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Abstract

THERMODYNAMICS OF PYROXENE SOLID SOLUTION:

SYNTHESIS OF THEORY AND EXPERIMENTS, 

by

J u l i a  Ann Sykes 

A dv ise r :  P r o f e s s o r  Surendra  K. Saxena

T h e o r e t i c a l  modeling and experimenta l  s t u d i e s  were under taken  t o  

s tudy  t h e  s u b so l id u s  r e l a t i o n s  in  pyroxenes .  I n t e r c r y s t a l l i n e  ( two- 

pyroxene) and i n t r a c r y s t a l l i n e  (o r thopyroxene)  r e a c t i o n s  were used t o  

develop g r a p h ic a l  geothermometers and de term ine  thermal h i s t o r i e s .

Experimenta l  phase e q u i l i b r i u m  d a t a  on c o e x i s t i n g  pyroxenes (700 t o  

1400°C) in  th e  pyroxene q u a d r i l a t e r a l  have been used t o  model t h e  so lvus  

r e s u l t i n g  in  t h e  fo l lo w in g  s e t  o f  thermochemical d a t a  and s imple  m ix tu re  

pa ram ete r s  (W^j).  S tandard  (T=298.15K) en th a lp y  and en t ropy  of  

fo rm a t ion  from th e  e lements  f o r  m e ta s t a b l e  o r th o h e d e n b e rg i t e  a r e  -1416 .8  

kJ and 84 .88 J/m/K r e s p e c t i v e l y .  The hea t  c a p a c i t y  i s  g iven  by 114.67 + 

17.09E-3 T -  31.40E5 T- ^ .  The W^- d a t a  a r e :  ( E n s t a t i t e = l ,  d io p s id e = 2 ,  

f e r r o s i l i t e = 3 ,  hedenberg i te=4)  Opx: Ŵ 2 = W2] = 25; = (1 3 .1 -0 .0 1 5  T) ;

W31 = (3 .37  -  0.005  T ) ;  W23 = 20; W32 = 16; W24 = 5; W42 = 7; W34 = 15; 

W43 = 15; W14 = 60; W41 = 30-0.00834 T; Cpx: W12 = (25.484 + 0.0812 P);  

W21 = (31 .216 -  0.0061 P) ;  W31 = W13 = 0;  W14 = (9 .3  -  0.045  T) ;  W41 = 

( - 2 0 .0  + 0.028 T) ;  W23 = 24;  W32 = 15; W24 = 12; W42 = 12; W34 = (16.941 

+ 0.00592 P ) ;  W43 = (20 .697 -  0.00235 P) .

Two g ra p h ic a l  geothermometers have been c o n s t r u c t e d  based on th e  
?+h y p o th e s i s  t h a t  Fe -Mg exchange has a lower c l o s u r e  te m pera tu re  th a n



t h e  C a - t r a n s f e r .  Quenched igneous rocks  y i e ld e d  s i m i l a r  t e m p e ra tu r e s

f o r  both  geothermometers;  p l u t o n i c  rocks  showed a lower c l o s u r e
?+te m pera tu re  f o r  t h e  Fe -Mg exchange; metamorphic rocks  agreed w i th  

o t h e r  geothermometers bu t  gave mixed tem pera tu re  r e l a t i o n s .

S in g le  c r y s t a l  X-ray te ch n iq u es  were used t o  s tu d y  i so the rm a l  Fe2+-  

Mg d i s o r d e r i n g  in  two or thopyroxene  samples ,  Fs62 and Fs82, a t  

t e m p era tu re s  o f  625, 675,  725°C and 525, 575 and 625°C r e s p e c t i v e l y .

The s t r u c t u r a l  d a t a  p ro v id e s  an i n t e r n a l  c o n s t r a i n t  on th e  degree  of  

o r d e r i n g .  D iso rde r ing  r a t e  c o n s t a n t s  y i e ld e d  a c t i v a t i o n  e n e r g i e s  o f  49 

and 51 kcal/mol r e s p e c t i v e l y .

T i m e - te m p e ra tu re - t r a n s fo rm a t io n  (TTT) diagrams have been c a l c u l a t e d  

f o r  t h e  e x t e n t  of  o rd e r in g  in  t h e  n a t u r a l  samples (Fs 62; Fs82) ,  both  

from g r a n u l i t i c  t e r r a n e s .  C a lc u la t e d  coo l ing  r a t e s  a r e  140 and 

l l ° / m i l l i o n  y e a r s  r e s p e c t i v e l y ;  t h e  l a t t e r  i s  w i th i n  geophys ica l  

e x p e c t a t i o n s .  E r ro r s  in t roduced  and propagated  by t h i s  method a r e  

e s t im a te d  and i t  i s  b e l i e v e d  th e s e  coo l ing  r a t e s  can never be b e t t e r  

than  " o rd e r  o f  magni tude" ;  e q u i v a l e n t  to  many geophys ica l  e s t i m a t e s .
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1

I .  INTRODUCTION

Pyroxenes a r e  common m ine ra l s  in  t h e  c r u s t  and mantle and,  

t h e r e f o r e ,  a s u c c e s s fu l  e l u c i d a t i o n  of  th e o ry  and complet ion of  

exper iments  r e l a t i n g  t h e i r  composi t ion  and thermodynamic p r o p e r t i e s  i s  

o f  v i t a l  impor tance .  Such b a s i c  r e s e a r c h  i s  im por tan t  f o r  s tudy ing  th e  

fo rm at ion  o f  th e  c r u s t  and mantle and could a l s o  make a c o n t r i b u t i o n  t o  

th e  s tudy  o f  r e c e n t  and f o s s i l  geotherms.

This  s tudy  i s  concerned with  two s t r u c t u r a l  groups o f  t h e  cha in  

s i l i c a t e ,  pyroxene,  in  t h e  composi t iona l  q u a d r i l a t e r a l ,  d i o p s i d e ,  

CaMgSi^Og; h e d e n b e rg i t e ,  CaFeSi2 0 g; e n s t a t i t e ,  N^Si^Og; and 

f e r r o s i l i t e ,  Fe2Si20g.  Or thopyroxene ,  has an orthorhombic Pbca s t r u c t u r e  

and i s  e s s e n t i a l l y  a s o l i d  s o l u t i o n  of  M g S ^ -F e S iO g .  A s o l i d  s o l u t i o n  

may be de f ined  as a homogeneous phase composed o f  d i f f e r e n t  chemical
p .

s u b s t an ces  whose c o n c e n t r a t i o n s  may be v a r ie d  (here  Mg and Fe ) w i thou t  

th e  p r e c i p i t a t i o n  of  a new phase (Upadhyaya and Dube, 1982). In n a t u r a l  

o r thopyroxene s ,  a small amount o f  Ca (<2%) i s  always p r e s e n t  in  t h e  

s t r u c t u r e .  Clinopyroxene  i s  monoc lin ic  in  s t r u c t u r e  and c o n s i s t s  o f  a 

wide range  of  composi t ions  e s s e n t i a l l y  in th e  fo u r  component system 

CaMgSi2 0 g-CaFeSi 2 0 g-Mg2 S i 2 0 g-Fe 2 S i 2 0 g known as th e  pyroxene 

q u a d r i l a t e r a l .  In t h i s  s tudy  we s h a l l  be concerned with  t h e  high-Ca 

c l inopy roxenes  with  a c2 /c  s t r u c t u r e .  The d i v a l e n t  c a t i o n s  in  both  sub­

groups l i e  in  two n o n -eq u iv a len t  o c t a h e d ra l  s i t e s ,  Ml and M2. F igure

1.1 shows a diagram o f  th e  pyroxene q u a d r i l a t e r a l  and the  composi t ion  of  

th e  m in e ra l s  of  i n t e r e s t .

As a rock h e a t s  o r  c o o l s ,  ion-exchange occurs  between th e  v a r io u s
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m i n e ra l s  ( i n t e r c r y s t a l l i n e )  and between th e  s i t e s  w i th i n  t h e s e  m in e ra l s  

( i n t r a c r y s t a l l i n e ) .  In pyroxenes ,  t h e  i n t e r c r y s t a l l i n e  exchange 

r e a c t i o n s  between th e  end members e n s t a t i t e  (Mg2 S i 2 0 g,  o r thopyroxene)  

and d io p s id e  (CaMgSi20g,  c l inopyroxene)  a re  f a i r l y  well  unders tood  and a 

phase diagram i s  shown in  f i g u r e  1 .2 .  At high t e m p e r a t u r e s ,  th e  

r e a c t i o n s  a r e  q u i t e  complex,  however, a t  the  range o f  i n t e r e s t  o f  t h i s  

s tudy  (900-400°C) t h e r e  i s  a s imple so lvus  between o r t h o e n s t a t i t e  and 

d i o p s i d e .  At 900°C, f o r  example,  f o r  composi t ions  from pure  e n s t a t i t e  

t o  approx im ate ly  3 mole% d io p s id e  only  orthopyroxene  w i l l  be s t a b l e .  

Likewise from pure d io p s id e  t o  approxim ate ly  8 mole% e n s t a t i t e  only  th e  

c l in o p y ro x en e  s t r u c t u r e  w i l l  be seen .  At ranges  between th e s e  ex t re m es ,  

both  phases  occur  r e s u l t i n g  in  an in te rg ro w th  of  t h e  two s t r u c t u r a l  

g ro u p s ,  t h e  p r o p o r t i o n s  o f  each phase dependant  on th e  i n i t i a l

com posi t ion  of  th e  rock o r  m i n e r a l .  Experimental  work has a l s o  been

done on th e  h e d e n b e r g i t e - f e r r o s i l i t e  j o i n  in t h e  800-1000°C te m p era tu re  

range  by L inds ley  (1981).  However, th e  topo logy o f  t h e  s o lvus  w i th i n  t h e

pyroxene q u a d r i l a t e r a l  i s  s t i l l  in  q u e s t i o n .
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Figure  1 . 1 .  S t r u c t u r a l  and composi t iona l  r e l a t i o n s h i p s  in  t h e  pyroxene 
q u a d r i l a t e r a l ;  d i o p s i d e - h e d e n b e r g i t e - e n s t a t i t e - f e r r o s i l i t e .  From Deer,  
Howie and Zussman (1978) .
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F igure  1 . 2 .  Phase r e l a t i o n s  f o r  t h e  d i o p s i d e - e n s t a t i t e  j o i n  a t  one 
atmosphere .  The d o t t e d  l i n e  i n d i c a t e s  t h e  m e ta s t a b l e  e x t e n s i o n  o f  t h e  
p i g e o n i t e - d i o p s i d e  s o l i d  s o l u t i o n  f i e l d .  From Lindsley  (1983) .
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The f i r s t  p a r t  o f  t h i s  t h e s i s  i s  t o  model t h e  q u a d r i l a t e r a l  so lvus  

us ing  thermodynamics.  The model w i l l  be t e s t e d  by i t s  a b i l i t y  to  

rep roduce  e x p e r im e n ta l ly  de r iv e d  i n t e r c r y s t a l l i n e  e q u i l i b r i u m  ion 

d i s t r i b u t i o n  between th e  two s t r u c t u r a l  groups o f  pyroxene .  This  work 

w i l l  th e n  be a p p l ied  to  n a t u r a l  samples as geothermometry:  a to o l  t o  

measure p a s t  and p r e s e n t  t e m p era tu re s  in th e  l i t h o s p h e r e .  For igneous 

rocks  i t  i s  used t o  o b t a in  i n d i c a t i o n s  of  c r y s t a l l i z a t i o n  t e m p e r a t u r e s ,  

f o r  metamorphic ro c k s ,  in fo rm a t ion  on p o s s i b l e  peak metamorphic 

t e m p e r a t u r e s .  Geothermometry can he lp  us unders tand  v a r io u s  p ro c e s s e s  

( i . e .  c r y s t a l  growth,  de fo rm a t ion ,  and degass ing )  o cc u r r in g  in  th e  

e a r t h ,  and thus  help us model th e  fo rm at ion  and e v o l u t io n  o f  th e s e  

r e g i o n s .

The second p a r t  of  t h i s  s tudy  concerns  t h e  i n t r a c r y s t a l l i n e  io n -  

exchange.  T h i s ,  in  comparison t o  i n t e r c r y s t a l l i n e  ion-exchange ,  o p e r a t e s  

over  ex t remely  small l e n g th s  of  d i f f u s i v e  p a th s  and,  t h e r e f o r e ,  

c o n t in u e s  t o  a much lower t e m p e ra tu re .  The te m pera tu re  co r respond ing  t o  

th e  observed d i s t r i b u t i o n  o f  ions in  th e  rock (assuming e q u i l i b r i u m  i s  

m a in ta ined )  i s  de f ined  as t h e  c l o s u r e  t e m p e ra t u r e .  I f  we assume 

( t h e o r e t i c a l  work and f i e l d  o b s e r v a t i o n s  d i s c u s s e d  on page 4 3 ) ,  t h a t  th e  

d i f f u s i o n  k i n e t i c s  of  t h e s e  r e a c t i o n s  a re  d i f f e r e n t ,  d i s t i n c t  c l o s u r e  

t e m p e ra tu r e s  can be expec ted .  When th e  co o l in g  r a t e  o f  t h e  whole rock  

i s  f a s t  (a s  in  some v o lc a n ic  rocks)  t h e r e  w i l l  be l i t t l e  d i f f e r e n c e  

between th e  c l o s u r e  t e m p era tu re s  f o r  i n t e r c r y s t a l l i n e  and 

i n t r a c r y s t a l l i n e  r e a c t i o n s .  For slow co o l in g  (as  in  metamorphic rocks  

and d e e p - s e a t e d  p l u t o n i c  rocks )  a l a rg e  d i f f e r e n c e  would be no te d .  For 

t h e  whole system, th e  f i r s t  r e a c t i o n  t o  slow s i g n i f i c a n t l y  would be t h a t  

o f  i n t e r c r y s t a l l i n e  t r a n s f e r  r e a c t i o n  which de te rm ines  th e
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C a - d i s t r i b u t i o n  between c l inopyroxene  and o r thopyroxene ,  nex t  would be 

th e  i n t e r c r y s t a l l i n e  exchange o f  Fe2+ and Mg a c ro s s  t h e  phase boundary 

and f i n a l l y ,  t h e  i n t r a c r y s t a l l i n e  exchange of  Fe2+ and Mg between s i t e s  

in  both  t h e  or thopyroxene  and c l inopyroxene  c r y s t a l s .  This  would r e s u l t  

in  f o u r  d i f f e r e n t  c l o s u r e  te m p era tu re s  r e f l e c t i n g  th e  c o o l in g  o f  t h e  

ro c k .  R e l a t i v e  thermal h i s t o r i e s ,  d i s e q u i l i b r i u m  and k i n e t i c  r a t e  

p r o c e s s e s  could a l l  be b e t t e r  unders tood by geothermometr ic  a n a l y s i s  of  

th e s e  f o u r  e v e n t s  ( s ee  a l s o  Lasaga,  1983, Saxena,  1983b).

