s u lp h u r  c o n te n t  w o u ld  b e  ex 
p e c te d  to  a c c o m p a n y  th e  r e la t iv e ly  la rg e  a m o u n ts  o f  c a r b o n  (u p  to  5 .21  
w t% )  s u g g e s te d  to  b e  p r e s e n t  (B u n c h  a n d  C h a n g ,  1 9 8 0 ).

C o m p a r in g  th e  d a t a  a c q u ir e d  b y  s te p p e d  c o m b u s t io n  w i th  p u b lis h e d  
m e a s u r e m e n ts  i t  is  n o te d  t h a t :

1. K a p la n  a n d  H u ls to n  (1 9 6 6 ) h a v e  d e te r m in e d  e le m e n ta l  s u lp h u r  to  b e  
p r e s e n t  in  C o ld  B o k k e v e ld  a t  a  lev e l o f  0 .0 3  w t%  w i th  a  v a lu e  o f
—0.6% o.

2. B r ig g s  (1 9 6 3 ) h a s  r e p o r te d  t h a t  th e  o f  th e  o rg a n ic  f r a c t io n  o f  
M u r r a y  is  -}-2.86%o ( a l th o u g h  th is  is  s u b je c t  to  u n c e r ta in ty  a s  th is  
v a lu e  m a y  r e p r e s e n t  a  m ix tu r e  o f  o rg a n ic  a n d  e le m e n ta l  s u lp h u r ) .

T h e  v a lu e  fo r  s u lp h u r  re le a s e d  b e lo w  600°C in  M H F  is  —0 .12%o ( F ig u r e  
3.9), w h ic h  is  a g a in  d if fe re n t  f ro m  t h a t  re c o rd e d  in  O H F  o f  4-2.70%o. T h e  
q u a n t i t i e s  o f  s u lp h u r  re le a se d  f ro m  te m p e r a tu r e  s te p s  b e lo w  300°C w e re  u s u 
a lly  to o  s m a ll  fo r  is o to p ic  a n a ly s is ,  so  d a t a  a r e  o n ly  a v a ila b le  fo r  K iv e s v a a ra  
(+1.07oo) a n d  N o g o y a  (+3.0%o), th e s e  v a lu e s  a r e  b r o a d ly  s im ila r  to  m e a 
s u r e m e n ts  fo r  th e  C l m e te o r i te s .  A s in  th e  c a s e  o f  C l m e te o r i te s ,  th e  
v a lu e s  o f  th e  s u lp h u r  b u r n in g  b e lo w  300°C, p r e s u m a b ly  r e p r e s e n t  a  m ix tu r e  
o f  e le m e n ta l  a n d  o rg a n ic  s u lp h u r .

In  M H F  ( F ig u re  3 .9 ) ,  6 9 %  (o r  0 .71  w t% )  o f  th e  o rg a n ic  s u lp h u r  is  r e le a se d  
b e tw e e n  3 0 0  a n d  6 0 0 °C . F o r  th e  s u lp h u r  l ib e r a te d  b e tw e e n  30 0  a n d  6 0 0 °C  
in  th e  b u lk  C 2  m e te o r i te s ,  c o n s id e re d  to  b e  a  m ix tu r e  o f  o rg a n ic  s u lp h u r  
a n d  t r o i l i t e  s u lp h u r ,  th e  c o n c e n t r a t io n s  v a ry  b e tw e e n  0 .1 6  w t%  (R e n a z z o )  
a n d  1 .2 6  w t%  ( M u r r a y ) .  T h e  a m o u n ts  o f  o r g a n ic  s u lp h u r  c o n s id e re d  to  b e  
l ib e r a te d  o v e r  th i s  t e m p e r a t u r e  in te r v a l  (T a b le  3 .7 )  a r e  b e tw e e n  0 .1 2  w t%  
(M ig h e i)  a n d  0 .2 2  w t%  ( M u r r a y ) .  A p p ly in g  a  c o r r e c t io n  fo r  o rg a n ic  s u lp h u r  
l ib e r a te d  b e tw e e n  3 0 0  a n d  6 0 0 °C , a s  d o n e  fo r  C l  d a t a ,  re v e a ls  t h a t  m e te 
o r i te s  lik e  K iv e s v a a ra  c o n ta in  o n ly  s m a ll  a m o u n ts  o f  s u lp h id e s  (0 .2 1  w t%  
s u lp h u r ,  e q u iv a le n t  to  0 .5 8  w t%  t r o i l i t e ) ,  w h e re a s  th e r e  is  0 .8 7  w t%  (2 .3 9  
w t%  t r o i l i t e )  in  M u rc h is o n  a n d  1 .04  w t%  (2 .8 6  w t%  t r o i l i t e )  in  b o th  M ig h e i 
a n d  M u r ra y .  S im ila r  d e te r m in a t io n s  o f  th e  t r o i l i t e  s u lp h u r  c o n te n ts  fo r  N o 
g o y a , A l R a is  a n d  R e n a z z o  a re  n o t  p o s s ib le  b e c a u s e  th e  c a r b o n  c o n te n ts  o f  
th e  o rg a n ic  f r a c t io n s  in  th e s e  m e te o r i te s  h a v e  n o t  b e e n  m e a s u re d .  In  N o g o y a  
th e  a m o u n t  o f  s u lp h u r  re le a se d  b e tw e e n  30 0  to  6 0 0 °C  is 0 .71  w t%  a n d  i t  is 
c o n s id e re d  t h a t  th i s  is p re d o m in a n t ly  o rg a n ic  s u lp h u r  b e c a u s e :
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1. N o g o y a  c o n ta in s  a  h ig h  a b u n d a n c e  o f  c a r b o n  (5 .2 1 % ; B u n c h  a n d  C h a n g , 
1980) a n d  b y  in fe re n c e  a  h ig h  o rg a n ic  s u lp h u r  c o n te n t .

2. T h is  m e te o r i te  is h ig h ly  a l te r e d  (B u n c h  a n d  C h a n g , 1980) so  m u c h  o f  
th e  o r ig in a l  t r o i l i t e  s u lp h u r  w ill h a v e  b e e n  o x id is e d .

In  A l R a is  th e  s u lp h u r  l ib e r a te d  b e tw e e n  3 0 0  a n d  600° C  r e p r e s e n ts  th e  
la rg e s t  p e a k  in  th e  re le a se  p ro file  ( F ig u r e  3 .8 ) ,  so  i t  is c o n s id e re d  t h a t  th e  
s u lp h u r  re le a s e d  b e tw e e n  30 0  a n d  6 0 0 °C  in  th i s  m e te o r i te  ( a n d  R e n a z z o )  
is  r e p r e s e n ta t iv e  o f  t r o i l i t e  s u lp h u r  (1 .0 4  w t%  in  A l R a is  a n d  0 .1 6  w t%  in  
R e n a z z o ) .  T h u s ,  th e  c o n te n ts  o f  t r o i l i t e  c o u ld  b e  a s  h ig h  a s  2 .8 6  w t%  in  
A l R a is  a n d  0 .4 4  w t%  in  R e n a z z o  (T a b le  3 .7 ) .  T h e s e  d a t a  c o m p a r e  w i th  
p re v io u s  d e te r m in a t io n s  o f  s u lp h id e  s u lp h u r  m a d e  b y  K a p la n  a n d  H u ls to n  
(1 9 6 6 ) , o f  0 .1 8  w t%  in  M ig h e i a n d  0 .0 6  w t%  in  M u r ra y .  C le a r ly  s u lp h id e  is 
m o re  a b u n d a n t  t h a n  h a s  b e e n  s u g g e s te d  in  p re v io u s  s tu d ie s  a n d  m o re o v e r ,  
is  m o re  p r e v a le n t  in  th e  C 2  c h o n d r i te s  t h a n  i t  is  in  C l  m e te o r i te s .

T h e  s te p p e d  c o m b u s t io n  p ro file s  o f  K iv e s v a a ra ,  N o g o y a , M ig h e i a n d  
M u rc h is o n  ( F ig u re  3.7), sh o w  e v id e n c e  fo r  o n ly  o n e  re le a se  o f  s u lp h u r  b e 
tw e e n  300 a n d  600°C w ith  l i t t l e  v a r ia b i l i ty  in  th e  v a lu e s  o v e r  th i s  te m 
p e r a tu r e  in te r v a l  (w i th  a  m a x im u m  v a r ia t io n  o f  2.5%o in  M ig h e i) .  T h u s  i t  
is  im p o s s ib le  to  d is t in g u is h  d if fe re n t  s u lp h id e  c o m p o n e n ts  f ro m  th e  s te p p e d  
c o m b u s t io n  d a t a .  T h e  in te g r a te d  v a lu e s  o b ta in e d  fo r  th e  300 to  600°C  
s te p s  a re  +1.00%o, —0.06%o, —2.30%o a n d  —0.61%o fo r  K iv e s v a a ra ,  N o g o y a , 
M ig h e i a n d  M u rc h is o n  re s p e c tiv e ly . I f  a  c o r r e c t io n  is  a p p l ie d  fo r  th e  p r e s 
e n c e  o f  o rg a n ic  m a te r ia l  (w i th  a  v a lu e  o f  —0.87%o o b ta in e d  f ro m  s te p s  
b e tw e e n  300 a n d  600°C in  M H F )  th e n  v a lu e s  fo r  th e  s u lp h id e s  (T a b le  
3.7) a re  b e tw e e n  +2.5%o (K iv e s v a a ra )  a n d  —2.47%o (M ig h e i) .  T h e s e  v a lu e s  
a r e  s im i la r  to  th o s e  o b ta in e d  fo r  th e  C l m e te o r i te s  b u t  a r e  in  m a rk e d  c o n 
t r a s t  w i th  th e  v a lu e s  fo r  F eS  q u o te d  b y  K a p la n  a n d  H u ls to n  (1966) o f  
b e tw e e n  -+-1.7%o a n d  -|-2.5%o fo r  C2 m e te o r i te s .

M u r r a y  d iffe rs  f ro m  o th e r  C 2  m e te o r i te s  in  h a v in g  a  b im o d a l  r e le a s e  o f  
s u lp h u r  b e lo w  6 0 0 °C , w i th  m a x im a  o c c u r r in g  a t  3 0 0  to  4 0 0 ° C  a n d  50 0  to  
6 0 0 ° C  ( F ig u re  3 .7 ) .  T h e  500  to  6 0 0 °C  p e a k  is  n o t  a s  d i s t in c t  a s  o th e r  re le a se s  
in  M u r r a y  a n d  m a y  b e  a n  a r te f a c t  o f  th e  e x p e r im e n t .  H o w e v e r , b o th  t r o i l i t e  
a n d  p e n t l a n d i t e  h a v e  b e e n  p e t ro g r a p h ic a l ly  id e n tif ie d  in  M u r r a y  (B u n c h  
a n d  C h a n g ,  1 9 8 0 ), a n d  i t  is t e m p t in g  to  s u g g e s t  t h a t  th e  tw o  re le a s e s  o f  
s u lp h u r  b e lo w  6 0 0 °C  p o s s ib ly  co m e  f ro m  tw o  d if fe re n t  s u lp h id e  m in e r a ls .  
T r o i l i te  is  k n o w n  to  c o m b u s t  b e tw e e n  3 0 0  a n d  6 0 0 ° C , h o w e v e r , a  s a m p le  o f  
p u r e  p e n t l a n d i t e  h a s  n o t  b e e n  t r e a t e d  to  s te p p e d  c o m b u s t io n ,  a l th o u g h  i t  
is  p o s s ib le  t h a t  th is  m in e ra l  m a y  h a v e  a  s im ila r  c o m b u s t io n  t e m p e r a t u r e  to  
t h a t  o f  t r o i l i t e ,  s in c e  th e s e  tw o  m in e ra ls  a r e  c h e m ic a l ly  a l ik e . If  p e n t l a n d i t e  
s u lp h u r  is r e s p o n s ib le  fo r th e  500  to  6 0 0 ° C  re le a se  in  M u r ra y ,  th e n  i t  is 
c u r io u s  t h a t  a  re le a se  a t  s im ila r  t e m p e r a tu r e s  is n o t  c le a r ly  o b s e rv e d  fo r

101



o th e r  m e te o r i te s  in  w h ic h  p e n t l a n d i t e  h a s  b e e n  fo u n d , v iz  R e n a z z o  (M a so n  
a n d  W iik , 1 9 6 2 ), N o g o y a  (B u n c h  a n d  C h a n g , 1980) a n d  M u rc h is o n  (F u c h s  e t  
a l .,  1 9 7 3 ). T h e  v a lu e  o f  th e  p u t a t i v e  p e n t l a n d i t e  c o m p o n e n t  in  M u r r a y  
is  —1.7%o.

Sulphates and FESON

U p o n  s te p p e d  c o m b u s t io n ,  th e  C M 2  m e te o r i te s  re le a s e  b e tw e e n  55%  (M ig h e i)  
a n d  72%  (N o g o y a )  o f  th e i r  t o t a l  s u lp h u r  a b o v e  6 0 0 °C  ( F ig u r e  3 .7 ) .  In  th e  
c a se  o f  C R 2  m e te o r i te s ,  A l R a is  a n d  R e n a z z o , s u lp h u r  l ib e r a te d  a b o v e  6 0 0 °C  
c o n s t i tu t e s  4 2 %  a n d  84%  o f  th e  t o t a l  a m o u n t  r e s p e c t iv e ly  (F ig u r e  3 .8 ) .  T h e  
s te p p e d  c o m b u s t io n  p ro file s  sh o w  t h a t ,  fo r  a ll s a m p le s ,  th e r e  a re  d is t in c t  
re le a se s  o f  s u lp h u r  c o m b u s t in g  b e tw e e n  6 0 0  a n d  9 0 0 °C  ( fro m  0 .4 2  w t%  in  
A l R a is  a n d  1 .45  w t%  in  N o g o y a ) . F u r th e r m o r e ,  d i s t in c t  re le a se s  o f  s u lp h u r  
a b o v e  9 0 0 °C  ( i.e . f ro m  e p s o m ite )  a re  o b v io u s  in  A l R a is ,  M u rc h is o n  a n d  
M ig h e i. T h e  p re se n c e  o f  e p s o m ite  in  o th e r  C 2  c h o n d r i te s  c a n  b e  in fe r re d  
b e c a u se :

1. T h e r e  is  a  b r o a d  re le a se  o f  s u lp h u r  o v e r  th e  h ig h  t e m p e r a tu r e  s e c tio n  
o f  th e  re le a se  p ro file  ( a b o v e  9 0 0 ° C ) .

2. T h e r e  is  a  d i s t in c t  c h a n g e  in  is o to p ic  c o m p o s i t io n  a b o v e  900°C (e .g . 
fo r  M u r ra y ,  c h a n g e s  f ro m  -1 .0 % »  a t  800°C to  +4.07oo a t  900°C).

D u r in g  th e  p é t r o g r a p h ie  in v e s t ig a t io n  o f  M u rc h is o n  b y  F u c h s  e t  a l . (1 9 7 3 ) , 
g y p s u m  w a s  th e  o n ly  s u lp h a te  t o  b e  p o s i t iv e ly  id e n tif ie d ,  a l th o u g h  th e  p re s -  ’ 
en c e  o f  s o d iu m  a n d  m a g n e s iu m  s u lp h a te s  w a s  in fe r r e d .  K a p la n  a n d  H u ls to n  
(1 9 6 6 ) w e re  n o n c o m m it ta l  a b o u t  th e  e x a c t  n a t u r e  o f  th e  s u lp h a te s  in  C 2  
m e te o r i te s  a n d  a l lu d e d  to  ( M g ,C a )S 0 4 , a l th o u g h  th e y  d e te c te d  0 .1  w t%  
s u lp h u r  a s  g y p s u m  in  M u rra y .

I t  is  a s s u m e d  t h a t  th e  s u lp h u r  d io x id e  re le a s e d  b e tw e e n  6 0 0  a n d  9 0 0 °C  
r e p r e s e n ts  a  m ix tu r e  o f  s u lp h u r  f ro m  F E S O N  a n d  g y p s u m  a s  w a s  in v o k e d  
to  a c c o u n t  fo r  s u lp h u r  re le a s e d  o v e r  th i s  t e m p e r a t u r e  in te r v a l  in  C l  m e 
te o r i te s .  I f  a l l  th e  s u lp h u r  l ib e r a te d  b e tw e e n  6 0 0  a n d  9 0 0 °C  in  C M 2  a n d  
C R 2  c h o n d r i te s  is  c a lc u la te d  a s  g y p s u m , th e n  th e  r e q u ir e d  c a lc iu m  c o n te n ts  
e x c e e d  th e  k n o w n  c o n te n ts  o f  th i s  e le m e n t  in  th e  m a tr ic e s  in  a ll c a se s , a n d  
in  th r e e  in s ta n c e s  (M ig h e i, M u rc h is o n  a n d  N o g o y a ) , th e y  e x c ee d  th e  t o t a l  
c a lc iu m  c o n te n ts  o f  th e  m e te o r i te s  (T a b le  3 .8 ) .  T h e  r e la t iv e  p r o p o r t io n s  o f  
s u lp h u r  a s  g y p s u m  a n d  F E S O N  h a v e ,  th e re fo r e ,  b e e n  a sse sse d  (T a b le  3 .9 ) 
a c c o rd in g  to  th e  m e th o d  d e s c r ib e d  in  S e c t io n  3 .4 .2  fo r  th e  C l  m e te o r i te s .  
F o r  th e  p u r p o s e  o f  th e s e  c a lc u la t io n s  i t  is a s s u m e d  t h a t  a ll o f  th e  g y p s u m  
in  C 2  c h o n d r i te s  re s id e s  in  th e  m a t r ix  (a s  th e re  a re  n o  d is t in c t  m in e ra l  
v e in s  p r e s e n t  in  th e s e  m e te o r i te s )  so  o n ly  th e  m a t r ix  C a  c o n te n ts  (M cS w een  
a n d  R ic h a rd s o n ,  1977) a re  c o n s id e re d . T h e  m a t r ix  C a  c o n te n ts  h a v e  b e e n
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S a m p le Y ie ld  S C a lc . C a L it .  C a  (w t% )

( 6 0 0 -9 0 0 ° C )
w t%

g y p s u m
w t%

re q u ire d
w t%

m a tr ix b u lk

K iv e s v a a ra 0 .7 2 3 .8 7 0 .9 0 0 .5 2  (a ) 1 .39  (a )

M ig h e i 0 .9 5 5 .11 1 .19 0 .3 3  (b ) 1 .18  (c)

M u rc h is o n 1.41 7 .5 8 1 .76 0 .6 1  ( b ) - 1 .25  (d )  
1 .35  (e)

M u r ra y 1.08 5 .81 1.35 0 .5 4  (b ) 1 .36  (c)

N o g o y a 1.45 7 .7 9 1.81 0 .4 1  (b ) 1 .79  (c)

A l R a is 0 .4 2 2 .2 6 0 .5 3 0 .9 5  (b ) 1.43  (c)

R e n a z z o 0 .6 2 3 .3 3 0 .7 7 0 .6 2  (b ) 1 .27  (c)

T a b l e  3 .8  C o n te n t s  o f  c a lc iu m  a s  g y p s u m  in  C 2  c h o n d r i te s  c a lc u la te d  f ro m  
s u lp h u r  re le a s e d  b e tw e e n  6 0 0 —9 0 0 °C . R e fe re n c e s : (a )  K in n u n e n  a n d  
S a ik k o n e n  (1 9 8 3 ); (b )  M c S w e e n  a n d  R ic h a rd s o n  (1 9 7 7 ); (c) M a s o n  
(1 9 6 3 ); (d )  F u c h s  e t  a l . (1 9 7 3 ); (e ) J a ro s e w ic h  (1 9 7 3 ).

S a m p le M a t r ix  C a  
c o n te n t  

w t%

C a  as 
c a r b o n a te  

w t%

G y p s u m
c o n te n t

w t%

F E S O N
c o n te n t

w t%

K iv e s v a a ra 0 .4 0  (a ) 0 .0 5  (b ) 1.51 1.83

M ig h e i 0 .2 0  (c) 0 .1 4  (c) 0 .2 6 3 .7 4

M u rc h is o n 0 .3 9  (c) 0 .0 9  (b ) 1 .29 4 .8 7

M u r ra y 0 .3 2  (c) 0 .3 2  (b ) N D N D

N o g o y a 0 .3 5  (c) - 1.51 4 .8 7

A l R a is 0 .2 6  (c) 0 .0 1  (b ) 1.08 0 .9 2

R e n a z z o 0 .3 5  (c) 0 .1 6  (b ) 0 .8 2 1.95

T a b l e  3 .9  C a lc u la t io n  o f  g y p s u m  a n d  F E S O N  c o n te n ts  in  0 2  c h o n d r i te s .  
T h e  m a t r ix  c a lc iu m  c o n te n ts  r e p o r te d  in  th e  ta b le  h a v e  b e e n  n o r 
m a lis e d  to  w h o le - ro c k  v a lu e s  u s in g  th e  p r o p o r t io n s  o f  m a t r ix  re 
p o r te d  fo r  th e s e  m e te o r i te s  b y  M c S w e e n  (1 9 7 9 b ) . R e fe re n c e s : ( a )  
K in n u n e n  a n d  S a ik k o n e n  (1 9 8 3 ); (b )  D r  M .M . G ra d y , u n p u b lis h e d  
d a t a ;  (c) S m ith  a n d  K a p la n  (1 9 7 0 ). N D  =  n o t  d e te r m in a b le .
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n o r m a l is e d  to  b u lk  m e te o r i te  v a lu e s  u s in g  th e  m a t r ix  v o lu m e s  fo r  e a c h  m e 
te o r i te  d e te r m in e d  b y  M c S w e e n  (1 9 7 9 b ) . A  c o r re c t io n  w a s  a lso  a p p l ie d  fo r  
th e  a m o u n t  o f  C a  in  c a r b o n a te  ( a s s u m e d  to  b e  c a lc i te  o n ly  fo r  th e s e  c a l
c u la t io n s ) .  T h is  c o r re c t io n  c o u ld  n o t  b e  a p p l ie d  to  N o g o y a  fo r  w h ic h  th e  
c a r b o n a te  c o n te n t  h a s  n o t  b e e n  d e te r m in e d .  W i th o u t  e x c e p t io n ,  th e  C 2  
c h o n d r i te s  c o n ta in  m o re  s u lp h u r  a s  F E S O N  (0 .2 2  w t%  to  1 .17  w t% )  th a n  
a s  g y p s u m  (0 .0 5  w t%  to  0 .41  w t% )  (T a b le  3 .7 ) .  I t  is s ig n if ic a n t t h a t  N o 
g o y a  h a s  th e  h ig h e s t  F E S O N  c o n te n t  (4 .8 7  w t% )  in d ic a t in g  t h a t  th e  e x t e n t  
o f  a l t e r a t io n  is g r e a te s t  in  th is  m e te o r i te ,  th i s  o b s e rv a t io n  is in  a g r e e m e n t  
w ith  th e  c o n c lu s io n  o f  B u n c h  a n d  C h a n g  (1 9 8 0 ). T h e  F E S O N  a n d  g y p s u m  
c o n te n ts  d e r iv e d  fo r  th e  m e te o r i te s  in  T a b le  3 .7  a re  p lo t t e d  in  F ig u re  2 .1 0  
w h e re  th e y  a re  c o m p a re d  w i th  th e  m a t r ix  p r o p o r t io n s  (M c S w e e n , 1 9 7 9 b , 
K in n u n e n  a n d  S a ik k o n e n , 1983) w h ic h  c a n  b e  u se d  a s  a  m e a s u re  o f  a q u e o u s  
a l te r a t io n .

B o th  M c S w e e n  a n d  R ic h a rd s o n  (1 9 7 7 ) a n d  T o m e o k a  a n d  B u se c k  (1 9 8 5 ) 
h a v e  in d e p e n d e n t ly  c a lc u la te d  t h a t  a b o u t  30%  o f  th e  m a t r ix  iro n  c o n te n t  
o f  M u rc h is o n  is  in  th e  fo rm  o f  F E S O N . H o w e v e r , th is  e s t im a te  is  in  e r r o r ,  
b e c a u s e  i t  is b a s e d  o n  th e  a s s u m p tio n  t h a t  a ll th e  s u lp h u r  in  th e  m a t r ix  c a n  
b e  a t t r i b u t e d  to  e i th e r  t r o i l i t e  o r  F E S O N . T h e  s te p p e d  c o m b u s t io n  d a t a  
for. M u rc h is o n  in d ic a te s  t h a t  s u lp h u r  in  th e  m a t r ix  is  p r e s e n t  in  a t  le a s t  s ix  
d if fe re n t  fo rm s , n a m e ly : e le m e n ta l  s t a t e ,  o rg a n ic  m a c ro m o le c u la r  m a te r ia l ,  
t r o i l i t e ,  F E S O N , g y p s u m  a n d  e p s o m ite  (T a b le  3 .7 ) .  U s in g  th is  in fo rm a tio n ,’ 
a n d  th e  v a lu e  o f  m a t r ix  iro n  d e te r m in e d  b y  M c S w e e n  a n d  R ic h a rd s o n  (1 9 7 7 ) , 
th e  a m o u n t  o f  m a t r ix  iro n  t h a t  c a n  b e  a t t r i b u t e d  to  F E S O N  is r e c a lc u la te d  
a s  b e in g  o n ly  a b o u t  10% .

T h e  f o r m a t io n  a n d  a l te r a t io n  se q u e n c e  o f  P G P  h a s  b e e n  s tu d ie d  in  d e 
ta i l  b y  T o m e o k a  a n d  B u se c k  (1 9 8 5 ) , a n d  m u c h  o f  th e  fo llo w in g  d is c u s s io n  
is  b a s e d  u p o n  th e i r  w o rk . T h e  f o r m a t io n  o f  F E S O N  (o r  ty p e  I P O P )  is a t 
t r i b u t e d  to  a  r e a c t io n  b e tw e e n  k a m a c i te  a n d  a  s u lp h u r - r ic h  f iu id . T o m e o k a  
a n d  B u se c k  (1 9 8 5 ) d id  n o t  p ro p o s e  a  m e c h a n is m  fo r  p r o d u c in g  th e  f lu id , b u t  
i t  is p la u s ib le  t h a t  a n  in i t ia l  r e a c t io n  o c c u r re d  b e tw e e n  t r o i l i t e  a n d  w a te r  
( B o s tr o m  a n d  F re d r ik s s o n , 1965 ) t h a t  le d  to  th e  fo rm a t io n  o f  l im o n ite  a n d  
e le m e n ta l  s u lp h u r ,  b o th  o f  w h ic h  a re  o f te n  fo u n d  in  c lo se  a s s o c ia t io n  in  C l  
c h o n d r i te s  (B a s s , 1 9 7 0 ). H o w e v e r , if  th i s  is  c o r r e c t ,  i t  is  d if f ic u lt to  a c c o u n t  
fo r  th e  v e ry  lo w  a b u n d a n c e s  o f  e le m e n ta l  s u lp h u r  in  th e  0 2  c h o n d r i te s .  I t  
is  p o s s ib le  t h a t  m u c h  o f  th e  o r ig in a l  e le m e n ta l  s u lp h u r  fo rm e d  d u r in g  a l t e r 
a t io n  o f  t r o i l i t e  u n d e r w e n t  f u r th e r  r e a c t io n s  w i th  o rg a n ic  m a te r ia l  o n  th e  
p a r e n t  b o d y , e s p e c ia lly  a s  i t  se e m s  t h a t  0 2  c h o n d r i te s  h a v e  h ig h e r  o rg a n ic  
s u lp h u r  c o n te n ts  th a n  0 1  m e te o r i te s  (a s  c a n  b e  d is c e rn e d  by  th e  r e s u l t s  fo r 
O H F  a n d  M H F ) .

T h e  a l t e r a t io n  p ro c e s s  is n o t  a  s t r a ig h t f o r w a r d  t r a n s f o r m a t io n  o f  t r o i l i t e  
to  F E S O N . In d e e d , i t  h a s  b een  o b se rv e d  (T o m e o k a  a n d  B u se c k , 1985) t h a t ,
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F i g u r e  3 .1 0  V a r ia t io n s  in  th e  a m o u n ts  o f  m a t r ix ,  F E S O N  a n d  s u l 
p h a t e  in  so m e  0 2  c h o n d r i te s .  T h e  p r o p o r t io n s  o f  m a t r ix  a re  f ro m  
M c S w e e n  (1 9 7 9 b )  a n d  K in n u n e n  a n d  S a ik k o n e n  (1 9 8 2 ) . A R = A 1  
R a is ; K i= K iv e s v a a r a ;  M i= M ig h e i ;  M n = M u r c h is o n ;  N o = N o g o y a ;  
R e = R e n a z z o .
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F i g u r e  3 .1 1  T h e  su c c e ss io n  o f  s u lp h u r - b e a r in g  m in e ra ls  in  C l  a n d  0 2  m e te 
o r i te s .  T h e  p re c u rs iv e  s u lp h u r  m in e r a l  is  t r o i l i t e  fo rm e d  in  th e  s o la r  
n e b u la .  A q u e o u s  a l t e r a t io n  o f  t r o i l i t e  fo rm s  e le m e n ta l  s u lp h u r  ( in  0 1  
m e te o r i te s )  a n d  a  s u lp h u r - r ic h  flu id  w h ic h  r e a c ts  w ith  k a m a c i te  to  
fo rm  F E S O N . D u rin g  a d v a n c e d  s ta g e s  o f  a l t e r a t io n  F E S O N  is c o n 
s u m e d  to  fo rm  c r o n s te d t i t e ,  th e  F E S O N  s u lp h u r  fo rm s  p y r r h o t i t e  
a n d  s u lp h a te s .

d u r in g  th e  s e c o n d  s ta g e  o f  a l t e r a t io n ,  c r o n s te d t i t e  ( ty p e  II  P O P )  is  fo rm e d  
b y  th e  r e a c t io n  o f  F E S O N  ( ty p e  I P O P )  a n d  s il ic o n  w h ic h  is r e le a s e d  b y  
th e  d e c o m p o s i t io n  o f  o liv in e  a n d  p y ro x e n e .  A t  th i s  s ta g e  F e , S , N i, O r  a n d  
P  a r e  le a c h e d  o u t  o f  ty p e  I P O P  a n d  d is p e rs e d  th r o u g h o u t  th e  m a t r ix ,  v ia  
a n  a q u e o u s  m e d iu m , le a d in g  to  th e  f o r m a t io n  o f  p e n t l a n d i t e  a n d  p y r r h o t i t e  
(T o m e o k a  a n d  B u se c k , 1 9 85 ). C o n c u r r e n t ly ,  M g  a n d  O a  a re  re m o v e d  f ro m  
p y ro x e n e  a n d  o liv in e , th e s e  io n s  p ro b a b ly  c o m b in e  w i th  s u lp h u r  (S O ^ ” ) in  
th e  f lu id  p h a s e ,  to  fo rm  g y p s u m  a n d  e p s o m ite .  D u r in g  a d v a n c e d  s ta g e s  
o f  a l t e r a t io n ,  o r  w h e re  th e r e  h a s  b e e n  m o re  e x te n s iv e  a q u e o u s  a c t iv i ty  (a s  
in  th e  0 1  c h o n d r i t e s ) ,  m u c h  o f  th e  o r ig in a l  F E S O N  is c o n s u m e d  to  fo rm  
c r o n s te d t i t e  (T o m e o k a  a n d  B u s e c k , 1 9 8 5 ). T h e  p ro p o s e d  sc h e m e  fo r  th e  
p ro g re s s iv e  f o r m a t io n  o f  s u lp h u r  c o n s t i tu e n ts  in  0 1  a n d  0 2  m e te o r i te s  is 
sh o w n  in  F ig u re  3 .1 1 .

T h e  a m o u n ts  o f  s u lp h u r  a s  g y p s u m , e s t im a te d  f ro m  th e  d a t a  fo r  c o m 
b u s t io n  s te p s  b e tw e e n  6 0 0  a n d  9 0 0 ° O (T a b le  3 .9 ) ,  r a n g e  b e tw e e n  0 .0 5  w t%  
( M u r r a y )  a n d  0 .2 8  w t%  (K iv e s v a a ra  a n d  N o g o y a ) . T h is  t r a n s l a te s  to  a  v a r i 
a t io n  in  g y p s u m  c o n c e n t r a t io n  o f  b e tw e e n  0 .2 6  w t%  (M u r r a y )  a n d  1.51 w t%  
(K iv e s v a a r a  a n d  N o g o y a ) . T h e  p u ta t iv e  e p s o m ite  c o n te n ts  ( i.e . t h a t  s u lp h u r  
re le a se d  a b o v e  9 0 0 ° 0 ,  T a b le  3 .7 ) a re  r e la t iv e ly  low  c o m p a re d  to  0 1  m e te 
o r i te s .  S u lp h u r  a s  e p s o m ite  a c c o u n ts  fo r b e tw e e n  0 .2 5  w t%  (R e n a z z o )  a n d
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0 .6 4  w t%  (M u rc h is o n ) .  T h e  t o t a l  a m o u n t  o f  s u lp h u r  a s  s u lp h a te  is  e s t im a te d  
to  b e  b e tw e e n  0 .4 0  w t%  (R e n a z z o )  a n d  1 .03  w t%  (M u rc h is o n ) .  T h e s e  r e s u l t s  
c o m p a r e  f a v o u r a b ly  w i th  p re v io u s ly  d e te r m in e d  v a lu e s , K a p la n  a n d  H u ls to n  
(1 9 6 6 )  e s ta b l is h e d  a  r a n g e  in  s u lp h a te  s u lp h u r  c o n te n t  fo r  C M 2 m e te o r i te s  
o f  b e tw e e n  0 .4 6  w t%  a n d  1 .05  w t% , w h ile  J a ro s e w ic h  (1 9 7 1 ) a n d  F u c h s  e t  
a l . (1 9 7 3 )  o b ta in e d  c o n c e n t r a t io n s  o f  s u lp h u r  a s  s u lp h a te  in  M u rc h is o n  o f
0 .3 6  w t%  a n d  0 .9 5  w t%  re s p e c tiv e ly .

I t  is  o b v io u s  t h a t  th e r e  is  a  w id e  r a n g e  in  s u lp h a te  c o n te n t  in  th e  C 2 
m e te o r i te s .  I f  s u lp h id e s  a re  th e  p r im a ry  c o n s t i tu e n ts  o f  c a rb o n a c e o u s  c h o n 
d r i te s  th e n  th e  d e g re e  o f  a q u e o u s  a l te r a t io n  w ill b e  re f le c te d  by  th e  r e la t iv e  
a m o u n ts  o f  s u lp h a te s  p r e s e n t .  C o n s id e r in g  th e  C M 2 m e te o r i te s  o n ly , th e  r a 
t io  o f  s u lp h u r  a s  F E S O N  a n d  s u lp h a te s  to  s u lp h u r  a s  s u lp h id e s ,  d e c re a s e s  in  
th e  o rd e r :  K iv e s v a a ra  ( 5 .5 ) > M u rc h is o n  ( 2 .1 ) > M ig h e i  ( 1 .6 ) >  M u r ra y  ( 1 .4 ) . 
U n fo r tu n a te ly ,  th e  s u lp h id e  c o n te n t  o f  N o g o y a  c a n n o t  b e  d e te r m in e d  (s in c e  
th e  c o n t r ib u t io n  o f  o rg a n ic  s u lp h u r  l ib e r a te d  b e tw e e n  3 0 0  a n d  6 0 0 °C  is n o t  
k n o w n ) ,  so  a n  a l t e r a t io n  in d e x  fo r  th is  m e te o r i te  c a n n o t  b e  e s ta b l is h e d .  
H o w e v e r , B u n c h  a n d  C h a n g  (1 9 8 0 ) r e p o r te d  t h a t  N o g o y a  is  th e  m o s t  h ig h ly  
a l te r e d  C M 2  c h o n d r i t e ,  a n d  re c la s s if lc a tio n  to  a  C M l  h a s  b e e n  c o n s id e re d  
(M c S w e e n , 1 9 7 9 a ) . K in n u n e n  a n d  S a ik k o n e n  (1 9 8 3 ) a lso  fo u n d  t h a t  K iv e s 
v a a r a  is  h ig h ly  a l te r e d  a n d  th i s  is  s u p p o r te d  b y  th e  r e s u l t s  f ro m  th e  p r e s e n t  
s tu d y  w h ic h  s u g g e s t  t h a t  th i s  m e te o r i te  m a y  h a v e  su ffe re d  a l t e r a t io n ,  c o m 
p a r a b le  in  e x t e n t ,  to  t h a t  o f  C l  m e te o r i te s  (e .g . th e  a l te r a t io n  in d e x  o f  
O rg u e il  w a s  c a lc u la te d  to  b e  5 .5 ) .

T h e  in te g r a te d  <5^^S v a lu e s  fo r  th e  s u lp h u r  re le a s e d  b e tw e e n  600 a n d  
900 C in  th e  C2 c h o n d r i te s  (T a b le  3.6) a re  b e tw e e n  —0.75%o (R e n a z z o )  a n d  
+1.167oo (N o g o y a )  a n d  th e  a v e ra g e  v a lu e  is  +0.32%o. I t  is  d if f ic u lt  to  d e f in e  
th e  in d iv id u a l  (Ç '̂̂ S v a lu e s  fo r  s u lp h u r  f ro m  F E S O N  a n d  g y p s u m  a s  th e s e  
c o m p o n e n ts  b o th  s e e m  to  l ib e r a te  th e i r  s u lp h u r  o v e r  th i s  te m p e r a tu r e  in t e r 
v a l. K a p la n  a n d  H u ls to n  (1966) d e te r m in e d  th e  ^^^S o f  C a S O ^  in  M u r r a y  
to  b e  +0.1%o. T h e r e  is  a  n o ta b le  v a r ia t io n  o f  f^^S  v a lu e s  b e tw e e n  700 a n d  
900°C in  th e  is o to p ic  p ro file s  o f  th e  C2 c h o n d r i te s  (e .g . in  M ig h e i th e  iso 
to p ic  c o m p o s i t io n  o f  s u lp h u r  c h a n g e s  f ro m  -3.9%o a t  700°C to  -f4.2%o a t  
900°C ). A  s im ila r  p h e n o m e n o n  w a s  n o te d  fo r  f^^ S  v a lu e s  m e a s u re d  fo r  s u l 
p h u r  r e le a s e d  o v e r  th e  s a m e  t e m p e r a t u r e  in te r v a l  in  C l  m e te o r i te s  (S e c tio n  
3.4 .2), w h e re  i t  w a s  in te r p r e te d  to  r e p r e s e n t  th e  b u r n in g  o f  tw o  d is c re te  
s u lp h u r - b e a r in g  c o m p o n e n ts  h a v in g  d if fe re n t  is o to p ic  c o m p o s it io n s .

T h e  r e s u l t s  o f  th e  c a lc u la t io n s  in  T a b le  3.9, s u g g e s t  t h a t  a ll th e  s u lp h u r  
l ib e r a te d  a b o v e  600°C in  A l R a is  c a n  b e  a t t r i b u t e d  to  s u lp h a te s .  T h u s  th e  
^^'^S v a lu e  o f  —0.75%o o b ta in e d  fo r  th e  s u lp h u r  re le a se d  b e tw e e n  600 a n d  
900°C in  A l R a is ,  m a y  p ro v id e  a  m o re  re a s o n a b le  in d ic a t io n  o f  th e  6^^S 
v a lu e  o f  g y p s u m  in  c a rb o n a c e o u s  c h o n d r i te s .
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T h e  v a lu e s  o f  th e  s u lp h u r  re le a se d  a b o v e  900°C ( th o u g h t  to  d e r iv e  
f ro m  e p s o m ite )  d u r in g  s te p p e d  c o m b u s tio n  o f  C 2  m e te o r i te s  (T a b le  3 .6 ) , 
a r e  b e tw e e n  -0.75%o a n d  +4.05%o (a v e ra g e  v a lu e  is  +1.57oo). V ein  
m in e r a l is a t io n  o f  s u lp h a te s  in  C 2  c h o n d r i te s  is  n o t  a s  e x te n s iv e  a s  t h a t  in  C l  
m e te o r i te s  a n d  y e t ,  th e  v a lu e s  o f  e p s o m ite  s u lp h u r  in  b o th  ty p e s ,  a r e  
s im i la r  ( b e tw e e n  +1.607oo a n d  -0.43%o in  C l ’s  a n d  +4.057oo a n d  -0.757oo 
in  C 2 ’s ) .  T h is  s u g g e s ts  t h a t  h y d r o th e r m a l  p ro c e s se s  w e re  s im i la r  in  C l  
a n d  C 2 c a r b o n a c e o u s  c h o n d r i te s .  P re v io u s ly ,  K a p la n  a n d  H u ls to n  (1966) 
h a v e  d e te r m in e d  th e  is o to p ic  c o m p o s it io n  o f  s u lp h u r  in  ( M g ,C a ) S 0 4  fo r  C M  
c h o n d r i te s  to  b e  b e tw e e n  —1.7 a n d  -b0.7%o.

3.5 C om p arison  w ith  p rev iou s s tu d ie s

T h e  s u lp h u r  d a t a ,  o b ta in e d  b y  s te p p e d  c o m b u s t io n ,  fo r  c o n s t i tu e n t s  in  C l
a n d  C2 m e te o r i te s  a re  o f te n  a t  v a r ia n c e  w ith  th o s e  d e te r m in e d  in  p r e v io u s
s tu d ie s .  In  F ig u re  3.12, th e  r e s u l t s  o b ta in e d  in  th i s  s tu d y  a re  c o m p a r e d  w i th  
a v a i la b le  l i t e r a tu r e  v a lu e s  fo r  fo u r  m e te o r i te s  (O rg u e i l ,  M ig h e i,  M u rc h is o n  
a n d  M u r r a y ) .  T h e  m o s t  i m p o r t a n t  d if fe re n c e s  in  th e  d a t a  o f  th i s  s tu d y  
c o m p a r e d  w i th  th o s e  o b ta in e d  p re v io u s ly , s e e m s  to  b e :

1. T h e  lo w e r  e s t im a te s  o f  e le m e n ta l  a n d  e p s o m ite  s u lp h u r .

2 . T h e  h ig h e r  c o n te n ts  o f  t r o i l i t e  a n d  g y p s u m  s u lp h u r .

3 . T h e  h ig h e r  v a lu e s  o f  e p s o m ite  a n d  lo w e r  v a lu e s  o f  t r o i l i t e .

K a p la n  a n d  H u ls to n  (1966) a n d  M o n s te r  e t  a l .  (1965) m a d e  s u lp h u r  
i s o to p e  m e a s u r e m e n ts  o n  d if fe re n t c o n s t i tu e n ts  o f  m e te o r i te  s a m p le s  u s in g  
a n  a n a ly t i c a l  p r o c e d u re  s u m m a r is e d  in  T a b le  3.10. U n fo r tu n a te ly ,  th e s e  
in v e s t ig a to r s  d id  n o t  u n d e r ta k e  a n y  e x p e r im e n ts  to  c o n f irm  th e  i n te g r i ty  
o f  th e  c h e m ic a l  p ro c e d u re s  ( in  te rm s  o f  th e i r  a b i l i ty  to  c o m p le te ly  r e m o v e  
a l l  th e  s u lp h u r  f ro m  th e  c o m p o n e n t  o f  i n te r e s t ,  a n d  th e  e ffec t o n  o th e r  
s u lp h u r - b e a r in g  c o m p o n e n ts ) .  In  a n  a t t e m p t  t o  a s se ss  th e  e ffe c ts  o f  c h e m 
ic a l r e a g e n ts  o n  s u lp h u r  m in e r a ls  in  c a r b o n a c e o u s  c h o n d r i te s ,  a  n u m b e r  o f  
a n a ly t i c a l  t r e a tm e n t s  w e re  a p p l ie d  to  th e  M u rc h is o n  m e te o r i te  ( F ig u r e  3.13). 
M u r c h is o n  w a s  s e le c te d  fo r  a  d e ta i le d  s tu d y  b e c a u s e  s te p p e d  c o m b u s t io n  o f  
th e  w h o le - ro c k  s a m p le  h a s  p r o v id e d  e v id e n c e  fo r  s ix  c o m p o n e n ts  o f  s u lp h u r  
(d is c u s s e d  in  S e c t io n  3.4.3). W h e re  p o s s ib le , te c h n iq u e s  w e re  c h o s e n  to  b e  
f a ir ly  c o m p a r a b le  to  th o s e  u s e d  b y  K a p la n  a n d  H u ls to n  (1966). T h e  d i s t r i 
b u t io n  o f  s u lp h u r  in  e a c h  o f  th e  re s id u e s  a n d  e x t r a c t s  o b ta in e d ,  w a s  c h a r 
a c te r is e d  u s in g  s te p p e d  c o m b u s t io n  (F ig u re  3.13). H o w e v e r , in t e r p r e t a t i o n  
o f  th e  s te p p e d  c o m b u s t io n  d a t a  is a t  b e s t  s e m i- q u a n t i ta t iv e ,  a s  so m e  e x p e r 
im e n ts  n e c e s s a ry  fo r  th e  fu ll a s s e s s m e n t o f  th e  o b s e rv a t io n s  m a d e  h e re in ,  
h a v e  y e t  to  b e  c a r r ie d  o u t .  N e v e r th e le s s , th e  o b je c t iv e  o f  th e s e  e x p e r im e n t s
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Component Orgueil Mighei Murray Murchison

wt% 8 wt% 3 wt% 3 wt% 3

Elemental S 
Organic S 
Troilite

FESON
Gypsum
Epsomite

Elemental 8 
Organic 8 
Troilite 
Gypsum 
Epsomite

□ •

□  A □

•

□ *

•

• n

1°

•

□ •

3

□»

A *

:#

A d

a

•  This study
°  Kaplan and Hulston (1 9 6 6 )  
^  Monster et al. (1 9 6 5 )
0 Fuchs et al. (1973)

F i g u r e  3 .1 2  A  c o m p a r is o n  o f  th e  s u lp h u r  d a t a  o b ta in e d  in  th i s  s tu d y  w i th  
p u b lis h e d  v a lu e s  fo r  fo u r  c a r b o n a c e o u s  c h o n d r i te s .
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- AXES -

Q. 100

MURCHISON

200 600 1000 
T e m p e r a t u r e  ( ° C )

50:50 toluene/methanol 
24hrs. I

MEW1

Water 2 5 ‘*C 
24hrs.

(water insoluble)

5M HCI 
24hrs.

5M HNO3 
24hrs.

I Water 70"C 
24hrs.

MEW2

+

. MEW2R.

(w ater Insoluble)

0 .0 0 1 1— I 1 1 1— L

(water soluble)

F i g u r e  3 .1 3  T h e  c h e m ic a l p r e p a r a t io n  sc h e m e  a p p l ie d  to  M u rc h is o n  a n d  
th e  a b u n d a n c e  (— ) a n d  is o to p ic  c o m p o s i t io n  ( - • - )  o f  s u lp h u r  in  th e  
r e s u l t in g  re s id u e s  a n d  e x t r a c ts .
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K a p l a n  &  H u l s t o n  ( 1 9 6 6 ) T h i s  s t u d y
S te p P h a s e E x t r a c t io n  m e th o d E x t r a c t io n  m e th o d R e s id u e

1 S° A c e to n e - b e n z e n e T o lu e n e - m e th a n o l M E
2 so'i~ R e flu x in g  w ith  

w a te r
C o ld  w a te r  
H o t w a te r

M E W l
M E W 2

3 S 2- R e flu x in g  w ith  
5M  H C I

5 M  H C I a t  1 8 °C  
5 M  H N O 3 a t  18°C

M E H
M E N

4 so^- A c id  s o lu b le
5 S° B e n z e n e
6 S° A c e to n e -b e n z e n e

7 S? A q u a  r e g ia

T a b l e  3 .1 0  T h e  a n a ly t ic a l  p ro c e d u re s  a p p l ie d  to  c a rb o n a c e o u s  c h o n d r i te s  
b y  K a p la n  a n d  H u ls to n  (1 9 6 6 ) c o m p a re d  w i th  th e  m e th o d s  u se d  in  
th i s  s tu d y .

w a s  s im p ly  to  d e m o n s t r a te  t h a t  c h e m ic a ls  a c t  o n  m e te o r i t i c  c o m p o n e n ts  in  a  
c o m p l ic a te d  a n d  u n p r e d ic ta b le  w ay . D u r in g  th e  p r e p a r a t io n  o f  th e  m e te o r i te  
r e s id u e s  n o  m e a s u re m e n ts  o f  w e ig h t- lo s s  w e re  re c o rd e d . T h u s ,  th e  a p p a r e n t  
in c re a s e s  in  t o t a l  s u lp h u r  c o n te n t  t h a t  o c c u r  g o in g  f ro m  M E  to  M E W l  a n d  
M E N  c a n  b e  a c c o u n te d  fo r  b y  th e  re m o v a l o f  w a te r  a n d  n i t r ic  a c id  so lu b le  
c o m p o n e n ts  f ro m  M u rc h is o n  re s p e c tiv e ly .  E x p e r im e n ts  c o n s id e re d  to  b e  a  
w o r th w h i le  p a r t  o f  f u tu r e  s tu d ie s  a re  m e n tio n e d .

ME

P re v io u s  d e te r m in a t io n s  o f  e le m e n ta l  s u lp h u r  in  c a rb o n a c e o u s  c h o n d r i t e s  
h a v e  in v o lv e d  m e a s u r e m e n t  o f  th e  s o lv e n t - e x t r a c ta b le  m a te r ia l  ( T a b le  3 .1 0 ) . 
D u r in g  th e  p r e s e n t  s tu d y ,  p a r e n t  M u rc h is o n  ( d e s ig n a te d  M ) w a a  e x t r a c te d  
w i th  a  5 0 :5 0  to lu e n e -m e th a n o l  m ix tu r e  to  g iv e  M E . S te p p e d  c o m b u s t io n  o f  
M E  re v e a le d  t h a t  a  t o t a l  o f  1 .22  w t%  s u lp h u r  hcis b e e n  r e m o v e d  b y  th e  o r 
g a n ic  s o lv e n ts .  M o s t  o f  th e  s u lp h u r  w h ic h  b u r n s  b e tw e e n  ro o m  t e m p e r a t u r e  
a n d  3 0 0 °C  (0 .1 5  w t% )  a n d  a t t r i b u t e d  to  e le m e n ta l  a n d  o rg a n ic  s u lp h u r  in  
M , h a s  b e e n  e x t r a c te d  in  M E  ( th e  c o r re s p o n d in g  s u lp h u r  c o n te n t  fo r  th i s  
t e m p e r a t u r e  in te r v a l  in  th e  re s id u e  is  0 .0 4  w t% ) .  In  S e c tio n  3 .4 .3  th e  e le 
m e n ta l  s u lp h u r  c o n te n t  o f  M u rc h is o n  w a s  e s t im a te d  to  b e  0 .0 7  w t% , so  i t  
a p p e a r s  t h a t  o rg a n ic  s o lv e n ts  c o u ld  a lso  h a v e  re m o v e d  so m e  o f  th e  o rg a n ic  
s u lp h u r .  H o w e v e r , i t  w a s  n o te d  in  S e c t io n  3 .4 .3  t h a t  th e  e le m e n ta l  s u lp h u r  
c o n te n t  d e te r m in e d  u s in g  s te p p e d  c o m b u s t io n  r e p r e s e n ts  a  m in im u m  v a lu e , 
d u e  to  th e  p ro b le m s  a s s o c ia te d  w i th  b u r n in g  th is  c o m p o n e n t .  N e v e r th e le s s ,
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1 .4

1 .2
Ü
oo 1 .0(O
o
o 0 .8
CO

1—1 
CO 0 .6
1_1
1—1 0 .4
CO
1_1 0 .2

( a )

M

J  L

ME

J  L

MEW1 MEW2

3 0 0  6 0 0  9 0 0 3 0 0  6 0 0  9 0 0  3 0 0  6 0 0  9 0 0

Temperature (°C)

_ j  I___
3 0 0  6 0 0  9 0 0

(b)

o

HO
o

CO
n
O

- 2

-3
-4

ME MEW1 MEW2 
Residue

F i g u r e  3 .1 4  S u lp h u r  in  b u lk  M u rc h is o n  c o m p a r e d  to  th r e e  re s id u e s ,  (a )  
S i i lp h u r  a b u n d a n c e s  o f  s o lv e n t-  (M E )  a n d  w a te r - e x t r a c t e d  ( M E W l 
a n d  M E W 2 ) r e s id u e s  o f  M u rc h is o n , n o rm a l is e d  to  s u lp h u r  c o m 
b u s t in g  b e tw e e n  3 0 0 -6 0 0 ° C  in  b u lk  M u rc h is o n , (b )  T h e  is o to p ic  
c o m p o s i t io n  o f  s u lp h u r  l ib e r a te d  o v e r  th r e e  te m p e r a t u r e  in te r v a ls  
d u r in g  s te p p e d  c o m b u s t io n  o f  M , M E , M E W l  a n d  M E W 2 . Q  =  
9 0 0 -1 2 0 0 " C ; □  =  6 0 0 -9 0 0 ° C ; A  =  3 0 0 -6 0 0 ° C .
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K a p la n  a n d  H u ls to n  (1 9 6 6 ) a n d  F u c h s  e t  a l . (1 9 7 3 ) s u s p e c te d  t h a t  th e  o r 
g a n ic  s o lv e n ts  th e y  u se d  fo r  re m o v in g  e le m e n ta l  s u lp h u r  w o u ld  a lso  h a v e  
e x t r a c te d  so m e  s o lu b le  o rg a n ic  s u lp h u r ,  so  th i s  m a y  a lso  e x p la in  th e  h ig h e r  
e le m e n ta l  s u lp h u r  c o n te n ts  r e p o r te d  b y  th e s e  w o rk e rs  (F ig u r e  3 .1 2 ) . T h is  
a p p e a r s  to  b e  c o n f irm e d  b y  th e  r e s u l t s  fo r  s u lp h u r  b u rn in g  b e tw e e n  300  a n d  
600®C in  M E  ( a t t r i b u t e d  to  a  m ix tu r e  o f  o rg a n ic  a n d  t r o i l i t e  s u lp h u r  in  M ) , 
w h ic h  is  r e d u c e d  f ro m  1.04  w t%  in  M  to  0 .8 5  w t%  in  M E .

A  s ig n if ic a n t a m o u n t  o f  s u lp h u r  lo s t  b y  t r e a t m e n t  w i th  to lu e n e - m e th a n o l  
c a n n o t  b e  w h o lly  a t t r i b u t e d  to  th e  re m o v a l o f  e le m e n ta l  s u lp h u r  a n d  o rg a n ic  
s u lp h u r ,  b e c a u s e  in  S e c tio n  3 .4 .3  i t  w a s  d e m o n s t r a te d  t h a t  th e s e  c o m p o 
n e n t s  c o n s t i tu t e  o n ly  0 .3 2  w t%  o f  th e  s u lp h u r  in  th e  m e te o r i te .  S ig n if ic a n t  
a m o u n ts  o f  s u lp h u r  h a v e  a lso  b e e n  re m o v e d  f ro m  th e  6 0 0  to  9 0 0 °C  (g y p s u m  
a n d  F E S O N  s u lp h u r )  a n d  9 0 0  to  1 2 0 0 °C  (e p s o m ite  s u lp h u r )  t e m p e r a t u r e  
in te r v a ls  ( F ig u r e  3 .1 4 a ) . M o s t  o f  th e  lo ss  o c c u rs  b e tw e e n  6 0 0  a n d  9 0 0 °C  
w ith  M E  c o n ta in in g  0 .4 4  w t%  less  s u lp h u r  t h a n  t h a t  in  M  ( F ig u re  3 .1 4 a ) .  
U n fo r tu n a te ly ,  m e th a n o l  w a s  a  p o o r  c h o ic e  a s  a n  o rg a n ic  s o lv e n t ,  s in c e  i t s  
p o la r i ty  m a y  h a v e  c a u se d  p a r t i a l  d is s o lu t io n  o f  s u lp h a te  (g y p s u m  a n d  e p 
s o m i te ) .  In  o r d e r  to  d e te r m in e  th e  t r u e  e le m e n ta l  s u lp h u r  c o n te n t  i t  w ill b e  
n e c e s s a ry  to  t r e a t  s a m p le s  w i th  n o n - p o la r  s o lv e n ts  o n ly  (e .g . to lu e n e ) .

. In  F ig u re  3 .1 4 b , i t  is  a p p a r e n t  t h a t  th e  v a lu e  o f  th e  s u lp h u r  r e 
le a se d  f ro m  9 0 0  to  1 2 0 0 °C  c h a n g e s  b y  a b o u t  4 %o th e  c o r re s p o n d in g  a m o u n t  
o f  s u lp h u r  re m o v e d  (0 .4 8  w t% )  h a s  a  v a lu e  o f  —0.26% o. C o n c o m i t ta n t ly  
th e  v a lu e  o f  th e  6 0 0  to  9 0 0 ° C  s u lp h u r  in c re a s e s  b y  a b o u t  l%o s u g g e s t
in g  re m o v a l o f  so m e  is o to p ic a lly  l ig h t  s u lp h u r  (c a . — 1.19% o). T h e  is o to p ic  
c o m p o s i t io n  o f  th e  s u lp h u r  re le a s e d  f ro m  3 0 0  to  600®C d e c re a s e s  (5^^S =  
- 3 .37oo) a n d  is  n o ta b ly  d if fe re n t  f ro m  t h a t  d e te r m in e d  fo r  t r o i l i t e  in  M  (5^ ‘*S 

=  —0.56% o).

M EW l
S u lp h u r  r e c la im e d  f ro m  w a te r  e x t r a c t s  o f  M u r c h is o n  a n d  o th e r  c a rb o n a c e o u s  
c h o n d r i t e s  h a s  p re v io u s ly  b e e n  a t t r i b u t e d  w h o lly  t o  s u lp h a te s  (T a b le  3 .1 0 ) .  
E x t r a c t io n  o f  th e  re s id u e  M E  w i th  w a te r  a t  2 5 °C  w a s  u n d e r ta k e n  to  re m o v e  
s o lu b le  s u lp h a te s .  T h e  m a te r ia l  w a s  m ix e d  w i th  w a te r  fo r  24  h o u r s  a n d  
a g i t a t e d  s e v e ra l  t im e s  u s in g  u l t r a s o u n d .  T h e  r e s id u e  s o -p ro d u c e d , M E W l  
( F ig u r e  3 .1 3 ) ,  h a s  e v id e n tly  lo s t  so m e  o f  th e  g y p s u m  a n d  F E S O N  ( a b o u t  
19%  o f  th e  s u lp h u r  l ib e r a te d  b e tw e e n  6 0 0  a n d  9 0 0 °C  in  M E  h a s  b e e n  r e 
m o v e d )  b u t  a p p e a r s  to  c o n ta in  a b o u t  th e  s a m e  a m o u n t  o f  e p s o m ite  ( F ig u r e  
3 .1 4 a ) .  T h e  c o ld  w a te r  t r e a t m e n t  w a s  a lso  a p p l ie d  to  th e  re fe re n c e  m ix 
tu r e ,  th e  s te p p e d  c o m b u s t io n  d a t a  o f  w h ic h  sh o w  t h a t  b o th  o f  th e  s u lp h a te  
c o m p o n e n ts  a re  a lm o s t  c o m p le te ly  re m o v e d  ( F ig u r e  3 .1 5 ) , a l th o u g h  s m a ll  
a m o u n ts  o f  g y p s u m  re m a in e d . I t  is  n o t  c le a r  w h y  co ld  w a te r  d o e s  n o t  d is -

113



1
ü
o

L _
0
CL

E
Q.
a

3
SZ
Œ
3

co

o

T3
0)

000

900
800
700

600
500
400
300

200

100

A R e f e r e n c e  m i x t u r e

’. T r o i l i t e

E l e m e n t a l
S u l p h u r

E p s o m i t e

G y p s u m •••

200 400 600 800 1000

28
24
20

16
12

8

4

0

-4

-8
- 1 2

Ow

CO
o
o

o

Temperature (°C)

1
ü
o
V.
0
Q .

£
Q .
Q .

3
JZ
Œ
3

CO

o
■D
0

000
900
800

700
600

500
400
300

200

100

_ R e f e r e n c e  m i x t u r e : W a t e r  e x t r a c t e d

E l e m e n t a l
S u l p h u r

T r o i l i t e

j  I : I I

G y p s u m

3
200 400 600 800

Temperature (®C)
1000

28
24

20

16
12

8

4

0

—4

-8

- 1 2

O 'C3
%

CO
S

o

F i g u r e  3 .1 5  T h e  a b u n d a n c e  (— ) a n d  is o to p ic  c o m p o s i t io n  ( - • - )  o f  s u lp h u r  
in  th e  re fe re n c e  m ix tu r e  a n d  a  w a te r  e x t r a c te d  re s id u e  o f  th e  m ix tu r e  
a s  d e te r m in e d  b y  s te p p e d  c o m b u s tio n .
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so lv e  e p s o m ite  in  th e  m e te o r i te ,  p a r t i c u la r ly  a s  m a g n e s iu m  s u lp h a te  is m o re  
s o lu b le  t h a n  c a lc iu m  s u lp h a te  a n d  s h o u ld  b e  m o re  re a d ily  re m o v e d . P e r h a p s  
th e  e p s o m ite  in  th e  m e te o r i te  is ‘p r o te c te d ’ by  a  m a n t le  o f  a  less so lu b le  m in 
e ra l  su c h  a s  m a g n e s iu m  c a r b o n a te ,  c a lc iu m  c a r b o n a te  o r  so m e  o th e r  m in e ra l  
w h ic h  d o e s  n o t  d is s o lv e  in  co ld  w a te r .  H o w e v e r , i t  is n o ta b le  t h a t  F u c h s  e t  
a l. (1 9 7 3 ) r e p o r te d  t h a t  h o t  w a te r  t r e a tm e n t  c o u ld  n o t  c o m p le te ly  re m o v e  
a l l  o f  th e  s u lp h a te  (g y p s u m )  in  M u rc h is o n .

T h e  v a lu e s  o f  th e  6 0 0  to  9 0 0 °C  a n d  9 0 0  to  1 2 0 0 °C  s u lp h u r  in  M E W l 
a re  v e ry  s im ila r  to  th o s e  in  M E  b u t  th e  v a lu e  o f  th e  300  to  6 0 0 ° C  s u lp h u r  
f r a c t io n  is  a b o u t  3%o h e a v ie r  (F ig u re  3 .1 4 b ) .

MEW2

T h e  r e s id u e  M E W l  w a s  e x t r a c te d  w i th  w a te r  a t  7 0 °C  to  e n s u re  c o m p le te  
re m o v a l o f  so lu b le  s u lp h a te s .  A f te r  24  h o u r s  th e  r e s id u e  w a s  re c la im e d  a n d  
e v a p o r a te d  to  d ry n e s s  ( M E W 2 ) . In  a n  a t t e m p t  to  re c o v e r  th e  m a te r ia l  
t a k e n  in to  s o lu t io n  ( M E W 2 R ) ,  th e  s u p e r n a t a n t  l iq u id  w a s  e v a p o r a te d  a n d  
a n a ly s e d  s e p a r a te ly  (F ig u r e  3 .1 3 ) .  I t  c a n  b e  se e n  f ro m  F ig u re  3 .1 4 a , t h a t  
p ro g re s s iv e ly  m o re  o f  th e  s u lp h u r  re le a se d  b e tw e e n  6 0 0  a n d  9 0 0 °C  is  re m o v e d  
in  M E W 2  (e q u a l  to  0 .1 3  w t%  s u lp h u r  w i th  a  v a lu e  o f  —0.43% o), w h ile  
t h a t  l ib e r a te d  a b o v e  9 0 0 °C  h a s  r e m a in e d  u n a f fe c te d .  H o w e v e r , o n  th e  b a s is  
o f  v a lu e s  ( F ig u r e  3 .1 4 b )  i t  a p p e a r s  t h a t  so m e  o f  th e  e p s o m ite  h a s  b e e n  
r e m o v e d , th i s  is c a lc u la te d  a s  b e in g  e q u iv a le n t  to  0 .1 3  w t%  s u lp h u r  w i th  

_  - |-6 .2 7 %o. T h a t  th e  r e s id u e  s t i l l  c o n ta in s  s o m e  s u lp h a te s  m a y  re f le c t 
th e  e x p e r im e n ta l  p r o c e d u re  in  w h ic h  th e  v e ry  l a s t  f r a c t io n  o f  w a te r  c o u ld  n o t  
b e  re m o v e d  b y  m e a n s  o f  a  p ip e t t e  a n d  is e v a p o r a te d  to  d ry n e s s .  H o w e v e r , 
th i s  s h o u ld  b e  c o n s id e re d  a  m in o r  p r o b le m  a s  c le a r ly  a  la rg e  a m o u n t  o f  
w a te r - s o lu b le  s u lp h a te s  w e re  r e c o v e re d  in  M E W 2 R  (F ig u r e  3 .1 3 ).

T h e  v a lu e  o f  th e  w a te r - s o lu b le  s u lp h u r  o f  — 0.5%o is d i s t in c t ly  d if fe r
e n t  f ro m  t h a t  o f  th e  e p s o m ite  in  M E W 2  (6 ^^S =  + 6 .2 7 % o ). T h is  w o u ld  s e e m  
to  s u g g e s t  t h a t  M E W 2 R  is la rg e ly  c o m p o s e d  o f  g y p s u m  a n d  F E S O N  (6 ^^S 
=  +0.047oo) o r  a n ,  a s  y e t ,  u n id e n tif ie d  s u lp h a te .  T h is  s u g g e s tio n  is  s t r e n g t h 
e n e d  b y  th e  f a c t  t h a t  th e  s u lp h u r  w h ic h  c o m b u s ts  b e tw e e n  6 0 0  to  9 0 0 °C  
in  M E W l  h a s  a  s im i la r  v a lu e  to  th e  s u lp h u r  m e a s u r e d  o v e r  th e  s a m e  
t e m p e r a t u r e  in te r v a l  in  M E W 2 R  (i.e . =  —0 .4  a n d  —0.5%o fo r  M E W l
a n d  M E W 2 R  r e s p e c t iv e ly ) .  I t  is  c o n s id e re d  t h a t  th e  h o t  w a te r  t r e a tm e n t  
d o e s  n o t  c a u s e  le a c h in g  o f  t r o i l i t e  b e c a u s e , a s  c a n  b e  se en  f ro m  F ig u re  3 .1 4 a , 
th e  t r o i l i t e  s u lp h u r /e p s o m i t e  s u lp h u r  r a t i o  d o e s  n o t  c h a n g e  in  g o in g  f ro m  
M E W l  to  M E W 2 ; i t  w o u ld  s e e m  u n r e a s o n a b ly  c o in c id e n ta l  fo r t r o i l i t e  a n d  
e p s o m ite  to  d is s o lv e  in  w a te r  to  th e  s a m e  d e g re e . O f  p a r t i c u la r  in te r e s t  
fo r  is o to p ic  s tu d ie s ,  is th e  p re s e n c e  o f  is o to p ic  m in im a  in m e te o r i te  re s id u e s  
M E W  e tc . ,  d u e  to  u n id e n tif ie d  s u lp h u r  b u r n in g  a t  6 0 0  to  7 0 0 °C  w ith  a
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v a lu e  o f  — 6 %<

M EH and M EN

H C l- v o la t i le  s u lp h u r  in  C l  a n d  0 2  c h o n d r i te s  w a s  a t t r i b u t e d  to  s u lp h id e  
( t r o i l i t e )  b y  K a p la n  a n d  H u ls to n  (1 9 6 6 ). T w o  re s id u e s  w e re  p r e p a r e d  b y  
r e a c t io n  o f  5 M  H C l ( to  p ro d u c e  M E H ) a n d  5 M  H N O 3 ( to  fo rm  M E N )  w i th  
M E  a t  r o o m  t e m p e r a t u r e  fo r  24  h o u r s  ( th e  m ix tu r e  w a s  a g i ta t e d  b y  u l t r a 
so n ic s  a t  f r e q u e n t  in te rv a ls ) .  F o llo w in g  d ig e s t io n  w ith  a c id , th e  m ix tu r e s  
w e re  c e n tr i f u g e d ,  th e  s u p e r n a t a n t  l iq u id s  re m o v e d  a n d  th e  re s id u e s  w a s h e d  
to  n e u t r a l i t y  b e fo re  b e in g  e v a p o r a te d  to  d ry n e s s  a t  4 0 °C .

T h e  e ffe c ts  o f  h y d r o c h lo r ic  (M E H ) a n d  n i t r ic  a c id s  (M E N ) o n  th e  s o lv e n t-  
e x t r a c te d  re s id u e  o f  M u rc h is o n  (M E ) a re  f a ir ly  s im ila r  in  t h a t  th e y  b o th  
a p p e a r  to  c o n v e r t  a  la rg e  f r a c t io n  o f  th e  s u lp h u r  c o m p o n e n ts  ( i.e . s u lp h id e s  
a n d  s u lp h a te s )  to  e le m e n ta l  s u lp h u r .  T h is  a c c o u n ts  fo r th e  la rg e  re le a s e  o f  
s u lp h u r  o c c u r r in g  b e tw e e n  100 to  2 0 0 °C  in  th e  s te p p e d  c o m b u s t io n  d a t a  fo r  
b o th  M E H  a n d  M E N  (F ig u re  3 .1 3 ) . T h is  r e s u l t  c a lls  in to  q u e s t io n  th e  e le 
m e n ta l  s u lp h u r  c o n te n ts  o f  0 2  c h o n d r i te s  r e p o r te d  b y  K a p la n  a n d  H u ls to n  
(1 9 6 6 ) . T h e s e  w o rk e rs  n o te d  t h a t  to lu e n e -b e n z e n e  e x t r a c t s  o f  0 2  m e te o r i te s  
y ie ld e d  s ig n if ic a n t ly  m o re  s u lp h u r  fo llo w in g  H O I t r e a tm e n t ,  w h ic h  is  u n 
d e r s ta n d a b le ,  i f  th e  e ffec ts  o f  th e i r  a c id  t r e a tm e n t s  a re  th e  s a m e  a s  th o s e  
r e c o rd e d  in  th e  p r e s e n t  s tu d y .

H O I r e a c ts  r e a d i ly  w i th  F eS  b u t  c u r io u s ly , n e i th e r  e p s o m ite  n o r  g y p s u m , 
o n  th e i r  o w n , a re  d e c o m p o s e d  b y  h y d ro c h lo r ic  o r  n i t r ic  a c id s . A s  b o th  
c o m p o n e n ts  d i s a p p e a r  f ro m  th e  m e te o r i te  (F ig u r e  3 .1 3 ) so m e  a l t e r n a t iv e  
m e c h a n is m  m u s t  b e  o p e r a t iv e .  A  p ro p o s e d  r e a c t io n  sc h e m e  is  a s  fo llo w s , 
in i t ia l ly  h y d r o c h lo r ic  a c id  w ill r e a c t  w i th  t r o i l i te :

2 H 01  +  F eS  H gS +  FeO lg

H y d ro g e n  s u lp h id e ,  b e in g  so lu b le  in  h y d r o c h lo r ic  a n d  n i t r ic  a c id s , w ill th e n  
r e d u c e  b o th  g y p s u m  a n d  e p s o m ite :

M g S 0 4  +  H 2S M g O  +  S +  S O 2 +  H 2O

T h e  S O 2 fo rm e d  w ill r e a c t  f u r th e r  w ith  h y d ro g e n  s u lp h id e :

2H2S -t- SO2 3S +  2H2O

C o n s e q u e n t ly ,  b o th  th e  o x id is e d  a n d  re d u c e d  fo rm s  o f  s u lp h u r  w ill b e  c o n 
v e r te d  to  e le m e n ta l  s u lp h u r  ( a l th o u g h  p re s u m a b ly  th e r e  a re  so m e  lo sses  o f  
s u lp h u r  d u e  to  th e  e v o lu tio n  o f  S O 2 a n d  H 2S ). S u lp h u r  in  th e  m a c ro m o le c -  
u la r  o r g a n ic  m a te r ia l  sh o u ld  r e m a in  u n a f fe c te d  by  th e  H C l a c id  t r e a tm e n t ,  
b u t  w ill b e  o x id is e d  by  H N O 3 . T h u s  th e  re le a se  o f  s u lp h u r  in  M E H  b e tw e e n
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3 0 0  a n d  5 0 0 °C  c o u ld  b e  d u e  to  b u r n in g  o f  s u lp h u r  f ro m  o rg a n ic  m a c ro m o le c -  
u la r  m a te r ia l  (b e in g  p o o r ly  re so lv e d  d u e  to  th e  la rg e  a m o u n ts  o f  e le m e n ta l  
s u lp h u r  p r e s e n t)  a n d / o r  p o s s ib ly  p e n t l a n d i t e  -which is k n o w n  to  b e  fa ir ly  
in s o lu b le  in  h y d ro c h lo r ic  a c id . C lo se  in s p e c t io n  o f  th e  d a t a  fo r M E N  a lso  
sh o w s  a  re le a s e  o f  s u lp h u r  f ro m  4 0 0  to  5 0 0 °C . T h is  c a n n o t  b e  d u e  to  p e n t 
l a n d i te ,  w h ic h  is  s o lu b le  in  n i t r ic  a c id , b u t  i t  is  p o s s ib le  t h a t  th i s  s u lp h u r  
a r is e s  la rg e ly  f ro m  u n d is s o lv e d  t r o i l i t e .  A  s l ig h t  is o to p ic  e n r ic h m e n t  o f  s u l
p h u r  w h ic h  a c c o m p a n ie s ^  s l ig h t  d e p le t io n  in  t o t a l  s u lp h u r  c o n te n t  in  M E H  
( m s  =  + 2 .2 7 7 oo, 1 .96  w t%  S) a n d  M E N  ( ^ S  =  +0.88% o, 2 .3 5  w t%  S) 
c o m p a r e d  to  b u lk  M u rc h is o n , is th o u g h t  to  r e s u l t  f ro m  th e  s m a ll  lo ss  o f  
s u lp h u r  f ro m  th e  a c id  m ix tu re .