A schematic  diagram o f  t h e  d i f f e r e n t  r e a c t i o n  r a t e s ,  a p p l i c a b l e  f o r

s lowly  cooled metamorphic rocks  can be seen in  F igure  1 .3  ( a f t e r  Saxena,

1983b). I f  we assume t h a t  a rock coo ls  w ith  a c o n s t a n t  r a t e ,  t h e  r a t e

would p l o t  as  a s t r a i g h t  h o r i z o n t a l  l i n e  on F igure  1 .3 .  The r a t e s  o f

th e  f o u r  p o s s i b l e  r e a c t i o n s  a r e  no t  c o n s t a n t : -  (a)  i n t e r c r y s t a l l i n e  Ca

ion-exchange between or thopyroxene  and c l inopy roxene ,  (b)
?+i n t e r c r y s t a l  l i n e  Fe -Mg ion-exchange between o r thopyroxene  and 

c l in o p y ro x en e  and (c)  and (d) th e  i n t r a c r y s t a l l i n e  ion-exchange  between 

th e  two n o n -e q u iv a le n t  s i t e s  in  both c l inopyroxene  and o r th opy roxene .

At h ig h e r  t e m p e ra tu r e s  t h e  r a t e s  of  t h e  ion-exchange r e a c t i o n s  a r e  

f a s t e r  than  t h a t  o f  t h e  co o l in g  of  th e  whole rock and e q u i l i b r i u m  i s  

m a in ta ined  (Saxena,  1983b).  As te m pera tu re  d e c r e a s e s ,  t h e  ion-exchange  

r a t e s  s low and e v e n t u a l l y  th e  r e a c t i o n s  a r e  s lower  than  th e  co o l in g  of  

th e  whole rock .  At t h e s e  low tem pera tu res  e q u i l i b r i u m  i o n - d i s t r i b u t i o n  

i s  no t  m a in ta in e d .  The ion-exchange r e a c t i o n s  do c o n t i n u e ,  however,  bu t  

a t  a s lower  pace .
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F igure  1 . 3 .  R e l a t i o n s h i p  between i n t e r c r y s t a l l i n e  and i n t r a c r y s t a l l i n e  
ion  exchange r e a c t i o n s .  The f i g u r e  shows t h e  r e l a t i v e  r a t e s  o f  (a )  Ca 
t r a n s f e r ,  (b) Fe-Mg exchange between c r y s t a l s ,  (c )  Fe-Mg exchange 
between Ml and M2 s i t e s  o f  or thopyroxene and (d)  Fe-Mg exchange between 
Ml and M2 s i t e s  o f  c l inopy roxene  and o f  t h e  coo l ing  o f  t h e  ro c k .  A f t e r  
Saxena (1983b) .
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The i n t r a c r y s t a l l i n e  exchange r e a c t i o n  in  o r thopyroxene  i s  s t u d i e d  

e x p e r i m e n t a l l y  in  th e  second p a r t  o f  t h i s  t h e s i s ,  and k i n e t i c  r a t e s  and 

a c t i v a t i o n  e n e r g i e s  f o r  t h e  r e a c t i o n  a re  d e r iv e d .  This  in fo rm a t io n  i s  

im por tan t  t o  unders tand  t h e  p ro cesse s  o c c u r r in g  w i th i n  th e  pyroxene 

c r y s t a l  and how f a s t  t h e s e  can occur .

These two a rea s  of  c o n c e n t r a t i o n ,  a l though both concern ing  

pyroxenes ,  have tended to  be (and a r e  con t inu ing  t o  b e ) ,  s tu d ie d  

inde penden t ly  by exper imenta l  methods.  This  i s  because i t  i s  d i f f i c u l t  

t o  de te rm ine  s i t e  occupancies  of  a s i n g l e  phase in  m u l t ipha se  m a t e r i a l s ;  

no m ic ro techn ique  i s  a v a i l a b l e .  The urgency reg a rd in g  th e  exper iments  

i n ,  and th e  complet ion o f ,  a thermodynamic model f o r  th e  system 

d i o p s i d e - e n s t a t i t e - f e r r o s i l i t e - h e d e n b e r g i t e , i s  c l e a r l y  recogn ized  (see  

e s p e c i a l l y  papers  by L inds ley  and coworkers e . g .  L inds ley ,  1983, Turnock 

and L in d s ley ,  1981).  S o lu t i o n s  t o  many p e t r o g e n e t i c  problems p e r t a i n i n g  

t o  t h e  fo rm at ion  and e v o l u t io n  of  th e  e a r t h ' s  c r u s t  and mantle a re  

a w a i t in g  t h e  complet ion  o f  a pyroxene-geothermometer ,  c o n s i s t e n t  w ith  

both  thermodynamic d a t a  and s i t e -o ccu p an cy  d a t a .  Th is  goal can be 

ach ieved  both economica lly  and r a p i d l y  i f  th e  d a t a  on s i t e  occupanc ies  

a r e  a v a i l a b l e  along with  t h e  phase e q u i l i b r i u m  d a t a  ( see  a l s o  Davidson 

and L in d s l e y ,  1985, Davidson,  1985).  Such a model i s  th e n  a combinat ion  

o f  macroscopic param ete rs  ( i . e .  t h e  t o t a l  Gibbs Free Energy) and 

m ic roscop ic  param ete rs  ( i . e .  t h e  environments of  th e  atoms in  t h e  s i t e s  

and t h e i r  i n t e r a c t i o n s ) .

The t h i r d  p a r t  o f  t h i s  t h e s i s  i s  an a t tem pt  t o  o b t a i n  a c o n s i s t e n t  

s e t  o f  e q u i l i b r i u m  s i t e  occupancies  t a k in g  i n t o  account  exper im en ta l  

methods,  t e m p e ra tu re s  and t imes  of  h e a t in g ,  and com posi t ion .  This  can 

then  be used t o  model th e  pyroxene q u a d r i l a t e r a l  i n c o rp o r a t i n g  t h e  s i t e
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occupancy d a t a .  Theory r e l a t i n g  th e  i n t e r -  and i n t r a - c r y s t a l l i n e  ion -  

exchange w i l l  be d i s c u s s e d  in  th e  f o u r t h  s e c t i o n  o f  t h i s  t h e s i s .

With t h e  s u c e s s fu l  comple t ion  of  a l l  t h i s  work, a comple te the rmal  

h i s t o r y  o f  any pyroxene bea r ing  rock  can be o b t a in e d .  The work i s  

a p p l i e d  t o  t h e  n a t u ra l  samples by means o f  t i m e - t e m p e ra t u r e -  

t r a n s f o r m a t io n  (TTT) diagrams and a thermal coo l ing  h i s t o r y  o f  t h e  

pyroxene ,  and hence of  t h e  rock ,  can be o b ta in e d .  General a p p l i c a t i o n  

t o  n a t u r a l  systems i s  beyond th e  scope of  t h i s  t h e s i s  bu t  an 

i l l u s t r a t i o n  o f  the  method and some o f  th e  i n h e re n t  problems a re  

d i s c u s s e d  in  t h e  f i n a l  s e c t i o n .  I t  i s  hoped t h a t  t h e  c o o l in g  h i s t o r i e s  

o f  n a t u r a l  systems can be developed in  f u t u r e  r e s e a r c h .
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I I .  PYROXENE PHASE EQUILIBRIA; A MACROSCOPIC MODEL.

Kretz (1961) showed t h a t  th e  d i s t r i b u t i o n  of  Mg and Fe^+ in  

c o e x i s t i n g  o r thopyroxenes  and c l inopyroxenes  i s  d i f f e r e n t  in  igneous 

rocks  from t h a t  in  metamorphic ro ck s .  S ince  t h e n ,  many a t t e m p t s  have 

been made t o  e s t a b l i s h  a q u a n t i t a t i v e  r e l a t i o n s h i p  between t h e  Mg-Fe^+ 

d i s t r i b u t i o n  and th e  p r e s s u r e s  and tem pera tu res  of  pyroxene 

c r y s t a l l i z a t i o n  o r  thermal h i s t o r y .  The complet ion  o f  t h i s  work i s  

im por tan t  because pyroxenes a r e  abundant  in  both igneous and metamorphic 

rocks  and,  t h e r e f o r e ,  a pyroxene geothermometer  can be used s u c c e s s f u l l y  

i n  many t e r r a n e s  and f o r  t h e  comparison of  v a r io u s  a r e a s .

During th e  l a s t  decade a p l e t h o r a  of  two-pyroxene geothermometers 

has been developed .  These i n c l u d e : -  Davidson (1985) ;  Davidson and 

L inds ley  (1985) ;  Fonarev and Graphchikov (1982) ;  Kretz (1963, 1982);  

L inds ley  (1983) ;  L indsley  and Anderson (1983);  Powell (1978) ;  Ross and 

Huebner (1975);  Saxena (1976);  Saxena and Nehru (1975) ;  Wells (1977) ;  

Wood and Banno (1973) .  These geothermometers can be subd iv ided  

accord ing  t o  t h e i r  approach:  d i r e c t l y  c a l i b r a t e d  methods; n a t u ra l  

samples;  and i n t e r n a l l y  c o n s i s t e n t  d a t a  s e t  methods.

The d i r e c t l y  c a l i b r a t e d  method uses  exper imenta l  d a t a  d e r iv e d  in  

t h e  l a b o r a t o r y  which i s  then  a pp l ied  d i r e c t l y  t o  t h e  ro c k .  

I n c o n s i s t e n c i e s  occur  between th e  v a r io u s  exper imenta l  r e s u l t s .  A 

problem in  t h i s  method i s  t h a t  th e  exper imen ts  a r e  u s u a l l y  c a r r i e d  ou t  

a t  r e l a t i v e l y  high te m pera tu re s  and p r e s s u r e s ,  in  o r d e r  f o r  

e q u i l i b r a t i o n  t o  occur  in  a rea sonab le  leng th  o f  t im e .  However, t h e  

geothermometers th u s  developed a re  then  a pp l ied  t o  rocks  t h a t  

exper ienced  c o n d i t i o n s  below th e s e  te m pera tu re s  with  simple
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e x t r a p o l a t i o n s  being  performed.

The n a t u r a l  samples method can be used in  rocks  where c o e x i s t i n g  

o r thopyroxene  and c l inopyroxene  a r e  found,  along with  o t h e r  minera l  

phases  t h a t  can be used f o r  geothermometry;  an e s t i m a t e  o f  t h e  

t e m p era tu re  and p r e s s u r e  o f  e q u i l i b r a t i o n  can th u s  be made. These 

r e s u l t s  can th e n  be used t o  develop a g ra p h ic a l  geothermometer .  The 

model can be t e s t e d  by i t s  a b i l i t y  t o  reproduce th e  exper imenta l  d a t a .

The i n t e r n a l l y  c o n s i s t e n t  d a t a  s e t  method uses  thermochemical  d a t a  

t o  produce a thermodynamic model f o r  th e  system. The v a lu e s  c a l c u l a t e d  

f o r  t h e  model a r e  a d j u s t e d  t o  ag ree  with  th e  a v a i l a b l e  exper im en ta l  and 

n a t u r a l  d a t a  on mineral  e q u i l i b r i a .

In t h i s  t h e s i s  t h e  t h i r d  method i s  being re-exam ined .  The rea son  

f o r  t h e  a d d i t i o n  of  a n o th e r  model i s  t o  fo rm u la te  a thermodynamic d a t a  

s e t  c o n s i s t e n t  w ith  a l l  t h e  exper imen tal  and thermochemical d a t a  and t o  

use t h i s  t o  produce a g r a p h ic a l  geothermometer ,  t h e  e a s i e s t  t o  u se .  

L inds ley  (1983) ,  developed a g raph ic  geothermometer ,  bu t  t h e  c l o s e  

spac ing  o f  t h e  l i n e s ,  e s p e c i a l l y  f o r  o r thopyroxene ,  makes t h e  graph 

somewhat d i f f i c u l t  t o  u se .  The thermochemical model developed in  t h i s  

t h e s i s ,  once de te rm ined ,  can be used t o  e a s i l y  produce  d i s t r i b u t i o n  d a t a  

f o r  a l l  composi t ions  w ith  changing te m pera tu re  and p r e s s u r e .  These d a t a  

can be used t o  produce v a r io u s  graphs with  an emphasis  on c l e a r ,  e a s y -  

t o - u t i l i z e  methods of  e s t i m a t i n g  th e  tem p era tu re  and p r e s s u r e  o f  n a t u r a l  

samples .  In a d d i t i o n ,  t h i s  d a t a  s e t  can be used t o  s tudy  th e  d i f f e r e n t
p+

c l o s u r e  te m p e ra tu re s  f o r  t h e  Mg-Fe ion-exchange r e a c t i o n  and Ca- 

t r a n s f e r  r e a c t i o n  o c c u r r in g  in  th e  system.