I t  is  n o t  k n o w n  h o w  F E S O N  r e s p o n d s  to  a n y  o f  th e  r e a g e n ts  m e n tio n e d  
a b o v e . H o w e v e r , i t  d o e s  a p p e a r  to  d is s o lv e  in  n i t r i c  a n d  h y d ro c h lo r ic  a c id s  
(F ig u re  3 .1 3 ) . F u c h s  e t  a l. (1 9 7 3 ) r e p o r te d  t h a t  th i s  m in e ra l  is  h ig h ly  m a g 
n e t ic .  A  m a g n e t ic  f r a c t io n  o f  M u rc h is o n  w o u ld  p ro b a b ly  c o n ta in  so m e  s u l
p h id e s  ( t r o i l i t e  a n d  p e n t l a n d i t e ) ,  b u t  th e  is o to p ic  c o m p o s i t io n  o f  th e s e  c o m 
p o n e n t s  c o u ld  b e  d is t in g u is h e d  u s in g  s te p p e d  c o m b u s t io n .

3.6  C on clu sion s

T h e  s u lp h u r  c o m p o n e n ts  o f  th e  C l  a n d  0 2  c a r b o n a c e o u s  c h o n d r i te s  a re  
p r e d o m in a n t ly  th e  r e s u l t  o f  s e c o n d a ry ,  lo w  te m p e r a t u r e ,  a q u e o u s  a l t e r a t io n  
p ro c e s se s  w h ic h  o c c u r re d  o n  th e  p a r e n t  b o d ie s . T h e  C l  a n d  C 2  m e te o r i te s  
c o n ta in  s u lp h u r  in  th e  fo rm  o f  o rg a n ic  m a c r o m o le c u la r  m a te r ia l ,  e le m e n ta l  
s u lp h u r ,  s u lp h id e s ,  s u lp h a te s  a n d  F E S O N . M o s t  o f  th e  s u lp h u r  se e m s  to  b e  
p r e s e n t  a s  s u lp h a te s  (g y p s u m  a n d  e p s o m ite ) .  T h e  r a t i o  o f  o x id is e d / r e d u c e d  
s u lp h u r  is  h ig h e s t  in  th e  C l ’s  in d ic a t in g  t h a t  th e y  a re  m o re  e x te n s iv e ly  
a l te r e d  t h a n  th e  C 2  c h o n d r i te s .  T h e  s im i la r i t ie s  in  d i s t r ib u t io n  a n d  is o to p ic  
c o m p o s t io n  o f  s u lp h u r  in  C l  a n d  C 2  c h o n d r i t e s  im p lie s  t h a t  h y d r o th e r m a l  
e v o lu t io n  o f  th e s e  tw o  g ro u p s  h a s  fo llo w e d  a  c o m m o n  p a th w a y .

T h e  is o to p ic  c o m p o s it io n s  o f  e a c h  o f  th e  m a in  s u lp h u r  c o m p o n e n ts  o f  
C l  a n d  6 2  c h o n d r i te s  se em s to  b e  d i s t in c t ;  e le m e n ta l  a n d  e p s o m ite  s u lp h u r  
a re  r e la t iv e ly  e n r ic h e d  in  c o m p a r e d  to  s u lp h u r  in  g y p s u m , F E S O N  a n d  
t r o i l i t e .  T h e  is o to p ic  c o m p o s i t io n s  o f  g y p s u m  a n d  F E S O N  c a n n o t  b e  d i s t in 
g u is h e d  s in c e  th e s e  tw o  m in e r a ls  a p p e a r  to  c o m b u s t  o v e r  s im ila r  t e m p e r a t u r e  
in te r v a ls .  T h e  p re c u rs iv e  m in e r a l  is c o n s id e re d  to  b e  t r o i l i t e  f ro m  w h ic h  s u l
p h u r  w a s  le a c h e d  d u r in g  a q u e o u s  a l t e r a t io n  to  fo rm  F E S O N , s u lp h a te s  a n d  
e le m e n ta l  s u lp h u r .  T h e  F E S O N  p ro d u c e d  in  th i s  w a y  w a s  s u b s e q u e n t ly  d e 
c o m p o s e d  to  l ib e r a te  s u lp h u r  w h ic h  fo rm e d  s e c o n d a ry  s u lp h id e s  ( p y r r h o t i t e )  

a n d  s u lp h a te s .
T h e  r e s u l t s  sh o w  t h a t  s te p p e d  c o m b u s t io n  is a  v a lu a b le  te c h n iq u e  fo r
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re s o lv in g  th e  in d iv id u a l  s u lp h u r - b e a r in g  p h a s e s  a n d  th e i r  is o to p ic  c o m p o s i
t io n s  in  c a r b o n a c e o u s  c h o n d r i te s .  I t  is  m o re  in fo rm a tiv e  th a n  c o n v e n t io n a l  
‘w e t ’ c h e m ic a l  te c h n iq u e s  u se d  to  s e p a r a te  in d ig e n o u s  c o m p o n e n ts  o f  m e te 
o r i te s ,  i t  h a s  b e e n  sh o w n  t h a t  so m e  o f  th e s e  a r e  n o t  a s  sp ec ific  to  p a r t i c u la r  
m in e r a ls  a s  c o n s id e re d  by  p re v io u s  in v e s t ig a to r s  ( K a p la n  a n d  H u ls to n  1966 , 
T h o d e  e t  a l .  1 9 6 5 ). K a p la n  a n d  H u ls to n  (1 9 6 6 ) a s s ig n e d  a ll w a te r - s o lu b le  
s u lp h a te  in  c a rb o n a c e o u s  c h o n d r i te s  to  e p s o m ite ;  i t  h a s  b e e n  sh o w n  h e re in  
t h a t  g y p s u m  a p p e a r s  to  b e  a  m a jo r  c o n s t i tu e n t  o f  m a n y  o f  th e s e  m e te o r i te s .  
M o re o v e r ,  th e  e ffec t o f  a c id  h y d ro ly s is  o n  M u rc h is o n  w a s  n o t  m e re ly  th e  d e 
c o m p o s i t io n  o f  t r o i l i t e  b u t  h a s  c o n v e r te d  a ll  th e  s u lp h u r - b e a r in g  c o m p o n e n ts  
to  e le m e n ta l  s u lp h u r .  K a p la n  a n d  H u ls to n  (1 9 6 6 ) c o n s id e re d  a ll th e  s u lp h u r  
e x t r a c te d  b y  o rg a n ic  s o lv e n ts  a f te r  a c id  t r e a t m e n t  to  b e  e le m e n ta l  s u lp h u r  
in d ig e n o u s  to  th e  m e te o r i te .  N e v e r th e le s s ,  a p p r o p r ia t e  c h e m ic a l e x t r a c t io n s  
c o u p le d  w i th  s te p p e d  c o m b u s t io n  te c h n iq u e s  c o u ld  b e  u se d  to  r e v e a l  m i
n o r  s u lp h u r  c o m p o n e n ts  a n d  im p o r t a n t  is o to p ic  d e v ia t io n s  f ro m  z e ro  w i th in  
m e te o r i te s  a s  is e v id e n c e d  b y  th e  d e ta i le d  s tu d y  o f  M u rc h is o n .
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C h a p ter  4

T h e  C 3 to  C 6 C a r b o n a c e o u s  C h o n d r ite s

4.1  In tr o d u ctio n

T h e  c a r b o n a c e o u s  c h o n d r i te s ,  a s  a  g ro u p , h a v e  b e e n  s u b je c te d  to  in te n s e  
s c ie n tif ic  s tu d y .  W i th  th e  e x c e p t io n  o f  th e  A lle n d e  (C V 3 )  m e te o r i te ,  th e  
b ia s  h a s  b e e n  in  f a v o u r  o f  th e  C l  a n d  0 2  m e te o r i te s ,  w i th  s ig n if ic a n t ly  le ss  
in v e s t ig a t io n  o f  th e  0 3  to  0 6  c h o n d r i te s .  S u lp h u r  is o to p e  s tu d ie s  a r e  a  g o o d  
e x a m p le  o f  th e  v e r a c i ty  o f  th i s  s t a t e m e n t .  P re v io u s  s u lp h u r  is o to p e  s tu d ie s  
o f  0 3  to  0 6  c h o n d r i te s  a re  l im ite d  to  th o s e  r e p o r te d  b y  H u ls to n  a n d  T h o d e  
(1 9 6 5 a ) ,  w h ic h  w e re  d is c u s se d  in  K a p la n  a n d  H u ls to n  (1 9 6 6 ). K a p la n  a n d  
H u ls to n  (1 9 6 6 ) m e a s u re d  f^^S  v a lu e s  o f  w h o le - ro c k s  a n d  s e p a r a te d  m in e r a ls  
fo r  o n e  0 V 3  c h o n d r i te  ( M o k o ia ) ,  th r e e  0 0 3  c h o n d r i te s  (F e lix , L a n c é  a n d  
W a r r e n to n )  a n d  o n e  0 4  c h o n d r i te  ( K a r o o n d a ) .

D u r in g  th e  c u r r e n t  s tu d y ,  e ig h t  c a r b o n a c e o u s  c h o n d r i te s  o f  p e t ro lo g ic  
ty p e s  3 to  6  h a v e  b e e n  in v e s t ig a te d  fo r  th e i r  s u lp h u r  a b u n d a n c e  a n d  is o to p ic  
c o m p o s i t io n  b y  s te p p e d  c o m b u s t io n .  T h e  r e le v a n t  m e te o r i te s  a r e  l i s te d  in  
T a b le  4 .1  a lo n g  w i th  th e i r  V an  S c h m u s -W o o d  c la s s if ic a t io n s  a n d  a  l i s t  o f  
th e  s u lp h id e  m in e ra ls  id e n tif ie d  in  e a c h  s a m p le .  A lle n d e  a n d  V ig a r a n o  a r e  
O V 3  c h o n d r i te s  (M c S w e e n , 1 9 7 7 a ) a n d  O r n a n s  a n d  F e lix  a re  0 0 3  c h o n 
d r i t e s  (M c S w e e n , 1 9 7 7 b ). T h e  c la s s if ic a t io n  o f  th e  r e m a in in g  m e te o r i te s  is 
le ss  c e r t à in .  K a lle m e y n  a n d  W a sso n  (1 9 8 2 ) e x a m in e d  th e  n o n - v o la t i le  e le 
m e n t  a b u n d a n c e s  o f  O o o lid g e  a n d  a g re e d  w i th  V an  S c h m u s  (1 9 6 9 )  t h a t  a  
0 V 4  c la s s if ic a t io n  is a p p r o p r ia t e .  S im ila r ly , c o n s e n s u s  s u g g e s ts  t h a t  Y a m - 
a t o  6 9 0 3  is  a lso  a  0 V 4  c h o n d r i t e  (O k a d a  e t  a l . ,  1975; O la y to n  e t  a l . ,  1 9 7 9 ) , 
a l th o u g h  M c S w e e n  (1 9 7 7 a ) d e te r m in e d  i t  to  b e  a  0 V 3 .  T h e  c la s s i f ic a t io n  
o f  K a r o o n d a  is  c o n tro v e rs ia l ;  o r ig in a lly  M a s o n  (1 9 7 1 ) a s s ig n e d  i t  to  th e  C O  
g r o u p  w h e re a s  V an  S c h m u s  a n d  H a y e s  (1 9 7 4 ) w e re  u n a b le  to  p la c e  i t  in  a n y  
g ro u p  b u t  t h o u g h t  t h a t  K a r o o n d a  w a s  a  ty p e  4 o r  5. M c S w ee n  (1 9 7 7 b )  o r ig 
in a lly  p la c e d  K a r o o n d a  in  th e  C O  g ro u p , b u t  la t e r  M c S w e e n  (1 9 7 9 a )  a g re e d  
w i th  T a k a h a s h i  e t  a l. (1 9 7 8 a )  a n d  F i tz g e r a ld  (1 9 7 8 ) t h a t  i t  w a s  b e t t e r  p la c e d  
in  th e  C V  g ro u p  a s  a  ty p e  5. W ilk e n in g  (1 9 7 8 ) h a s  a s s ig n e d  K a r o o n d a  to  a
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S a m p l e C l a s s T y p e F e S F e ] _ = S F e S 2 ( F e ,N i ) 9 S 8 F e C u S 2
O r n a n s C O 3 •

F e lix C O 3 •

V ig a r a n o C V 3 e

A lle n d e C V 3 • #

C o o lid g e C V 4 •

Y  6 9 0 3 C V 4 ( • ) #

K a r o o n d a C 4 ( • ) • e •
M u lg a  W e s t C V 5 / 6 #

T a b l e  4 .1  T h e  c la s s if ic a t io n  a n d  s u lp h id e  m in e r a ls  o f  th e  c a r b o n a c e o u s  
c h o n d r i t e s  a n a ly s e d  in  th i s  s tu d y .  •  =  p r e s e n t ;  ( • )  =  p re s e n c e  u n 
c e r ta in .  ( D a ta  f ro m  M c S w ee n , 1 9 7 7 a ,b ; S c o t t  a n d  T a y lo r ,  1985; 
B in n s  e t  a l . ,  1 9 7 7 ).

s e p a r a te  g ro u p  (C K )  o n  i t s  o w n . O n  th e  b a s is  o f  r e f r a c to r y  l i th o p h i le  e le 
m e n t  a b u n d a n c e s ,  K a lle m e y n  a n d  W a sso n  (1 9 8 2 ) h a v e  c la s s if ie d  K a r o o n d a  
a s  in te r m e d ia te  b e tw e e n  th e  C M -C O  a n d  C V  c la n s .

M u lg a  W e s t is  th e  m o s t  h ig h ly  m e ta m o rp h o s e d  c a rb o n a c e o u s  c h o n d r i te  
k n o w n  a n d  h a s  b e e n  c la ss ifie d  b y  B in n s  e t  a l . (1 9 7 7 ) a s  a  ty p e  5 o r  6  
m e m b e r  o f  th e  V ig a r a n o  g ro u p . T h e r e  a re  n o  k n o w n  h ig h ly  m e ta m o rp h o s e d  
C O  c h o n d r i t e s  ( i.e . n o n e  o f  h ig h e r  p e t ro lo g ic  g r a d e  t h a n  ty p e  3 ) ,  F i tz g e r a ld  
a n d  J a c q u e s  (1 9 8 2 ) h a v e  s u g g e s te d  s e v e ra l  r e a s o n s  to  a c c o u n t  fo r  th is :

1 . P o o r  s t a t i s t i c a l  s a m p lin g .

2 . T h e  g r e a te r  s iz e  o f  th e  C V  p a r e n t  b o d y  w i th  m o re  in te n s e  m e ta m o r 
p h is m  a t  d e p th .

3 . T h e  C O  p a r e n t  b o d y  b e in g  so  la rg e  t h a t  th e  in n e r  re g io n s  h a v e  y e t  to  
b e  s a m p le d .

T h e  0 3  c h o n d r i te s  h a v e  su ffe re d  o n ly  m o d e s t  le v e ls  o f  m e ta m o r p h is m  a n d  
a r e  p e t ro lo g ic a l ly  th e  m o s t  p r im i t iv e  c a r b o n a c e o u s  c h o n d r i te s  (M c S w e e n , 
1 9 7 9 a ) . O n ly  3%  o f  c a rb o n a c e o u s  c h o n d r i te  fa lls  a r e  r e p r e s e n te d  b y  h ig h ly  
m e ta m o rp h o s e d  ty p e s  ( 4 - 6 ) ,  th i s  c o m p a re s  w i th  9 3 %  o f  th e  o r d in a r y  c h o n 
d r i t e s  (W a s s o n , 1974; S c o t t  a n d  T a y lo r ,  1 9 8 5 ). C 0 3  a n d  C V 3  c h o n d r i te s  
h a v e  n o t  b e e n  s u b je c te d  to  te m p e r a tu r e s  m u c h  in  ex c ess  o f  5 0 0 °C  (M c S w e e n  
1 9 7 7 a ,b )  a n d  G re e n  e t  a l. (1 9 7 1 ) r e p o r t s  t h a t  A lle n d e  (C V 3 )  h a s  p r o b a b ly  
n o t  b e e n  h e a te d  a b o v e  2 3 0 °C . U sin g  th e  ^® 0/^® 0 th e r m o m e te r ,  i t  h a s  b e e n  
e s ta b l is h e d  t h a t  K a r o o n d a  w a s  h e a te d  to  5 9 0 °C  ( C la y to n  e t  a l . ,  1977 ) a n d  
Y a m a to  6 9 0 3  a t t a i n e d  a  te m p e r a tu r e  o f  6 0 0 °C  ( C la y to n  e t  a !., 1 9 7 9 ). T h e re
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a r e  n o  q u a n t i t a t i v e  d a t a  a v a ila b le  fo r  th e  m e ta m o r p h ic  t e m p e r a tu r e  re a c h e d  
b y  C o o lid g e , h o w e v e r  p é t r o g r a p h ie  o b s e rv a t io n s  in d ic a te  t h a t  m e ta m o rp h ic  
f e a tu r e s  in  th i s  m e te o r i te  a re  a k in  to  th o s e  o f  o th e r  C 4  c h o n d r i te s  ( S c o t t  
a n d  T a y lo r ,  1 9 8 5 ). I t  is th o u g h t  t h a t  M u lg a  W e s t m a y  h a v e  b e e n  h e a te d  to  
a  t e m p e r a t u r e  o f  8 0 0 °C  (B in n s  e t  a l .,  1 9 7 7 ).

T h e  d if fe re n c e s  in  s u lp h id e  m in e ra lo g y  b e tw e e n  th e  C 3  to  C 6  c h o n d r i te s  
h a v e  b e e n  a t t r i b u t e d  to  m e ta m o rp h is m , r a t h e r  t h a n  to  p ro c e s se s  a c t iv e  in  
th e  n e b u la  (M c S w e e n , 1977a; S c o t t  a n d  T a y lo r ,  1 9 8 5 ). N ick e l is a  s id e ro p h i le  
e le m e n t  a n d  w ill t r a n s f e r  f ro m  th e  s u lp h id e  to  th e  m e ta l  p h a s e  o f  th e  m e te 
o r i te  d u r in g  m e ta m o rp h is m . H o w e v e r , if  m e ta m o r p h is m  is  a c c o m p a n ie d  b y  
h ig h ly  o x id is in g  c o n d i t io n s ,  m o s t  o f  th e  iro n  w ill b e  in  m a g n e t i te  a n d  n ic k e l 
w ill b e  fo rc e d  to  r e m a in  in  th e  s u lp h id e .  T h e re fo re ,  th e  m e te o r i te s  w h ic h  
a re  c o n s id e re d  to  h a v e  b e e n  m e ta m o rp h o s e d  in  a n  o x id is in g  e n v i ro n m e n t ,  
in c lu d in g  A lle n d e , K a r o o n d a  a n d  Y a m a to  6 9 0 3  (M c S w e e n , 19 7 7 a; S c o t t  a n d  
T a y lo r ,  1 9 8 5 ), w ill c o n ta in  p r e d o m in a n t ly  n ic k e l- r ic h  s u lp h id e  ( p e n t l a n d i te ) .  
A l te rn a t iv e ly ,  th o s e  m e te o r i te s  t h a t  w e re  m e ta m o rp h o s e d  u n d e r  re d u c e d  
c o n d i t io n s ,  w h ic h  in c lu d e  F e lix , O rn a n s  a n d  V ig a ra n o , c o n ta in  t r o i l i t e  a s  
th e i r  d o m in a n t  s u lp h id e  m in e ra l  (M c S w e e n , 1 9 7 7 a ,b ) .

In  a d d i t io n  to  s t a t i c  m e ta m o rp h is m , th e r e  is so m e  e v id e n c e  to  s u g g e s t  
t h a t  th e  m a tr ic e s  o f  C 3  c h o n d r i te s  h a v e  b e e n  a q u e o u s ly  a l te r e d ,  a lb e i t  to  a  
m u c h  le s se r  e x t e n t  t h a n  th o s e  o f  C l  a n d  C 2 m e te o r i te s  (B u n c h  a n d  C h a n g ,  
1 980 ; C r o s s m a n  e t  a l . ,  1986; K ec k  a n d  S e a rs ,  1986 ; T o m e o k a  a n d  B u se c k , 
1 9 8 6 ). S u lp h a te s  a n d  c a r b o n a te s  t h a t  a re  p r o m in e n t  in  C l  a n d  0 2  m e te 
o r i te s  h a v e  b e e n  fo u n d  in  0 3  c h o n d r i te s .  K a p la n  a n d  H u ls to n  (1 9 6 6 ) e x 
t r a c t e d  0 .1 4  w t%  w a te r - s o lu b le  s u lp h u r  f ro m  M o k o ia ,  w h ic h  th e y  a t t r i b u t e d  
to  c a lc iu m  s u lp h a te  a n d  th e  p re s e n c e  o f  c a r b o n a te s  in  F e lix  a n d  L a n c é  
w a s  in d ic a te d  b y  c a r b o n  s ta b le  is o to p e  s tu d ie s  u n d e r ta k e n  b y  K ro u s e  a n d  
M o d z e le sk i ( 1 9 7 0 ) . .  P h y llo s i l ic a te s  h a v e  b e e n  fo u n d  in  A lle n d e  ( C r o s s m a n  
e t  a l . ,  1 986 ) a n d  M o k o ia  (T o m e o k a  a n d  B u s e c k , 1986) a n d  w a te r  m a y  h a v e  
b e e n  th e  a g e n t  re s p o n s ib le  fo r  v e in s  o f  iro n  e n r ic h m e n t  in  W a r re n to n  ( 0 0 3 )  
o liv in e  c h o n d ru le s  (K e rr id g e ,  1 9 7 2 ). C a th o d o lu m in e s c e n c e  s tu d ie s  in d ic a te  
t h a t  C o lo n y  ( 0 0 3 )  h a s  a lso  u n d e rg o n e  h y d ro u s  a l t e r a t io n  (K e c k  a n d  S e a rs ,  
1 9 8 6 ) , a l th o u g h  th i s  m a y  b e  o f  t e r r e s t r i a l  o r ig in  (D r  A .L . C r a h a m ,  p e r s o n a l  
c o m m u n ic a t io n ) .

T h e  p a r e n t  b o d y  r e la t io n s h ip s  o f  th e  0 3  to  0 6  c h o n d r i te s  a re  p o o r ly  c o n 
s t r a in e d .  T h e  O O  a n d  O V  c h o n d r i te s  a re  c h e m ic a l ly  a n d  p e t ro g r a p h ic a l ly  
d i s t in c t  (M c S w e e n , 1 9 7 7 a ) , a n d  b y  u s in g  n o n - v o la t i le  e le m e n t  a b u n d a n c e s ,  
K a lle m e y n  a n d  W a sso n  (1 9 7 9 ,1 9 8 2 )  h a v e  fo u n d  e v id e n c e  to  s u g g e s t  t h a t  O O  
a n d  O V  c h o n d r i te s  a c c re te d  s e p a r a te ly  in  th e  s o la r  n e b u la  a n d  t h a t  th e r e  is 
e v id e n c e  fo r  a  r e la t io n s h ip  b e tw e e n  th e  0 0  a n d  C M  c h o n d r i te s  ( te r m e d  th e  
O O -O M  c la n ) .  O n  a  p lo t  o f  6 ^ ^ 0  a g a in s t  6 ^ ^ 0  th e  w h o le - ro c k s  a n d  a n h y 
d r o u s  m in e r a ls  f ro m  C M , 0 0  a n d  O V  c h o n d r i te s  p lo t  a lo n g  an  ^®0 m ix in g
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l in e  ( C la y to n  a n d  M a y e d a , 1977; C la y to n  e t  a l . ,  1977; C la y to n  a n d  M a y e d a , 
1 9 8 2 ). T h e  h ig h e r  p e t ro lo g ic  ty p e s  h a v e  lo w e r  v a lu e s  s u g g e s t in g  a  lo ss  
o f  c a r b o n  m o n o x id e  d u r in g  m e ta m o rp h is m , th u s  C V 4 -C V 6  c h o n d r i te s  m ig h t  
a l l  h a v e  fo rm e d  f ro m  C V 3 -lik e  p re c u rs o r s  ( S c o t t  a n d  T a y lo r ,  1 9 8 5 ).

T h e  p r e s e n t  s tu d y  c o n s id e rs  e ig h t  c a r b o n a c e o u s  c h o n d r i te s  o f  h ig h e r  
p e t ro lo g ic  ty p e  ( 3 - 6 ) .  In v e s t ig a t io n  o f  th is  p e t ro lo g ic  se q u e n c e  h a s  re v e a le d  
th e  p r o b a b le  p re s e n c e  o f  a n  o x id is e d  fo rm  o f  s u lp h u r  in  C 3  c h o n d r i te s .  T h is  
d is c o v e ry  h a s  g e n e r a te d  n ew  in s ig h t  in to  th e  a q u e o u s  a l t e r a t io n  t h a t  is  so  
p e rv a s iv e  a m o n g  C I l  a n d  C M 2  m e te o r i te s .  S te p p e d  c o m b u s t io n  a n a ly s e s  
w e re  c a r r ie d -o u t  a f te r  th e  u se  o f  f lu o rin e  c o m p o u n d s  in  th e  e x t r a c t io n  sy s 
te m .

4.2  R e su lts  and d iscu ssion

4 .2 .1  T h e con cen tra tion  and  d istr ib u tio n  o f  su lp h u r in C3 
to  C6 chon d rites

T h e  t o t a l  s u lp h u r  c o n te n ts  o f  th e  C 3  to  C 6  m e te o r i te s  w e re  d e te r m in e d  b y  
tw o  m e th o d s :

1 . S u m m a t io n  o f  th e  s u lp h u r  l ib e r a te d  b e tw e e n  ro o m  te m p e r a t u r e  a n d  
1 2 0 0 °C  d u r in g  s te p p e d  c o m b u s t io n .

2 . B y  a  s in g le  c o m b u s t io n  s te p  c a r r ie d  o u t  a t  1 2 0 0 °C  (b u lk  c o m b u s t io n ) .

T h e  r e s u l t s  a r e  p r e s e n te d  in  T a b le  4 .2  a n d  F ig u re  4 .1 . T h e  s in g le - s te p  b u lk  
c o m b u s t io n  a n a ly s e s  w e re  m a d e  to  c o n f irm  th e  v a l id i ty  o f  th e  s te p p e d  c o m 
b u s t io n  r e s u l t s .  S a m p le  s iz e s  fo r  b o th  m e th o d s  w e re  c h o se n  to  b e  a p p r o x 
im a te ly  e q u iv a le n t  in  o rd e r  t o  h ig h l ig h t  a n y  p o te n t i a l  p ro b le m s  a s s o c ia te d  
w i th  th e  s te p p e d  c o m b u s t io n  te c h n iq u e .

T h e  C 3  to  C 6  s a m p le s  r a n g e  in  s u lp h u r  c o n te n t  f ro m  800  p p m  (M u lg a  
W e s t)  to  2 .3 4  w t%  (A lle n d e )  w h ic h  is  b e tw e e n  a b o u t  2 a n d  3 w t%  le ss  s u l
p h u r  t h a n  C l  a n d  C 2  c h o n d r i te s .  T h e  s u lp h u r  c o n te n t  o f  M u lg a  W e s t h a s  
n o t  p re v io u s ly  b e e n  d e te r m in e d ,  h o w e v e r , th e  lo w  v a lu e  o b ta in e d  in  th i s  
s tu d y  s u p p o r t s  th e  c o n te n t io n  o f  a  C 5 / 6  c la s s i f ic a t io n  fo r  th i s  m e te o r i te .  
T h e  r e s u l t s  in  T a b le  4 .2  a n d  F ig u re  4 .1  sh o w  t h a t  th e  a g r e e m e n t  fo r  t o t a l  
s u lp h u r  a b u n d a n c e  b e tw e e n  s te p p e d  a n d  b u lk  c o m b u s t io n  is b e s t  fo r  V i
g a r a n o  a n d  Y a m a to  6 903  w h e re  th e  tw o  v a lu e s  d if fe r  b y  o n ly  8%  in  e a c h  
c a se . F o r  m o s t  o th e r  s a m p le s  (e x c e p t C o o l id g e ) ,  a g r e e m e n t  b e tw e e n  th e  
tw o  m e th o d s  is fa ir ly  g o o d  a n d  n o  w o rs e  t h a n  th e  d if fe re n c e s  r e p o r te d  in  
th e  l i t e r a tu r e  fo r  r e p l ic a te  a n a ly s e s  (e .g . F e lix  a n d  K a r o o n d a  in  T a b le  4 .2 ) .  
N o  m o d e l o f  c a rb o n a c e o u s  c h o n d r i te  f o rm a tio n  h a s  b e e n  sp e c if ic a lly  in v o k e d  
to  a c c o u n t  fo r e i th e r ,  th e  d e c re a s e  o f  u p  to  6 0 %  s u lp h u r  b e tw e e n  th e  C 1 / C 2

122



S a m p le 5345 (7oo)
S te p .

<5345 (7oo) 
B u lk

f3 4 g  (% .) 
L it .

W t % S
S te p .

W t%  S 
B u lk

W t%  S 
L it .

O rn a n s - 1 .5 1 + 0 .7 2 - 2 .13 1.79 2 .2 3  (1 )
F e lix - 2 .4 5 + 0 .2 2

- 0 .1 3
+ 0 .3  (2 ) 1.78 1.61

2 .05
2 .0 0  ( 1 ) 
1 .83  (2 )

V ig a ra n o - 1 . 7 4 + 0 .1 7 - 1 .30 1 .42 2 .3 2  (1 )
A llen d e*
A lle n d e -1

- 1 . 8 9
- 0 .1 8

+ 0 .2 2
+ 0 .1 5

2 .03
2 .3 4

1.96
1.77

2 .0 6  (3 )

C o o lid g e - 2 .7 2 + 0 .8 8 - 0 .3 3 0 .3 7 2 .0 6  (4 )
Y  6 903 - 2 . 9 9 - 0 . 3 0 - 1 .30 1.42 1 .32  (5 )
K a r o o n d a - 1 .7 7

- 2 .6 6
+ 0 .1 2 - 0 .2  (2 ) 1 .39

1.28
1.53 1 .38  (2 ) 

1 .58  (6 )
M u lg a  W e s t + 7 .3 3 N D - 0 .0 6 0 .0 0 8 -

T a b l e  4 .2  A  s u m m a ry  o f  s u lp h u r  d a t a  o b ta in e d  b y  s te p p e d  a n d  b u lk  c o m 
b u s t io n  o f  C 3  to  C 6  c h o n d r i te s .  * A lle n d e - l  w a s  a n a ly s e d  p r io r  to  
th e  f lu o r in a t io n  e x p e r im e n ts .  R e fe re n c e s :(1 )  M eison (1 9 6 3 ); (2 ) K a 
p la n  a n d  H u ls to n  (1 9 6 6 ); (3 ) C la r k e  e t  a l . (1 9 7 0 ); (4 ) J a ro s e w ic h  
(1 9 6 6 ); (5) S h im a  (1 9 7 4 ); (6 ) M a s o n  a n d  W iik  (1 9 6 2 b ) . N o te : K a 
p la n  a n d  H u ls to n  (1 9 6 6 ) a lso  r e p o r te d  w h o le - ro c k  v a lu e s  fo r  th e  
fo llo w in g : L a n c é  ( C 0 3 )  =  +0.5%o, W a r r e n to n  ( C 0 3 )  =  -f0.47oo a n d  
M o k o ia  (C V 3 )  =  0.0%o. B u lk  =  B u lk  c o m b u s t io n ;  S te p .  =  S te p p e d  
c o m b u s t io n ;  L it .  = L i t e r a tu r e  v a lu e ; N D  =  n o t  d e te r m in a b le .
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F i g u r e  4 . 1  C o m p a r is o n  o f  s u lp h u r  d a t a  o b ta in e d  b y  s te p p e d  a n d  b u lk  
c o m b u s t io n  w i th  l i t e r a tu r e  v a lu e s  fo r  C 3  to  C 6 c h o n d r i te s .  •  =  
s te p p e d  c o m b u s t io n ;  o =  b u lk  c o m b u s t io n ;  * =  l i t e r a tu r e  v a lu e s  
( re fe r  to  T a b le  4 .1  fo r  d a t a  s o u rc e s )
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a n d  C 3  c h o n d r i t e s ,  o r  th e  d e c re a s in g  s u lp h u r  c o n te n t  a s s o c ia te d  w i th  in 
c re a s in g  p e t ro lo g ic  ty p e  in  th e  C 3  to  C 6  se q u e n c e . C h a n g e s  in  t o t a l  s u lp h u r  
c o n te n t  m a y  re f le c t c o n d e n s a t io n  p ro c e sse s  in  th e  s o la r  n e b u la ,  th i s  h a s  b e e n  
s u g g e s te d  to  e x p la in  th e  v o la t i le  e le m e n t a b u n d a n c e  p a t t e r n s  o f  C 3  to  C 6 
c h o n d r i t e s  (e .g . A n d e r s  e t  a l . ,  1976; G ro s s m a n  a n d  L a r im e r ,  1974 ; T a k a 
h a s h i  e t  a l . ,  1 9 7 8 a ,b ) .  A lte rn a t iv e ly ,  th e  s a m e  v o la t i le  e le m e n t  v a r ia t io n s  
h a v e  a lso  b e e n  a t t r i b u t e d  to  o p e n  s y s te m  m e ta m o r p h is m  (e .g . I k ra m u d d in  
a n d  L ip s c h u tz ,  1 975 , M a tz a  a n d  L ip s c h u tz ,  1 9 7 7 ). I t  is  a lso  p o s s ib le  t h a t  
s u lp h u r  w a s  lo s t  d u r in g  th e r m a l  m e ta m o rp h is m  p a r t i c u la r ly  i f  t e m p e r a tu r e s  
w e re  h ig h  e n o u g h  to  c a u s e  m e lt in g  a n d  s e p a r a t io n  o f  s u lp h id e  m in e ra ls .  
H o w e v e r , th i s  se e m s  u n lik e ly , b e c a u s e  th e  t e m p e r a tu r e  a t t a i n e d  b y , e v e n  th e  
m o s t  s e v e re ly  m e ta m o rp h o s e d  c a rb o n a c e o u s  c h o n d r i te ,  M u lg a  W e s t,  d id  n o t  
ex c e e d  8 0 0  C  (B in n s  e t  a l . ,  1977 ) w h ic h  is b e lo w  th e  F e-N i-S  e u te c t ic  te m 
p e r a tu r e  o f  9 5 0 °C  (K u l le ru d , 1 9 6 3 ). F e ie rb e rg  e t  a l. (1 9 8 5 ) h a v e  p ro p o s e d  
t h a t  th e  c a r b o n a c e o u s  c h o n d r i te  p a r e n t  b o d ie s  w e re  o r ig in a lly  c o m p o s e d  o f  
m a te r i a l  w i th  C l -  a n d  C 2 -lik e  c o m p o s i t io n s  a n d  t h a t  s u b s e q u e n t  in te r n a l  
h e a t in g  o f  th e s e  b o d ie s  b y  r a d io n u c l id e  d e c a y  (e .g . ^"^Al), le a v e s  c o re s  w ith  
C 3 - lik e  c o m p o s i t io n s  m a n t le d  b y  la y e r s  o f  h y d r a te d  a n d  a l te r e d  C l  a n d  C 2  
m a te r ia l .

. T h e  s te p p e d  c o m b u s t io n  p ro file s  o b ta in e d  fo r  C 3  a n d  C 4  c h o n d r i te s  a r e  
s h o w n  in  F ig u re  4 .2 . A ll th e  s a m p le s  sh o w  s im ila r  s u lp h u r  re le a s e  p a t t e r n s  
w h ic h  a r e  n o ta b ly  d if fe re n t  f ro m  th o s e  o b ta in e d  fo r  C l  a n d  C 2  c h o n d r i te s .  
T h e  s u lp h u r  d a t a  o f  C o o lid g e  a n d  M u lg a  W e s t a r e  d if fe re n t f ro m  th o s e  o f  a n y  
o th e r  m e te o r i te s  c o n s id e re d  in  th i s  S e c t io n  so  th e  r e s u l t s  fo r  th e s e  s a m p le s  
w ill b e  la rg e ly  t r e a t e d  s e p a r a te ly  b e lo w . B e tw e e n  9 2 %  (V ig a ra n o )  a n d  98%  
(A lle n d e )  o f  th e  t o t a l  s u lp h u r  is  l ib e r a te d  b e tw e e n  4 0 0  a n d  9 0 0 °C . T h is  in 
c lu d e s  t h e  t e m p e r a t u r e  in te r v a l  w h ic h  is  th e  c h a r a c t e r i s t i c  r a n g e  d e te r m in e d  
fo r  th e  c o m b u s t io n  o f  m a n y  c o m m o n  s u lp h id e  m in e r a ls  (4 0 0  to  6 0 0 °C : S ec
t io n  2 .3 .2 ) .  K a r o o n d a  a n d  Y a m a to  6 903  h a v e  tw o  s u lp h u r  re le a s e s , o n e  
b e tw e e n  4 0 0 -6 0 0 °C , a n d  a n o th e r  b e tw e e n  6 0 0 -9 0 0 °C . F e lix , O r n a n s ,  A l
le n d e  a n d  V ig a r a n o  sh o w  a  s in g le  d o m in a n t  s u lp h u r  re le a se . T h is  o c c u rs  
f ro m  4 5 0 /to  5 0 0 °C  in  F e lix  a n d  A lle n d e , 50 0  to  5 5 0 °C  in  V ig a ra n o  a n d  60 0  
to  6 5 0 ° C  in  O rn a n s .  T h e  s u lp h u r  in  th e s e  m e te o r i te s  is  r e le a se d  o v e r  a  w id e  
t e m p e r a t u r e  r a n g e ,  b e tw e e n  50%  ( O r n a n s )  a n d  24%  (A lle n d e )  o f  th e  t o t a l  
s u lp h u r  is  l ib e r a te d  a b o v e  6 0 0 °C . F o r  c o m p a r a t iv e  p u r p o s e s  th e  d a t a  fo r  a ll 
th e  s a m p le s  c a n  b e  s u b d iv id e d  in to  tw o  t e m p e r a t u r e  in te r v a ls  w h ic h  a p p r o x 
im a te ly  c o in c id e  w i th  th e  tw o  re le a se s  in  K a r o o n d a  a n d  Y a m a to  6 9 0 3 , a n d  
a r e  a n a lo g o u s  to  th o s e  u se d  in  th e  d is c u s s io n  o f  th e  C l  a n d  C 2  m e te o r i te  
s u lp h u r  d a t a  ( C h a p te r  3 ).

1. A  3 0 0  to  6 0 0 °C  re le a se  a c c o u n t in g  fo r 50%  o r  m o re  o f  th e  s u lp h u r  in  
e a c h  m e te o r i te .  T h e  a m o u n ts  o f  s u lp h u r  a re  g iv e n  in  T a b le  4 .3  a n d
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F i g u r e  4 .2  T h e  a b u n d a n c e  (— ) a n d  is o to p ic  c o m p o s i t io n  ( - • - )  o f  s u lp h u r  
in  C 3  a n d  C 4  c h o n d r i te s  a s  d e te r m in e d  by  s te p p e d  c o m b u s t io n .
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a re  b e tw e e n  0 .6 5  w t%  ( K a ro o n d a )  a n d  1 .54  w t%  (A lle n d e ) .

2. A  6 0 0  to  9 0 0 °C  re le a s e , a c c o u n t in g  fo r  b e tw e e n  0 .4 2  w t%  ( V ig a ra n o )  
a n d  1 .02  w t%  (O r n a n s )  s u lp h u r  (T a b le  4 .3 ) .

Troilite and pentlandite

In  C h a p te r  3 , th e  s u lp h u r  re le a s e d  b e tw e e n  300  a n d  6 0 0 °C  in  C l  a n d  
C 2  c h o n d r i te s  w a s  c o n s id e re d  to  b e  a  m ix tu r e  f ro m  th e  c o m b u s t io n  o f  
t r o i l i t e  a n d  s u lp h u r - b e a r in g  m a c r o m o le c u la r  o rg a n ic  m a te r ia l .  T h e  l a t t e r  
c o n s t i tu e n t  h a s  n o t  p re v io u s ly  b e e n  re c o g n is e d  in  c a rb o n a c e o u s  c h o n d r i te s  
o f  ty p e  3 a n d  a b o v e , so  th e  s u lp h u r  l ib e r a te d  b e tw e e n  30 0  a n d  6 0 0 °C  c a n  
b e  w h o lly  a t t r i b u t e d  to  s u lp h id e  c o m b u s t io n .  H o w e v e r , i t  is  n o t  p o s s ib le  to  
m a k e  a  d is t in c t io n  b e tw e e n  s u lp h u r  f ro m  e i th e r  t r o i l i t e  o r  p e n t la n d i te  u s in g  
th e  s te p p e d  c o m b u s t io n  r e s u l t s  s h o w n  in  F ig u re  4 .2  (a s  w a s  th e  s a m e  fo r  
m o s t  o f  th e  C 2  a n d  C l  m e te o r i te s ) .  In  th e  c a se  o f  th e  C 0 3  c h o n d r i te s ,  M c 
S w e en  (1 9 7 7 b ) r e p o r t s  t h a t  th e  s u lp h id e  is  a lm o s t  e x c lu s iv e ly  s to ic h io m e tr ic  
t r o i l i t e .  U s in g  th e  3 0 0  to  600®C s u lp h u r  r e le a s e  to  c a lc u la te  th e  a b u n d a n c e  
o f  t r o i l i t e  g iv e s  3 .11  w t%  a n d  2 .81  w t%  o f  th i s  m in e ra l  in  F e lix  a n d  O rn a n s  
re s p e c tiv e ly .  K a p la n  a n d  H u ls to n  (1 9 6 6 ) e x t r a c te d  1 .83  w t%  s u lp h u r  f ro m  
F e lix  b y  H C l t r e a tm e n t ,  w h ic h  th e y  a t t r i b u t e d  to  F eS  ( e q u iv a le n t  to  5 .0 3  
w t%  t r o i l i t e ) .  T h e r e  a r e  n o  c o m p a r a t iv e  d a t a  fo r  th e  t r o i l i t e  c o n te n t  o f  
O rn a n s .

P é t r o g r a p h ie  s tu d ie s  o f  V ig a ra n o , A lle n d e , Y a m a to  6 903  a n d  K a r o o n d a  
s u g g e s t  t h a t  p e n t l a n d i t e  is n o r m a l ly  d o m in a n t  o v e r  t r o i l i t e  ( C la rk e  e t  a l . ,  
1970 ; F u c h s  a n d  O lse n , 1973; M c S w e e n , 1 9 7 7 a ; S c o t t  a n d  T a y lo r ,  1 9 8 5 ). K a 
r o o n d a  c o n ta in s  th e  fo llo w in g  s u lp h id e  m in e ra ls  in  o r d e r  o f  d e c re a s in g  a b u n 
d a n c e :  p e n t l a n d i t e ,  p y r i te ,  c h a lc o p y r i te  a n d  p y r r h o t i t e  (S c o t t  a n d  T a y lo r ,  
1 9 8 5 ). T h e  a m o u n ts  o f  s u lp h u r  r e le a s e d  b e tw e e n  3 0 0  a n d  600®C in  th e  C V  
c h o n d r i t e s  a n d  K a r o o n d a  r e p re s e n t  b e tw e e n  4 2 %  ( K a ro o n d a )  a n d  76%  (A l
le n d e )  o f  th e  t o t a l  s u lp h u r  w h ic h , b a s e d  o n  p é t r o g r a p h ie  e v id e n c e , se e m s  to o  
h ig h  to  b e  a c c o u n te d  fo r  b y  t r o i l i t e  c o m b u s t io n  a lo n e . A  p re v io u s  a n a ly s is  
o f  s u lp h u r  in  K a r o o n d a  b y  K a p la n  a n d  H u ls to n  (1 9 6 6 ) g a v e  a n  a c id -s o lu b le  
s u lp h u r  ( t r o i l i te ? )  c o n te n t  o f  0 .0 2  w t%  w h ic h  is  a  s m e ll  p r o p o r t io n  o f  th e
0 .6 5  w t%  s u lp h u r  re le a s e d  b e tw e e n  3 0 0  a n d  6 0 0 ° C  d u r in g  s te p p e d  c o m b u s 
t io n .  A  p r o b a b le  e x p la n a t io n  fo r  th e  d if fe re n c e  is  t h a t  th e  s u lp h u r  l ib e r a te d  
b e tw e e n  3 0 0  a n d  6 0 0 °C  d u r in g  s te p p e d  c o m b u s t io n  is  a  m ix tu r e  f ro m  p e n t 
la n d i t e  a n d  o th e r  s u lp h id e s  in c lu d in g  t r o i l i t e .  A l th o u g h  a n  a u th e n t i c  s a m p le  
o f  p e n t l a n d i t e  h a s  n o t  b e e n  a n a ly s e d  b y  s te p p e d  c o m b u s t io n ,  i t  is c o n c e iv 
a b le  t h a t  t r o i l i te  a n d  p e n t la n d i te  m a y  c o m b u s t  a t  s im ila r  t e m p e r a tu r e s ,  a s  
th e s e  m in e ra ls  a re  c h e m ic a lly  a l ik e  a n d  in d e e d , m u c h  o f  th e  t r o i l i te  p r o b a b ly  
c o n ta in s  so m e  n ic k e l. U sin g  th e  v a lu e  o f  0 ,0 2  w t%  t r o i l i t e  s u lp h u r  o b ta in e d
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S a m p le Y ie ld  S m s Y ie ld  S m s
W t% (%o) W t% (7oo)

(3 0 0 -6 0 0 ° C ) (3 0 0 -6 0 0 ° C ) (6 0 0 -9 0 0 °C ) (6 0 0 -9 0 0 ° C )
F e lix 1 .13 - 2 . 6 4 0 .5 6 - 2 .3 3
O rn a n s 1 .02 - 2 .2 0 1.02 - 1.20
A lle n d e 1 .54 - 1 .9 7 0 .4 9 - 1 . 7 0
A lle n d e - 1 1.28 - 0 .9 4 0 .8 4 + 0 .5 0
V ig a ra n o 0 .7 7 - 1 .9 0 0 .4 2 - 1 .9 4
Y  6 903 0 .7 1 - 3 .4 1 0 .51 - 3 . 1 4
C o o lid g e 0 .0 5 —3.6 2 0 .2 2 - 1 .8 3
K a r o o n d a 0 .6 5 - 5 .0 2 0 .5 - 2 .5 4

S a m p le C a lc . C a lc . M a t r ix  C a C a lc .
a n h y d r i t e C a W t% F E S O N

W t% W t% ( 1) W t%
F e lix 2 .3 8 0 .7 0 0 .9 2 2 .33
O r n a n s 4 .3 4 1.28 0 .2 9 4 .2 4
A lle n d e 1.87 0 .6 0 1 .27 2 .0 0
A lle n d e - 1 3 .5 7 1.05 1.27 3 .4 9
V ig a ra n o 1 .79 0 .5 3 0 .7 4 1.75
Y  6 903 2 .1 7 0 .6 4 - 2 .12
C o o lid g e 0 .9 4 0 .2 8 0 .1 4 0 .9 2
K a r o o n d a 2 .51 0 .7 4 1 .37 2 .4 5

T a b l e  4 .3  S u m m a r y  o f  t h e  s u lp h u r  c o n c e n t r a t io n  a n d  6^^S v a lu e s  o b - 
t^ in e d  o v e r  t e m p e r a t u r e  in te rv a ls  d u r in g  s te p p e d  c o m b u s t io n .  C a l
c u la te d  a n h y d r i t e  a n d  F E S O N  c o n te n ts  r e p r e s e n t  m a x im u m  e s t i 
m a te s .  R e fe re n c e s : ( 1 ) M a t r ix  d e te r m in a t io n s  o f  C a  f ro m  M c S w e e n  
a n d  R ic h a rd s o n  (1 9 7 7 )  n o rm a l is e d  to  w h o le - ro c k  v a lu e s  u s in g  th e  
v o l.%  m a t r ix  d e te r m in a t io n s  o f  M c S w e e n  ( 1 9 7 7 a ,b ) .
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fo r  K a r o o n d a  b y  K a p la n  a n d  H u ls to n ,  th e n  f ro m  th e  s te p p e d  c o m b u s t io n  
d a t a ,  th e  a m o u n t  o f  s u lp h u r  a s  p e n t l a n d i t e  in  th is  m e te o r i te  c o u ld  b e  a s  
h ig h  a s  0 .5 7  w t%  (e q u iv a le n t  to  1 .72  w t%  p e n t l a n d i t e ) .  T h is  v a lu e  is m u c h  
lo w e r  t h a n  t h a t  o f  1 .25  w t%  s u lp h u r  a s  p e n t l a n d i t e  o b ta in e d  fo r  K a r o o n d a  
b y  K a p la n  a n d  H u ls to n  (1 9 6 6 ). H o w e v e r , K a p la n  a n d  H u ls to n  a t t r i b u t e d  a ll 
th e  a c id - in s o lu b le  a n d  a c id  n o n -v o la t i le  s u lp h u r  in  K a r o o n d a  to  p e n t l a n d i t e  
( i .e .  t h e  r e s id u a l  s u lp h u r  a f te r  H C l t r e a tm e n t ) .  I t  h a s  b e e n  s h o w n  f ro m  th e  
s te p p e d  c o m b u s t io n  r e s u l t s  o f  M u rc h is o n  re s id u e  M E H  (S e c tio n  3 .5 .4 )  t h a t  
H C l a c id  is  n o t  sp e c if ic  in  i t s  e ffec t u p o n  s u lp h u r - b e a r in g  m in e ra ls .  D e s p i te  
th i s ,  i t  m a y  b e  p o s s ib le  to  g a in  so m e  in d ic a t io n  o f  th e  p e n t l a n d i t e / t r o i l i t e  
a b u n d a n c e s  in  th e s e  m e te o r i te s  ( in c lu d in g  K a r o o n d a )  f ro m  s te p p e d  c o m b u s 
t io n  a n a ly s e s  o f  H C l re s id u e s .

Oxidised sulphur compounds

T h e  s u lp h u r  l ib e r a te d  in  th e  t e m p e r a tu r e  in te r v a l  6 0 0  to  9 0 0 °C , r e p r e s e n ts  
b e tw e e n  3 2 %  (V ig a r a n o )  a n d  50%  ( O r n a n s )  o f  th e  t o t a l  a m o u n t  o f  s u lp h u r  in  
th e  C 3 -C 4  c h o n d r i te s .  E lu c id a t io n  o f  th e  s u lp h u r - b e a r in g  c o m p o n e n t  w h ic h  
r e le a s e s  i t s  s u lp h u r  a b o v e  6 0 0 °C  is n o t  s t r a ig h t f o r w a r d .

In  C h a p te r  3 , th e  e ffec ts  o f  p a r e n t  b o d y  a q u e o u s  a l t e r a t io n  in  th e  C l  a n d  
C 2  c a r b o n a c e o u s  c h o n d r i te s  w a s  d is c u s se d . I t  w a s  s u g g e s te d  t h a t ,  d u r in g  
a q u e o u s  a l t e r a t io n ,  s u lp h u r  w a s  re m o v e d  f ro m  p re -e x is t in g  s u lp h id e s  ( i.e . 
r e p r e s e n te d  b y  s u lp h u r  re le a s e d  b e tw e e n  30 0  a n d  6 0 0 °C  in  C l  a n d  C 2 m e 
te o r i te s )  t o  fo rm  F E S O N , g y p s u m  a n d  e p s o m ite  ( i.e . s u lp h u r  re le a s e d  a b o v e  
6 0 0 °C  in  C l  a n d  C 2  m e te o r i te s ) .  F ig u re  4 .3  is a  p lo t  o f  300-600® C  s u l
p h u r  v e r s u s  600 -900® C  s u lp h u r  fo r  th e  C 3  a n d  C 4  c h o n d r i te s  c o n s id e re d  
in  th i s  s tu d y .  T h e r e  is  a  s u g g e s tio n  o f  a  r e la t io n s h ip  ( r  =  0 .6 6 2 )  w h ic h  
b e c o m e s  s ig n if ic a n t ( r  =  0 .8 7 5 )  w h e n  th e  d a t a  f ro m  O rn a n s  is  e x c lu d e d . 
T h is  c o r r e la t io n  in d ic a te s  t h a t  p re -e x is t in g  s u lp h id e ( s )  h a s  b e e n  a l te r e d  to  
a  m in e ra l( s )  t h a t  c o m b u s ts  o r  d e c o m p o se s  a t  h ig h e r  t e m p e r a tu r e s .  T h e  
a m o u n t  o f  s u lp h u r  re le a s e d  b e tw e e n  6 0 0  a n d  9 0 0 °C  is  n o r m a l ly  h ig h e r  in  
C 3  c o m p a r e d  to  0 4  c h o n d r i te s .  T h e  p r o p o r t io n s  o f  s u lp h u r  re le a s e d  o v e r  
e a c h  t e m p e r a t u r e  r a n g e  s h o u ld  p ro v id e  a  s u p e r io r  in d ic a t io n  o f  a l t e r a t io n  
t h a n  th e  a b s o lu te  a m o u n ts .  T h e  r a t i o  o f  s u lp h u r  l ib e r a te d  b e tw e e n  30 0  a n d  
6 0 0 ° C  to  t h a t  re le a s e d  b e tw e e n  60 0  a n d  9 0 0 °C  d e c re a s e s  in  th e  fo llo w in g  
o r d e r :  A l le n d e > F e l ix > V ig a r a n o > Y a m a to  6 9 0 3 > K a r o o n d a > C o o l id g e  ( i.e . 
C 3 > C 4 ) .  T h is  s e q u e n c e  s u g g e s ts  t h a t ,  f irs tly , th e  C 3  c h o n d r i t e s  d id  n o t  
e s c a p e  a q u e o u s  a l t e r a t io n  o n  p a r e n t  b o d ie s  a n d  se c o n d ly , th e y  h a v e  su ffe re d  
m o re  in te n s e  a l t e r a t io n  t h a n  th e  C 4  c h o n d r i te s .  T h is  o b s e rv a t io n  is c o n s is 
t e n t  w i th  th e  p ro p o s e d  “o n io n - s k in ” m o d e l o f  c a rb o n a c e o u s  c h o n d r i te  e v o lu 
t io n  (e .g . F e ie rb e rg  e t  a l . ,  1985) in  w h ic h  e x t e n t  o f  m e ta m o rp h is m  in c re a s e s  
a n d  th e  m a g n i tu d e  o f  a q u e o u s  a l t e r a t io n  d e c re a s e s  to w a r d s  th e  c e n tr e  o f  th e
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Wt% Sulphur ( 6 0 0 - 9 0 0 * 0 )

F i g u r e  4 .3  A  p lo t  o f  s u lp h u r  (3 0 0 -6 0 0 ° C )  v e r s u s  s u lp h u r  (6 0 0 —9 0 0 °C ) 
r e le a s e d  d u r in g  s te p p e d  c o m b u s t io n  o f  C 3  a n d  C 4  c h o n d r i t e s .  
A l= A lle n d e ,  C o = C o o lid g e ,  F e = F e l ix ,  K r = K a r o o n d a ,  O r = O r n a n s ,  
V i= V ig a r a n o ,  Y 6 9 0 3 = Y a m a to  6 9 0 3 .
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p a r e n t  b o d y .
In  a n  e f fo r t  to  d e te r m in e  th e  id e n t i ty  o f  th e  s u lp h u r  re le a se d  b e tw e e n  

6 0 0  a n d  9 0 0 °C  i t  is  in s t r u c t iv e  to  d e te r m in e  w h ic h  e le m e n ts  in  C 3  a n d  C 4  
c h o n d r i te s  a r e  c o r r e la te d  w i th  s u lp h u r .  M c S w e e n  a n d  R ic h a rd s o n  (1 9 7 7 ) 
fo u n d  c o r r e la t io n s  b e tw e e n  n ic k e l a n d  s u lp h u r  a n d  i ro n  a n d  s u lp h u r  u s in g  
th e  m a t r ix  a b u n d a n c e s  o f  th e s e  e le m e n ts  in  C 2  a n d  so m e  C 3  c a r b o n a c e o u s  
c h o n d r i te s .  T h is  le d  th e m  to  c o n c lu d e  t h a t  a  N i-b e a r in g  F e-S -O  p h a s e  is 
p r e s e n t  in  g r e a te r  o r  le s se r  a m o u n ts  in  th e  m a t r ic e s  o f  C 2 ’s  a n d  so m e  C 3  
c h o n d r i te s .  M c S w e e n  a n d  R ic h a rd s o n  c o n s id e re d  t h a t  th i s  s u lp h u r - b e a r in g  
p h a s e  w a s  th e  s a m e  a s  t h a t  f i r s t  id e n tif ie d  in  th e  m a t r ix  o f  th e  M u rc h is o n  
(C M 2 )  m e te o r i te  b y  F u c h s  e t  a l . (1 9 7 7 ). S u b s e q u e n t  d e ta i le d  p é t r o g r a p h ie  
s tu d ie s  u s in g  t r a n s m i t t e d  e le c tro n  m ic ro sc o p y  h a v e  r e v e a le d  t h a t  th e  F e-S -O  
p h a s e  is  w id e s p re a d  in  C M 2  c h o n d r i te s  w h e re  i t  is n o w  k n o w n  a s  m e te o r i t ic  
to c h i l in i te  o r  F E S O N  ( C h a p te r  3 ).

I t  is k n o w n  t h a t  a q u e o u s  a l t e r a t io n  in  C I l  a n d  C M 2  c a r b o n a c e o u s  c h o n 
d r i te s  h a s  le d  to  th e  f o rm a t io n  o f  s ig n i f ic a n t  a m o u n ts  o f  g y p s u m  a n d  e p 
s o m i te  (e .g . B o s t ro m  a n d  F re d r ik s s o n , 1 9 6 6 ). T h e re fo re ,  p lo ts  o f  c a lc iu m  
a g a in s t  s u lp h u r  a n d  m a g n e s iu m  a g a in s t  s u lp h u r  h a v e  b e e n  c o n s t r u c te d  to  
in v e s t ig a te  w h e th e r  th e s e  e le m e n ts  a re  a s s o c ia te d  in  th e  m a tr ic e s  o f  C 3  a n d  
C 4  c h o n d r i te s .  T h e s e  g r a p h s  a r e  g iv e n  in  F ig u re  4 .4  a n d  u se  th e  m a t r ix  d e 
te r m in a t io n s  o f  s u lp h u r ,  c a lc iu m  a n d  m a g n e s iu m  (a ll  n o rm a l is e d  to  s il ic o n )  
r e p o r te d  b y  M c S w e e n  a n d  R ic h a rd s o n  (1 9 7 7 ). I t  c a n  b e  se e n  f ro m  F ig u re  
4 .4  t h a t  th e r e  is  a  s u g g e s t io n  o f  a  r e la t io n s h ip  b e tw e e n  c a lc iu m  a n d  s u lp h u r  
( r  =  0 .6 6 7 )  in  so m e  o f  th e  m e te o r i te s .  F ig u r e  4 .4 b  in d ic a te s  t h a t  th e r e  is  
le ss  o f  a  c o r r e la t io n  b e tw e e n  m a g n e s iu m  a n d  s u lp h u r  ( r  =  0 .0 0 7 8 ) . T h e  
m in e r a l  in  th e  m a tr ic e s  o f  th e s e  m e te o r i te s  m o s t  lik e ly  to  c o n ta in  c a lc iu m  
a n d  s u lp h u r  is  a n h y d r i t e  ( C a S 0 4 ) ,  a s  t e m p e r a tu r e s  e x p e r ie n c e d  b y  a l l  th e s e  
m e te o r i te s  m u s t ,  a t  so m e  p o in t ,  h a v e  e x c e e d e d  th e  d e h y d r a t io n  t e m p e r a t u r e  
o f  g y p s u m  ( C a S 0 4 .2 H 2 0 ) w h ic h  is  9 5 ° C  ( H u r lb u t  a n d  K le in , 1 9 7 7 ) . B a s e d  
o n  F ig u re  4 .4 a , th e  c o n c e n t r a t io n  o f  a n h y d r i t e  is  e x p e c te d  to  b e  h ig h e s t  in  
M o k o ia  w i th  A lle n d e  n e x t ;  i t  w o u ld  s e e m  to  b e  lo w  in  m o s t  o th e r  C 3  a n d  
C 4  c h o n d r i te s .  T h is  is  s u p p o r te d  by :

1. T h e  e x t r a c t io n  o f  0 .1 4  w t%  w a te r - s o lu b le  s u lp h u r  f ro m  M o k o ia  a t 
t r i b u t e d  to  C a S 0 4  ( K a p la n  a n d  H u ls to n ,  1 9 6 6 ).

2 . A  s te p p e d  c o m b u s t io n  a n a ly s is  o f  M o k o ia  u n d e r ta k e n  b y  H a lb o u t  e t  
a l . (1 9 8 6 ) w h ic h  g a v e  a  d o m in a n t  r e le a s e  o f  s u lp h u r  b e tw e e n  74 0  a n d  
1 0 4 0 °C . T h is  is  th e  c h a r a c te r i s t i c  r e le a s e  te m p e r a t u r e  fo r  g y p s u m  
( C h a p te r  2 ).

I t  is t e m p t in g  to  a t t r i b u t e  th e  c a lc iu m  s u lp h a te  c o n te n ts ,  d e r iv e d  f ro m  
th e  s te p p e d  c o m b u s t io n  d a t a ,  to  a n h y d r i t e  o r  g y p s u m  fo rm e d  in  th e  m e 
te o r i te  p a r e n t  b o d y . H o w e v e r , i t  is a lso  p o ss ib le  t h a t  so m e  o f  th i s  m in e r a l
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F i g u r e  4 .4  S ilic o n  n o rm a l is e d ,  (a )  M g  v s. S i, a n d  (b )  C a  v s . S v a lu e s  in  
C 3  a n d  C 4  c h o n d r i te  m a tr ic e s  ( d a t a  f ro m  M c S w e e n  a n d  R ic h a r d 
s o n , 1 9 7 7 ). A l= A lle n d e ,  B a = B a l i ,  E f= E f re m o v k a ,  G r = G r o s n a ja ,  
K b = K a b a ,  L e = L e o v il le ,  M o = M o k o ia ,  V i= V ig a r a n o ,  C o = C o o lid g e ,  
F e = F e l ix ,  I s = I s n a ,  K s = K a in s a z ,  L a = L a n c e ,  O r = O r n a n s ,  K r = K a r o o n d a ,  
W a =  W a r re n to n .
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fo rm e d  b y  w e a th e r in g  o f  th e  m e te o r i te  o n  E a r th .  S u lp h a te s ,  c a r b o n a te s  a n d  
iro n  o x id e s  a re  c o m m o n  c h e m ic a l  w e a th e r in g  p r o d u c ts  id e n tif ie d  in  A n ta r c 
t ic  m e te o r i te s  (G ib s o n  a n d  A n d ra w e s ,  1980; M a rv in ,  1980; G o o d in g , 1981; 
G ra d y ,  1982 ; G o o d in g , 1 9 8 6 ). H o w e v e r , a n  o r ig in  b y  w e a th e r in g  p ro c e s se s  is 
u n lik e ly  to  a c c o u n t  fo r th e  r e la t iv e ly  h ig h  c o n c e n t r a t io n s  o f  c a lc iu m  s u lp h a te  
in d ic a te d  to  b e  p r e s e n t  f ro m  th e  r e s u l t s  o f  th i s  s tu d y ,  b e c a u s e :

1. M o s t  o f  th e  C 3  m e te o r i te s  a n d  K a r o o n d a  a re  fa lls  (o n ly  C o o lid g e  a n d  
Y a m a to  6 9 0 3  a re  f in d s ) .

2 . A n y  te r r e s t r ia l ly - f o rm e d  g y p s u m  w ill te n d  to  b e  c o n c e n t r a te d  in  th e  
o u te r  re g io n s  o f  th e  m e te o r i te s ,  w h e re a s  th e  s a m p le s  u se d  in  th i s  s tu d y  
w e re  in te r io r  f ra g m e n ts .

T h e  le ss  s t r ik in g  c o r r e la t io n  b e tw e e n  m a g n e s iu m  a n d  s u lp h u r  is a lso  o f  
in te r e s t  a s  i t  s u g g e s ts  t h a t  th e  C 3  a n d  C 4  c h o n d r i te s  p r o b a b ly  c o n ta in  n e g 
lig ib le  q u a n t i t i e s  o f  e p s o m ite .  A c c o rd in g  to  R ic h a rd s o n  (1 9 7 8 ), e p s o m ite  
m in e r a l is a t io n  in  C l  m e te o r i te s  o c c u r re d  a f te r  t h a t  o f  g y p s u m  a n d  c a lc i te .  
T h e  p re s e n c e  o f  g y p s u m  in  M o k o ia  ( K a p la n  a n d  H u ls to n ,  1966 ) a n d  c a lc ite  
in  F e lix  a n d  L a n c é  (K ro u s e  a n d  M o d z e le sk i,  1970 ) s u g g e s ts  t h a t  a l t e r a t io n  
c e a s e d  a f te r  p r e c ip i ta t io n  o f  th e s e  tw o  m in e r a ls  b u t  b e fo re  t h a t  o f  e p s o m ite .  
A s s u m in g  t h a t  th e  C 3  c h o n d r i te s  s a m p le  m a te r ia l  f ro m  th e  in n e r  re g io n s  
o f  p a r e n t  b o d ie s  (e .g . F e ie rb e rg  e t  a l . ,  1 9 8 5 ), th e n  i t  is  p r o b a b le  t h a t  h y 
d r o th e r m a l  a l t e r a t io n  o c c u r re d  d u r in g  a  p e r io d  o f  in c re a s in g  t e m p e r a tu r e .  
A s  th e  te m p e r a t u r e  in c re a s e d ,  d e h y d r a t io n  o f  th e  p re c u rs iv e  C 3  m a te r ia l  
w ill h a v e  o c c u r re d  a s  th e  w a te r  m ig r a te d  to w a r d s  th e  su r fa c e  o f  th e  p a r e n t  
b o d y .

T h e  a q u e o u s  a l t e r a t io n  o f  ty p e  3 c a r b o n a c e o u s  c h o n d r i te s  is  n o t  w ell- 
d o c u m e n te d .  H o w e v e r , r e c e n t  p e t ro lo g ic ,  m ic r o p ro b e  a n d  c a th o d o lu m in e s 
c e n c e  s tu d ie s  h a v e  p ro v id e d  e v id e n c e  fo r  w id e s p re a d  h y d r o u s  a c t iv i ty  in  
ty p e  3 u n e q u i l ib r a te d  o r d in a r y  c h o n d r i te s  ( H u tc h is o n  e t  a l . ,  1985 ; A le x a n 
d e r  e t  a l . ,  1986 ; G u im o n  e t  a l . ,  1 9 8 6 ). In  p a r t i c u la r ,  H u tc h is o n  e t  a l. (1 9 8 6 ) 
h a v e  p r o p o s e d  t h a t  S e m a rk o n a  (L L 3 ) is  b o rd e r l in e  b e tw e e n  ty p e s  2 a n d  3 . 
A le x a n d e r  e t  a l. (1 9 8 6 ) r e p o r t s  t h a t  a q u e o u s  a l t e r a t io n  o f  S e m a r k o n a  h a s  
le d  to  th e  f o rm a t io n  o f  th e  fo llo w in g  m in e ra ls :

1 . P h y l lo s i l ic a te s  ( s m e c ti te ) .

2 . A l te re d  o liv in e  a s s o c ia te d  w i th  a  Z n -r ic h ,  F e-S i-S  p h a s e .

3 . A b u n d a n t  c a lc ite .

A  s te p p e d  c o m b u s t io n  a n a ly s is  o f  S e m a rk o n a  ( F ig u r e  4 .5 )  g iv e s  a  s u lp h u r  
re le a s e  p ro file  w h ic h  s tro n g ly  re se m b le s  th o s e  o b ta in e d  fo r 0 3  c a rb o n a c e o u s  
c h o n d r i te s .  T h e  s u lp h u r  re le a se  in  S e m a rk o n a  is b im o d a l  a n d  d o m in a te d  
b y  a  p e a k  b e tw e e n  300  a n d  6 0 0 °C  w h ic h  a c c o u n ts  fo r  1 .27  w t%  s u lp h u r
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F i g u r e  4 .5  T h e  a b u n d a n c e  (— ) a n d  is o to p ic  c o m p o s i t io n  ( - • - )  o f  s u lp h u r  
in  S e m a rk o n a  a s  d e te r m in e d  by  s te p p e d  c o m b u s t io n .
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( e q u iv a le n t  to  74%  o f  th e  t o t a l  s u lp h u r ) .  T h e  s e c o n d  re le a se , a t  h ig h e r  
t e m p e r a tu r e s  a m o u n ts  to  0 .3 6  w t%  s u lp h u r  ( F ig u r e  4 .5 ) .  T h e  p r o p o r t io n s  
o f  s u lp h u r  re le a s e d  o v e r  th e  tw o  t e m p e r a tu r e  in te r v a ls ,  30 0  to  6 0 0 °C  a n d  
6 0 0  toO O O ^C , a r e  s im ila r  to  th o s e  d e te r m in e d  fo r  F e lix  a n d  A lle n d e  (T a b le  

.  i S e m a rk o n a  c o n ta in s  a b u n d a n t  p e n t l a n d i t e  ( A le x a n d e r
e t  a l . ,  1986 ) a n d  th e  c o m b u s t io n  o f  th i s  m in e ra l  p r o b a b ly  a c c o u n ts  fo r  th e  
la rg e  p e a k  in  th e  s u lp h u r  re le a s e  p ro file  (4 0 0  to  6 0 0 ° C ) . T h e  id e n t i ty  o f  
th e  s u lp h u r  c o m p o u n d  t h a t  b u r n s  a b o v e  6 0 0 °C  c a n n o t  b e  d e f in e d  w ith  ce r-  
t a m t y , s m c e  n e i th e r  g y p s u m  n o r  F E S O N  h a v e  b e e n  r e p o r te d  a s  c o n s t i tu e n t  
m a t r ^  c o m p o n e n ts  o f  S e m a rk o n a . T h e  s te p p e d  c o m b u s t io n  r e s u l t s  sh o w  
t h a t  S e m a rk o n a ,  in  w h ic h  th e  e ffec ts  o f  a q u e o u s  a l t e r a t io n  h a v e  b e e n  r e la 
t iv e ly  w e ll - s tu d ie d ,  is  s im ila r  to  0 3  c a rb o n a c e o u s  c h o n d r i te s  fo r  w h ic h  th e  
p o s s ib i l i ty  o f  h y d r o u s  a c t iv i ty  h a d ,  u n t i l  re c e n tly , b e e n  la rg e ly  d is c o u n te d  

F ro m  th e  s te p p e d  c o m b u s t io n  d a t a  fo r 0 3  a n d  0 4  c h o n d r i te s ,  i t  is  diffi- 

p’ipQOM r e la t iv e  a m o u n ts  o f  s u lp h u r  t h a t  m a y  b e  p r e s e n t  in  e i th e r
F E S O N  o r  a n h y d r i t e .  I f  a ll th e  s u lp h u r  l ib e r a te d  b e tw e e n  6 0 0  a n d  9 0 0 ° 0  is 
a t t r i b u t e d  to  a n h y d r i t e  th e n  th e  m a x im u m  a m o u n ts  o f  th is  m in e r a l  p o s s ib le  
in  a n y  o f  th e  0 3  o r  0 4  m e te o r i te s  is 4 .3 4  w t%  in  O r n a n s  (T a b le  4 3) T h e  
q u a n t ^ i e s  o f  c a lc iu m  d e te r m in e d  f ro m  th e  a n h y d r i t e  c o n te n ts  a r e  b e tw e e n  
a 4 8  (O o o h d g e )  a n d  1 .28  w t%  ( O r n a n s ) .  In  T a b le  4 .3 , i t  c a n  b e  se e n  t h a t  
th e  a m o u n ts  o f  c a lc iu m  a s  a n h y d r i t e  c a n ,  w ith  th e  e x c e p t io n  o f  O rn a n s  a n d  
O o o h d g e , b e  a c c o m m o d a te d  b y  th e  m a t r ix  c a lc iu m  c o n te n ts  d e te r m in e d  fo r  
th e s e  m e te o r i te s  b y  M c S w ee n  a n d  R ic h a rd s o n  (1 9 7 7 ). O th e r  c a lc iu m -b e a r in g  
m in e r a ls  in  0 3  a n d  0 4  c h o n d r i te s  in c lu d e  p y ro x e n e s  ( a u g i te ,  f e r ro a u g i te ,  
d io p s id e ) ,  a n o r th i t e ,  g r o s s u la r ,  a n d  m e li l i te .  H o w e v e r , m o s t  o f  th e s e  m in e r -  

P f s e n t  m a in ly  in  a g g re g a te s  (e .g . O A I) a n d  c h o n d ru le s  w h ic h  w e re  
m ic ro p ro b e  a n a ly s e s  m a d e  b y  M c S w e e n  a n d  R ic h a rd s o n  

( 7 ) . T h e re fo re ,  th e  r e la t iv e ly  h ig h  c a lc iu m  c o n te n ts  o f  th e  m a tr ic e s  a r e
n o t  e a s ily  e x p la in e d  in  te rm s  o f  th e  k n o w n  m in e ra lo g y  (u n le ss  th e  c a lc iu m  
IS a c c o m m o d a te d  in  e x tre m e ly  s m a ll O A I o r  p e r h a p s  m in e r a l  f r a g m e n ts ) .  
T h u s ,  o n  c h e m ic a l  g r o u n d s  i t  is  p la u s ib le  t h a t  s ig n if ic a n t  q u a n t i t i e s  o f  a n -  
h ) ^ r i t e  a r e  p r e s e n t  in  th e  m a tr ic e s  o f  0 3  a n d  0 4  m e te o r i te s .  A g a in s t  s u c h  
a  h y p o th e s is ,  i t  is  d if f ic u lt  to  u n d e r s ta n d  w h y  a  m in e r a l  p r e s e n t  a t  2 a n d  

w  %  c o n c e n t r a t io n  h a s  r e m a in e d  u n d e te c te d  d u r in g  p é t r o g r a p h ie  s tu d ie s  
u n le s s  I t  IS v e ry  f in e -g ra in e d . I t  m a y  b e  s ig n if ic a n t t h a t  th e s e  m e te o r i te s  
h a v e  y e t  to  b e  t r e a t e d  to  th e  s a m e  e x te n s iv e  T E M  s tu d ie s  t h a t  h a v e  b e e n  
a p p l ie d  to  m a n y  0 M 2  c h o n d r i te s .

T u r n in g  n o w  to  c o n s id e r  th e  p o s s ib il i ty  o f  F E S O N  in  C 3  a n d  C 4  c h o n 
d r i te s ;  if  a l l  th e  s u lp h u r  l ib e r a te d  b e tw e e n  6 0 0  a n d  9 0 0 ° C  is  a t t r i b u t e d  to  
th i s  p h a s e  th e n  th e  m a x im u m  a m o u n ts  o f  F E S O N  in  t h e 'm a t r i c e s  c a n  b e  
d e te r m in e d .  C a lc u la te d  F E S O N  c o n te n ts  a re  g iv e n  in  T a b le  4 .3  a n d  v a ry  
b e tw e e n  0 .9 2  (C o o lid g e )  a n d  4 .2 4  w t%  ( O r n a n s ) .  T h e s e  r e s u l t s  s u g g e s t  t h a t
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F E S O N  a n d  o th e r  P C P ,  w h ic h  a r e  im p o r t a n t  c o n s t i tu e n ts  o f  C M 2  m a tr ic e s ,  
m a y  a lso  b e  a  c o m p o n e n t  o f  th e  m a tr ic e s  o f  C 4  c h o n d r i te s .  T h is  s u g g e s tio n  
a w a i t s  c o n f ir m a tio n  b y  p é t r o g r a p h ie  s tu d ie s .

W i th  th e  p r e s e n t  d a t a  i t  is  n o t  p o s s ib le  to  d i f f e r e n t ia te  b e tw e e n  th e  
a m o u n ts  o f  a n h y d r i t e  a n d  F E S O N  c o n s t i tu t in g  th e  s u lp h u r  w h ic h  b u r n s  
b e tw e e n  6 0 0  a n d  9 0 0 °C  in  th e  m e te o r i te s .  H o w e v e r , a  r e la t iv e ly  s t r a i g h t 
fo rw a rd  c h e m ic a l /p h y s ic a l  s e p a r a t io n  c o u ld  b e  e n v isa g e d  to  re so lv e  b e tw e e n  
a n h y d r i t e  a n d  F E S O N . T h e  F e-S -O  p h a s e  (F E S O N )  d e s c r ib e d  b y  F u c h s  e t  
a l .  (1 9 7 7 )  IS h ig h ly  m a g n e t ic ,  so  a  s te p p e d  c o m b u s t io n  a n a ly s is  o f  th e  m a g 
n e t ic  f r a c t io n  o f  th e  m a t r ix  ( c a r r ie d - o u t  a f te r  w a s h in g  w i th  d is t i l le d  w a te r  
to  r e m o v e  a n y  a s s o c ia te d  s u lp h a te s )  c o u ld  r e v e a l  th e  q u a n t i ty  o f  F E S O N  
s u lp h u r  in  a  C 3 / C 4  m e te o r i te .  S im ila r ly  a  s te p p e d  c o m b u s t io n  o f  w a te r  e x 
t r a c t e d  s u lp h u r  f ro m  th e  m e te o r i te s  s h o u ld  y ie ld  s im ila r  in f o rm a t io n  a b o u t  
a n h y d r i t e .

Coolidge and M ulga West

M u l p  W e s t a n d  C o o lid g e  a re  b o th  m e te o r i te  f in d s  a n d  h a v e  suflfered ex 
te n s iv e  t e r r e s t r i a l  a l t e r a t io n  (B in n s  e t  a l .,  1977; J a ro s e w ic h , 1 9 6 6 ), w h ic h  
m a y  e x p la in  th e  lo w  t o t a l  s u lp h u r  c o n te n ts  o f  th e s e  m e te o r i te s .  C o m p a r e d  
to  th e  o th e r  C 4  c h o n d r i te s  s tu d ie d  (K a ro o n d a  a n d  Y a m a to  6 9 0 3 ) , C o o lid g e  
is  d e p le te d  in  s u lp h u r  b y  1 w t% , w h ic h  is p r o b a b ly  a n  i l l u s t r a t i o n  o f  th e  
e x t e n t  o f  t e r r e s t r i a l  w e a th e r in g  su ffe re d  b y  th i s  s a m p le .

C o o lid g e  h a s  a  b r o a d  re le a s e  o f  s u lp h u r  b e tw e e n  4 0 0  a n d  9 0 0 °C , w i th  a  
m a x im u m  re le a s e  b e tw e e n  6 0 0  a n d  7 0 0 °C  ( F ig u r e  4 .2 ) .  P é t r o g r a p h ie  e x a m 
in a t io n  o f  th i s  m e te o r i te  b y  S c o t t  a n d  T a y lo r  (1 9 8 5 ) a n d  M c S w e e n  (1 9 7 7 b )  
re v e a le d  t h a t  t r o i l i t e  is  th e  o n ly  s u lp h id e  m in e ra l  p r e s e n t .  H o w e v e r , th e  m a in  
r e le a s e  o f  s u lp h u r  in  th e  s te p p e d  c o m b u s t io n  p ro file  o f  C o o lid g e , s e e m s  to  
o c c u r  a t  to o  h ig h  a  t e m p e r a tu r e  to  b e  a c c o u n te d  fo r  b y  th e  c o m b u s t io n  o f  
t r o i l i t e  a lo n e  ( i t  w a s  sh o w n  in  C h a p te r  2 t h a t  t r o i l i t e  s e p a r a te d  f ro m  th e  

m e te o r i te  h a s  a  p e a k  re le a s e  o f  s u lp h u r  b e tw e e n  4 0 0  a n d
4 5 0  C ) . -

T h e  M u lg a  W e s t m e te o r i te  w a s  re c o v e re d  f ro m  th e  N u l la r b o r  P la in  o f  
W e s te rn  A u s t r a l i a .  W e c k w e rth  e t  a l . (1 9 8 5 ) s u g g e s t  t h a t  th i s  m e te o r i te  h a s  
lo s t  so m e  o f  i t s  o r ig in a l  n ic k e l- r ic h  s u lp h id e ,  p o s s ib ly  b y  w e a th e r in g .  C a lc i te  
m  M u lg a  W p t  h a s  a  o f  + 3 .8 % , r e la t iv e  to  P D B  (P e e D e e  B e le m n ite ,  
th e  c a r b o n  is o to p e  s t a n d a r d ) ,  w h ic h  is  c o n s is te n t  w i th  d e r iv a t io n  o f  th i s  
m in e r a l  f ro m  th e  l im e s to n e  u p o n  w h ic h  th e  m e te o r i te  la n d e d  (B in n s  e t  a l ,  
1 9 7 7 ). A  s te p p e d  c o m b u s t io n  a n a ly s is  o f  th e  s u lp h u r  in  M u lg a  W e s t is sh o w n  
in  F ig u re  4 .6 . T h e  s a m p le  h a s  a  w h o le -ro c k  (5 '̂^S v a lu e  o f  + 7 .3% o a n d  th e  
m a m  re le a s e  o f  s u lp h u r  o c c u rs  b e tw e e n  800  a n d  1 0 0 0 °C  w h ic h  c o r r e s p o n d s  
to  0 .0 4  w t%  s u lp h u r .  T h e  s u lp h id e  c o n te n t  o f  th e  m e te o r i te  is v e ry  low
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F i g u r e  4 .6  T h e  a b u n d a n c e  (— ) a n d  is o to p ic  c o m p o s i t io n  ( - • - )  o f  s u lp h u r  
in  M u lg a  W e s t a s  d e te r m in e d  b y  s te p p e d  c o m b u s t io n .
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s in c e  th e  s u lp h u r  c o m b u s t in g  b e tw e e n  300  a n d  6 0 0 °C  a m o u n ts  to  o n ly  700  
p p m . T h e  te m p e r a t u r e  o f  th e  d o m in a n t  re le a s e  o f  s u lp h u r  in  M u lg a  W e s t 
is  c h a r a c t e r i s t i c  o f  t h a t  fo r a  s u lp h a te  a n d  in  p a r t i c u la r ,  i t  is s im ila r  to  
th e  d e c o m p o s i t io n / c o m b u s t io n  t e m p e r a t u r e  o f  g y p s u m . T h e  p re se n c e  o f  
g y p s u m  in  th i s  m e te o r i te  c a n  b e  a t t r i b u t e d  to  e i th e r  te r r e s t r i a l  w e a th e r in g  
o f  th e  m e te o r i t ic  s u lp h id e s ,  o r  b y  th e  a d d i t io n  o f  g y p s u m  to  th e  m e te o r i te  
f ro m  th e  u n d e r ly in g  lim e s to n e .  I t  is  c o n s id e re d  u n lik e ly  t h a t  th e  s u lp h a te  is  
o f  e x t r a t e r r e s t r i a l  o r ig in .

4 .2 .2  S u lph ur iso to p e  m easu rem en ts o f  C3 to  C6 chon d rites

T h e  w h o le - ro c k  m e te o r i te  v a lu e s  o b ta in e d  b y  s te p p e d  c o m b u s t io n  a n d  
s in g le - s te p  c o m b u s t io n  a re  c o m p a r e d  in  F ig u re  4 .1  ( a n d  l is te d  in  T a b le
4 .1 ) ,  a lo n g  w i th  p re v io u s ly  r e p o r te d  v a lu e s . In  F ig u re  4 .1 , th e  s in g le - s te p  
c o m b u s t io n  v a lu e s  a re  in  th e  r a n g e  —0 .3 3  (Y a m a to  6 9 0 3 ) to  -|-0.88%o 
(C o o lid g e ) ,  w i th  th e  m a jo r i ty  v e ry  c lo se  to  0%o. T h e  v a lu e s  o b ta in e d  by  
s te p p e d  c o m b u s t io n  a r e  lo w er b y  b e tw e e n  a b o u t  2 a n d  3%o. T h e  o n ly  e x c e p 
t io n  is fo r  a  s a m p le  o f  A lle n d e  (d e s ig n a te d  A lle n d e - 1 )  w h ic h  w a s  a n a ly s e d  
d u r in g  th e  s a m e  t im e  p e r io d  a s  th e  C l  a n d  C 2  m e te o r i te s .  A lle n d e -1  g a v e  
a  w h o le - ro c k  v a lu e  o f  —0.18% o. I t  is  c o n s id e re d  t h a t  th e  v a lu e s  
o b ta in e d  fo r s u lp h id e s  in  C 3  a n d  C 4  c h o n d r i te s  m a y  b e  e r ro n e o u s  d u e  to  
th e  p ro b le m s  d e ta i le d  in  S e c t io n  2 .4 .2 . T h e  a r t i f ic ia l ly  lo w  v a lu e s  a re  
p r o b a b ly  th e  r e s u l t  o f  is o to p ic  f r a c t io n a t io n  a s s o c ia te d  w i th  th e  fo rm a t io n  
o f  a  s m a ll  a m o u n t  o f  s u lp h u r  t r io x id e  d u r in g  th e  lo w  t e m p e r a tu r e  re g io n  
o f  th e  s te p p e d  c o m b u s t io n  e x p e r im e n t .  D u e  to  th e  h ig h  te m p e r a tu r e s  a t  
w h ic h  th e  s in g le - s te p  c o m b u s t io n  e x p e r im e n ts  w e re  c a r r ie d  o u t ,  a n y  is o to p ic  
f r a c t io n a t io n  p ro c e s se s  a re  n e g l ig ib le  a n d  so  th e  v a lu e s  o b ta in e d  b y  th i s  
m e th o d  a re  c o n s id e re d  to  b e  re l ia b le .

O v e ra l l ,  th e  b u lk  v a lu e s  fo r  C 3  a n d  C 4  m e te o r i te s  sh o w  a  s l ig h t  
e n r ic h m e n t  in  (m e a n  =  -f0.287oo). C o o lid g e  heis th e  h ig h e s t  
(+0.887oo) v a lu e  m e a s u r e d  ( a p a r t  f ro m  th e  a n o m a lo u s  M u lg a  W e s t)  w h ic h  is 
p r o b a b ly  r e la te d  to  th e  e x te n s iv e  a m o u n t  o f  t e r r e s t r i a l  w e a th e r in g  u n d e rg o n e  
b y  th i s  m e te o r i te .  T h e r e  a p p e a r s  t o  b e  n o  s y s te m a t ic  v a r ia t io n  in  w i th  
p e t ro lo g ic  ty p e ,  h o w e v e r  th e  m e te o r i te s  a r e  g e n e ra lly  d e p le te d  in  w i th  
r e s p e c t  to  th e  m a jo r i ty  o f  t h e  C l a n d  C 2  s a m p le s .  T h is  is i l l u s t r a te d  in  
F ig u re  4 .7  w h e re  s u lp h u r  c o n te n t  a n d  v a lu e s  a re  p lo t t e d  fo r  a ll th e  C 3  
a n d  C 4  c h o n d r i te s  a n d  a ll th e  C l a n d  C 2  m e te o r i te s  c o n s id e re d  in  C h a p te r  
3 . I t  w a s  n o te d  in  C h a p te r  3 t h a t  th e  e n r ic h m e n t  in  o f  th e  C l a n d  C 2  
m e te o r i te s  is p r o b a b ly  r e la te d  to  m in o r  is o to p ic  e x c h a n g e  r e a c t io n s  o c c u r r in g  
d u r in g  f o rm a tio n  o f  th e  d if fe re n t s u lp h u r  m in e ra ls  o n  th e  C 1 -C 2  p a r e n t  
b o d ie s .  T h e  C 3  a n d  C 4  c h o n d r i te s  h a v e  u n d e rg o n e  s u b s t a n t ia l ly  less a q u e o u s  
a l t e r a t io n  a n d  h a v e ,  th e re fo re ,  m a in ta in e d  th e i r  p r im i t iv e  s u lp h u r  is o to p ic
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F i g u r e  4 .7  W h o le - ro c k  v s . t o t a l  s u lp h u r  a b u n d a n c e  fo r  C l  to  C 4  
c a rb o n a c e o u s  c h o n d r i te s .  T h e  s h a d e d  a r e a  r e p r e s e n ts  d a t a  fo r  0 3  
a n d  0 4  c h o n d r i te s .  D a ta  fo r  0 3  a n d  0 4  c h o n d r i te s  w e re  o b 
ta in e d  b y  b u lk  c o m b u s t io n  a ll o th e r  v a lu e s  w e re  d e te r m in e d  b y  
s te p p e d  c o m b u s t io n .  A R = A 1  R a is ,  A l= A lle n d e ,  O o = O o o l id g e ,  
F e = F e l ix ,  I v = I v u n a ,  K i= K iv e s v a a r a ,  K r = K a r o o n d a ,  M i= M ig h e i ,  
M n = M u r c h is o n ,  M y = M u r r a y ,  N o = N o g o y a ,  O g = O r g u e i l ,  O r = O r n a n s ,  
R e = R e n a z z o ,  V i= V ig a r a n o ,  Y 6 9 0 3 =  Y a m a to  6 9 0 3 , Y 8 2 0 4 2 = Y a m a to  

8 2 0 4 2 .
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c o m p o s i t io n s .
T h e  s u lp h u r  i s o to p ic  p ro file s  o f  th e  C3-C6 m e te o r i te s  o b ta in e d  b y  s te p p e d  

c o m b u s t io n  a re  s h o w n  in  F ig u re  4.2. D e s p i te  th e  p ro b le m s  a s s o c ia te d  w ith  
th e s e  is o to p ic  m e a s u r e m e n ts ,  th e  p ro file s  c a n  b e  d isc u s se d  q u a l i ta t iv e ly  a n d  
a re  u se fu l fo r  c o m p a r a t iv e  p u rp o s e s .  T h e  is o to p ic  p ro file s  fo r a ll s a m p le s  
h a v e  so m e  f e a tu re s  in  c o m m o n . M o s t o f  th e  m e te o r i te s  d is p la y  a  c h a r a c 
te r i s t ic  m in im u m  v a lu e  b e tw e e n  600 a n d  650°C, w h ic h  is c o in c id e n t 
w i th  a  m in im u m  in  s u lp h u r  d io x id e  re le a se . In  F ig u re  4.2, v e ry  lo w  o f  
—6.87oo, —9.17oo a n d  —7.17oo c o r re s p o n d  w i th  lo w  s u lp h u r  c o n c e n t r a t io n s  o f
0.06 w t% , 0.04 w t%  a n d  0.04 w t%  in  C o o lid g e , K a r o o n d a  a n d  Y a m a to  6903 
re s p e c tiv e ly .  I t  is  n o te w o r th y  t h a t  s u lp h u r  b u r n in g  a t  650°C in  S e m a rk o n a  
(F ig u r e  4.5) a lso  h a s  a  low  v a lu e  o f  —5.6%o. T h e  low  v a lu e s  c a n  
b e  e x p la in e d  b y :

1. A n  a r t e f a c t  o f  th e  s te p p e d  c o m b u s t io n  e x p e r im e n t .

2. T h e  b u r n in g  o f  v e ry  s m a ll  a m o u n ts  o f  is o to p ic a l ly  l ig h t  s u lp h u r .

I t  is u n lik e ly  t h a t  lo w  v a lu e s  c a n  b e  a c h ie v e d  b y  k in e tic  is o to p e  f ra c 
t io n a t io n  d u r in g  th e  p ro g re s s iv e  c o m b u s t io n  o f  a n  in d iv id u a l  s u lp h u r - b e a r in g  
c o m p o n e n t  a s  th i s  w o u ld  n o rm a l ly  le a d  to  a  g r a d u a l  e n r ic h m e n t  in  in  
th e  u n c o m b u s te d  p a r t  ( th is  w a s  d is c u s se d  in  S e c t io n  2.4.1). A  d e c re a s e  in  
6^^S w a s  n o t  o b ta in e d  a t  600°C d u r in g  th e  s te p p e d  c o m b u s t io n  o f  B e lla  
R o c a  t r o i l i t e ,  a l th o u g h  i t  is p o s s ib le  t h a t  a t  th i s  te m p e r a tu r e  s o m e th in g  in  
th e  m e te o r i te  ( p e r h a p s  m e ta l? )  m a y  c a ta ly s e  th e  p r o d u c t io n  o f  s u lp h u r  t r i 
o x id e , r e s u l t in g  in  a  la rg e  is o to p ic  f r a c t io n a t io n  in  th e  r e m a in in g  s u lp h u r  
d io x id e . T h is  is  s p e c u la t iv e ,  b u t  i t  is  a p p a r e n t  t h a t  O rn a n s ,  w h ic h  c o n ta in s  
t r o i l i t e  a s  i t s  o n ly  s u lp h id e  m in e r a l  (M c S w e e n , 1 9 7 7 b ) , sh o w s  th e  s m a lle s t  
is o to p ic  d e v ia t io n  ( —2.17oo) a t  600®C. T h e  th e rm a l ly - m e ta m o rp h o s e d  C4 
c h o n d r i te s ,  w h ic h  a r e  r e la t iv e ly  r ic h  in  p e n t l a n d i t e ,  h a v e  th e  lo w e s t 
v a lu e s . A  r e p l i c a te  a n a ly s is  o f  K a r o o n d a  r e v e a le d  a n  is o to p ic  m in im u m  a t  
600°C o f  — 8.37oo, in d ic a t in g  t h a t  th e  r e s u l t  is  a t  le a s t  r e p ro d u c ib le .

T h e  o r ig in  o f  th e  i s o to p ic a l ly  l ig h t  s u lp h u r  is  a n  u n re s o lv e d  p ro b le m , i t  
m a y  b e  'à n  a r t e f a c t  o f  th e  e x p e r im e n t ,  b u t  i f  i t  d o e s  r e p r e s e n t  th e  b u rn in g  
o f  a  d is c re te  s u lp h u r  c o m p o u n d  o r  m in e ra l  in  th e  m e te o r i te s  th e n  i t  is  a  
u b iq u i to u s  s u b s ta n c e  in  C 3  a n d  C 4  c h o n d r i t e s  p r e s e n t  a t  low  c o n c e n t r a t io n .  
M in o r  s u lp h id e s  w i th  c o m p le x  a n d  u n u s u a l  e v o lu t io n a ry  h is to r ie s  h a v e  r e 
c e n t ly  b e e n  d e s c r ib e d  f ro m  w i th in  th e  C A I  o f  A lle n d e . B o th  m o ly b d e n i te  
(M 0 S 2) a n d  iro n -n ic k e l  s u lp h id e  h a v e  b e e n  id e n tif ie d  a s  c o m m o n  m in e ra ls  in  
th e  u n u s u a l  a g g r e g a te s  k n o w n  a s  “F re m d lin g e ” in  C 3  c h o n d r i te s  (F u c h s  a n d  
B la n d e r ,  1977; E l G o rse y  e t  a l . ,  1978 ; A r m s tr o n g  e t  a l .,  1985 ). M o s t o f  th e  
m in e ra ls  in  F re m d lin g e  a re  th o u g h t  to  h a v e  c o n d e n s e d  e a r ly  in  th e  h is to ry  
o f  th e  s o la r  n e b u la  ( A r m s t ro n g  e t  a l. 1 9 8 5 ). I t  is t e m p t in g  to  a t t r i b u t e  th e
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s u lp h id e  m in e r a ls  in  th e s e  in c lu s io n s  w ith  v a lu e s  d is t in c t  f ro m  th e  n o r 
m a l  m e te o r i t i c  v a lu e  o f  0%o. I t  is  th o u g h t  t h a t  so m e  o f  th e  m a te r ia l  in  C A I 
c o u ld  h a v e  a  p re - s o la r  o r ig in  (e .g . C la y to n  e t  a l . ,  1973; C la y to n  a n d  M a y e d a ,  
1 9 7 7 ). S u rv iv a l  o f  a  p re -e x is t in g  m in o r  s u lp h id e  th r o u g h  th e  s o la r  n e b u la  
e n v i r o n m e n t  is  d if f ic u lt  to  im a g in e ,  b u t  p r o te c t io n  b y  e n c lo su re  in  a  r e f ra c 
to r y  m in e r a l  is  a n  o b v io u s  p o s s ib le  e x p la n a t io n .  In d e e d , F re m d lin g e  a re  
o f te n  fo u n d  w i th in  r e f r a c to r y  m in e ra ls ,  e .g . th e  F re m d lin g e  c a lle d  “ W illy ” is 
in c lu d e d  in  m e li l i te  in  A lle n d e  (A rm s t ro n g  e t  a l . ,  1 9 8 5 ). T h e s e  s p e c u la t io n s  
c a n n o t  b e  s u b s t a n t i a t e d  u n t i l  su c h  t im e s  as e i th e r  th e  s u lp h id e  m in e r a ls  a r e  
s e p a r a te d  f ro m  th e  h o s t  phcises fo r  is o to p ic  a n a ly s is ,  o r  a  s te p p e d  c o m b u s 
t io n  o f  a  s e p a r a te d  C A I  is  m a d e . U n lik e  p re v io u s  in v e s t ig a t io n s ,  th e  m a s s  
s p e c t r o m e te r  u se d  in  th i s  s tu d y  m a y  b e  su f f ic ie n tly  s e n s i t iv e  to  d e a l  w i th  
a n a ly s is  o f  s e p a r a te d  m in o r  s u lp h u r - b e a r in g  c o m p o n e n ts .

A s  w a s  s t a t e d  e a r l ie r  th e  d a t a  fo r  th e  C3-C6 c h o n d r i te s  h a v e  b e e n  
s t r o n g ly  a f fe c te d  b y  s u lp h u r  t r io x id e  f o rm a tio n  d u r in g  s te p p e d  c o m b u s t io n .  
T h e  s u lp h u r  re le a s e d  b e tw e e n  300 a n d  600°C th o u g h t  to  b e  f ro m  th e  b u r n in g  
o f  s u lp h id e  ( t r o i l i t e  a n d  p e n t la n d i te )  sh o w s  a  r a n g e  in  v a lu e s  f ro m  —5.02  
(C o o lid g e )  to  — 1.90%o ( V ig a r a n o ) .  T h e  300 to  600°C s u lp h u r  in  A l le n d e -  
1 h a s  a  v a lu e  o f  —0.94%o. P re v io u s  v a lu e s  fo r  C3 c h o n d r i t e s
r e p o r te d  b y  K a p la n  a n d  H u ls to n  (1966) a re  b e tw e e n  —1.4 (M o k o ia )  a n d  
-f0.5%o (L a n c é ) .  T h e  v a lu e s  o f  s u lp h id e  in  A lle n d e - 1  a n d  M o k o ia  a r e  
s im ila r  to  t r o i l i t e  v a lu e s  d e te r m in e d  fo r  C l  a n d  C2 c h o n d r i te s  in  C h a p te r
3. K a p la n  a n d  H u ls to n  fo u n d  t h a t  in  K a r o o n d a ,  t r o i l i t e  (5^'*S =  +0.4%o) is  
e n r ic h e d  in  r e la t iv e  to  p e n t l a n d i t e  (5®^S =  —0.2%o).

F o r  th e  s u lp h u r  re le a se d  b e tw e e n  600 a n d  900°C th e  v a lu e s  o b ta in e d  
a r e  b e tw e e n  —3 .1 4  (Y a m a to  6903) a n d  —1.20%o (O r n a n s ) .  T h e s e  v a lu e s  a r e  
lo w e r  t h a n  t h a t  o b ta in e d  f ro m  A lle n d e -1  w h ic h  g a v e  a  -f-0.5%o fo r
s u lp h u r  re le a s e d  b e tw e e n  600 a n d  900°C. I t  is  n o ta b le  t h a t  th e  v a lu e  fo r  
A lle n d e -1  is  q u i te  s im ila r  to  th e  is o to p ic  c o m p o s i t io n  o f  p u t a t i v e  g y p s u m  
a n d  F E S O N  in  C l a n d  C2 m e te o r i te s .

T h e  v a lu e s  o f  s u lp h u r  l ib e r a te d  f ro m  3 0 0  to  6 0 0 °C  a n d  6 0 0  to  9 0 0 ° C  
d u r in g  s te p p e d  c o m b u s t io n  a re  p r o b a b ly  a r t i f ic ia l ly  lo w  b y  2 a n d  3%o. T h e  
r e a s o n  fo r  th i s ,  i s o to p ic  f r a c t io n a t io n  r e s u l t in g  f ro m  th e  c o n c u r r e n t  f o rm a 
t io n  o f  s u lp h u r  d io x id e  a n d  s u lp h u r  t r io x id e  d u r in g  c o m b u s t io n ,  w a s  d is 
c u s s e d  in  C h a p te r  2. T h e  b u lk  c o m b u s t io n  d a t a  a n d  th e  r e s u l t s  o f  th e  a n a l 
y s is  o f  A lle n d e - 1  s u g g e s t  t h a t  m o s t  o f  th e  s u lp h u r  in  C 3  a n d  C 4  c h o n d r i t e s  
h a s  a  v a lu e  o f  c lo se  to  0%o.
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4.3 C on clu sion s

B a s e d  o n  th e  r e s u l t s  d e s c r ib e d  a b o v e , th e  fo llo w in g  a d d i t io n a l  c lu es  h a v e  
e m e rg e d  c o n c e rn in g  th e  o r ig in  o f  ty p e s  3 to  6  c a r b o n a c e o u s  c h o n d r i te s .

1. M o s t o f  th e  s u lp h u r  in  C 3  a n d  C 4  c h o n d r i te s  o c c u rs  a s  s u lp h id e .

2. C 3  a n d  C 4  c h o n d r i te s  c o n ta in  o x id is e d  s u lp h u r  m o s t  lik e ly  to  b e  o f  
p r e te r r e s t r i a l  o r ig in .

3 . T h e  C 6  c h o n d r i t e  (M u lg a  W e s t)  c o n ta in s  a  v e ry  lo w  c o n c e n t r a t io n  
o f  s u lp h u r  th e  m a jo r i ty  o f  w h ic h  is  o x id is e d  a n d  h a s  o r ig in a te d  f ro m  
e i th e r  c o n ta m in a t io n  b y  t e r r e s t r i a l  s u lp h u r ,  o r  in  s i t u  a l t e r a t io n  o f  
p re - e x is t in g  p e n t la n d i te .

4 . T h e  m e te o r i te  w h o le - ro c k  v a lu e s  a r e  w i th in  ±  l%o a n d  d o  n o t  
c o r r e la te  w i th  e x te n t  o f  m e ta m o rp h is m .

5 . D e s p i te  th e  s e r io u s  p ro b le m s  a s s o c ia te d  w i th  th e  is o to p ic  d a t a  th e r e  
a r e  in d ic a t io n s  t h a t  a  m in o r  a m o u n t  o f  s u lp h u r  h a s  a n  u n u s u a l ly  lo w  
i s o to p ic  c o m p o s i t io n  in  m o s t  C 3  a n d  C 4  c h o n d r i te s .

T h e  s u lp h u r  d a t a  o f  th is  s tu d y  g iv e  e v id e n c e  t h a t  C 3  a n d  C 4  c h o n d r i te s  
h a v e  u n d e rg o n e  a q u e o u s  a l t e r a t io n  s im ila r  in  e x t e n t  to  t h a t  e x p e r ie n c e d  b y  
ty p e  3 u n e q u i l ib r a te d  o r d in a r y  c h o n d r i te s  (e .g . S e m a rk o n a ) .  T h e  o x id is e d  
s u lp h u r  in  C 3  a n d  C 4  c h o n d r i te s  s e e m s  to  o c c u r  a s  a n h y d r i t e  (o r  g y p s u m )  
a n d  F E S O N , th e s e  a re  th e  s a m e  c o m p o u n d s  w h ic h  w e re  id e n tif ie d  f ro m  th e  
s te p p e d  c o m b u s t io n  d a t a  fo r  C l  a n d  C 2  m e te o r i te s .  T h e  a b s e n c e  o f  e le m e n 
ta l  s u lp h u r  a n d  e p s o m ite  f ro m  0 3  a n d  0 4  c h o n d r i t e s  in d ic a te s  t h a t  a q u e 
o u s  a l t e r a t io n  w a s  less  e x te n s iv e  t h a n  in  0 1  a n d  0 2  m e te o r i te s .  E v id e n c e  
fo r  a q u e o u s  a l t e r a t io n  in  0 3  c h o n d r i te s  h a s  b e e n  fo u n d  (e .g . B u n c h  a n d  
O h a n g , 1980; T o m e o k a  a n d  B u s e c k , 1986 ) b u t  th e  o c c u r re n c e  o f  a n h y d r i t e  
a n d  F E S O N  in  th e s e  m e te o r i te s  h a s  n o t  b e e n  d e te c te d  p re v io u s ly  d u r in g  
p é t r o g r a p h ie  s tu d ie s .  M o re o v e r ,  n o  p re v io u s  s tu d y  h a s  s u g g e s te d  t h a t  0 4  
c h o n d r i t e s  a r e  h y d r o th e r m a l ly  a l te r e d .  T h is  o b s e rv a t io n  is  in  c o n f lic t  w i th  
e x is t in g  rn o d e ls  o f  c a rb o n a c e o u s  c h o n d r i t e  e v o lu t io n  t h a t  in v o lv e  0 4 - l ik e  m a 
te r i a l  f o rm in g  d e e p  w i th in  th e  p a r e n t  b o d ie s ,  a n d  th e re b y  e s c a p in g  a q u e o u s  
a l t e r a t io n .
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C h a p ter  5

T h e  E n s ta t i t e  M e te o r ite s

C u r r e n t  m e te o r i te  c la s s if ic a t io n  m a k e s  a  d i s t in c t io n  b e tw e e n  th e  e n s t a t i t e  
c h o n d r i te s  a n d  a u b r i t e s  (o r  e n s t a t i t e  a c h o n d r i t e s ) . T h e re  a re  c o r r e la te d  
t e x tu r a l ,  c h e m ic a l a n d  m in e ra lo g ic a l  v a r ia t io n s  a m o n g  e n s t a t i t e  c h o n d r i te s  
in d ic a t in g  t h a t  th e y  a re  c o g e n e t ic  a n d  d e r iv e  f ro m  a  s in g le  p a r e n t  b o d y . T h e  
a u b r i t e s  a r e  m in e ra lo g ic a l ly  a n d  is o to p ic a lly  s im i la r  to  e n s t a t i t e  c h o n d r i te s  
s u g g e s t in g  t h a t  th e s e  tw o  g ro u p s  a re  a lso  r e la te d .  H o w e v e r , a  t e x tu r a l  a n d  
c o m p o s i t io n a l  h ia tu s  e x is ts  b e tw e e n  c h o n d r i te s  a n d  a u b r i t e s  m a k in g  a  d i
r e c t  g e n e tic  lin k  b e tw e e n  th e m  in c o n c lu s iv e . M u c h  o f  th e  c u r r e n t  re s e a rc h  
c o n c e rn in g  e n s t a t i t e  m e te o r i te s  h a s  b e e n  d i r e c te d  to w a r d s  u n d e r s ta n d in g  
w h ic h  o f  th e i r  p r o p e r t ie s  re f le c t n e b u la r  p ro c e s s e s  a n d  w h ic h  w e re  e s ta b 
lis h e d  d u r in g  m e ta m o rp h is m  a n d / o r  p a r t i a l  m e l t in g  o f  th e  p a r e n t  b o d y  o r  
b o d ie s .

In  th i s  c h a p te r  th e  e n s t a t i t e  c h o n d r i te s  a n d  a u b r i t e s  a re  d is c u s se d  to 
g e th e r  b e c a u s e  o f  th e i r  m a n y  s im ila r i t ie s .  A  s u i t e  o f  th i r t e e n  s a m p le s ,  in 
c lu d in g  r iin e  c h o n d r i te s  a n d  th r e e  a u b r i t e s ,  h a v e  b e e n  a n a ly s e d  b y  s te p p e d  
c o m b u s t io n .  T h e  r e s u l t s  a re  u se d  to  d e s c r ib e  th e  d i s t r ib u t io n  a n d  is o to p ic  
c o m p o s i t io n  o f  s u lp h u r  in  th e  m e te o r i te s  a n d  to  e x a m in e  th e  n a t u r e  o f  th e  
r e la t io n s h ip  b e tw e e n  c h o n d r i te s  a n d  a u b r i t e s .  T h is  h a s  n o t  p re v io u s ly  b e e n  
p o s s ib le  b e c a u s e  th e  s u lp h u r  is o to p ic  c o m p o s i t io n  o f  e n s t a t i t e  m e te o r i te s  
h a s  n o t  b e e n  s tu d ie d  in  e n o u g h  d e ta i l  to  j u s t i f y  e x te n d e d  d is c u s s io n . S u l
p h u r  is o to p ic  m e a s u r e m e n ts  h a v e  b e e n  r e p o r te d  p re v io u s ly  fo r  th e  c h o n d r i te s  
H v i t t i s ,  I n d a r c h  a n d  A b e e , a n d  th e  a u b r i t e  N o r to n  C o u n ty  ( T h o d e  e t  a l . ,  
1961; H u ls to n  a n d  T h o d e ,  196 5 a; K a p la n  a n d  H u ls to n ,  1 9 6 6 ).

5.1  D efin itio n , c la ssifica tio n  and  orig in

T h e  e n s t a t i t e  m e te o r i te s  a re  a  g ro u p  o f  35 h ig h ly  re d u c e d  s to n e s ;  th e y  a re  
c o m p o s e d  o f  24 e n s t a t i t e  c h o n d r i te s  a n d  11 a u b r i t e s  ( G r a h a m  e t  a l . ,  1 985 ). 
K n o w n  m e m b e rs  o f  th e  e n s t a t i t e  m e te o r i te  c la n  a re  l is te d  in  T a b le  5 .1  a lo n g
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C l a s s M e t e o r i t e s

E H 3 K o ta -K o ta Q u in g zh e n * Y a m a to  6901

E H 4 Abee* A d h i K o t Indarch
P a rs a * S t .  S a u v e u r S o u th  Oman*

B e th u n e  ( E 4 - E 5 )

E H 5 S t. M a r k ’s* Y ilm ia

E L 5 R e c k lin g  P e a k  A 8 0 2 5 9 -
E L 6 A lla n  H ills  A 8 1 0 2 1 A tla n ta B lith f ie ld

D a n ie l’s K u il H v ittis* K hairpur*

J a j h  d e h  K o t  L alu* P illi ts fe r* U fan a*

N o rth  W est F o rrest
E 7 H a p p y  C a n y o n

A u b r i te s A lla n  H ills  A 7 8 1 1 3 A u b re s* B ish o p v ille *

Bustee* C u m b e r la n d  F alls* K h o r  T em ik i*

M a y o  B elw a* N o rto n  C ounty* P e sy a n o e *

Sh a llow a ter P e n a  B la n c a  S p r in g

T a b l e  5 .1  K n o w n  e n s t a t i t e  c h o n d r i te s  a n d  a u b r i t e s .  F ro m  G r a h a m  e t  
a l. (1 9 8 5 ) . S a m p le s  a n a ly s e d  in  th e  p r e s e n t  s tu d y  a re  in  i ta l ic s .  

* M e te o r i te  fa ll.

w i th  th e i r  c u r r e n t  p e t ro lo g ic  c la s s if ic a t io n  ( s a m p le s  a n a ly s e d  in  th i s  s tu d y  
a re  e m p h a s is e d ) .  E n s t a t i t e  c h o n d r i te s  h a v e  t e x tu r e s  c o m p a r a b le  w i th  o r d i 
n a r y  a n d  c a r b o n a c e o u s  c h o n d r i te s  a l th o u g h  n o t  a l l  c o n ta in  c le a r ly  d e f in e d  
c h o n d r u le s  (e .g . H a p p y  C a n y o n  w h ic h  is  a n  E 7 ) .  T h e  a u b r i t e s  a re  c o a rs e r -  
g r a in e d  t h a n  th e  c h o n d r i te s ,  th e y  a re  a c h o n d r i t ic  m e te o r i te s  a n d ,  w i th  th e  
e x c e p t io n  o f  S h a l lo w a te r ,  th e y  a re  a l l  b re c c ia s .

T h e  m in e ra lo g y  o f  e n s t a t i t e  m e te o r i te s  is  d o m in a te d  b y  iro n -f re e , lo w  
c a lc iu m  p y ro x e n e  ( e n s ta t i t e ,  M g S iO a , h e n c e  th e  g e n e r ic  n a m e )  w h ic h  a c 
c o u n t s  f o r  b e tw e e n  6 0  to  80  v o l.%  o f  th e  m e te o r i te s .  O th e r  m a jo r  m in e r a l  
c o m p o n e n ts  p r e s e n t  in c lu d e  iro n -n ic k e l m e ta l  (1 3 —2 8 % ) a n d  t r o i l i t e  (F e S , 
5 -1 7 % )  ( D o d d ,  1 9 8 1 ). N u m e ro u s  a c c e sso ry  p h a s e s  a re  k n o w n  a n d  m a n y  a re  
n o t  n o r m a l ly  e n c o u n te re d  in  t e r r e s t r i a l  ro c k s . P e r h a p s  th e  m o s t  im p o r t a n t  
o f  th e s e  a r e  a  m u l t i tu d e  o f  u n u s u a l  s u lp h id e s  (d is c u s s e d  in  S e c t io n  5 .2 ) a n d  
tw o  n i t r o g e n -b e a r in g  m in e ra ls ,  s in o i te  (S i2N 2Û ) a n d  o s b o r n i te  (T iN ) .  M o s t  
o f  th e  m in e ra ls  id e n tif ie d  in  e n s t a t i t e  c h o n d r i te s  h a v e  a lso  b e e n  fo u n d  in  
a u b r i t e s  ( a l th o u g h  s in o i te  is a n  e x c e p t io n ) .

T h e  c la s s if ic a t io n  o f  e n s t a t i t e  m e te o r i te s  is b a s e d  m a in ly  u p o n  th e ir  m a 
jo r  a n d  m in o r  e le m e n t  c o n c e n t r a t io n s .  T h e  e n s t a t i t e  c h o n d r i te s  w e re  s u b 
d iv id e d  in to  tw o  g ro u p s  ( ty p e s  I a n d  II) o n  th e  b a s is  o f  v a r ia t io n  in  F e /S i

144



a n d  S /S i  r a t i o s  ( F ig u r e  5 .1 ) a n d  e x t e n t  o f  r e c r y s ta l l i s a t io n  (Y a v n e P , 1963; 
A n d e r s ,  1 9 6 4 ). In  d e ta i le d  s tu d ie s  o f  th e  m in e ra lo g ic a l  a n d  c h e m ic a l p r o p 
e r t ie s  o f  e n s t a t i t e  c h o n d r i te s .  M a so n  (1 9 6 6 ) a n d  K e il (1 9 6 8 a ) c o r r o b o r a te d  
th e  s u b d iv is io n s  m a d e  b y  A n d e r s ,  b u t  th e  o c c u r re n c e  o f  tw o  m e te o r i te s — S t.  
S a u v e u r  a n d  S t .  M a r k ’s— w ith  in te r m e d ia te  p r o p e r t ie s ,  p r o m p te d  K eil to  
in t r o d u c e  a  t h i r d  ty p e .  V an  S c h m u s  a n d  W o o d  (1 9 6 7 ) r e -c a s t  th e  e n s t a t i t e  
c h o n d r i t e s  in to  a  s in g le  c o m p o s i t io n a l  g ro u p  (E )  a n d  a s s ig n e d  p e t ro lo g ic  
n u m b e r s  r a n g in g  f ro m  4 ( le a s t  r e c ry s ta l l i s e d )  to  6 (m o s t  r e c ry s ta l l i s e d ) .  T h e  
e q u a l i t ie s  b e tw e e n  th e  A n d e rs -K e il a n d  V an  S c h m u s -W o o d  c la s s if ic a t io n s  
a r e  a s  fo llo w s: E 4 = ty p e  I, E 5 = in te r m e d ia te  a n d  E 6 = ty p e  II. B a e d e c k e r  
a n d  W a sso n  (1 9 7 5 ) h a v e  fo u n d  e v id e n c e  fo r  a  c o m p o s i t io n a l  g a p  b e tw e e n  
th e  E 4 ,5  a n d  th e  E 6  c h o n d r i te s  in d ic a t in g  d e r iv a t io n  f ro m  tw o  s e p a r a te ,  b u t  
s im ila r ,  p a r e n t  b o d ie s . B y  a n a lo g y  w i th  th e  h ig h - iro n  a n d  lo w -iro n  g ro u p s  
o f  o r d in a r y  c h o n d r i te s ,  th e  E 4  a n d  E 5  c h o n d r i te s  w e re  p la c e d  in to  a n  ‘E H ’ 
g ro u p  a n d  th e  E 6  c h o n d r i te s  in to  a n  ‘E L ’ g ro u p  (S e a r s  e t  a l .,  1 9 8 2 ). H o w 
e v e r , a  r e c e n t  a n a ly s is  o f  th e  iro n  c o n te n t  o f  e n s t a t i t e  c h o n d r i te s  b y  E a s to n  
(1 9 8 5 ) in d ic a te s  n o  c le a r  d is t in c t io n  b e tw e e n  ty p e s  I a n d  II b a s e d  o n  th e  
c o n c e n t r a t io n  o f  th i s  e le m e n t.

T h e  r a n g e  o f  e n s t a t i t e  m e te o r i te  p r o p e r t ie s  h a s  b e e n  e x te n d e d  b y  th e  
d is c o v e ry  o f  a n  E 7  c h o n d r i te  (H a p p y  C a n y o n :  O lse n  e t  a l .,  1 9 7 7 ), tw o  E 3  
u n e q u i l ib r a te d  e n s t a t i t e  c h o n d r i te s  o r  U E C ’s ( P r in z  e t  a l . ,  1984; W e ek s  a n d  
S e a rs ,  1 9 85 ) a n d  a n  A n ta r c t i c  E L 5  c h o n d r i t e  (S e a rs  e t  a l .,  1 9 8 4 ). T h e  
d is c o v e ry  o f  a n  E L 5  c h o n d r i te  is  m o s t  s ig n if ic a n t  a s  th i s  p ro v id e s  e v id e n c e  
fo r  a  g e n e tic  d if fe re n c e  b e tw e e n  E H  a n d  E L  c h o n d r i te s .

T h e  m e te o r i te s  a n a ly s e d  fo r  s u lp h u r  in  th i s  s tu d y  in c lu d e  so m e  s a m p le s  
w h ic h  h a v e  b e e n  s u b je c t  to  r e -c la s s if ic a tio n .  K o ta - K o ta  w a s  o r ig in a lly  c la s 
sif ie d  a s  a n  E 4  c h o n d r i te  (K e il, 1 9 6 8 a ; M a s o n , 1966) b u t  is  n o w  th o u g h t  to  
b e  a n  E H 3  ( P r in z  e t  a l . ,  1984 ) a n d  Y ilm ia  w a s  o r ig in a lly  c la ss ified  a s  a  ty p e  
6  b y  B u s e c k  a n d  H o ld s w o r th  (1 9 6 8 ) b u t  is  n o w  c la ss if ie d  a s  a n  E 5  ( G r a h a m  
e t  a l . ,  1 9 8 5 ). T h e  A b e e  s a m p le  a n a ly s e d  in  th i s  s tu d y  is  c o n s o r t iu m  s a m p le  
n u m b e r  1,1 ( M a r t i ,  1 9 8 3 ), a  la rg e  ty p ic a l  c l a s t  w h o se  m in e ra lo g y  h a s  b e e n  
d e s c r ib e d  in  d e t a i l  b y  R u b in  a n d  K e il (1 9 8 3 ).

I t  is  c o n s id e re d  t h a t  th e  e n s t a t i t e  c h o n d r i t e s  c o n d e n s e d  f ro m  a  g a s  w i th  
a  C / O  r a t i o  o f  0 .8  (v e rs u s  th e  n o r m a l  s o la r  r a t i o  o f  0 .6 : L a r im e r ,  1968 ; 
L a r im e r  a n d  B a r th o lo m a y ,  1976 ) a n d  a t  a  p r e s s u r e  o f  a b o u t  1 a t m  (v e r 
su s  th e  n o r m a l ly  a c c e p te d  v a lu e  o f  1 0 "4  to  1 0 “ ® a t m  fo r  o th e r  m e te o r i te  
c la s se s : B la n d e r ,  1971; H e rn d o n  a n d  S u e ss , 1976 ; S e a rs , 1 9 8 0 ). A ll e n s t a t i t e  
c h o n d r i te s  a re  re la t iv e ly  r ic h  in  v o la t i le  e le m e n ts  a n d  E H 4 ’s h a v e  s im i la r  
a b u n d a n c e s  o f  th e  h ig h ly  v o la t i le  e le m e n ts  (e .g . S e , A g , Z n , In , C d , B r  e tc .)  
to  C I l  m e te o r i te s  (H e r to g e n  e t  a l .,  1 9 8 3 ). T h e  r e la t iv e  d e p le tio n  o f  v o la t i le s  
in  E L 6  c h o n d r i te s  h a s  b ee n  e x p la in e d  by  e i th e r  a  h ig h e r  a c c re t io n  t e m p e r a 
tu r e  th a n  E 4  m a te r ia l  ( L a r im e r ,  1973; A la e r ts  a n d  A n d e r s ,  1 9 7 9 ), o r  v o la t i le
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F i g u r e  5 .1  S id e ro p h ile  a n d  c h a lc o p h ile  e le m e n t  f r a c t io n a t io n  in  e n s t a t i t e  
c h o n d r i te s .  (A f te r  S e a rs , 1 9 80 ).
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lo ss  d u e  to  p ro g re s s iv e  th e r m a l  m e ta m o rp h is m  (B in z  e t  a l . ,  1974; I k fa m u d -  
d in  e t  a l . ,  1976; B isw a s  e t  a l . ,  1 9 8 0 ), s in c e  i t  h a s  b e e n  e s t im a te d  t h a t  E 6  
m a te r ia l  h a s  b e e n  h e a te d  a b o v e  8 7 0 °C  (K e il, 1 9 6 8 a ; S k in n e r  a n d  L u c e , 1971; 
L a r im e r  a n d  B u s e c k , 1 9 7 4 ). T h e  e v id e n c e  fo r  b o th  th e s e  a r g u m e n ts  h a s  b e e n  
c o n s id e re d  to  b e  a b o u t  e q u a l (H e r to g e n  e t  a l . ,  1983) a n d  n e i th e r  se e m s  to  
b e  s t r o n g ly  c o m p e ll in g .

A u b r i te s  c o u ld  h a v e  fo rm e d  as : (i)  ig n e o u s  d i f f e r e n t ia te s  o f  E L 6  m a 
te r i a l  ( W a t te r s  a n d  P r in z ,  1979; B isw a s  e t  a l . ,  1980; W o lf  e t  a l . ,  1 9 8 3 ), 
o r  ( ii)  n e b u la  c o n d e n s a te s  (W a s s o n  a n d  W a i, 1970; S e a rs ,  1 9 8 0 ). I f  th e  
a u b r i t e s  a r e  n e b u la  c o n d e n s a te s  th e n  th e  h ig h e r  te m p e r a tu r e s  e x p e r ie n c e d  
b y  th e s e  m e te o r i te s  m a y  b e  a t t r i b u t e d  to  e i th e r  d e e p  b u r ia l  w i th in  th e  p a r 
e n t  b o d y  (S e a rs , 1 9 8 0 ), o r  su r f ic ia l h e a t in g  o f  th e  p a r e n t  b o d y  (W a sso n  a n d  
W a i, 1 9 7 0 ). A l te rn a t iv e ly ,  B r e t t  a n d  K e il (1 9 8 5 , 1987) h a v e  s u g g e s te d  t h a t  
th e  a u b r i t e s  s a m p le  a  s e p a r a te  p a r e n t  b o d y  f ro m  th e  e n s t a t i t e  c h o n d r i te s  
b e c a u s e : (i)  th e r e  is a  h ia tu s  in  m e ta l  a n d  t r o i l i t e  c o m p o s i t io n  b e tw e e n  
c h o n d r i te s  a n d  a u b r i t e s ,  (ii) c h o n d r i te s  a n d  a u b r i t e s  a re  b r e c c ia te d  a n d  y e t  
c l a s t s  o f  o n e  ty p e  w i th in  a n o th e r  h a v e  n o t  b e e n  fo u n d , a n d  (iii)  th e y  h a v e  
d if fe re n t c o s m ic -ra y  e x p o s u re  ag e s .

O x y g e n  is o to p e  c o m p o s it io n s  o f  e n s t a t i t e  m e te o r i te s  a re  a ll v e ry  s im i la r  
a n d  o n  a  g r a p h  o f  v e rs u s  th e y  p lo t  c lo se  to  th e  b u lk  E a r t h  a n d  
M o o n  ( C la y to n  a n d  M a y e d a , 1978; M a y e d a  a n d  C la y to n ,  1980; C la y to n  e t  
a l . ,  1 9 8 4 ). T h is  in d ic a te s  t h a t  e n s t a t i t e  m e te o r i te s  fo rm e d  w i th in  1 A U  o f  th e  
p r o to - S u n  ( C la y to n  e t  a l . ,  1 9 8 4 ), w h ic h  is  s u p p o r te d  b y  th e i r  e x t r e m e  s t a t e  
o f  r e d u c t io n  a n d  h ig h  p re s s u re  (1 a tm )  o f  f o r m a t io n .  In  c o n t r a s t ,  H e r to g e n  
e t  a l . (1 9 8 3 ) , h a v e  s u g g e s te d  e n s t a t i t e  c h o n d r i te s  fo rm e d  in  th e  a s te r o id  b e l t .  
T h is  s u g g e s t io n  w a s  m a d e  fo llo w in g  th e  e a r th - b a s e d  o p t ic a l  s tu d ie s ,  c a r r ie d  
o u t  b y  Z e lln e r  e t  a l . (1 9 7 7 ), w h ic h  sh o w e d  t h a t  th r e e  a s te ro id s  a re  ty p e  E  
( i.e . h a v e  a  su r f ic ia l “e n s t a t i t i c ” c o m p o s i t io n ) .

5 .2  S u lp h u r co n ten t and  su lp h id e  m in era logy

T h e  e n s t a t i t e  c h o n d r i te s  c a n  c o n ta in  r e la t iv e ly  h ig h  s u lp h u r  c o n te n ts  o f  u p  
to  6 .6 7  w t%  ( in  A b e e : K a p la n  a n d  H u ls to n ,  1966 ) a n d  th e  a b u n d a n c e  o f  
th i s  e le m e n t  d e c re a s e s  in  th e  o rd e r  E H 4  >  E H 5  >  E L 6  (M a s o n , 1 9 6 6 ). 
A u b r i te s  c o n ta in  lo w e r  s u lp h u r  c o n te n ts  t h a t  a r e  n o rm a l ly  b e lo w  1 w t%  
( W a t te r s  a n d  P r in z ,  1979; E a s to n ,  1 9 8 5 b ; G ib s o n  e t  a l . ,  1 9 8 5 ), a l th o u g h  
a  v a lu e  o f  3 .3 2  w t%  s u lp h u r  h a s  b e e n  r e p o r te d  fo r  S h a l lo w a te r  ( W a t te r s  
a n d  P r in z ,  1 9 7 9 ). T ro i l i te  is a  m a jo r  m in e r a l  in  e n s t a t i t e  m e te o r i te s  a n d  
a t t a i n s  a  m a x im u m  c o n c e n t r a t io n  o f  16 .7  w t%  in  B lith f ie ld  (K e il, 1 9 6 8 a ) . 
A ll o th e r  s u lp h id e s  (T a b le  5 .2 ) a re  ac c e sso ry  m in e r a ls  a n d  o f  th e s e  o ld h a m i te  
is th e  m o s t  a b u n d a n t  a n d  w id e s p re a d  in  a ll p e t ro lo g ic  ty p e s  (M a s o n , 1966;
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M i n e r a l C o m p o s i t i o n P e t r o l o g i c t y p e
3 ,4 5 6 A

T ro i l i te F eS + + + +
O ld h a m ite C a S + + + +
A la b a n d i te (M n ,F e )S — — + ±
N in in g e r i te (F e ,M g ,M n )S + + — —

D a u b r e e l i te K 3 (N a ,C a ) (F e ,N i) i2 S i4 + + — ±
S p h a le r i te Z nS ± ± ± -

Table 5.2 K n o w n  s u lp h u r  m in e ra ls  o f  e n s t a t i t e  m e te o r i te s .  A f te r  D o d d  
(1 9 8 1 ) , w i th  m o d if ic a tio n s . +  =  p r e s e n t ;  -  =  a b s e n t ;  ±  =  v a r ia b le .  
A  =  A u b r i te s .

R a m d o h r ,  1 9 73 ).

5 .2 .1  T roilite , FeS

T r o i l i te  is  th e  m o s t  a b u n d a n t  s u lp h id e  in  e n s t a t i t e  m e te o r i te s .  K e il (1 9 6 8 a )  
r e p o r t s  t r o i l i t e  c o n te n ts  fo r  13 e n s t a t i t e  c h o n d r i te s  w h ic h  v a ry  b e tw e e n  4 .6  
( H v i t t i s ,  E L 6 )  a n d  16 .7  w t%  (B li th f ie ld , E L 6 ) . T ro i l i te  c o n te n ts  o f  a u b r i t e s  
a re  g e n e ra lly  lo w e r  b u t  r e a c h  a  m a x im u m  v a lu e  o f  7 .1  v o l.%  in  S h a l lo w a te r  
( W a t te r s  a n d  P r in z ,  1 9 7 9 ). T i t a n iu m ,  w h ic h  is  a  l i th o p h ile  e le m e n t  o n  th e  
e a r th ,  is c h a lc o p h il ic  in  e n s t a t i t e  c h o n d r i te s  a n d  a u b r i t e s  (K e il, 1 9 6 8 b ) a n d  
is p r e s e n t  in  t r o i l i t e  a t  h ig h  c o n c e n t r a t io n s  o f  b e tw e e n  0 .2  to  1 .0  w t%  (K e il, 
1 9 6 8 a ; M a s o n , 1 9 6 6 ). S o m e  C r ,  M n  a n d  Z n  a r e  a lso  p r e s e n t  in  t r o i l i t e .

T r o i l i te  fo rm s  in  a  n e b u la  g a s  a t  a p p r o x im a te ly  70 0  K  b y  th e  r e a c t io n  o f  
h y d ro g e n  s u lp h id e  a n d  iro n  m e ta l  ( G r o s s m a n ,  1972; K e r r id g e , 1 9 7 6 ).

F e -f- H 2S —y F eS  +  H 2

M o s t  o f  th e  t r o i l i t e  in  e n s t a t i t e  m e te o r i te s  h a s  a  n e b u la  o r ig in ,  b u t  i t  is 
c le a r  t h a t  so m e  o f  th i s  m in e r a l  a lso  o c c u rs  a s  a n  e x s o lu tio n  p r o d u c t  in  o th e r  
ir o n - r ic h  s u lp h id e  p h a s e s . E x s o lv e d  t r o i l i t e  h a s  b e e n  id e n tif ie d  in  la m e l la e  o f  
d a u b r e e l i t e  (w h ic h  i t s e l f  is  e x so lv e d  f ro m  t r o i l i t e ) ,  s p h a le r i te  a n d  d je r f is h e r i te  
( F u c h s ,  1966 ; R a m d o h r ,  1 9 7 3 ).

5 .2 .2  O ld h am ite , CaS

O ld h a m i te  w a s  d is c o v e re d  in  th e  B u s te e  a u b r i t e  by  M a sk e ly n e  (1 8 7 0 ). I t  
h a s  s in c e  b e e n  id e n tif ie d  in  m o s t  o th e r  a u b r i t e s  a n d  e n s t a t i t e  c h o n d r i te s  
( R a m d o h r ,  1 9 73 ). O ld h a m ite  c o n te n ts  o f  b e tw e e n  0 .1 9  a n d  1.0 w t%  h a v e
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b e e n  d e te r m in e d  fo r  e n s t a t i t e  c h o n d r i te s  (K e il, 1 9 6 8 a ) . R a m d o h r  (1 9 7 3 ) a t 
t r i b u t e s  th e  a b s e n c e  o f  o ld h a m i te  f ro m  A t l a n t a  (E L 6 )  to  te r r e s t r i a l  w e a th 
e r in g  p ro c e s se s  b e c a u s e  o ld h a m i te  is  v e ry  s u s c e p t ib le  to  a t t a c k  b y  w a te r .

2 C a S  +  2 H zO  C a ( O H )2 +  C a ( S H )2

B e s id e s  C a  a n d  S , o ld h a m ite  a lso  c o n ta in s  m in o r  a m o u n ts  o f  M g , M n  a n d  F e 
(K e il a n d  A n d e r s e n ,  1965; K e il , 1 9 6 8 a ) . O ld h a m ite  c o m p o s i t io n  u n d e rg o e s  
p ro g re s s iv e  e le m e n ta l  e x c h a n g e  d u r in g  m e ta m o r p h is m ,  lo s in g  m a g n e s iu m  
a n d  g a in in g  m a n g a n e s e  w i th  in c re a s in g  p e t ro lo g ic  g ra d e  (K e il, 1 9 6 8 a ) .

T h e  f o r m a t io n  o f  o ld h a m ite  is  t h o u g h t  to  b e  r e la te d  to  th e  h ig h ly  r e d u c 
in g  c o n d i t io n s  t h a t  p re v a ile d  d u r in g  c o n d e n s a t io n  o f  th e  e n s t a t i t e  m e te o r i te s .  
I t  s h o u ld  b e  o n e  o f  th e  f i r s t  m in e r a ls  to  c o n d e n s e  f ro m  a  n e b u la r  g a s , b u t  
u n d e r  a n y  c o n d i t io n s ,  i t  h a s  a  v e ry  n a r r o w  s ta b i l i ty  fie ld . L a r im e r  (1 9 6 8 ) 
fo u n d  th e  fo llo w in g  e q u i l ib r iu m  fa v o u rs  C a S iO g :

C a S iO s (c )  +  H 2S (g )  C a S (c )  +  S i0 2 (c )  +  H 2 0 (g )

L a r im e r  (1 9 6 8 ) a rg u e d  t h a t  o ld h a m ite  c o u ld  o n ly  fo rm  in  a  n e b u la r  e n v i ro n 
m e n t  w i th  a  h ig h e r  H 2S / H 2O  a n d  lo w e r  H g O /H g  r a t i o  t h a n  a re  n o rm a l ly  
a c c e p te d .

H e rn d o n  a n d  S u ess  (1 9 7 6 ) c o n s id e re d  th e  c o e x is te n c e  o f  o s b o r n i te  (T iN )  
a n d  o ld h a m ite  in  a  n e b u la  w i th  a  t o t a l  p re s s u r e  o f  1 a tm .  T h e y  fo u n d  t h a t  
th e s e  tw o  m in e r a ls  p ro b a b ly  c o n d e n s e d  a t  s im i la r  te m p e r a tu r e s  in  s u c h  a n  
e n v i r o n m e n t  a n d  u se d  e v id e n c e  o f  th e i r  c lo se  a s s o c ia t io n  in  B u s te e ,  w h e re  
o s b o r n i te  is  e m b e d d e d  in  o ld h a m ite  ( B a n n is te r ,  1 9 4 1 ) , to  s u p p o r t  th e i r  a r g u 
m e n t .  A c c o rd in g  to  S e a rs  (1 9 8 0 ) o ld h a m ite  is  u n s ta b le  a t  a n y  te m p e r a t u r e  
a n d  p re s s u re  in  a  g a s  o f  s o la r  c o m p o s i t io n .  B y  a d ju s tm e n t  o f  th e  C a /S i ,  
A l /S i ,  T i / S i  a n d  M g /S i  r a t i o s  to  e n s t a t i t e  c h o n d r i t e  v a lu e s  ( th e  s o -c a lle d  
l i th o p h i le  e le m e n t  f r a c t io n a t io n )  a n d  b y  in c ree is in g  th e  H / 0  r a t i o  (b y  re 
m o v a l o f  20%  o f  th e  n e b u la  o x y g e n ) ,  S e a rs  c a lc u la te d  t h a t  th e  c o n d e n s a t io n  
o f  o ld h a m i te  o c c u rs  a t  a b o u t  2 0 0 0  K  in  p re fe re n c e  to  g e h le n ite  ( C a 2A l2SiO%). 
B o th  H e rn d o n  a n d  S u ess  (1 9 7 6 ) a n d  S e a rs  (1 9 8 0 ) re c o g n ise d  th e  in s t a b i l 
i ty  o f  o ld h a m i te  a n d  a t t r i b u t e d  i t s  p r e s e rv a t io n  a t  lo w e r  t e m p e r a tu r e s  in  
th e  n e b u la r  to  e n t r a p m e n t  w i th in  o th e r  e a r ly  c o n d e n s a te s  a t  n e a r - f o rm a t io n  
te m p e r a tu r e s .

5 .2 .3  M in or su lph id e m in erals  

Daubreelite, FeCr2S4

D a u b r e e l i te  is a n  e x s o lu tio n  p r o d u c t  f ro m  t r o i l i t e  (M a so n ,' 1966; K e il , 196 8 a; 
R a m d o h r ;  1973) a n d  is a  c o m m o n  a c c e sso ry  s u lp h id e  in  e n s t a t i t e  c h o n d r i te s .  
D a u b r e e l i te  re a c h e s  a  m a x im u m  c o n c e n t r a t io n  o f  1 .6  w t%  in  B lith f ie ld  (K e il,
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1 9 6 8 a ) . In  e n s t a t i t e  c h o n d r i te s ,  th i s  m in e r a l  h a s  b e e n  re fe r re d  to  a s  fer- 
r o a n  d a u b r e e l i t e  b e c a u s e  o f  i t s  h ig h  m a n g a n e s e  c o n te n t  a n d  in  tw o  m e te 
o r i te s ,  K o ta - K o ta  a n d  S t .  M a r k ’s , z in c ia n  d a u b r e e l i t e  w a s  fo u n d  (K e il 1 9 6 8 a , 
1 9 6 8 c).

N i n i n g e r i t e ,  ( F e , M g , M n ) S .

N in in g e r i te  w a s  f ir s t  id e n tif ie d  in  ty p e  I (E 4 )  a n d  in te r m e d ia te  ty p e  (E 5 )  
e n s t a t i t e  c h o n d r i te s  b y  K eil a n d  S n e ts in g e r  (1 9 6 7 ) , b u t  i t  is  a lso  p r e s e n t  in  
a u b r i t e s  ( R a m d o h r ,  1 9 7 3 ). T h e  A b e e  c h o n d r i t e  (E H 4 )  is  p a r t i c u la r ly  r ic h  
in  n in in g e r i te  w h ic h  c o n s t i tu t e s  11 .2  w t%  o f  th i s  m e te o r i te  (K e il, 1 9 6 8 a ) .

I t  is  n o te w o r th y  t h a t  n in in g e r i te  is n e v e r  fo u n d  c o -e x is t in g  w i th  fe r-  
r o a n  a l a b a n d i te  (K e il, 1 9 6 8 a ) . T h e  c h e m ic a l  a n d  m in e ra lo g ic a l  p r o p e r t ie s  o f  
n in in g e r i te  p re c lu d e  p u re  M g S  (K e il a n d  S n e ts in g e r  1967 ; K e il, 1 9 6 8 a ; R a m 
d o h r ,  1 9 7 3 ), w h ic h  h a d  p re v io u s ly  b e e n  id e n tif ie d  b y  D u F re s n e  a n d  A n d e r s  
(1 9 6 2 b )  in  th e  P e s y a n o e  a u b r i t e .  K e il (1 9 6 8 a )  n o te s  t h a t  th e r e  is  c o n s id e r 
a b le  v a r ia b i l i ty  in  th e  a b u n d a n c e s  o f  F e , M n , C a  a n d  C r  in  n in in g e r i te  w i th  
p e t ro lo g ic  g ra d e .

L a r im e r  (1 9 6 8 ) h a s  c a lc u la te d  t h a t  M g S  is  a  p o s s ib le  c o n d e n s a t io n  p r o d 
u c t  u n d e r  c o n d i t io n s  s im ila r  to  th o s e  f a v o u r in g  th e  f o r m a t io n  o f  o ld h a m i te  
( i.e . h ig h  H 2S / H 2O  r a t i o  a n d  h ig h  t e m p e r a tu r e s ) .  H o w e v e r  in  th e  A d h i- K o t  
(E H 4 )  c h o n d r i t e ,  R a m d o h r  (1 9 7 3 ) h a s  fo u n d  r e a c t io n  r im s  o f  n in in g e r i te  
b e tw e e n  t r o i l i t e  a n d  o ld h a m ite  g r a in s  s u g g e s t in g  th e  fo rm e r  e x is te n c e  o f  a  
c o m p le x  m ix e d  c r y s ta l  (C a ,M g ,M n ,F e )S .

F e r r o a n  a l a b a n d i t e ,  ( F e , M n ) S

A lth o u g h  a la b a n d i te  w a s  f ir s t  r e p o r te d  b y  D a w s o n  e t  a l . (1 9 6 0 ) in  A b e e  
(E H 4 ) ,  a c c o rd in g  to  R a m d o h r  (1 9 7 3 ) th i s  w a s  a  m is id e n t i f ic a t io n .  K e il 
(1 9 6 8 a )  h a s  n o te d  t h a t  th e  o c c u r re n c e  o f  f e r ro a n  a l a b a n d i te  is  r e s t r i c t e d  
to  ty p e  II  (E 6 )  c h o n d r i te s  w h e re  a b u n d a n c e s  a r e  b e tw e e n  0 .2 5  a n d  0 .9 4  
w t% . T h e  c o m p o s i t io n  o f  f e r ro a n  a l a b a n d i te  s h o w s  l i t t l e  v a r ia t io n  b e tw e e n  
d if fe re n t p e t ro lo g ic  ty p e s  o f  e n s t a t i t e  c h o n d r i t e s  (K e il ,  1 9 6 8 a ) .