A major problem in  c o r r e l a t i n g  th e  composi t ions  w ith  p r e s s u r e  and 

t e m p e ra t u r e ,  f o r  t h e  pyroxene system, i s  t h e  d i f f i c u l t y  in  d e s ig n in g
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s u i t a b l e  s o l u t i o n  models f o r  th e  two mult icomponent  pyroxenes (Saxena,

1983a).  For q u a d r i l a t e r a l  pyroxenes ,  an a t tem p t  t o  d e s c r i b e  in  moles t h e

chemical composit ion  o f  t h e  fo u r  end member components meets  w ith  th e

obvious d i f f i c u l t y  o f  an e x t r a  component because c o m p o s i t i o n a l ly  t h e

pyroxenes belong t o  a t e r n a r y  (MgSi03-FeSi03-CaSi03) system.  In o rd e r  t o

c a t e g o r i z e  t h e  pyroxenes com ple te ly  we have t o  use a r e c i p r o c a l  s o l u t i o n

methodology (Wood and N ic o l s ,  1978) which would invo lve  components w i th

e x p l i c i t  s i t e s  such as Fe(Ml)Fe(M2)Si20g,  Mg(Ml)Mg(M2)Si20g,

Mg(M2)Fe(Ml)Si206 , Fe(M2)Mg(Ml)Si20g,  Ca(M2)Mg(Ml)Si20g and

Ca(M2)Fe(Ml)Si20g.

Davidson and L inds ley  (1985) ,  Davidson (1985) ,  Davidson e t  a l .

(1982) ,  and Lindsley  e t  a l .  (1981) have succeeded in  c o n s t r u c t i n g  models

t h a t  q u a n t i t a t i v e l y  exp res s  b in a ry  s o l u t i o n  p r o p e r t i e s .  They used a

s o l u t i o n  model f o r  non-convergen t  s i t e  d i s o r d e r  as f i r s t  proposed by

Thompson (1969, 1970).  Th is  leads  t o  t h e  c a l c u l a t i o n  o f  t h e  f r e e  energy

?+of t h e  q u a d r i l a t e r a l  pyroxenes d e r ived  from p a i r  i n t e r a c t i o n s  of  Fe ,

Mg and Ca on th e  two n o n -eq u iv a len t  s i t e s  Ml and M2.

However, in  t h i s  s e c t i o n  of  t h e  t h e s i s  I wish t o  develop  a model 

w ith  an i n t e r n a l l y  c o n s i s t e n t  d a t a  s e t  t h a t  i s  no t  dependent  on s i t e  

occupancy d a t a  as much o f  t h i s  i s  c u r r e n t l y  be ing r e v i s e d  ( s ee  Chapte rs  

I I I ,  p 71 and IV, p 146).  In Chapter  V (p 166) ,  t h e  modeling of  two 

pyroxene phase e q u i l i b r i a  w ith  r e s p e c t  t o  s i t e  occupanc ies  w i l l  be 

d i s c u s s e d .

A. Method of  Multicomponent Phase E q u i l i b r i a  Modeling

C a l c u l a t i o n s  of  th e  tem pera tu re  and p r e s s u r e  o f  a r e a c t i o n  in  P-T 

space  a r e  u t i l i z e d  in  th e  v a r io u s  f i e l d s  o f  geology,  e s p e c i a l l y
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geochem is t ry  and p e t ro l o g y .  Today, many examples o f  m u l t i p l e  r e a c t i o n s  

in  P-T space  a r e  seen in  t h e  form o f  e l a b o r a t e  " s p i d e r  web" type  

d iagrams.  Some thermochemical  d a t a  a re  now a v a i l a b l e  f o r  t h e  m a j o r i t y  

o f  m in e ra l s  found in  th e  e a r t h ,  e i t h e r  d i r e c t l y  a v a i l a b l e  from 

c a l o r i m e t r y  o r  de r ived  from th e  P-T diagrams.

Recent  advances in  computing have enabled th e  method o f  Gibbs Free 

Energy m in im iza t ion  t o  be used t o  advan tage.  For a c e r t a i n  system, 

thermochemical d a t a  on a l l  o f  th e  end members and a l l  o f  t h e  p o s s i b l e  

s o l i d  s o l u t i o n  param ete rs  w i th in  th e  system a re  used .  A computer program 

( d e s c r ib e d  l a t e r )  then  de te rm ines  a l l  t h e  p o s s i b l e  assemblages  t h a t  

could  occur  a t  a de termined tem pera tu re  and p r e s s u r e ,  and th e  f r e e  

energy  f o r  each of  t h e s e  assemblages i s  c a l c u l a t e d .  As t h e  system 

approaches  chemical e q u i l i b r i u m ,  t o t a l  f r e e  energy approaches  a minimum 

and,  t h e r e f o r e ,  t h e  most s t a b l e  assemblage f o r  t h a t  p a r t i c u l a r  s e t  of  

pa ram ete rs  i s  known. This i s  then  compared t o  exper imenta l  d a t a  on t h e  

system and th e  v a r io u s  thermochemical  paramete rs  a r e  changed u n t i l  a 

c l o s e  f i t  o f  t h e  model t o  th e  d a t a  i s  o b ta in e d .  For t h i s  method no 

s p e c i f i c  assemblages  need t o  be d e f in e d .

The method i s  e s p e c i a l l y  im por tan t  when s o l i d  s o l u t i o n s  a re  

in vo lved .  I t  can be used t o  advantage  when s e v e ra l  s o l i d  s o l u t i o n s  occur  

in a g iven  system as t e r n a r y  and qu a te rn a ry  s o l u t i o n s  can be c a l c u l a t e d  

from th e  b in a ry  s o l u t i o n s  (Kohler  fo rm u la t ion  i s  used and w i l l  be 

d i s c u s s e d  l a t e r ) .

There a r e  s e v e ra l  r e s t r i c t i o n s  a s s o c i a t e d  with  th e  use of  t h i s  

method.  F i r s t l y ,  th e  thermochemical  d a t a  a r e  of  prime im por tance .  This  

d a t a  base i s  very  e x t e n s i v e  and c o n t a in s  a l l  r e c e n t  exper im en ta l  work 

and i s  b e l i e v e d  t o  be t h e  b e s t  a v a i l a b l e .  Secondly ,  t h e  c a l c u l a t i o n s
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y i e l d  assemblages  with  t h e  minimum Gibbs Free Energy.  These assemblages 

sometimes do not  correspond t o  th o se  found in  n a tu re  o r  produced in  

l a b o r a t o r y  exper im en ts .  Some n a t u r a l  assemblages a r e  m e t a s t a b l e ,  i . e .  

p i g e o n i t e  in  low -tempera ture  ro c k s ,  and,  t h e r e f o r e  do no t  r e p r e s e n t  th e  

lowes t  Gibbs Free Energy assemblage f o r  t h e  rock .  M e t a s t a b i l i t y  i s  no t  

co n s id e re d  in  t h e  model because k i n e t i c s  a r e  not  i n c lu d e d .  An 

a s s o c i a t e d  problem invo lves  t h e  ac tu a l  e n e rg i e s  invo lved  in  forming a 

new phase e . g .  th e  energy f o r  n u c l e a t i o n .  These e n e r g i e s  may be very  

h igh and,  t h e r e f o r e ,  a phase may not  n u c l e a t e  e i t h e r  in  n a t u re  o r  in  

l a b o r a t o r y  exper imen ts  bu t  be t h e  s t a b l e  phase when only  th e  Gibbs Free 

Energy i s  c o n s id e re d .  However, th e s e  problems can be avoided i f  c a r e f u l  

c o n s i d e r a t i o n  i s  g iven t o  t h e  r e s u l t s  ob ta ined  from th e  c a l c u l a t i o n s .

The method i s  a v a l i d  and powerful t o o l .  In a l l  t h e  examples in  t h i s  

t h e s i s ,  both th e  exper imenta l  d a t a  and th e  n a t u r a l  samples have been 

c o n s i d e r e d ,  and assumptions ,  when made, have been s t a t e d .

Gibbs Free Energy m in im iza t ion  i s  used i n  t h i s  t h e s i s  t o  c o n s t r a i n  

t h e  s o l i d  s o l u t i o n s  in  t h e  pyroxene q u a d r i l a t e r a l  and i s  compared t o  t h e  

exper im en ta l  d a t a  known f o r  t h i s  system. I t  can a l s o  be used t o  moni to r  

th e  i n t e r a c t i o n s  of  two o r  more h y p o th e t i c a l  s o l u t i o n s .  An example of  

t h i s  i s  provided  on page 23.  This  example uses  t h e  s imple  case  of  two 

i n t e r a c t i n g  b in a ry  s o l u t i o n s  and shows th e  e f f e c t s  of  changing th e  

i n d i v id u a l  s o l u t i o n  models from idea l  t o  s t r o n g l y  n e g a t iv e  o r  p o s i t i v e .

1.  S o l id  S o lu t i o n s

Orthopyroxene forms a con t inuous  s o l i d  s o l u t i o n  between MgSi0 3 ~
O+

FeSiOg by th e  s u b s t i t u t i o n  o f  t h e  two c a t i o n s  Mg and Fe . A s o l i d
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s o l u t i o n  i s  no t  a mechanical  mix tu re  and th e  i n d i v i d u a l i t y  of  th e  

d i s s o l v i n g  s p e c i e s  i s  l o s t  in  th e  s o l u t i o n .  For a s o l i d  s o l u t i o n ,  t h e  

s t a b i l i t y  of  t h e  s o l u t i o n  depends on how a l i k e  t h e  s u b s t i t u t i n g  c a t i o n s  

a r e .  I f  t h e  exchanged c a t i o n  and th e  o r i g i n a l  have t h e  same charge  and 

n e a r l y  t h e  same s i z e  a s t a b l e  (con t inuous )  s o l i d  s o l u t i o n  occurs  r e a d i l y  

(such i s  t h e  case  w ith  o r th o y ro x e n e ) .  Overa l l  t h e  symmetry does not  

change,  however,  m ic roscop ic  d e t a i l s  (such as bond l e n g th s )  may d i f f e r  

w i th i n  t h e  s o l u t i o n .  I f  t h e  exchanged c a t i o n s  a r e  very  d i f f e r e n t  th e  

s t r u c t u r e  w i l l  no t  be s t a b l e  and a second phase w i l l  e x s o lv e .

When two o r  more components a r e  mixed t o g e t h e r  t h e r e  i s  a change in  

t h e  thermodynamic p r o p e r t i e s ;  th e  en t ropy  w i l l  change due t o  th e  

i n c re as ed  number o f  ways t h e  atoms can be d i s t r i b u t e d  and th e  e n th a lp y  

(o r  i n t e r n a l  energy) w i l l  be a f f e c t e d  by th e  p r e f e r e n c e  of  th e  atoms f o r  

t h e i r  own kind o r  t h e i r  o p p o s i t e  kind .  Hence th e  o v e r a l l  f r e e  energy 

w i l l  change.  The d i f f e r e n c e  between th e  f r e e  energy o f  t h e  s o l u t i o n  and 

t h a t  o f  a mechanical  m ix ture  o f  t h e  pure end members (both  w i th  t h e  same 

p ro p o r t i o n s  o f  end members) i s  c a l l e d  th e  " f r e e  energy  o f  m ix ing" ,  Gm.

AGm = Gr e a -| s o l u t i o n -  ^sum f r e e  ene r9 i e s  ° f  end members)

f o r  a s o l u t i o n  A-B

AG1" = (X G + X G ) -  (X G° + X G°) 
A A B B V A A B B

o r  AGm = X (G -  G°) + X (G -  G°) (2 .1 )
A A A B B B

where,  X̂  i s  t h e  mole f r a c t i o n  o f  component i ,  G i s  th e  molar  f r e e  
1 i
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o
energy  o f  component l in t h e  s o l u t i o n ,  and G. i s  th e  molar  f r e e  energy

o f  component i i n  th e  chosen s tan d a rd  s t a t e .  The energy o f  mixing can 

be r e l a t e d  t o  e n th a lp y  and en t ropy  by:

The a c t i v i t y  o f  component i ,  a n*, i s  r e l a t e d  t o  t h e  f r e e  energy by

where R i s  t h e  gas c o n s t a n t  and T i s  t em pera tu re  in  deg ree s  Kelv in .  

This  can a l s o  be s t a t e d  i n  terms o f  t h e  chemical p o t e n t i a l  p

For an id e a l  s o l u t i o n  t h e  a c t i v i t y  i s  equal  t o  t h e  mole f r a c t i o n ,  

a^=X^. In t h i s  case  t h e r e  i s  no change in  en th a lp y  o f  mix ing ,  th e  

e n t ro p y  o f  mixing i s  always p o s i t i v e ,  and hence th e  change in f r e e  

energy  o f  mixing i s  always n e g a t iv e .  In a d d i t i o n ,  t h e  volume o f  mixing 

f o r  an id e a l  s o l u t i o n  i s  a l s o  z e r o .  The idea l  s o l u t i o n  i s  a u s e fu l  

r e f e r e n c e  s t a t e  ( see  F ig .  2 . 1 a ) .

The d e v i a t i o n  from i d e a l i t y  can be expressed  by

AGm = aHm -  TASm

G.. = G. + RTlna. ( 2 . 2)

( 2 .3 )

(2 .4 )

where y.. i s  t h e  a c t i v i t y  c o e f f i c i e n t .  The a c t i v i t y  c o e f f i c i e n t  

approaches  1 as th e  s o l u t i o n  approaches i d e a l i t y .  The excess



16

thermodynamic f u n c t i o n s  may be d e f in e d  as t h e  d i f f e r e n c e  between t h a t  of  

t h e  r e a l  s o l u t i o n  and t h a t  o f  th e  id e a l  s o l u t i o n .  Again c o n s id e r i n g  a 

b in a ry  s o l u t i o n  A-B, t h e  excess  molar  f r e e  energy o f  t h e  s o l u t i o n ,  Gx s , 

i s  g iven  by:

r xs _ r m r m
r e a l  s o l u t i o n  “ ide a l  s o l u t i o n

t h e r e f o r e  t h e  excess  f r e e  energy can be de f in e d  as

Gxs = RT(XAlnvA + XBl n Yg) (2 .5 )

Two ty p e s  o f  non - idea l  s o l u t i o n s  can be seen in  F ig .  2 .1b  and 2 . 1 c .
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Bft
Composition, x  

( a )

a) Idea l  S o lu t i o n

A H

B
Composition, x  

(b )

G(x)

- rA s

0

Raoult's law

XrT Raoult's 
law

b) S o l id  S o lu t i o n  
(n o n - id e a l )

AH < 0

a 1 < X1

a t t r a c t i o n  
between A and B

C) Unm1x1ng 

AH > 0

a 1 51 X 1

r e p u l s i o n  of  
A and B atoms

Composition, x  

( c )

F igu re  2 .1  Free energy  and a c t i v i t y  diagrams as a f u n c t i o n  o f  mole 
f r a c t i o n .  A f t e r  P u tn i s  and McConnell (1980) .
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2.  Combination o f  Binary  S o lu t i o n  Models

I t  i s  n ece s s a ry  t o  use c e r t a i n  s o l u t i o n  models t o  r e l a t e  th e  

observed composi t iona l  v a r i a b l e s  to  th e  thermodynamic p r o p e r t i e s  of  

mixing.  Guggenheim (1937) sugges ted  t h a t  Gxs can be expressed  as a 

polynominal  i n  X

and in  h i s  book in  1967 reduced t h i s  eq u a t io n  f o r  th e  simple  m ix tu re  

model as

where W i s  t h e  simple mix tu re  param ete r  and i s  a f u n c t i o n  o f  p r e s s u r e  

and t e m p e ra tu r e .  For an id e a l  s o l u t i o n  W=0; f o r  a case  where aG i s  

n e g a t iv e  and t h e r e  i s  an a t t r a c t i o n  between A and B atoms W i s  n e g a t i v e ;  

f o r  e x s o l u t i o n ,  i . e .  a r e p u l s i o n  of  A and B atoms,  W i s  p o s i t i v e .  For 

e x s o l u t i o n  t o  a c t u a l l y  o c c u r ,  W > 2 x R x T. At 800°C, W i s  

approx im ate ly  4000 J o u le s  ( J ) ,  t h e r e f o r e ,  a t  any va lue  o f  W >4000 J ,  

e x s o l u t i o n  w i l l  occu r .