S p h a l e r i t e ,  Z n S

S p h a le r i te  is  a  r e la t iv e ly  u n c o m m o n  m in e r a l  in  m o s t  g ro u p s  o f  c h o n d r i te s .  
H o w e v e r , iro n - r ic h  s p h a le r i te  o c c u rs  a t  lo w  a b u n d a n c e  in  e n s t a t i t e  c h o n 
d r i t e s  (K e il ,  1 9 6 8 a ; O k a d a , 1975; R a m d o h r ;  1 9 7 3 ). T h e  h ig h  t e m p e r a t u r e  
p o ly m o r p h ,  w u r tz i t e ,  h a s  b e e n  fo u n d  in  K h a i r p u r  ( R a m d o h r ,  1 9 7 7 ).
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Chemical
treatment

Component
extracted

Abee Hvittis Norton County
S

(Wt%) (%o)
S

(Wt%) (7oo)
S

(wt%)
m s
(7oo)

Water soluble 
fraction

CaS 0.07 4-1.6 0.10 4-1.2 0.13 -5 .6

S volatile 
in HCl

FeS 4.62 -0 .2 3.12 -bO. 1 0.34 0.0

S soluble 
in acetic acid

MnS 1.92 -0 .2
■

H NO s/H Cl 
insoluble S

FeCraS4
(Fe,Ni)oSg

0.24 4-0.2 0.18 4-1.4

Totals - 6.67 0.0 3.46 -0 .1 0.65 -0 .7

T a b l e  5 .3  S u m m a r y  o f  th e  e x t r a c t io n  p ro c e d u re  a n d  s u lp h u r  is o to p ic  m e a 
s u r e m e n ts  r e p o r te d  b y  K a p la n  a n d  H u ls to n  (1 9 6 6 ).

D j e r f i s h e r i t e ,  [ K 3 ( N a , C u ) ( F e , N i ) i 2S i 4]

D je r f is h e r i te  is p r o b a b ly  th e  m o s t  p e c u l ia r  s u lp h id e  m in e ra l  in  e n s t a t i t e  
m e te o r i te s .  E s s e n t ia l ly  a  p o ta s s iu m - c o p p e r - ir o n  s u lp h id e ,  th is  m in e r a l  w a s  
d is c o v e re d  in  K o ta - K o ta  (0 .1  to  0 .5  w t%  d je r f is h e r i te )  a n d  S t .  M a r k ’s ( a b u n 
d a n c e  less  t h a n  0 .1  w t% )  b y  F u c h s  (1 9 6 6 ). T h e  c h a lc o p h ile  b e h a v io u r  o f  K  
a n d  N a  in  d je r f is h e r i te  te s t if ie s  to  th e  h ig h ly  re d u c in g  c o n d i t io n s  t h a t  m u s t  
h a v e  p re v a ile d  d u r in g  th e  f o r m a t io n  o f  th e  e n s t a t i t e  m e te o r i te s .

5.3 P rev io u s  su lp h u r iso to p e  s tu d ies

T h e  f ir s t  s u lp h u r  is o to p e  m e a s u r e m e n t  o f  a n  e n s t a t i t e  c h o n d r i te  w a s  m a d e  
b y  T h o d e  e t  a l . (^1961), w h o  c a r r ie d -o u t  a  s in g le  a n a ly s is  o f  I n d a r c h  (E H 4 )  
a n d  o b ta in e d  a  5^‘*S v a lu e  o f  —0.36%o. H u ls to n  a n d  T h o d e  (1 9 6 5 a )  a n d  K a 
p la n  a n d  H u ls to n  (1 9 6 6 ) a t t e m p te d  to  m e a s u r e  th e  is o to p ic  c o m p o s i t io n  o f  
th e  c o n s t i tu e n t  s u lp h id e s  in  th r e e  e n s t a t i t e  m e te o r i te s ;  A b e e  (E H 4 ) ,  H v i t t i s  
(E L 6 )  a n d  N o r to n  C o u n ty  ( a u b r i t e ) .  T h e  e x p e r im e n ts  p e r fo rm e d  b y  K a p la n  
a n d  H u ls to n  (1 9 6 6 ) in v o lv e d  i s o la t io n ,  o r  c o n c e n t r a t io n ,  o f  th e  s u lp h id e  m in 
e ra ls  u s in g  a  se rie s  o f  c h e m ic a l  p r o c e d u re s .  T h e s e  e x p e r im e n ts ,  to g e th e r  w i th  
th e  is o to p ic  d a t a ,  a r e  s u m m a r iz e d  in  T a b le  5.3. T h e  w h o le - ro c k  v a lu e s  
o f  th e  th r e e  m e te o r i te s  s tu d ie d  a re  in  th e  r a n g e  —0.7 to  0.07oo. K a p la n  a n d  
H u ls to n  fo u n d  t h a t  o ld h a m ite  s u lp h u r  w a s  e n r ic h e d  in  in  A b e e  (5^^S 
=  -fG.G87oo) a n d  H v i t t i s  (5^‘*S =  -|-1.5%o) b u t  n o t  in  N o r to n  C o u n ty  (5^^S 
=  —5.67oo). K a p la n  a n d  H u ls to n  a t t r i b u t e d  th e  v e ry  low  v a lu e  o f  o ld 
h a m i te  in  N o r to n  C o u n ty  to  is o to p ic  f r a c t io n a t io n  r e s u l t in g  f ro m  te r r e s t r i a l  
o x id a t io n  o f  o ld h a m ite .
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5.4  R esu lts  and  d iscu ssion

5 . 4 . 1  T o t a l  s u l p h u r  a n d  b u l k  m e a s u r e m e n t s  o f  e n s t a t i t e  
m e t e o r i t e s

S u lp h u r  a b u n d a n c e  a n d  is o to p ic  m e a s u r e m e n ts  a c q u ir e d  f ro m  th i r t e e n  e n 
s t a t i t e  m e te o r i te s  d u r in g  th e  c o u rs e  o f  th i s  w o rk ,  a re  s h o w n  in  F ig u re  5 .2  a n d  
l is te d  in  T a b le  5 .4 . T h e  s te p p e d  c o m b u s t io n  e x p e r im e n ts  w e re  c a r r ie d -o u t  
fo llo w in g  th e  u se  o f  f lu o rin e  c o m p o u n d s  in  th e  e x t r a c t io n  s y s te m .

S a m p le  s izes  u s e d  fo r  s te p p e d  c o m b u s t io n  w e re  c o m p a r a b le  fo r  c h o n d r i te s  
b u t  la rg e r  fo r  a u b r i t e s  ( 2 - 5 m g  fo r  e n s t a t i t e  c h o n d r i te s  a n d  1 0 -1 4 m g  fo r  
a u b r i t e s )  t h a n  th o s e  u se d  fo r  b u lk  c o m b u s t io n  (2 -6 m g  fo r  c h o n d r i te s ;  5 - 8 m g  
fo r  a u b r i t e s ) .  S a m p le s  w e re  ta k e n  f ro m  c ru s h e d  ( < 5 0 / im )  in te r io r  f r a g m e n ts  
( a b o u t  0 .2 0 g )  o f  m e te o r i te .

T w o  v a lu e s  fo r  s u lp h u r  c o n c e n t r a t io n  a re  g iv e n  in  T a b le  5 .4  fo r  e a c h  

m e te o r i te ;

1. C a lc u la te d  a s  th e  s u m  o f  th e  s u lp h u r  l ib e r a te d  d u r in g  s te p p e d  c o m 
b u s t io n  f ro m  ro o m  t e m p e r a t u r e  to  1 2 0 0 °C .

2 . T h e  t o t a l  s u lp h u r  r e c o rd e d  f ro m  a  s in g le - s te p  c o m b u s t io n  a t  1 2 0 0 °C .

W i th  tw o  e x c e p t io n s  ( D a n ie l ’s K u il a n d  S t .  M a r k ’s) th e  a g r e e m e n t  in  t o t a l  
s u lp h u r  b e tw e e n  th e  tw o  m e th o d s  is b e t t e r  t h a n  15%  (T a b le  5 .4 ) .  M in o r  
d if fe re n c e s  in  th e  s u lp h u r  a b u n d a n c e  v a lu e s  c a n  b e  e x p la in e d  b y  th e  h e t 
e ro g e n e o u s  d i s t r ib u t io n  o f  s u lp h u r  in  th e s e  s a m p le s . T h is  o b s e rv a t io n  is  
s u p p o r te d  b y  th e  r e la t iv e ly  la rg e  v a r ia t io n s  in  s u lp h u r  c o n te n t  r e p o r te d  fo r  
in d iv id u a l  m e te o r i te s  in  th e  l i t e r a tu r e  (e .g . p u b l is h e d  v a lu e s  fo r  In d a r c h  in 
c lu d e  3 .9 8  w t%  a n d  5 .1 8  w t% . F ig u re  5 .2 ) .  T h u s ,  th e  m e a s u r e m e n ts  r e p o r te d  
in  th e  p r e s e n t  s tu d y  a re  a s  t r u s tw o r th y  a s  a n y  o th e r s  c u r r e n t ly  a v a ila b le .

S u lp h u r  c o n te n ts  in  e n s t a t i t e  m e te o r i te s  d e c re a s e  in  a  s y s te m a t ic  fa s h io n , 
in  o r d e r  o f  E H 4  >  E H 5  >  E L 6  >  a u b r i t e s  ( F ig u r e  5 .2 ) .  H o w e v e r , th e  
E H 3  c h o n d r i t e  ( K o ta - K o ta )  c a n n o t  b e  d is t in g u is h e d  f ro m  E H 4  c h o n d r i te s  in  
te r m s  o f ; i ts  s u lp h u r  c o n te n t  (4 .7 4  w t% ) .  T h e  a v e ra g e  a b u n d a n c e  o f  s u lp h u r  
in  E H 4 ’s is 5 .11  w t%  a n d  th e  c o n c e n t r a t io n  r a n g e s  f ro m  3 .3 2  w t%  ( S o u th  
O m a n )  to  6 .7 9  w t%  (A b e e )  w h ic h  e x te n d s  th e  k n o w n  sc a le  fo r  th i s  g ro u p  
in  b o th  lo w e r  a n d  u p p e r  l im i t s  re s p e c tiv e ly  ( F ig u r e  5 .2 ) .  A b e e  c la s t  (1 ,1 )  
c o n ta in s  a  h ig h e r  t o t a l  s u lp h u r  c o n te n t  (u p  to  7 .0 8  w t% )  t h a n  th e  p re v io u s ly  
r e p o r te d  w h o le - ro c k  v a lu e s  o f  6 .6 7  w t%  ( K a p la n  a n d  H u ls to n ,  1 9 6 6 ), 6 .1 2  
w t%  (D a w so n  e t  a l .,  1960 ) a n d  5 .5 0  w t%  (M a s o n , 1966) (see  F ig u re  5 .2 ) .  F o r  
E L 6 ’s, th e  s a m p le s  a n a ly s e d  h a v e  s u lp h u r  a b u n d a n c e s  b e tw e e n  0 .8 8  ( N o r th  
W e s t F o r re s t )  a n d  3 .23  w t%  ( A t la n t a )  w ith  a n  a v e ra g e  o f  2 .18  w t% . N o r th  
W e s t F o r r e s t  is a  w e a th e r e d  fin d  f ro m  w h ic h  so m e  o f  th e  o r ig in a l  s u lp h u r  
m a y  h a v e  b e e n  re m o v e d . T h e  s u lp h u r  c o n te n ts  o f  th e  tw o  E H 5  c h o n d r i te s
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M e te o r i te C la s s ,
Y ie ld  S 

W t%  
(S te p .)

Y ie ld  S 
W t%  

(B u lk )

L it.
W t% (%o)

(S te p .)
(7oo)

(B u lk )

L it.  g34g

(7oo)

K o ta - K o ta E H 3 4 .6 6 4 .81 3 .4 6  (1) - 2 .5 1 - 0 . 8 2 -

A b e e E H 4 7 .0 8 6 .4 9 6 .6 7  (2 ) 
5 .5 0  (3) 
6 .1 2  (4 )

- 2 .8 6 - 0 . 7 0 - 0 . 0 6  (2 )

I n d a r c h E H 4 5.61 4 .8 7 3 .9 8  (1 ) 
5 .1 8  (6)

- 2 .4 8 - 0 . 2 0 -  0 .3 6  (5 )

S o u th  O m a n E H 4 3 .6 0 3 .0 3 4 .5 0  (1) - 3 .0 8 - 0 .2 8 -

S t .  M a r k ’s E H 5 3 .4 2 5 .5 4 4 .1 8  (1) 
5 .5 0  (7)

- 2 .3 6 4 -0 .10

Y ilm ia E H 5 2 .1 3 1 .79 2 .8 3  (8 ) - 2 .5 2 4 -0 .42 -

A t l a n t a E L 6 2 .9 9 3 .4 6 2 .6 2  (3) - 3 .2 4 - 0 . 8 0 -

D a n ie l ’ K u il E L 6 3 .1 3 1 .36 2 .3 3  (1 ) 
3 .4 6  (3) 
2 .9 4  (9 )

- 3 .7 1 - 0 .5 3

K h a i r p u r E L 6 2 .6 7 2.11 3 .9 5  (1 ) 
2 .8 4  (3 ) 
2 .71  (9 )

- 2 .5 0 - 0 . 2 9

N .W . F o r r e s t E L 6 0 .7 0 1 .05 - - 1 .3 8 4 -0 .52 -

B u s te e A U B . 1 .72 1 .73 0 .6 3  (1 0 ) 
0 .3 2  (11 ) 
0 .4 0  (1 2 )

- 2 .2 8 - 0 . 9 6

N o r to n  C o . A U B . 0 .3 6 0 .4 2
0 .4 7

0 .5 0  (2 ) 
0 .7 0  (6 ) 

0 .8 9  (10 ) 
0 .4 4  (1 1 ) 
0 .3 2  (12 ) 
0 .0 0  (1 3 )

- 2 .8 6 - 1 . 5 0
- 1 . 9 3

S h a l lo w a te r A U B . 0 .6 9 0 .9 5 0 .5 5  (10 ) 
3 .3 2  (1 1 ) 
0 .3 2  (1 2 ) 
0 .4 5  (14 )

- 1 .9 2 - 0 . 1 2

T a b l e  5 .4  S u m m a r y  o f  s u lp h u r  d a t a  o b ta in e d  fo r  e n s t a t i t e  m e te o r i te s .  R e f
e re n c e s : (1 ) E a s to n  (1 9 8 5 a ) ; (2 ) K a p la n  a n d  H u ls to n  (1 9 6 6 ); (3 ) 
M a s o n  (1 9 6 6 ); (4 ) D a w so n  e t  a l . (1 9 6 4 ); (5 ) T h o d e  e t  a l . (1 9 6 1 ); (6 ) 
W iik  (1 9 5 6 ); (7) W iik  (1 9 6 9 ); (8 ) B u seck  a n d  H o ld s w o r th  (1 9 7 2 ); 
(9 ) P r io r  (1 9 1 6 ); (10) G ib s o n  e t  a l . (1 9 8 5 ); (1 1 ) W a t te r s  a n d  P r in z  
(1 9 7 9 ); (1 2 ) E a s to n  (1 9 8 5 b ); (13 ) B eck  a n d  L a P a z  (1 9 5 1 ); (1 4 ) F os- 
h a g  (1 9 4 0 ).
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F i g u r e  5 .2  C o m p a r is o n  o f  s u lp h u r  d a t a  d e te r m in e d  b y  b u lk  a n d  s te p p e d  
c o m b u s t io n  w i th  p u b l is h e d  v a lu e s  fo r  e n s t a t i t e  m e te o r i te s .  R e f
e re n c e s . B H = B u s e c k  a n d  H o ld s w o r th  (1 9 7 2 ) j D = D a w s o n  e t  a l. 
(1 9 6 0 ); E i = E a s t o n  (1 9 8 5 a ) ; E 2= E a s t o n  (1 9 8 5 b ); F = F o s h a g  (1 9 4 0 ); 
^  G ib s o n  e t  a l . (1 9 8 5 ); K H = K a p la n  a n d  H u ls to n  (1 9 6 6 ); M = M a s o n  
(1 9 6 6 ); P = P r i o r  (1 9 1 6 ); W = W iik  (1 9 5 6 ); W P = W a t t e r s  a n d  P r in z  
(1 9 7 9 ). S y m b o ls : +  =  K a p la n  a n d  H u ls to n  (1 9 6 6 ); o  =  T h o d e  e t  
a l. (1 9 6 1 ); •  =  S te p p e d  c o m b u s t io n ;  o =  B u lk  c o m b u s t io n .  A b 
b r e v ia t io n s :  K K = K o ta - K o ta ;  A b = A b e e ;  l n = ln d a r c h ;  S O = S o u th  
O m a n ; S M = S t .  M a r k ’s; Y i= Y ilm ia ;  A t = A t l a n t a ;  D K = D a n ie l ’s 
K u il; K h = K h a i r p u r ;  N W F = N .  W . F o re s t;  B u = B u s te e ;  N C =  N o r to n  
C o u n ty ;  S h = S h a l lo w a te r .



d iffe r  f ro m  e a c h  o th e r  by  2 .5 2  w t%  (T a b le  5 .4 ); th e  s u lp h u r  v a lu e  o f  S t .  
M a r k ’s (4 .4 8  w t% )  is s im ila r  to  th e  E H 4 ’s w h e re a s  t h a t  o f  Y ilm ia  (1 .9 6  
w t% )  is  c lo se r  to  s u lp h u r  a b u n d a n c e s  m e a s u re d  fo r  E L 6  c h o n d r i te s  ( F ig u r e
5 .2 ) .

T h e  a u b r i t e s  h a v e  th e  lo w e s t s u lp h u r  c o n te n ts  o f  th e  e n s t a t i t e  m e te o r i te s ,  
w i th  v a lu e s  b e tw e e n  0 .4 2  ( N o r to n  C o u n ty )  a n d  1 .73  w t%  (B u s te e )  a n d  a n  
a v e ra g e  o f  0 .9 8  w t%  (T a b le  5 .4 ) .  P re v io u s  d e te r m in a t io n s  fo r  th e  s u lp h u r  
c o n te n t  o f  B u s te e  a re  lo w e r  t h a n  th e  v a lu e s  o b ta in e d  in  th i s  s tu d y . In d e e d , 
G ib s o n  e t  a l . (1 9 8 5 )  h a v e  m a d e  th r e e  m e a s u r e m e n ts  o f  B u s te e  w h ic h  r a n g e  
b e tw e e n  0 .3 8  a n d  0 .9 1  w t% ; a ll  o f  th e s e  d e te r m in a t io n s  w e re  lo w e r  t h a n  th e  
v a lu e  o f  1 .73  w t%  r e p o r te d  h e re in .  T h e  s u lp h u r  c o n te n ts  o f  0 .6 9  w t%  a n d
0 .9 5  w t%  fo r  S h a l lo w a te r  c o n f lic t w i th  th e  e s t im a te  o f  3 .3 2  w t%  r e p o r te d  b y  
W a t te r s  a n d  P r in z  (1 9 7 9 ) , b u t  a r e  in  b e t t e r  a g r e e m e n t  w i th  o th e r  p u b l is h e d  
d e t e r m in a t io n s  (T a b le  5 .4 ) .  T h e  d i s t r ib u t io n  o f  s u lp h u r  in  N o r to n  C o u n ty  
m u s t  b e  v e ry  h e te ro g e n e o u s ;  d u r in g  th e  in v e s t ig a t io n  o f  th is  m e te o r i te  b y  
B eck  a n d  L a P a z  (1 9 5 1 ) s u lp h u r  w a s  n o t  d e te c te d ,  h o w e v e r , G ib s o n  e t  a l . 
(1 9 8 5 ) r e p o r t s  v a lu e s  o f  b e tw e e n  0 .5 9  a n d  1 .02  w t%  w h ic h  a re  s o m e w h a t  
h ig h e r  t h a n  th o s e  d e te r m in e d  in  th is  s tu d y  (0 .4 2  a n d  0 .4 7  w t% ) .

T h e  w h o le - ro c k  v a lu e s  o b ta in e d  b y  b u lk  c o m b u s t io n  a re  b e tw e e n  
— 1.72 ( th e  a v e ra g e  o f  tw o  a n a ly s e s  o f  N o r to n  C o u n ty )  a n d  -t-0.52%o ( N o r th  
W e s t F o r r e s t ) .  T h e r e  is  a n  o v e ra ll  d e p le t io n  in  a n d  th e  a v e ra g e  
v a lu e  o f  th e  e n s t a t i t e  c h o n d r i te s  is  —0.41%o a n d  th e re  se e m s  to  b e  a n  o v e ra ll  
d e p le t io n  in  in  e n s t a t i t e  m e te o r i te s .  D e s p i te  sh o w in g  n o  s y s te m a t ic  t r e n d  
in  i s o to p ic  c o m p o s i t io n  (F ig u r e  5.2), s u lp h u r  in  E H 5  m e te o r i te s  is  e n r ic h e d  
in  (5^‘*S =  -fO.10%0 in  S t .  M a r k ’s a n d  -l-0.42%o in  Y ilm ia )  a n d  d e p le te d  in  
a u b r i t e s  ( N o r to n  C o u n ty  f^^S =  -1 .5 0  a n d  — 1.93%o; B u s te e  =  —0.96%o 
a n d  S h a l lo w a te r  ^^^S =  —0.12%o). I f  s u lp h u r  w a s  lo s t  f ro m  E 4  c h o n d r i te s  
to  fo rm  E 6  a n d  a u b r i t ic  m a te r i a l  b y  m e ta m o r p h ic  p ro c e s s e s , th e n  a  c h a n g e  
in  5^^S m a y  h a v e  b e e n  e x p e c te d  to  a c c o m p a n y  th is  e v e n t .  H o w e v e r , s u c h  a  
f r a c t i o n a t io n  is  n o t  e v id e n t  f ro m  F ig u re  5.2, e x c e p t fo r  th e  a u b r i t e s  w h ic h  
a re  th e  m o s t  in te n s e ly  m e ta m o rp h o s e d  a n d  h a v e  th e  lo w e s t  5^^S v a lu e s .

T h o d e  e t  a l. (1961) r e p o r t  a  v a lu e  o f  —0.36%o fo r  I n d a r c h  w h ic h  
c o m p a re s  w i th  —0.20%o o b ta in e d  in  th i s  s tu d y .  W h e re  c o m p a r a b le  d a t a  
e x is t ,  th e  w h o le - ro c k  5^^S v a lu e s  d e te r m in e d  in  th e  p r e s e n t  s tu d y  a r e  o n ly  
s l ig h t ly  d if fe re n t  f ro m  th o s e  r e p o r te d  b y  K a p la n  a n d  H u ls to n  (1966) ( F ig u r e
5.2 a n d  T a b le  5.4). K a p la n  a n d  H u ls to n  (1966) r e p o r te d  v a lu e s  o f  
—0.067oo fo r  A b e e  ( c o m p a re d  to  —0.70%o a n d  —0.86%o in  th i s  s tu d y )  a n d  fo r  
N o r to n  C o u n ty  -fO.O%o a n d  —0.76%o ( c o m p a re d  w i th  — 1.50%o a n d  — 1.93%o 
f ro m  th e  p r e s e n t  s tu d y ) .
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5 .4 .2  T h e d istr ib u tio n  o f  su lphur com p on en ts based  u p on  
s tep p ed  com b u stio n  analyses

In  C h a p te r  3 i t  w a s  d e m o n s t r a te d  t h a t ,  in  o r d e r  to  b e  a b le  to  in te r p r e t  
t h e  s te p p e d  c o m b u s t io n  p ro file s  o f  C l  a n d  C 2  c a rb o n a c e o u s  c h o n d r i te s ,  i t  
w a s  n e c e s s a ry  to  o b ta in  a  k n o w le d g e  o f  th e  c o m b u s t io n  te m p e r a tu r e s  o f  
th e i r  c o m m o n  s u lp h u r - b e a r in g  c o m p o n e n ts .  I t  w a s  n o te d  p re v io u s ly  in  S ec
t io n  5 .2  t h a t  th e  m o s t  a b u n d a n t  s u lp h u r  c o m p o n e n ts  o f  e n s t a t i t e  m e te o r i te s  
a re  t r o i l i t e  a n d  o ld h a m ite .  S te p p e d  c o m b u s t io n  p ro file s  fo r t r o i l i t e  ( s e p a 
r a t e d  f ro m  th e  B e lla  R o c a  iro n  m e te o r i te )  a n d  c a lc iu m  s u lp h id e  ( a n a ly t ic a l  
g r a d e ,  B D H  C h e m ic a ls ,  P o o le , E n g la n d )  a s  th e  m o s t  s u i t a b le  a n a lo g u e  to  
o ld h a m ite ,  a r e  s h o w n  in  F ig u re  5 .3 . T h e  tw o  m in e ra ls  c o m b u s t  t o  re le a s e  s u l
p h u r  a t  d if fe re n t  t e m p e r a tu r e s ;  t r o i l i t e  b e tw e e n  4 0 0  a n d  6 0 0 °C  a n d  c a lc iu m  
s u lp h id e  b e tw e e n  8 0 0  a n d  1 1 0 0 °C . T h e  r e la t iv e ly  h ig h  t e m p e r a t u r e  re c o rd e d  
fo r th e  c o m b u s t io n  o f  c a lc iu m  su lp h id e  ( c o m p a re d  to  o th e r  s u lp h id e s )  h a s  
b e e n  e x p la in e d  by  th e  in i t ia l  f o rm a tio n  o f  c a lc iu m  s u lp h a te  w h ic h  th e n  d e 
c o m p o s e s  a t  h ig h e r  te m p e r a tu r e s  (d isc u s se d  in  S e c t io n  2 .3 .2 ) .

T h e  s u lp h u r  re le a s e  p ro file s  o f  th e  e n s t a t i t e  m e te o r i te s  a n a ly s e d  in  th i s  
s tu d y  a re  s h o w n  in  F ig u re s  5 .4  a n d  5 .5 . In  m o s t  e n s t a t i t e  m e te o r i te s  
(e .g . S t .  M a r k ’s , K h a i r p u r ,  N o r to n  C o u n ty ,  B u s te e ,  e tc .)  th e r e  a re  tw o  c le a r  
r e le a se s  o f  s u lp h u r  o c c u r r in g  a t  t e m p e r a tu r e s  s im ila r  to  th o s e  o f  th e  re fe re n c e  
m a te r ia l s  t r o i l i t e  a n d  o ld h a m ite  (F ig u re  5 .3 ) .  In  A t l a n t a ,  h o w e v e r , th e r e  
a p p e a r s  to  b e  o n ly  a  s in g le  w e ll-d e fin e d  p e a k  in  th e  s u lp h u r  re le a se . T h e  
E H 3  a n d  E H 4  c h o n d r i te s  sh o w  a n  a p p r o x im a te ly  b im o d a l  re le a se  o f  s u lp h u r  
e x c e p t  fo r  S o u th  O m a n  w h e re  a  s in g le  b r o a d  re le a se  is  o b s e rv e d  o c c u r r in g  
b e tw e e n  4 0 0  a n d  1 2 0 0 °C  ( F ig u re  5 .4 ).

Troilite

T r o i l i te  is  th e  m a jo r  s u lp h u r  sp e c ie s  id e n tif ie d  p e t ro g r a p h ic a l ly  in  th e s e  m e 
te o r i te s  a n d  a l l  E H 3 ,4  s a m p le s  sh o w  e v id e n c e  fo r  a  s u lp h u r  re le a s e  f ro m  
th i s  m in e ra l ,  w i th  th e  p o s s ib le  e x c e p t io n  o f  S o u th  O m a n . H o w e v e r , o n ly  S t .  
M a r k ’s , I n d a r c h  a n d  K o ta - K o ta  h a v e  a  d o m in a n t  re le a s e  o f  s u lp h u r  a t  a  t e m 
p e r a tu r e  c o in c id e n t  w i th  t h a t  o f  th e  re fe re n c e  t r o i l i t e  m a te r ia l  ( F ig u r e  5 .4 ) .  
M o s t ly , th e  m a x im u m  a m o u n t  o f  s u lp h u r  b u r n s  b e tw e e n  4 0 0  a n d  7 0 0 ° C , 
w h ic h  is  u p  to  2 0 0 °C  h ig h e r  t h a n  re fe re n c e  t r o i l i t e  ( F ig u r e  5 .6 ) . V a r ia t io n  
in  th e  p e a k  c o m b u s t io n  te m p e r a tu r e  o f  a  m in e r a l  is  a  p o o r ly  c o n s t r a in e d  
p a r a m e te r ,  b u t  i t  c a n  b e  u se d  to  g a in  a n  in d ic a t io n  o f  a  m in e r a ls ’ r e s is ta n c e  
to  o x id a t io n .  In  e n s t a t i t e  m e te o r i te s ,  th e r e  a re  s e v e ra l  c h a r a c te r i s t i c s  w h ic h  
c o u ld  c a u s e  th e  c o m b u s t io n  t e m p e r a tu r e  o f  t r o i l i t e  to  v a ry .

1. C h e m ic a l  c o m p o s i t io n  o f  th e  t r o i l i te .  T h e  t r a n s i t io n  f ro m  E 4  to  E 6  is 
a c c o m p a n ie d  by  a n  in c re a s e  in  T i a n d  d e c re a s e s  in  C r  a n d  M n  c o n te n t
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o f  th e  t r o i l i t e  (K e il, 1 9 6 8 a ).

2 . G r a in  s ize . In c re a s in g  g ra in  s ize  o r  a  h ig h e r  d e g re e  o f  c r y s ta l l i n i ty  o f  
th e  t r o i l i t e  w o u ld  p ro b a b ly  r e s u l t  in  a  h ig h e r  c o m b u s t io n  t e m p e r a t u r e  
d u e  to  a  c o n c o m i t ta n t  r e d u c t io n  in  r e a c t io n  r a te .  I t  is  n o te d  t h a t  
g r a in  s iz e  a n d  c r y s ta l l in i ty  is r e la te d  to  th e  e x t e n t  o f  m e ta m o rp h is m  
a n d  in c re a s e s  f ro m  th e  E 4 ’s to  th e  a u b r i te s .

3 . C o m p e t in g  o x id a t io n  r e a c t io n s .  D u r in g  th e  c o m b u s t io n  e x p e r im e n ts  
o f  e n s t a t i t e  m e te o r i te s  o x y g e n  w ill b e  u se d  u p  d u r in g  th e  o x id a t io n  o f  
c a r b o n  a n d  c a rb id e s  in  a d d i t io n  to  s u lp h id e s . H o w e v e r , c o m p e t i t io n  
fo r  a v a i la b le  o x y g e n  is n o t  c o n s id e re d  to  b e  a  m a jo r  c o n t r ib u t in g  fa c 
to r  d e te r m in in g  th e  c o m b u s t io n  t e m p e r a tu r e  o f  t r o i l i t e  d u r in g  th e s e  
e x p e r im e n ts ,  b e c a u s e  a  r e la t iv e ly  la rg e  p re s s u r e  o f  o x y g e n  is  u s e d . 
T h e r e  is  a lso  th e  p o s s ib i l i ty  t h a t  s u lp h a te  fo rm s  d u r in g  th e  e x p e r i
m e n t  a n d  th e n  d e c o m p o se s  a t  h ig h e r  te m p e r a tu r e s ,  h o w e v e r , th i s  is 
u n lik e ly  b e c a u s e  th e  s a m e  e ffec t is n o t  n o te d  d u r in g  th e  c o m b u s t io n  
o f  p u r e  t r o i l i te .

4 . P r o te c t in g  m in e ra ls .  I f  a  s u lp h id e  is m a n t le d  b y  a  m in e ra l  p h a s e  w h ic h  
d e c o m p o se s  a t  h ig h  t e m p e r a tu r e  th e n  th e  c o m b u s t io n  te m p e r a t u r e  
o f  th e  s u lp h id e  w ill e ffe c tiv e ly  b e  in c re a s e d  b e c a u s e  o x y g e n  w ill b e  
p r e v e n te d  ac ce ss  to  th e  s u lp h id e  u n t i l  th e  e n c lo s in g  m in e r a l  h a s  b e e n  
d e c o m p o s e d . T h is  m a y  b e  im p o r t a n t  in  r e ta r d in g  th e  c o m b u s t io n  o f  
s u lp h id e s  w h e re  th e y  o c c u r  a s  is o la te d  b le b s  in  s i l ic a te s ,  b u t  s in c e  a  
fine p o w d e r  is  u se d  (< 5 0 /z m ) , th i s  w ill o n ly  e ffec t th e  f in e s t s u lp h id e  
g ra in s .

A p p r a is a l  o f  a ll t h e  s te p p e d  c o m b u s t io n  d a t a  (F ig u r e s  5 .4  a n d  5 .5 )  s u g 
g e s ts  t h a t  p e r h a p s  t r o i l i t e  c o m b u s t io n  t e m p e r a tu r e  is  r e la te d  to  p e t ro lo g ic  
g ra d e .  T h e  m a x im u m  c o m b u s t io n  t e m p e r a tu r e  is  p lo t t e d  in  F ig u re  5 .6  a n d  
sh o w s  t h a t  t r o i l i t e  b u r n s  m o re  e a s ily  in  E 3 - E 5  ty p e s  t h a n  in  E 6  c h o n d r i t e s  
o r  a u b r i t e s .  I t  is c o n s id e re d  t h a t  th e  c h a n g e  in  t r o i l i t e  c o m b u s t io n  t e m 
p e r a tu r e  ^betw een th e  E 3 -5  a n d  E 6 /a u b r i t e s  is  m o s t  lik e ly  to  b e  r e la te d  to  
c h a n g e s  in  c h e m ic a l  c o m p o s i t io n  a n d  th e  fo llo w in g  f e a tu r e s  a s s o c ia te d  w i th  
m e ta m o rp h is m :

1. G ra in  size .

2. E x te n t  o f  c r y s ta l l in i ty .

G r a d y  e t  a l .  (1 9 8 6 ) h a v e  n o te d  s im ila r  e ffec ts  fo r  th e  c o m b u s t io n  t e m p e r a 
tu r e  o f  g r a p h i t e  in  e n s t a t i t e  c h o n d r i te s ,  w h ic h  in c re a se s  f ro m  b e tw e e n  6 0 0  
a n d  7 0 0 °C  ( th e  u s u a l  c o m b u s t io n  t e m p e r a tu r e  o f  s t a n d a r d  g r a p h i t e )  to  b e 
tw e e n  800  a n d  9 0 0 °C . T h is  h a s  b e e n  a t t r i b u t e d  to  d e c re a s in g  g r a in  s iz e  o f  
th e  g r a p h i t e  a n d  i t s  e n c lo s u re  in  o th e r  m in e ra ls  m o re  r e s i s t a n t  to  o x id a t io n .
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M e te o r i te
Y ie ld  S 

w t%  
(3 0 0 -7 0 0 ° C )

T ro i l i te
w t% 1 2 3

K o ta - K o ta 3 .65 9 .7 6 - 6 .0 2 —

A b e e 3 .7 3 10 .14 5 .8 — 7 ( a )
I n d a r c h 4 .5 6 12 .19 7 .3 7 .7
S o u th  O m a n 1.45 3 .92 - 10.43 —

S t.  M a r k ’s 1 .68 4 .61 9 .7 8 .3 —

Y ilm ia 1 .60 4 .3 0 — —

A t l a n t a 2 .7 9 7 .5 0 — — _

D a n ie l ’s  K u il 2 .83 7 .65 5 .4 6 .1 4 _

K h a i r p u r 2 .05 5 .53 9 .5 9 .6 ---- ■

N .W . F o r r e s t 0 .41 1.11 — — —

B u s te e 0 .81 1.34 - - 0 .6 8  (b )
N o r to n  C o . 0 .1 9 0 .33 — — 1.34 (b )  

0 .9 4  (c)
S h a l lo w a te r 0 .5 3 0 .8 8 - - 6 .3  (d )

T a b l e  5 .5  T h e  t r o i l i t e  c o n te n ts  o f  e n s t a t i t e  c h o n d r i te s  a s  d e te r m in e d  b y  
s te p p e d  c o m b u s t io n .  R e fe re n c e s : (1 ) K e il (1 9 6 8 a ) ; (2 ) E a s to n
(1 9 8 5 a ) ; (3 ) O th e r s :  ( a )  R u b in  a n d  K e il (1 9 8 3 ); (b )  K a p la n  a n d  
H u ls to n  (1 9 6 6 ); (c )  W a t te r s  a n d  P r in z  (1 9 7 9 ); (d )  F o s h a g  (1 9 4 0 ).

W i th  th e  p o s s ib le  e x c e p t io n  o f  S o u th  O m a n ,  a ll th e  m e te o r i te s  sh o w  a  
p e a k  in  th e  s u lp h u r  re le a s e  b e tw e e n  30 0  a n d  7 0 0 °C  (F ig u re s  5 .4  a n d  5 .5 ) ,  
w h ic h  h e r e a f te r  w ill b e  r e fe r re d  to  a s  t r o i l i t e  s u lp h u r .  S u m m in g  th e  s u l
p h u r  l ib e r a te d  b e tw e e n  300  a n d  7 0 0 °C  g iv e s  t r o i l i t e  s u lp h u r  c o n te n ts  o f  
b e tw e e n  0 .1 9  ( N o r to n  C o u n ty )  a n d  4 .5 7  w t%  ( I n d a r c h ) .  M ic ro p ro b e  a n a ly 
se s  o f  t r o i l i t e  in  e n s t a t i t e  c h o n d r i te s  h a v e  b e e n  r e p o r te d  b y  K e il (1 9 6 8 a )  a n d  
B u s e c k  a n d  H o ld s w o r th  (1 9 7 2 ) , a n d  in  a u b r i t e s  b y  W a t te r s  a n d  P r in z  (1 9 7 9 ). 
T h e  r e s u l t s  f ro m  th e s e  a n a ly s e s  c a n  b e  c o m b in e d  w i th  th e  s u lp h u r  c o n te n ts  
o f  t r o i l i t e ,  d e te r m in e d  b y  s te p p e d  c o m b u s t io n ,  to  c a lc u la te  th e  a b u n d a n c e  o f  
t r o i l i t e  in  th e  m e te o r i te s .  T h e  t r o i l i t e  c o n te n ts  d e te r m in e d  in  th i s  w a y  v a ry  
f ro m  0 .3 3  ( N o r to n  C o u n ty )  to  12 .19  w t%  ( In d a rc h ) ;  th e  v a lu e s  a re  l is te d  in  
T a b le  5 .5  w h e re  th e y  a re  c o m p a re d  w i th  e s t im a te s  m a d e  u s in g  p la n im e t r y  
(K e il,  1 9 6 8 a ) a n d  w e t c h e m ic a l a n a ly s e s  ( E a s to n ,  1 9 8 5 a ).

T h e  t r o i l i t e  c o n te n ts  d e te r m in e d  b y  s te p p e d  c o m b u s t io n  fo r K o ta - K o ta ,  
A b e e  a n d  I n d a r c h  a re  a ll h ig h e r  (b y  u p  to  n e a r ly  5 w t% )  th a n  p re v io u s  
d a t a .  T h is  is m o s t  lik e ly  to  b e  th e  r e s u l t  o f  s u lp h u r  c o m b u s t in g  b e tw e e n  30 0  
a n d  7 0 0 °C  w h ic h  d o e s  n o t  a r is e  fro m  t r o i l i t e  a lo n e . In  c o n t r a s t ,  th e  t r o i l i t e
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c o n te n t  o f  S o u th  O m a n  d e te r m in e d  by  s te p p e d  c o m b u s t io n  (3 .9 2  w t% )  is 
n o ta b ly  lo w e r  th a n  th e  v a lu e  o f  10 .4  w t%  o b ta in e d  b y  E a s to n  (1 9 8 5 ). T h e  
t r o i l i t e  c o n te n t  o f  A b e e  c la s t  (1 ,1 )  is e s t im a te d  to  b e  10 .14  w t%  w h ic h  se e m s  
to  b e  h ig h e r  t h a n  t h a t  o f  th e  b u lk  m e te o r i te  t r o i l i t e  s u lp h u r  v a lu e  o f  5 .8  
w t%  o b ta in e d  b y  K eil (1 9 6 8 a ) . D u r in g  a  d e ta i le d  s tu d y  o f  th is  c la s t ,  R u b in  
a n d  K eil (1 9 8 3 ) id e n tif ie d  th r e e  s u lp h id e s ;  t r o i l i t e  (7  w t% ) ,  n in in g e r i te  (13  
w t% )  a n d  o ld h a m ite  (0 .4  w t% ) . F ro m  th e  e le c tro n  p r o b e  a n a ly s e s  o f  th e s e  
m in e r a ls  m a d e  b y  R u b in  a n d  K e il, th e  d i s t r ib u t io n  o f  s u lp h u r  in  c la s t  (1 ,1 )  is 
c a lc u la te d  a s  0 .1 8 , 5 .4 5  a n d  2 .58  w t%  fo r  o ld h a m ite ,  n in in g e r i te  a n d  t r o i l i t e  
r e s p e c tiv e ly .  C le a r ly  m o s t  o f  th e  s u lp h u r  in  A b e e  c la s t  (1 ,1 )  is  in  th e  fo rm  
o f  n in in g e r i te .  U n f o r tu n a te ly  th e  c o m b u s t io n  t e m p e r a t u r e  o f  n in in g e r i te  is 
u n k n o w n , b u t  th e  h ig h  t r o i l i t e  s u lp h u r  c o n te n t  r e p o r te d  in  th e  p r e s e n t  s tu d y  
c o m p a r e d  to  p re v io u s  e s t im a te s  c o u ld  r e p r e s e n t  a n  a d m ix tu r e  o f  s u lp h u r  
f ro m  th e  c o m b u s t io n  o f  t r o i l i t e  a n d  n in in g e r i te  ( th is  is c o n s id e re d  in  m o re  
d e t a i l  b e lo w ) .

F o r  E H 5  a n d  E L 6  c h o n d r i te s  th e re  is b e t t e r  a g r e e m e n t  b e tw e e n  th e  
t r o i l i t e  c o n te n ts  r e p o r te d  in  th e  l i t e r a tu r e  w i th  th o s e  c a lc u la te d  f ro m  th e  
s te p p e d  c o m b u s t io n  d a t a  (T a b le  5 .5 ) . C o n s id e r in g  th e  d iffe re n c e s  in  t r o i l i t e  
a b u n d a n c e s  d e te r m in e d  p re v io u s ly  (e .g . c o m p a r e  th e  t r o i l i t e  v a lu e s  o f  K e il , 
1 9 6 8 a  a n d  E a s to n ,  1985  in  T a b le  5 .5 ) ,  th e n  m in o r  d e v ia t io n s  f ro m  th e  v a lu e s  
o b ta in e d  in  th is  s tu d y  c a n  b e  a t t r i b u t e d  to  th e  in h o m o g e n e o u s  d is t r ib u t io n  
o f  th i s  m in e r a l  in  th e  m e te o r i te s .

I f  th e  t r o i l i t e  c o n te n ts  c a lc u la te d  f ro m  th e  s te p p e d  c o m b u s t io n  d a t a  ( T a 
b le  5 .5 )  a r e  c o n s id e re d  to  b e  a p p r o x im a te ly  c o r r e c t ,  th e n  th e r e  is  a  d e c re a s e  
in  t r o i l i t e  c o n te n t  w i th  in c re a s in g  p e t ro lo g ic  g r a d e  ( F ig u r e  5 .7 ) .  T h e  a v 
e ra g e  t r o i l i t e  c o n te n ts  fo r  e a c h  o f  th e  g ro u p s  a re : 9 .0  w t%  fo r  E H 3 ,4 ; 4 .5  
w t%  fo r  E H 5 ; 5 .4  w t%  fo r  E L 6  a n d  0 .9  w t%  fo r  a u b r i t e s .  P re v io u s ly  th e  
v a r ia t io n  in  t r o i l i t e  c o n te n t  h a s  b e e n  e x p la in e d  b y  p a r t i a l  m e l t in g  o n  th e  
m e te o r i te  p a r e n t  b o d ie s . K e il (1 9 6 8 a )  c a lc u la te d  t h a t  6  w t%  F eS  a n d  4 w t%  
k a m a c i te  m u s t  b e  lo s t  b y  p a r t i a l  m e l t in g  o f  ty p e  I  (E 4 )  m a te r i a l  to  p r o d u c e  
ty p e  I I  (E 6 )  m a te r ia l .  A s  t r o i l i t e  a n d  k a m a c i te  a r e  c lo se ly  a s s o c ia te d  in  
th e  e n s t a t i t e  c h o n d r i te s ,  m e lt in g  te m p e r a tu r e s  c a n  b e  e s t im a te d  u s in g  th e  
F e - N i - S  s y s te m , w h ic h  g iv es a  m in im u m  t e m p e r a t u r e  o f  9 7 5 °C  to  fo rm  a  
l iq u id .  M in e ra l  a s s e m b la g e s  in  E 4 - 6  c h o n d r i te s  in d ic a te  t h a t  e q u i l ib r iu m  
te m p e r a tu r e s  w e re  in  th e  6 0 0 -9 7 5 ° C  ra n g e ,  a n d  th u s  m a y  h a v e  a p p ro a c h e d  
th e  F e —N i—S e u te c t ic  (K e il, 1 9 6 8 a ; S k in n e r  a n d  L u c e , 1971 ; L a r im e r  a n d  
B u s e c k , 1 9 7 4 ).

O l d h a m i t e

In  m a n y  o f  th e  s a m p le s  (e .g . K h a ir p u r ,  S t .  M a r k ’s , K o ta - K o ta  a n d  N o r to n  
C o u n ty )  th e re  is a  se c o n d  re le a se  o f  s u lp h u r  a b o v e  7 0 0 °C , w h ile  in  o th e r s
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F i g u r e  5 .7  V a r ia t io n  w ith  p e t ro lo g ic  g ra d e  o f  th e  s u lp h u r  r e le a s e d  b e tw e e n  
30 0  to  7 0 0 °C  d u r in g  s te p p e d  c o m b u s t io n  o f  e n s t a t i t e  m e te o r i te s .  
A b b re v ia t io n s  a s  in  F ig u re  5 .2 .
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(e sp e c ia lly  S o u th  O m a n )  th e  p a t t e r n  o f  s u lp h u r  re le a se d  a t  h ig h  te m p e r a 
tu r e  is  m o re  c o n fu se d . In s p e c t io n  o f  th e  s te p p e d  c o m b u s t io n  d a t a  re v e a ls  
t h a t  o n ly  tw o  m e te o r i te s ,  S h a l lo w a te r  a n d  A t l a n t a ,  sh o w  n o  c le a r  e v id e n c e  
o f  a  s u lp h u r  c o m p o n e n t  a b o v e  7 0 0 °C  (F ig u re  5 .6 ) .  D u r in g  p é t r o g r a p h ie  e x 
a m in a t io n  o f  A t l a n t a ,  R a m d o h r  (1 9 7 3 ) s u g g e s te d  t h a t  p r e x is t in g  o ld h a m ite  
h a d  b e e n  re m o v e d  f ro m  th is  m e te o r i te  by  te r r e s t r i a l  w e a th e r in g  p ro c e s se s . 
W a t te r s  a n d  P r in z  (1 9 7 9 ) h a v e  a lso  n o te d  th e  a b s e n c e  o f  o ld h a m ite  f ro m  
S h a l lo w a te r .  A  s te p p e d  c o m b u s t io n  a n a ly s is  o f  re fe re n c e  c a lc iu m  s u lp h id e  
( F ig u r e  5 .3 )  re v e a ls  t h a t  m o s t  o f  th e  s u lp h u r  is  b u r n e d  b e tw e e n  8 0 0  a n d  
1 1 0 0 °C . U s in g  th is  e v id e n c e , i t  is c o n s id e re d  t h a t  th e  s u lp h u r  re le a se d  
a t  h ig h  t e m p e r a t u r e  (a b o v e  7 0 0 °C ) in  th e  m e te o r i te s  is  m a in ly  f ro m  th e  
c o m b u s t io n  o f  o ld h a m ite .  In  o r d e r  to  v a l id a te  th i s  c o n c lu s io n  a n  e x p e r i
m e n t  w a s  u n d e r ta k e n  to  s e le c tiv e ly  re m o v e  o ld h a m i te  f ro m  th e  m e te o r i te  
b e fo re  s te p p e d  c o m b u s t io n  a n a ly s is .  D u r in g  p a r t i a l  d is s o lu t io n  e x p e r im e n ts  
o f  c h o n d r i t e s ,  S h im a  a n d  H o n d a  (1 9 6 7 ) u s e d  d i lu te  a c e t ic  a c id  to  a t t a c k  
o ld h a m ite .  S o a  s a m p le  o f  K h a i r p u r  (w h ic h  sh o w s  a  c le a r  re le a s e  o f  th e  
h ig h  t e m p e r a t u r e  s u lp h u r  c o m p o n e n t)  w a s  r e a c te d  w i th  d i lu te  a c e t ic  a c id  
(p H  5) a t  2 r C  fo r  tw e lv e  h o u r s .  F ig u re  5 .8  sh o w s  th e  s te p p e d  c o m b u s t io n  
p ro file s  o f  th e  a c e t ic  a c id  r e s id u e  c o m p a re d  to  b u lk  K h a i r p u r .  T h e  m e te o r i te  
u n d e r w e n t  a  26%  w e ig h t  lo ss  d u r in g  e x t r a c t io n .  A s  p r e d ic te d  m o s t  (9 5 % ) 
o f  s u lp h u r  re le a s e d  a b o v e  7 0 0 °C  in  th e  b u lk  m a te r ia l  h a s  b e e n  r e m o v e d  b y  
th e  a c id ,  h o w e v e r  i t  se e m s  t h a t  th e  a c id  h a s  a lso  r e m o v e d  a b o u t  7 0 %  o f  th e  
s u lp h u r  o r ig in a lly  l ib e r a te d  b e lo w  7 0 0 °C  ( a t t r i b u t e d  to  t r o i l i te )  in  th e  b u lk  
m e te o r i te .  T h e  lo w e r  t r o i l i t e  c o n te n t  o f  th e  re s id u e  m a y  p a r t l y  b e  a c c o u n te d  
fo r  b y  th e  h e te ro g e n e o u s  d i s t r ib u t io n  o f  t r o i l i t e  in  K h a i r p u r ,  b u t  is  m a in ly  
d u e  to  a  p a r t i a l  r e a c t io n  b e tw e e n  a c e t ic  a c id  a n d  t r o i l i t e .

A s s u m in g  t h a t  a ll th e  s u lp h u r  d io x id e  l ib e r a te d  a b o v e  7 0 0 °C  in  th e  m e te 
o r i te s  is  f ro m  th e  c o m b u s t io n  o f  o ld h a m ite ,  th e n  th e r e  is  b e tw e e n  0 .1 6  (N o r 
to n  C o u n ty )  a n d  3 .2 7  w t%  (A b e e )  s u lp h u r  a s  o ld h a m i te  p r e s e n t  (T a b le  5 .6 ) .  
C o m b in in g  th e s e  o ld h a m ite  s u lp h u r  c o n te n ts  w i th  th e  m ic r o p ro b e  a n a ly s e s  
o f  o ld h a m ite  r e p o r te d  b y  K e il (1 9 6 8 a )  a n d  W a t te r s  a n d  P r in z  (1 9 7 9 )  th e n  
th e  c o n c e n t r a t io n s  o f  th i s  m in e r a l  in  e n s t a t i t e  m e te o r i te s  c a n  b e  c a lc u la te d  
(T a b le  5 .6 ) .

T h e  o ld h a m ite  a b u n d a n c e s  d e te r m in e d  in  th i s  w a y  a re  b e tw e e n  0  37  
( N o r to n  C o u n ty )  a n d  7 .4  w t%  (A b e e ) . T h e  o ld h a m i te  c o n te n ts  o f  E H 4  
c h o n d r i te s  q u o te d  h e re  a r e  h ig h e r  t h a n  th o s e  r e p o r te d  p re v io u s ly  ( T a b le  
5 .6 ) .

R u b in  a n d  K eil (1 9 8 3 ) r e p o r te d  an  o ld h a m ite  c o n te n t  o f  0 .4  w t%  in  A b e e  
c la s t  (1 ,1 )  w h ic h  c o m p a re s  w i th  a  v a lu e  o f  7 .4 6  w t%  d e te r m in e d  in  th i s  s tu d y .  
R u b in  a n d  K eil a lso  fo u n d  13 w t%  n in in g e r i te  a n d  7 w t%  t r o i l i te .  F ro m  
th e s e  v a lu e s  th e  a m o u n ts  o f  s u lp h u r  c a lc u la te d  to  b e  in  th e  fo rm  o f  t r o i l i t e  
a n d  o ld h a m i te  a re  2 .58  a n d  0 .1 8  w t%  re s p e c tiv e ly . T h e  c o n c e n t r a t io n  o f
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F i g u r e  5 .8  T h e  a b u n d a n c e  (— ) a n d  is o to p ic  c o m p o s i t io n  ( - — ) o f  s u lp h u r  
in  b u lk  a n d  a n  a c e t ic  a c id  re s id u e  o f  K h a i r p u r  a s  d e te r m in e d  by  

s te p p e d  c o m b u s t io n .
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M e te o r i te
Y ie ld  S 

W t%  
( > 7 0 0 ° C )

O ld h a m ite
W t% 1 2 3

K o ta - K o ta 0 .8 7 2 .0 2 - 1.10 -

A b e e 3 .2 7 7 .4 6 0 .2 — 0 .4  (a )  
0 .2 9  (b )

I n d a r c h 0 .9 8 2 .28 0 .4 1.01 -

S o u th  O m a n 2 .1 4 4 .9 4 - 0 .4 -

S t.  M a r k ’ s 1 .73 3 .9 0 1.0 1.41 -

Y ilm ia 0 .5 2 1.31 - - 0 .0 7  (c)
A t l a n t a 0 .2 0 0 .4 6 - - -

D a n ie l ’s  K u il 0 .2 9 0 .6 6 0 .5 5 0 .6 4 -

K h a ir p u r 0 .6 1 1.38 0 .5 0 0 .5 9 -

N .W . F o r r e s t 0 .2 8 0 .6 4 - - -

B u s te e 0 .9 0 2 .05 - - -

N o r to n  C o . 0 .1 6 0 .3 7 - - 0 .2 9  (b )
S h a l lo w a te r 0 .2 0 0 .4 6 - - -

T a b l e  5 .6  T h e  c o n c e n t r a t io n  o f  o ld h a m ite  in  e n s t a t i t e  c h o n d r i te s  a s  d e 
te r m in e d  b y  s te p p e d  c o m b u s t io n .  R e fe re n c e s ; (1 ) K e il (1 9 6 8 a ) ; (2 ) 
E a s to n  (1 9 8 5 a ) ; (3 ) O th e r s :  (a )  R u b in  a n d  K eil (1 9 8 3 ); (b )  K a p la n  
a n d  H u ls to n  (1 9 6 6 ); (c )  B u se c k  a n d  H o ld s w o r th  (1 9 7 2 ).
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s u lp h u r  r e c o rd e d  f ro m  e x t r a c t io n  s te p s  b e tw e e n  4 0 0  a n d  7 0 0 °C  is 3 .7 3  w t%  
( t r o i l i t e )  a n d  f ro m  b e tw e e n  7 0 0  a n d  1 2 0 0 °C  i t  is 3 .2 7  w t%  ( o ld h a m ite ) .  
B y  s u b t r a c t io n ,  th i s  le a v e s  4 .2 4  w t%  s u lp h u r  w h ic h  c a n  b e  a t t r i b u t e d  to  
n in in g e r i te .  U s in g  th e  s te p p e d  c o m b u s t io n  r e s u l t s ,  i t  c a n  b e  c a lc u la te d  t h a t  
27%  (1 .1 5  w t% )  o f  th e  s u lp h u r  f ro m  n in in g e r i te  c o m b u s ts  b e tw e e n  4 0 0  a n d  
7 0 0 °C  a n d  th e  r e m a in in g  73%  (3 .0 9  w t% )  f ro m  7 0 0  to  1 2 0 0 °C . If  th is  
i n t e r p r e t a t i o n  o f  th e  s u lp h u r  d a t a  is c o r r e c t ,  th e n  i t  a p p e a r s  t h a t  n in in g e r i te  
h a s  a  s im i la r  c o m b u s t io n  t e m p e r a tu r e  to  t h a t  o f  o ld h a m ite  w h ic h  is  n o t  
u n e x p e c te d  s in c e  th e s e  c o m p o n e n ts  a r e  m in e ra lo g ic a l ly  v e ry  s im i la r  ( th e y  
a r e  b o th  c u b ic  s u lp h id e s ) .

F o r  th e  r e m a in in g  E H  c h o n d r i te s  c o n s id e re d  in  th is  s tu d y , th e  h ig h  o ld 
h a m i te  s u lp h u r  c o n te n ts  a r e  d if f ic u lt  to  re c o n c ile  in  te rm s  o f  s u lp h id e  m in 
e ra lo g y . K e il (1 9 6 8 a )  h a s  in v e s t ig a te d  In d a r c h  a n d  r e p o r t s  a  n in in g e r i te  
c o n te n t  o f  1 .0  w t%  w h ile  t h a t  o f  d a u b r e e l i te  is  o n ly  0 .0 5  w t% . T h a t  th e  
p u t a t i v e  o ld h a m ite  c o n te n ts  c a lc u la te d  f ro m  s te p p e d  c o m b u s t io n  d a t a  a re  
u n r e a l is t ic a l ly  h ig h  fo r  E H  c h o n d r i te s  c a n  b e  se e n  f ro m  T a b le  5 .7 , w h e re  
th e  c a lc u la te d  q u a n t i ty  o f  c a lc iu m  in  o ld h a m ite  e x c e e d s  th e  w h o le - ro c k  c a l
c iu m  c o n te n ts  r e p o r te d  in  th e  l i t e r a tu r e .  H o w e v e r , th e  a m o u n ts  o f  c a lc iu m  
a s  o ld h a m ite  e s t im a te d  fo r  E L 6  c h o n d r i te s  a n d  a u b r i t e s  c a n  b e  a c c o m m o 
d a te d  b y  p u b l is h e d  w h o le - ro c k  c a lc iu m  m e a s u r e m e n ts  (T a b le  5 .7 )  a n d  th e  
a g r e e m e n t  in  o ld h a m ite  c o n te n ts  b e tw e e n  th e  p r e s e n t  a n d  p re v io u s  s tu d ie s  
is  s ig n if ic a n t ly  b e t t e r  fo r  th e s e  m e te o r i te s  (T a b le  5 .6 ) .

V ery  l i t t l e  q u a n t i t a t i v e  d a t a  e x is ts  fo r  o ld h a m ite  a b u n d a n c e s  in  a u b r i t e s  
a p a r t  f ro m  a  s in g le  e s t im a te  o f  0 .1 3  w t%  s u lp h u r  a s  o ld h a m ite  ( e q u iv a le n t  
to  0 .2 9  w t%  o ld h a m ite )  in  N o r to n  C o u n ty  b y  K a p la n  a n d  H u ls to n  (1 9 6 6 ). 
W a t te r s  a n d  P r in z  (1 9 7 9 ) id e n tif ie d  o n ly  o c c a s io n a l g ra in s  o f  o ld h a m i te  in  
a u b r i t e s  w h ic h  is  in  a c c o rd  w i th  th e  r e la t iv e ly  lo w  c o n c e n t r a t io n s  o b ta in e d  
fo r  N o r to n  C o u n ty  in  th e  p r e s e n t  s tu d y . T h e  o ld h a m ite  c o n te n t  o f  B u s te e  
(2 .0 5  w t% )  is  h ig h e r  t h a n  t h a t  o f  o th e r  a u b r i t e s  a n d  is  s im ila r  to  th o s e  o f  
E L 6  c h o n d r i t e s  (T a b le  5 .6 ) .

A  p lo t  o f  o ld h a m ite  c o n c e n t r a t io n  a g a in s t  p e t ro lo g ic  ty p e  ( F ig u r e  5 .9 )  
sh o w s  t h a t  th e r e  is  a  g e n e ra l  d e c re a s e  w i th  p e t ro lo g ic  g ra d e . T h e  E H 4 ,5  
c h o n d r i t e s  c o n ta in  a  h ig h e r  c o n c e n t r a t io n  o f  o ld h a m i te  ( a v e ra g e  3 .3  w t% )  
c o m p a r e d  to  E L 6 ’s ( a v e ra g e  0 .9  w t% )  a n d  a u b r i t e s  ( a v e ra g e  0 .4  w t% ) .  H o w 
e v e r , so m e  o f  th e  s u lp h u r  l ib e r a te d  a b o v e  7 0 0 °C  in  E H  c h o n d r i te s  p r o b a b ly  
o r ig in a te s  f ro m  a d d i t io n a l  s u lp h u r  c o m p o n e n ts  (e .g . n in in g e r i te ) ,  so  th e  o ld 
h a m i te  c o n te n ts  r e p o r te d  h e re  sh o u ld  b e  r e g a rd e d  a s  m a x im u m  e s t im a te s .  
P re v io u s ly  th e r e  h a s  b e e n  n o  r e p o r t  o f  a  d e c re a s in g  o ld h a m ite  c o n te n t  w i th  
p e t ro lo g ic  g r a d e ,  w h ic h  o c c u rs  in  a  s im i la r ,  b u t  less c o n s p ic u o u s , fa s h io n  
th a n  t h a t  o f  t r o i l i te .  T h is  o b s e rv a t io n  is s u p p o r t iv e  fo r a  n e b u la r  o r ig in  
fo r th e  s u lp h u r  v a r ia t io n s  se en  in  e n s t a t i t e  m e te o r i te s ,  b e c a u s e  p a r e n t  b o d y  
m e ta m o r p h ic  p ro c e s se s  c a n n o t  b e  in v o k e d  to  a c c o u n t  fo r su c h  a  v a r ia t io n  in
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M e te o r i te C a  a s  O ld h a m ite  
W t%

L i te r a tu r e  b u lk  
C a  c o n te n t  (w t% )

K o ta - K o ta 1.06 0 .7 6  (1 )
A b e e 3 .8 9 0 .7 4  (2)
I n d a r c h 1 .20 —

S o u th  O m a n 2 .6 0 0 .2 7  (1 )
S t .  M a r k ’s 2 .1 0 0 .8 7  (1)

0 .1 5  (2 )
Y ilm ia 0 .7 0 -

A t l a n t a 0 .2 4 0 .2 7  (2 )
D a n ie l ’s K u il 0 .3 6 0 .4 8  (1 )

1.21 (2 )
K h a i r p u r 0 .75 0 .5 6  (1)

1 .24  (2 )
N .W . F o r r e s t 0 .3 4 -

B u s te e 1.10 1.64  (3 )
1 .23  (4 )

N o r to n  C o . 0 .2 0 0 .6 0  (3)
0 .8 3  (4 )
0 .8 5  (4 )

S h a l lo w a te r 0 .25 0 .11  (3 )
0 .1 5  (4)

T a b l e  5 l7  C a lc u la te d  c o n c e n t r a t io n s  o f  c a lc iu m  a s  o ld h a m ite  in  e n s t a t i t e  
m e te o r i te s  c o m p a re d  to  p u b l is h e d  b u lk  m e te o r i te  v a lu e s . R e fe re n c e s : 
( l )  K e il (1 9 6 8 a ) ; (2 ) E a s to n  (1 9 8 5 a ) ; (3 ) W a t te r s  a n d  P r in z  (1 9 7 9 ); 
(4 ) E a s to n  (1 9 8 5 b ).
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F i g u r e  5 .9  V a r ia t io n  w i th  p e t ro lo g ic  g ra d e  o f  th e  s u lp h u r  re le a s e d  b e tw e e n  
7 0 0  a n d  1 2 0 0 °C  d u r in g  s te p p e d  c o m b u s t io n  o f  e n s t a t i t e  m e te o r i te s .  
A b b re v ia t io n s  a s  in  F ig u re  5 .2 .
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o ld h a m i te  c o n te n t .  O ld h a m ite  is a  r e f r a c to ry  m in e r a l ,  C h a s e  e t  a l. (1 9 7 4 ) 
h a s  e s t im a te d  th e  1 a tm  m e lt in g  p o in t  o f  o ld h a m ite  to  b e  a b o u t  2673  K . 
S u c h  h ig h  te m p e r a tu r e s  a re  in c o n s is te n t  w i th  p a r t i a l  m e lt in g ,  a s  s i l ic a te s  
a re  l iq u id  a t  a p p r o x im a te ly  1800  K . T h e  h ig h e r  a b u n d a n c e  o f  o ld h a m ite  in  
E H 3 ,4 ,5  m a te r ia l  w o u ld  se e m  to  f a v o u r  i t s  a c c re t io n  a t  h ig h e r  te m p e r a tu r e s  
a n d  b e fo re  t h a t  o f  E 6  a n d  a u b r i t ic  m a te r ia l ,  w h ic h  s u p p o r t s  th e  c o n c lu s io n  
o f  B a e d e c k e r  a n d  W a sso n  (1 9 7 5 ).

E l e m e n t a l  s u l p h u r

In  m a n y  o f  th e  e n s t a t i t e  c h o n d r i te s  a n d  o n e  o f  th e  a u b r i t e s  ( B u s te e )  s tu d ie d  
in  th i s  in v e s t ig a t io n ,  th e re  is e v id e n c e  fo r  a  m in o r  re le a se  o f  s u lp h u r  o c c u r 
r in g  b e lo w  3 0 0 °C  ( F ig u re s  5 .4  a n d  5 .5 ) .  T h is  is s im i la r  to  th e  c o m b u s t io n  
t e m p e r a t u r e  fo u n d  fo r  e le m e n ta l  s u lp h u r .  S u m m in g  th e  s u lp h u r  fo r  te m p e r 
a t u r e  s te p s  b e lo w  3 0 0 °C  g iv e s  a  r a n g e  in  s u lp h u r  c o n c e n t r a t io n  o f  b e tw e e n
0 .0 0 2  ( S h a l lo w a te r )  a n d  0 .1 3  w t%  ( K o ta - K o ta )  w i th  a n  a v e ra g e  o f  0 .0 2 9  
w t% . F ig u re  5 .1 0  sh o w s  t h a t  th e  E H 4  c h o n d r i t e s  h a v e  th e  la rg e s t  r a n g e  
a n d  h ig h e s t  c o n c e n t r a t io n s  o f  th i s  c o m p o n e n t  o f  s u lp h u r  (a v e ra g e s :  E H 3 -5
0 .0 7  w t% ; E L 6  0 .0 0 9  w t%  a n d  a u b r i t e s  0 .0 0 8  w t% ) .  A s s u m in g  t h a t  th i s  
is  e le m e n ta l  s u lp h u r ,  th e n  i t  is  u n lik e ly  t h a t  i t  fo rm e d  in  th e  s o la r  n e b u la  
b e c a u s e  th i s  m in e r a l  is  n o t  a  p r e d ic te d  c o n d e n s a t io n  p r o d u c t .  E le m e n ta l  
s u lp h u r  p ro b a b ly  fo rm e d  b y  t e r r e s t r i a l  w e a th e r in g  o f  in d ig e n o u s  s u lp h id e  
c o m p o n e n ts .  In  th i s  r e s p e c t  i t  is  n o ta b le  t h a t  K e il (1 9 6 8 a )  r e p o r t s  th e  p r e s 
e n c e  o f  h ig h ly  w e a th e r e d  o ld h a m ite  in  K o ta - K o ta  ( a  f in d , a n d ,  o n  th e  b a s is  
o f  th e  s te p p e d  c o m b u s t io n  r e s u l t s ,  th e  s a m p le  w i th  th e  h ig h e s t  e le m e n ta l  s u l
p h u r  c o n te n t ) .  H o w e v e r , o th e r  m e te o r i te  f in d s , w h ic h  in c lu d e  S o u th  O m a n ,  
A t l a n t a ,  Y ilm ia  a n d  N o r th  W e s t F o r r e s t ,  d o  n o t  h a v e  h ig h e r  c o n te n ts  o f  
e le m e n ta l  s u lp h u r  t h a n  m e te o r i te  fa lls . E le m e n ta l  s u lp h u r  h a s  n o t  b e e n  r e 
p o r te d  f ro m  p é t r o g r a p h ie  s tu d ie s  o f  e n s t a t i t e  m e te o r i te s ,  h o w e v e r , th i s  is 
p r o b a b ly  d u e  to  th e  v e ry  lo w  a b u n d a n c e  o f  th i s  c o m p o n e n t .  K a p la n  a n d  
H u ls to n  (1 9 6 5 ) m e a s u r e d  0 .0 6  w t%  e le m e n ta l  s u lp h u r  in  A b e e  ( c o m p a re d  
w i th  0 .0 8 jw t%  o b ta in e d  in  th i s  s tu d y )  w h ic h  th e y  a t t r i b u t e d  to  a  t e r r e s t r i a l  
o x id a t io n  p r o d u c t  o f  o ld h a m ite .

5 .4 .3  va lu es o f  su lph ur co m p o n en ts  b ased  u p on  step p ed
co m b u stio n  an a lyses

T h e  w h o le - ro c k  v a lu e s  o b ta in e d  b y  s te p p e d  c o m b u s t io n  a re  c o n s is te n t ly  
lo w e r  th a n  th o s e  o b ta in e d  by  b u lk  c o m b u s t io n  (T a b le  5 .4  a n d  F ig u re  5 .2 )  
T h o s e  o b ta in e d  b y  s te p p e d  c o m b u s t io n  lie  in th e  r a n g e  -3 .7 .1  ( D a n ie l ’s K u il)  
to  -1.927oo ( S h a l lo w a te r )  a n d  a re  b e tw e e n  1.5 a n d  3%o lo w e r  th a n  th o s e  
o b ta in e d  by  b u lk  c o m b u s t io n .  T h e  d if fe re n c e  in  v a lu e s  is p ro b a b ly  d u e
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Figure 5.10 V a r ia t io n  w ith  p e t ro lo g ic  g r a d e  o f  s u lp h u r  re le a s e d  b e lo w  
3 0 0 °C  d u r in g  s te p p e d  c o m b u s t io n  o f  e n s t a t i t e  m e te o r i te s .  A b b re 
v ia t io n s  a s  in  F ig u re  5 .2
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to  a  k in e t ic  i s o to p e  f r a c t io n a t io n  a s s o c ia te d  w i th  th e  c o n c u r re n t  f o rm a tio n  
o f  s u lp h u r  t r io x id e  a lo n g  w ith  s u lp h u r  d io x id e  a t  lo w  t e m p e r a t u r e  (b e lo w  
7 0 0 °C )  d u r in g  s te p p e d  c o m b u s t io n .  T h e re fo re ,  i t  is n e c e s s a ry  to  d is t in g u is h  
w h e th e r :

1. S u lp h u r  is is o to p ic a lly  f r a c t io n a te d  in  a  c o n s is te n t  m a n n e r  a t  a l l  te m 
p e r a tu r e s .

2. I s o to p ic  f r a c t io n a t io n  is  g r e a te s t  fo r  s u lp h u r  b u r n in g  a t  lo w  te m p e r a 
tu r e .

I f  (1 ) is  c o r r e c t  th e n  a n y  v a r ia t io n s  in  o b s e rv e d  b e tw e e n  d if fe re n t  c o m 
p o n e n t s  w o u ld  b e  re a l;  in tu i t iv e ly  h o w e v e r , o p t io n  (2 ) w o u ld  s e e m  m o re  
p la u s ib le .  In  S e c t io n  2 .4  th e  k in e t ic  i s o to p e  f r a c t i o n a t io n  b e tw e e n  s u lp h u r  
d io x id e  a n d  s u lp h u r  t r io x id e  w a s  c o n s id e re d  w i th  re fe re n c e  to  th e  s te p p e d  
c o m b u s t io n  r e s u l t s  fo r  s e p a r a te d  t r o i l i t e .  T h e  (Ç̂ '^S v a lu e s  o b ta in e d  fo r  th i s  
m in e r a l  w e re  a b o u t  3%o lo w er th a n  th e  q u o te d  v a lu e . T h e  p u ta t i v e  t r o i l i t e  
s u lp h u r  re le a s e  in  e n s t a t i t e  m e te o r i te s  g iv e s  v e ry  s im i la r  5^‘*S v a lu e s  to  th o s e  
o b ta in e d  fo r  th e  s e p a r a te d  t r o i l i te .

I n s p e c t io n  o f  th e  iso  to p ic  p ro file s  sh o w n  in  F ig u re  5.4 a n d  5.5 fo r  th e  
e n s t a t i t e  m e te o r i te s ,  r e v e a ls  t h a t  th e  EH c h o n d r i te s  e x h ib i t  ‘W ’- s h a p e d  iso 
to p ic  p a t t e r n s .  T h e  tw o  m in im u m  v a lu e s  o c c u r  a t  400°C a n d  600°C  
re s p e c tiv e ly ,  th e  lo w e s t v a lu e  m e a s u r e d  is  - 6 % ,  fo r  th e  s u lp h u r  re 
le a se d  in  K o ta - K o ta  a t  600°C. T h e  a u b r i t e s  a n d  EL6 c h o n d r i te s  sh o w  le ss  
c o m p lic a te d  is o to p ic  t r a c e s  b u t  c o n ta in  a  m in im u m  v a lu e  a t  e i th e r  400°C o r  
600°C. T h e  v a lu e s  fo r  th e  s u lp h u r  re le a s e d  a t  600°C in  N o r th  W e s t F o r 
r e s t  a n d  a t  450°C in  A t l a n t a  a re  b o th  —6.7%o. A t  p r e s e n t  i t  is n o t  p o s s ib le  
to  s p e c u la te  o n  th e  s ig n if ic a n c e  o f  th e  is o to p ic  m in im a  d u e  to  th e  p ro b le m s  
a s s o c ia te d  w i th  th e  m e a s u r e m e n ts  o v e r  th i s  te m p e r a t u r e  in te r v a l .  T h e  
h ig h e s t  5^‘*S value  (-}-7.0%o) w a s  re c o rd e d  fo r  s u lp h u r  re le a s e d  a t  800°C in  
N o r th  W e s t F o r r e s t ,  th i s  e n r ic h m e n t  in  m a y  b e  r e la te d  to  th e  h ig h  d e 
g re e  o f  t e r r e s t r i a l  w e a th e r in g  su ffe re d  b y  th i s  s a m p le  (a s  is  s u g g e s te d  b y  th e  
lo w  t o t a l  s u lp h u r  c o n te n t  o f  th i s  m e te o r i te ) .

F ig u re  5 .1 1  sh o w s  th e  is o to p ic  c o m p o s i t io n  o f  th e  s u lp h u r  l ib e r a te d  o v e r  
th e  th r e e  t e m p e r a t u r e  in te rv a ls  c o n s id e re d  in  th e  p re c e e d in g  d is c u s s io n , 
n a m e ly :

1. R o o m  t e m p e r a t u r e  to  300°C.

2. 3 0 0  to  7 0 0 °C .

3. 70 0  to  1 2 0 0 °C .

T h e s e  t e m p e r a t u r e  in te r v a ls  a re  c o n s id e re d  to  r e p r e s e n t  s u lp h u r  c o m b u s t in g  
f ro m  e le m e n ta l  s u lp h u r  (1 ), t r o i l i te  (2 ) a n d  o ld h a m i te  (3 ) . N o  d a t a  a re  
p lo t t e d  fo r  S o u th  O m a n  o r  S h a l lo w a te r  a s  th e  th e r m a l  re le a se  p ro file s  o f
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M e te o r i te

634s
(%o)

( < 3 0 0 ° C )

(534s
(%o)

(3 0 0 -7 0 0 ° C )

f3 4 s*
(%o)

t r o i l i t e

B u lk  (534s
(7oo)

(c a lc .)

(534s
(7oo)

(> 7 0 0 ° C )
K o ta - K o ta + 0 .3 - 2 .6 7 + 0 .6 9 - 0 .8 2 - 1 .2 1
A b e e - - 3 .6 9 - 0 .3 3 - 0 .2 0 - 1 .2 7
I n d a r c h + 1 .5 - 3 .1 8 + 0 .1 8 - 0 .2 8 —

S o u th  O m a n - - 3 .7 8 - 0 .4 2 - 0 .2 8 —

S t.  M a r k ’s - - 3 .4 1 - 0 .0 5 + 0 .3 0 - 1 .3 5
Y ilm ia - - 2 .7 8 + 0 .5 8 + 0 .4 2 - 1 .7 7
A t l a n t a - - 3 .4 0 - 0 . 0 4 —0 .8 0 —

D a n ie l ’s  K u il - - 3 .8 4 - 0 .4 8 - 0 .5 3 - 2 .0 4
K h a i r p u r - - 3 .2 1 + 0 .1 5 - 0 .2 9 + 0 .0 2
N .W . F o r r e s t - - 3 .5 8 - 0 . 2 2 + 0 .5 2 + 1 .8 9
B u s te e - 2 . 9 - 2 .8 2 + 0 .5 4 - 0 .9 6 —1.81
N o r to n  C o . - - 3 .3 8 - 0 .0 2 - 1 .5 0 - 1 .9 7
A v e ra g e - - 3 .3 6 - - 0 .2 7 - 0 . 6 7

T a b l e  5 .8  v a lu e s  fo r  th r e e  s u lp h u r  c o m p o n e n ts  id e n tif ie d  f ro m  th e
s te p p e d  c o m b u s t io n  p ro file s  o f  e n s t a t i t e  m e te o r i te s .  * C o r r e c te d  v a l
u es .

th e s e  tw o  m e te o r i te s  c a n n o t  e a s ily  b e  s u b d iv id e d  in to  tw o , o r  m o re , s e p a r a te  
re le a se s . T h e  v a lu e  o f  o ld h a m ite  in  A t l a n t a  c o u ld  n o t  b e  m e a s u re d  
b e c a u s e  th e  c o n c e n t r a t io n  o f  s u lp h u r  r e le a s e d  a b o v e  7 0 0 °C  w a s  to o  lo w  to  
p e r m i t  is o to p ic  a n a ly s is .

Elem ental sulphur

In  F ig u re  5.11, v a lu e s  fo r  s u lp h u r  re le a s e d  b e lo w  300°C in  th r e e  m e te 
o r i te s  o n ly  a re  in c lu d e d  ( re p re s e n te d  b y  o n e  is o to p ic  m e a s u r e m e n t  in  e a c h  
c a se )  b e c a u s e  o f  th e  p a u c i ty  o f  th i s  c o m p o n e n t  in  th e  e n s t a t i t e  m e te o r i te s .  
E le m e n ta l  s u lp h u r  h a s  p o s i t iv e  v a lu e s  in  A b e e  (-(-0.37oo) a n d  I n d a rc h  
( + 1 .5 7 oo) b u t  in  N o r to n  C o u n ty  a  v a lu e  o f  -2 .9% o w a s  o b ta in e d .  P r e 
v io u s ly , K a p la n  a n d  H u ls to n  (1965) r e p o r te d  a  v a lu e  o f  -1.2%o fo r  th e  
s m a ll  q u a n t i t y  o f  e le m e n ta l  s u lp h u r  e x t r a c te d  f ro m  A b e e  w h ic h  w a s  th o u g h t  
to  h a v e  fo rm e d  b y  t e r r e s t r i a l  w e a th e r in g  o f  o ld h a m ite .

Troilite

T h e  c a lc u la te d  v a lu e s  fo r s u lp h u r  b u r n in g  b e tw e e n  300 a n d  700°C
( t r o i l i t e  s u lp h u r )  a r e  b e tw e e n  -3 .8 4  a n d  -2.67%o (T a b le  5.8) a n d  th e  a v 
e ra g e  is —3.367oo. H o w e v e r, i t  is c o n s id e re d  t h a t  th e s e  v a lu e s  a re  in  e r r o r
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F i g u r e  5 .1 1  V a r ia t io n  w i th  p e t ro lo g ic  g ra d e  o f  v a lu e s  o b ta in e d  f ro m  
s u lp h u r  c o m b u s t in g  o v e r  th r e e  d if fe re n t  te m p e r a t u r e  in te r v a ls  d u r 
in g  s te p p e d  c o m b u s t io n  o f  e n s t a t i t e  m e te o r i te s ,  o =  < 3 0 0 ° C ; •  =  
3 0 0 -7 0 0 ° C ; X =  >700® C . A b b re v ia t io n s  a s  in  F ig u re  5 .2 . N o te : 
v a lu e s  p lo t t e d  fo r s u lp h u r  re le a s e d  b e tw e e n  3 0 0 -7 0 0 ° C  h a v e  b e e n  
“c o r r e c te d ” u s in g  th e  m e th o d  d e s c r ib e d  in  th e  te x t .
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b y  a b o u t  37oo. In  o rd e r  to  a s se ss  th e  t r u e  v a lu e  o f  t r o i l i t e  s u lp h u r ,  th e  
m e a s u r e m e n ts  fo r  e a c h  m e te o r i te  h a v e  b e e n  c o r r e c te d  by  a d d i t io n  o f  3.36%o 
( i.e . th e  a v e ra g e  t r o i l i t e  s u lp h u r  v a lu e  o f  e n s t a t i t e  c h o n d r i te s  m e a s u re d  
in  th i s  s tu d y  h a s  b e e n  c o r r e c te d  to  t h a t  o f  th e  a v e ra g e  m e te o r i t ic  t r o i l i t e  
v a lu e  o f  0.0%o r e p o r te d  in  th e  l i t e r a tu r e ) .  T h is  g iv e s  a  r a n g e  in  f ro m  
—0.59 to  +0.697oo (T a b le  5.8 a n d  F ig u re  5.11). T h e  c o r r e c te d  t r o i l i t e  s u lp h u r  

v a lu e s  c a n  b e  te s te d  fo r  th e i r  v a l id i ty  b y  u s in g  th e m  to  r e c a lc u la te  th e  
w h o le - ro c k  v a lu e s  fo r  e a c h  m e te o r i te ,  th e s e  c a n  th e n  b e  c o m p a re d  w i th  
t h e  v a lu e  o b ta in e d  fo r w h o le - ro c k  s a m p le s  b y  s in g le - s te p  c o m b u s t io n .
T h e  “c o r r e c te d ” w h o le -ro c k  v a lu e s  fo r  m e te o r i te s  a r e  b e tw e e n  —1.70 
a n d  -f-0.447oo (T a b le  5.8) w ith  a n  a v e ra g e  v a lu e  o f  —0.27%o. T h e s e  v a lu e s  a re  
in  r e a s o n a b le  a g r e e m e n t  w i th  th e  r e s u l t s  fo r  s in g le - s te p  c o m b u s t io n  a n a ly 
se s , w h ic h  g a v e  a n  a v e ra g e  o f  —0.44%o ( T a b le  5.4). I t  w a s  s h o w n  in  C h a p te r  
2 t h a t  th e  is o to p ic  c o m p o s i t io n  o f  th e  s u lp h u r  re le a se d  a b o v e  700°C d u r in g  
s te p p e d  c o m b u s t io n  o f  th e  re fe re n c e  m ix tu r e  w a s  n o t  a p p r e c ia b ly  f r a c t io n 
a t e d .  F u r th e r m o r e ,  th e  r e s u l t s  f ro m  e n s t a t i t e  m e te o r i te  s te p p e d  c o m b u s t io n s  
s u g g e s ts  t h a t  s u lp h u r  re le a se d  a b o v e  700°C is  la rg e ly  u n a f fe c te d  b y  is o to p ic  
f r a c t i o n a t io n  e ffe c ts  a s s o c ia te d  w i th  th e  e x p e r im e n ta l  te c h n iq u e .

I f  i t  is  a s s u m e d  t h a t  th e  v a r ia t io n s  in  b e tw e e n  t r o i l i t e  s u lp h u r  in  
d if fe re n t  e n s t a t i t e  m e te o r i te s  a r e  v a l id  (T a b le  5 .8 ) ,  th e n  th e  is o to p ic  v a lu e s  
sh o w  l i t t l e  v a r ia b i l i ty  w ith  p e t ro lo g ic  g ra d e .  K a p la n  a n d  H u ls to n  (1 9 6 6 ) 
e x t r a c te d  th e  H C l-v o la ti le  s u lp h u r  f ro m  A b e e , H v i t t i s  a n d  N o r to n  C o u n ty  
to  o b ta in  v a lu e s  fo r  t r o i l i t e  s u lp h u r  o f  —0.2%o, +0.l7oo a n d  0.0%o r e 
sp e c tiv e ly .

Oldhamite

T h e  v a lu e s  o f  o ld h a m ite  s u lp h u r  a re  v a r ia b le  (T a b le  5.8 a n d  F ig u re  5.11)
a n d  a re  b e tw e e n  —2.08 ( D a n ie l ’s K u il)  a n d  -{-2.067oo ( N o r th  W e s t F o r r e s t )  
w i th  a n  a v e ra g e  o f  —0.67%o. T h is  v a r ia b i l i ty  m a y  b e  c a u s e d  b y :

1. I s o to p ic  f r a c t io n a t io n  a s  a  r e s u l t  o f  th e  c o m b u s t io n  e x p e r im e n t  ( a l
th o u g h  th is  is b e lie v e d  to  b e  m in im a l  a t  t e m p e r a tu r e s  a b o v e  7 0 0 °C ) .

2. C h a n g e s  in  th e  o r ig in a l  v a lu e  o f  o ld h a m i te  a s s o c ia te d  w i th  t e r 
r e s t r i a l  w e a th e r in g  o f  th e  s a m p le .

I f  (2 )  is  t h e  c o r r e c t  e x p la n a t io n ,  th e n  th e  la r g e s t  is o to p ic  e ffe c ts  m a y  b e  e x 
p e c te d  in  th e  m e te o r i te  f in d s , h o w e v e r , th i s  is  n o t  s u b s t a n t i a t e d  b y  th e  
v a lu e s  c a lc u la te d  fo r  th e  o ld h a m ite  s u lp h u r  o f  th e s e  s a m p le s  g iv e n  in  T a b le  
5 .8  ( a l th o u g h  o ld h a m ite  in  N o r th  W e s t F o r r e s t  h a s  th e  h ig h e s t  r e c o rd e d  
v a lu e ) .  N e v e r th e le s s ,  i t  w a s  n o te d  e a r l ie r  th e  o ld h a m ite  is v e ry  s u s c e p t ib le  
to  t e r r e s t r i a l  a l t e r a t io n  (R a m d o h r ,  1973) a n d  i t  is p o s s ib le  t h a t  th is  m in e ra l  
m a y  b e  s ig n if ic a n t ly  a l te r e d  ev en  in  r e la t iv e ly  p r i s t in e  m e te o r i te  s a m p le s .
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K a p la n  a n d  H u ls to n  (1966) e x t r a c te d  o ld h a m ite  s u lp h u r  f ro m  m e te o r i te s  
u s in g  d is t i l le d  w a te r  a n d  r e p o r te d  th e  o f  th i s  s u lp h u r  in  A b e e  a n d  
H v i t t i s  t o  b e  4-1.6%o a n d  +2.57oo r e s p e c tiv e ly . M o re o v e r , th e s e  w o rk e rs  e x 
t r a c t e d  s u lp h a te  io n s  f ro m  H v i t t i s  a n d  N o r to n  C o u n ty  ( a g a in  u s in g  d is t i l le d  
w a te r )  w h ic h  w e re  a t t r i b u t e d  to  te r r e s t r i a l  o x id a t io n  o f  o ld h a m ite ,  th e  
v a lu e s  o b ta in e d  fo r  th i s  s u lp h u r  w e re  —0.8%o in  H v i t t i s  a n d  -5.6%o in  N o r
to n  C o u n ty .  T h u s  th e  n e g a t iv e  v a lu e s  r e p o r te d  fo r  s u lp h u r  l ib e r a te d  
a b o v e  7 0 0 ° C  in  th i s  s tu d y  (T a b le  5.8) m a y  re c o rd  t h a t  o f  a n  a d m ix tu r e  o f  
s u lp h u r  f ro m  o ld h a m ite  ( e n r ic h e d  in  ^^S) a n d  a  s u lp h a te  (d e p le te d  in  ^^S), 
th e  l a t t e r  fo rm e d  b y  t e r r e s t r i a l  a l t e r a t io n .  I f  th is  in t e r p r e t a t i o n  is  c o r re c t  
t h e n  th e  a l t e r a t io n  o f  o ld h a m ite  in  e n s t a t i t e  m e te o r i te s  is  w id e s p re a d  a n d  
o n ly  th e  v a lu e s  m e a s u re d  fo r  I n d a r c h ,  K h a i r p u r  a n d  p o s s ib ly  N o r th  
W e s t F o r r e s t  a r e  r e p r e s e n ta t iv e  o f  th e  t r u e  v a lu e  o f  o ld h a m i te  s u lp h u r .

5.5  C on clu sion s

T h e  c o n te n t  a n d  is o to p ic  c o m p o s i t io n  o f  s u lp h u r  in  e n s t a t i t e  m e te o r i te s  h a s  
b e e n  in v e s t ig a te d  b y  a n a ly s is  o f  r e p r e s e n ta t iv e  s a m p le s  o f  e n s t a t i t e  c h o n 
d r i t e s  a n d  a u b r i t e s .  T h e  w h o le - ro c k  s u lp h u r  c o n te n ts  sh o w  a  d e c re a s e  w i th  
in c re a s in g  p e t ro lo g ic  ty p e  i.e . EH3,4 >  EH5 >  EL6 >  a u b r i t e .  T h is  sy s 
t e m a t ic  d e c re a s e  in  s u lp h u r  c o n te n t  h a s  b e e n  p re v io u s ly  o b s e rv e d  b y  M a s o n  
(1966) a n d  u se d  a s  a  m e a n s  o f  c la s s ify in g  th e  e n s t a t i t e  m e te o r i te s  (Y a v n e F , 
1963, A n d e r s ,  1964). W h o le -ro c k  v a lu e s  o b ta in e d  b y  b u lk  c o m b u s t io n  
d o  n o t  s h o w  a  s y s te m a t ic  c h a n g e  w i th  p e t ro lo g ic  ty p e  a n d  th e  m e a n  v a lu e  is  
—0.44%o. S ig n if ic a n tly , th e  f^^ S  v a lu e s  o b ta in e d  fo r  a u b r i t e s  a r e  u n u s u a l ly  
lo w  w i th  N o r to n  C o u n ty  h a v in g  th e  lo w e s t  v a lu e  m e a s u r e d  o f  —1.727oo. 
T h e  s u lp h u r  is o to p ic  c o m p o s i t io n s  o f  e n s t a t i t e  m e te o r i te s  a t t e s t  to  th e  s u l
p h u r  i s o to p ic  u n if o rm ity  o f  th e  s o la r  n e b u la  b e c a u s e  a u b r i t e s  a n d  e n s t a t i t e  
c h o n d r i t e s  a re  th o u g h t  to  h a v e  a c c r e te d  a t  m u c h  c lo se r  h e l io c e n tr ic  d is ta n c e s  
( i.e . w i th in  1 A U ) th a n  o th e r  m e te o r i te  g ro u p s .

S te p p e d  c o m b u s t io n  a n a ly s is  re v e a ls  t h a t  th e r e  a re  s e v e ra l  c o m p o n e n ts  
o f  in d ig e n o u s  s u lp h u r  in  e n s t a t i t e  m e te o r i te s .  T h e  m o s t  a b u n d a n t  is  t h a t  
w h ic h  c o m b u s ts  b e tw e e n  400 a n d  700°C, p r im a r i ly  f ro m  t r o i l i t e .  T h e  c o n 
c e n t r a t i o n  a n d  is o to p ic  c o m p o s i t io n  o f  th e  t r o i l i t e  is  v a r ia b le ,  b u t  g e n e ra lly  
h ig h e r  in  EH 3-5 (3.92 to  12.19 w t% ; c o r r e c te d  5^^S =  —0.42 to  +0.69%o) 
t h a n  EL6 (1.11 to  7.65 w t% ; c o r r e c te d  5^‘*S =  —0.48 to  -f-0.15%o), o r  a u b r i t e s  
(0.33 to  1.34 w t% ; c o r r e c te d  5^^S =  -0 .5 9  to  -f0.547oo). A n o th e r  s u lp h u r  
c o m p o n e n t ,  w h ic h  c o m b u s ts  a t  e le v a te d  t e m p e r a tu r e s  (a b o v e  700°C), is 
t h o u g h t  to  b e  o ld h a m ite  a n d  h a s  a  v a r ie d  is o to p ic  c o m p o s i t io n  t h a t  m a y  
r e s u l t  f ro m  te r r e s t r i a l  a l te r a t io n  o f  th i s  m in e ra l .  O ld h a m ite  c o n c e n t r a t io n s  
o f  EH c h o n d r i te s  a re  d if f ic u lt  to  e s ta b l is h  b e c a u s e  s u lp h u r  f ro m  a t  le a s t  o n e
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o th e r  m in o r  s u lp h id e  m in e ra l  (n in in g e r i te )  c o m b u s ts  a t  a  s im ila r  t e m p e r 
a tu r e s .  N e v e r th e le s s ,  th e  a b u n d a n c e  o f  s u lp h u r  a s  o ld h a m ite ,  lik e  t r o i l i t e ,  
a p p e a r s  to  d e c re a s e  w i th  p e t ro lo g ic  ty p e  a n d  th i s  t r e n d  is  c o n t in u e d  in to  
t h e  a u b r i t e s .  O ld h a m ite  is  m o re  a b u n d a n t  in  th e  E H 3 -5  (1.31 t o  3.90 w t% , 

=  —1.27 to  +0.667oo) c h o n d r i te s  r e la t iv e  to  th e  E L O ’s (0.46 to  1.38 
w t% , =  —1.41 to  +2.737oo) a n d  a u b r i t e s  (0.33 to  1.34 w t% , =  
— 1.30 to  — 1.147oo). M a s o n  (1966) h a s  n o te d  a  d e c re a s e  in  t r o i l i t e  c o n c e n 
t r a t i o n  w i th  p e t ro lo g ic  ty p e ,  b u t  a n  a n a lo g o u s  t r e n d  fo r  o ld h a m i te  c o n te n t  
h a s  n o t  b e e n  p re v io u s ly  r e p o r te d .  I f  th e  a u b r i t e s  fo rm e d  a s  ig n e o u s  d if fe re n 
t i a t e s  o f  e n s t a t i t e  c h o n d r i te  m a te r ia l  th e n  i t  is  d if f ic u lt  to  a c c o u n t  fo r  th e i r  
lo w e r  o ld h a m ite  c o n te n ts  b y  s u c h  p a r e n t  b o d y  p ro c e s se s  s in c e  th e  m e lt in g  
t e m p e r a t u r e  o f  th i s  m in e r a l  is  h ig h e r  t h a t  o f  s i l ic a te s .

T h e r e  is  a lso  a  m in o r  c o n s t i tu e n t  o f  s u lp h u r  t h a t  b u r n s  b e lo w  3 0 0 °C . 
F ro m  i t s  c o m b u s t io n  te m p e r a tu r e  th is  c o m p o n e n t  is  c o n s id e re d  to  b e  e le m e n 
ta l  s u lp h u r .  T h e  c o n c e n t r a t io n  o f  e le m e n ta l  s u lp h u r  in  e n s t a t i t e  m e te o r i te s  
is  lo w  ( b e tw e e n  20 0  a n d  1300 p p m )  a n d  n o t  c o r r e la te d  w i th  p e t ro lo g ic  ty p e .  
E le m e n ta l  s u lp h u r  c o u ld  b e  a n  in d ig e n o u s  c o m p o n e n t  o f  th e  m e te o r i te s ,  b u t  
i t  is  a lso  a  p o s s ib l i ty  t h a t  i t  fo rm e d  b y  t e r r e s t r i a l  a l t e r a t io n  o f  p re -e x is t in g  
s u lp h id e  m in e ra ls  w h ic h  a re  u n s ta b le  in  th e  t e r r e s t r i a l  e n v i ro n m e n t  (e .g . o ld 
h a m i te ) .  T h e  is o to p ic  c o m p o s i t io n  o f  e le m e n ta l  s u lp h u r  is  n o t  w e ll-d e fin e d  
d u e  to  i t s  lo w  a b u n d a n c e ,  b u t  se e m s  to  v a ry  b e tw e e n  + 1 .6  a n d  —1.5%o.

C o m b u s t io n  r e s u l t s  sh o w  t h a t  th e  d i s t r ib u t io n  o f  s u lp h u r  in  e n s t a t i t e  
m e te o r i te s  ( p a r t ic u la r ly  th e  E H 4  c h o n d r i te s )  is c o m p le x . T h e  c o m b u s t io n  
t e m p e r a tu r e s  o f  d if fe re n t s u lp h id e s  in  th e  m e te o r i te s  a p p e a r  to  b e  q u i te  
s im i la r  a n d  th is  m a k e s  u n a m b ig u o u s  in te r p r e t a t i o n  o f  th e  s te p p e d  c o m b u s 
t io n  p ro file s  d if f ic u lt to  a c c o m p lish . E v e n  w h e n  s m a ll  t e m p e r a t u r e  s te p s  a re  
u s e d  (e .g . 5 0 ° C ) , i t  is  p a r t i c u la r ly  d if f ic u lt  to  e s ta b l is h  s u lp h u r  a b u n d a n c e s  
a n d  is o to p ic  c o m p o s it io n s  o f  m in o r  s u lp h id e  m in e r a ls ,  in c lu d in g  d a u b r e e l i t e ,  
n in in g e r i te ,  a l a b a n d i te ,  d je r f is h e r i te  a n d  s p h a le r i te .  A n  a d d i t io n a l  p r o b le m  
is  t h a t  is o to p ic  f r a c t io n a t io n  e ffec ts  a s s o c ia te d  w i th  s u lp h u r  d io x id e  a n d  s u l
p h u r  t r io x id e  r e le a s e d  a t  lo w  te m p e r a tu r e s  (b e lo w  7 0 0 °C ) h a s  r e n d e re d  th e  

v a lu e s  la rg e ly  m e a n in g le s s .
I t  hcis b e e n  s h o w n  t h a t  th e  e ffec ts  o f  c h e m ic a l  r e a g e n ts  u s e d  to  is o la te  

s u lp h u r  f ro m  c o n s t i tu e n t  m in e ra ls  o f  e n s t a t i t e  m e te o r i te  a r e  n o t  sp e c if ic  
(e .g . d i lu te  a c e t ic  a c id  r e a c ts  w i th  b o th  o ld h a m i te  a n d  t r o i l i t e  in  K h a i r p u r ) .  
S o , to  o b ta in  re l ia b le  m e a s u r e m e n ts  o f  c o n s t i tu e n t  s u lp h id e  m in e r a ls  in  
e n s t a t i t e  m e te o r i te s ,  i t  w ill b e  n e c e s sa ry  to  s e p a r a te ,  p h y s ic a lly , th e  m in e ra ls  
f ro m  th e  m e te o r i te s  a n d  th e n  u se  s in g le - s te p  c o m b u s t io n s  (1 2 0 0 °C ) to  o b ta in  
s u lp h u r  fo r  m a s s  s p e c t r o m e tr i c  a n a ly s is .
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C h a p ter  6 

C o n c lu s io n s

6.1  C on clu sion s

A  s te p p e d  c o m b u s t io n  te c h n iq u e  h a s  b e e n  d e v e lo p e d  to  d is t in g u is h  s u lp h u r  
c o m p o n e n ts  in  m e te o r i te s  o n  th e  b a s is  o f  th e i r  c o m b u s t io n  t e m p e r a t u r e  a n d  
is o to p ic  s ig n a tu r e .  T h e  m e th o d  w a s  e v a lu a te d  u s in g  b o th  s t a n d a r d  m a te r ia l s  
a n d  b y  c o m p a r in g  w h o le - ro c k  m e te o r i te  (5 ‘̂̂ S v a lu e s  o b ta in e d  b y  s te p p e d  
c o m b u s t io n  w i th  th o s e  o b ta in e d  by  s in g le - s te p  c o m b u s t io n  o f  s a m p le s  a t  
1 2 0 0 °C . I t  w a s  fo u n d  t h a t  th e  s u lp h u r  a b u n d a n c e  m e a s u r e m e n ts  o b ta in e d  
b y  s te p p e d  c o m b u s t io n  w e re  r e l ia b le  a n d  th i s  a s p e c t  o f  th e  m e th o d  h a s  b e e n  
su c c e ss fu lly  u se d  a s  a  m e a n s  o f  d e te r m in in g  th e  c o n c e n t r a t io n s  o f  s u lp h u r  
c o m p o n e n ts  in  d if fe re n t  m e te o r i te s .

S u lp h u r  d io x id e  w a s  a n a ly s e d  b y  a  m a s s  s p e c t r o m e te r ,  w i th  o p t im is e d  
s e n s i t iv i ty ,  c o u p le d  d i r e c t ly  to  a  g a s  p r e p a r a t io n  lin e . T h e  m a s s  s p e c t r o m 
e t e r  w a s  c a p a b le  o f  a n a ly s in g  s a m p le s  in  th e  o r d e r  o f  1/zg o f  s u lp h u r  w i th  
a  r e p r o d u c ib i l i ty  o f  ±  0.4%o fo r  &S4g. T h e  u se  o f  s u lp h u r  h e x a f lu o r id e  w a s  
a lso  a s se s s e d  u s in g  th i s  in s t r u m e n t ,  a n d  i t  w a s  fo u n d  t h a t  th i s  g a s  h a s  so m e  
e x c e l le n t  p r o p e r t ie s  fo r  m a s s  s p e c t r o m e t ry  a n d  a l lo w s  d e t e r m in a t io n  o f

a n d  T h e  r e p r o d u c ib i l i t i e s  o f  a n d  o n  a  s a m p le  o f
10fig  o f  s u lp h u r  a s  s u lp h u r  h e x a f lu o r id e , a r e  ±  0.7%o, ±  0.1%o a n d  ±  3%o. 
H o w e v e r , '.th e  d if f ic u lt ie s  a s s o c ia te d  w i th  p r e p a r in g  s u lp h u r  h e x a f lu o r id e  g a s  
f ro m  m e te o r i te s  w e re  b e y o n d  th e  sc o p e  o f  th i s  w o rk . F o llo w in g  th e  u se  o f  
f lu o r in e  c o m p o u n d s  in  th e  e x t r a c t io n  s y s te m , d u r in g  th e  l a t t e r  p a r t  o f  th e  
s tu d y ,  i t  w a s  fo u n d  t h a t  is o to p ic  m e a s u r e m e n ts  m a d e  o n  s u lp h u r  d io x id e  
p r o d u c e d  f ro m  e x t r a c t io n  s te p s  b e lo w  700°C w e re  is o to p ic a lly  f r a c t i o n a te d  
to  lo w e r  v a lu e s  b y  b e tw e e n  a b o u t  2 a n d  3%o. T h e  s a m p le s  a n a ly s e d  
p r io r  to  th e  f lu o r in e  e x p e r im e n ts  w ere  th e  C l a n d  0 2  c a r b o n a c e o u s  c h o n 
d r i te s ,  w h e re a s  th e  C 3-C 6 c h o n d r i te s  a n d  e n s t a t i t e  c h o n d r i te s  w e re  a n a ly s e d  
fo llo w in g  th e  u se  o f  f lu o rin e  c o m p o u n d s .  T h e  is o to p ic  f r a c t io n a t io n  r e s u l t s  
f ro m  th e  p a r t i t io n in g  o f  th e  is o to p e  in to  s u lp h u r  t r io x id e  w h ic h  is p r o 
d u c e d  in  sm a ll  q u a n t i t i e s  a lo n g  w ith  s u lp h u r  d io x id e  d u r in g  c o m b u s t io n .
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I s o to p ic  d a t a  f ro m  s u lp h u r  d io x id e  fo rm e d  a b o v e  6 0 0 °C  h a v e  b e e n  s h o w n  to  
b e  f re e  f ro m  is o to p ic  f r a c t io n a t io n  fo r tw o  re a so n s ;

1. A  n e g lig ib le  a m o u n t  o f  s u lp h u r  t r io x id e  is fo rm e d  a b o v e  th i s  te m p e r 
a tu r e .

2 . T h e  f r a c t io n a t io n  o f  b e tw e e n  s u lp h u r  d io x id e  a n d  t r io x id e  d e c re a s e s  
w i th  in c re a s in g  te m p e r a tu r e .

T h e  s te p p e d  c o m b u s t io n  te c h n iq u e  w a s  fo u n d  to  b e  a  v a lu a b le  m e th o d  
fo r  in v e s t ig a t in g  th e  s u lp h u r  c o m p o u n d s  o f  m e te o r i te s .  T h re e  a p p l ic a t io n s  
o f  th i s  te c h n iq u e  h a v e  b e e n  d e s c r ib e d .

1. T h e  C l  a n d  C 2  c a rb o n a c e o u s  c h o n d r i te s  h a v e  su ffe re d  p o s t - a g g lo m e r a t io n  
c h a n g e s  in v o lv in g  b r e c c ia t io n ,  o x id a t io n  a n d  h y d r a t io n  w h ic h  to o k  
p la c e  o n  a  s iz e a b le  p a r e n t  b o d y . T h e  s u lp h u r  d a t a  o b ta in e d  f ro m  
s te p p e d  c o m b u s t io n  o f  C l  a n d  C 2  m e te o r i te s  p ro v id e s  e v id e n c e  fo r  
e x te n s iv e  o x id a t io n  o f  s u lp h u r  a n d  th e  p re s e n c e  o f  s e c o n d a ry  s u lp h u r  
m in e ra ls .  T h e  p re se n c e  o f  s ix  d if fe re n t  s u lp h u r  c o m p o n e n ts  h a v e  b e e n  
in v o k e d  in  th e s e  m e te o r i te s  to  e x p la in  th e  d a t a  o b ta in e d  b y  s te p p e d  
c o m b u s t io n  ( e le m e n ta l  a n d  o rg a n ic  s u lp h u r ,  t r o i l i t e ,  F E S O N , g y p s u m  
a n d  e p s o m ite ) .  O x id is e d  fo rm s  o f  s u lp h u r  (e le m e n ta l  s u lp h u r ,  s u l
p h a t e s  a n d  F E S O N )  d o m in a te  o v e r  r e d u c e d  fo rm s  ( s u lp h id e s ) .  T h e  
r e la t iv e  a b u n d a n c e  o f  o x id is e d  s u lp h u r  is  h ig h e s t  in  th e  C l  c h o n d r i te s ,  
w h ic h  is  c o n s is te n t  w i th  th e i r  h a v in g  su ffe re d  m o re  in te n s e  a q u e o u s  
a l t e r a t io n .  T h e  s im ila r i t ie s  in  th e  n a t u r e  o f  th e  s u lp h u r  c o m p o u n d s  in  
C l  a n d  C 2  c h o n d r i te s  in d ic a te  t h a t  h y d r o th e r m a l  e v o lu t io n  o f  th e s e  
m e te o r i te s  p r o b a b ly  fo llo w e d  a  c o m m o n  p a th w a y .  C h a n g e s  in  th e  s u l
p h u r  is o to p ic  c o m p o s i t io n  a s s o c ia te d  w i th  h y d ro u s  a l t e r a t io n  h a v e  le d  
to  e n r ic h m e n t  o f  in  e le m e n ta l  s u lp h u r  a n d  s u lp h a te s  c o m p a r e d  to  
th e  s u lp h id e  s t a r t i n g  m a te r ia l .  O v e ra l l ,  b u lk  v a lu e s  o f  C 2  c h o n 
d r i te s  sh o w  a  s l ig h t  e n r ic h m e n t  in  b y  a b o u t  l%o. T h is  h a s  p r o b 
a b ly  r e s u l te d  f ro m  th e  lo ss  o f  v o la t i le  s u lp h u r  sp e c ie s  (e .g . h y d ro g e n  
s u lp h id e  g a s )  fo rm e d  a s  in te r m e d ia te  c o m p o u n d s  d u r in g  a q u e o u s  a l t e r 
a t io n ;  lo ss  o f  s u lp h u r  is  a lso  c o n f irm e d  b y  th e  su b -c o sm ic  a b u n d a n c e s  
o f  th i s  e le m e n t  in  C 2  c h o n d r i te s .

2 . M o s t  o f  th e  s u lp h u r  in  C 3 , C 4  a n d  C 5 / 6  m e te o r i te s  is p r e s e n t  a s  s u l
p h id e ,  b u t  th e  s te p p e d  c o m b u s t io n  d a t a  in d ic a te  t h a t  th e r e  is  a lso  a  
c o m p o n e n t  o f  p r e te r r e s t r i a l  o x id is e d  s u lp h u r  in  C 3  a n d  C 4  c h o n d r i te s .  
T h e  id e n t i ty  o f  th is  s u lp h u r  is n o t  k n o w n  w i th  c e r ta in ty ,  b u t  th e r e  is 
c h e m ic a l e v id e n c e  to  s u g g e s t  t h a t  i t  c o u ld  b e  a n h y d r i t e  o r  F E S O N . 
A l th o u g h  a q u e o u s  a l te r a t io n  in  C 3  c h o n d r i te s  h a s  n o t  p re v io u s ly  b e e n  
r e p o r te d  in  d e ta i l ,  th e  s u lp h u r  d a t a  o f  C 3  a n d  C 4  c h o n d r i te s  a re  v e ry  
s im ila r  to  th o s e  o b ta in e d  fo r a  ty p e  3 o r d in a r y  c h o n d r i te  ( S e m a r k o n a )
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in  w h ic h  th e  e ffec ts  o f  h y d ro u s  a l t e r a t io n  h a v e  b e e n  r e la t iv e ly  w ell- 
s tu d ie d .  T h u s ,  th e  C 3  a n d  C 4  c a r b o n a c e o u s  c h o n d r i te s  h a v e  u n d e r 
g o n e  a  r e la t iv e ly  s m a ll  a m o u n t  o f  a q u e o u s  a l t e r a t io n  o n  th e  m e te o r i te  
p a r e n t  b o d y  a n d  th is  p ro v id e s  a n  i m p o r t a n t  e v o lu t io n a ry  lin k  b e tw e e n  
m e te o r i te s  o f  h ig h e r  p e t ro lo g ic  ty p e  a n d  C l  a n d  C 2  m e te o r i te s .  B u lk  

v a lu e s  o f  0 3  a n d  0 4  c a rb o n a c e o u s  c h o n d r i te s  d o  n o t  c o r r e la te  w ith  
p e t ro lo g ic  ty p e  a n d  a re  w i th in  ±  l%o o f  O D T . T h e  o r ig in a l  d i s t r ib u 
t io n  o f  s u lp h u r  in  tw o  m e te o r i te s ,  M u lg a  W e s t a n d  d o o l id g e ,  h a s  b e e n  
s ig n if ic a n t ly  a f fe c te d  b y  te r r e s t r i a l  w e a th e r in g  p ro c e s se s . P re -e x is t in g  
s u lp h id e s  in  th e s e  m e te o r i te s  se e m s to  h a v e  la rg e ly  b e e n  o x id is e d  to  
s u lp h a te s .

3 . T h e  s u lp h u r  is o to p ic  c o m p o s i t io n  o f  d if fe re n t  s u lp h id e  m in e r a ls  in  e n 
s t a t i t e  c h o n d r i te s  a n d  a u b r i t e s  is  a n  a r e a  o f  m e te o r i t i c s  t h a t  h a s  re 
c e iv e d  l i t t l e  a t t e n t io n .  S te p p e d  c o m b u s t io n  w a s  u s e d  in  a n  a t t e m p t  to  
re v e a l th e  a b u n d a n c e ,  d i s t r ib u t io n  a n d  is o to p ic  c o m p o s i t io n  o f  s u lp h u r  
in  r e p r e s e n ta t iv e  s a m p le s .  T ro i l i te  is  th e  m a in  c o m p o n e n t  p r e s e n t  in  
a ll th e  s a m p le s . T h e  c o m b u s t io n  t e m p e r a t u r e  o f  t r o i l i t e  is  c o n t ro l le d  
b y  t e x tu r a l  a n d  c h e m ic a l c h a n g e s  o f  th i s  m in e r a l  a s s o c ia te d  w i th  p e t r o 
lo g ic  ty p e  a n d  is  h ig h e s t  in  th e  E L 6 ’s  a n d  a u b r i t e s .  T h e  s u lp h u r  iso 
to p ic  c o m p o s it io n  o f  t r o i l i t e  c o u ld  n o t  b e  c a lc u la te d  d i r e c t ly  f ro m  th e  
s te p p e d  c o m b u s t io n  d a t a  b e c a u s e  o f  th e  f o r m a t io n  o f  s u lp h u r  t r io x id e  
a n d  a s s o c ia te d  is o to p ic  f r a c t io n a t io n  p r o b le m s ,  b u t  i t  w a s  e s t im a te d  
to  b e  c lo se  th e  u s u a l  m e te o r i t ic  v a lu e  o f  0%o.

O ld h a m ite  w a s  fo u n d  to  b e  th e  s e c o n d  m o s t  im p o r t a n t  s u lp h id e .  T h e  
is o to p ic  c o m p o s i t io n  o f  o ld h a m ite  is  v a r ia b le  w h ic h  p r o b a b ly  re f le c ts  
te r r e s t r i a l  o x id a t io n  o f  th i s  m in e ra l .  T h e  v a lu e  o f  u n a l te r e d  o ld 
h a m i te  se e m s  to  b e  c lo se  to  t h a t  o f  t r o i l i t e  ( i.e . 0% o), a l th o u g h ,  th e s e  
tw o  m in e r a ls  p r o b a b ly  fo rm e d  a t  s ig n if ic a n t ly  d if fe re n t  t e m p e r a t u r e s  in  
th e  s o la r  n e b u la .  I t  w a s  fo u n d  t h a t  e le m e n ta l  s u lp h u r ,  e n r ic h e d  in  
is a  m in o r  c o n s t i tu e n t  o f  m a n y  e n s t a t i t e  m e te o r i te s  a n d  is  p r o b a b ly  a  
t e r r e s t r i a l  a l t e r a t io n  p r o d u c t  o f  o ld h a m ite .

T o ta l  s u lp h u r ,  t r o i l i t e  a n d  o ld h a m ite  a b u n d a n c e s  sh o w  a  s y s t e m a t ic  
d e c re a s e  w i th  p e t ro lo g ic  g ra d e  in  th e  c h o n d r i t e s  a n d  th i s  t r e n d  c o n 
t in u e s  in to  th e  a u b r i t e s .  T h e  s im i la r i t ie s  in  th e  s u lp h u r  d a t a  s u g g e s ts  
t h a t  e n s t a t i t e  c h o n d r i te s  a n d  a u b r i t e s  m u s t  h a v e  fo rm e d  in  th e  s a m e  
re g io n  o f  th e  s o la r  n e b u la .  T h e  s y s te m a t ic  d e c re a s e  in  t r o i l i t e  c o n te n t  
w i th  p e t ro lo g ic  g ra d e  m a y  b e  a c c o u n te d  fo r  b y  th e r m a l  p ro c e s s e s  o n  
th e  m e te o r i te  p a r e n t  b o d ie s ; b u t  th is  p ro c e s s  c a n n o t  s a t i s f a c to r i ly  e x 
p la in  th e  a n a lo g o u s  c h a n g e s  in  o ld h a m ite  c o n te n t  s in c e  th i s  m in e ra l  is 
h ig h ly  re f ra c to ry .

B u lk  v a lu e s  o f  th e  e n s t a t i t e  c h o n d r i t e s  a re  c lo se  to  0%o, b u t  th e
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a u b r i t e s  a re  d e p le te d  in  b y  u p  to  a b o u t  2%o. T h e  lo w e r  v a lu e s  
o f  th e  a u b r i t e s  m a y  b e  r e la te d  to  lo ss  o f  is o to p ic a lly  h e a v y  s u lp h u r  
d u r in g  ig n e o u s  d i f fe re n t ia t io n .

A n  im p o r t a n t  f e a tu re  o f  th i s  w o rk  is th e  re c o g n it io n  t h a t  tw o  m e te o r i te  
g ro u p s  ( c a rb o n a c e o u s  a n d  e n s t a t i t e  c h o n d r i te s ) ,  c o n s id e re d  to  h a v e  fo rm e d  
a t  s e p a r a te  lo c a t io n s  in  th e  s o la r  n e b u la ,  h a v e  v e ry  s im ila r  b u lk  v a lu e s  
o f  c lo se  to  07oo. H o w e v e r , th i s  d o e s  n o t  r u le - o u t  th e  a p p l ic a t io n  o f  s u lp h u r  
is o to p e s  fo r  e s ta b l is h in g  g e n e tic  r e la t io n s h ip s  a m o n g  m e te o r i te s ,  b u t  w o u ld  
r e q u ir e  p re c is e  (a n d  ^^®S) m e a s u r e m e n ts  to  b e  o b ta in e d  s in c e  th e  iso 
to p ic  v a r ia t io n s  a r e  o f  a  v e ry  s m a ll  m a g n i tu d e .  T h e  c o n s ta n c y  o f  b u lk  
v a lu e s  m e a s u r e d  d u r in g  th i s  s tu d y  a n d  o f  th o s e  r e p o r te d  p re v io u s ly , in d i
c a te s  t h a t  th e  r e s e rv o ir  f ro m  w h ic h  m e te o r i te s  a n d  p la n e ts  fo rm e d  m u s t  h a v e  
h a d  a  u n if o rm  s u lp h u r  is o to p ic  c o m p o s i t io n .  B u lk  m e te o r i te  v a r ia t io n s  
w h ic h  h a v e  b e e n  m e a s u re d  a re  in  th e  o r d e r  o f  ±  2%o a n d  d o  n o t  p r o v id e  
e v id e n c e  in  s u p p o r t  o f  is o to p ic  a n o m a lie s  in  s u lp h u r .  U n lik e  so m e  o th e r  
m a jo r  e le m e n ts ,  (e .g . o x y g e n , m a g n e s iu m ) ,  s u lp h u r  is o to p ic  v a r ia t io n s  in  
m e te o r i te s  d o  n o t  a p p e a r  to  r e ta in  a  re c o rd  o f  s u lp h u r  fo rm e d  b y  d if fe re n t  
n u c le a r  p ro c e s s e s  w i th  d i s t in c t  is o to p ic  c o m p o s i t io n s .  I f  th e r e  w e re  m u l t i 
p le  s o u rc e s  o f  s u lp h u r  th e n  th e  is o to p e s  c o u ld  h a v e  b e e n  h o m o g e n iz e d  b y  
p h y s ic a l  p ro c e s se s  a c tiv e  in  th e  n e b u la  (e .g . m ix in g , m e l t in g  o r  d if fu s io n ) .

6.2  F u tu re  research

6 .2 .1  Im p rovem en t o f  techn iq ues

S o m e  s u g g e s tio n s  fo r  th e  im p r o v e m e n t  o f  th e  s te p p e d  c o m b u s t io n  m e th o d  
a n d  m a a s  s p e c t r o m e t r y  fo llo w .

1. T h e  m o s t  im p o r t a n t  o b je c t iv e  o f  c o n t in u e d  r e s e a r c h  is  to  o v e rc o m e  th e  
is o to p ic  f r a c t io n a t io n  p ro b le m s  a s s o c ia te d  w i th  th e  f o rm a t io n  o f  s u l
p h u r  t r io x id e  in  g as  s a m p le s  p r e p a re d  b e lo w  6 0 0 ° C  d u r in g  c o m b u s t io n .  
S o m e  s u g g e s tio n s  h a v e  a l re a d y  b e e n  d e ta i l e d  in  C h a p te r  2 a n d  th o s e  
u n d e r  c u r r e n t  in v e s t ig a t io n  in c lu d e  th e  u se  o f  p la t in u m  a s  a  c a t a ly s t  
t o  r e d u c e  s u lp h u r  t r io x id e  a n d  th e  in c o r p o r a t io n  o f  a  c o p p e r  o x id e  
f in g e r  to  c o n t ro l  th e  p a r t i a l  p re s s u re  o f  o x y g e n  in  th e  r e a c t io n  v esse l. 
T h e  l a t t e r  m e th o d  h a s  a l r e a d y  y ie ld e d  e n c o u ra g in g  r e s u l t s ,  d u r in g  a  
s te p p e d  c o m b u s t io n  a n a ly s is  o f  B e lla  R o c a  t r o i l i t e  a  b u lk  f^^S  v a lu e  
o f  —0.847oo w a s  o b ta in e d  ( c o m p a re d  to  th e  a c c e p te d  v a lu e  o f  — 0.4%o) 
a lo n g  w i th  9 0 %  o f  th e  th e o re t ic a l  y ie ld  o f  s u lp h u r .

2. T h e  s e p a r a t i o n  o f s u lp h u r  d io x id e  f ro m  c a r b o n  d io x id e  a n d  w a te r  is 
c a r r ie d - o u t  c ry o g e n ic a lly  a n d  is a s s is te d  by  a  c o m p u te r  d is p la y  o f  th e  
g a s  p re s s u r e  e v o lv in g  f ro m  th e  v a r ia b le  c ry o g e n ic  f in g e r. T h is  m e th o d
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w o rk s  w ell m o s t  o f  th e  t im e ,  b u t  p ro b le m s  a re  e n c o u n te re d  w h e n  s ig 
n if ic a n t  q u a n t i t ie s  o f  w a te r  a r e  p r e s e n t ,  o r  w h e re  v e ry  s m a ll  s u lp h u r  
d io x id e  s a m p le s  a re  b e in g  s e p a r a te d .  F u r th e r m o re ,  th i s  p r o c e d u re  c a n  
re q u ir e  th e  u se  o f  th e  c o m p u te r  fo r  r e la t iv e ly  lo n g  t im e  p e r io d s  a n d  
s o m e tim e s  c a n  d e la y  is o to p ic  m e a s u r e m e n t  o f  g a s  s a m p le s . T o  o b ta in  
g o o d  c ry o g e n ic  s e p a r a t io n s  a lso  d e m a n d s  a  r e la t iv e ly  h ig h  le v e l o f  sk ill 
a n d  e x p e r ie n c e  f ro m  th e  o p e r a to r .  In  o r d e r  to  m a k e  th i s  p a r t  o f  th e  
s te p p e d  c o m b u s t io n  te c h n iq u e  m o re  r o u t in e  a n d  m e th o d ic a l  a  s im p le  
g a s  c h r o m a to g r a p h  c o u ld  b e  in c o r p o r a te d  in to  th e  e x t r a c t io n  lin e  a n d ,  
b y  u s in g  th e  d if fe re n t  r e te n t io n  t im e s  o f  th e  p r o d u c t  g a se s , s u lp h u r  
d io x id e  c o u ld  b e  p u r if ie d . S u c h  a  s y s te m  h a s  b e e n  d e s c r ib e d  b y  H irn e r  

e t  a l .  (1 9 8 4 ).

3 . M a s s  s p e c t ro m e try .  T h e  m a s s  s p e c t r o m e te r  u se d  in  th i s  s tu d y  w a s  
s p e c if ic a lly  a d a p te d  to :

•  M a x im iz e d  s e n s i t iv i ty .

•  C a p a b le  o f  m e a s u r in g  s u lp h u r  is o to p e  r a t i o s  u s in g  b o th  s u lp h u r  
d io x id e  a n d  s u lp h u r  h e x a f lu o r id e .

T h e r e  a re  m a n y  p o te n t i a l  a p p l ic a t io n s  in  m e te o r i t ic s  w h e re  i t  is  d e s ir 
a b le  to  m e a s u re  v e ry  s m a ll  a m o u n ts  o f  g a se s . S u c h  s tu d ie s  in c lu d e  th e  
a n a ly s is  o f  v a lu a b le  m e te o r i te  r e s id u e s  t h a t  a r e  u s u a lly  p r o d u c e d  in  
s m a ll  q u a n t i ty ,  a n d  fo r  in v e s t ig a t in g  m in o r  c o m p o n e n ts  o f  m e te o r i te s ,  
e .g . in d iv id u a l  m in e ra ls ,  c h o n d ru le s ,  in c lu s io n s  o r  m a t r ix .  U s in g  c o n 
v e n t io n a l  d y n a m ic  m a s s  s p e c t r o m e t ry  m a x im u m  s a m p le  g a s  c o n s u m p 
t io n  is  o n ly  10%  d u r in g  a n a ly s is  (H a lla s  a n d  K ro u s e ,  1 9 8 3 ). T h e r e  a re  
tw o  d e p a r tu r e s  f ro m  c o n v e n tio n a l  d y n a m ic  m a s s  s p e c t r o m e t ry  w h ic h  
c a n  b e  u se d  to  a c h ie v e  n e a r - to t a l  g a s  c o n s u m p t io n  a n d  h e n c e , a llo w  
m e a s u r e m e n t  o f  s m a lle r  s a m p le s .

(a )  G a s  m ix in g  o r  i s o to p e  d i lu t io n .  M ix in g  th e  s a m p le  w i th  a  m e a -  
s u r e d  a m o u n t  o f  re fe re n c e  g a s  o f  k n o w n  is o to p ic  c o m p o s i t io n .

• T h is  m e th o d  h a s  b e e n  a p p l ie d  t o  c a r b o n  is o to p e  s tu d ie s  o f  m e 
te o r i te s  to  re v e a l la rg e  is o to p ic  e n r ic h m e n ts  in  ^^C ( S w a r t  e t  a l . ,  
1983) b u t  th e  e r r o r s  a re  la rg e ,  ±  10%o fo r  lOOng o f  c a r b o n ,  so  
th i s  m e th o d  c a n  o n ly  b e  a p p l ie d  to  s a m p le s  in  w h ic h  la rg e  iso 
to p ic  e n r ic h m e n ts  a re  a n t i c ip a te d .

(b )  S ta t i c  m a ss  s p e c t r o m e try .  S ta t i c  m a s s  s p e c t r o m e t ry  is  w id e ly  
u se d  in  is o to p e  r a t i o  d e te r m in a t io n s  o f  r a r e  g a se s . T h is  a p p r o a c h  
h a s  b e e n  u sed  su c c e ss fu lly  fo r o b ta in in g  is o to p e  m e a s u r e m e n ts  
on  a  few  n a n o g ra m s  o f  n i t r o g e n  (F r ic k  a n d  P e p in ,  1981; B o y d  e t  
a l .,  1987) a n d  c a rb o n  ( C a r r  e t  a l . ,  1 9 86 ). T h is  m e th o d  w ill p ro b -
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a b ly  b e  o f  n o  u se  fo r  s u lp h u r  is o to p ic  m e a s u r e m e n ts  u s in g  s u l
p h u r  d io x id e  b e c a u s e  o f  i t s  p o o r  d e s o rp t io n  c h a r a c te r i s t i c s  a n d  
d e g r a d a t io n  o n  th e  h o t  f i la m e n t.  I t  h a s  b e e n  fo u n d  t h a t  s u l
p h u r  h e x a f lu o r id e  h a s  so m e  f a v o u ra b le  c h a r a c te r i s t i c s  fo r  maiss 
s p e c t r o m e try  (e .g . n o  is o b a r ic  in te r fe re n c e s ,  b e t t e r  g a s  d e s o rp 
t io n  c h a r a c te r is t i c s  t h a n  s u lp h u r  d io x id e  a n d  th e  m a in  io n , S F ^ ,  
o c c u rs  in  a  re g io n  o f  th e  m a ss  s p e c t r u m  fre e  f ro m  in s t r u m e n ta l  
b a c k g r o u n d ) .  S u lp h u r  h e x a f lu o r id e  m a y  p ro v e  to  b e  a n  e x c e p 
t io n a l ly  w e ll-s u i te d  g a s  fo r  s t a t i c  m a s s  s p e c t r o m e t r y  a n d  i t  h a s  
th e  a d d e d  a d v a n ta g e  o f  e n a b lin g  a n d  v a lu e s  to  b e
d e te r m in e d  fo r  s a m p le s .

6 .2 .2  A p p lica tio n  to  m eteorites

S te p p e d  c o m b u s t io n  a n a ly s e s  o f  c a rb o n a c e o u s  c h o n d r i t e s ,  e n s t a t i t e  c h o n 
d r i te s  a n d  a u b r i t e s  h a s  su c c e ss fu lly  d e m o n s t r a te d  th e  p re s e n c e  o f  a  n u m b e r  
o f  s u lp h u r  c o m p o n e n ts .  F u r th e r  re s e a rc h  in v o lv in g  th e s e  a n d  o th e r  m e te o r i te  
ty p e s  w ill e n a b le  a  m o re  c o m p le te  p ic tu r e  o f  s u lp h u r  is o to p ic  a n d  a b u n d a n c e  
v a r ia t io n s  to  b e  a s se m b le d .

1. M e te o r i te  re s id u e s : M o s t  s te p p e d  c o m b u s t io n  a n a ly s e s  h a v e  b e e n  c a r r ie d -  
o u t  o n  p o w d e re d  b u lk  m e te o r i te  s a m p le s .  A  p r e l im in a r y  in v e s t ig a t io n  
o f  c h e m ic a l  re s id u e s  p r e p a re d  f ro m  M u rc h is o n  (C M 2 )  h a s  s h o w n  t h a t  
th e s e  m a te r ia ls  n e e d  to  b e  w e ll -c h a r a c te r is e d  b e fo re  a n y  f irm  c o n c lu 
s io n s  c a n  b e  d r a w n  f ro m  th e  r e s u l t s .  T h e  p r e p a r a t io n  o f  n e w  re s id u e s  
f ro m  b u lk  m e te o r i te s  u s in g  c o m b in a t io n s  o f  p h y s ic a l  a n d  c h e m ic a l 
te c h n iq u e s  c o u ld  b e  u n d e r ta k e n  to  p ro v id e  a  b e t t e r  u n d e r s ta n d in g  o f  
in te r n a l  s u lp h u r  is o to p e  v a r ia t io n s .  Id e a lly , to  e n a b le  u n a m b ig u o u s  
in t e r p r e t a t i o n ,  th e  a n a ly s is  o f  in d iv id u a l  o r  a  few  s e p a r a te d  g ra in s  
o f  s u lp h id e  o r  s u lp h a te  m in e ra ls  is  d e s ira b le .  H o w e v e r , m e te o r i te  
re s id u e s  p r e p a re d  b y  c h e m ic a l m e th o d s  c o u ld  b e  c h a r a c te r is e d  u s in g  
b o th  s te p p e d  c o m b u s t io n  a n d  p é t r o g r a p h ie  m e th o d s .

2 . C a rb o n a c e o u s  c h o n d r i te s :  O n ly  a  few  s a m p le s  f ro m  e a c h  c la s s  o f  c a r 
b o n a c e o u s  c h o n d r i te s  h a v e  b e e n  a n a ly s e d  b y  s te p p e d  c o m b u s t io n .  A s 
th e r e  is  a lw a y s  a  d a n g e r  o f  d r a w in g  c o n c lu s io n s  f ro m  a n a ly s e s  o f  a  
s t a t i s t i c a l ly  u n r e p r e s e n ta t iv e  s u i t e  o f  s a m p le s ,  f u tu r e  w o rk  s h o u ld  a t 
t e m p t  to  in c lu d e  m o re  s a m p le s  f ro m  e a c h  p e t ro lo g ic  ty p e .

S in c e  th e  r e la t iv e  a m o u n ts  o f  r e d u c e d  a n d  o x id is e d  s u lp h u r  in  e a c h  
s a m p le  se e m s  to  a c c u r a te ly  re f le c t th e  e x t e n t  o f  a q u e o u s  a l t e r a t io n ,  
a  c o m p le te  d a t a s e t  c o u ld  be  u sed  to  c o n s t r u c t  a  s c a le  o f  a q u e o u s  
a l t e r a t io n  e x te n d in g  f ro m  th e  C l  ( m o s t  a l te r e d )  to  th e  C 3  a n d  C 4  
c h o n d r i t e s  ( le a s t  a l te r e d ) .  I t  is p a r t i c u la r ly  i m p o r t a n t  to  e s ta b l is h  th e

184



n a t u r e  o f  th e  o x id is e d  s u lp h u r  c o m p o n e n t  in  C 3  c h o n d r i te s .  C o m b in e d  
p é t ro g r a p h ie  a n d  s te p p e d  c o m b u s t io n  s tu d ie s  o f  M o k o ia  (C V 3 ) , w h ic h  
is k n o w n  to  c o n ta in  s ig n i f ic a n t  q u a n t i t i e s  o f  s u lp h a te ,  c o u ld  h e lp  to  
a c h ie v e  th is  a n d  p ro v id e  e v id e n c e  fo r  a  g e n e tic  lin k  b e tw e e n  C M 2  a n d  

C V 3  c h o n d r i te s .

3 . E n s t a t i t e  m e te o r i te s .  S te p p e d  c o m b u s t io n  a n a ly s is  o f  e n s t a t i t e  m e te 
o r i te s  h a s  y ie ld e d  in f o r m a t io n  a b o u t  th e  tw o  d o m in a n t  s u lp h u r  m in 
e r a ls ,  t r o i l i t e  a n d  o ld h a m ite .  M a n y  o th e r  m in o r  s u lp h id e  m in e ra ls  
a r e  k n o w n  to  b e  p r e s e n t  in  th e s e  m e te o r i te s  in c lu d in g  a la b a n d i te ,  
n in in g e r i te ,  s p h a le r i te ,  d je r f is h e r i te  e tc .  ( C h a p t e r  5 ) . In  o r d e r  to  re 
v e a l th e  s u lp h u r  is o to p ic  a b u n d a n c e s  o f  th e s e  m in o r  c o m p o n e n ts  i t  w ill 
b e  n e c e s s a ry  to  e i th e r ,  re m o v e  th e m  f ro m  th e  m e te o r i te  b y  s e le c tiv e  
p h y s ic a l  a n d / o r  c h e m ic a l  s e p a r a t io n  m e th o d s ,  o r  re m o v e  th e  tw o  d o m 
in a n t  m in e r a ls  t r o i l i t e  a n d  o ld h a m ite .  I f  th e  l a t t e r  c o u rse  is  p u r s u e d ,  
th e n  th e  d i s t r ib u t io n  o f  s u lp h u r  in  th e  m in o r  c o m p o n e n ts  c a n  b e  re 
v e a le d  b y  s te p p e d  c o m b u s t io n  o f  th e  m a te r i a l  r e m a in in g  a f te r  t r o i l i t e  
a n d  o ld h a m ite  h a v e  b e e n  re m o v e d .

4 . O th e r  m e te o r i te  g ro u p s .

(a )  O rd in a r y  c h o n d r i te s :  T h e  o r d in a r y  c h o n d r i te s  a re  th e  la rg e s t  
m e te o r i te  g ro u p  b u t  h a v e  b e e n  m o s t ly  n e g le c te d  in  s u lp h u r  iso 
to p e  s tu d ie s .  U e d a  e t  a l. (1 9 8 6 ) h a v e  c h e m ic a l ly  e x t r a c te d  s u l
p h id e  ( t r o i l i te )  a n d  s u lp h a te  s u lp h u r  f ro m  th r e e  ty p e  6  c h o n d r i te s  
(P e a c e  R iv e r ,  B r u d e r h e im  a n d  V u lc a n ) .  T h e  s u lp h a te  in  e a c h  o f  
th e s e  m e te o r i te s  w a s  fo u n d  to  b e  e n r ic h e d  in  (6^^S =  + 1 .9  to  
+3.07oo) r e la t iv e  to  th e  s u lp h id e  (5^^S  =  —1.0  to  —0.2% o).

(b )  I ro n  m e te o r i te s .  S u lp h u r  in  i ro n  m e te o r i te s  is  c o n c e n t r a te d  m a in ly  
in  t r o i l i te - r ic h  n o d u le s  m a k in g  i t  a  r e la t iv e ly  s im p le  ta s k  to  s e p 
a r a t e  th e m  f ro m  th e  m e ta l  p h a s e .  A  s tu d y  is  c u r r e n t ly  b e in g  
u n d e r ta k e n  ( in  c o l la b o r a t io n  w i th  D r  J .  A rd e n )  to  m e a s u r e  th e

v a lu e  o f  th e  s u lp h id e  a n d  o f  a s s o c ia te d  c a r b id e  f ro m
w e ll -c h a ra c te r is e d  f r a c t io n s  o f  t h e  T o lu c a  a n d  C a p e  Y o rk  iro n  m e 
te o r i te s .  T h e s e  m e a s u r e m e n ts  m a y  g iv e  c lu e s  a s  to  th e  h is to ry  o f  
th e  s u lp h id e  in  th e s e  tw o  ty p e s  o f  iro n s .

(c ) A c h o n d r i te s .  T h e  s u lp h u r  c o n te n t s  o f  a c h o n d r i t ic  m e te o r i te s  a re  
v e ry  lo w  a n d  a s  su c h  o n ly  a  s in g le  s a m p le  ( N o r to n  C o u n ty )  h a s  
b e e n  a n a ly s e d  fo r  i t s  s u lp h u r  is o to p ic  c o m p o s i t io n .  N e v e r th e le s s ,  
so m e  s a m p le s  a re  a p p e a l in g  fo r  s tu d y .
T h e  S N C  m e te o r i te s  r e p u te d ly  c o n ta in  m a r t i a n  w e a th e r in g  p r o d 
u c ts .  C a r r  e t  a l. (1 9 8 5 ) fo u n d  e v id e n c e  fo r  c a r b o n a te  in  N a k h la  
a n d  G o o d in g  a n d  M u e n o w  (1 9 8 6 ) fo u n d  o x id is e d  s u lp h u r  a n d
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F i g u r e  6 .1  S u lp h u r  re le a s e d  (— ) u p o n  s te p p e d  c o m b u s t io n  o f  tw o  u r e i l i t e s .

s u lp h u r - r ic h  a lu m in o s i l ic a te s  in  s h e r g o t t i t e  E le p h a n t  M o ra in e  A 7 9 0 0 1 . 
S te p p e d  c o m b u s t io n  a n a ly s is  e n a b le s  th e  s u lp h u r  f ro m  m o s t  s u l
p h id e s  a n d  s u lp h a te s  to  b e  d is t in g u is h e d  o n  th e  b a s is  o f  c o m b u s 
t io n  t e m p e r a tu r e  a n d  m a y  b e  a  u se fu l te c h n iq u e  fo r  q u a n t i f y in g  
a n d  o b ta in in g  is o to p ic  m e a s u r e m e n ts  o f  su c h  s u lp h u r  m in e r a ls  o f  
S N C  m e te o r i te s .

F ig u re  6 .1  sh o w s  th e  s u lp h u r  r e le a s e  p ro file s  o b ta in e d  fo r  tw o  
u r e i l i te s  A lla n  H ills  A 7 7 2 5 7  a n d  D y a lp u r .  B o th  p ro file s  g iv e  ev 
id e n c e  fo r  th r e e  s u lp h u r  c o m p o n e n ts ,  a  lo w  t e m p e r a t u r e  re le a s e  
o c c u r r in g  b e tw e e n  100 a n d  3 0 0 °C , a  m a in  re le a s e  b e tw e e n  4 0 0  
a n d  8 0 0 °C  a n d  a  h ig h  t e m p e r a tu r e  o n e  b e tw e e n  9 0 0  a n d  1 2 0 0 °C . 
T e n ta t iv e ly ,  th e s e  th r e e  re le a se s  m a y  b e  a t t r i b u t e d ,  in  o r d e r  o f  
in c re a s in g  t e m p e r a tu r e ,  to :

•  E le m e n ta l  s u lp h u r .

•  A  s u lp h id e  (p ro b a b ly  t r o i l i t e ) .

•  A  sulphate or possibly o ldham ite.

Ramdohr (1973) found oldham ite in veins in Havero as well as 
indications of daubreelite in solid-solution with troilite. Wacker
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(1 9 8 6 ) h a s  r e la te d  th e  n o b le  g a s -b e a r in g  c a r b o n  o f  u r e i l i te s  to  
e n s t a t i t e  c h o n d r i t e s  a n d  c o n s id e re d  t h a t  th is  m a te r ia l  m a y  h a v e  
fo rm e d  in  a  s im i la r  re g io n  o f  th e  n e b u la  a s  th e  e n s t a t i t e  c h o n 
d r i te s  w h ic h  w a s  s e p a r a te  f ro m  t h a t  o f  th e  r e s t  o f  th e  m e te o r i te .  
S ig n if ic a n tly , th e  p ro file s  sh o w n  in  F ig u re  6 .1  a re  s im ila r  to  m a n y  
o f  th o s e  o b ta in e d  f ro m  e n s t a t i t e  c h o n d r i te s .  T h is  p r e l im in a r y  in 
v e s t ig a t io n  o f  s u lp h u r  in  u re i l i te s  sh o w s  t h a t  s te p p e d  c o m b u s t io n  

-has th e  p o te n t i a l  to  p ro v id e  v a lu a b le  in f o rm a t io n  a b o u t  th e  fo r
m a t io n  a n d  e v o lu t io n  o f  m e te o r i te s ,  e v e n  in  g ro u p s  t h a t  c o n ta in  
o n ly  t r a c e  q u a n t i t i e s  o f  s u lp h u r .

T h is  th e s is  h a s  d e ta i l e d  e f fo r ts  m a d e  to  m e a s u re  th e  a b u n d a n c e  a n d  
is o to p ic  c o n s t i tu t io n  o f  s u lp h u r  in  m e te o r i te s  u s in g  a  s te p p e d  c o m b u s t io n  
te c h n iq u e .  S in ce  s u lp h u r  d a t a  fo r  m a te r ia ls  n o t  p re v io u s ly  in v e s t ig a te d ,  c a n  
b e  o b ta in e d  b y  th i s  m e th o d ,  i t  h a s  m a n y  p o te n t i a l  a p p l ic a t io n s  in  d is c ip lin e s  
o u ts id e  th e  s p h e re  o f  m e te o r i t ic s .
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A p p e n d ix  A

T h e  a p p lic a t io n  o f  su lp h u r  h e x a flu o r id e  
for  su lp h u r  is o to p e  a n a ly s is

A . l  B ack grou n d

S u lp h u r  is o to p ic  f r a c t io n a t io n  b y  o rd in a r y  c h e m ic a l  r e a c t io n s  a n d  p h y s ic a l  
t r a n s p o r t  p ro c e s se s  (e .g . d if fu s io n )  a re  c o n tro l le d  b y  th e  r e la t io n s h ip s  (H u l
s to n  a n d  T h o d e ,  1 9 6 5 a ):

=  1.89X(^34g

T h e s e  tw o  e q u a t io n s  h o ld  fo r  6^^S v a lu e s  o f  <1507oo (H u ls to n  a n d  T h o d e ,  
1 9 6 5 a ) , w h ic h  e n c o m p a sse s  th e  r a n g e  fo r  t e r r e s t r i a l  s a m p le s  (N ie lse n  1979)! 
T h e re fo re ,  m e a s u r e m e n t  o f  v a r ia t io n s  in  th e  a b u n d a n c e s  o f  th e  m in o r  iso - 
to p e s  o f  s u lp h u r  ( S ^ S a n d  in  g eo lo g ic a l s a m p le s  is  o f  l im i te d  v a lu e  to  
g e o c h e m is ts .  H o w e v e r , th e re  is  u n e q u iv o c a l e v id e n c e  t h a t  so m e  e x t r a t e r r e s 
t r i a l  s a m p le s  c o n ta in  sm a ll  q u a n t i t i e s  o f  c e r ta in  e le m e n ts  w i th  a n o m a lo u s  
is o to p ic  c o m p o s i t io n s ,  th e s e  e le m e n ts  in c lu d e : o x y g e n  (C la y to n  e t  a l ,  1973- 
C la y to n  e t  a l ,  1977 ; C la y to n  a n d  M a y e d a , 1 9 7 7 a ,b ) ,  m a g n e s iu m  (L e e  a n d  
P a p a n a s ta s s io u  1974; L ee e t  a l . ,  1 9 7 6 ), c a lc iu m  (L e e  e t  a l . ,  1978; L ee  e t  a l . ,  
1979} a n d  t i t a n iu m  (H e y d e g g e r  e t  a l . ,  1979; N ie d e re r  e t  a l . ,  1 9 80 ) a m o n g  
o th e r s .  I s o to p ic  a n o m a lie s  o f  th i s  ty p e  a re  c u r r e n t ly  th o u g h t  to  b e  d u e  to  
in h o m o g e n e i t ie s  p r e s e n t  in  th e  s o la r  n e b u la  p r io r  to  c o n d e n s a t io n .  A n  o b 
je c t i v e  a p p r o a c h  to  th e  s tu d y  o f  s u lp h u r  in  m e te o r i te s  m u s t  th e re fo re  in c lu d e  
th e  n o t io n  t h a t  th e  e ffec ts  o f  n u c le a r  p ro c e s se s  (e .g . n u c le o s y n th e s is  in  s t a r s ,  
p h o to c h e m is t r y ,  p la s m a  r e a c t io n s ,  s p a l la t io n  e tc .)  a r e  p o s s ib le  a n d  r e la t iv e  
e n r ic h m e n ts  in  o n e  o r  m o re  o f  th e  s u lp h u r  is o to p e s  m a y  b e  e x p e c te d  ( C la y 
to n  a n d  R a m a d u r a i ,  1977 ). I t  w a s  sh o w n  b y  H u ls to n  a n d  T h o d e  (1 9 6 5 a )  
t h a t  d a t a  fo r s e p a r a te d  s u lp h u r - b e a r in g  m in e ra ls  f ro m  a  n u m b e r  o f  m e te 
o r i te s ,  fa ll o n  th e  m a s s - d e p e n d e n t  f r a c t io n a t io n  lin e  fo r  p lo ts  o f^ ^ S g  ^34g
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a n d  v s . s u g g e s tin g  t h a t  th e  e a r ly  s o la r  n e b u la  m a y  h a v e  h a d  a
u n ifo rm  s u lp h u r  is o to p ic  c o m p o s it io n .