These s o l u t i o n  models can then  be combined. A comparison o f  th e  

v a r io u s  c a l c u l a t i o n s  t h a t  can be used t o  combine s o l u t i o n s  i s  g iven  by 

Fei e t  a l . ,  (1986) .  The model used in  t h i s  t h e s i s  i s  t h a t  o f  Kohler 

(1960) excep t  t h a t  t h e  t e r n a r y  and o t h e r  high  o r d e r  c o n s t a n t s  have been 

igno red .  These high o rd e r  c o n s t a n t s  a r e  very  d i f f i c u l t  t o  e v a l u a t e  and 

t h e o r e t i c a l  modeling o f  t h e  va lues  i n d i c a t e  t h a t  they  have very  l i t t l e  

i n f l u e n c e  on th e  p o s i t i o n  o f  bimodal curves  in  th e  t e r n a r y  system

aGxs = X1 X2 (Aq + A1 (X1  -  X2) + A2 (X1  + X2 ) 2  + ) (2 .6)

AGXS = WX: X2 (2 .7 )
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(Saxena,  1973).  In a d d i t i o n ,  exper imen tal  v a lu es  ob ta ined  f o r  s e v e ra l  

o r g a n ic  s o l u t i o n s  (no d a t a  i s  a v a i l a b l e  on c r y s t a l l i n e  s o l u t i o n s )  have 

been determined  t o  be n e g l i g i b l e .  Kohler  (1960) proposed t h a t  th e  

excess  Gibbs Free Energy o f  mixing of  a t e r n a r y  s o l u t i o n  (1 -2 -3 )  may be 

given  by:

AG* | 3  = ( I - X ^ a G ^  + (1-X2 ) 2 AG^ + (1-X3 ) 2 AG^ (2 .8 )

xswhere aG . . r e f e r s  t o  th e  excess  f r e e  energy of  t h e  b in a ry  m ix tu re  a t
* J

0  0
composi t ion  X. , X. such t h a t :

* J

X° = 1 -  X? = X./ (X .  + X.)  (2 .9 )

In gene ra l  f o r  a mult icomponent  system we have,

4GJLn ■ Ei.i4.i<xi + V2 Kj> <2-10>

Note t h a t  t h i s  fo rm u la t io n  leaves  th e  cho ice  o f  b in a ry  s o l u t i o n

models t o  t h e  u s e r .  The b in a ry  model need not  be t h e  same f o r  every

b in a ry  s o l u t i o n .  As compared t o  Wohl 's  (1953) mult icomponent  model which 

has been u sed ,  f o r  example,  by Ganguly & Saxena (1984) ,  we f i n d  t h e  

Kohler  fo rm u la t io n  more conven ien t .  I t  remains t o  be seen ,  however,  

whether i t s  p r e d i c t i v e  a b i l i t y  f o r  h igh ly  skewed (asymmetric)  systems i s  

any good.  B a r r o n ' s  (1978) use of  t h i s  fo rm u la t io n  f o r  melt  systems has 

been q u i t e  s u c c e s s f u l .  From e x p re s s io n  (2 .10)  one o b t a i n s  t h e  fo l lo w in g  

e x p re s s io n  f o r  t h e  a c t i v i t y  c o e f f i c i e n t  o f  component i
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RTlnY. = z j = 1 (X.+ Xj )[RTlnYij  + (1 -  X. + X.) aG**] -  (X.  + X. ) 2  AG**

(2 . 11)

3.  Method o f  Gibbs Free Energy Minimiza tion

The method uses  l i n e a r  a l g e b r a i c  te ch n iq u es  t h a t  can be c a r r i e d  ou t  

r a p i d l y  on a computer .  The program used in  t h i s  t h e s i s ,  SOLGASMIX, has 

been developed by G. E r iksson  and S.K. Saxena.  More d e t a i l  on t h e  method 

can be found in  White e t  a l .  (1958) ,  Van Zeggeren and S to rey  (1970) ,  and 

Er ik sson  and Rosen (1973) .  This  method has been used s u c c e s s f u l l y ;  see 

Wood and Holloway (1982) and Saxena and Er iksson  (1983) .  The 

thermodynamics fo l low s  t h a t  o f  Saxena (1982).

a .  Thermodynamics

For a system,  th e  t o t a l  Gibbs f r e e  energy ,  G, can be expressed  as

G = rn^G^ = z n .p .  (2 .12)

where n.. deno tes  t h e  number of  moles of  i and p.. i s  t h e  chemical 

p o t e n t i a l  o f  i .  I f  we c o n s id e r  a system with  one id e a l  gas p h a s e , " g " ,  

"q" l i q u i d  and s o l i d  s o l u t i o n s  and "s" pure condensed p hases ,  t h e  t o t a l  

f r e e  energy o f  th e  system i s

G = Gg + Gq + Gs (2.13)
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where,  t h e  t o t a l  f r e e  energy f o r  t h e  gas phase G9

Gg = zn .G j .  + s n . (RTlnP + RTlnX.) (2 .14 )

where T i s  tem p era tu re  (K),  P i s  p r e s s u r e ,  R i s  th e  gas c o n s t a n t ,  G ^  i s  

t h e  s t a n d a rd  Gibbs f r e e  energy  o f  component i a t  1 bar  and T from 

elemen ts  in  t h e i r  s tan d a rd  s t a t e  and i s  t h e  mole f r a c t i o n  of  

component i .  For th e  s o l u t i o n s

g m 0

Gq = 2  2  p n . [ (Gf  •) + RTlnX.) (2 .15)
p=l i= i  P 1 n  p i  1

(where np_. i s  n.. in  th e  p th  phase ,  mp is  the  t o t a l  number o f  

components in  th e  p th  p h a s e ) ,  and f o r  pure  s o l i d s ,

GS = zS .n  .(G° ) . (2 .16)p=l p r  f v p i  v ’

These e q u a t io n s  may be combined by count ing  the  phases  

c o n s e c u t i v e l y ,  p=l  f o r  t h e  gas phase ,  from p= 2  t o  p=(q+l)  f o r  t h e  s o l i d  

and l i q u i d  m ix tu re s  up t o  p = (q+s+1) f o r  the  l a s t  pure phase .  For t h e

t o t a l  system
1 m .. 0  q+ 1  m 0

G = ViEP=i"p1*Gfp1 + RT1nP + + Wi+inpi[Gfp1 + 1nXl'
q+s+ 1  m 0

+ zp=q+2 z i = l np i Gf p i
(2 .17)

where Np i s  t h e  t o t a l  amount o f  subs tances  in  th e  p th  phase .

According t o  th e  f r e e  energy m in im iza t ion  method,  th e  above
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eq u a t io n  i s  minimized w i th  t h e  mass ba lance  r e l a t i o n s h i p s

a+s + 1  m
z ( j = l , 2 ............. 1) (2 . 18)

where A . . r e p r e s e n t s  t h e  number o f  atoms of  th e  j t h  el ement in  a
r  * J

molecu le  o f  t h e  i t h  component in  t h e  p th  phase ,  1 i s  t h e  t o t a l  number of  

e lements  and b i s  t h e  i n i t i a l  amount o f  th e  elemen t .

For each elememt j ,  in  a p th  phase we have

This  i s  m u l t i p l i e d  by an undetermined c o n s t a n t  x (Lagrangian  m u l t i p l i e r )  

and th e  e x p re s s io n  i s  summed up over  a l l  j ,  g iv ing

This  e q u a t i o n ,  added t o  t h a t  f o r  t h e  t o t a l  f r e e  energy and p a r t i a l l y  

d i f f e r e n t i a t e d  ( P ,T ,n j )  y i e l d s  s ev e ra l  l i n e a r  e q u a t io n s  as shown below 

For t h e  gas phase

(2 . 20 )

gJL + RTlnP + RTlnX.. + z
j

(2 . 21)

For t h e  l i q u i d  and s o l i d  s o l u t i o n s

RTlnX.. + z
j

(2.22)

For t h e  pure phases
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3
(2 .23)

There w i l l  be as many e q u a t io n s  as t h e r e  a re  components (nip). In 

a d d i t i o n  t h e r e  w i l l  be "s" equa t ions  f o r  t h e  pure p hase s ,  " 1 " m a t e r i a l  

ba lances  and o t h e r  eq u a t io n s  r e s u l t i n g  from

b. Modeling of  Binary S o lu t i o n s

As an example of  t h e  SOLGASMIX program and as a u se fu l  i l l u s t r a t i o n  

of  t h e  d i s t r i b u t i o n  of  s p e c i e s  between two c o e x i s t i n g  non - idea l  

s o l u t i o n s ,  a s e r i e s  of  diagrams has been reproduced  in  F ig .  2 . 2 .  A 

p r i n t o u t  o f  t h e  program i s  shown in  Table 2 . 1 .  The p r i n t o u t  shows th e  

i n p u t  amounts,  in  t h i s  case  equal  amounts of  e n s t a t i t e  and 

f e r r o s i l i t e .  We have a l s o  i n p u t t e d  a n e g a t iv e  amount of  s i l i c a  t o  

en s u re  o l i v i n e  i s  produced .  (This  i s  t h e  o p p o s i t e  of  t h e  e f f e c t  o f  

adding s i l i c a  t o  o l i v i n e  in  th e  hopes o f  producing o r thopyroxene  in  an 

exper imenta l  r u n . )  The second column shows th e  e q u i l i b r i u m  amount in  

moles o f  t h e  e q u i l i b r i u m  assemblage f o r  t h i s  p a r t i c u l a r  T and P and 

thermochemical pa ram e te r s .  In t h i s  c a s e ,  on ly  o l i v i n e  and o r thopyroxene  

a r e  s t a b l e  w i th in  th e  system.  The t h i r d  column shows t h e  mole f r a c t i o n  

(c l inopy roxene  i s  not  an e q u i l i b r i u m  minera l  as  i t  i s  no t  p r e s e n t  in  t h e  

second column and,  t h e r e f o r e ,  can be ignored in  t h i s  column) and th e  

f i n a l  column shows th e  a c t i v i t y  of  th e  phases .  Below t h i s  t h e  e n t ro p y ,  

e n th a lp y  and excess  energy lo s s  a re  no ted ,  t h e  d e n s i t y  o f  t h e  phases  

produced and th e  average d e n s i t y  f o r  th e  whole system.  The mole

EX. = 1.0 (2 .24 )
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f r a c t i o n s  in  t h e  t e r n a r y  pyroxenes a r e  s t a t e d  n e x t ,  im por tan t  f o r  

modeling t h e  pyroxene system and f i n a l l y ,  in  t h i s  c a s e ,  t h e  d i s t r i b u t i o n  

c o n s t a n t  between o l i v i n e  and orthopyroxene a re  no ted .

F igure  2 .2  i l l u s t r a t e s  the  e f f e c t  of  changing th e  s imple  m ix tu re  

param ete r  "W". For each case  two diagrams have been drawn, t h e  upper 

showing th e  p l o t  o f  th e  mole f r a c t i o n  o f  i ro n  in  or thopyroxene  (X -ax is )  

a g a i n s t  t h e  mole f r a c t i o n  of  i ro n  in  o l i v i n e  ( Y -a x i s ) .  The lower 

diagram shows th e  v a r i a t i o n  in  Kg a g a i n s t  Fe/(Fe+Mg) f o r  t h e  whole 

sys tem. The va lues  of  o l i v i n e  and or thopyroxene used in  t h i s  model a r e  

c o n s i s t e n t  w ith  C h a t t e r j e e  and Saxena,  (1987).

The f i r s t  f i g u r e  shows th e  ide a l  s o l u t i o n  c a s e ,  i . e .  a l l  4 v a lues  

o f  W ( E n s t a t i t e  ( E n ) - F e r r o s i l i t e  ( F s ) ; Fs-En; F o s t e r i t e  (Fo) - F a y a l i t e  

( F a ) ;  Fa-Fo) a r e  z e r o .  There i s  a c o n s t a n t  Kg f o r  t h e  d i s t r i b u t i o n  of  

e lements  between th e  o l i v i n e  and th e  or thopyroxene .  The p l o t  

o f  x *  a g a i n s t  Xg®x shows th e  expec ted r e g u l a r  t r e n d  with  Fe2+ going 

p r e f e r e n t i a l l y  i n t o  th e  o l i v i n e .  The thermochemical  d a t a  f o r  t h i s  

example p r e d i c t  t h a t  only  o l i v i n e  w i l l  be s t a b l e  a t  high i ro n  r a t i o s .

The fo l low ing  diagrams i n d i c a t e  th e  d i f f e r e n c e s  caused by changing th e  

W^j pa ram e te rs .