T h e  r e la t iv e  a b u n d a n c e s  o f  th e  th r e e  is o to p e s  o f  o x y g e n  h a s  p ro v e d  to  b e  
p a r t i c u la r ly  u se fu l fo r u n ra v e l l in g  g e n e tic  r e la t io n s h ip s  b e tw e e n  d if fe re n t  m e 
te o r i te  g ro u p s .  M e te o r i te s  d e r iv e d  f ro m  a n  in i t i a l  o x y g e n  is o to p ic  re s e rv o ir  
w ill fa ll o n  a  s t r a i g h t  lin e  o n  a  g ra p h  o f  v s . T h e  p o s i t io n  o f  th is
lin e  is  d e p e n d a n t  o n  th e  o r ig in a l  a b u n d a n c e  o f  a n d  d if fe re n t m e te o r i te  
g ro u p s  h a v e  b e e n  s h o w n  to  h a v e  a  v a r ia b le  in i t ia l  a m o u n t  o f  C la y to n  
a n d  M a y e d a  (1 9 7 8 ) h a v e  s h o w n  t h a t  th e r e  is  a n  a s s o c ia t io n  b e tw e e n  lA B  
iro n s  a n d  e n s t a t i t e  c h o n d r i te s  u s in g  r e s u l t s  f ro m  o x y g e n  is o to p e  a n a ly s e s  o f  
s i l ic a te  in c lu s io n s . R e -e x a m in a t io n  o f  th e  s u lp h u r  i s o to p ic  c o m p o s i t io n s  o f  
a ll th e  m e te o r i te  c la sse s  u s in g  th r e e  is o to p e  p lo ts  is  d e s ir a b le  so  t h a t  a  c o m 
p a r a b le  f ra m e w o rk  o f  m e te o r i te  c la s s if ic a t io n  c a n  b e  c o n s t r u c te d .  S u lp h u r  
is o to p e  d a t a  p ro v id e  a n  e s p e c ia lly  p ro m is in g  a p p r o a c h  to  ta c k l in g  th e  p r o b 
le m  o f  r e la t io n s h ip s  b e tw e e n  iro n  a n d  s to n y  m e te o r i te s .  S il ic a te s  a r e  r a r e  o r  
a b s e n t  f ro m  m o s t  iro n  m e te o r i te s  ( p a r t ic u la r ly  m e m b e r s  o f  th e  g ro u p s  I I , I II  
a n d  IV ) , in  c o n t r a s t ,  t r o i l i t e  is  u s u a lly  c o m m o n  (B u c h w a ld ,  1 9 7 5 ).

S o m e  e x p e r im e n ts  a re  d e s c r ib e d  h e re in  w h ic h  w e re  p e r fo rm e d  a s  p r e l im 
in a ry  to  th e  in v e s t ig a t io n  o f  s u lp h u r  is o to p e s  in  m e te o r i te s  u s in g  s u lp h u r  
h e x a f iu o r id e  g a s , a  sp e c ie s  w h ic h  a llo w s  m e a s u r e m e n t  o f  ^^S, ^^S, ^^S a n d  
3Gg. A l th o u g h  s u lp h u r  d io x id e  is  u se d  c o n v e n tio n a l ly  fo r  s u lp h u r  is o to p e  
m e a s u r e m e n ts ,  s u lp h u r  h e x a f iu o r id e  h a s  c e r ta in  a d v a n ta g e s .  T h e  m o s t  im 
p o r t a n t  o f  th e s e  is  t h a t  f iu o rin e  is m o n o is o to p ic  a n d  th e r e  a re  n o  is o b a r ic  
in te r fe re n c e s ,  a s  th e r e  a re  f ro m  o x y g e n  in  s u lp h u r  d io x id e . C o n s e q u e n t ly  i t  
is  p o s s ib le  to  d e te r m in e  a ll th r e e  is o to p e  r a t i o s  o f  s u lp h u r  (^^S /^^S , 
a n d  ^® S/^^S). T h e  d is a d v a n ta g e  is  t h a t  th e  p r e p a r a t io n  o f  s u lp h u r  h e x a f iu 
o r id e  is  in v a r ia b ly  m o re  d if f ic u lt  a n d  p o te n t ia l ly  h a z a r d o u s ,  in v o lv in g  th e  
u se  o f  h ig h ly  to x ic  a n d  v e ry  r e a c t iv e  f iu o r in e -c o n ta in in g  a g e n ts .  D u r in g  th e  
c o u rs e  o f  th i s  s tu d y ,  e x p e r im e n ts  w e re  u n d e r ta k e n  in  a n  a t t e m p t  t o  s y n th e 
s ise  s u lp h u r  h e x a f iu o r id e  g a s  f ro m  c e r ta in  s u lp h u r - b e a r in g  s a m p le s  u s in g :

1. C h lo r in e  t r i f iu o r id e  g as .

2 . F li io r in e  g a s  g e n e ra te d  b y  d is s o c ia t io n  o f  tw o  so lid  m e ta l  f iu o rid e s  
(g o ld  t r i f iu o r id e  a n d  c o b a l t  t r if iu o r id e ) .

M o s t  im p o r ta n t ly ,  e x p e r im e n ts  w ere  c a r r ie d  o u t  to  t r y  a n d  f iu o r in a te  s u lp h u r  
d io x id e  g a s  d ir e c t ly ,  in  a n  a t t e m p t  to  p r o d u c e  s u lp h u r  h e x a f iu o r id e  f ro m  
s u lp h u r  d io x id e  s a m p le s  fo rm e d  d u r in g  s te p p e d  c o m b u s t io n  o f  g e o lo g ic a l 
s a m p le s  to  p ro v id e  c o m p a t ib i l i ty  w i th  th e  s tu d ie s  d is c u s s e d  in  th e  m a in  
b o d y  o f  th i s  th e s is .

T o  f a c i l i t a te  s im u lta n e o u s  m e a s u r e m e n t  o f  th e  th r e e  is o to p e  r a t io s ,
a n d  s u b s t a n t i a l  m o d if ic a tio n  o f  a  V .G . M ic ro m a s s  6 0 2 E

m a s s  s p e c t r o m e te r  w as  n e c e s sa ry  (S e c tio n  2 .1 .1 ). T h e  m o s t  im p o r t a n t  o f
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th e  c h a n g e s  w a s  th e  in c lu s io n  o f  an  e le c t ro m a g n e t  fo r  h ig h  m a s s  r e s o lu t io n  
a n d  u se  o f  fo u r  F a r a d a y  b u c k e ts  fo r c o l le c tio n  o f  io n  b e a m s  a t  m / z  127 , 128, 

129 a n d  131 (S e c tio n  A .3 ) .

A .2 P re v io u s  ex p er im en ta l w ork

T h e  f irs t  s u lp h u r  is o to p e  a n a ly s is  u s in g  s u lp h u r  h e x a f iu o r id e  w a s  a p p a r e n t ly  
u n d e r ta k e n  b y  H o e r in g  (1 9 6 2 ) , q u o te d  in  H u ls to n  a n d  T h o d e  (1 9 6 5 a ) . T h e  
g a s  w a s  s y n th e s is e d  b y  r e a c t io n  o f s u lp h id e s  w i th  b ro m in e  t r i f iu o r id e  a n d  
p u r if ie d  b y  g a s  c h r o m a to g r a p h y .  H u ls to n  a n d  T h o d e  (1 9 6 5 a )  fo rm e d  s u lp h u r  
h e x a f iu o r id e  b y  r e a c t io n  o f  s i lv e r  s u lp h id e  a n d  f iu o r in e  g a s . Y ie ld s  o f  u p  to  
75%  w e re  a c h ie v e d  b y  th i s  m e th o d ,  b u t  n e g lig ib le  is o to p ic  f r a c t io n a t io n  w a s  
in c u r r e d .  P u c h e l t  e t  a l. (1 9 7 1 ) r e a c te d  b r o m in e  t r i f iu o r id e  w i th  s e p a r a te d  
s u lp h id e s  ( P b S ,  C d S , H gS  e tc .)  in  a  s e a le d  m e ta l  v esse l a t  2 0 0 °C  o v e r n ig h t  
to  fo rm  s u lp h u r  h e x a f iu o r id e . T h e  r e a c t io n  p r o d u c t s  w e re  p a s s e d  th r o u g h  
m e ta l  s c r u b b in g  t r a p s  filled  w i th  s o d iu m  h y d r o x id e  p e l le ts  to  re m o v e  a n y  
a c id  c o n s t i tu e n t s  (H F , H B r)  a n d  b ro m in e .  F in a l  p u r if ic a t io n  w a s  c a r r ie d  
o u t  b y  g a s  c h r o m a to g r a p h y .  S o m e  s u lp h id e  m in e r a ls  g a v e  low  y ie ld s  u s in g  
th i s  m e th o d ,  e s p e c ia lly  p y r r h o t i t e  a n d  t r o i l i t e ,  a n d  i t  w a s  th u s  c o n s id e re d  
n e c e s sa ry  to  c o n v e r t  th e s e  tw o  m in e ra ls  to  c a d m iu m  s u lp h id e  p r io r  to  fiuo - 
r in a t io n .  T h o d e  a n d  R ees (1 9 7 1 ) r e p o r t  th e  u se  o f  b r o m in e  p e n ta f iu o r id e  to  
f iu o r in a te  s i lv e r  s u lp h id e  s a m p le s  p r e p a r e d  f ro m  s e p a r a te d  s u lp h u r - b e a r in g  
m in e ra ls .  D u r in g  th e s e  e x p e r im e n ts  a  tw e n ty  m o la r  ex c ess  o f  b r o m in e  t r i f iu 
o r id e  w a s  u se d  fo r  16 h o u r s  a t  300®C. A  c ry o g e n ic  p u r if ic a t io n  w a s  fo llo w e d  
b y  s e p a r a t i o n  o f  th e  p r o d u c ts  b y  g a s  c h r o m a to g r a p h y .

In  a  s e r ie s  o f  p u b l ic a t io n s ,  Y u g o s la v ia n  s c ie n t i s t s  (L e sk o v se k  e t  a l . ,  1 9 6 9 a ,b ; 
L esk o v âek  e t  a l . ,  1974; P e z d iô  a n d  S liv n ik , 1970) in v e s t ig a te d  th e  r e a c t io n s  o f  
f iu o r in e  g a s  w i th  a  n u m b e r  o f  d if fe re n t s u lp h id e s  u n d e r  v a r io u s  e x p e r im e n ta l  
c o n d i t io n s .  U s in g  18 to  22 a t m  o f  f iu o r in e  g a s  a t  — 1 9 6 °C , s u lp h id e s  c o u ld  
b e  q u a n t i t a t i v e ly  c o n v e r te d  to  s u lp h u r  h e x a f iu o r id e  in  tw e n ty  m in u te s .  T h e  
r e a c t io n .b e tw e e n  m e ta l  s u lp h id e s  a n d  f iu o r in e  is  e x o th e r m ic  so  th e  a c tu a l  re 
a c t io n  t e m p e r a t u r e  w a s  e s t im a te d  to  b e  a b o u t  2 0 ° C . U s in g  th e s e  c o n d i t io n s  
y ie ld s  o f  9 5 %  ( ±  2% ) w e re  o b ta in e d  f ro m  m o s t  o f  th e  s u lp h id e s  s tu d ie d .  
A f te r  e x c e s s  f iu o r in e  w a s  re m o v e d , th e  g a s e o u s  p r o d u c ts  w e re  c le a n e d  o f  a n y  
a c id ic  c o n s t i tu e n t s  u s in g  s o d iu m  h y d ro x id e .  Y ie ld s  o f  le ss  t h a n  9 5 %  w e re  
fo u n d  to  b e  a c c o m p a n ie d  b y  a p p re c ia b le  i s o to p ic  f r a c t io n a t io n  (L e sk o v se k  e t  
a l . ,  1974 ) w h ic h  is  in  c o n t r a s t  to  th e  r e s u l t s  o f  H u ls to n  a n d  T h o d e  (1 9 6 5 a ) .
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S F s
m/z 127

SF3 
m/z 89

S F ,
m/z 108

S F 2 
m/z 70

F i g u r e  A . l  T h e  m a s s  s p e c t r u m  o f  s u lp h u r  h e x a f lu o r id e .

A .3  M ass sp ec tr o m e tr y

I s o to p ic  m e a s u r e m e n ts  o f  s u lp h u r  h e x a f lu o r id e  g a s  w e re  m a d e  b y  c o n v e n 
t io n a l  d y n a m ic  m a s s  s p e c t r o m e t r y  u s in g  th e  m o d if ie d  V . G . M ic ro m a s s  6 0 2 E  
in s t r u m e n t  d e s c r ib e d  in  S e c t io n  2 .1 . T h is  m a s s  s p e c t r o m e te r  h a s  fo u r  f ix ed  
c o l le c to rs  p o s i t io n e d  su c h  t h a t  a ll fo u r  i s o to p ic  s p e c ie s  f ro m  th e  S F ^  io n  c a n  
b e  c o l le c te d  a t  m / z  127 , 128 , 129 a n d  131. A p a r t  f ro m  S F ^ ,  o th e r  f r a g m e n t  
io n s  o f  s u lp h u r  h e x a f iu o r id e  a re  p ro d u c e d  in  th e  io n iz a t io n  s o u rc e  o f  th e  
m a s s  s p e c t r o m e te r .  T h e s e  io n s  ( S F j ,  S F j ,  S F j  a n d  S F + )  w e re  n o t  u se d  fo r  
i s o to p ic  m e a s u r e m e n ts  b e c a u s e :

1. T h e y  a re  n o t  p ro d u c e d  a s  e ff ic ien tly  a s  S F ^ .

2 . T h e y  o c c u r  a t  m a s s e s  s im ila r  to  th o s e  o f  lik e ly  c o n ta m in a n t s  (e .g . 
s il ic o n  te t r a f iu o r id e ) .

T h e  m a ss  s p e c t r u m  o f  s u lp h u r  h e x a f iu o r id e  is sh o w n  in F ig u re  A . l  f ro m  
w h ic h  i t  c a n  b e  se en  t h a t  S F f  is th e  d o m in a n t  sp e c ie s  p ro d u c e d  in  th e  ion  
s o u rc e  o f  th e  m a ss  s p e c t r o m e te r .  T h e  ion  s o u rc e  o p e r a t in g  p a r a m e te r s  fo r
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H a lf -p la te  v o lta g e + 7  V
Io n  re p e l lo r  v o lta g e -7  V
E le c tro n  e n e rg y 65  eV
T ra p  c u r r e n t 2 0 0 //A
M a g n e t  c u r r e n t 3 .5  A
A c c e le ra t in g  v o lta g e
( m /z  127) 1 .9  KV_

T a b l e  A . l  Io n  s o u rc e  o p e r a t in g  p a r a m e te r s  fo r  s u lp h u r  h e x a f lu o r id e .

P a r a m e t e r S F e S O 2
M a ss  sp e c . te m p .  (°C )  
Io n ic  sp e c ie s  a n a ly s e d  
M a sse s  ( m /z )
N o . c o l le c to rs  
6 -m e a s u re m e n ts  
A n a ly s is  t im e  
M in im u m  s a m p le  
s ize  ( //g  s u lp h u r )

21
S F +
127, 128 , 129 , 131 
4
633g, 634g, 636g 

« 1 0  m in s  
0 .5

110
s o + , s o +
6 6 , 6 4 , 50 , 48  
2

« 2 0  m in s  
1

T a b l e  A . 2  A  c o m p a r is o n  o f  s u lp h u r  d io x id e  a n d  s u lp h u r  h e x a f lu o r id e  m a s s  
s p e c t r o m e tr i c  a n a ly s e s .

s u lp h u r  h e x a f lu o r id e  a n a ly s is  a r e  g iv e n  in  T a b le  A . l  a n d  th e  m a s s  s p e c 
t r o m e te r  o p e r a t in g  c o n d i t io n s  fo r  s u lp h u r  d io x id e  a n d  s u lp h u r  h e x a f lu o r id e  
m e a s u r e m e n t  a r e  c o m p a re d  in  T a b le  A .2.

F o r  a  n u m b e r  o f  r e a s o n s  th e  is o to p ic  a n a ly s is  o f  s u lp h u r  h e x a f lu o r id e  
is  c o n s id e ra b ly  m o re  s t r a ig h t f o r w a r d  a n d  le ss  t im e -c o n s u m in g  t h a n  t h a t  o f  
s u lp h u rA lio x id e .  A s  a l r e a d y  s t a t e d ,  f lu o r in e  is  m o n o is o to p ic ,  th e re fo r e  n o  
is o b a r ic  c o r r e c t io n s  n e e d  b e  a p p l ie d  to  th e  r a w  m a s s  s p e c t r o m e t r i c  d a t a  
o b ta in e d  f ro m  s u lp h u r  h e x a f lu o r id e , th i s  in  t u r n  le a d s  to  in c re a s e d  p re c is io n  
o f  th e  is o to p ic  m e a s u r e m e n ts  c o m p a re d  to  th o s e  d e te r m in e d  u s in g  s u lp h u r  
d io x id e .  I t  is  n o t  n e c e s sa ry  to  h e a t  th e  m a s s  s p e c t r o m e te r  a s  th e  b e h a v io u r  
o f  s u lp h u r  h e x a f lu o r id e  in  th e  in s t r u m e n t  is s im i la r  to  t h a t  o f  c a r b o n  d io x id e  
a n d  a rg o n  (S e c tio n  2 .1 .2 ) . F u r th e r m o r e  d u r in g  s u lp h u r  h e x a f lu o r id e  a n a ly s is  
o n ly  th e  S F ^  sp e c ie s  is c o n s id e re d , th u s  th e re  is a  s ig n i f ic a n t r e d u c t io n  
in  a n a ly s is  t im e  o v e r  s u lp h u r  d io x id e  fo r w h ic h  th e  8 0 +  f r a g m e n t  is a lso  
a n a ly s e d .
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F i g u r e  A . 2  Z e ro  e n r ic h m e n t  te s t s  fo r u s in g  d if fe re n t s a m p le  s izes .

T h e  m e a s u r e m e n t  p ro c e d u re  a d o p te d  fo r  s u lp h u r  h e x a f lu o r id e  is  s im ila r  
to  t h a t  d e s c r ib e d  fo r  s u lp h u r  d io x id e  in  S e c t io n  2 .1 .4 . S ix  re fe re n c e / s a m p le  
c o m p a r is o n s  a re  m a d e , d u r in g  e a c h  a  t o t a l  o f  4 0 0  r a t i o  m e a s u r e m e n ts  a re  
o b ta in e d  fo r  th e  th r e e  r a t io s ;  1 2 8 /1 2 7 , 1 2 9 /1 2 7  a n d  1 3 1 /1 2 7 . T h e s e  a re  p lo t 
te d  in  r e a l - t im e  o n  a  c o m p u te r  V D U  sc re e n  a s  6 1 2 8 , 6129  a n d  6131  v a lu e s . 
M e a n  v a lu e s  o f  th e  4 0 0  r a t i o  m e a s u re m e n ts  a re  c a lc u la te d  fo r  e a c h  re fe r 
e n c e / s a m p le  c o m p a r is o n  a n d  th e  6 -v a lu e s  a re  d e r iv e d  d ir e c t ly  f ro m  th e s e . 
T h e  s t a n d a r d  e r r o rs  fo r  th e  6 -v a lu e s  so  o b ta in e d  a re  ±  0.7%o, ±  0.1%o a n d  
±  3%o fo r  6^^S, 6^"*S a n d  6^®S re s p e c tiv e ly . T h e s e  e r ro r s  a re  a  re f le c tio n  o f  
th e  r e la t iv e  a b u n d a n c e s  o f  th e  s ta b le  is o to p e s  a n d  a r e  g r e a te s t  fo r  th e  le a s t  
a b u n d a n t  is o to p e . T h e  r e la t iv e  a b u n d a n c e s  a re  a s  fo llo w s (A u l t  a n d  J e n s e n , 
19 6 2 ):

32s =  94.941%  
33s =  0.769%
34s =  4 .2 7 3 %
36g =  0.017%

T h e  r e s u l t s  o f  63®S m e a s u r e m e n ts  fo r  su c c e s s iv e  ze ro  e n r ic h m e n ts  o f  s u lp h u r  
h e x a f lu o r id e  re fe re n c e  g a s  a r e  s h o w n  g ra p h ic a l ly  in  F ig u re  A .2 . T h e  e r r o r  
in  th e  m e a s u r e m e n t  o f  th e  63®S v a lu e s  is  to o  la rg e  to  b e  u se fu l a t  m a jo r  io n  
b e a m  in te n s i t ie s  b e lo w  2 x 1 0 “ ® a m p s , b u t  p re c is io n  im p ro v e s  s u b s t a n t i a l ly  
w i th  la rg e r  s a m p le s .

T h e  m in im u m  s a m p le  s iz e  o f  s u lp h u r  h e x a f lu o r id e  m e a s u r a b le  in  th e  m a s s  
s p e c t r o m e te r  is e q u iv a le n t  to  0 .5 ^ g  o f  s u lp h u r  w h ic h  is a n  im p ro v e m e n t  o n  
t h a t  u s in g  s u lp h u r  d io x id e  (w h e re  a  f a c to r  o f  tw o  m o re  w a s  r e q u ir e d ) .  T h e  
n o rm a l  w o rk in g  p r e s s u r e  o f  s u lp h u r  h e x a f lu o r id e  in  th e  io n  s o u rc e  is 2 x  lO"® 
m b  w h ic h  g iv e s  a  m a jo r  io n  b e a m  in te n s i ty  ( m /z  127) o f  4 x 1 0 “  ̂ a m p .

A  c y l in d e r  o f  s u lp h u r  h e x a f lu o r id e  g a s  (B D H  C h e m ic a ls  L td ,  P o o le , E n g 
la n d )  w a s  o b ta in e d  fo r u se  a s  a  l a b o ra to r y  is o to p ic  re fe re n c e  g as . T h e  iso 
to p ic  c o m p o s i t io n  o f  th is  g a s  w a s  c a l ib r a te d  r e la t iv e  to  C D T  by  u s in g  th e  
r e s u l t s  d e s c r ib e d  in  A .4.1 a n d  h a s  a  63^8 v a lu e  o f  +4.27oo.
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A .4 P rep a r a tio n  o f  su lp hu r h exafluorid e  

A .4 .1  C hlorine triflu oride

In  o r d e r  to  a s se ss  th e  p o s s ib i l i ty  o f  p ro d u c in g  s u lp h u r  h e x a f lu o r id e  f ro m  s u l
p h id e s  u s in g  c h lo r in e  t r i f lu o r id e ,  e x p e r im e n ts  w e re  p e r fo rm e d  u s in g  a  s e m i
a u t o m a t ic  s y s te m  d e v e lo p e d  o r ig in a lly  fo r  th e  p u rp o s e  o f  e x t r a c t in g  o x y g e n  
f ro m  s i l ic a te s  fo r  is o to p ic  a n a ly s is  ( b u i l t  b y  D r  D .P . M a t te y  a n d  M r  S .J .  
P ro s s e r ) .  T h e  m e ta l  p a r t  o f  th e  e x t r a c t io n  lin e  is  sh o w n  in  F ig u re  A .3  a n d  
r e q u ir e d  o n ly  m in o r  m o d if ic a tio n  fo r  s u lp h u r  h e x a f lu o r id e  p r o d u c t io n .  T h e  
r e a c t io n  v esse l is m a d e  o f  a  so lid  b a r  o f  n ic k e l w h ic h  w a s  d r i l le d  o u t  to  g iv e  
a n  in te r n a l  v o lu m e  o f  a b o u t  33 cm ^. P r io r  to  u se  s e v e ra l  a l iq u o ts  o f  c h lo 
r in e  t r i f lu o r id e  w e re  r e a c te d  w i th  th e  in te r io r  w a lls  o f  th e  r e a c to r  a t  5 5 0 °C  
fo r  8 h o u r s .  T h is  o p e r a t io n  w a s  r e p e a te d  s e v e ra l  t im e s  to  re m o v e  c o n ta m 
in a n t s  in t r o d u c e d  d u r in g  d r i l l in g  a n d  to  fo rm  a  p r o te c t iv e  la y e r  o f  n ic k e l 
d if lu o r id e  o n  th e  in te r io r  s u r fa c e s  o f  th e  v esse l (D r  D .P . M a t te y ,  p e r s o n a l  
c o m m u n ic a t io n ) .  T h e  n ic k e l d if lu o r id e  c o a t in g  p r e v e n ts  f u r th e r  r e a c t io n  b e 
tw e e n  n ic k e l a n d  c h lo r in e  t r i f lu o r id e  a n d  a v o id s  th e  u n w a n te d  d e p le t io n  o f  
c h lo r in e  t r i f lu o r id e  d u r in g  r e a c t io n  w i th  s a m p le s .  I f  th e  N i- re a c to r  is n o t  
p r o p e r ly  c o n d i t io n e d  in  th is  w a y  i t  weis fo u n d  to  g iv e  a  low  y ie ld  o f  g a s  
w h e n  e x t r a c t in g  o x y g e n  f ro m  s il ic a te s .

P r io r  to  lo a d in g  a  s a m p le  fo r  f lu o r in a t io n ,  th e  m e ta l  lin e  w a s  f lu sh e d  
w i th  a rg o n  ( a t  1 a t m  p r e s s u r e ) .  If  th e  c o n d i t io n e d  N i-v esse l w a s  o p e n e d  
d i r e c t ly  to  a tm o s p h e re  d u r in g  s a m p le  lo a d in g , th e  m e ta l  w a lls  a d s o rb  w a te r  
a n d  o x y g e n  c a u s in g  b la n k  p ro b le m s . S a m p le s  o f  s e p a r a te d  s u lp h id e  m in e r a ls  
(2  to  5 m g ) w e re  t r a n s f e r r e d  in to  s m a ll te f lo n  b u c k e ts ,  w h ic h  a re  th r e a d e d  a t  
th e  s e a le d  e n d s  so  t h a t  th e y  c o u ld  b e  sc re w e d  o n to  m e ta l  ro d s .  T h e  s a m p le s ,  
c o n ta in e d  in  th e  te f lo n  b u c k e ts ,  w e re  lo a d e d  in  a  m u s k e t- l ik e  f a s h io n  in to  th e  
d e ta c h e d  N i- r e a c to r  a n d  e m p tie d  b y  in v e r t in g  th e  v esse l. D u r in g  lo a d in g , 
c a r e  w a s  ta k e n  n o t  to  s c ra p e  th e  w a lls  o f  th e  N i- re a c to r  a s  th is  c o u ld  d a m a g e  
th e  p r o te c t iv e  f lu o r id e  c o a t in g .  I t  w a s  a lso  im p o r t a n t  to  e n s u re  t h a t  a l l  th e  
s a m p le  w a s  e m p t ie d  a t  th e  b o t to m  o f  th e  tu b e  a n d  n o t  o n to  th e  w a lls  o f  th e  
v e s se l, th u s  e n s u r in g  t h a t  th e  s a m p le  w a s  h e a te d  to  a  u n ifo rm  te m p e r a t u r e  
d u r in g  r e a c t io n  w i th  c h lo r in e  tr i f lu o r id e .  T h e  r e a c to r  w a s  re c o n n e c te d  to  th e  
m a n ifo ld  u s in g  a  h ig h  v a c u u m  s c re w -c o u p lin g  a n d  p u m p e d  to  h ig h  v a c u u m . 
D u r in g  e v a c u a t io n ,  th e  r e a c to r  w a s  h e a te d  to  2 0 0 °C  u s in g  a  w ire -w o u n d  
r e s is ta n c e  f u rn a c e  to  re m o v e  a ll  t r a c e s  o f  a i r  a n d  w a te r .  W h e n  th e  v a c u u m  
w a s  b e t t e r  t h a n  10~® t o r r  so m e  c h lo r in e  tr i f lu o r id e  w a s  d is t i l le d  f ro m  th e  
m a in  re s e rv o ir  a n d  b y  a  c o n t in u o u s  s e q u e n c e  o f  s u b l im a t io n  a n d  fre e z in g  
cy c le s  im p u r i t ie s  (e .g . o x y g e n  a n d  n it r o g e n )  w e re  re m o v e d . A llo w in g  th e  
c h lo r in e  t r i f lu o r id e  to  w a rm  to  ro o m  te m p e r a tu r e  g e n e ra te d  e n o u g h  v a p o u r  
fo r a b o u t  a  10 m o la r  ex cess  o f  th is  c o m p o u n d  fo r re a c t io n  w ith  th e  s a m p le
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F i g u r e  A . 3  S c h e m a tic  d ia g ra m  o f  th e  m e ta l  e x t r a c t i o n  s y s te m  u s e d  fo r  s y n 
th e s is in g  s u lp h u r  h e x a f lu o r id e  b y  th e  r e a c t io n  o f  c h lo r in e  t r i f lu o r id e  
w i th  s u lp h id e s .  ( B u il t  by  D r D .P .  M a t te y  a n d  M r  S .J .  P ro s s e r ) .
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(u p  to  4 0 m g  c h lo r in e  tr if lu o r id e ) .  T h e  r e a g e n t  w as  e x p a n d e d  in to  th e  r e a c to r  
w h ic h  w a s  th e n  is o la te d  f ro m  th e  r e s t  o f  th e  e x t r a c t io n  lin e . W a te r  w a s  
cy c le d  th r o u g h  c o p p e r  p ip e s  a t t a c h e d  to  th e  to p  o f  th e  N i- re a c to r  to  co o l 
th e  te f lo n  w a s h e r  o f  th e  h ig h  v a c u u m  s c re w -c o u p lin g  w h ils t  th e  v esse l w a s  
h e a te d  to  6 0 0 °C  fo r  12 h o u rs .  T h e  r e a c t io n  o f  c h lo r in e  t r i f lu o r id e  w i th  a  
s u lp h id e  (e .g . s p h a le r i te )  is:

8CIF3 -f- 3 Z n S  —* 3 Z n F 2 -h 3S F g  -f- 4 C I2

A f te r  th e  r e a c t io n  p e r io d  th e  g ases  w e re  f ro z e n  o n to  a  m e ta l  ‘co ld  f in g e r ’ 
u s in g  l iq u id  n i t r o g e n  ( C F l  in  F ig u re  A . l ) .  T h is  t r a p  w a s  th e n  w a rm e d  to  
ro o m  t e m p e r a t u r e  a n d  th e  g a se s  a llo w e d  to  r e m a in  in  c o n ta c t  w i th  p o ta s 
s iu m  b ro m id e  a t  1 50°G  fo r  1 h o u r .  T h e  p o ta s s iu m  b ro m id e  re m o v e s  m a n y  
o f  th e  u n w a n te d  c o n s t i tu e n ts  (su c h  a s  c h lo r in e  a n d  f lu o rin e )  b y  d is p la c e 
m e n t  o f  b ro m in e .  S u lp h u r  h e x a f lu o r id e  fre ez es  a t  a p p r o x im a te ly  — 1 2 5 °C  in  
a  v a c u u m  a n d  c a n  b e  re a d ily  s e p a r a te d  f ro m  b ro m in e  (b o ilin g  p o in t  5 8 °C  
fre e z in g  p o in t  —7 ° C )  w ith  a  m e th a n o l  s lu s h  b a th  ( —1 0 0 °C ) . F o llo w in g  th is  
c ry o g e n ic  s e p a r a t i o n ,  p u re  s u lp h u r  h e x a f lu o r id e  is t r a n s f e r r e d  (u s in g  l iq u id  
n i t r o g e n )  in to  a  d e ta c h a b le  g la s s  v esse l a n d  d e l iv e re d  to  th e  m a ss  s p e c t r o m 
e t e r  fo r  i s o to p ic  a n a ly s is .  A n y  im p u r i t ie s  in a d v e r te n t ly  fro z e n  a lo n g  w i th  
th e  s u lp h u r  h e x a f lu o r id e  a re  a p p a r e n t  a s  y e llo w  (c h lo r in e  t r i f lu o r id e ) ,  o r  re d  
( b ro m in e ) ,  d is c o lo u r a t io n s  in  th e  f ro z e n  m ix tu r e .  O th e rw is e ,  th e  m a in  im 
p u r i t i e s  a r e  s il ic o n  te t r a f iu o r id e  (S iF ^ ) , th io n y l  f lu o rid e  ( S O F 2) o r  s u lp h u ry l  
f lu o rid e  (S O 2F 2) . T h e  s ilic o n  a n d  o x y g e n  in  th e s e  c o m p o u n d s  is  d e r iv e d  e i
t h e r  f ro m  th e  w a lls  o f  th e  N i- re a c to r  o r  p o s s ib ly  f ro m  s i l ic a te  c o n ta m in a n t s  
in  th e  s u lp h id e .

S u lp h id e s  lik e  c h a lc o p y r i te ,  s p h a le r i te  a n d  p y r i te  u s u a lly  g a v e  b e tw e e n  
60 %  a n d  70%  o f  th e  th e o r e t ic a l  y ie ld  o f  s u lp h u r  as s u lp h u r  h e x a f lu o r id e . 
H o w e v e r  t r o i l i t e  ( f ro m  th e  B e lla  R o c a  iro n  m e te o r i te )  d id  n o t  r e a d i ly  r e a c t  
w i th  c h lo r in e  t r i f lu o r id e  u n d e r  th e  c o n d i t io n s  sp e c if ie d  a b o v e  a n d  y ie ld s  o f  
g r e a te r  t h a n  10%  w e re  u n o b ta in a b le  f ro m  th i s  m a te r ia l .

T h e  r e s u l t s  fo r  th e  is o to p ic  a n a ly s is  o f  s u lp h u r  h e x a f lu o r id e  p r e p a r e d  b y  
f lu o r in a t io n  o f  s u lp h id e  m in e ra ls  u s in g  c h lo r in e  t r i f lu o r id e  a re  sh o w n  g r a p h 
ic a lly  in  F ig u re  A .4 . T h e  a n d  634g v a lu e s  d e f in e  a  s t r a i g h t  lin e :

^335 = 3̂4s / 2.28

T h e  634g v a lu e s  o b ta in e d  fo r  th e  c o m p o u n d s  o th e r  t h a n  t r o i l i t e  a r e  c lo se  to  
th e  q u o te d  v a lu e s , d e s p i te  th e  re la t iv e ly  lo w  y ie ld s . T h e  d a t a  f ro m  B e lla  
R o c a  t r o i l i t e ,  w h ic h  g a v e  th e  lo w e s t y ie ld s , sh o w s  a  s p r e a d  o f  6 -v a lu e s  a lo n g  
th e  m a s s  f r a c t io n a t io n  lin e  ( F ig u r e  A .4) w h ic h  a re  h ig h e r  th a n  th e  t r u e  v a lu e  
(^34g _  _o.457oo, 633g =  —0.237oo). I t  is c o n s id e re d  t h a t  th e  p a r t i a l  r e a c t io n  
b e tw e e n  th is  m in e ra l  a n d  c h lo r in e  t r i f lu o r id e  h a s  r e s u l te d  in  p r o d u c t io n  o f  
is o to p ic a l ly  f r a c t io n a te d  s u lp h u r  h e x a f lu o r id e  (d e p le te d  in  ^ ^ s ) . T h e  63®S
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Ô33S (V o o )

Ô34S (V o o )
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

•  C h a l c o p y r i t e o true value

■ Sphalerite □ true value

▲ Troilite A true value

F i g u r e  A . 4  A  g r a p h  o f  6^38 v e rs u s  6^4g fo r  th r e e  d if fe re n t  s u lp h id e  m in 
e ra ls .  F il le d  s y m b o ls  -  v a lu e s  o b ta in e d  b y  f lu o r in a t io n  (S F e ) ,  o p e n  
s y m b o ls  -  v a lu e s  o b ta in e d  b y  b u lk  c o m b u s t io n  (S O 2) .
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v a lu e s  o b ta in e d  w e re  r e n d e re d  m e a n in g le s s  b y  a n  in te r fe re n c e  a t  m / z  131 
(3 6 g F + ) f ro m  a n  u n id e n tif ie d  c o n ta m in a n t  in  th e  s a m p le  g a s  ( F ig u r e  A .5 ). 
C a re fu l  p u r if ic a t io n  o f  th e  s a m p le  g a s  a id s  in  r e d u c in g  th e  e ffec t, b u t  i t  is  n o t  
p o s s ib le  to  c o m p le te ly  re m o v e  th e  c o n ta m in a n t  u s in g  c ry o g e n ic  s e p a r a t io n .  
T h is  im p u r i ty  is p r o b a b ly  th e  s a m e  as  t h a t  fo u n d  b y  T h o d e  a n d  R e e s  (1 9 7 1 ) 
w h ic h  th e y  re m o v e d  u s in g  g a s  c h ro m a to g r a p h y .

T h e  r e a c t io n  o f  s u lp h u r  d io x id e  w i th  c h lo r in e  t r i f iu o r id e  w a s  a lso  in v e s 
t ig a te d  a s  a  m e a n s  o f  p r o d u c in g  s u lp h u r  h e x a f iu o r id e  f ro m  s u lp h u r  d io x id e  
g e n e r a te d  b y  s te p p e d  c o m b u s t io n .  T h e  r e a c t io n  o f  in te r e s t  b e in g :

S O g  4* 3F g  — S F e  +  O 2

T w o  I m g  s a m p le s  o f  s u lp h u r  a s  s u lp h u r  d io x id e  w e re  r e a c te d  w i th  lO m g 
a l iq u o ts  o f  c h lo r in e  tr i f iu o r id e  o v e r n ig h t :

1. A t  r o o m  te m p e r a tu r e .

2 . A t  1 0 0 °C .

B o th  e x p e r im e n ts  w e re  u n su c c e s s fu l in  fo rm in g  s u lp h u r  h e x a f iu o r id e , th e  
f in a l p r o d u c t  b e in g  s u lp h u r y l  f lu o rid e . T h e  f a i lu re  o f  th i s  e x p e r im e n t  m a y  
b e  e x p la in e d  b y  th e  r e la t iv e ly  lo w  te m p e r a tu r e s  in v o lv e d . K w a s n ik  (1 9 6 3 ) 
s t a t e s  t h a t  s u lp h u r  h e x a f lu o r id e  c a n  b e  p r e p a r e d  b y  b u r n in g  s u lp h u r  d io x id e  
w i th  ex c ess  f lu o rin e  a t  650®C, th e  m a in  im p u r i ty  b e in g  th io n y l  f lu o rid e .

A .4 .2  M eta l fiuorides

T h e  h a z a rd o u s  n a tu r e  o f  c h lo r in e  t r i f iu o r id e  n e c e s s i ta te s  e x te n s iv e  s a fe ty  
p ro c e d u re s  a n d  sp e c ia l iz e d  h a n d l in g  te c h n iq u e s .  T h e  e x p e r im e n ts  d e s c r ib e d  
a b o v e  w e re  c a r r ie d - o u t  in  a  s e p a r a te  l a b o r a to r y  f ro m  t h a t  c o n ta in in g  th e  
m a s s  s p e c t r o m e te r .  A n  e f fo r t  to  f in d  a  s im p le r ,  s a fe r  a n d  m o re  c o n v e n ie n t  
m e th o d  o f  p r e p a r in g  s u lp h u r  h e x a f lu o r id e  w a s  a t t e m p te d  u s in g  tw o  so lid  
m e ta l  f lu o rid e s , c o b a l t  t r i f iu o r id e  (C 0 F 3) a n d  g o ld  t r i f iu o r id e  (A U F 3) .

1. C o b a l t  t r i f iu o r id e  (C 0 F 3) : C o b a l t  t r i f iu o r id e  is  a  b u f f-c o lo u re d  p o w d e r  
w h ic h  b e g in s  to  d e c o m p o s e  a t  1 0 0 °C  to  fo rm  p in k  c o b a l t  d if lu o r id e .

2 C 0 F 3  2 C 0 F 2  +  F g

2. G o ld  t r i f iu o r id e  (A U F 3) . B r ig h t  y e llo w  n e e d le s  o f  g o ld  t r i f iu o r id e  c a n  
b e  p r e p a r e d  b y  th e  r e a c t io n  o f  f lu o rin e  a n d  g o ld  p o w d e r  o r  p r e c ip i t a t e  
u s in g  a  h ig h  p re s s u re  o f  f lu o rin e  a t  3 5 0 °C  fo r  1 2 h rs  ( E in s te in  e t  a l .,  
1 9 6 7 ). In  th e  p re s e n t  s tu d y  g o ld  t r i f iu o r id e  w a s  p r e p a re d  u s in g  th e  
o x y g e n  e x t r a c t io n  s y s te m  d e s c r ib e d  p re v io u s ly  (F ig u r e  A .3 ) ,  by  th e  
r e a c t io n  o f  g o ld  s t r ip s  (w i th  d im e n s io n s  1m m x  2 m m x  0 .5 m m ) in  a  N i- 
r e a c to r  v esse l w ith  6 0 m g  c h lo r in e  tr i f iu o r id e  a t  3 0 0 °C  fo r 12 h o u rs .
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Reference
gas

127 2 8 129

131

Sample gas

127 128 129
131

F ig i ir G  A ..5  S e g m e n ts  o f  th e  m a s s  s p e c t r a  o f  s a m p le  a n d  re fe re n c e  g a se s  
sh o w in g  th e  p re se n c e  o f  a  c o n t a m i n a n t  sp e c ie s  a t  m / z  131 in  th e  
s a m p le  g a s .
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F i g u r e  A . 6  S e c t io n  o f  th e  e x t r a c t io n  lin e  m o d if ie d  fo r  r e a c t in g  s a m p le s  
w i th  m e ta l  f lu o rid e s  ( p a r t  m e ta l ) .

A f te r  r e a c t io n ,  th e  s u r fa c e s  o f  th e  g o ld  s t r ip s  a p p e a r e d  t a r n i s h e d  a n d  
e tc h e d  d u e  to  th e  f o rm a t io n  o f  g o ld  t r i f iu o r id e  w h ic h  p ro b a b ly  o c c u rs  
a s  a  s u r fa c e  c o a t in g .  F lu o r in e  is  l ib e r a te d  f ro m  g o ld  tr i f iu o r id e  a t  
t e m p e r a tu r e s  in  ex c ess  o f  4 0 0 °C .

2 A u F g  —> 2 A u F 2 -I- F 2

T h e  g o ld  s t r ip s  c o a te d  w i th  g o ld  t r i f iu o r id e  re s u m e d  th e i r  ‘n o r m a l ’ 
g o ld  c o lo u r  a f te r  h e a t in g  a n d  c o u ld  b e  r e - f lu o r in a te d  fo r f u r th e r  u se .

S im ila r  e x p e r im e n ts  w ere  p e r fo rm e d  u s in g  g o ld  tr i f iu o r id e  a n d  c o b a l t  
t r i f iu o r id e  a n d  b o th  c o m p o u n d s  g a v e  s im ila r  r e s u l t s .  S a m p le s  o f  s u lp h id e ,  
o r  e le m e n ta l  s u lp h u r  (e a c h  a b o u t  I m g )  a n d  c o b a l t  t r i f iu o r id e  (5 m g )  o r  g o ld  
t r i f iu o r id e  (5 m g , b u t  g o ld  tr i f iu o r id e  m a y b e  a  s u r fa c e  c o a t in g )  w e re  w e ig h e d  
in to  a  te f lo n  b u c k e t  a n d  lo a d e d  in to  a  N i- r e a c to r  u s in g  th e  m e th o d  d e s c r ib e d  
p re v io u s ly . T h e  r e a c to r  a n d  a  N u p ro -v a lv e  w e re  c o n n e c te d  to  a  g la s s  v a c u u m  
lin e  in  th e  a r r a n g e m e n t  sh o w n  in  F ig u re  A .6 . A  v a r ie ty  o f  e x p e r im e n ta l  
c o n d i t io n s  w e re  te s te d  in  o r d e r  to  d is c o v e r  a  m e th o d  o f  p r e p a r in g  s u lp h u r  
h e x a f lu o r id e . U n f o r tu n a te ly  th e  o n ly  p r o d u c t  c o m p o u n d s  id e n tif ie d  in  th e  
m a s s  s p e c t r u m ,  w e re  s ilic o n  te t r a f iu o r id e ,  s u lp h u r  d io x id e  a n d  th io n y l  a n d  
s u lp h u r y l  f lu o rid e s . A n  e x a m p le  s p e c t r u m  is sh o w n  in  F ig u re  A .7 . C u r io u s ly  
ev e n  s im p le  h e a t in g  o f  g o ld  t r i f iu o r id e  a n d  c o b a l t  t r i f iu o r id e ,  w ith  n o  s u lp h u r  
b e a r in g  m a te r ia l  p r e s e n t ,  g a v e  th e s e  p r o d u c ts .

S ilic o n  te t r a f iu o r id e  p ro b a b ly  fo rm e d  by th e  r e a c t io n  o f  f lu o rin e  a n d  
g la s s  w h e n  th e  r e a c t io n  g ases  w e re  le t  o u t  o f  th e  r e a c to r  in to  th e  r e s t  o f  th e  
s y s te m . A n  a t t e m p t  to  a l le v ia te  th is  p ro b le m  w a s  m a d e  by  fre e z in g  a ll th e
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F i g u r e  A . 7  M a ss  s p e c t r u m  o f  th e  p r o d u c ts  fo rm e d  b y  th e  r e a c t io n  o f  e le 
m e n ta l  s u lp h u r  w ith  C 0 F 3 a t  1 0 0 °C .
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p r o d u c ts  in  th e  r e a c to r  u s in g  liq u id  n i t r o g e n  w h i ls t  u n r e a c te d  f lu o rin e  w a s  
re m o v e d  b y  p u m p in g . H o w e v e r , s il ic o n  te t r a f lu o r id e  w a s  s t i l l  id e n tif ie d  in  
t h e  m a s s  s p e c t r u m  o f  g ases  o b ta in e d  f ro m  th e s e  e x p e r im e n ts .  T h e  o x y g e n  
r e q u ir e d  to  fo rm  th io n y l  a n d  s u lp h u ry l  f lu o rid e s  c o u ld  o r ig in a te  e i th e r  f ro m  
g la ss  o r  f ro m  a n  in a d e q u a te ly  c o n d i t io n e d  r e a c to r .  R e p e a te d  f lu o r in a t io n s  o f  
th e  r e a c to r  w i th  c h lo r in e  t r i f iu o r id e  a t  5 0 0 °C  u s in g  th e  o x y g e n  p r e p a r a t io n  
lin e  d id  n o t  re d u c e  th e  a m o u n t  o f  th e  s u lp h u r y l  o r  th io n y l  f lu o rid e s  fo rm e d .

G o ld  t r i f iu o r id e  a n d  c o b a l t  t r i f iu o r id e  w e re  s t e p - h e a te d  in  a n  a t t e m p t  to  
id e n t ify  a  t e m p e r a tu r e  a t  w h ic h  f o rm a tio n  o f  s il ic o n  te t r a f iu o r id e  a n d  S O F -  
b e a r in g  c o m p o u n d s  w e re  a t  a  m in im u m . C h a n g e s  in  th e  r e la t iv e  q u a n t i t i e s  o f  
so m e  o f  th e  p r o d u c ts  o c c u r re d  e .g . h e a t in g  c o b a l t  t r i f iu o r id e  w i th  e le m e n ta l  
s u lp h u r  f ro m  ro o m  t e m p e r a tu r e  to  1 0 0 °C  g iv e s  m a in ly  s il ic o n  te t r a f iu o r id e  
a n d  s u lp h u r  d io x id e , w h ils t  a t  4 5 0 °C  s u lp h u r y l  f lu o r id e  is  th e  m a in  p r o d 
u c t .  H o w e v e r , th e r e  w a s  n o  t e m p e r a t u r e  a t  w h ic h  s u lp h u r  h e x a f iu o r id e  w a s  
fo rm e d , o r  w h e re  m in im a l a m o u n ts  o f  im p u r i t ie s  w e re  e n c o u n te re d .  K w a sn ik  
(1 9 6 3 ) r e p o r t s  t h a t  th e  r e a c t io n  o f  c o b a l t  t r i f iu o r id e  w i th  e le m e n ta l  s u lp h u r  
p ro c e e d s  r e a d i ly  a t  1 3 0 °C  in  q u a r tz  g la ss  to  g iv e  m a in ly  S F 4 b u t  w i th  a  
s m a ll  q u a n t i t y  o f  s u lp h u r  h e x a f iu o r id e . So th e  a b s e n c e  o f  s u lp h u r  te t r a f iu 
o r id e  f ro m  th e  a n a lo g o u s  e x p e r im e n t  in  a  n ic k e l v esse l in  th e  p r e s e n t  s tu d y  
is  s u r p r i s in g .

D u r in g  th e  l a t t e r  p a r t  o f  th i s  s tu d y  i t  w a s  fo u n d  t h a t  th e r e  w a s  a n  u n e x 
p e c te d ly  h ig h  b a c k g ro u n d  lev e l ( b la n k )  o f  b o th  s u lp h u r  d io x id e  a n d  s il ic o n  
t e t r a f iu o r id e  in  th e  s y s te m  w h ic h  d e r iv e d , in  p a r t  f ro m  th e  g la s s  s e c t io n ,  
b u t  m a in ly  f ro m  th e  r e a c to r .  T h e  b la n k  is c o n s id e re d  to  b e  a  m e m o ry  e ffec t 
s in c e  i t  c o u ld  b e  s ig n if ic a n t ly  r e d u c e d  b y  p r e - h e a t in g  th e  v e s se l a t  6 0 0 ° C  fo r  
h a l f - a n - h o u r  b e fo re  s a m p le  lo a d in g .

T h e  c o n f ig u ra t io n  o f  th e  p r e p a r a t io n  lin e  w a s  a l te r e d  to  t h a t  s h o w n  in  
F ig u re  A .8  a n d  w a s  c o n s t r u c te d  o f  q u a r tz  g la ss . T h e  a l t e r a t io n s  w e re  u n d e r 
ta k e n  p a r t l y  to  re m o v e  th e  N i- re a c to r  f ro m  th e  lin e  ( a s  th i s  w a s  s u s p e c te d  a s  
b e in g  a  m a jo r  c o n t r ib u to r  o f  o x y g e n  d u r in g  f lu o r in a t io n s )  a n d  a lso  to  e n a b le  
g r e a te r  c o n t r o l  o v e r  th e  r e a c t io n s  o f  i n te r e s t  b y  lo a d in g  th e  s u lp h u r - b e a r in g  
m a te r ia l :p n d  th e  f iu o r in a t in g  a g e n t  in to  s e p a r a te  a r m s  o f  th e  r e a c to r  ( F ig u r e  
A .8 ) . T h e  a r m  c o n ta in in g  th e  s a m p le  w a s  p r e - h e a te d  to  8 0 0 °C  b e fo re  th e  
s a m p le  w a s  d r o p p e d  to  th e  b a s e  o f  th e  tu b e  a n d  th e  c o b a l t  t r i f iu o r id e  w a s  
a ls o  p r e - h e a te d ,  a t  1 0 0 °C , to  re m o v e  a n y  t r a c e s  o f  a d s o rb e d  a i r  a n d  w a te r .  
T h e  e n t i r e  r e a c to r  a s se m b ly  w a s  w ra p p e d  in  h e a te r  t a p e  a n d  m a in ta in e d  a t  
1 0 0 °C  to  re m o v e  t r a c e s  o f  w a te r  a d s o rb e d  o n to  th e  w a lls  o f  th e  g la ss .

D u r in g  th e  e x p e r im e n ts ,  th e  c o b a l t  t r i f iu o r id e  w a s  h e a te d  to  5 0 0 °C  a n d  
th e  s a m p le  c o u ld  b e  h e a te d  to  te m p e r a tu r e s  o f  u p  to  1 2 0 0 °C  (u s in g  th e  N i- 
r e a c to r  th e  m a x im u m  te m p e r a tu r e  p o s s ib le  w a s  6 0 0 °C ) . U su a lly  e le m e n ta l  
s u lp h u r  w a s  h e a te d  to  10 0 °C  to  a v o id  s u b l im a t io n  a n d  s u lp h id e s  w e re  h e a te d  
to  b e tw e e n  4 0 0  a n d  5 0 0 °C . A t  th e  b e g in in g  o f  th e  e x p e r im e n t  a  m e th a n o l
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A .8  S e c t io n  o f  th e  e x t r a c t io n  lin e  m o d if ie d  fo r  r e a c t in g  s a m p le s  
w i th  m e ta l  f lu o rid e s  ( q u a r tz  g la s s ) .

s lu s h  ( —1 0 0 °C ) w a s  p la c e d  o n  o n e  o f  th e  co ld  f in g e rs  to  f re e z e -o u t a n y  w a te r  
a s  i t  fo rm e d . A t  th e  e n d  o f  h a l f - a n - h o u r  a  l iq u id  n i t r o g e n  t r a p  w a s  p la c e d  o n  
th e  s e c o n d  co ld  f in g e r  to  t r a p  th e  r e a c t io n  p r o d u c t s  a n d  u n r e a c te d  f lu o rin e  
w a s  p u m p e d  a w a y . T h e  p r o d u c t  g a se s  w e re  th e n  t r a n s f e r r e d  to  th e  m a s s  
s p e c t r o m e te r  fo r  a n a ly s is .  E v e n  w i th  su c h  c lo se  c o n t ro l  o v e r  th e  r e a c t io n  
c o n d i t io n s  n e i th e r  s u lp h u r  h e x a f lu o r id e  o r  s u lp h u r  te t r a f iu o r id e  c o u ld  b e  
g e n e r a te d  b y  th is  m e th o d ,  th e  r e a c t io n  p r o d u c ts  b e in g  id e n t ic a l  to  th o s e  
o b s e rv e d  f ro m  p re v io u s  e x p e r im e n ts  ( i.e . th io n y l  a n d  s u lp h u r y l  f lu o rid e s  a n d  
s il ic o n  te t r a f iu o r id e ) .

D e s p i te  b e in g  u n su c c e s s fu l fo r  p r e p a r in g  s u lp h u r  h e x a f lu o r id e ,  th e  u se  o f  
m e ta l  f lu o rid e s  c o u ld  b e  a n  e ffe c tiv e  m e th o d  fo r  o b ta in in g  s il ic o n  te t r a f lu 
o r id e  g a s  f ro m  s il ic a te s .  S ilic o n  te t r a f lu o r id e  is  u se d  fo r  is o to p ic  a n a ly s is  
o f  s il ic o n  a n d  is  u s u a lly  fo rm e d  b y  d i r e c t  f lu o r in a t io n  o f  m e te o r i te  s a m p le s  
( E p s te in  a n d  T a y lo r ,  1 9 7 0 ). T h e  u se  o f  m e ta l  f lu o rid e s  m a y  p ro v id e  b o th  a  
s im p le r  a n d  s a fe r  te c h n iq u e  fo r  p ro d u c in g  s il ic o n  te t r a f lu o r id e  g as .

A .5 C on clu sion s and  fu tu re  d ev e lo p m en ts

C hlorine trifluoride like other halogen halides is a powerful fiuorinating agent 
w hich reacts w ith  elem entary sulphur and m any sulphide m inerals (but not 
tro ilite) to  liberate sulphur hexafluoride. T he stringent safety  requirem ents
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F i g u r e  A . 9  P o s s ib le  d e s ig n  fo r  a  m e ta l  s y s te m  to  f iu o r in a te  s u lp h id e s  u s in g , 
(a )  C 0 F 3 , A u F s  o r ,  (b )  C IF 3 .

a n d  i t s  in e ffe c tiv e n e s s  w i th  t r o i l i t e ,  is  lik e ly  t o  l im i t  i t s  u se  w ith  m e te o r i te s  
w h e re  t r o i l i t e  is  th e  m a jo r  s u lp h u r - b e a r in g  m in e r a l .  L ess r e a c t iv e  m e ta l  
f iu o rid e s  w h ic h  l ib e r a te  f iu o r in e  g a s  w h e n  h e a te d ,  fa v o u re d  th e  f o r m a t io n  
o f  s il ic o n  te t r a f iu o r id e ,  th io n y l  f lu o rid e  a n d  s u lp h u r y l  f lu o rid e  w h e n  h e a te d  
w i th  s u lp h u r - c o n ta in in g  sp e c ie s .

A  d e s ig n  fo r  a  s y s te m  w h ic h  m a y  b e  s u i t a b le  fo r  s y n th e s is in g  s u lp h u r  
h e x a f iu o r id e  u s in g  c o b a l t  t r i f iu o r id e  o r  g o ld  t r i f iu o r id e  is  sh o w n  in  F ig u re  
A .9 . A  r e s e rv o ir  o f  c o b a l t  t r i f iu o r id e  ( a b o u t  5 0 g ) is  p la c e d  in  a  N i- r e a c to r  
w h ic h  h a s  p re v io u s ly  b e e n  e x te n s iv e ly  t r e a t e d  w i th  c h lo r in e  tr i f iu o r id e  ( to  
fo rm  a  p r o te c t iv e  n ic k e l d if iu o r id e  c o a t in g ) .  H e a t in g  c o b a l t  t r i f iu o r id e  to  
4 0 0 °C  w o u ld  p r o d u c e  f iu o rin e  g a s , th e  p r e s s u re  o f  w h ic h  c a n  b e  m o n i to re d .  
T h e  s a m p le  ( e le m e n ta l  s u lp h u r  o r  a  s u lp h id e )  is lo a d e d ,  o r  i f  g a s e o u s  ( s u l
p h u r  d io x id e )  f ro z e n , in to  a  p re -b a k e d  N i- r e a c to r  (w h ic h  a g a in  h a s  b e e n  
p re v io u s ly  c o n d i t io n e d  w ith  c h lo r in e  tr i f iu o r id e )  a n d  a n  a l iq u o t  o f  f iu o rin e  
g a s  e x p a n d e d  in to  th e  vesse l fo r  th e  r e a c t io n  to  fo rm  s u lp h u r  h e x a f lu o r id e . 
T h e  te m p e r a t u r e  o f  th e  r e a c t io n  c a n  b e  c o n tro l le d  ( a n d  v a r ie d )  u s in g  a  w ire -  
w o u n d  r e s is ta n c e  fu rn a c e  c o n n e c te d  to  a  v a r ia b le  t r a n s f o r m e r .  A t  th e  e n d
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F i g u r e  A .  1 0  A  d e s ig n  fo r  a  s im p le  g a s  c h r o m a to g r a p h y  s y s te m  fo r  u se  o f  
s e p a r a t i n g  im p u r i t ie s  f ro m  S F g .

o f  th e  r e a c t io n  ex c ess  f lu o rin e  c a n  b e  r e - a d s o r b e d  o n to  th e  c o b a l t  t r i f lu o r id e  
a t  2 0 0  to  3 0 0 °C  b y  c o n v e rs io n  o f  d if lu o r id e  to  tr if lu o r id e .  T h e  p r o d u c t s  
( in c lu d in g  f lu o rin e )  c a n  b e  a l lo w e d  to  c o n ta c t  w i th  e i th e r  s o d iu m  h y d r o x id e  
o r  p o ta s s iu m  b ro m id e  a t  1 0 0 °C . T h is  w ill re m o v e  a n y  re s id u a l f lu o rin e  b e 
fo re  th e  p r o d u c t  g a se s  a re  t r a n s f e r r e d  to  th e  g la ss  lin e . A  m e th a n o l  s lu s h  
p la c e d  o n  th e  w a s te  t r a p  w ill f re e z e -o u t b ro m in e .  S u lp h u r  h e x a f lu o r id e  a n d  
a n y  r e m a in in g  im p u r i t ie s  a r e  p a s s e d  in to  th e  g la s s  s e c tio n  fo r a  c a re fu lly  
c o n t ro l le d  f in a l c ry o g e n ic  s e p a r a t i o n  u s in g  a  v a r ia b le  te m p e r a tu r e  c ry o g e n ic  
f in g e r . T h e  y ie ld  o f  s u lp h u r  c a n  b e  m e a s u re d  u s in g  a  c a p a c i ta n c e  m a n o m e te r  
b e fo re  th e  s u lp h u r  h e x a f lu o r id e  is  p a s s e d  o n  fo r  m a s s  s p e c t r o m e tr i c  a n a ly s is .  
T h e  in a b i l i ty  o f  c ry o g e n ic  s e p a r a t io n s  to  re m o v e  th e  c o n ta m in a n t  sp e c ie s  a t  
m / z  131 , th u s  p r e v e n tin g  d e te r m in a t io n s ,  m e a n s  t h a t  i t  w ill b e  n e c e s 
s a r y  to  s u b je c t  th e  s u lp h u r  h e x a f lu o r id e  to  a  f in a l p u r if ic a t io n  s ta g e  u s in g  
g a s  c h r o m a to g r a p h y .  A  p r o p o s e d  d e s ig n  fo r  a  s im p le  g a s  c h r o m a to g r a p h y  
s y s te m  is  s h o w n  in  F ig u re  A . 10. T h e  c a r r ie r  g a s  is h e l iu m  a n d  th e  p r e s 
e n c e  o f  s u lp h u r  h e x a f lu o r id e  c a n  b e  id e n tif ie d  b y  a  d e te c to r ,  p o ss ib ly  o f  th e  
th e rm a l  c o n d u c t iv i ty  ty p e .  Im m e d ia te ly  th e  g a s  is d e te c te d  i t  c a n  b e  fro z e n  
in to  a  c o ld  f in g e r u s in g  liq u id  n i t ro g e n  a n d  th e  h e l iu m  d iv e r te d  to  a  w a a te  
p u m p . T h e  p u r e  s u lp h u r  h e x a f lu o r id e  c a n  th e n  b e  d e liv e re d  to  th e  m a ss  
s p e c t r o m e te r .

A m odified version of the fluorination system  for use o f chlorine trifluo-
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r id e  is s h o w n  in  F ig u re  A .9. A  re s e rv o ir  o f  c h lo r in e  tr i f lu o r id e  is a t t a c h e d  to  
th e  e x t r a c t io n  lin e , in  a  te flo n  v esse l. T h e  c h lo r in e  tr i f lu o r id e  h a v in g  in i t ia l ly  
b e e n  d is t i l le d  f ro m  a  c y l in d e r  o f  th e  liq u id  k e p t  in  is o la t io n  e ls e w h e re  (e .g . 
a  fu m e  c u p b o a r d ) .  A  s m a ll a m o u n t  o f  c h lo r in e  t r i f lu o r id e  f ro m  th e  re s e rv o ir  
is  e x p a n d e d  in to  a  m e ta l  f in g e r  so  t h a t  th e  g a s  c a n  b e  p u r if ie d  b y  su c c e ss iv e  
f re e z in g -s u b l im a tio n  c y c le s  b e fo re  i t  is e x p a n d e d  in to  th e  r e a c t io n  v esse l. 
O n c e  a g a in ,  th e  p re s s u re  o f  c h lo r in e  tr i f lu o r id e  g a s  c a n  b e  m e a s u re d .  A f te r  
r e a c t io n  th e  p r o c e d u re  is  id e n t ic a l  to  t h a t  j u s t  d e s c r ib e d  fo r  c o b a l t  tr i f lu o 
r id e  w i th  su c c e s s iv e  p u r if ic a t io n  o f  th e  s u lp h u r  h e x a f lu o r id e  u s in g  p o ta s s iu m  
b ro m id e  (o r  s o d iu m  h y d r o x id e ) ,  fo llo w ed  b y  c ry o g e n ic  s e p a r a t io n  a n d  g a s  
c h r o m a to g r a p h y .
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A p p e n d ix  B

D e ta ils  o f  m e te o r ite  sa m p le s  a n a ly se d

Meteorite Class Source & Sample No.
Abee EH4 UCSD (1,1,02,0)
Allan Hills A77257 Ureilite AMWG
Allende CVS Dr B. Simoneit
A1 Rais CR2 BM 1971,289
Atlanta EL6 BM 1959,1001
Bella Roca IIIB BM 64206
Bustee Aubrite BM S2100
Coolidge CV4 Wiik
Daniel’s Kuil EL5 BM 42507
Dyalpur Ureilite BM 6S625
Felix COS BM 1919,89
Indarch EH4 BM 86948
Ivuna O il USNM
Karoonda 04 Wiik
Khairpur EL6 BM 51S66
Kivesvaara CM2 Wiik
Kota-Kota EHS BM 1905,355
Mighei CM2 BM 86947
Mulga West CV 5/6 WAM 1S205
Murchison CM2 BM 1970,6
Murray CM2 BM 1966,48
Nogoya CM2 NHM, Vienna
North West Forrest EL6 WAM IS 194
Norton County Aubrite BM 1959,758
Orgueil CIl BM 1920,328
Ornans COS BM 42474
Renazzo CR2 Wiik
Saint Mark’s EH5 BM 1970,339
Semarkona LLS.O USNM 1805
Sliallowater Aubrite BM 1937,377
South Oman EH4 SOA 1028
Vigarano CVS Wiik
Yilmia EH5 BM 1972,132
Yamato 6903 CV4 NIPR
Yamato 82042 CMl NIPR

AM W G-Antarctic Meteorite Working Group; BM -British Museum (Natural 
H istoiy), London; NHM, Vienna- National History Museum, Vienna, Austria; 

NIPR-National Institute of Polar Research, Tokyo; SOA-Dr S.O. Agrell, 
Cambridge; UCSD-Dr K. Marti, Univ. California at San Diego (consortium study, 

clast 1,1,02 ,0); USNM-United States National Museum, Washington; 
WAM-Western Australia Museum, Perth; W iik- Dr H.B. Wiik.
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A p p e n d ix  C

M e te o r ite  s te p p e d  c o m b u st io n  d a ta

Sample 
W t (m g)

A1 Rais 
5.162

Ivuna
3.579

Kivesvaara
6.162

Temp. Yield g34S Yield 6^4 s Yield 634g

(°C ) (/^g s ) (ppm S) (%o) (/^g s ) (ppm S) (%o) (/^g s ) (ppm S) (7oo)

100 0.13 36 ND 0.09 146 ND
150 0.17 33 ND 0.27 75 ND - - -

200 0.53 103 ND 11.62 3247 + 0.1 7.35 11928 + 1.0

250 0.20 39 ND 12.35 3451 +3.48 - - —

300 0.68 132 ND 1.59 444 ND 9.28 15060 ND
350 1.66 322 ND 0.53 148 ND - - -

400 24.17 4683 - 1.6 0.86 240 ND 12.76 20707 + 1.0

450 16.80 3255 - 1 .4 3.59 1059 - 2.0 - - —
500 7.11 1377 —3.0 0.73 204 ND 4.64 7530 + 2.0

550 3.25 630 -4 .1 0.93 260 ND - - —
600 1.05 203 ND 0.80 224 ND 3.95 6410 + 0.8

650 1.79 347 -3 .7 0.53 148 - 4 .5 - - —
700 3.85 746 +1.9 2.79 780 - 4 .3 5.96 9672 - 4 .0
750 4.25 823 + 2.6 10.23 2858 - 3 .4 - - —

800 5.58 1081 + 1.8 25.90 7237 + 0.6 28.55 46322 + 0.6

850 2.99 579 -1 .9 6.77 1892 +  1.9 - - -

900 5.31 1029 0.0 5.78 1615 +0.3 15.24 24732 + 3 .0
950 4.83 936 -1 .4 - - - - - —
1000 4.65 901 - 1.0 10.76 3006 +0.7 10.29 16699 +  1.4
1050 2.17 420 - 0.8 - - - - - —
1100 1.43 277 ND 8.10 2263 - 0 .4 6.19 10045 +  1.8

1200 1.72 333 ND 0.93 260 ND 2.86 4641 + 3 .6
Total 94.19 18046 - 1.1 105.39 29447 +0.25 107.16 158902 +  1.1
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Sample 
Wt (mg)

Mighei
4.775

Murchison
10.430

Murray
7.242

Temp. Yield Yield m s Yield m s
r o ) (/^g s) (ppm S) (7oo) (/^g s) (ppm S) (7oo) (me s) (ppm S) (7oo)

100 ND ND ND 0.77 738 ND 0.12 166 ND
150 0.07 15 ND - - - - - -

200 0.53 111 ND 10.83 10384 ND 1.16 1602 ND
250 0.73 153 ND - - - - - -
300 0.66 138 ND 7.74 7421 ND 5.42 7484 ND
350 1.26 264 ND - - - - - -
400 19.19 4019 -1 .7 26.30 25216 ND 58.79 81179 ND
450 20.72 4340 - 2.8 - - - - - -
500 8.63 1807 - 2.0 61.89 59338 - 1.2 19.34 26705 ND
550 4.71 986 -4 .2 - - - - - -

600 1.39 291 ND 33.26 31889 + 0.6 20.89 28846 -1 .7
650 1.20 251 ND - - - - - -
700 5.78 1211 -3 .9 13.92 1335 - 0.8 6.89 9514 - 1.6

750 19.52 4088 - 0.1 - - - - - -
800 9.56 2002 +4.1 100.57 96424 - 0.6 44.09 60881 - 1.0

850 6.44 1349 +4.0 - - - - - -
900 4.25 890 +4.2 30.94 29664 +4.4 33.26 45927 +4.0
1000 8.90 1864 . - 0.2 35.59 34123 + 2.2 18.27 25642 +3.9
1100 10.29 2155 ■ —1.9 20.11 19281 +2.4 8.51 11751 +3.8
1200 2.66 557 ND 10.81 10364 ND 5.42 7484 +5.1
T o ta l 126.49 26491 -0 .7 6 352.73 307181 +1.3 222.46 265713 +  1.2
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Sample 
Wt (mg)

Nogoya
7.921

Orgueil-a
6.008

Orgueil-b
5.332

Temp. Yield Yield m s Yield
r c ) (/^g s) (ppm S) (%o) s) (ppm S) (7oo) [yE s) (ppm S) (%o)

50 — 0.05 8 ND 0.31 58 ND
100 0.12 165 ND 0.13 22 ND 1.42 267 ND
150 - - - 0.35 58 ND 8.63 1621 +2.4
200 3.37 4622 +3.0 0.60 100 ND 12.09 2272 + 2.0
250 - - - 8.77 1460 +5.0 9.70 1822 +3.8
300 5.42 7434 ND 0.99 165 ND 1.59 299 ND
350 - - - 1.82 303 ND 1.06 199 ND
400 17.02 23344 +0.5 1.93 321 +2.7 2.86 537 —1.3
450 - - - 9.89 1647 - 1.0 13.02 2446 -0 .9
500 24.76 33960 +0.5 12.29 2046 —0.3 9.23 1734 - 1.8
550 - - - 6.77 1127 -3 .7 2.31 434 -5 .0
600 14.70 2016 - 0 .9 1.93 321 - 1.1 1.06 199 ND
650 - - - 1.86 310 -4 .1 —

700 32.49 44562 - 1.8 4.18 696 ' -4 .8 _

750 - - - 11.55 1923 -3 .6 —

800 52.60 72144 +2.5 40.77 6786 - 1 .4 _

850 - - - 24.04 4002 +4.5
900 27.08 37142 +4.2 6.51 1084 +3.5 —

950 - - - 8.57 1427 + 1.6 —

1000 21.66 29708 +0.7 8.04 1338 +  1.0
1050 - - - 12.15 2022 +  1.6 —

1100 6.50 8915 +5.7 5.91 984 +  1.4 _

1150 - - - 0.73 122 ND
1200 1.24 1701 ND 0.73 122 ND - - —

Total 209.96 265713 + 1.2 170.56 28391 +0.38 63.28 11889 + 0.66
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Sample 
Wt (mg)

Renazzo
6.630

Yamato 82042 
2.547

Temp. Yield m s Yield ms
(°C) {yE s) (ppm S) (7oo) [yE s) (ppm S) (%o)

100 0.12 18 ND 1.42 558 ND
200 0.03 5 ND 6.87 2697 +0.7
300 0.11 17 ND 3.03 1190 +6.7
400 0.17 26 ND 3.45 1355 + 1.2

450 1.27 192 ND - - —

500 3.85 581 - 2.6 4.63 1818 +0.3
550 3.65 551 -2 .3 - - —

600 3.82 576 - 2 .9 1.79 703 ND
650 3.39 511 -1 .9 - - —

700 3.59 542 - 1.1 2.60 1021 -2 .3
750 4.83 729 - 1 .4 - - —

800 11.82 1783 - 1.8 20.55 8068 - 0.1

850 11.95 1802 +0.3 - - —

900 7.84 1183 +2.4 8.35 3278 +3.1
950 4.53 683 + 2.2 - - —

1000 4.36 658 - 1.2 9.13 3585 - 0.1
1050 2.57 388 - 1.0 - — —

1100 0.92 139 ND 8.47 3325 -3 .1
1200 0.50 75 ND 3.02 1186 +  1.2

Total 69.32 10459 -0 .6 5 73.31 28784 +0.4

211



Orgueil and M urchison residues
Sample 
Wt (mg)

ME
11.743

M EW l
12.240

MEW2

7.111

Temp. Yield Yield ms Yield
(°C) [yg s) (ppm S) (7oo) [yg s) (ppm S) (7oo) [yg s) (ppm S) (7oo)

100 0.23 19 ND 1.31 107 ND 0.36 50 ND
200 0.77 66 ND 2.82 230 ND 0.38 53 ND
300 7.74 659 ND 30.88 2523 ND 1.10 155 ND
400 42.54 3623 -3 .4 76.60 6258 + 1.2 11.06 1555 - 1 .7
500 44.87 3821 -3 .3 55.00 4493 ND 54.15 7615 -0 .5
600 16.25 1384 —5.6 26.30 2149 -5 .7 20.11 2828 -1 .3
700 7.73 66 - 1.8 30.17 2465 -3 .2 19.34 2720 - 2.0

800 89.97 7662 +0.7 29.40 2402 +3.1 13.15 1849 + 2.8
900 15.47 1317 +8.4 47.96 3918 +3.9 9.28 1305 +5.8
1000 17.02 1449 + 6.1 21.76 1778 +5.6 11.29 1588 +4.2
1100 7.74 659 +5.2 13.92 1137 +5.6 8.95 1259 +  1.9
1200 3.87 330 +5.2 6.96 569 ND 4.27 600 + 1 .9
Total 254.19 21647 - 0.2 343.08 28030 +1.3 153.44 21578 +0.4

Sample 
W t (mg)

MEW2R MEH
10.195

MEN
8.230

Temp. Yield Yield m s Yield f34g
(°C) {yg s) (ppm S) (7oo) {yg s) (ppm S) (7oo) {yg s) (ppm S) (7oo)

100 0.20 ND ND 0.38 37 ND 5.57 678 + 4 .0
200 0.19 ND ND 124.55 12217 +2.7 158.60 19271 + 0.1

300 0.84 ND ND 8.66 849 +3.8 10.68 1298 +5.5
400 0.46 ND ND 41.16 4037 +0.9 5.58 678 + 4.8
500 0.35 ND ND 14.39 1411 + 1.1 8.97 1090 + 5.2
600 0.47 ND ND 4.24 416 +4.3 2.58 313 ND
700 1.30 ND ND 1.25 123 ND 0.28 34 ND
800 0.70 ND ND 1.34 122 + 2.0 0.30 36 ND
900 1.70 ND - 3 .7 2.35 230 + 2.8 0.02 2 ND
1000 4.5 ND - 1.0 0.82 80 ND 0.54 66 ND
1100 4.60 ND +0.4 0.49 48 ND 0.06 7 ND
1200 1.70 ND + 1.0 0.40 39 ND 0.53 66 ND
Total 17.0 ND -0 .5 200.03 19647 +2.27 193.71 23537 + 0.88
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Sample 
Wt (mg)

MHF
1.267

OHF
0.770

Temp. Yield Yield f34g
(°C) {yg s) (ppm S) (%o) [yg s) (ppm S) (%o)

100 0.64 505 ND 0.16 208 ND
200 6.11 4822 -0 .5 0.80 1040 ND
250 - 14.01 11058 +3.0 7.04 9148 +3.7
300 31.28 24688 + 1.1 7.90 10265 +5.8
350 11.16 8808 - 6.2 0.80 1036 ND
400 11.95 9432 -3 .4 6.00 7796 +  1.4
450 22.38 17664 -0 .9 3.00 3898 +5.0
500 14.54 11476 + 1.2 1.06 1377 ND
550 5.05 3986 +5.0 —

600 0.53 418 ND 0.20 260 ND
700 0.40 316 ND 0.60 780 ND
800 0.07 55 ND ND ND ND
900 - - - ND ND ND
1000 7.84 6188 +1.9 0.06 78 ND
1200 0.13 103 ND ND ND ND
Total 126.09 99518 + 0.0 27.62 35885 +3.97
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C3 to C6 carbonaceous chondrites

Sample 
Wt (mg)

Allende
4.143

Allende-1

20.101

Coolidge
9.042

Temp. Yield Yield . Yield
(°C ) (/^g s) (ppm S) (%o) (Â g S) (ppm S) (%o) W  s) (ppm S) (7oo)

100 ND 4.56 227 ND 0.05 6 ND
200 0.08 19 ND 1.82 91 ND 0.03 3 ND
300 0.03 7 ND 19.14 227 - 0.04 4 ND
400 1.05 253 ND 19.14 952 - 0.04 4 ND
450 21.05 5081 - 2.2 - - - 0.19 21 ND
500 23.97 5786 - 2.1 196.89 9795 - 0.6 0.66 73 ND
550 14.14 3413 - 1.0 - — - 2.06 228 -5 .3
600 6.65 1605 -4 .3 79.39 3950 - 1.1 3.85 426 -7 .1
625 3.15 760 —4.8 - - — _

650 3.54 855 -3 .2 - - — 4.98 551 -4 .0
675 3.02 729 -0 .4 - - — — —

700 2.71 654 +3.2 86.60 4308 + 0.6 8.04 889 -1 .5
750 1.50 362 ND - - - 2.79 309 -4 .1
800 0.51 123 ND 32.82 1633 + 2.6 1.59 176 +2.7
900 - - - 20.47 1043 ND 1.59 176 + 2.1
1000 - - - 8.20 408 ND 1.46 161 ND
1100 - - - 4.56 227 ND - - -

1200 2.69 649 + 1.8 10.03 499 ND 2.12 234 +0.3
Total 84.09 20296 -1 .9 469.54 23360 - 0.2 29.49 3261 - 2 .7
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Sample 
Wt (mg)

Felix
4.736

Karoonda
14.190

Mulga West 
13.625

Temp Yield &34S Yield f ^ S Yield
(°C) (Mg s) (ppm S) (7oo) (Mg S) (ppm S) (7oo) (Mg S) (ppm S) (7oo)

100 ND ND ND 0.07 5 ND
200 - - - 0.11 8 ND 0.07 5 ND
300 0.07 15 ND 0.11 8 - ND 0.13 10 ND
400 0.10 21 ND 0.48 34 ND 0.28 21 ND
450 7.70 1626 - 2.6 42.83 3018 -3 .7 0.25 18 ND
500 27.77 5863 - 2.6 34.27 3018 -3 .7 0.07 5 ND
550 13.28 2804 - 2.8 10.76 758 -3 .9 0.13 10 ND
600 9.63 2033 -4 .8 8.63 608 -9 .1 0.07 5 ND
650 8.17 1725 —5.0 10.03 707 - 8.6 0.03 2 ND
700 6.18 1305 —3.7 11.82 833 - 6.0 0.03 2 ND
750 4.25 897 +3.6 29.29 2064 - 1.6 - - -
800 1.36 393 +2.9 21.18 1493 +2.7 0.16 12 ND
850 - - - 5.64 397 +4.4 - - -
900 2.72 574 +4.0 1.99 140 +4.3 - - -
1000 1.33 281 ND 1.59 112 + 1.8 5.51 404 + 7 .7
1100 - - - - - - 0.73 54 +4.3
1200 1.26 266 ND 2.79 197 +1.3 0.86 63 ND
Total 84.32 17803 -2 .5 181.52 1292 - 2 .7 8.39 616 +7.3

215



Sample 
Wt (mg)

Onians
7.561

Vigarano
4.482

Yamato 6903 
10.441

Temp Yield Yield Yield (!)34S
(°C) (Mg S) (ppm S) (7oo) (Mg S) (ppm S) (7oo) (Mg S) (ppm S) (7oo)

100 _ 0.03 7 ND
200 0.16 21 ND 0.16 22 ND 0.33 32 ND
300 0.13 17 ND 0.30 67 ND 0.19 16 ND
400 0.05 7 ND 0.09 20 ND 0.19 16 ND
450 5.11 676 -3 .4 3.74 846 +1.3 15.27 1463 -3 .8
500 26.03 3443 - 1 .7 11.49 2563 -1 .4 38.98 3733 -2 .7
525 — - - - - - 8.37 802 -3 .9
550 28.82 3812 -2 .5 15.74 3512 - 2.6 5.31 509 —4.4
575 - - - - - - 4.25 407 -5 .5
600 33.67 4453 - 2.1 6.91 1542 -4 .0 3.72 356 -5 .7
625 - - - - - - 4.18 400 —6.8
650 19.47 2575 -2 .5 4.65 1037 -5 .1 5.18 496 -5 .7
675 - - - - - - 6.57 629 -5 .7
700 20.12 2661 -1 .7 3.92 875 -2 .3 7.24 693 -4 .0
750 8.90 1177 + 0.6 4.18 933 +1.7 13.61 1304 -0 .9
800 6.57 869 +  1.5 1.26 281 +1.4 7.11 681 -2 .3
850 4.25 562 +  1.8 - - - 5.71 547 - 2.2
900 2.26 299 +2.3 2.99 667 + 0.6 4.52 433 +3.2
1000 3.05 403 +2.3 1.66 370 + 2.0 3.10 297 + 6.1
1200 2.30 304 +3.5 1.13 252 ND 2.19 210 ND
Total 166.89 21279 -1 .5 58.24 12994 -1 .7 136.00 13026 -3 .0
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Enstatite chondrites and aubrites

Sam ple 
W t (mg)

Abee
3.701

A tla n ta
4.119

B ustee
10.221

T em p Y ield Y ield f3<S Yield f3<S
(°C ) (Mg S) (ppm  S) (%o) (Mg S) (ppm  S) (7oo) (Mg S) (ppm  S) (7oo)

100 1.95 527 ND 0.22 53 ND 0.05 5 ND
200 0.33 89 ND 0.03 7 ND 1.26 123 -2 .9
300 1.26 340 ND 0.02 5 ND 0.33 32 ND
350 0.50 135 ND - - - - - —

400 6.91 1867 -2 .0 0.19 46 ND 0.13 13 ND
450 13.98 3777 -3 .48 8.85 2149 -6 .7 - — -

500 40.94 11062 -3 .6 37.45 9092 -3 .3 12.35 1208 -2 .2
550 46.02 12435 -3 .6 37.85 9189 —3.1 — - -

600 11.49 3105 -3 .5 17.93 4353 -3 .4 42.96 4203 -2 .4
650 12.82 3464 -4 .3 9.50 2306 -2 .4 - - -

700 9.63 2602 -4 .3 5.98 1452 -1 .2 54.45 5327 -3 .7
750 13.75 3715 -4 .0 2.06 500 +1.8 - - -

800 17.66 4772 -2 .3 0.66 160 ND 10.29 1007 -4 .6
850 15.61 4218 +1.6 0.46 112 ND - - -

900 15.61 4218 +1.6 0.46 112 ND 15.41 1508 -3 .5
950 17.27 4666 -0 .9 - — - - — -

1000 21.78 5885 -0 .4 0.60 146 ND 27.49 2690 +0.7
1050 6.64 1794 +0.3 - - - - - -

1100 4.85 1310 +0.9 - - - 10.36 1014 +1.7
1200 2.92 789 +0.7 1.06 257 ND 0.93 91 ND
T o ta l 261.92 70770 -2 .8 6 123.32 32639 -3 .2 176.01 17221 -2 .3
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Sample 
Wt (mg)

Daniel’s Kuil 
4.217

Indarch
2.846

Khairpur
3.825

Temp Yield f ^ S Yield f34S Yield f3<S
(°C) (Mg S) (ppm S) (7oo) (Mg S) (ppm S) (%o) (Mg S) (ppm S) (%o)

100 ND ND ND 0.41 144 ND 0.27 71 ND
200 0.31 31 ND 1.33 467 +1.5 0.13 34 ND
300 0.22 -  52 ND 0.27 95 ND 0.13 34 ND
350 - - - 3.39 1191 - 2.2 - - -

400 0.46 109 ND 27.43 9639 —3.6 0.20 52 ND
450 2.79 662 - 2.8 27.43 19952 - 2 .9 3.92 1025 -2 .4
500 13.28 3149 -2 .7 13.28 4667 -2 .5 6.84 1788 -3 .2
550 34.46 8172 -3 .9 8.04 2825 - 3 .9 20.79 5436 -3 .2
600 43.10 10221 -3 .9 7.70 2706 —4.4 28.09 7606 -3 .7
650 22.31 5291 -4 .5 8.50 2987 - 4 .0 15.14 3959 - 2 .9
700 5.71 1354 -3 .7 9.43 3314 - 1.6 4.85 1268 -0 .5
750 0.27 64 ND 5.98 2101 +0.7 1.93 505 - 0.8

800 0.99 235 +3.2 5.38 1891 +0.7 1.93 505 - 0.8

850 - - - 4.32 1518 + 1.6 2.66 695 0.0

900 2.59 614 - 1.1 3.32 1167 +  1.7 4.25 1111 - 2.2

950 - - - 1.99 699 +2.4 5.84 1527 +0.3
1000 4.58 1086 -3 .2 1.53 538 ND 4.12 1077 + 2.6

1050 - - - - - - 0.60 157 ND
1100 0.53 126 ND 0.45 158 ND - - -

1200 0.40 95 ND 0.13 46 ND 0.10 26 ND
Total 131.82 31261 -3 .7 159.66 55901 -2 .5 102.25 26734 -2 .5
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S am ple 
W t (m g)

K hairpur*
4.583

K o ta-K o ta
2.517

N .W . F orrest 
4.265

T em p Y ield f34S Yield f3*S Yield f34S
(°C ) (Mg S) (ppm  S) (7oo) (Mg S) (ppm  S) (7oo) (Mg S) (ppm  S) (%o)

100 0.22 48 ND 0.84 334 ND ND ND ND
200 0.30 65 ND 1.99 791 +0.3 ND ND - ND
300 0.10 22 ND 0.93 369 ND 0.86 202 ND
350 - - - 0.20 79 +0.3 ND ND ND
400 0.13 28 ND 1.93 767 -4 .7 0.14 33 ND
450 1.47 321 ND 22.71 9023 - 2.0 0.07 16 ND
500 5.83 1272 -4 .1 29.95 11899 - 2.6 0.28 66 ND
550 10.76 2348 -3 .9 18.53 7362 -3 .3 3.19 748 -3 .2
600 12.15 2651 - 2.6 7.57 3008 —6.3 4.81 1128 -6 .7
650 7.11 1551 -3 .4 8.67 3445 ND 6.24 1463 - 3 .2
700 2.31 504 - 2.6 3.92 1557 - 1.0 4.58 1074 +0.7
750 - - - 3.45 1371 -3 .2 2.52 591 +3.0
800 0.52 113 ND 2.52 1001 -0 .5 1.33 312 +0.70
850 0.21 46 ND 2.79 11.08 -0 .7 - - —

900 0.09 20 ND 2.79 1347 -2 .3 2.32 544 +0.7
950 - - - 3.65 1450 -0 .9 - — —
1000 0.05 11 ND 2.19 870 -2 .4 2.59 607 + 1.0

1100 - - - - - - 0.46 108 ND
1200 0.42 92 ND 1.70 675 +  1.6 0.47 110 ND
T o ta l 41.67 9092 —3.3 117.19 46559 -2 .5 29.86 6936 - 1 .4

^A cetic  a c id  r e s id u e .

219



Sample 
Wt (mg)

Norton County 
14.571

St. Mark’s 
4.368

Shallowater
13.155

Temp Yield 63<S Yield Yield 63<S
(*(]) (Mg S) (ppm S) (%o) (Mg S) (ppm S) (%o) (Mg S) (PPm S) (7oo)

100 _ 0.24 55 ND
2 0 0 - 1.22 84 ND 0.14 32 ND 0.15 11 ND
300 0.28 19 ND 0.09 21 ND 0.29 -  22 ND
400 0.07 5 ND 1.73 396 ND 1.75 133 - 1.2

450 0.96 66 ND 20.98 4804 -3 .2 5.01 381 -2 .4
500 4.33 297 - 1.6 20.21 4627 -3 .5 8.49 645 - 5 .0
550 8.35 573 —3.1 13.02 2981 —3.1 14.86 1130 -5 .5
600 7.03 482 -3 .6 10.09 2310 -4 .0 15.60 1186 -5 .7
650 4.34 298 -5 .1 5.38 1232 -4 .9 12.02 914 -2 .1 6
700 3.64 250 - 6.0 3.92 898 -1 .9 12.24 930 +  1.6

750 1.08 74 -3 .7 4.98 1140 -3 .0 7.51 571 +3.3
800 1.06 73 ND 4.85 1110 -3 .8 5.54 421 +3.9
850 1.64 113 —3.0 5.51 1262 -5 .3 2.62 199 +4.0
900 2.35 161 -2 .9 10.03 2296 - 2.8 1.88 143 +2.9
950 6.56 450 —1.3 17.80 4075 -0 .5 1.22 93 +3.8
1000 4.95 340 -0 .5 12.88 2949 +0.7 0.69 52 ND
1100 3.64 250 - 2.1 9.63 2205 +0.3 - - -

1200 0.32 22 . ND 8.04 1841 - 1.2 0.75 57 ND
Total 51.82 3557 -2 .9 149.52 34234 -2 .4 90.62 6888 -1 .9
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Sample 
Wt (mg)

South Oman 
2.768

Yilmia
5.452

Temp Yield Yield 6^ ^
(°C) (Mg S) (ppm S) (%o) (Mg S) (ppm S) (%o)

100 0.09 33 ND 0.09 17 ND
200 0.15 54 ND 0.67 123 ND
300 0.27 98 ND 0.60 110 ND
350 0.27 98 ND - - -
400 1.86 672 +1.3 0.46 84 ND
450 5.84 2110 -3 .1 3.85 706 -0 .5
500 5.05 1824 -2 .6 19.32 3544 -2 .3
550 5.38 1944 —3.8 22.58 4142 -3 .7
600 9.56 3454 -3 .9 24.37 4470 -2 .8
650 7.70 2782 -5 .6 13.24 2432 -2 .5
700 8.43 3046 -5 .1 5.78 1060 -2 .6
750 9.03 3262 -4 .5 2.46 451 -4 .9
800 9.03 3262 —3.1 1.99 365 -1 .1
850 6.71 2424 -3 .7 1.93 354 -1 .6
900 5.51 1991 -3 .4 3.72 682 -3 .4
950 8.23 2973 -0 .1 6.24 1145 —0.3
1000 5.11 1846 +0.8 4.52 829 -1 .6
1100 3.45 1246 +1.7 3.72 682 -0 .8
1200 7.90 2854 -3 .5 0.66 121 ND
Total 99.57 35973 —3.1 116.17 21317 -2 .5
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M iscellaneous samples 

Meteorites

Sample 
Wt (mg)

ALHA 77257 
9.654

Dyalpur
9.708

Semarkona
4.299

Temp. Yield Yield 5345 Yield 6^4 S
(°C) (Mg S) (ppm S) (7oo) (Mg S) (ppm S) (7oo) (Mg S) (ppm S) (7oo)

100 0.01 1 ND 0.01 1 ND 0.10 23 ND
200 0.06 6 ND 0.33 34 ND 0.07 16 ND
300 0.01 1 ND 0.14 14 ND 0.13 30 ND
400 0.26 27 ND 0.09 9 ND 0.12 28 ND
450 - - - - - - 8.23 1915 - 3 .9
500 0.16 17 ND 0.49 47 ND 29.62 6751 -2 .8
550 - - - - - - 14.94 3476 -2 .6
600 0.28 29 ND 1.06 109 ND 4.85 1128 -3 .0
650 - - - - - - 2.79 649 —5.6
700 1.73 179 +3.8 1.73 178 +3.8 3.32 772 -3 .7
750 - - - - - - 2.99 696 -0 .7
800 0.23 24 ND 1.79 184 -1 .6 2.59 603 -0 .1
900 0.07 7 ND 0.27 28 ND 2.32 540 -0 .1
1000 0.29 30 ND 0.66 68 ND 1.06 247 ND
1100 0.12 12 ND 0.33 34 ND - - —

1200 0.09 9 ND 0.29 30 ND 1.79 416 ND
Total 3.31 342 +3.8 7.16 736 +1.1 74.32 17290 -2 .8

R e fe re n c e  m a te r ia ls

Sample Calcium sulphide Chalcopyrite Chalcopyrite (S080)
Wt (mg) 0.276 4.000 0.343

Temp. . Yield f34S Yield &34S Yield 4:34s
(°C) (Mg S) (ppmS) (7oo) (Mg S) (ppm S) (%o) (Mg S) (ppm S) (%o)

100 0.08 290 ND 0.91 228 ND
200 ND ND ND 0.64 160 — — —
300 Nd ND ND 10.02 2505 ND 0.60 1751 ND
400=; 0.03 109 ND 507.70 126925 -3 .8 23.90 69740 - 7 .2
450 - - - - - 38.85 113364 - 6 .4
500 0.04 145 ND 344.60 86150 -3 .7 13.26 38693 -5 .5
550 - - - - - 12.31 35924 - 6 .7
600 0.05 181 ND 104.80 26200 —3.6 4.88 14240 - 4 .6
700 0.27 978 ND 51.05 12763 ND — _ —

800 0.40 1448 ND 56.15 14038 +0.6 - — —

900 3.85 13939 +7.6 87.51 21878 -1 .5 3.27 9542 +0.7
1000 19.67 71217 +7.6 1.73 433 ND - — —

1100 31.21 112998 +10.3 0.82 205 ND - — —

1200 10.09 36531 +9.3 0.46 115 ND ND ND ND
Total 65.69 237836 +9.18 1166.39 291600 -3 .3 4 97.07 283254 -6 .1 9
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Sample 
Wt (mg)

Epsomite
6.350

Ferrous sulphate 
1.360

Gypsum
3.136

Temp. Yield 4345 Yield 4345 Yield 4345

(°c ) (Mg S) (ppm S) (%o) (Mg S) (ppm S) (%o) (Mg S) (ppm S) (7oo)

100 _ _ 0.15 48 ND
200 - - - - - - 0.02 6 ND
300 - - - 1.70 1250T ND 0.54 172 ND
400 - - - 1.54 1132 ND 31.72 10115 +  1.0
500 13.67 2153 ND 8.51 6257 +20.0 13.92 4439 + 4.9
600 6.38 1005 ND 100.57 73949 -1 .7 9.28 2959 ND
700 3.65 575 ND 12.38 9103 +37.7 309.44 98673 +4.1
800 10.03 1580 ND 7.74 5691 +26.2 119.13 37988 +  1.6
900 100.27 15791 ND 4.64 3412 ND 6.96 2219 ND
1000 321.77 50672 +7.4 3.87 2846 ND 9.28 2959 ND
1100 11.02 1735 ND 5.41 3978 ND 0.77 246 ND
1200 30.99 4880 ND 6.19 4551 ND 0.16 51 ND
Total 497.78 78391 +7.4 152.55 112169 +5.20 501.36 159875 ND

Sample Reference mixture Reference mixture
Wt (mg) 1.320 0.180

Temp. Yield .4345 Yield 4349

(°C) (Mg S) (ppm S) (%o) (Mg S) (ppm S) (7oo)

100 9.28 7030 +20.7 1.27 7056 ND
200 4.64 3515 +24.2 1.32 7333 ND
300 1.55 1174 ND 0.60 3333 ND
400 3.87 2932 ND 3.68 20444 +4.3
500 69.62 52742 -2 .2 15.39 85500 -3 .7
600 13.15 9962 -1 .5 7.08 39333 +1.3
700 1.55 1174 ND 1.36 7556 ND
800 9.28 7030 +12.3 1.46 8111 ND
900 62.66 47469 +  13.4 1.51 8389 ND
1000 10.05 7614 +11.1 0.61 3389 ND
1100 61.27 46417 +9.1 0.53 2944 ND
1200 15.47 11720 +  12.1 0.35 1944 ND
Total 262.39 157004 +7.6 35.16 195333 -1 .2
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Sample 
Wt (mg)

Elemental sulphur 
0.630

Tochilinite
1.108

Temp. Yield <5343 Yield 4349
(°C ) (Mg S) (ppm S) (7oo) (Mg S) (ppm S) (7oo)

100 241.56 383429 +  15.1 0.05 45 ND
200 55.60 88254 +19.9 0.09 81 ND
300 36.46 57873 +15.0 0.15 135 ND
400 21.88 34730 ND 3.09 2789 -7 .0
500 19.14 30381 ND 150.90 13691 -9 .5
600 - - - 105.71 95406 -7 .7
700 - - - 2.24 2022 -8 .2
800 - - - 18.60 167687 —5.8
900 - - - 9.90 8935 +6.6
1000 - - - 3.79 3420 +2.0
1100 - - - 5.03 4540 +0.3
1200 - - - 2.17 1958 +1.0
Total 374.64 594667 +  15.92 301.72 272309 -7 .6 9
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B e lla  R o c a  t r o i l i t e  s a m p le s

Sample 
Wt (mg)

Temp.
(°C )

100 2.72 4459 ND
200 0.79 1295 ND
300 0.65 1066 ND
350 -

400 13.95 22869 +0.5
425
450
475
500
525
550

S016
0.610

S079
0.390

Yield 434g
(Mg S) (ppm S) (%o)

192.63 315787 -0 .3

600 30.90 50656 +0.8
650 -

700 2.27 3721 ND
800 0.98 1607 ND
900 0.90 1475 ND
1000 0.58 951 ND
1100 0.34 557 ND
1200 0.20 328 ND
Total I 246.88 404771 -0 .1 1

Yield 4349

(Mg S) (ppm S) (%o)

S082
0.422

0.44 1129 ND
0.42 1078 ND
0.77 1976 ND
8.93 22915 -3 .3

34.53 88607 -2 .9
29.88 76674 -3 .1
27.49 70541 -3 .6
28.82 73594 -2 .6
19.66 50449 -2 .4
6.98 17911 -2 .4
2.69 6903 -0 .6

1.47 3772 +3.9

0.48 1232 ND

0.09 231 ND
162.65 417372 -2 .8 5

Yield 4349

(Mg S) (ppm S) (7oo)

0.08

0.08

0.80

189

189

1895

ND

ND

ND

30.78 72904 -4 .5
82.48 195358 - 2 .8
13.31 31525 -1 .3
0.20 474 ND

0.09 213 ND
127.82 302747 -3 .0 2

Sample 
Wt (mg)

Temp.
(°C )

S083
0.275

Yield 4349

(Mg S) (ppm S) (7oo)

S084
0.365

Yield 4349

(Mg S) (ppm S) (7oo)

S085
0.186

Yield 4349

(Mg S) (ppm S) (%o)
300
400
450
500
550
600
900
1200
Total

0.34
2.41

29.51
40.57
14.94
2.67
1.53
0.56

1235
8751

105846
147313
54248
9695
5556
2033

ND 
-0 .5  
- 2.2  
- 2.1 
—  1.8 
-0 .4  

ND 
ND

0.18
9.55

34.33
57.51
18.00
3.90

2.06
92.17 334677 -2 .0

494
26186
94132

157691
49356
10694

5648

ND 
—0.3 
— 1.3 
-1 .4  
- 2.0 
-3 .8

ND

1.52
3.47

12.36 
28.89
9.56
6.36 
1.73 
0.35

8172 
18656 
66452 

155323 
51398 
34194 

9301 
1882

ND 
+ 1.6 
- 0 .9  
—1.3 
- 0.6 
- 1.2 
+ 4.0  

ND
125.53 344201 - 1.45 | 64.24 344 2 0 I —1.5

225



Sample 
Wt (mg)

Temp,

Total

Sample 
Wt (mg)

Temp.
(°C)

S086
0.326

Yield
r c ) (Mg S) (ppm S) (7oo)

300 0.26 797 ND
400 2.80 8584 ND
450 24.04 73697 +1.6
500 59.30 181790 -2 .0
550 7.30 22379 -1 .0
600 3.10 9503 ND
1200 — -

96.80 478540 -1 .0

S087
0.224

Yield
(Mg S) (ppm S) (%o)

66.04 295349 -2 .2

S088
0.224

Yield m s
(Mg S) (ppm S) (%o)

0.27 1208 ND
5.06 22630 —1.3 2.30 9446 -2 .6

12.64 56530 -2 .3 18.39 75524 -2 .3
23.57 105411 -2 .8 45.55 187064 -2 .6
17.60 78712 -1 .6 7.47 30678 -3 .1
3.70 16547 — 1.3 1.16 4764 ND
3.20 14311 - 3 .0 1.12 4600 ND

75.99 312076 -2 .6

S089
0.371

Yield J34S
(Mg S) (ppm S) (°/oo)

S090
0.309

Yield 534g
(Mg S) (ppm S) (7oo)

S091
0.273

Yield 534g
(Mg S) (ppm S) (%o)

400
450

3.74 10078 -1 .2 12.02 38900 +0.0 - —

500
600
800

77.16
29.62

5.69

207922
79817
15333

-1 .4
-0 .6
-1 .6

61.96
9.96

200518
32233

-1 .4
-1 .9

19.92
44.56
14.74

73047
163403
54052

-1 .6
-2 .0
-3 .1

1200
Total

0.94
117.15

2533
31.SRR3

ND
0

1.06
Qcr nn

3430 - 2 .0 1.69 6197 ND
275081 -1 .3  I 93.14 341547
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R e fe r e n c e s

A la e r t s  L . a n d  A n d e r s  E . (1 9 7 9 ) O n  th e  k in e t ic s  o f  v o la t i le  lo ss  f ro m  c h o n 
d r i te s .  G e o c h im . C o s m o c h im . A c ta  4 3 ,  5 4 7 -5 5 3 .

A le x a n d e r  C .,  B a r b e r  D . J .  a n d  H u tc h is o n  R . (1 9 8 6 ) H y d ro u s  p h a s e s  a n d  
h y d r o u s  a l t e r a t io n  in  U . O . C . ’s. M e te o r i t ic s  2 1 ,  328 .

A n d e r s  E . (1 9 6 4 ) O rig in  a g e  a n d  c o m p o s i t io n  o f  m e te o r i te s .  S p a c e  S ci. 
R e v . 3 , 5 8 3 -7 1 4 .

A n d e r s  E . (1 9 7 5 ) D o  s to n y  m e te o r i te s  c o m e  f ro m  c o m e ts ?  I c a ru s  2 4 ,  3 6 3 -  
371 .

A n d e rs  E .,  H ig u c h i H ., G ro s  J . ,  T a k a h a s h i  H . a n d  M o rg a n  J .  W . (1 9 7 6 ) 
C h e m ic a l  f r a c t io n a t io n s  in  m e te o r i te s - I X .  C 3  c h o n d r i te s .  G e o c h im . 
C o s m o c h im . A c ta  4 0 ,  1 1 3 1 -1 1 3 9 .

A n d e r s o n  D . L. a n d  J o r d a n  T .  H . (1 9 7 1 ) T h e  c o m p o s i t io n  a n d  e v o lu t io n  
o f  th e  E a r th  a n d  M a rs .  T ra n s .  A m . G e o p h y s . U n io n  5 2 ,  349 .

A r n e t t  W . D . (1 9 7 3 ) E x p lo s iv e  n u c le o s y n th e s is  in  s t a r s .  A n n . R e v . A s t r o n .  
A s t r o p h y s . ,  1 1 ,  7 3 -9 4 .

A rm s t r o n g  J .  T . ,  E l G o rs e y  A . a n d  W e isse rb u rg  G . J .  (1 9 8 5 ) W illy : a  p r iz e  
n o b le  U r-F re m d lin g ,  i t s  h is to r y  a n d  im p l ic a t io n s  fo r  th e  f o rm a t io n  o f  
F re m d lin g e  in  C A Is . G e o c h im . C o s m o c h im . A c ta  4 9 ,  1 0 0 1 -1 0 2 2 .

A u d o u z e  J .  a n d  V a u c la ir  S . (1 9 8 0 ) I n t ro d u c t io n  to  N u c le a r  A s tro p h y s ic s .  
R e id e l, D o rd r e c h t ,  1 6 7 p p .

A u l t  W . U . a n d  K u lp  J .  L . (1 9 5 9 ) Is o to p ic  g e o c h e m is try  o f  su lfu r .  G e o c h im . 
C o s m o c h im . A c ta  1 6 ,  2 0 1 -2 3 5 .

A u l t  W . U . a n d  J e n s e n  M . L . (1 9 6 2 ) S u m m a r y  o f  s u lf u r  is o to p ic  s ta n d a r d s .  
In : B io g e o c h e m is try  o f  S u lfu r  I s o to p e s  (e d . M . L . J e n s e n ) ,  N ew  H a v e n , 
P ro c .  N a t .  S ci. F .,  1 6 -2 9 .

B a e d e c k e r  P . A . a n d  W a sso n  J .  T .  (1 9 7 5 ) E le m e n ta l  f r a c t io n a t io n s  a m o n g  
e n s t a t i t e  c h o n d r i te s .  G e o c h im . C o s m o c h im . A c ta  3 9 ,  7 3 5 -7 6 5 .
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B a ir d  A . K ., T o m lin  P . I l l ,  C la r k  B . C ,,  R o se  H . J .  J n r . ,  K eil K ,,  C h r is t ia n  
R . P . a n d  G o o d in g  J ,  L. (1 9 7 6 ) M in é ra lo g ie  a n d  p e tro lo g ic  im p l ic a t io n s  
o f  V ik in g  g e o c h e m ic a l r e s u l t s  f ro m  M a rs :  in te r im  r e p o r t .  S c ie n ce  1 9 4 ,  
1 2 8 8 -1 2 9 3 .

B a n n is te r  F . A . (1 9 4 1 ) O s b o r n i te ,  m e te o r i t ic  t i t a n iu m  n i t r id e .  M in e ra l .  
M a g . 2 6 ,  3 6 -4 4 .

B a r b e r  D . J .  (1 9 8 1 ) M a tr ix  p h y llo s il ic a te s  a n d  a s s o c ia te d  m in e r a ls  in  C 2 M  
c a r b o n a c e o u s  c h o n d r i te s .  G e o c h im . C o s m o c h im . A c ta  4 5 ,  9 4 5 -9 7 0 .

B a rk e r  E . S . (1 9 7 9 ) D e te c t io n  o f  S O 2 in  th e  U V  s p e c t r u m  o f  V en u s . G e o 
p h y s .  R e s . L e t t .  6 ,  1 1 7 -1 2 0 .

B a s s  M . N . (1 9 7 0 ) T e x tu r a l  r e la t io n s  o f  su lf id e , s u lf a te  a n d  s u lfu r  in  O rg u e il 
m e te o r i te .  M e te o r i t ic s  5 ,  1 8 0 -1 8 1 .

B eck  C . W . a n d  L a P a z  L . (1 9 5 1 ) T h e  N o r to n i te  fa ll a n d  i t s  m in e ra lo g y . 
A m . M in e ra l .  3 6 ,  4 5 -5 9 .

B e rg e r  R . (1 9 7 0 ) R e a c t io n  o f  c a r b o n  a n d  s u lp h u r  is o to p e s  in  A p o llo  11 
s a m p le s  w i th  s o la r  w in d  h y d ro g e n  a to m s .  N a tu r e  2 2 6 ,  7 3 8 -7 3 9 .

B e r to jo  M ., C h u i  M . F . a n d  T o w n e s  C . M . (1 9 7 4 ) Is o to p ic  a b u n d a n c e s  a n d  
th e i r  v a r ia t io n s  w i th in  th e  g a la x y . S c ie n c e  1 8 4 ,  6 1 9 -6 2 3 .

B in n s  R . A ., C le v e r le y  W . H ., M c C a ll G . J .  H ., R e e d  S. J .  B . a n d  S c o o n  
J .  H . (1 9 7 7 ) M u lg a  W e s t,  a  m e ta m o rp h o s e d  c a rb o n a c e o u s  c h o n d r i te .  
M e te o r i t ic s  1 2 ,  179.

B in z  C . M ., K u r im o to  R . K . a n d  L ip s c h u ltz  M . E . (1 9 7 4 ) T ra c e  e le m e n ts  
in  p r im i t iv e  m e te o r i te s — V . A b u n d a n c e  p a t t e r n s  o f  th i r t e e n  t r a c e  e le 
m e n ts  a n d  in te r e le m e n t  r e la t io n s h ip s  in  e n s t a t i t e  c h o n d r i te s .  G e o c h im . 
C o s m o c h im . A c ta  3 8 ,  1 5 7 9 -1 6 0 6 .

B isw a s  S ., W a lsh  T . ,  B a r t  G . a n d  L ip s c h u ltz  M . E . (1 9 8 0 ) T h e r m a l  m e ta 
m o r p h is m  o f  p r im i t iv e  m e te o r i te s - X I .  T h e  e n s t a t i t e  m e te o r i te s :  o r ig in  
a n d  e v o lu t io n  o f  a  p a r e n t  b o d y . G e o c h im . C o s m o c h im . A c ta  4 4 ,  2 0 9 7 -  
2110 .

B la n d e r  M . (1 9 7 1 ) T h e  c o n s t r a in e d  e q u i l ib r iu m  th e o ry :  s u lp h id e  p h a s e s  in  
m e te o r i te s .  G e o c h im . C o s m o c h im . A c ta  3 5 ,  6 1 -7 6 .

B o s tr o m  K . a n d  F re d r ik s s o n  K . (1 9 6 6 ) S u rfa c e  c o n d i t io n s  o f  th e  O rg u e il  
m e te o r i te  p a r e n t  b o d y  a s  in d ic a te d  b y  m in e ra l  a s s o c ia t io n s .  S m ith s o 
n ia n  M isc . C o ll. 1 5 1 ,  1 -3 9 .

B o y d  S . R ., F ra n c h i  I. A ., W r ig h t I. P . a n d  P il l in g e r  C . T . (1 9 8 7 ) H ig h  
p re c is io n  n i t r o g e n  is o to p e  r a t io s  a t  th e  n a n o g r a m  level. J .  P h y . E . 
( s u b m i t t e d ) .
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B r e t t  R . a n d  K e il K . (1 9 8 5 ) E n s t a t i t e  a c h o n d r i te s  d id  n o t  fo rm  f ro m  e n 
s t a t i t e  c h o n d r i te s .  M e te o r i t ic s  2 0 ,  616 .

B r e t t  R . a n d  K e il K . (1 9 8 7 ) E n s t a t i t e  c h o n d r i te s  a n d  e n s t a t i t e  a c h o n d r i te s  
( a u b r i te s )  w e re  n o t  d e r iv e d  f ro m  th e  s a m e  p a r e n t  b o d y . E a r t h  P la n e t .  
S ci. L e t t .  8 1 ,  1 -6 .

B r ig g s  M . H . (1 9 6 3 ) E v id e n c e  o f  a n  e x t r a t e r r e s t r i a l  o r ig in  fo r  so m e  o rg a n ic  
c o n s t i tu e n t s  o f  m e te o r i te s .  N a tu r e  1 9 7 ,  1290.

B ro w n le e  D . E . a n d  W h e e lo c k  M . M . (1 9 8 5 ) M ic ro p ro b e  a n a ly s e s  o f  sec 
t io n e d  m a fic  a n d  su lf id e  m ic r o m e te o r i te s .  M e te o r i t ic s  2 0 ,  6 1 7 .

B ry c e  W . A . a n d  H in sh e lw o o d  C . (1 9 4 9 ) T h e  r e a c t io n  b e tw e e n  p a ra f f in  
h y d r o c a r b o n s  a n d  s u lp h u r  v a p o u r .  J .  C h e m . S o c ., 3 3 7 9 -3 3 8 7 .

B u c h w a ld  V . F .  (1 9 7 5 ) H a n d b o o k  o f  iro n  m e te o r i te s .  U n iv  C a lif .  P re s s ,  
B e rk e le y , 3 v o ls ., 1 4 1 8 p p .

B u n c h  T .  E . a n d  C h a n g  S . (1 9 8 0 ) C a rb o n a c e o u s  c h o n d r i t e s - H .  C a r b o n a 
ce o u s  c h o n d r i t e  p h y llo s il ic a te s  a n d  l ig h t  e le m e n t g e o c h e m is try  a s  in 
d ic a to r s  o f  p a r e n t  b o d y  p ro c e s se s  a n d  su r fa c e  c o n d i t io n s .  G e o c h im . 
C o s m o c h im . A c ta  4 4 ,  1 5 4 3 -1 5 7 7 .

B u se c k  P . R . a n d  H o ld s w o r th  E . F . (1 9 7 2 ) M in e ra lo g y  a n d  p e t ro lo g y  o f  th e  
Y ilm ia  e n s t a t i t e  c h o n d r i te .  M e te o r i t ic s  7 , 4 2 9 -4 4 7 .

C a lv in  M . (1 9 6 1 ) T h e  c h e m is try  o f  life  3. H o w  life  o r ig in a te d  o n  e a r th  a n d  
in  th e  w o r ld  b e y o n d . C h e m . E n g . N ew s 3 9 ,  9 6 -1 0 4 .

C a m e ro n  A . G . W . (1 9 8 2 ) E le m e n ta l  a n d  n u c l id ic  a b u n d a n c e s  in  th e  s o la r  
s y s te m . In : E s s a y s  in  A s tro p h y s ic s  (e d . C . A . B a rn e s ,  D . D . C la y to n  
a n d  D . N . S c h ra m m ) ,  C a m b r id g e  U n iv . P re s s ,  2 3 -4 2 .

C a r r  M . H . (1 9 8 5 ) V o lca n ic  s u lp h u r  flow s o n  lo . N a tu r e  3 1 3 ,  7 3 5 -7 3 6 .

C a r r  M . H ., M a s u rs k y  H ., S t r o m  R . G . a n d  T e r r i le  R . J .  (1 9 7 9 ) V o lc a n ic  
f e a tu r e s  o f  lo . N a tu r e  3 8 0 ,  7 2 9 -7 3 3 .

C a r r  R . H .,  G ra d y  M . M ., W r ig h t  I. P . a n d  P i l l in g e r  C . T .  (1 9 8 5 ) M a r t i a n  
a tm o s p h e r ic  c a r b o n  d io x id e  a n d  w e a th e r in g  p r o d u c ts  in  S N C  m e te 
o r i te s .  N a tu r e  3 1 4 ,  2 4 8 -2 5 0 .

C a r r  R . H ., W r ig h t  I. P .,  J o in e s  A . W . a n d  P il l in g e r  C . T .  (1 9 8 6 ) S ta b le  
c a r b o n  is o to p e  a n a ly s is  a t  th e  n a n o g r a m  le v e l. A  s t a t i c  m a s s  s p e c 
t r o m e te r  a n d  p r e p a r a t io n  te c h n iq u e .  J .  P h y s .  E . 1 9 ,  7 9 8 -8 0 8 .

C h a s e  M . W ., B u r n e t t  J .  T . ,  H u A . T . ,  P r o p h e t  H ., S y v e ru d  A . N . a n d  
W a lk e r  L. C . (1 9 7 4 ) J A N A F  th e rm o c h e m ic a l  ta b le s ,  1974 s u p p le m e n t ,  
J .  P h y s .  C h e m . R ef. D a ta  3, 3 1 1 -4 8 0 .
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C la r k  B . C .,  B a ir d  A . K ., R o se  H . J .  J n r . ,  T o u m lin  P . I II , K e il K ., C a s t r o  
A . J . ,  K e ll ih e r  W . C .,  R o w e  C . D . a n d  E v a n s  P . H . (1 9 7 6 ) I n o rg a n ic  
a n a ly s is  o f  m a r t i a n  s u r fa c e  s a m p le s  a t  V ik in g  la n d in g  s i te s .  S c ie n ce  
1 9 4 ,  1 2 8 3 -1 2 8 8 .

C la r k e  R . S ., J a ro s e w ic h  E .,  M a so n  B ., N e le n  J . ,  G o m e z  M . a n d  H y d e  J .  R . 
(1 9 7 0 ) T h e  A lle n d e , M e x ic o , m e te o r i te  sh o w e r . S m ith s o n ia n  C o n t r ib .  
E a r t h  S ci. 5 ,  1 -5 3 .

C la y to n  D . D . a n d  R a m a d u r a i  S . (1 9 7 7 ) O n  p r e s o la r  m e te o r i t ic  s u lp h id e s .  
N a tu r e  2 6 5 ,  4 2 7 -4 2 8 .

C la y to n  R . N . a n d  M a y e d a  T . K . (1 9 7 3 ) C o m p o n e n t  o f  p r im i t iv e  n u c le a r  
c o m p o s i t io n  in  c a r b o n a c e o u s  m e te o r i te s .  S c ie n ce  1 8 2 ,  4 8 5 -4 8 8 .

C la y to n  R . N . a n d  M a y e d a  T . K . (1 9 7 7 a )  A n o m a lo u s  a n o m a lie s  in  c a r 
b o n a c e o u s  c h o n d r i te s .  L u n a r  P la n e t  S c i., V II , 1 9 3 -1 9 5 .

C la y to n  R . N . a n d  M a y e d a  T .  K . (1 9 7 7 b ) C o r r e la te d  o x y g e n  a n d  m a g n e 
s iu m  is o to p e  a n o m a lie s  in  A lle n d e  in c lu s io n s . 1 o x y g e n . J .  G e o p h y s . 
R e s . 4 ,  2 9 5 -2 9 8 .

C la y to n  R . N . a n d  M a y e d a  T . K . (1 9 7 8 ) G e n e t ic  r e la t io n s  b e tw e e n  iro n  
a n d  s to n y  m e te o r i te s .  E a r t h  P la n e t .  S ci. L e t t .  4 0 , 1 6 8 -1 7 4 .

C la y to n  R . N . a n d  M a y e d a  T . K . (1 9 8 2 ) O x y g e n  is o to p e s  in  c a rb o n a c e o u s  
c h o n d r i te s  a n d  a c h o n d r i te s .  L u n a r  P la n e t .  S ci. X II I ,  1 1 7 -1 1 8 .

C la y to n  R . N . a n d  M a y e d a  T .  K . (1 9 8 4 ) T h e  o x y g e n  is o to p e  r e c o rd  in  
M u rc h is o n  a n d  o th e r  c a rb o n a c e o u s  c h o n d r i te s .  E a r th  P la n e t .  S ci. L e t t .  
6 7 ,1 5 1 -1 6 1 .

C la y to n  R . N ., M a y e d a  T .  K . a n d  H u rd  J .  M . (1 9 7 4 ) L o ss  o f  o x y g e n , s il ic o n , 
s u lf u r  a n d  p o ta s s iu m  f ro m  th e  lu n a r  r e g o l i th .  P ro c .  L u n a r  S ci. C o n f . 
5 th ,  G e o c h im . C o s m o c h im . A c ta  S u p p . 5 ,  1 8 0 1 -1 8 0 9

C la y to n  R . N ., O n u m a  N ., G ro s s m a n  L . a n d  M a y e d a  T . K . (1 9 7 7 ) D is t r i 
b u t io n  o f  th e  p r e - s o la r  c o m p o n e n t  in  A lle n d e  a n d  o th e r  c a r b o n a c e o u s  
c h o n d r i te s .  E a r th  P la n e t .  S ci. L e t t .  3 4 ,  2 0 9 -2 2 4 .

C la y to n  R . N ., M a y e d a  T . K . a n d  O n u m a  N . (1 9 7 9 ) O x y g e n  is o to p ic  c o m 
p o s i t io n s  o f  so m e  A n ta r c t i c  m e te o r i te s .  L u n a r  P la n e t .  S ci. X , 2 2 1 -2 2 3 .

C la y to n  R . N ., M a y e d a  T .  K . a n d  R u b in  A . E . (1 9 8 4 ) O x y g e n  is o to p ic  
c o m p o s i t io n s  o f  e n s t a t i t e  c h o n d r i te s  a n d  a u b r i t e s .  P ro c .  L u n a r  P la n e t .  
S ci. C o n f . 1 5 th , J .  G e o p h y s . R es. 8 9 ,  C 2 4 5 -C 2 4 9 . .

G r ip e  J .  D . a n d  M o o re  C . B . (1 9 7 5 ) T o ta l  s u lfu r  c o n te n t  o f  o r d in a r y  c h o n 
d r i te s .  M e te o r i t ic s  1 0 ,  3 8 7 -3 8 8 .
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D a w so n  K . R .,  M a x w e ll J .  A . a n d  P a r s o n s  D . E . (1 9 6 0 ) A  d e s c r ip t io n  
o f  th e  m e te o r i te  w h ic h  fell n e a r  A b e e , A lb e r ta ,  C a n a d a .  G e o c h im . 
C o s m o c h im . A c ta  2 1 ,  1 2 7 -1 4 4 .

D e ls e m m e  A . H . (1 9 8 2 ) C h e m ic a l  c o m p o s i t io n  o f  c o m e ta ry  n u c le i. In : 
C o m e ts  (e d . L . L . W ilk e n in g )  U n iv . A r iz o n a  P re s s ,  T u c s o n , 8 5 -1 3 0 .

D e s M a ra is  D . J .  (1 9 7 8 ) C a r b o n ,  n i t ro g e n  a n d  s u lfu r  in  A p o llo  15, 16 a n d  
17 ro c k s . P ro c .  L u n a r  P la n e t .  S ci. C o n f . 9 th ,  2 4 5 1 -2 4 6 7 .

D o d d  R . T .  (1 9 8 1 ) M e te o r i te s :  a  p e tro lo g ic -c h e m ic a l  s y n th e s is .  C a m b r id g e  
U n iv . P re s s ,  C a m b r id g e .  3 6 8 p p .

D u F re s n e  E . R . a n d  A n d e r s  E . (1 9 6 2 a ) O n  th e  c h e m ic a l  e v o lu t io n  o f  th e  
c a rb o n a c e o u s  c h o n d r i te s .  G e o c h im . C o s m o c h im . A c ta  2 6 ,  1 0 8 5 -1 1 1 4 .

D u F re s n e  E . R . a n d  A n d e r s  E . (1 9 6 2 b ) O n  th e  r e te n t io n  o f  p r im o r d ia l  
n o b le  g a se s  in  th e  P e s y a n o e  m e te o r i te .  G e o c h im . C o s m o c h im . A c ta  
2 6 ,  2 5 1 -2 6 2 .

E a k le  A . S. (1 9 2 2 ) M a ss iv e  t r o i l i t e  f ro m  D e l N o r te  C o u n ty ,  C a lifo rn ia .  A m . 
M in e ra l .  7 , 7 7 -8 0 .

E a s to n  A . J .  (1 9 8 5 a )  E -c h o n d r i te s :  s ig n if ic a n c e  o f  th e  p a r t i t i o n  o f  e le m e n ts  
b e tw e e n  “s i l ic a te ” a n d  “s u lp h id e ” . M e te o r i t ic s  2 0 ,  8 9 -1 0 1 .

E a s to n  A . J .  (1 9 8 5 b )  S e v e n  n e w  b u lk  c h e m ic a l  a n a ly s e s  o f  a u b r i t e s .  M e te 
o r i t ic s  2 0 ,  5 7 1 -5 7 3 .

E in s te in  F .  W . B .,  R a o  P . R .,  T r o t t e r  J .  a n d  B a r t l e t t  N . (1 9 6 7 ) T h e  c r y s ta l  
s t r u c t u r e  o f  g o ld  t r i f lu o r id e .  J .  C h e m . S o c . (A ) ,  4 7 8 -4 8 2 .

E l G o rs e y  A . (1 9 6 7 ) Q u a n t i t a t i v e  e le c tro n  m ic r o p ro b e  a n a ly s e s  o f  c o -e x is t in g  
s p h a le r i te ,  d a u b r e e l i t e  a n d  t r o i l i te  in  th e  O d e s s a  iro n  m e te o r i te  a n d  
th e i r  g e n e t ic  im p l ic a t io n s .  G e o c h im . C o s m o c h im . A c ta  3 1 ,  1 6 6 7 -1 6 7 6 .

E l G o rs e y  A . (1 9 8 5 ) T h e  Q in g z h e n  r e a c t io n :  f in g e rp r in ts  o f  th e  E H  p la n e t .  
M e te o r i t i c s  2 0 ,  6 3 9 .

E l G o rs e y  A ., N a g e l K . a n d  R a m d o h r  P . (1 9 7 8 ) F re m d lin g e  a n d  th e i r  n o b le  
r e la t iv e s .  P ro c .  L u n a r  P la n e t .  S ci. C o n f . 9 th ,  1 2 7 9 -1 3 0 3 .

E l G o rs e y  A ., Y a b u k i H . a n d  P e rn ic k a  E . (1 9 8 3 ) Q in z h e n : a  t e n t a t i v e  
a lp h a b e t  fo r  th e  e n s t a t i t e  c h o n d r i te  c la n .  M e te o r i t ic s  1 8 ,  293 .

E l G o rs e y  A ., A rm s t r o n g  J .  T .  a n d  W a s s e rb u rg  G . J .  (1 9 8 5 ) A n a to m y  o f  
a n  A lle n d e  c o a r s e -g ra in e d  in c lu s io n . G e o c h im . C o s m o c h im . A c ta  4 9 ,  
2 4 3 3 -2 4 4 4 .

E v a n s  H . T . J r .  (1 9 7 0 ) L u n a r  t r o i l i te :  c r y s ta l lo g r a p h y .  S c ie n ce  1 6 7 ,  6 2 1 -  
62 3 .
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F a llic k  A . E . (1 9 8 0 ) O n  th e  m e a s u r e m e n t  o f  th e  v a lv e -m ix in g  c o r re c t io n  
o f  th e  c h a n g e o v e r  v a lv e  o f  a  d u a l - in le t  g a s  s o u rc e  m a ss  s p e c t r o m e te r .  
I n t .  J .  M a ss  S p ec . Ion  P h y s .  3 6 ,  4 7 -5 5 .

F e ie rb e rg  M . A ., L eb o fsk y  L . A . a n d  T h o le n  D . J .  (1 9 8 5 ) T h e  n a t u r e  o f  
C -c la s s  a s te ro id s  f ro m  3 - / im  s p e c tr o p h o to m e tr y .  I c a ru s  6 3 ,  1 8 3 -1 9 1 .

F i tc h  F . ,  S c h w a rc z  H . P . a n d  A n d e rs  E  (1 9 6 2 ) “O rg a n is e d  e le m e n ts ” in  
c a rb o n a c e o u s  c h o n d r i te s .  N a tu r e  1 9 3 ,  1 1 2 3 -1 1 2 5 .

F i tz g e r a ld  M . J .  (1 9 7 9 ) T h e  c h e m ic a l c o m p o s i t io n  a n d  c la s s if ic a t io n  o f  th e  
K a r o o n d a  m e te o r i te .  M e te o r i t ic s  1 4 ,  1 0 9 -1 1 5 .

F i tz g e r a ld  M . J .  a n d  J o n e s  J .  B . (1 9 7 7 ) A d e la id e  a n d  B e n c h  C r a t e r —  M e m 
b e r s  o f  a  n ew  s u b g ro u p  o f  th e  c a r b o n a c e o u s  c h o n d r i te s .  M e te o r i t ic s  
1 2 ,4 4 3 - 4 5 8 .

F i tz g e r a ld  M . J .  a n d  J a q u e s  A . L. (1 9 8 2 ) T ib o o b u r r a ,  a  n ew  A u s t r a l i a n  
m e te o r i te  f in d , a n d  o th e r  c a rb o n a c e o u s  c h o n d r i te s  o f  h ig h  p e t ro lo g ic  
g ra d e .  M e te o r i t ic s  1 7 ,  9 - 2 6 .

F o lin s b e e  R . E .,  D o u g la s  J .  A . V . a n d  M a x w e ll J .  A . (1 9 6 7 ) R e v e ls to k e , a  
n ew  ty p e  I c a rb o n a c e o u s  c h o n d r i te .  G e o c h im . C o s m o c h im . A c ta  3 1 ,  
1 6 2 5 -1 6 3 5 .

F o s h a g  W . (1 9 4 0 ) T h e  S h a l lo w a te r  m e te o r i te :  a  n e w  a u b r i t e .  A m . M in e ra l .  
2 5 ,  7 7 9 -7 8 6 .

F ra n k  U . a n d  S ill G . T .  (1 9 8 2 ) T h e  in f r a r e d  s p e c t r a l  p r o p e r t ie s  o f  f ro z e n  
v o la t i le s .  In : C o m e ts  (ed . L . L . W ilk e n in g ) ,  U n iv . A r iz o n a  P re s s ,  
T u c s o n , 1 6 4 -2 0 2 .

F re d r ik s s o n  K . a n d  K eil K . (1 9 6 4 ) T h e  i r o n ,  m a g n e s iu m , c a lc iu m  a n d  n ic k e l 
d i s t r ib u t io n  in  th e  M u r r a y  c a r b o n a c e o u s  c h o n d r i te .  M e te o r i t ic s  2 , 
2 0 1 -2 1 7 .

F r ic k  U . a n d  P e p in  R . O . (1 9 8 1 ) M ic ro a n a ly s is  o f  n i t r o g e n  is o to p e  a b u n 
d a n c e s : a s s o c ia t io n s  o f  n i t r o g e n  w i th  n o b le  g a s  c a r r ie r s  in  A lle n d e . 
E a r th  P la n e t .  S ci. L e t t .  5 6 ,  6 4 -8 1 .

F r i tz  P .,  D r im m ie  R . J .  a n d  N o rw ik i V . K . (1 9 7 4 ) P r e p a r a t i o n  o f  s u lf u r  
d io x id e  fo r  m a s s  s p e c t r o m e te r  a n a ly s e s  b y  c o m b u s t io n  o f  su lf id e s  w i th  
c o p p e r  o x id e . A n a l.  C h e m . 4 6 ,  1 6 4 -1 6 6 .

F u c h s  L. H . (1 9 6 6 ) D je r f is h e r i te ,  a lk a li c o p p e r - i r o n  su lf id e : a  n ew  m in e ra l  
f ro m  e n s t a t i t e  c h o n d r i te s .  S c ie n ce  1 5 3 ,  1 6 6 -1 6 7 .

F u c h s  L. H . a n d  O lse n  E . (1 9 7 3 ) C o m p o s i t io n  o f  m e ta l  in  ty p e  III c a r b o n a 
c e o u s  c h o n d r i te s  a n d  i t s  re le v a n c e  to  th e  s o u rc e -a s s ig n m e n t  o f  lu n a r  
m a te r ia l .  E a r th  P la n e t .  S ci. L e t t .  1 8 ,  3 7 9 -3 8 4 .
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F u c h s  L. H . a n d  B la n d e r  M . (1 9 7 7 ) M o ly b d e n ite  in  c a lc iu m -a lu m in iu m  r ic h  
in c lu s io n s  in  th e  A lle n d e  m e te o r i te .  G e o c h im . C o s m o c h im . A c ta  4 1 ,  
1 1 7 0 -1 1 7 5 .

F u c h s  L . H ., O lse n  E . a n d  J e n s e n  K . J .  (1 9 7 3 ) M in e ra lo g y , m in e ra l-c h e m is -  
t r y  a n d  c o m p o s i t io n  o f  th e  M u rc h is o n  (C 2 )  m e te o r i te .  S m ith s o n ia n  
C o n t r ib .  E a r th  S ci. 1 0 ,  1 -3 9 .

G ib s o n  E . K . J r .  a n d  M o o re  C . B . (1 9 7 4 ) S u lfu r  a b u n d a n c e s  a n d  d i s t r ib u 
t io n s  in  th e  v a lley  o f  th e  T a u r u s - L i t t r o w .  P ro c .  L u n a r  S ci. C o n f. 5 , 
1 8 2 3 -1 8 3 7 .

G ib s o n  E . K . J r .  a n d  A n d ra w e s  F . F .  (1 9 8 0 ) T h e  A n ta r c t i c  e n v i ro n m e n t  
a n d  i t s  e ffec t u p o n  th e  t o t a l  c a r b o n  a n d  s u lfu r  a b u n d a n c e s  in  re c o v e re d  
m e te o r i te s .  P ro c .  L u n a r  P la n e t .  S ci. C o n f . 1 1 th ,  1 2 2 3 -1 2 3 4 .

G ib s o n  E . K . J r . ,  M o o re  C . B .,  P r im u s  T .  M . a n d  L ew is C . F . (1 9 8 5 ) S u lfu r  
in  a c h o n d r i t ic  m e te o r i te s .  M e te o r i t ic s  2 0 ,  5 0 3 -5 1 1 .

G i lm o u r  I .,  W r ig h t  I. P . a n d  P i l l in g e r  C . T .  (1 9 8 5 ) A  h ig h  r e s o lu t io n  is o to p ic  
s tu d y  o f  p o ly m e r ic  m a te r i a l  in  M u rc h is o n : c o m p a r is o n s  w i th  te r r e s t r i a l  
o rg a n ic  m a t t e r .  M e te o r i t ic s  2 0 ,  647 .

G o o d in g  J .  L . (1 9 8 1 ) M in e ra lo g ic a l  a s p e c ts  o f  t e r r e s t r i a l  w e a th e r in g  e ffec ts  
in  c h o n d r i te s  f ro m  A lla n  H ills , A n ta r c t i c a .  P ro c .  L u n a r  P la n e t .  S ci. 
C o n f . 1 2 th , 1 1 0 5 -1 1 2 2 .

G o o d in g  J .  L . (1 9 8 6 ) C la y - m in e ra lo id  w e a th e r in g  p r o d u c ts  in  A n ta r c t i c  
m e te o r i te s .  G e o c h im . C o s m o c h im . A c ta  5 0 ,  2 2 1 5 -2 2 2 3 .

G o o d in g  J .  L . a n d  M u e n o w  D . W . (1 9 8 6 ) M a r t i a n  v o la ti le s  in  s h e rg o t-  
t i t e  E E T A  7 9001 : n e w  e v id e n c e  f ro m  o x id is e d  s u lfu r  a n d  s u lfu r - r ic h  
a lu m in o s i l ic a te s .  G e o c h im . C o s m o c h im . A c ta  5 0 ,  1 0 4 9 -1 0 5 9 .

G r a d y  M . M . (1 9 8 3 ) T h e  c o n te n t  a n d  is o to p ic  c o m p o s i t io n  o f  c a r b o n  in  
s to n y  m e te o r i te s .  P h D  T h e s is ,  U n iv . C a m b r id g e .

G r a d y  M . M ., G r a h a m  A . L ., B a r b e r  D . J . ,  A y lm e r  D ., K u r a t  G .,  N ta f lo s  
T . ,  O t t  U ., P a lm e  H . a n d  S p e t te l  B . (1 9 8 6 ) Y a m a to  8 2 0 4 2 : a n  u n u s u a l  
c a r b o n a c e o u s  c h o n d r i te  w i th  C M  a ff in itie s .  P ro c .  1 1 th  A n ta r c t i c  M e 
te o r i t e  S y m p o s iu m  ( in  P re s s ) .

G r a d y  M . M ., W r ig h t  I. P . a n d  P i l l in g e r  C . T .  (1 9 8 5 ) C a r b o n  a n d  n i t r o 
g en  is o to p ic  c o m p o s it io n  o f  u r e il i te s :  im p l ic a t io n s  fo r  th e i r  g e n e s is . 
G e o c h im . C o s m o c h im . A c ta  4 9 ,  9 0 3 -9 1 5 .

G r a d y  M . M ., W r ig h t  I. P .,  C a r r  L. P . a n d  P i l l in g e r  C . T .  (1 9 8 6 ) C o m p o s i
t io n a l  d if fe re n c e  in  e n s t a t i t e  c h o n d r i te s  b a s e d  o n  c a r b o n  a n d  n i t r o g e n  
s ta b le  is o to p e  m e a s u r e m e n ts .  G e o c h im . C o s m o c h im . A c ta  5 0 ,  2 7 9 9 -  
2 811 .

233



G r a h a m  A . L . a n d  Y a n a i K . (1 9 8 5 ) A  re v ie w  o f  th e  Y a m a to -8 0 ,  -81  a n d  -8 2  
m e te o r i te  c o l le c tio n s . P ro c .  T e n th  S y m p o s iu m  o f  A n ta r c t i c  m e te o r i te s .  
M e m . N a t l .  I n s t .  P o la r  R e s . S p ec . Is su e  4 1 , 1 6 7 -1 8 0 .

G r a h a m  A . L ., B e v a n  A . W . R . a n d  H u tc h is o n  R . (1 9 8 5 ) C a ta lo g u e  o f  
M e te o r i te s .  B r i t i s h  M u s e u m  ( N a tu r a l  H is to r y ) ,  4 6 0 p p .

G r a h a m  A . L ., Y a n a i K .,  K o jim a  H . a n d  Ik a d a i  S . (1 9 8 5 ) Y a m a to  8 1 0 2 0  
a n d  Y a m a t a 8 2 0 4 2 ; tw o  n e w  c a rb o n a c e o u s  c h o n d r i te s  f ro m  A n ta r c t ic a .  
M e te o r i t ic s  2 0 ,  6 5 4 -6 5 5 .

G r a y  C . M . a n d  C o m p s to n  W . (1 9 7 4 ) E x c e ss  ^®Mg in  th e  A lle n d e  m e te o r i te .  
N a tu r e  2 5 1 ,  4 9 5 -4 9 7 .

G re e n  H . W ., R a d c liffe  S. V . a n d  H e u e r  A . H . (1 9 7 1 ) A lle n d e  m e te o r i te :  a  
h ig h  v o l ta g e  e le c tro n  p é t r o g r a p h ie  s tu d y .  S c ie n ce  1 7 2 ,  9 3 6 -9 3 9 .

G re e n w o o d  N .N . a n d  E a r n s h a w  A . (1 9 8 6 ) C h e m is t ry  o f  th e  E le m e n ts .  
P e r g a m o n  P re s s ,  O x fo rd , 1 5 4 3 p p .

G r in e n k o  V . A . a n d  T h o d e  H . G . (1 9 7 0 ) S u lfu r  is o to p e  e ffec ts  in  v o lc a n ic  
g a s  m ix tu re s .  C a n a d ia n  J .  E a r th  S ci. 7 , 1402 .

G r in e n k o  V . A ., D m itr ie u  L. V ., M ig d iso u  A . A . a n d  Y a A . (1 9 7 5 ) S u lfu r  
c o n te n ts  a n d  is o to p e  c o m p o s i t io n s  fo r  ig n e o u s  a n d  m e ta m o r p h ic  ro c k s  
f ro m  m id -o c e a n  r id g e s . G e o k h im iy a  2 ,  1 9 9 -2 0 6 .

G ro s s m a n  L . (1 9 7 2 ) C o n d e n s a t io n  in  th e  p r im i t iv e  s o la r  n e b u la .  G e o c h im . 
C o s m o c h im . A c ta  3 6 ,  5 9 7 -6 1 9 .

G ro s s m a n  L. a n d  L a r im e r  J .  W . (1 9 7 4 ) E a r ly  c h e m ic a l  h is to ry  o f  th e  s o la r  
s y s te m . R e v . G e o p h y s . S p a c e  P h y s .  1 2 ,  7 1 -1 0 1 .

G ro s s m a n  L ., H a s h im o to  A . a n d  H in to n  R . W . (1 9 8 6 ) P h y l lo s i l ic a te  in s id e  
a m o e b o id  o liv in e  a g g r e g a te s  in  A lle n d e . M e te o r i t ic s  2 1 ,  3 7 9 -3 8 0 .

G u im o n  R . K .,  S e a rs  D . W . G . a n d  L o fg re n  G . E . (1 9 8 6 ) M e ta m o r p h is m  
v e rs u s  a q u e o u s  a l t e r a t io n  in  th e  ty p e  3 .0 —3.3  o r d in a r y  c h o n d r i te s .  M e 
te o r i t ic s  2 1 ,  3 8 0 -3 8 1 .

H a id in g e r  W .K . v o n  (1 8 6 3 ) D e r  M e te o r i t  v o n  A lb e r a to  im  k .k . H o f-M in e ra lie n -  
C a b in e t ,  v o m  J a h r e  1766  u n d  d e r  t r o i l i t .  S i tz u n g s b e r ic h te  d e r  A k a d -  
a m ie  d e r  W is s e n s c h a f te n  W ie n  4 7 ,  2 8 2 -2 9 8 .

H a ff  P . K ., S w itk o w sk i Z. E .,  B u rn e l l  D . S . a n d  T o m b re llo  T . A . (1 9 7 7 ) 
G r a v i t a t io n a l  a n d  rec o il c o n t r ib u t io n s  to  s u r fa c e  m a s s  f r a c t io n a t io n  
b y  s o la r  w in d  s p u t t e r in g .  P ro c .  L u n a r  S ci. C o n f . 8 th ,  G e o c h im . C o s 
m o c h im . A c ta  S u p p . 8 , 3 8 0 7 -3 8 1 5 .
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H alcis S . a n d  K ro u s e  H . R . (1 9 8 3 ) Is o to p ic  a n a ly s is  o f  n a n o m o le  g a s  s a m p le s  
b y  m e a n s  o f  d y n a m ic  flow  m a ss  s p e c t r o m e tr y .  R e v . S ci. I n s t r u m .  5 4 ,  
4 3 7 -4 4 3 .

H a lb o u t  J . ,  M a y e d a  T .  K . a n d  C la y to n  R . N . (1 9 8 6 ) C a rb o n  is o to p e s  a n d  
l ig h t  e le m e n t  a b u n d a n c e s  in  c a rb o n a c e o u s  c h o n d r i te s .  E a r th  P la n e t .  
S ci. L e t t .  8 0 ,  1 -1 8 .

H a r r is o n  A . G . a n d  T h o d e  H . G . (1 9 5 8 ) M e c h a n is m  o f  b a c te r ia l  r e d u c t io n  
o f  s u lp h a te  f ro m  is o to p e  f r a c t io n a t io n  s tu d ie s .  T ra n s .  F a r a d a y  S o c . 
5 4 ,  8 4 -9 2 .

H a y e s  J .  M . (1 9 6 7 ) O rg a n ic  c o n s t i tu e n ts  o f  m e te o r i te s — a  re v ie w . G e o c h im . 
C o s m o c h im . A c ta  3 1 ,  1 3 9 5 -1 4 4 0 .

H a y e s  J .  M . a n d  B ie m a n n  K . (1 9 6 8 ) H ig h  r e s o lu t io n  m eiss s p e c t r o m e tr i c  
in v e s t ig a t io n s  o f  th e  o rg a n ic  c o n s t i tu e n ts  o f  th e  M u r ra y  a n d  H o lb ro o k  
c h o n d r i te s .  G e o c h im . C o s m o c h im . A c ta  3 2 ,  2 3 9 -2 6 7 .

H e rn d o n  J .  M . a n d  S u e ss  H . E . (1 9 7 6 ) C a n  e n s t a t i t e  c h o n d r i te s  fo rm  f ro m  
a  g a s  o f  s o la r  c o m p o s it io n ?  G e o c h im . C o s m o c h im . A c ta  4 0 ,  3 9 5 -3 9 9 .

H e r to g e n  J . ,  J a n s s e n s  M . - J . ,  T a k a h a s h i  H ., M o rg a n  J .  W . a n d  A n d e r s  
E . (1 9 8 3 ) E n s t a t i t e  c h o n d r i te s :  t r a c e  e le m e n t  c lu e s  to  th e i r  o r ig in . 
G e o c h im . C o s m o c h im . A c ta  4 7 ,  2 2 4 1 -2 2 5 5 .