Of s p e c i a l  i n t e r e s t  a r e  2 . 2 . e  and 2 . 2 . f .  Although both  b in a ry  

s o l u t i o n s  a r e  s t r o n g l y  non- idea l  th e  r e s u l t i n g  d i s t r i b u t i o n  and Kg a re  

a lmos t  i d e n t i c a l  t o  2 . 2 . a .  Such i n s t a n c e s  as t h e s e  can cause  problems 

in  modeling t h e  systems as th e  t r u e  b in a ry  s o l u t i o n s  could be very 

d i f f e r e n t  than  th o s e  chosen f o r  t h e  model. This  e f f e c t  w i l l  be much 

more complex when t h r e e  o r  more s o l u t i o n s  a re  being c o n s id e re d .  For 

t h i s  reason  th e  b in a ry  s o l u t i o n s  quoted l a t e r  in  t h i s  paper  f o r  th e  

pyroxene system can only  be regarded  as one s e t  t h a t  reproduce  th e
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exper im en ta l  d a t a .  (However, W^j va lues  t h a t  a r e  h igh ly  d i f f e r e n t  from 

t h e  t h e o r e t i c a l l y  expec ted va lues  have not  been a c c e p te d . )  A second s e t  

o f  b in a ry  s o l u t i o n s  may be p o s s i b l e  which s a t i s f y  t h e  d a t a .  However, as  

t h i s  d a t a  s e t  ex tends  t o  o t h e r  phases and composi t ions  t h e  chances of  

s e v e ra l  models reproduc ing  the  same d a t a  s e t  dec re a se  s i g n i f i c a n t l y  and 

a complete thermodynamic model can be p o s t u l a t e d .  In a d d i t i o n ,  t h i s  s e t  

o f  f i g u r e s  i s  very  u s e fu l  in  t h e  modeling p rocess  t o  g ive  an i n d i c a t i o n  

o f  t h e  d i r e c t i o n  to  change the  b in a ry  s o l u t i o n s .

I t  i s  a l s o  t o  be no ted t h a t  f o r  2 . 2 . b ,  g,  i ,  j ,  amd m, 

o r thopyroxene  i s  s t a b l e  a t  high i ro n  r a t i o s ,  whereas ,  f o r  2 . 2 . h. 

o r thopyroxene  cease s  to  be a s t a b l e  phase a t  a much lower i r o n  r a t i o  and 

only  o l i v i n e  w i l l  be formed.



Table 2 .1 P r i n t o u t  o f  SOLGASMIX

2 6

T = 1073.00 K 
P = 6.00000E+03 BAR

THE SOLUTION IS NUMERICALLY UNSTABLE

INPUT AMOUNT EQUIL AMOUNT MOLE FRACTION ACTIVITY
MOL MOL

MGSI.502 O.OOOOOE+OO 0.15771E+02 0.39423E+00 0.39425E+00
FESI .502 O.OOOOOE+OO 0.24233E+02 0.60577E+00 0 .60582E+00

MOLE FRACTION ACTIVITY
MGSI03.0PX 0.50000E+02 0.34239E+02 0.57051E+00 0.57058E+00
FESI03.0PX 0.50000E+02 0.25775E+02 0.42949E+00 0.42956E+00

MOLE FRACTION ACTIVITY
MGSI03.CPX O.OOOOOE+OO O.OOOOOE+OO 0.40230E+00 0.48968E+00
FESI03.CPX O.OOOOOE+OO O.OOOOOE+OO 0.28982E+00 0.42325E+00

MOLE FRACTION ACTIVITY
SI02 -0.20000E+02 O.OOOOOE+OO 0.62180E+00
COESITE O.OOOOOE+OO O.OOOOOE+OO 0.35674E+00

ENTHALPY OF REACTION = 7.9263E+03 KJ 
ENTROPY OF REACTION = 1.2606E+04 J.K-1 
ENERGY LOSS = -4.1679E+03 KJ

ENTHALPY OF REACTION = 1.8581E+06 KJ 
ENTROPY OF REACTION = -3.6541E+01 J.K-1 
ENERGY LOSS =
PHASE DENSITY
OLIVINE 3.92758
ORTHOPYROXENE 3.55077
AVER DENSITY 3.70148

PHASE DISTRIBUTION 
MOLE FRACTIONS IN THE TERNARY PYROXENES:
MGSI03.0PX 0.57051E+00 .50DI O.OOOOOE+OO FESI03.0PX 0.42949E+00
FESI03/(FESI03+MGSI03) = 0.42949E+00 
DISTRIBUTION CONSTANTS:
OL-OPX 0.48993E+00
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10,000 ; 10,000 
10,000 ; 10,000

0; 5 0 0 0  
0; 5,000 5,000;  0

•5,000;-5,000
5,000; -5,000

0;-5,000
0 ; -5 ,000

0; "5,000 "5,000;"5,000 0  
5,000; 0  +5,000; *5,000

+5,000;+5,000
-5,000;-5,000

0; 0  0;"5,000 0; 0  3,000;"7,000
"5,000; 0  0; 0  3,000;-7,000 0; 0

F igure  2 .2  E f f e c t s  o f  changing th e  simple mix tu re  param ete r  W. The upper 

diagram f o r  each case  shows th e  mole f r a c t i o n  of  Fe 1n or thopyroxene  

(X°Px ) ,  x - a x i s ,  a g a i n s t  t h e  mole f r a c t i o n  o f  Fe in  o l i v i n e  (X0 ^) ,  y -  

a x i s .  The lower diagram shows Kq a g a i n s t  Xpe f o r  t h e  system.  The 

numbers below each diagram a r e  t h e  W v a lues  used .
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B. PYROXENE PHASE EQUILIBRIA

The method of  Gibbs Free energy m in im iza tion  has been used 

s u c c e s s f u l l y  here  t o  model th e  pyroxene q u a d r i l a t e r a l .  The model 

produced in  t h i s  t h e s i s  i s  e n t i r e l y  t h e o r e t i c a l ;  no exper iments  were 

performed.  Experimental  work i s  both t ime consuming and e x p e n s iv e ,  and 

th u s  i t  i s  e s s e n t i a l  t h a t  a s u i t a b l e  t h e o r e t i c a l  model,  which can 

p r e d i c t  t h e  phys ica l  c o n d i t i o n s  f o r  a wide v a r i e t y  o f  chemical 

com posi t ions  i s  developed .  This  model,  once developed ,  can be used f o r  

com posi t ions  w i th i n  th e  system where no exper imenta l  d a t a  a re  

a v a i l a b l e .  I t  can a l s o  be used t o  de termine  where f u t u r e  exper im en ta l  

work i s  n e c e s s a ry .

S ince  thermochemical  d a t a  on most end-member components in  t h e  

pyroxene q u a d r i l a t e r a l  a r e  a v a i l a b l e ,  use of  a s u i t a b l e  s o l u t i o n  model 

p e rm i t s  us t o  comple te ly  c h a r a c t e r i z e  th e  system q u a n t i t a t i v e l y .  

Composit ions o f  c o e x i s t i n g  pyroxenes are  c a l c u l a t e d  us ing  th e  method of  

t o t a l  Gibbs Free Energy m in im iza t ion  as d i scussed  e a r l i e r .  The s o l u t i o n  

model we chose t o  apply  t o  t h e s e  d a t a  i s  from Kohler  (1960) in  which we 

use th e  b in a ry  i n t e r a c t i o n  c o e f f i c i e n t s  of  th e  simple mix ture  

(Guggenheim, 1952) model.

1. A v a i l a b le  Data.

In o r d e r  t o  compute a model t o  reproduce  th e  phase diagram o f  th e  

q u a d r i l a t e r a l  system we need th e  fo l lowing  d a t a :

a .  E n tha lpy ,  en t ropy  and hea t  c a p a c i t y  f o r  a l l  ( f o u r  o r thopyroxene  and

f o u r  c l inopyroxene)  end member components The components a r e  

numbered as e n s t a t i t e  (En) = 1, d io p s id e  (Di) = 2,  f e r r o s i l i t e  (Fs) 

= 3 and h edenbe rg i te  (Hd) = 4.

b.  I n t e r a c t i o n  c o e f f i c i e n t s  (W^j) f o r  th e  b in a ry  s o l u t i o n s .  There a re
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twelve  b in a ry  s o l u t i o n s  each f o r  or thopyroxene and c l inopy roxene

(W^2 « W2 1 « W-̂ 3 , Wj/j, l / ^ ,  W2 3 , W32« ^ 4 , W4 2 , W3 4 , and W4 3 ) ,

shown on F igure  2 . 3 .

c .  Experimenta l  d a t a  f o r  c o e x i s t i n g  pyroxenes over  th e  t o t a l  range o f  

com posi t ions  and f o r  a wide range o f  te m pera tu re s  and p r e s s u r e s  to  

t e s t  t h e  d e r ived  model.

Thermochemical d a t a  a r e  a v a i l a b l e  a t  t h e  te m p e ra tu r e s  and p r e s s u r e s  

o f  i n t e r e s t  f o r  o r t h o e n s t a t i t e ,  o r t h o f e r r o s i l i t e ,  c l i n o d i o p s i d e ,  and 

c l i n o h e d e n b e r g i t e  ( see  F igure  2 . 3 ) .  However, w i th i n  t h e  system we have 

f o u r  end members i . e .  o r t h o d i o p s i d e ,  o r th o h e d e n b e r g i t e ,  c l i n o e n s t a t i t e ,  

and c l i n o f e r r o s i l i t e  t h a t  do not  occur  in  n a tu re  a t  t h e  t e m p e ra tu re  and 

p r e s s u r e  o f  i n t e r e s t .  These end members a r e  needed f o r  t h e  model .  

C l i n o e n s t a t i t e  and o r th o d i o p s i d e  have been e s t im a ted  from th e  d a t a  o f  

L inds ley  e t  a l . ,  1981. The remaining end members a r e ,  t h e r e f o r e ,  

v a r i a b l e s  in  t h e  model.

F igure  2 .4  shows very simply t h e  f r e e  energy o f  such a b in a ry  

system and why we need t h e  f i c t i v e  end member t o  com ple te ly  model t h e  

s o l u t i o n .  The f i g u r e  shows t h a t  c l in o h e d e n b e rg i t e  w i l l  always be t h e  

s t a b l e  high  Ca-phase ,  hence th e  p o s s i b l e  thermochemical  d a t a  on i t s  

f i c t i v e  c o u n t e r p a r t  i s  l i m i t e d  by th e  b in a ry  s o l u t i o n s  a l r e a d y  known f o r  

t h e  s t a b l e  phase .  These end members a r e ,  t h e r e f o r e ,  v a r i a b l e s  w i t h i n  

t h e  model.

The d a t a  on Wj2 » W2 1 , W3 4 , and W4 3 , f o r  both  pyroxenes ,  a re  

a v a i l a b l e  in  L inds ley  e t  a l .  (1981) and in  L indsley  (1981) r e s p e c t i v e l y  

o r  can be c a l c u l a t e d  from t h e  so lvus  d a t a .  Ŵ 3  and W3j  (both  p y ro x e n e s ) ,  

have been d i s c u s s e d  amply in  l i t e r a t u r e  ( C h a t i l l o n - C o l i n e t  e t  a l . ,
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( I )

Figure  2 . 3 .  Diagram of t h e  pyroxene q u a d r i l a t e r a l  i n d i c a t i n g  th e  
com pos i t ions  o f  th e  fo u r  endmembers and th e  b in a ry  s o l u t i o n s .  End 
members a r e  1,  e n s t a t i t e ;  2 ,  d i o p s ld e ;  3,  f e r r o s l l i t e ;  and 4 ,  
h e d e n b e rg i t e .  Thermochemical d a t a  f o r  th e  endmembers a r e  g iven  i n  Tab le 
2 .2  and f o r  t h e  b in a ry  s o l u t i o n s  in  Table 2 . 3 .
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F ig u re  2 . 4 .  Gibbs Free Energy o f  th e  e n s t a t l t e - d i o p s l d e  b in a ry  
s o l u t i o n .  The o rthopyroxene  s t r u c t u r e ,  Pbca,  1s t h e  s t a b l e  phase 
( lo w e s t  Gibbs Free Energy) f o r  th e  e n s t a t l t e - r i c h  com pos i t ion  (0-8  mol5£ 
d l o p s i d e ) .  The c l lnopyroxene  s t r u c t u r e ,  C2/c,  1s t h e  s t a b l e  phase  f o r  
t h e  d iops1de-r1ch .compos1t1on  (0-10 molX e n s t a t l t e ) .  Between t h e  two 
phases  I s  a so lvus  where th e  Free Energy o f  a s i n g l e  phase can be 
lowered by t h e  e x s o l u t i o n  o f  two pyroxenes .
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1983, Saxena,  1983a,  and Sack,  1980),  bu t  a r e  s t i l l  co n s id e re d  

v a r i a b l e s  in  t h i s  model.  The remaining s i x  b ina ry  s o l u t i o n s  f o r  each 

pyroxene a r e  a l s o  v a r i a b l e s  w i th i n  t h e  model. Values f o r  t h e s e  b i n a r i e s  

a r e  aga in  r e s t r i c t e d ,  i . e .  whether  e x s o lu t io n  w i l l  occur  o r  no t  ( see  

page 18).

The exper imenta l  d a t a  used t o  t e s t  th e  model a re  mainly  from th e  

work o f  L inds ley  and coworkers .  L indsley  (1983) p r e s e n te d  a c o m p i la t io n  

o f  t h e  exper imenta l  d a t a  ( L in d s l e y ,  1981; L indsley  & D ixon ,1976;

L inds ley  e t  a l ,  1981; L inds ley  e t  a l . ,  1974; Turnock & L inds ley ,

1981).  A dd i t iona l  d a t a  from Davidson and Lindsley  (1985) ,  some 

p re v io u s l y  unpub l i shed ,  were a l s o  used .  Because of  a lack  o f  d a t a ,  

p i g e o n i t e  s o l i d  s o l u t i o n s  have no t  been inc luded  in  t h e  p r e s e n t  model.