H e y d e g g e r  H . R .,  F o s te r  J .  J .  a n d  C o m p s to n  W . (1 9 7 9 ) E v id e n c e  o f  a  n ew  
is o to p ic  a n o m a ly  f ro m  T i  r a t i o s  in  m e te o r i t i c  m in e ra ls .  N a tu r e  2 7 8 ,  
7 0 4 -7 0 7 .

H ir n e r  A . V ., G r a f  W ., T re ib s  R .,  M e lz e r  A . N . a n d  H a h n -W e in h e im e r  P . 
(1 9 8 4 ) S ta b le  s u lfu r  a n d  n i t r o g e n  is o to p ic  c o m p o s i t io n s  o f  c ru d e  o il 
f r a c t io n s  f ro m  S o u th e rn  G e rm a n y . G e o c h im . C o s m o c h im . A c ta  4 8 ,  
2 1 7 9 -2 1 8 6 .

H o ffm a n  J .  H ., H o d g e s  P . R . J r . ,  M c E lro y  M . B .,  D o n a h u e  T .  M . a n d  
K o p lin  M . (1 9 7 9 ) C o m p o s i t io n  a n d  s t r u c t u r e  o f  th e  V en u s  a tm o s p h e re :  
R e s u l ts  f ro m  P io n e e r  V en u s . S c ie n c e  2 0 5 ,  4 9 -5 2 .

H o lt  B . D . (1 9 7 5 ) D e te r m in a t io n  o f  s t a b le  s u lp h u r  i s o to p e  r a t i o s  in  th e  
e n v i ro n m e n t .  P ro g .  N u c le a r  E n e rg y  A n a l .  C h e m . 1 2 ,  1 1 -2 6 .

H u ls to n  J .  R . a n d  T h o d e  H . G . (1 9 6 5 a )  V a r ia t io n s  in  th e  S^^, S^^, a n d  
S^® c o n te n ts  o f  m e te o r i te s  a n d  th e i r  r e la t io n  to  c h e m ic a l a n d  n u c le a r  
e ffec ts . J .  G e o p h y s . R e s . 7 0 ,  3 4 7 5 -3 4 8 4 .

H u ls to n  J .  R . a n d  T h o d e  H . G . (1 9 6 5 b )  C o s m ic - ra y  p ro d u c e d  S^® a n d  S^^ in  
th e  m e ta l l ic  p h a s e  o f iro n  m e te o r i te s  J .  G e o p h y s . R es. 7 0 , 4 4 3 5 -4 4 4 2 .
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H u r lb u t  C . S , a n d  K le in  C . (1 9 7 7 ) M a n u a l  o f  m in e ra lo g y . J .  W y llie  a n d  
so n s , N ew  Y o rk , 5 3 2 p p .

H u tc h is o n  R .,  A le x a n d e r  C . a n d  B a r b e r  D . J .  (1 9 8 5 ) F u r th e r  e v id e n c e  
a g a in s t  a  n e b u la r  o r ig in  fo r  th e  o r d in a r y  c h o n d r i te s .  M e te o r i t ic s  2 0  
6 6 9 -6 7 0 .

I k r a m u d d in  M . a n d  L ip s c h u tz  M . E . (1 9 7 5 ) T h e r m a l  m e ta m o r p h is m  o f  
p r im i t iv e  m e te o r i te s - I .  V a r ia t io n  o f  s ix  t r a c e  e le m e n ts  in  A lle n d e  c a r 
b o n a c e o u s  c h o n d r i t e  h e a te d  a t  4 0 0 -1 0 0 0 ° C . G e o c h im . C o s m o c h im  
A c ta  3 9 ,  3 6 3 -3 7 5 .

I k r a m u d d in  M .,  B in z  C . M . a n d  L ip s c h u tz  M . E . (1 9 7 6 ) T h e r m a l  m e ta 
m o r p h is m  o f  p r im i t iv e  m e te o r i te s —II. T e n  t r a c e  e le m e n ts  in  A b e e  e n 
s t a t i t e  c h o n d r i t e  h e a te d  a t  4G0-1GGQ°C. G e o c h im . C o s m o c h im . A c ta  
4 0 ,  1 3 3 -1 4 2 .

J a ro s e w ic h  E . (1 9 6 6 ) C h e m ic a l  a n a ly s e s  o f  te n  s to n y  m e te o r i te s  G e o c h im . 
C o s m o c h im . A c ta  3 0 ,  1 2 6 1 -1 2 6 5 .

J a ro s e w ic h  E . (1 9 7 1 ) C h e m ic a l  a n a ly s is  o f  th e  M u rc h is o n  m e te o r i te .  M e 
te o r i t ic s  6 ,  4 9 -5 2 .

K a lle m e y n  G . W . a n d  W a sso n  J .  T .  (1 9 7 9 )  R e f r a c to r y  e le m e n t f r a c t io n a -  
t io n s  a m o n g  c a r b o n a c e o u s  c h o n d r i te  g ro u p s .  N a tu r e  2 8 2 ,  8 2 7 -8 2 9 .

K a lle m e y n  G . W . a n d  W a sso n  J .  T .  (1 9 8 2 ) T h e  c o m p o s i t io n a l  c la s s if ic a 
t io n  o f  c h o n d r i te s :  II. U n g ro u p e d  c a r b o n a c e o u s  c h o n d r i te s .  G e o c h im . 
C o s m o c h im . A c ta  4 6 ,  2 2 1 7 -2 2 2 8 .

K a n e h i r a  K ., Y u ri S ., S a k a i H . a n d  S a s a k a i A . (1 9 7 3 ) S u lp h id e  g lo b u le s  a n d  
s u lp h u r  i s o to p e  r a t io s  in  th e  a b y s s a l  th o le i i te  f ro m  th e  M id - A t la n t ic  
R id g e  n e a r  3G®N la t i tu d e .  G e o c h e m . J .  7 , 8 9 -9 6 .

K a p la n  I. R . a n d  H u ls to n  J .  R . (1 9 6 6 ) T h e  is o to p ic  a b u n d a n c e  a n d  c o n te n t  
o f  s u lf u r  in  m e te o r i te s .  G e o c h im . C o s m o c h im . A c ta  3 0 ,  4 7 9 -4 9 6 .

K a p la n  I. R . a n d  R i t te n b e r g  S . C . (1 9 6 4 ) M ic ro b io lo g ic a l  f r a c t io n a t io n  o f  
s u lp h u r  is o to p e s .  J .  G e n . M ic ro b io l.  3 4 ,  1 9 5 -2 1 2 .

K a p la n  I. R . a n d  S m ith  J .  W . (197G) C o n c e n t r a t io n  a n d  is o to p ic  c o m p o 
s i t io n  o f  c a r b o n  a n d  s u lf u r  in  A p o llo  11 lu n a r  s a m p le s .  S c ie n ce  1 6 7  
5 4 1 -5 4 3 .

K a p la n  I. R .,  S m ith  J .  W . a n d  R u th  E . (197G ) C a rb o n  a n d  s u lfu r  c o n c e n 
t r a t i o n  a n d  is o to p ic  c o m p o s i t io n  in  A p o llo  11 lu n a r  s a m p le s .  P ro c .  
A p o llo  11 L u n a r  S ci. C o n f. 2 , 1 3 1 7 -1 3 2 9 .

K ec k  B . D . a n d  S e a rs  D . W . G . (1 9 8 6 ) C a th o d o lu m in e s c e n c e  o f  th e  C O  
c h o n d r i te s .  M e te o r i t ic s  2 1 ,  4 1 1 -4 1 2 .

236



K eil K . (1 9 6 8 a )  M in e ra lo g ic a l  a n d  c h e m ic a l r e la t io n s h ip s  a m o n g  e n s t a t i t e  
c h o n d r i te s .  J .  G e o p h y s . R es . 7 3 , 6 9 4 5 -6 9 7 6 .

K e il K . (1 9 6 8 b )  Z in c ia n  d a u b r e e l i te  f ro m  th e  K o ta - K o ta  a n d  S t  M a r k ’s 
e n s t a t i t e  c h o n d r i te s .  A m . M in e ra l .  5 3 ,  4 9 1 -4 9 5 .

K e il K . (1 9 6 9 ) T i t a n iu m  d is t r ib u t io n  in  e n s t a t i t e  c h o n d r i te s  a n d  e n s t a t i t e  
a c h o n d r i te s ,  a n d  i t s  b e a r in g  o n  th e i r  o r ig in . E a r th  P la n e t .  S ci. L e t t .  
7 , 2 4 3 -2 4 8 .

K e il K . a n d  A n d e r s e n  C . A . (1 9 6 5 ) E le c tr o n  m ic r o p ro b e  s tu d y  o f  th e  J a jh  
d e h  K o t  L a lu  e n s t a t i t e  c h o n d r i te .  G e o c h im . C o s m o c h im . A c ta  2 9 ,  
6 2 1 -6 3 2 .

K e il K . a n d  S n e ts in g e r  K . G . (1 9 6 7 ) N in in g e r i te :  a  n ew  m e te o r i t ic  su lf id e . 
S c ie n c e  1 5 5 ,  4 5 1 -4 5 3 .

K e il K . a n d  B r e t t  R . (1 9 7 4 ) H e id e ite ,  ( F e ,C r ) i+ z ( T i ,F e ) 2S 4 , a  n ew  m in e ra l  
in  t h e  B u s te e  e n s t a t i t e  a c h o n d r i te .  A m . M in e ra l .  5 9 ,  4 6 5 -4 7 0 .

K e m p  A . L. W . a n d  T h o d e  H .G . (1 9 6 8 ) T h e  m e c h a n is m  o f  th e  b a c te r ia l  
r e d u c t io n  o f  s u lp h a te  a n d  s u lp h i te  f ro m  is o to p e  f r a c t io n a t io n  s tu d ie s .  
G e o c h im . C o s m o c h im . A c ta  3 2 ,  7 1 -9 1 .

K e r r id g e  J .  F . (1 9 6 4 ) L ow  te m p e r a tu r e  m in e ra ls  f ro m  th e  f in e -g ra in e d  m a 
t r i x  o f  so m e  c a rb o n a c e o u s  m e te o r i te s .  A n n . N . Y . A c a d . S c i. 1 1 9 ,  
4 1 - 5 3 .

K e r r id g e  J .  F .  (1 9 6 7 ) T h e  m in e ra lo g y  a n d  g e n e s is  o f  th e  c a r b o n a c e o u s  
c h o n d r i t e s .  In : M a n tle s  o f  th e  E a r th  a n d  T e r r e s t r ia l  P la n e ts  (e d . S . 
K . R u n c o rn ) ,  In te r s c ie n c e ,  L o n d o n , 3 5 -4 7 .

K e r r id g e  J .  F .  (1 9 7 2 ) I ro n  t r a n s p o r t  in  c h o n d ru le s :  E v id e n c e  f ro m  th e  
W a r r e n to n  m e te o r i te .  G e o c h im . C o s m o c h im . A c ta  3 6 ,  9 1 3 -9 1 6 .

K e r r id g e  J .  F . (1 9 7 6 ) F o rm a t io n  o f  iro n  su lf id e  in  s o la r  n e b u la .  N a tu r e  
2 5 9 ,1 8 9 - 1 9 0 .

K e r r id g e  J .  F .  a n d  B u n c h  T .  E . (1 9 7 9 ) A q u e o u s  a c t iv i ty  o n  a s te r o id s :  e v 
id e n c e  f ro m  c a rb o n a c e o u s  c h o n d r i te s .  In : A s te ro id s  (e d . T .  G e h r e ls ) ,  
U n iv . A r iz o n a  P re s s ,  T u c s o n , 7 4 5 -7 6 4 .

K e r r id g e  J .  F . ,  P e tr o w s k i  C . a n d  K a p la n  I. R . (1 9 7 5 ) E v id e n c e  fo r  m e te 
o r i t ic  s u lf u r  in  th e  lu n a r  r e g o l i th .  P ro c .  L u n a r  S ci. C o n f. 6 th ,  2 1 5 1 -  
2 1 6 2 .

K e r r id g e  J .  F . ,  M a c d o u g a ll  J .  D . a n d  M a r t i  K . (1 9 7 9 ) C lu e s  to  th e  o r ig in  
o f  s u lp h id e  m in e ra ls  in  C l  c h o n d r i te s .  E a r th  P la n e t .  S ci. L e t t .  4 3 ,  
3 5 9 -3 6 7 .
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K e rr id g e  J .  F .,  M a c k a y  A . L. a n d  B o y n to n  W . V . (1 9 7 9 ) M a g n e t i te  in  C l  
c a r b o n a c e o u s  m e te o r i te s .  O rig in  by  a q u e o u s  a c t iv i ty  o n  a  p la n e t i s m a l  
s u r fa c e . S c ie n ce  2 0 5 ,  3 9 5 -3 9 7 .

K in n u n e n  K . A . a n d  S a ik k o n e n  R . (1 9 8 3 ) K iv e s v a a ra  C 2  c h o n d r i te :  s i l ic a te  
p e t r o g r a p h y  a n d  c h e m ic a l c o m p o s it io n .  B u ll. G e o l. S o c . F in la n d  5 5 ,  
3 5 -4 9 .

K ro u s e  H . R . a n d  M o d z e le sk i V . E . (1 9 7 0 ) C ^ ^ /C ^ ^  a b u n d a n c e s  in  c o m 
p o n e n t s  o f  c a rb o n a c e o u s  c h o n d r i te s  a n d  t e r r e s t r i a l  s a m p le s . G e o c h im . 
C o s m o c h im . A c ta  3 4 ,  4 5 9 -4 7 4 .

K u lle ru d  G . (1 9 6 3 ) T h e  F e-N i-S  s y s te m . C a rn e g ie  I n s t .  W a s h in g to n  Y e a r
b o o k  6 2 ,  1 7 5 -1 8 9 .

K w a s n ik  W . (1 9 6 3 ) F lu o r in e  c o m p o u n d s .  In : P r e p a r a t i v e  I n o rg a n ic  C h e m 
is t r y  (e d . G . B r a u e r ) .  A c a d e m ic  P re s s ,  N ew  Y o rk . V ol. 1, 1 5 0 -2 7 1 .

L a n g e  M . A ., L a m b e r t  P . a n d  A h re n s  T .  J .  (1 9 8 5 ) S h o c k  e ffec ts  o n  h y d ro u s  
m in e r a ls  a n d  im p l ic a t io n s  fo r c a rb o n a c e o u s  m e te o r i te s .  G e o c h im . C o s 
m o c h im . A c ta  4 9 ,  1 7 1 5 -1 7 2 6 .

L a r im e r  J .  W . (1 9 6 7 ) C h e m ic a l  f r a c t io n a t io n s  in  m e te o r i te s ,  1. C o n d e n s a 
t io n  o f  th e  e le m e n ts .  G e o c h im . C o s m o c h im . A c ta  3 1 ,  1 2 1 5 -1 2 3 8 .

L a r im e r  J .  W . (1 9 6 8 ) A n  e x p e r im e n ta l  in v e s t ig a t io n  o f  o ld h a m ite ,  C a S ; 
a n d  th e  p e t ro lo g ic  s ig n if ic a n c e  o f  o ld h a m ite  in  m e te o r i te s .  G e o c h im . 
C o s m o c h im . A c ta  3 2 ,  9 6 5 -9 8 2 .

L a r im e r  J .  W . (1 9 7 3 ) C h e m ic a l  f r a c t io n a t io n s  in  m e te o r i te s - V I I .  C o s m o th -  
e r m o m e tr y  . a n d  c o s m o b a ro m e try .  G e o c h im . C o s m o c h im . A c ta  3 7 ,  
1 6 0 3 -1 6 2 3 .

L a r im e r  J .  W . a n d  A n d e r s  E . (1 9 6 7 ) C h e m ic a l  f r a c t io n a t io n s  in  m e te 
o r i te s ,  2. A b u n d a n c e  p a t t e r n s  a n d  th e i r  i n t e r p r e ta t io n .  G e o c h im . 
C o s m o c h im . A c ta  3 1 ,  1 2 3 9 -1 2 7 0 .

L a r im e r  J .  W . a n d  B u se c k  P . R . (1 9 7 4 ) E q u i l ib r a t io n  te m p e r a tu r e s  in  e n 
s t a t i t e  c h o n d r i te s .  G e o c h im . C o s m o c h im . A c ta  3 8 ,  4 7 1 -4 7 7

L a r im e r  J .  W . a n d  B a r th o lo m a y  M . (1 9 7 9 ) T h e  ro le  o f  c a r b o n  a n d  o x y g e n  
in  th e  c h e m is try  o f  c o sm ic  g a se s . G e o c h im . C o s m o c h im . A c ta  4 3 ,  
1 4 5 5 -1 4 6 6 .

L a r s o n  H . P .,  F e ie rb e rg  M . A ., F in k  U . a n d  S m ith  H . A . (1 9 7 9 ) R e m o te  
s p e c tro s c o p ic  id e n t if ic a t io n  o f  c a r b o n a c e o u s  c h o n d r i te  m in e ra lo g ie s : 
a p p l ic a t io n s  to  C e re s  a n d  P a l la s .  I c a ru s  3 9 ,  2 5 7 -2 7 1 .
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L ee T . a n d  P a p a n a s ta s s io u  D . A . (1 9 7 4 ) M g  is o to p ic  a n o m a lie s  in  th e  
A lle n d e  m e te o r i te  a n d  c o r r e la t io n  w i th  O  a n d  S r  e ffec ts . G e o p h y s . 
R es . L e t t  1 , 2 2 5 -2 2 8 .

L ee T . ,  P a p a n a s ta s s io u  D . A . a n d  W a s s e rb u rg  G . J .  (1 9 7 8 ) C a  is o to p ic  
a n o m a lie s  in  th e  A lle n d e  m e te o r i te .  A s t r o p h y s .  J .  L e t t  2 2 8 ,  L 9 3 -L 9 8 .

L ee  T . ,  R u s se ll  W . A . a n d  W a s s e rb u rg  G . J .  (1 9 7 9 ) C a lc iu m  is o to p ic  
a n o m a lie s  a n d  th e  la c k  o f  a lu m in iu m -2 6  in  a n  u n u s u a l  A lle n d e  in 
c lu s io n . A s tr o p h y s .  J .  2 2 8 ,  L 9 3 -L 9 8 .

L esk o v âek  H ., M a rs e l  J .  a n d  S liv n ik  J .  (1 9 6 9 a )  D ie  A n w e n d u n g  d e s  S F q f iir  
^ ^ S -B e s tim m u n g e n . I s o to p e n p r a x is  5 , 7 2 -7 4 .

L esk o v âek  H ., S liv n ik  J .  a n d  P e d z iô  J .  (1 9 6 9 b )  SF© in  g e o c h e m ic a l re s e a rc h .  
I s o to p e n p r a x is  5 , 3 0 7 -3 1 2 .

L eskovgek  H ., M a rs e l  J .  a n d  K o s ta  J .  (1 9 7 4 ) T h e  a p p l ic a t io n  o f  S F e  in  
g e o c h e m ic a l re s e a rc h .  I s o to p e n p r a x is .  1 0 ,  3 7 5 -3 7 7 .

L ew is J .  S . (1 9 6 7 ) A  p o s s ib le  o r ig in  fo r  s u l f a te s  a n d  s u lfu r  in  m e te o r i te s .  
E a r t h  P la n e t .  S ci. L e t t .  2 , 2 9 -3 2 .

L ew is  J .  S . (1 9 6 9 ) G e o c h e m is try  o f  th e  v o la t i le  e le m e n ts  o n  V en u s . I c a ru s  
1 1 ,  3 6 7 -3 8 5 .

L ew is J .  S . (1 9 7 0 ) V en u s: a tm o s p h e r ic  a n d  l i th o s p h e r ic  c o m p o s i t io n .  E a r th  
P la n e t .  S ci. L e t t .  1 0 ,  7 3 -8 0 .

L ew is  J .  S . (1 9 7 2 ) M e ta l / s i l i c a te  f r a c t i o n a t io n  in  th e  s o la r  s y s te m . E a r th  
P la n e t .  S ci. L e t t .  1 5 ,  2 8 6 -2 9 0 .

L ew is  J .  S . (1 9 7 3 ) C h e m is t ry  o f  th e  p la n e ts .  A n n . R e v . 2 4 ,  3 3 9 -3 5 1 .

L ew is  J .  S . (1 9 8 2 ) lo : g e o c h e m is try  o f  s u lfu r .  I c a ru s  5 0 ,  1 0 3 -1 1 4 .

L ew is  J .  S . a n d  K ro u s e  H . R . (1 9 6 9 ) I s o to p ic  c o m p o s i t io n  o f  s u lf u r  a n d  
s u l f a te  p r o d u c e d  by  o x id a t io n  o f  F eS . E a r t h  P la n e t .  S ci. L e t t .  5 ,  4 2 5 -  
42 8 .

L ew is  R . S ., A n d e r s  E .,  W r ig h t  I. P .,  N o r r is  S . J .  a n d  P i l l in g e r  C . T .  (1 9 8 3 ) 
I s o to p ic a lly  a n o m a lo u s  n i t r o g e n  in  p r im i t iv e  m e te o r i te s .  N a tu r e  3 0 5 ,  
7 6 7 -7 7 1 .

M a c d o u g a l l  J .  D . a n d  K e r r id g e  J .  F . (1 9 7 7 ) C u b a n i te :  a  n ew  su lf id e  p h a s e  
in  C l  m e te o r i te s .  S c ie n ce  1 9 7 ,  5 6 1 -5 6 2 .

M a c k in n o n  I. D . R . a n d  B u seck  P . R . (1 9 7 9 ) N ew  p h y llo s i l ic a te s  in  a  c a r 
b o n a c e o u s  c h o n d r i te  m a t r ix .  N a tu r e  2 8 0 ,  2 1 9 -2 2 0 .
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M a c k in n o n  I. D . R . a n d  Z o le n sk y  M . E . (1 9 8 4 ) P ro p o s e d  s t r u c t u r e s  fo r 
p o o r ly  c h a r a c te r is e d  p h a s e s  in  C 2 M  c a rb o n a c e o u s  c h o n d r i t e  m a tr ic e s .  
N a tu r e  3 0 9 ,  2 4 0 -2 4 2 .

M a c n a m a r a  J .  a n d  T h o d e  H . G . (1 9 5 0 ) C o m p a r is o n  o f  th e  is o to p ic  c o n s t i 
t u t i o n  o f  t e r r e s t r i a l  a n d  m e te o r i t i c  s u lfu r .  P h y s .  R e v . 7 8 ,  3 0 7 -3 0 8 .

M a n ia n  S . H ., U re y  H . C . a n d  B le a k n e y  W . (1 9 3 4 ) A n  in v e s t ig a t io n  o f  th e  
r e la t iv e  a b u n d a n c e  o f  th e  o x y g e n  is o to p e  in  s to n e  m e te o r i te s .
J .  A m e r .  C h e m . S o c . 5 6 ,  2 6 0 1 -2 6 0 9 .

M a n n  A . P . C . a n d  W illia m s  D . A . (1 9 8 0 ) A  lis t  o f  in te r s t e l l a r  m o le c u le s . 
N a tu r e  2 8 3 ,  7 2 1 -7 2 5 .

M a r t i  K . (1 9 8 3 ) P re fa c e :  th e  A b e e  c o n s o r t iu m . E a r th  P la n e t .  S ci. L e t t .  
6 2 ,  1 1 6 -1 1 7 .

M a rv in  U . B . (1 9 8 0 ) M a g n e s iu m  c a r b o n a te  a n d  m a g n e s iu m  s u lp h a te  d e 
p o s i t s  o n  A n ta r c t i c  m e te o r i te s .  A n ta r c t i c  J .  U . S . X V ,  5 4 -5 5 .

M a rv in  U .B . a n d  M o ty le w s k i K . (1 9 8 0 ) M g -c a rb o n a te s  a n d  s u l f a te s  o n  
A n ta r c t i c  m e te o r i te s .  L u n a r  P la n e t .  S ci. X I, 6 6 9 -6 7 0 .

M a s k e ly n e  N . S. (1 8 7 0 ) O n  th e  m in e r a l  c o n s t i tu e n ts  o f  m e te o r i te s .  P h i l .  
T ra n s .  R o y . S o c . L o n d .,  1 8 9 -2 1 4 .

M a s o n  B . (1 9 6 3 ) T h e  c a r b o n a c e o u s  c h o n d r i te s .  S p a c e  S ci. R e v . 1 , 6 2 1 -6 4 6

M a s o n  B . (1 9 6 6 ) T h e  e n s t a t i t e  c h o n d r i te s .  G e o c h im . C o s m o c h im . A c ta  3 0 ,  
2 3 -3 9 .

M a s o n  B . (1 9 7 1 ) T h e  c a r b o n a c e o u s  c h o n d r i t e s — a  s e le c tiv e  re v ie w . M e te -  
o r i t ic s  6 ,  5 9 -7 0 .

M a s o n  B . a n d  W iik  H . B . (1 9 6 2 a )  T h e  R e n a z z o  m e te o r i te .  A m . M u s . 
N o v i ta te s  2 1 0 6 ,  1 -1 1 .

M a s o n  B . a n d  W iik  H . B . (1 9 6 2 b ) D e s c r ip t io n s  o f  tw o  m e te o r i te s :  K a -  
r o o n d a  a n d  E r a k o t .  A m e r .  M u s . N o v i ta te s  2 1 1 5 ,  1 -1 0 .

M a s o n  B ., F re d r ic k s s o n  K .,  H e n d e rs o n  E . P .,  J a ro s e w ic h  E .,  M e lso n  W . G .,  
T o w e  M . a n d  W h i te  J .  S . J r .  (1 9 7 0 ) M in e ra lo g y  a n d  p e t r o g r a p h y  o f  
lu n a r  s a m p le s .  S c ie n ce  1 6 7 ,  6 5 6 -6 5 9 .

M a tz a  S . D . a n d  L ip s c h u tz  M . E . (1 9 7 7 ) V o la t i le /m o b i le  t r a c e  e le m e n ts  in  
K a r o o n d a  (C 4 )  c h o n d r i te .  G e o c h im . C o s m o c h im . A c ta  4 1 ,  1 3 9 8 -1 4 0 1 .

M a y e d a  T .  K . a n d  C la y to n  R . N . (1 9 8 0 ) O x y g e n  is o to p ic  c o m p o s i t io n s  o f  
a u b r i t e s  a n d  so m e  u n iq u e  m e te o r i te s .  P ro c .  L u n a r  P la n e t .  S ci. C o n f . 
nth, 1 1 4 5 -1 1 5 1 .
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M c E w in g  C . E .,  T h o d e  H . G . a n d  R e es  C . E . (1 9 8 0 ) S u lp h u r  is o to p e  e ffec ts  
in  th e  d is s o c ia t io n  a n d  e v a p o r a t io n  o f  t r o i l i te :  a  p o s s ib le  m e c h a n is m  
fo r ^^S e n r ic h m e n t  in  lu n a r  so ils . G e o c h im . C o s m o c h im . A c ta  4 4 ,  
5 6 5 -5 7 1 .

M c K e e  T .  R . a n d  M o o re  C .B . (1 9 7 9 ) C h a r a c te r i s a t io n  o f  s u b m ic ro n  m a 
t r ix  p h y llo s i l ic a te s  f ro m  M u r r a y  a n d  N o g o y a  c a rb o n a c e o u s  c h o n d r i te s .  
P ro c .  L u n a r  P la n e t .  S ci. C o n f . 1 0 th , 9 2 1 -9 2 5 .

M c K in n e y  C . R .,  M c C re a  J .  M .,  E p s te in  S ., A lle n  H . A . a n d  U re y  H . C . 
(1 9 5 0 ) I m p ro v e m e n ts  in  m a s s  s p e c t r o m e te r s  fo r  th e  m e a s u r e m e n t  o f  
s m a ll  d if fe re n c e s  in  is o to p e  a b u n d a n c e  r a t io s .  R e v . S ci. I n s t r u m .  2 1 ,  
7 2 4 -7 3 0 .

M c S w e e n  H . Y . (1 9 7 7 a )  P é t r o g r a p h ie  v a r ia t io n s  a m o n g  c a rb o n a c e o u s  c h o n 
d r i te s  o f  th e  V ig a ra n o  ty p e .  G e o c h im . C o s m o c h im . A c ta  4 1 ,  1 7 7 7 -  
1790 .

M c S w e e n  H . Y . (1 9 7 7 b )  C a rb o n a c e o u s  c h o n d r i te s  o f  th e  O rn a n s  ty p e :  a  
m e ta m o r p h ic  se q u e n c e . G e o c h im . C o s m o c h im . A c ta  4 1 ,  4 7 7 -4 9 1 .

M c S w e e n  H . Y . (1 9 7 9 a )  A re  c a r b o n a c e o u s  c h o n d r i te s  p r im i t iv e  o r  p r o 
c e sse d ?  A  re v ie w . R e v . G e o p h y s . S p a c e  P h y s .  1 7 ,  1 0 5 9 -1 0 7 8 .

M c S w e e n  H . Y . (1 9 7 9 b )  M a tr ix  v a r ia t io n s  in  C M  c h o n d r i te s .  L u n a r  P la n e t .  
S ci. X , 8 1 0 -8 1 2 .

M c S w e e n  H . Y . (1 9 8 4 ) S N C  m e te o r i te s :  a re  th e y  m a r t i a n  ro c k s?  G e o lo g y  
1 2 ,  3 - 6 .

M c S w e e n  H . Y . a n d  R ic h a rd s o n  S . M . (1 9 7 7 ) T h e  c o m p o s i t io n  o f  c a r b o n a 
ce o u s  c h o n d r i t e  m a t r ix .  G e o c h im . C o s m o c h im . A c ta  4 1 ,  1 1 4 5 -1 1 6 1 .

M o n s te r  J . ,  A n d e r s  E . a n d  T h o d e  H . G . (1 9 6 5 ) ^^S /^^S  r a t i o s  fo r  th e  d if 
f e r e n t  fo rm s  o f  s u lfu r  in  th e  O rg u e il  m e te o r i te  a n d  th e i r  m o d e  o f  fo r
m a t io n .  G e o c h im . C o s m o c h im . A c ta  2 9 ,  7 7 3 -7 7 9 .

M o o re  C . B .,  L ew is  C . F . ,  C r ip e  J .  D .,  B e lle s  F . M .,  K e lly  W . R . a n d  
G ib s o n  E . K . J r .  (1 9 7 2 ) T o ta l  c a r b o n ,  n i t r o g e n  a n d  s u lf u r  in  A p o llo  
14 lu n a r  s a m p le s .  P ro c .  L u n a r  S ci. C o n f . 3 rd , 2 0 5 1 -2 0 5 8 .

M u e lle r  G . (1 9 6 2 ) I n t e r p r e ta t io n  o f  m ic r o s t r u c tu r e s  in  c a r b o n a c e o u s  m e te 
o r i te s .  N a tu r e  1 9 6 ,  9 2 9 -9 3 2 .

M u r p h e y  B . F . (1 9 4 7 ) T h e  h ig h  t e m p e r a t u r e  v a r ia t io n  o f  th e  th e r m a l  d if 
fu s io n  f a c to r s  fo r b in a ry  m ix tu re s  o f  H , D  a n d  H e. P h y s .  R e v . 7 2 ,  
8 3 4 -8 3 7 .

M u rp h e y  B . F . a n d  N ie r  A . O . (1 9 4 1 ) V a r ia t io n s  in  th e  r e la t iv e  a b u n d a n c e  
o f  th e  c a r b o n  is o to p e s . P h y s .  R e v . 5 9 ,  7 7 1 -7 7 2 .
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M u r p h y  M . T . J .  a n d  N a g y  B . (1 9 6 6 ) A n a ly s is  o f  s u lf u r  c o m p o u n d s  in  
lip id  e x t r a c t s  f ro m  th e  O rg u e il m e te o r i te .  J .  A m . O il C h e m . S oc. 4 3 ,  
1 8 9 -1 9 6 .

N a g y  B . (1 9 7 5 ) D e v e lo p m e n ts  in  S o la r  S y s te m  a n d  S p a c e  S c ie n c e , 1. C a r 
b o n a c e o u s  m e te o r i te s .  E ls e v ie r ,  A m s te r d a m ,  7 4 7 p p .

N a g y  B . a n d  C la u s  G . (1 9 6 2 ) N o te s  o n  th e  p e t r o g r a p h y  o f  th e  O rg u e il  
m e te o r i te .  In : A d v a n c e s  in  G e o c h e m is try ,  P e r g a m o n ,  N ew  Y o rk , 1 1 5 -  
118.

N a g y  B . a n d  A n d e r s e n  C . A . (1 9 6 4 ) E le c tr o n  p r o b e  m ic r o a n a ly s is  o f  so m e  
c a r b o n a te ,  s u l f a te  a n d  p h o s p h a te  m in e r a ls  in  th e  O rg u e il  m e te o r i te .  
A m . M in e ra l .  4 9 ,  1 7 3 0 -1 7 3 6 .

N a k a i N . a n d  J e n s e n  M . L. (1 9 6 4 ) T h e  k in e t ic  i s o to p e  e ffec t in  th e  b a c te r ia l  
r e d u c t io n  a n d  o x id a t io n  o f  s u lfu r .  G e o c h im . C o s m o c h im . A c ta  2 8 ,  
1 8 9 3 -1 9 1 2 .

N ic h ip o ru k  W . a n d  C h o d o s  A . A . (1 9 5 9 ) T h e  c o n c e n t r a t io n  o f  v a n a d iu m , 
c h r o m iu m , i ro n ,  n ic k e l, c o p p e r ,  z in c  a n d  a r s e n ic  in  th e  m e te o r i t i c  iro n  
su lf id e  n o d u le s . J .  G e o p h y . R es. 6 4 ,  2 4 5 1 -2 4 6 3 .

N ie d e re r  F .  R .,  P a p a n a s ta s s io u  D . A . a n d  W a s s e rb u rg  G . J .  (1 9 8 0 ) E n d e m ic  
is o to p ic  a n o m a lie s  in  t i t a n iu m .  A s tr o p h y s .  J .  L e t t .  2 4 0 ,  1 2 3 -1 2 8 .

N ie lse n  H . (1 9 7 9 ) S u lfu r  is o to p e s .  In : L e c tu re s  in  I s o to p e  G eo lo g y , (e d . E . 
J a g e r  a n d  J .  C . H u n z ik e r ) ,  2 8 3 -3 1 2 .

N ie lse n  H . (1 9 8 4 ) T h e  s t a n d a r d  s i t u a t io n  fo r  s u lp h u r  is o to p e s .  In : A d v is o ry  
g ro u p  m e e t in g  o n  s ta b le  is o to p e  re fe re n c e  s a m p le s  fo r  g e o c h e m ic a l a n d  
h y d ro lo g ic a l  in v e s t ig a t io n s  IA E A , V ie n n a ,  A n n e x  111 , 7 3 -7 7 .

N ie r  A . O . (1 9 3 8 ) T h e  is o to p ic  c o n s t i tu t io n  o f  c a lc iu m , t i t a n iu m ,  s u lp h u r  
a n d  a rg o n . P h y s .  R e v . 5 3 ,  2 8 2 -2 8 6 .

N ie r  A . O . (1 9 4 0 ) A  m a s s  s p e c t r o m e te r  fo r  r o u t in e  i s o to p e  a b u n d a n c e  m e a 
s u r e m e n ts .  R e v . S ci. I n s t r u m .  1 1 ,  2 1 2 -2 1 6 .

N ie r  A . O . (1 9 4 7 ) A  m a s s  s p e c t r o m e te r  fo r is o to p e  a n d  g a s  a n a ly s is .  R e v . 
S ci. I n s t r u m .  1 8 ,  3 9 8 -4 1 1 .

N ie r  A . O . a n d  G u lb r a n s e n  E . A . (1 9 3 9 ) V a r ia t io n s  in  th e  r e la t iv e  a b u n 
d a n c e s  o f  th e  c a r b o n  is o to p e s .  J .  A m . C h e m . S o c . 6 1 ,  6 9 7 -6 9 8 .

O k a d a  A . (1 9 7 5 ) P e tr o lo g ic a l  s tu d ie s  o f  th e  Y a m a to  m e te o r i te s .  P a r t  1. 
M in e ra lo g y  o f  th e  Y a m a to  m e te o r i te s .  M e m . N a tl .  I n s t .  R e s . , S p ec . 
Issu e  5  (e d . T . N a g a ta ) ,  1 4 -6 6 . N a tl .  In s t .  P o la r  R e s ., T o k y o .
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O k a d a  A . a n d  K eil K . (1 9 8 2 ) C a s w e lls i lv e r i te ,  N a C rS 2 : a  n ew  m in e ra l  in  
th e  N o r to n  C o u n ty  e n s t a t i t e  a c h o n d r i te .  A m . M in e ra l .  6 7 ,  1 3 2 -1 3 6 .

O k a d a  A ., Y ag i K . a n d  S h im a  M . (1 9 7 5 ) P e tro lo g ic a l  s tu d ie s  o f  th e  Y a m a to  
m e te o r i te s ,  p a r t  2. P e t r o lo g y  o f  th e  Y a m a to  m e te o r i te s .  M e m . N a tl .  
I n s t  P o la r  R e s .,  S p e c . Is su e  N o  5  (e d . T .  N a g a ta ) ,  6 7 -8 2 . N a tl .  I n s t .  
P o la r  R e s ., T o k y o .

O k a d a  A .,  K e il K . a n d  T a y lo r  G . J .  (1 9 8 1 ) U n u s u a l  w e a th e r in g  p r o d u c ts  
o f  o ld h a m i te  p a r e n ta g e  in  th e  N o r to n  C o u n ty  e n s t a t i t e  a c h o n d r i te .  
M e te o r i t i c s  1 6 ,  1 4 1 -1 5 2 .

O k a d a  A .,  K e il K ., L e o n a rd  B . F .  a n d  H u tc h e o n  I. D . (1 9 8 5 ) S c h o llh o r-  
n i te ,  N a o .3 (H 2 0 ) i[C rS 2 ] , a  n e w  m in e ra l  in  th e  N o r to n  C o u n ty  e n s t a t i t e  
a c h o n d r i te .  A m . M in e ra l .  7 0 ,  6 3 8 -6 4 5 .

O lse n  E . J . ,  B u n c h  T .  E .,  J a ro s e w ic h  E .,  N o o n a n  A . F . a n d  H u ss  G . I. 
(1 9 7 7 ) H a p p y  C a n y o n : a  n e w  ty p e  o f  e n s t a t i t e  a c h o n d r i te .  M e te o r i t ic s  
1 2 ,  1 0 9 -1 2 3 .

O p p e n h e im e r  M . a n d  D a lg a r n o  A . (1 9 7 4 ) T h e  c h e m is try  o f  s u lf u r  in  in te r 
s te l l a r  c lo u d s . A s tr o p h y s ic a l  J .  1 8 7 ,  2 3 1 -2 3 5 .

P e t r o w s k i  C .,  K e r r id g e  J .  F .  a n d  K a p la n  I. R . (1 9 7 4 ) T h e  l ig h t  e le m e n t  
g e o c h e m is try  o f  A p o llo  17 s i te .  P ro c .  L u n a r  S ci. C o n f . 5 th ,  G e o c h im . 
C o s m o c h im . A c ta  S u p p . 5 , 2 , 1 9 3 9 -1 9 4 8 .

P i l l in g e r  C . T .  (1 9 8 4 ) L ig h t e le m e n t  s ta b le  is o to p e s  in  m e te o r i te s  — fro m  
g r a m s  to  p ic o g ra m s . G e o c h im . C o s m o c h im . A c ta  4 8 ,  2 7 3 9 -2 7 6 6 .

P o s tg a t e  J .  R . (1 9 6 8 ) T h e  s u lp h u r  cy c le . In : In o rg a n ic  S u lp h u r  C h e m is t ry  
(e d . G . N ic k le s s ) . E ls e v ie r ,  A m s te r d a m ,  2 5 9 -2 7 9 .

P r in n  R . G . (1 9 7 3 ) V en u s: c o m p o s i t io n  a n d  s t r u c t u r e  o f  th e  v is ib le  c lo u d s . 
S c ie n c e  1 8 2 ,  1 1 3 2 -1 1 3 5 .

P r in n  R .G . (1 9 7 5 ) V en u s: c h e m ic a l  a n d  d y n a m ic a l  p ro c e s se s  in  th e  s t r a t o 
s p h e re  a n d  m e s o s p h e re . J .  A tm o s .  S ci. 3 2 ,  1 2 3 7 -1 2 4 7 .

P r in z  M .,  N e h ru  C . E . ,  W e isb e rg  M . K . a n d  D e la n e y  J .  S . (1 9 8 4 ) T y p e  
3 e n s t a t i t e  c h o n d r i te s :  a  n e w ly  re c o g n ise d  g ro u p  o f  u n e q u i l ib r a te d  
e n s t a t i t e  c h o n d r i te s  ( U E C ’s ) .  L u n a r  P la n e t .  S ci. X V ,  6 5 3 -6 5 4 .

P r io r  G . T .  (1 9 1 6 ) T h e  m e te o r i te  s to n e s  o f  L a u n to n ,  W a rb re c c a n , C r o n s ta d ,  
D a n ie l ’s K u il ,  K h a i r p u r  a n d  S o k o  B a n ja .  M in e ra l .  M a g . 1 8 ,  1 -2 5 .

P u c h e l t  H . a n d  H u b b e r to n  H . W . (1 9 8 0 ) P re l im in a r y  r e s u l t s  o n  s u lp h u r  
i s o to p e  in v e s t ig a t io n  o n  d e e p  s e a  d r i l l in g  p ro je c t  c o re s  f ro m  L eg  52 
a n d  53 . I n i t ia l  R e p t .  o n  th e  D ee p  S e a  D ri llin g  P r o je c t  51 , 52 , 53 P a r t  
2 , 1 1 4 5 -1 1 4 8 .
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P u c h e l t  H ., S a b e ls  B . R . a n d  H o e r in g  T . C . (1 9 7 1 ) P r e p a r a t i o n  o f  s u lfu r  
h e x a f lu o r id e  fo r  is o to p e  g e o c h e m ic a l a n a ly s is .  G e o c h im . C o s m o c h im . 
A c ta  3 5 ,  6 2 5 -6 2 8 .

R a m d o h r  P . (1 9 7 3 ) T h e  o p a q u e  m in e ra ls  in  s to n y  m e te o r i te s .  E ls e v ie r  
P u b l is h in g  C o .,  N ew  Y o rk , 3 7 7 p p .

R e es  C . E . (1 9 7 8 ) S u lp h u r  i s o to p e  m e a s u r e m e n ts  u s in g  S O 2 a n d  S F e- 
G e o c h im . C o s m o c h im . A c ta  4 2 ,  3 8 3 -3 8 9 .

R e e s  C . E . a n d  T h o d e  H . G . (1 9 7 4 ) S u lfu r  c o n c e n t r a t io n s  a n d  is o to p ic  r a t i o s  
in  A p o llo  16 a n d  17 s a m p le s .  P ro c .  L u n a r  S ci. C o n f . 5 th ,  G e o c h im . 
C o s m o c h im . A c ta  S u p p . 5 , 2 , 1 9 6 3 -1 9 7 3 .

R e e s  C . E . a n d  T h o d e  H . G . (1 9 7 7 ) A  ^^S a n o m a ly  in  th e  A lle n d e  m e te o r i te .  
G e o c h im . C o s m o c h im . A c ta  4 1 ,  1 6 7 9 -1 6 8 2 .

R e e s  C . E . ,  J e n k in s  W . J .  a n d  M o n s te r  J .  (1 9 7 8 ) T h e  s u lp h u r  is o to p ic  
c o m p o s i t io n  o f  o c e a n  w a te r  s u lp h a te .  G e o c h im . C o s m o c h im . A c ta  4 2 ,  
3 7 7 -3 8 1 .

R ic h a rd s o n  S. M . (1 9 7 8 ) V ein  f o rm a t io n  th e  C l  c a rb o n a c e o u s  c h o n d r i te s .  
M e te o r i t i c s  1 3 ,  1 4 1 -1 5 9 .

R ic h e t  P .,  B o t t in g a  Y ., a n d  J a v o y  M . (1 9 7 7 ) A  re v ie w  o f  h y d ro g e n , c a r 
b o n , n i t r o g e n ,  o x y g e n , s u lp h u r  a n d  c h lo r in e  s ta b le  is o to p e  f r a c t io n a 
t io n  a m o n g  g a s e o u s  m o le c u le s . A n n . R e v . E a r t h  P la n e t .  S ci. 5 ,  6 5 -1 1 0 .

R ie tm e i je r  F . J .  M . (1 9 8 5 ) A  m o d e l fo r  d ia g e n e s is  in  p r o to - p l a n e ta r y  b o d ie s . 
N a tu r e  3 1 3 ,  2 9 3 -2 9 4 .

R o b in s o n  B . W . (1 9 7 3 ) S u lp h u r  is o to p e  e q u i l ib r iu m  d u r in g  s u lp h u r  h y d r o l
y s is  a t  h ig h  te m p e r a tu r e s .  E a r th  P la n e t .  S ci. L e t t .  1 8 ,  4 4 3 -4 5 0 .

R o b in s o n  B . W . a n d  K u s a k a b e M . (1 9 7 5 ) Q u a n t i t a t i v e  p r e p a r a t io n  o f  s u lf u r  
d io x id e ,  fo r  ^^S /^^S  a n a ly s e s ,  f ro m  su lf id e s  b y  c o m b u s t io n  w i th  c u p r o u s  
o x id e . A n a l.  C h e m . 4 7 ,  1 1 7 9 -1 1 8 1 .

R u b in  A . E . a n d  K e il K . (1 9 8 3 ) M in e ra lo g y  a n d  p e t ro lo g y  o f  th e  A b e e  
e n s t a t i t e  c h o n d r i te  b re c c ia  a n d  i t s  d a r k  in c lu s io n s . E a r t h  P la n e t .  S ci. 
L e t t .  6 2 ,  1 1 8 -1 3 1 .

S a k a i H . a n d  Y a m a m o to  M . (1 9 6 6 ) F r a c t io n a t io n  o f  s u lf u r  is o to p e s  in  th e  
p r e p a r a t io n  o f  s u lfu r  d io x id e . A n  im p ro v e d  te c h n iq u e  fo r  th e  p re c is io n  
a n a ly s is  o f  s ta b le  s u lfu r  is o to p e s .  G e o c h e m . J .  1 , 3 5 -4 3 .

S a k a i H ., D e s M a ra is  D . J . ,  U e d a  A . a n d  M o o re  J .  G . (1 9 8 4 ) C o n c e n t r a t io n s  
a n d  is o to p e  r a t io s  o f  c a rb o n ,  n it r o g e n  a n d  s u lfu r  in  o c e a n -f lo o r  b a s a l t s .  
G e o c h im . C o s m o c h im . A c ta  4 8 ,  2 4 3 3 -2 4 4 1 .
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S c h e n k  P . W . a n d  S te u d a l  R . (1 9 6 8 ) T h e  s u lp h u r  o x id e s . In : In o rg a n ic  
S u lp h u r  c h e m is t ry  (e d . G . N ick le ss)  E lse v ie r ,  A m s te rd a m , 3 6 7 -4 1 7 .

S c h n e id e r  A . (1 9 7 0 ) T h e  s u lfu r  is o to p ic  c o m p o s it io n  o f  b a s a l t ic  ro c k s . C o n -  
t r ib .  M in e ra l .  P e t .  2 5 ,  9 5 -1 2 4 .

S c h n e id e r  A . (1 9 7 8 ) S u lfu r  m in e ra ls .  In : H a n d b o o k  o f  G e o c h e m is try  (e d . 
K . H . W e d e p o h l) ,  S p r in g e r-V e r la g ,  B e r l in ,  P 1 6 - D .

S c o t t  E . R . D . a n d  T a y lo r  G . J .  (1 9 8 5 ) P e t ro lo g y  o f  ty p e s  4 - 6  c a rb o n a c e o u s  
c h o n d r i te s .  P ro c .  L u n a r  P la n e t .  S ci. C o n f . 1 5 th . J .  G e o p h y s . R e s  9 0  
C 6 9 9 -C 7 0 9 . ’ ’

S e a rs  D . W . (1 9 8 0 ) F o rm a t io n  o f  E -c h o n d r i te s  a n d  a u b r i t e s — a  th e r m o d y 
n a m ic  m o d e l.  I c a ru s  4 3 ,  1 8 4 -2 0 2 .

S e a rs  D . W . , K a lle m e y n  G . W . a n d  W a sso n  J .  T .  (1 9 8 2 ) T h e  c o m p o s i
t io n a l  c la s s if ic a t io n  o f  c h o n d r i te s :  II. T h e  e n s t a t i t e  c h o n d r i te  g ro u p s . 
G e o c h im . C o s m o c h im . A c ta  4 6 ,  5 9 7 -6 0 8 .

S e a rs  D . W ., W eek s K . S . a n d  R u b in  A . E . (1 9 8 4 ) F i r s t  k n o w n  E L 5  
c h o n d r i t e — e v id e n c e  fo r  a  d u a l  g e n e tic  s e q u e n c e  fo r  th e  e n s t a t i t e  c h o n 
d r i te s .  N a tu r e  3 0 8 ,  2 5 7 -2 5 9 .

S h im a  M . (1 9 7 4 ) C h e m ic a l  c o m p o s i t io n s  o f  th e  s to n e  m e te o r i te s  Y a m a to  
( 4 ,  ( b ) ,  (c ) ,  a n d  (d ) .  M e te o r i t ic s  9 ,  1 2 3 -1 3 5 .

S h im a  M . a n d  H o n d a  M . (1 9 6 7 ) D is t r ib u t io n  o f  a lk a li ,  a lk a lin e  a n d  r a r e  
e a r th  e le m e n ts  in  c o m p o n e n t  m in e r a ls  o f  c h o n d r i te s .  G e o c h im . C o s 
m o c h im . A c ta  3 1 ,  1 9 9 5 -2 0 0 6 .

S h irn a  M .,  G ro s s  W . H . a n d  T h o d e  H . G . (1 9 6 3 ) S u lfu r  is o to p e  a b u n d a n c e s  
in  b a s ic  s il ls , d if f e r e n t ia te d  g r a n i t e s  a n d  m e te o r i te s .  J .  G e o p h y s  R e s  
6 8 ,  2 8 3 5 -2 8 4 7 .

S im m o n d s  P . G .,  S c h u lm a n  G . P . a n d  S te m b r id g e  C . H . (1 9 6 9 ) O rg a n ic  
a n a ly s i s  by  p y ro ly s is -g a s  c h r o m a to g r a p h y - m a s s  s p e c t r o m e try ,  a  c a n d i
d a t e  e x p e r im e n t  fo r  th e  b io lo g ic a l e x p lo r a t io n  o f  M a rs .  J .  C h r o m a to g r  
S ci. 7 , 3 6 -4 1 .

S k in n e r  B . J .  (1 9 7 0 ) H ig h  c r y s ta l l i s a t io n  t e m p e r a tu r e s  in d ic a te d  fo r  ig n e o u s  
ro c k s  f ro m  T r a n q u i l l i ty  B a se . S c ie n c e  1 6 7 ,  6 5 2 -6 5 4 .

S k in n e r  B . J .  a n d  L u ce  F . D . (1 9 7 1 ) S o lid  s o lu t io n s  o f  th e  ty p e  ( C a ,M g ,M n ,F e )S  
a n d  th e i r  u se  a s  g e o th e r m o m e te r s  fo r  th e  e n s t a t i t e  c h o n d r i te s .  A m  
M in e ra l .  5 6 ,  1 2 6 9 -1 2 9 6 .

S m e jk a l V ., C o o k  F . D . a n d  K ro u s e  H . R . (1 9 7 1 ) S tu d ie s  o f  s u lfu r  a n d  c a r 
b o n  is o to p e  f r a c t io n a t io n s  w ith  m ic r o o rg a n is m s  is o la te d  fro m  s p r in g s  
o f  W e s te rn  C a n a d a .  G e o c h im . C o s m o c h im . A c ta  3 5 ,  7 8 7 -8 0 0 .
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S m ith  B . A ., S h o e m a k e r  E . M .,  K ie ffe r S . W . a n d  C o o k  A . F . I II  (1 9 7 9 ) 
T h e  ro le  o f  S O 2 in  v o lc a n is m  o n  lo . N a tu r e  2 8 0 ,  7 3 8 -7 4 3 .

S m ith  J .  W . a n d  K a p la n  I. R . (1 9 7 0 ) E n d o g e n o u s  c a r b o n  in  c a rb o n a c e o u s  
c h o n d r i te s .  S c ie n ce  1 6 7 ,  1 3 6 7 -1 3 7 0 .

S m ith e r in g d a le  W . G . a n d  J e n s e n  M . L . (1 9 6 3 ) S u lfu r  is o to p e  c o m p o s i t io n  
o f  th e  T ria s s ic  ro c k s  o f  e a s te r n  U n ite d  S ta te s .  G e o c h im . C o s m o c h im . 
A c ta  2 7 ,  1 1 8 3 -1 2 0 7 .

S tu d ie r  M . H ., H a y a ts u  R . a n d  A n d e rs  E . (1 9 6 5 ) O rg a n ic  c o m p o u n d s  in  
c a rb o n a c e o u s  c h o n d r i te s .  S c ie n ce  1 4 9 ,  1 4 5 5 -1 4 5 9 .

S w a r t  P . K .,  G ra d y  M . M . a n d  P i l l in g e r  C . T .  (1 9 8 3 ) A  m e th o d  fo r  th e  
id e n t i f ic a t io n  a n d  e l im in a t io n  o f  c o n ta m in a t io n  d u r in g  c a r b o n  is o to p ic  
a n a ly s is  o f  e x t r a t e r r e s t r i a l  s a m p le s . M e te o r i t ic s  1 8 ,  1 3 7 -1 5 4 .

S z a b o  A .,  T u d g e  A ., M a c n a m a r a  J .  a n d  T h o d e  H . G . (1 9 5 0 ) T h e  d i s t r ib u 
t io n  o f  ^^S in  n a t u r e  a n d  th e  s u lp h u r  cy c le . S c ie n ce  3 ,  4 6 4 -4 6 5 .

T a k a h a s h i  H ., J a n s s e n s  M . - J . ,  M o rg a n  J .  W . a n d  A n d e r s  E . (1 9 7 8 a )  F u r 
th e r  s tu d ie s  o f  t r a c e  e le m e n ts  in  C 3  c h o n d r i te s .  G e o c h im . C o s m o c h im . 
A c ta  4 2 ,  9 7 -1 0 6 .

T a k a h a s h i  H ., G ro s  J . ,  H ig u c h i H ., M o rg a n  J .  W . a n d  A n d e r s  E . (1 9 7 8 b )  
V o la t i le  e le m e n ts  in  c h o n d r i te s :  m e ta m o r p h is m  o r  n e b u la r  f r a c t i o n a 
t io n .  G e o c h im . C o s m o c h im . A c ta  4 2 ,  1 8 5 9 -1 8 6 9 .

T h o d e  H . G . (1 9 4 9 ) V a r ia t io n s  in  a b u n d a n c e s  o f  is o to p e s  in  n a t u r e .  R e 
s e a r c h  2 , 1 5 4 -1 6 1 .

T h o d e  H . G . a n d  M o n s te r  J .  (1 9 6 5 ) S u lp h u r  is o to p e  g e o c h e m is try  o f  p e t r o l 
e u m , e v a p o r i te s  a n d  a n c ie n t  se a s . A m . A sso c . P e t r o l .  G e o l. B u ll. , 
M e m . 4 ,  3 6 7 -3 7 7 .

T h o d e  H . G . a n d  R e es  C . E . (1 9 7 1 ) M e a s u r e m e n t  o f  s u lp h u r  c o n c e n t r a 
t io n s  a n d  th e  is o to p e  r a t i o s  ^^ S /^ ^ S , ^^S /^^S  a n d  ^®S/^^S in  A p o llo  12 
s a m p le s .  E a r t h  P la n e t .  S ci. L e t t .  1 2 ,  4 3 4 -4 3 8 .

T h o d e  H . G . a n d  R e es  C . E . (1 9 7 6 ) S u lp h u r  is o to p e s  in  g r a in  s iz e  f r a c t io n s  
o f  lu n a r  so ils . P ro c .  L u n a r  S ci. C o n f . 7 th ,  G e o c h im . C o s m o c h im . A c ta  
S u p p . 7 , 4 5 9 -4 6 8 .

T h o d e  H . G . a n d  R e es  C . E . (1 9 7 9 ) S u lp h u r  is o to p e s  in  lu n a r  a n d  m e te o r i te  
s a m p le s .  L u n a r  P la n e t .  S ci. C o n f. 2 , 1 6 2 9 -1 6 3 6 .

T h o d e  H . G ., M a c n a m a r a  J .  a n d  C o llin s  C . B . (1 9 4 9 ) N a tu r a l  v a r ia t io n s  
in  th e  is o to p ic  c o n te n t  o f  s u lp h u r  a n d  th e i r  s ig n if ic a n c e . C a n . J .  R es. 
B 2 7 ,  3 6 1 -3 7 3 .
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T h o d e  H . G .,  K le e re k o p e r  H . a n d  M c E lc h e ra n  D . (1 9 5 1 ) I s o to p ic  f r a c t io n 
a t io n  in  th e  b a c te r ia l  r e d u c t io n  o f  s u lp h a te .  R e s e a rc h  (L o n d o n )  4 , 
5 8 1 -5 8 2 .

T h o d e  H . G .,  M o n s te r  J .  a n d  D u n fo rd  H . B . (1 9 5 8 ) S u lp h u r  is o to p ic  a b u n 
d a n c e s  in  p e t r o le u m  a n d  a s s o c ia te d  m a te r ia l s .  B u ll. A m e r . A ss . P e t .  
G e o l. 4 2 ,  2 6 1 9 -2 6 4 1 .

T h o d e  H . G .,  M o n s te r  J .  a n d  D u n fo rd  H . B . (1 9 6 1 ) S u lp h u r  is o to p e  geo 
c h e m is try .  G e o c h im . C o s m o c h im . A c ta  2 5 ,  1 5 9 -1 7 4 .

T o m e o k a  K . a n d  B u se c k  P . R . (1 9 8 2 a ) H ig h - re s o lu t io n  t r a n s m is s io n  e lec 
t r o n  m ic ro s c o p y  o b s e rv a t io n s  o f  “P o o r ly  C h a r a c te r i s e d  P h a s e s ” in  th e  
M ig h e i C 2 M  c a rb o n a c e o u s  c h o n d r i te .  M e te o r i t i c s  1 7 ,  2 8 9 -2 9 0 .

T o m e o k a  K . a n d  B u seck  P . R . (1 9 8 2 b ) A n  u n u s u a l  la y e r e d  m in e r a l  in  c h o n -  
d r u le s  a n d  a g g r e g a te s  o f  th e  A lle n d e  c a r b o n a c e o u s  c h o n d r i te .  N a tu r e  
2 9 9 ,  3 2 7 -3 2 9 .

T o m e o k a  K . a n d  B u se c k  P . R . (1 9 8 3 a )  A n  e x o t ic  F e -N i-S -O  la y e re d  m in e ra l:  
a n  im p ro v e d  c h a r a c te r i s a t io n  o f  th e  “p o o r ly  c h a r a c te r is e d  p h a s e ” in  
C 2 M  c a r b o n a c e o u s  c h o n d r i te s .  L u n a r  P l a n e t ,  S ci. X IV , 7 8 9 -7 9 0 .

T o m e o k a  K . a n d  B u se c k  P . R . (1 9 8 3 b ) A  n e w  la y e re d  m in e ra l  f ro m  th e  
M ig h e i c a rb o n a c e o u s  c h o n d r i te .  N a tu r e  3 0 6 ,  3 5 4 -3 5 6 .

T o m e o k a  K . a n d  B u se c k  P . R . (1 9 8 5 ) I n d ic a to r s  o f  a q u e o u s  a l t e r a t io n  in  
C M  c a rb o n a c e o u s  c h o n d r i te s :  m ic r o te x tu r e s  o f  a  la y e re d  m in e r a l  c o n 
ta in in g  F e , S , O  a n d  N i. G e o c h im . C o s m o c h im . A c ta  4 9 ,  2 1 4 9 -2 1 6 3 .

T o m e o k a  K . a n d  B u se c k  P . R . (1 9 8 6 ) M in e ra lo g ic a l  e v id e n c e  fo r  h y d r a 
t io n  a n d  o x id a t io n  o f  o liv in e  in  th e  M o k o ia  C V 3  m e te o r i te  m a t r ix .  
M e te o r i t ic s  2 1 ,  526 .

T ro f im o v  A . (1 9 4 9 ) I s o to p ic  c o m p o s i t io n  o f  s u lf u r  in  m e te o r i te s  a n d  in  
te r r e s t r i a l  s p e c im e n s . D o k . A k a d . N a u k . 6 6 ,  1 8 1 -1 8 4 .

T s c h e r m a k  G . (1 8 8 3 ) B e i t r a g  z u r  C la s s i f ic a t io n  d e r  M e te o r i te n .  S i tz b e r .  
S S S R  7 2 ,  6 6 3 -6 6 6 .

T u d g e  A . P . a n d  T h o d e  H . G . (1 9 5 0 ) T h e r m o d y n a m ic  p r o p e r t ie s  o f  is o to p ic  
c o m p o u n d s  o f  s u lp h u r .  C a n a d ia n  J .  R e s . B 2 8 , 5 6 7 -5 7 8 .

U e d a  A ., C a m p b e ll  F . A . a n d  K ro u s e  H . R . (1 9 8 6 ) S u lp h u r  i s o to p e  a n a ly s e s  
o f  t r a c e  s u lp h a te  a n d  s u lp h id e  in  v a r io u s  m a te r ia l s .  T e r r a  C o g n i ta  6 , 
2 2 3 -2 2 4 .

U re y  H . C . a n d  G re if  L. J .  (1 9 3 5 ) Is o to p ic  e x c h a n g e  e q u i l ib r ia .  J .  A m . 
C h e m . S o c . 5 7 ,  3 2 1 -3 2 7 .
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V an  S c h m u s  W . R . (1 9 6 9 ) M in e ra lo g y , p e t ro lo g y  a n d  c la s s if ic a t io n  o f  ty p e s  
3 a n d  4 c a rb o n a c e o u s  c h o n d r i te s .  In  M e te o r i te  R e se a rc h  (e d . P . M ill- 
m a n ) .  R e id e l, D o rd r e c h t ,  4 8 0 -4 9 1 .

V an  S c h m u s  W . R . a n d  W o o d  J .  A . (1 9 6 7 ) A  c h e m ic a l-p e tro lo g ic  c la ss ifi
c a t io n  fo r  th e  c h o n d r i t ic  m e te o r i te s .  G e o c h im . C o s m o c h im . A c ta  3 7 ,  
7 4 7 -7 6 5 .

V an  S c h m u s  W . R . a n d  H a y e s  J .  M . (1 9 7 4 ) C h e m ic a l  a n d  p é t r o g r a p h ie  
c o r r e la t io n s  a m o n g  c a rb o n a c e o u s  c h o n d r i te s .  G e o c h im . C o s m o c h im . 
A c ta  3 8 ,  4 7 -6 4 .

V d o v y lin  (1 9 6 3 ) C e r t a in  r e s u l t s  in  c o m p a r is o n  o f  b i tu m e n  in  c a rb o n a c e o u s  
c h o n d r i te s  w i th  b i tu m e n  in  ro c k s . M e te o r i t ik a  2 3 ,  5 6 -6 1 .

V in o g ra d o v  A . P .,  C h u p a k h in  M . S . a n d  G r in e n k o  V . A . (1 9 5 6 ) Is o to p ic  
r a t i o s  S ^ ^ /S ^ “̂ in  su lf id e s . G e o k h im iy a  4 ,  3 -9 .

V in o g ra d o v  A . P .,  C h u p a k h in  M . S . a n d  G r in e n k o  V . A . (1 9 5 7 ) S o m e  iso 
to p ic  d a t a  o n  th e  is o to p ic  c o n s t i tu t io n  o f  s u lf u r  o f  su lf id e s . G e o c h e m 
is t r y  A n n . A rb o r .  3 ,  2 2 1 -2 2 5 .

W a c k e r  J .  F . (1 9 8 6 ) N o b le  g a se s  in  th e  d ia m o n d - f r e e  u r e i l i te ,  A L H A  7 8 0 1 9 : 
th e  ro le s  o f  sh o c k  a n d  n e b u la r  p ro c e s se s . G e o c h im . C o s m o c h im . A c ta  
5 0 ,  6 3 3 -6 4 2 .

W a i C . M . a n d  W a sso n  J .  T .  (1 9 7 7 ) N e b u la r  c o n d e n s a t io n  o f  m o d e ra te ly  
v o la t i le  e le m e n ts  a n d  th e i r  a b u n d a n c e s  in  th e  o r d in a r y  c h o n d r i te s .  
E a r th  P la n e t .  S ci. L e t t .  3 6 ,  1 -1 3 .

W a m s te k e r  W ., K ro e s  R . L . a n d  F o u n ta in  J .  A . (1 9 7 4 ) O n  th e  s u r fa c e  
c o m p o s i t io n  o f  lo . I c a ru s  2 3 ,  4 1 7 -4 2 4 .

W a n le s s  R . K . a n d  T h o d e  H . G . (1 9 5 3 ) A  m a s s  s p e c t r o m e te r  fo r  h ig h  
p re c is io n  is o to p e  d e te r m in a t io n s .  J .  S c i. I n s t r u m .  3 0 ,  3 9 5 -3 9 8 .

W a n n ie r  P . G . (1 9 8 0 ) N u c le a r  a b u n d a n c e s  a n d  e v o lu t io n  o f  th e  in te r s t e l l a r  
m e d iu m . A n n . R e v . A s tr o n .  A s tr o p h y s .  1 8 ,  3 9 9 -4 3 7 .

W a sso n  J .  T .  (1 9 7 4 ) M e te o r i te s ,  C la s s i f ic a t io n  a n d  P r o p e r t i e s .  S p r in g e r-  
V e r la g , N ew  Y o rk , 3 1 6 p p .

W a sso n  J .  T .  a n d  W ai C . M . (1 9 7 0 ) C o m p o s i t io n  o f  th e  m e ta l ,  s c h re ib e r -  
s i t e  a n d  p e r r y i te  o f  e n s t a t i t e  a c h o n d r i te s  a n d  th e  o r ig in  o f  e n s t a t i t e  
c h o n d r i te s  a n d  a c h o n d r i te s .  G e o c h im . C o s m o c h im . A c ta  3 4 ,  1 6 9 -1 8 4 .

W a sso n  J .  T .  a n d  W e th e r il l  G . W . (1 9 7 9 ) D y n a m ic a l ,  c h e m ic a l a n d  is o to p ic  
e v id e n c e  r e g a rd in g  th e  f o rm a tio n  lo c a t io n s  o f  a s te r o id s  a n d  m e te o r i te s .  
In : A s te ro id s  (ed . T .  G e h re ls ) ,  U n iv . A r iz o n a  P re s s ,  T u c s o n . 9 2 6 -9 7 4 .
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W a tte r s  T ,  R . a n d  P r in z  M . (1 9 7 9 ) A u b r i te s :  th e i r  o r ig in  a n d  r e la t io n s h ip  
to  e n s t a t i t e  c h o n d r i te s .  P ro c .  L u n a r  P la n e t .  S ci. C o n f. 1 0 th  1 0 7 3 -  
1093 .

W e c k w e r th  G ., S p e t te l  B . a n d  W lo tz k a  F . (1 9 8 5 ) M u lg a  W e s t, a  C 6  c a r 
b o n a c e o u s  c h o n d r i te .  M e te o r i t i c s  2 0 ,  781 .

W eek s K . S . a n d  S e a rs  D . W . (1 9 8 5 ) C h e m ic a l  a n d  p h y s ic a l  s tu d ie s  o f  ty p e  
3 c h o n d r i t e s —V . T h e  e n s t a t i t e  c h o n d r i te s .  G e o c h im . C o s m o c h im  A c ta  
4 9 ,  1 5 2 5 -1 5 3 6 .

W e in k e  H . (1 9 7 8 ) C h e m ic a l  a n d  m in e ra lo g ic a l  e x a m in a t io n  o f  th e  N a k h la  
a c h o n d r i te .  M e te o r i t ic s  1 3 ,  6 6 0 -6 6 4 .

W in ic k  J .  R . a n d  S te w a r t  A . I. F . (1 9 8 0 ) P h o to c h e m is t r y  o f  S O 2 in  th e  
V e n u s ’ u p p e r  c lo u d  la y e r s .  J .  G e o p h y s . R es . 8 5 ,  7 8 4 9 -7 8 6 0 .

W iik  H . B . (1 9 5 6 ) T h e  c h e m ic a l  c o m p o s i t io n  o f  so m e  s to n y  m e te o r i te s .  
G e o c h im . C o s m o c h im . A c ta  9 ,  2 7 9 -2 8 9 .

W iik  H . B . (1 9 6 9 ) O n  r e g u la r  d is c o n t in u i t ie s  in  th e  c o m p o s it io n  o f  m e te 
o r i te s .  C o m m e ta t .  P h y s .  M a th .  3 4 ,  1 3 5 -1 4 5 .

W ilk e n in g  L . L. (1 9 7 8 ) C a rb o n a c e o u s  c h o n d r i te  m a te r ia l  in  th e  s o la r  sy s 
te m . N a tu r w is s e n s c h a f te n  6 5 ,  7 3 -7 9 .

W ilso n  J .  G . a n d  N ew a ll A . B . (1 9 6 6 ) G e n e ra l  a n d  in o rg a n ic  c h e m is try ,  
C a m b . U n iv . P re s s ,  6 2 7 p p .

W o lf  R .,  E b ih a r a  M ., R ic h te r  G . R . a n d  A n d e r s  E . (1 9 8 3 ) A u b r i te s  a n d  
d io g e n ite s :  t r a c e  e le m e n t  c lu e s  to  th e i r  o r ig in . G e o c h im . C o s m o c h im  
A c ta  4 7 ,  2 2 5 7 -2 2 7 0 .

W o o d  C . A . a n d  A sh w a l D . (1 9 8 1 ) S N C  m e te o r i te s :  ig n e o u s  ro c k s  f ro m  
M a rs ?  P ro c .  L u n a r  P l a n e t .  S ci. C o n f . 1 2 th ,  1 3 5 9 -1 3 7 5 .

W r ig h t  I. P .,  C a r r  R . H . a n d  P i l l in g e r  C . T .  (1 9 8 6 ) C a rb o n  a b u n d a n c e  
a n d  is o to p ic  s tu d ie s  o f  S h e r g o t ty  a n d  o th e r  S h e r g o t t i t e  m e te o r i te s .  
G e o c h im . C o s m o c h im . A c ta  5 0 ,  9 8 3 -9 9 1 .

W u e n sc h  B . J . ,  N ie lsen  H ., S c h n e id e r  A ., U sd o w sk i H . E . a n d  O r r  W . (1 9 7 8 ) 
S u lfu r .  In : H a n d b o o k  o f  G e o c h e m is try  (ed . K . H . W e d e p o h l) ,  V H /2 ,  
16.

Y a n g  J .  a n d  E p s te in  S . (1 9 8 3 ) I n te r s te l la r  o rg a n ic  m a t t e r  in  m e te o r i te s .  
G e o c h im . C o s m o c h im . A c ta  4 7 ,  2 1 9 9 -2 2 1 6 .

Y a v n e l’ A . A . (1 9 6 3 ) G e n e tic  r e la t io n s h ip s  in  th e  c h e m ic a l c o m p o s i t io n  o f  
c h o n d r i te s .  M e te o r i t ik a  2 3 ,  3 6 -4 1 .
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Z e lln e r  B .,  L e a k e  M ., M o r r is o n  D . a n d  W ill ia m s  J .  G . (1 9 7 7 ) T h e  E  a s te r 
o id s  a n d  th e  o r ig in  o f  th e  e n s t a t i t e  a c h o n d r i te s .  G e o c h im . C o s m o c h im . 
A c ta  4 1 ,  1 7 5 9 -1 7 6 7 .
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