2.  Method of  C a l c u l a t i o n

E s t im a tes  o f  t h e  p o s s i b l e  thermochemical  va lues  f o r  t h e  f i c t i v e  end 

members a re  made a t  th e  beginning  of  th e  modeling p r o c e s s .  The 

remaining undef ined  b in a ry  s o l u t i o n s  a r e  a r b i t r a r i l y  s e t  t o  i d e a l i t y  

(W.jj=0). The c a l c u l a t i o n s  a r e  performed us ing SOLGASMIX ( i n i t i a l  

composi t ion  and te m pera tu re  and p r e s s u r e  of  i n t e r e s t  i n p u t t e d )  and th e  

r e s u l t i n g  (minimum Gibbs Free Energy) composi t ions  f o r  c o e x i s t i n g  o r t h o -  

and c l inopyroxene  a r e  no te d .  These composi t ions  a r e  then  compared t o  

th e  exper imenta l  d a t a .  The W^- va lues  and thermochemical  d a t a  on 

o r t h o h e d e n b e r g i t e  and c l i n o f e r r o s i l i t e  a r e  a d j u s t e d ,  u s ing  an i t e r a t i o n  

p ro c e d u re ,  u n t i l  a c l o s e  match between th e  c a l c u l a t e d  com pos i t ions  and 

th e  e x p e r i m e n t a l ly  de te rmined composi t ions  i s  found.

The W^j should be cons ide red  as ad ju s t e d  param ete rs  n ece ss a ry  t o  

reproduce  th e  exper imenta l  d a t a  on composi t ions  of  c o e x i s t i n g  pyroxenes
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as c l o s e l y  as p o s s i b l e .  The l i n e a r  t e m pera tu re  dependance o f  Wy i s  over  

a range  te m p era tu re s  a t  which th e  exper imenta l  d a t a  a r e  a v a i l a b l e .  

E x t r a p o l a t i o n s  t o  t e m p era tu re s  beyond th e s e  d a t a  may lead  t o  u n r e a l i s t i c  

Wjj v a l u e s .

Some o f  th e  work from prev ious  s t u d i e s  has not  been i n c o rp o r a t e d  in  

t h i s  model.  The exper imenta l  d a t a  o f  Fonarev and Graphchikov (1982) a r e
9 l

r a t h e r  high  in  Fe f o r  i r o n - r i c h  samples.  This  cannot  be reproduced  by

t h e  p r e s e n t  model .  C h a t t i l lo n -C o l in f e t  e t  a l . ,  (1983) and Sack (1980) 

bo th  e s t im a te d  a p o s i t i v e  en tha lpy  o f  mixing f o r  t h e  and W3 1  

b i n a r i e s .  Use of  such a non - idea l  s o l u t i o n  f o r  t h i s  b in a ry  led to  

problems in  reproduc ing  t h e  exper imenta l  d a t a  and,  t h e r e f o r e ,  a p o s i t i v e  

e n t h a lp y  o f  mixing i s  not  p a r t  o f  t h i s  model.
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C. R es u l t s  and D iscuss ion

Tables  2 .2  and 2 .3  l i s t  t h e  d a t a  on th e  end members and t h e  W^j 

p a ram ete rs  used and de f in e d  in  t h i s  work. As s t a t e d  p r e v i o u s l y ,  i t  must 

be emphasized t h a t  such r e s u l t s  may be ob ta ined  by a somewhat d i f f e r e n t  

s e t  o f  Wj j  d a t a  and th e  s e t  used here  i s  no t  un ique .  These d a t a  a re  

dependent  on each o t h e r  and should not  be used in  p a r t s .

F igu res  2 . 5 - 2 . 9  show a comparison of  exper imenta l  (exp) and 

c a l c u l a t e d  (model) d a t a  on composi t ions  of  c o e x i s t i n g  pyroxenes ;  t h e  f i t  

i s  ve ry good. The r e s u l t s  shown in  t h i s  s e t  of  diagrams a r e  a l l  a t  6  

kba r ,  however,  th e  model developed i s  e q u a l ly  v a l i d  over  a wide range  of  

t e m p e ra tu re s  (600-1000°C) and p r e s s u r e s  (1-15 k b a r ) .

Two problems a re  found with  t h e  model.  The computed magnesium 

c o n t e n t  of  low magnesium or thopyroxenes  i s  s l i g h t l y  lower th a n  th e  

e x p e r im e n ta l ly  de termined va lue  (F ig .  2 . 5 . ) .  This  t r e n d  i s  a l s o  

r e f l e c t e d  in  th e  high i r o n  range in  F igure  2 . 6 .  Secondly ,  t h e  magnesium 

c o n t e n t  of  c l inopyroxene  i s  lower f o r  th e  computed com pos i t ions  in  t h e  

low magnesium samples ( F ig .  2 . 8 ) ,  aga in  r e f l e c t e d  in  t h e  h i g h - i r o n  

samples on F igure  2 . 9 .  These s y s t e m a t i c  d i f f e r e n c e s  in  t h e  two s e t s  o f  

d a t a  must be viewed as a f a i l u r e  o f  th e  adopted s o l u t i o n  model and 

e s t im a te d  Wn- j  param ete rs  t o  r e p r e s e n t  t h e  pyroxene co m p o s i t io n s .  ( Any 

e r r a t i c  d i f f e r e n c e  i s  due t o  exper imenta l  a n d /o r  a n a l y t i c a l  e r r o r s . )  

Attempts t o  a d j u s t  th e  t o  improve t h i s  f i t  led  t o  u n a cc ep tab le  

changes a t  high t e m p e ra tu r e s .

In a d d i t i o n ,  with  th e  d a t a  p r e s en te d  in  Tables  2 .2  and 2 . 3 ,  we may 

c a l c u l a t e  pyroxene composi t ions  in  th e  q u a d r i l a t e r a l  f o r  any bulk 

com posi t ions  a t  s p e c i f i e d  p r e s s u r e  and t e m p e ra tu r e .  F igure  2 .10  shows
p+

c a l c u l a t e d  Fe -Mg d i s t r i b u t i o n  in  c o e x i s t i n g  pyroxenes a t  6 kbar  f o r  a



Table 2 .2  Thermochemical d a t a  on Pyroxenes*

Endmember Name Composit ion H°f

(J /mol)

S°

( J/mol.K)

a bxlO2 CxlO"7 f

O r t h o e n s t a t i t e MgSi03 -1546290 66.270 188.753 -0.53315 .4325 E-3 -1812.9

C l i n o e n s t a t i t e MgSi03 -1544010 67.225 188.755 -0.53315 .4325 E-3 -1812.9

Diopside Ca.5M9 .5 S i0 3 -1600910 71.547 110.605 1.64 -.3293 0 .0

Hedenbergi te Ca. 5 Fe.5 S i0 3 -1419410 85.145 114.665 0.0171 -.3140 0 .0

F e r r o s i l i t e FeSi03 -1194510 94.560 133.000 0 .00 -.4847 0 .0

C l i n o f e r r o s i l i t e FeSi03 -1193590 95.398 133.000 0 .00 -.4847 0 .0

O r thod iops ide Ca.5M9 .5 S i0 3 -1591040 71.540 110.605 1.64 - .3293 0 .0

Orthohedenberg i t e Ca. 5 Fe.5S i0 3 -1416780 84.879 114.665 0.0171 -.3140 0 .0

*Source o f  d a t a :  E n s t a t i t e ;  S° and Cp from Hasel ton (1979) and H°f from Brousse e t  a l  (1984);

C l i n o e n s t a t i t e  and o r th o d io p s id e  a r e  e s t im a te d  us ing d a t a  from Lindsley  e t  al  (1981) w i th  Cp as  in  

e n s t a t i t e  and d i o p s i d e ,  r e s p e c t i v e l y ;  D io ps ide ,  Robie e t  a l  (1078) ;  Hedenbergi te ,  a d j u s t e d  w i t h i n  

e r r o r s  from Helgeson e t  a l  (1978) ;  F e r r o s i l i t e ;  Bohlen and B oe t tche r  (1982);  C l i n o f e r r o s i l i t e  and 

o r th o h e d e n b e rg i t e  were e s t im a ted  u s in g  Linds ley  (1981) d a t a  on phase eq u i l ib r iu m .  H°f i s  th e  

e n th a lp y  o f  fo rm at ion  from th e  e lements  a t  s tandard  s t a t e  and S° i s  t h e  en t ropy  a t  s t andard  s t a t e .  

The eq u a t io n  f o r  t h e  hea t  c a p a c i t y  i s  Cp = a + bT + cT-2 + fT-,£



Table 2 .3 Pyroxene S o lu t i o n  Parameters  (kJ/mol)

Orthopyroxene (En=l, Di=2, Fs=3, Hd=4)

W1 2
= W2 1  = 25

W13 = 13.1 -  0.015T

W3 1 = 3.37 -  0.005T

Wi 4 = 60.0

W4 1 = 30.0  -  0.00834T

W23
= 2 0 . 0

W32 = 16.0

^34 = W4 3  = 15

W24 = 5 .0

W4 2 = 7 .0

Clinopyroxene

W1 2 = 25.484 + 0.0812P

W 2 1
= 31.216 - 0.0061P

Wl3
= w31 = o

W1 4 = 93 .3  -  0.,045T

W4 1 = - 2 0 .0  + 0.028T

W23 = 24

W32 = 15

W24 = W4 2  = 12

W3 4 = 16.941 + 0.00592P

W4 3 = 20.697 - 0.00235P

Data on W-^* W2 1 , W3 4  and W4 3  a r e  from Linds ley  

e t  al  (1981) and L inds ley  (1981).  All o t h e r  W values  
were determined  in  t h i s  s tu d y .
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F ig u re  2 . 5 .  Comparison o f  exper imenta l  (exp) and c a l c u l a t e d  (model) 
d a t a  f o r  t h e  com posi t ions  o f  c o e x i s t i n g  pyroxenes .  Data a r e  from 
U n d s l e y  (1983 ) ,  and Davidson and U n d s l e y  (1985).
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F ig u re  2 . 6 .  Capt ion  as  F igure  2 .5
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Figure  2 . 7 .  Caption  as f o r  F igure  2 . 5 .
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Figure  2 . 9 .  Caption as f o r  F igure  2 . 5 .
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t e m p e ra tu re  range  o f  700-1400°C. In s p i t e  o f  t h e  non - idea l  s o l u t i o n s  

used in  t h e  thermodynamic model,  t h e  d i s t r i b u t i o n  curves  f o r  low (700- 

1000°C) t e m p e r a t u r e s ,  fo l lo w  a t r e n d  t h a t  i s  very  c l o s e  t o  t h a t  expec ted  

f o r  id e a l  s o l u t i o n s .  Th is  i s  due t o  th e  c a n c e l l a t i o n  o f  t h e  nonideal  

e f f e c t s  as  cons ide re d  by Kretz (1963) f o r  d i s t r i b u t i o n  curves  and 

demonst ra ted  in  F igure  2 . 2 .  At h ighe r  t e m p era tu re s  t h e  c a n c e l l a t i o n  

e f f e c t  does not  occur  and th e  d i s t r i b u t i o n  curves  p a r t  from i d e a l i t y  and 

even c r o s s  a t  1200-1400°C.

This e f f e c t  i s  a l s o  shown in  F igure  2 .1 1 ,  a p l o t  o f  Kg a g a i n s t  

t e m p e ra t u r e .  Kpis g iven  by

Kd -  (l-XFe/XFe)0px * (XFe/( l-X Fe)Cpx

where Xpe i s  th e  b in a ry  mole f r a c t i o n  Fe/(Fe+Mg). I f  both  pyroxenes were 

i d e a l  b in a ry  s o l u t i o n s ,  Kq would only  be a f u n c t i o n  o f  tem p era tu re  and 

p r e s s u r e  and,  t h e r e f o r e ,  on t h i s  p l o t  of  t e m p era tu re  a g a i n s t  

com posi t ion ,  Kq would p l o t  as  a v e r t i c a l  s t r a i g h t  l i n e .  (The p l o t  o f  Kq 

f o r  an id e a l  s o l u t i o n  can a l s o  be seen as F igure  2 . 2 . a . )  At low 

te m p e ra tu r e s  (700-900°C) on F igure  2 .1 1 ,  t h i s  i s  almos t  t h e  c a s e ,  aga in  

showing th e  c a n c e l l a t i o n  o f  non ideal  e f f e c t s .  However, a t  h ighe r  

t e m p e ra tu r e s  t h e  Kq curves  p r o g r e s s i v e l y  become n o n id e a l .  The v a r i a t i o n  

in  K q due t o  changing Fe/Mg r a t i o  and th e  n o n - l i n e a r  r e l a t i o n s h i p s  a r e  

e x p re s s io n s  o f  nonideal  behav iour  in  th e  q u a d r i l a t e r a l  pyroxenes .
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F ig u re  2 . 1 0 .  C a l c u l a t e d  Fe2+-Mg d i s t r i b u t i o n  between c o e x i s t i n g  
pyroxenes  a t  6 kbar and a tem pera tu re  range o f  700 1400“C. Xpe 1s t h e  
b i n a r y  mole f r a c t i o n ,  Fe/(Fe+Mg) f o r  each pyroxene .  F e r r o s l l l t e  i s  not  
s t a b l e  a t  high te m pera tu re s  (1300-1400°C).
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F ig u re  2 .1 1 .  P lo t  showing th e  r e l a t i o n s h i p  o f  Xpe 1n o r thopy roxene  w ith  
te m p e ra tu re  and K0 . The p re s s u re  1s 6  k b a r .  Tne r e l a t i o n s h i p s  have 
o n ly  been shown f o r  th e  com positions  0.10<Xpe< 0 .8 0 ,  as  th e  model 
c a l c u l a t i o n s  a re  no t  r e l i a b l e  o u ts id e  t h i s  ra n g e .
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D. APPLICATIONS

The thermodynamic model d e r iv e d  f o r  th e  pyroxene q u a d r i l a t e r a l  i s  

in  good agreement w ith  th e  experim enta l d a ta  over a wide range o f  

co m p o s i t io n ,  te m p era tu re  and p r e s s u r e .  This  j u s t i f i e s  an a t tem p t a t  

u s ing  th e  model t o  c r e a t e  g ra p h ic a l  geotherm om eters. These g raphs have 

been des igned  to  s tudy  th e  r e l a t i v e  c lo s u re  te m p era tu re s  o f  th e  Ca- 

t r a n s f e r  r e a c t io n  and th e  Fe -Mg exchange r e a c t io n  occu ring  in  two- 

pyroxene b ea r in g  ro c k s .  I f  th e  c lo s u re  te m p era tu re s  a re  d i f f e r e n t ,  t h i s  

would in d i c a t e  d i f f e r e n t  r a t e s  f o r  th e  two d i f f u s io n  p ro c e s s e s .

D if fe re n c e s  in  th e  c lo s u re  te m p era tu re s  f o r  th e se  two r e a c t i o n s ,  

due to  su b so l id u s  p ro c e s s e s ,  have been s tu d ie d  by two methods. F i r s t l y ,  

by d e t a i l e d  s tudy  o f  th e  changing com psitions  o f  n a tu ra l  sam ples ,  and 

seco n d ly ,  from a t h e o r e t i c a l  v iew po in t.

I f  th e  Fe -Mg exchange r e a c t io n  i s  c o n t in u in g  to  a lower 

te m p era tu re  than  th e  C a - t r a n s f e r  r e a c t i o n ,  t h i s  could  p o s s ib ly  be seen 

in  th e  changing com positions  o f  f i n e r  and f i n e r  e x s o lu t io n  la m e lla e  in
p .

th e  n a tu ra l  sample. I n i t i a l l y  th e r e  would be movement o f  Ca, Fe , and
O .

Mg between th e  two p h a se s ,  fo llow ed by exchange o f  j u s t  Fe and Mg w ith  

C a-con ten t  c o n s ta n t .  I f  t h i s  was p lo t t e d  in  th e  pyroxene q u a d r i l a t e r a l  

we would see  a r o t a t i o n  o f  th e  t i e - l i n e s  (F igu re  2 .12) as th e  

com positions  o f  f i n e r  and f i n e r  e x s o lu t io n  lam ellae  were p l o t t e d .  The 

C a -r ic h  phase would become in c re a s in g ly  M g-rich , th e  Ca-poor phase more 

Fe2 +- r i c h .

Two e l e c t r o n  m icroprobe s tu d ie s  on rocks from th e  Skaergaard  

i n t r u s i o n  appear to  show t h i s  phenomenom. Nobugai e t  a l .  (1978), 

s tu d ie d  com positions  o f  pyroxene h o s ts  and la m e llae  from a f e r ro g a b b ro  

sam ple, in  o rd e r  t o  u nders tand  th e  su b so l id u s  r e l a t i o n s  o c c u r r in g .  The
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F ig u re  2 .1 2 .  Schematic r e p r e s e n t a t io n  o f  th e  p ro cess  o f  e x s o lu t io n  
(shown as  r o t a t i n g  t i e - l i n e s )  w i th in  c o e x i s t in g  py roxenes .  P ig e o n i te  
( P ) ( a l s o  f o r  low-Ca o r th o p y ro x en e ) ,  r e a c t s  t o  ah o s t  (C) and la m e llae  
(C1) .  A ugite  (A) r e a c t s  to  a h o s t  (E) and la m e llae  (E *). From Nobugal 
e t  a l .  (1978).

Cal

•  augite 
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F ig u re  2 .13  A ctual chemical com positions  f o r  th e  two h o s t - l a m e l l a e  s e t s  
from th e  Skaergaard  i n t r u s i o n .  The double c i r c l e  1s th e  bulk  
com position  f o r  a u g i t e ,  th e  double square  1 s th e  bulk  com position  f o r  
p ig e o n i t e .  From Nobugal e t  a l .  (1978).
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co m p o si t io n s  o f  th e  a c tu a l  samples a re  in d ic a te d  in  F ig u re  2 .13  and t h i s  

has been i n t e r p r e t e d  in  th e  schem atic  r e p r e s e n t a t i o n  shown in  F igure  

2 .1 2 .  Coleman (1978) a l s o  s tu d ie d  pyroxene h o s ts  and la m e l la e  from th e  

Layered S e r i e s  and found t h a t  th e  s o l id u s  and s u b so l id u s  t i e - 1 i n e s  do 

n o t  c o in c id e .  Again, Mg in c re a s e d  in  th e  C a -r ic h  phase and d ec re ase d  in  

th e  Ca-poor phase w ith  c o o l in g ,  r e s u l t i n g  in  a r o t a t i o n  o f  th e  t i e -  

l i n e s .  A schem atic  diagram very  s im i l a r  t o  F igu re  2 .12  was used to  

i n d i c a t e  th e  p robab le  t r e n d .  Although th e  a c tu a l  com posi tions  do change 

w ith  th e  s i z e  o f  th e  l a m e l la e ,  th e  diagrams showing th e  t i e - l i n e  

r o t a t i o n  a re  schem atic .

K retz  (1982) s tu d ie d  th e  two d i f f e r e n t  r e a c t io n s  t h e o r e t i c a l l y  and 

produced two geotherm om eters , based on e q u a t io n s ,  t o  i n d i c a t e  th e  

p o s s ib le  d i f f e r e n c e s  in  c lo s u r e  te m p era tu re s  f o r  th e  two r e a c t i o n s .  

S tu d ie s  o f  samples from th e  Bushveld Complex r e s u l t e d  in  d i f f e r e n t  

t e m p e ra tu re s  f o r  th e  two r e a c t i o n s ;  an average te m p e ra tu re  o f  1020°C f o r
O r

th e  C a - t r a n s f e r  r e a c t i o n  and o f  980°C f o r  th e  Fe -Mg exchange 

r e a c t i o n .  Saxena, (1983a) ,  a l s o  d isc u sse d  th e  d i f f e r e n t  c lo s u r e  

t e m p e ra tu re s  o f  t h e  two r e a c t i o n s .  The te m p era tu re  c a l c u l a t i o n s  were 

approached from a m ic ro sco p ic  v iew poin t i . e .  th e  n o n - id e a l  ion 

i n t e r a c t i o n  e n e rg ie s  f o r  th e  Ml and M2 s i t e s  in  th e  c r y s t a l .

The p o s s i b i l i t y  o f  d i f f e r e n t  c lo s u re  te m p e ra tu re s ,  t h e r e f o r e  seems 

h ig h ly  p ro b a b le .  The thermodynamic model developed here  can e a s i l y  be 

used t o  c r e a t e  two g ra p h ic a l  geothermometers o u t  o f  th e  same e q u i l ib r iu m  

com position  d a ta  on c o e x i s t in g  pyroxenes .  This  t h e o r e t i c a l  model i s  

based on a l a r g e r  d a ta  s e t  and more r e c e n t  experim en ts  th a n  th e  e a r l i e r  

s t u d i e s .  The g ra p h ic a l  geotherm om eters shown here  a re  f o r  6  k b a r ,  

a p p r o p r ia t e  t o  g r a n u l i t e  ro c k s .  These a re  used f o r  t e s t i n g  th e  model,
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however, o th e r  graphs can be c r e a te d  f o r  more d e t a i l e d  s tudy  o f  o th e r  

g e o lo g ic a l  a re a s  w ith  a d i f f e r e n t  p re s s u re  regim e.

F igu re  2 .11 (a l re a d y  d isc u s se d )  shows th e  v a r i a t i o n  in  Kq w ith
O .

XFe in  orthopyroxene and te m p era tu re  a t  6  k b a r .  T h is  i s  drawn to
p+

i n d i c a t e  th e  changes in  com position  f o r  th e  Fe -Mg exchange r e a c t i o n .  

F igu re  2 .14  shows te m p era tu re -co m p o s i t io n a l  r e l a t i o n s  in  c l in o p y ro x en e  

which c o e x i s t s  in  e q u i l ib r iu m  w ith  o r thopy roxene ,  in d i c a t i n g  th e  Ca- 

t r a n s f e r  r e a c t i o n .  I f  c o e x i s t in g  pyroxenes r e p r e s e n t  com plete  f ro z e n  

e q u i l ib r iu m ,  both f i g u r e s  should y i e l d  e x a c t ly  th e  same te m p e ra tu re .  I f  

th e  two geothermometers y i e l d  s i g n i f i c a n t l y  d i f f e r e n t  te m p e ra tu re s  we 

must c o n s id e r  t h a t  th e  two pyroxenes a re  no t  in  com plete  chem ical 

e q u i l ib r iu m  w ith  each o th e r .
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F ig u re  2 .1 4 .  P lo t  showing th e  r e l a t i o n s h i p  o f  Xce 1n c l ln o p y ro x en e  w ith  
te m p era tu re  and Xpa . P re s su re  1s 6  k b a r .  See t e x t  (p 48) f o r  
d i s c u s s io n  o f  v a r i a t i o n  1 n Xq&.
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E. TESTING OF THE DERIVED PYROXENE GEOTHERMOMETERS

The b e s t  method o f  t e s t i n g  th e s e  two geothermometers i s  to  

a s c e r t a i n  th e  te m p era tu re s  f o r  s e v e ra l  rock assem blages where 

e q u i l ib r iu m  i s  b e l ie v e d  to  be a t t a in e d  and a l s o  where t h e r e  a re  o t h e r ,  

good c o n t ro l s  on c a l c u l a t i n g  th e  te m p e ra tu re .  F i r s t l y ,  however, t h e r e  

a re  s e v e ra l  problems t h a t  need t o  be co n s id e re d  f o r  th e s e  a p p l i c a t i o n s .

(1) The experim en ta l  d a ta  on which t h i s  s tudy  i s  based have some 

u n c e r t a in t y  (L in d s le y ,  1983, Turnock & L in d s le y ,  1981). A p e r f e c t  

match between th e  model and th e  experim en ta l d a ta  has no t been made 

f o r  a l l  com posi t ions .

(2) A d d it io n a l  e r r o r s  a r e  in tro d u ced  in  e s t im a te d  te m p e ra tu re s  i f  Kq i s  

used because i t  i s  no t  on ly  a fu n c t io n  o f  P, T and Xpe bu t  a l s o  o f  

XCa in  pyroxenes . Although in  b in a ry  Ca-Mg pyroxenes ,  XCa i s  f ix e d  

a t  a g iven  te m p e ra tu re ,  in  q u a d r i l a t e r a l  pyroxenes a c e r t a i n  

v a r i a t i o n  i s  p o s s ib le  in  xCa and th e r e f o r e  in  Kq .

(3) As s t a t e d  e a r l i e r ,  c a l i b r a t i o n  uses e x p e r im e n ta l ly  determ ined  

com posi tiona l d a ta  on e q u i l i b r a t e d  c o e x i s t in g  py roxenes . N atural 

pyroxenes may no t be in  t r u e  e q u i l ib r iu m ,  t h e r e f o r e ,  th e  e s t im a te d  

te m p e ra tu re s  do no t  s t r i c t l y  correspond  t o  th e  te m p e ra tu re s  o f  Fe-Mg 

exchange and Ca t r a n s f e r  r e a c t i o n s .

(4) The e r r o r s  in  te m p e ra tu re  measurements from th e  two geotherm om eters 

a re  no t ev a lu a te d  in  th e  a b s o lu te  s e n se ,  bu t f o r  r e l a t i v e  

te m p e ra tu re s ,  th e  e r r o r s  would be th o se  due to  com positiona l 

measurements. To minimize th e  e r r o r s  due to  a d d i t io n a l  components
O j .  O j ,

such as A r  , FeJ and Mn, th e  method suggested  by L inds ley  and 

Anderson (1983) f o r  c a l c u l a t i n g  mole f r a c t i o n s  should  be fo l lo w ed .
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Due to  th e s e  d i f f i c u l t i e s  an a b s o lu te  geothermometer cannot r e a l l y  

be proposed based on t h i s  work. This i s  t r u e  f o r  a l l  o th e r  

geotherm om eters as problem (3) a p p l ie s  to  most o f  th e  developed 

geotherm om eters and problem (4) t o  a l l  o f  them.

1. Igneous Rocks

For quenched igneous rocks  such as v o lc a n ic s  and some d ik e s ,  th e  

te m p e ra tu re s  c a l c u la te d  by th e  two geothermometers should  be c lo se  to  

th e  a c tu a l  quench te m p e ra tu re .  There should  be l i t t l e  d i f f e r e n c e  

between th e  te m p era tu re s  o b ta in ed  from e i t h e r  of th e  two g ra p h ic a l  

geo therm om eters .  For p lu to n ic  rocks  th e r e  i s  a b ro a d e r  range  o f  

p o s s i b i l i t i e s ,  b u t ,  th e  te m p era tu re  c a l c u la te d  f o r  th e  Fe2+-Mg exchange 

r e a c t i o n  (F ig  2 .11) should be lower th an  t h a t  f o r  th e  C a - t r a n s f e r  

r e a c t i o n  (F ig  2 .1 4 ) .

The rocks  chosen f o r  s tu d y  a re  from fo u r  a r e a s ;  d a c i t e  pumice from 

Mt. S h a s ta ,  C a l i f o r n i a  (Lawson e t  a l . ,  1987); pyroxene a n d e s i t e  d ik es  

and gabbros  from th e  Klamath M ountains, C a l i f o r n ia  (B arnes ,  1987); 

n o r i t i c  rocks  from th e  S t i l l w a t e r  complex, Montana (McCallum, 1968); 

g a b b r ic  rocks  from th e  Bushveld I n t r u s io n ,  South A f r ic a  (A tk in s ,

1969). A ll th e  te m p era tu re s  have been es t im a ted  from f i g u r e s  2 .11  and 

2 .14  which a re  f o r  a p re s s u re  o f  6  k bar .  This  p r e s s u re  v a lu e  i s  

i n c o r r e c t  f o r  s e v e ra l  o f  th e s e  sam ples. P re s su re  e f f e c t s  f o r  th e s e  

f i g u r e s  have been c a l c u la te d  and a re  found to  be on ly  a  few d e g re e s ,  

t h e r e f o r e ,  th e  te m p era tu re  e s t im a te s  and r e l a t i o n s h i p s  d is c u s s e d  a re  

v a l i d .

The d a c i t e  pumice w ith  a f r e s h  g la s s  groundmass and a s in g l e  p a i r  

o f  c o e x i s t in g  pyroxenes ,  i s  an id e a l  sample to  t e s t  th e  der iv ed
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g ra p h ic a l  geotherm om eters . The two geothermometers should  y i e l d  th e  

same quench te m p e ra tu re .  The com position  of th e  sam ple, t e r n a r y  

p r o je c t io n  and te m p era tu re s  ob ta ined  a re  in d ic a te d  in  Table 2 .4 .  Both 

g ra p h ic a l  geothermometers y i e ld  te m p era tu re s  o f  approx im ate ly  935°C.

This  te m p era tu re  ag rees  very  well w ith  th e  c r y s t a l l i z a t i o n  and c o o l in g  

h i s to r y  proposed f o r  t h i s  rock by Lawson e t  a l .  (1987).

Pyroxene a n d e s i t e  d ik e s  from th e  ro o f  zone o f  th e  Wooley Creek 

b a t h o l i t h  a re  a l s o  shown in  Table 2 .4  (samples 704 and 584). Again, 

th e s e  samples should  y i e l d  th e  same te m p era tu re s  from both 

geotherm om eters . The p o r p h y r i t i c  d ik es  were in t ru d e d  in t o  th e  w all rock 

o f  th e  b a t h o l i t h  du ring  i n t r u s i o n .  Barnes e t  a l .  (1986) showed t h a t  

nhese d ik e s  r e p r e s e n t  samples o f  th e  magma o f th e  u n d e r ly in g  Wooley 

Creek b a t h o l i t h  and th e  lower le v e l  S l in k a rd  P lu to n .  Due to  ra p id  

c o o l in g  and, t h e r e f o r e ,  lack  o f  c r y s t a l  accum ula tion , th e s e  d ik e s  a re  

l i k e l y  t o  r e p r e s e n t  magmatic c o n d i t io n s .  Tem peratures o b ta in ed  range  

from 920-1020°C.

Sample 584 again  shows no d i f f e r e n c e  in  th e  te m p e ra tu re s  o b ta in e d  

from e i t h e r  geotherm om eter, aga in  in d ic a t in g  a r a p id  quench. The 

te m p era tu re  o f  1020°C i s  w ell w i th in  th e  range expec ted  f o r  

c r y s t a l l i z a t i o n  o f  th e s e  d ik e s .  Sample 704, however, y i e l d s  s l i g h t l y  

lower te m p e ra tu re s  and th e  C a - t r a n s f e r  r e a c t io n  in d i c a t e s  th e  low est 

te m p e ra tu re .  T h is  i s  o p p o s i te  o f  th e  expected  t r e n d .  With more 

d e t a i l e d  s tu d y ,  i t  i s  noted t h a t  th e  a s s o c ia te d  p la g io c la s e  m in e ra ls  f o r  

sample 704 show both normal and r e v e r s e  zon ing , w hereas ,  sample 584 

shows no n o t i c a b le  zon ing . Barnes (1987), i n d i c a te s  t h a t  th e  r e v e r s e  

and normal zoning a re  due t o  magma mixing and t h i s  p ro cess  could  e x p la in  

th e  d i f f e r e n c e s  in  te m p era tu re s  ob ta ined  f o r  t h i s  sample.
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Gabbroic samples from th e  Wooley Creek B a th o l i th  have a l s o  been 

s tu d ie d  (samples 111 and 100) and a re  shown in  Table 2 .4 .  The samples
p+

show th e  expec ted  lower te m p era tu re  f o r  th e  Fe -Mg exchange r e a c t i o n .  

This  i n d i c a te s  t h a t  they  have undergone f u r t h e r  c o o l in g  and d i f f u s i o n  

compared to  th e  d ike  (sample 584) as th e  te m p era tu re  d e c re a se d .  These 

two samples w i l l  be d isc u sse d  w ith  th e  o th e r  p lu t o n ic  sam ples .

The f i n a l  sample shown in  Table 2 .4  i s  from th e  s t r a t i g r a p h i c a l l y  

lower S l in k a rd  P lu to n .  This i s  a s i l l - l i k e  body w ith  an upper zone 

( in c lu d in g  sample 645a) o f  f o l i a t e d  b io t i t e - h o r n b l e n d e - q u a r t z  d i o r i t e .  

The te m p era tu re s  a re  aga in  lower th an  th o se  o b ta in ed  from th e  d ik e s ,  

however, t h e r e  i s  a l s o  a r e v e r s a l  o f  th e  expected  t r e n d  between th e  two 

geotherm om eters . I t  i s  p o s s ib le  t h a t  th e r e  i s  some e f f e c t  from th e  

metamorphism bu t f u r t h e r  s p e c u la t io n  i s  no t  p o s s i b le  w ith  th e  d a ta  

a v a i l a b l e .

Tables  2 .5  and 2 .6  show th e  com positiona l d a t a ,  t e r n a r y

p r o j e c t i o n s ,  d i s t r i b u t i o n  c o e f f i c i e n t s ,  and te m p e ra tu re  e s t im a te s  f o r

th e  S t i l l w a t e r  Complex and Bushveld I n t r u s io n  r e s p e c t i v e l y .  In a l l

?+c a s e s ,  th e  te m p era tu re s  e s t im a te d  from th e  Fe -Mg exchange r e a c t i o n  a re  

s i g n i f i c a n t l y  lower than  th e  e s t im a te d  te m p era tu re s  in v o lv in g  Ca- 

t r a n s f e r .  This  was a l s o  th e  ca se  f o r  th e  samples from th e  Wooley Creek 

b a t h o l i t h .

The samples from th e  S t i l l w a t e r  Complex y i e l d  a te m p era tu re  of 

1260-1140°C f o r  th e  C a - t r a n s f e r  r e a c t i o n .  The l i q u id u s  te m p era tu re  f o r  

s i m i l a r  rocks  from th e  S t i l l w a t e r  Complex has been c a l c u la te d  to  be 

1270°C (R aedeke,1982). The e s t im a te d  te m p era tu re s  f o r  th e  C a - t r a n s f e r  

r e a c t io n  a re  in  good agreement w ith  t h i s  te m p e ra tu re .  The lower 

te m p era tu re  range i s  870-900°C. All th e  samples a r e  in  good Table 2 .4



Table 2 .4  Com positions, D i s t r i b u t io n  C o e f f i c i e n t s  o f  V olcanic  Pyroxenes

Mt. S h as ta  D acite*  
3B685 3B685 

Opx Cpx
704
Opx

Klamath Mountain I n t r u s io n s ^  
704 584 584 111 
Cpx Opx Cpx Opx

1 1 1

Cpx
1 0 0

Opx
1 0 0

Cpx
645a

Opx
645a

Cpx

SiOp 53.61 52.94 53.64 52.04 53.97 52.30 50.97 51.83 54.54 52.41 51.49 51.09
TiOo 0.24 0.32 0 . 2 2 0.47 0.23 0.48 0.25 0.58 0.17 0.29 0.07 0.25
Al pUo 1.36 1.89 0 . 8 8 1.70 0.94 1.95 1.15 1.98 2 . 1 2 2.42 1 . 2 1 2.26
MnO 0.47 0.23 0 .54 0.31 0.48 0.30 0.58 0.30 0 . 2 2 0.15 0.58 0.30
FeO 18.58 8 . 2 0 2 0 . 1 2 9 .97 18.87 9.61 25.01 10.97 13.75 6.71 26.40 1 2 . 0 2

MgO 25.00 14.79 23.52 14.94 24.94 15.08 20.43 14.25 27.95 15.66 18.84 12.81
CaO 1.13 20.44 1.44 20.23 1.49 18.94 1.50 20.05 1.70 20.75 1.44 20.84
Na20 0 .06 0.41 0 . 0 2 0 .34 0.04 0.31 0 .06 0.36 0.09 0.32 0.03 0.38
Cr oOi 
T o ta l

0 . 0 1 . Q .m ..QJQ4 -QUO ,0.16 0.05 , Q JE JX.Q9 -D.25 _£LH2 0.07
100.46 99.23 100.35 100.07 101.05 99.12 99 .98 100.43 99.96 98.96 1 0 0 . 1 1 1 0 0 . 1 1

Wo 2.3 39.9 2 .9 39.8 2 .9 36.9 3 .0 38.9 3.4 39.5 3 .0 40.7
En 69.0 45.9 65 .6 43 .8 6 8 . 1 46.4 57.5 42.7 75.3 48 .8 54.3 38.9
Fs 28.8 14.3 31.5 16.4 28.9 16.6 39 .5 18.4 21.3 11.7 42.7 20.5

Fe .294 .238 .324 .272 .298 .263 .407 .301 . 2 2 0 .193 .440 .345
Fe+Mg

kd

Fe2+-Mg

.746

940'DC

.780

980 °C

.843 

1020°C

.627

850‘■c

.848

980° C

.670

900 °C
Exchange

Ca T ra n s fe r  930°C 920 °C 1020°C 930°C 1010°C 810'“C

*Lawson e t  a l (1987) 
'B a rn e s  (1987)
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Table 2 .5  Chemical Composition o f  Pyroxenes from th e  S t i l l w a t e r  
*

I n t r u s io n

wtx 825 B25 B14 B14 B2 B2 B5 B5 BIO BIO

elem. Opx Cpx Opx Cpx Opx Cpx Opx Cpx Opx Cpx

Si 25.3 24.7 25 .4 24.5 25.9 25.0 25.4 24 .6 25 .3 24.7
AL • 0 .46 0.96 0.59 1 . 1 0 0.58 1.13 0.50 1.05 0.51 0 .98

Fe2+ 13.3 6.38 10.92 5.06 9.72 4.54 10.93 5.22 11.30 5.23

Fe3+ 0 .70 1.04 0.61 0.99 0.55 0.97 0.61 1 . 0 0 0 .62 1 . 0 0

Mg 14.8 9 .84 16.4 10.3 16.8 10.5 16.7 1 0 . 6 16.0 1 0 . 2

Ca 1.34 13.1 1.28 13.6 1 . 0 2 13.2 1.61 13.4 1.30 13.5

Mn 0.31 0.19 0.25 0.15 0 . 2 2 0 .14 0 .24 0 .15 0 .26 0 .15

Mi 0.03 0 . 0 2 0.04 0.03 0.05 0.04 0.06 0 .04 0 .05 0 .03

Cr 0 . 0 2 0.03 0.04 0.08 0.14 0.24 0 . 1 2 0.23 0 .05 0 .09

Ti 0 .14 0 . 2 1 0 . 1 2 0 . 2 1 0.13 0.17 0.13 0 . 2 1 0 .13 0.27

Na 0 . 2 1 0 . 2 1 0.18 0 . 2 1 0 . 2 1

0 43 .8 43.2 44.3 43.2 44.8 43.7 44 .4 43 .6 44 .0 43 .4

T otal 1 0 0 . 2 99 .9 99 .8 99 .3 99.9 99 .8 1 0 0 . 2  :100.4 9 9 .5 9 9 .8

Wo 3 .8 35.1 3 .6 36.3 2 . 8 34.3 03 .0 35.3 3 .6 36.3

En 68 .4 50.6 74.7 52.5 77.6 55.3 75.4 53.3 73.7 52.0

Fs 27 .8 14.3 21.7 11.3 19.6 10.4 2 1 . 6 11.4 2 2 . 6 11.7

Fe

Fe+Mg
.289 . 2 2 0 .225 .177 . 2 0 2 .158 .223 .176 .235 .184

kD .i595 741 745 747 734

Fe2+-Mg , 

Exchange'
390 °C 880 °C 880 °C 890 °C 890 °C

Ca t r a n s f e r 1140°C 1190°C 1260°C 1230°C 1190°C

*From Table 9 o f  McCallurn (1968)
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Table  2 .6  Chemical Compositions and D is t r ib u t io n  C o e f f i c i e n t s  o f  

Bushveld Pyroxenes (A tk in s ,  1969)

Sample 1 1 3 3 4 4 6 6
Opx Cpx Opx Cpx Opx Cpx Opx Cpx

S102 55.94 54.07 54.32 52.90 54.82 52.93 53.26 52.17

ai2o3 1.61 2.08 1.83 2.41 1.87 2.40 1.79 2.47

Fe2 0 3 0 .97 0 .56 1.28 1.03 1 . 2 2 1.07 1.35 1 . 1 0

FeO 7.15 2.53 13.44 5.10 11.49 4.61 15.25 6.15

MnO 0.19 0.09 0 .29 0.16 0.28 0.15 0 .36 0 . 2 0

MgO 32.12 17.39 27.56 16.18 28.71 16.55 26.30 16.04

CaO 1.48 2 2 . 1 2 1.18 21.46 1.44 21.55 1 . 1 0 21.14

Na20 0 . 0 1 0.41 0.07 0.36 0.09 0 .35 0.09 0.27

T i0 2 0 . 1 1 0 . 2 1 0 .25 0.37 0 . 2 1 0 .26 0 . 2 0 0 .29

Cr2 0 3 0 .45 0 .98 0 . 1 2 0.26 0.14 0.27 0 . 0 1 0 . 0 2

T ota l 100.18 100.58 100.35 100.25 100.29 100.17 99.73 99 .88

Wo* 2.9 41.3 2 .4 41 .0 2 .9 40.9 2 .3 40.2

En 86 .3 54.3 76.6 50.1 79.3 51.1 73.7 49 .2

Fs 1 0 . 8 4 .4 2 1 . 0 8 .9 17.8 8 . 0 24.0 1 0 . 6

Fe . 1 1 1 .075 .215 .151 .183 .135 .246 .177

Fe+Mg

kd .648 .648 .697 .662

Fe-Mg 720 °C 810°C 820 °C 830 °C

Exchange

Ca 1050°C 980 °C 1 0 0 0 °C 1 0 0 0 “C

T ra n s fe r

*Wo, En, Fs determ ined by p r o je c t io n  o f  L indsley  and Anderson (1983)
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agreem ent. Raedeke (1982) e s t im a te s  th e  lower l i m i t  f o r  s u b so l id u s

r e a c t i o n s  on a m a c ro -c ry s ta l  s c a le  to  be approx im ate ly  950°C. The
?+

te m p e ra tu re s  in d ic a te d  by th e  Fe -Mg exchange r e a c t io n  a re  lower than  

t h i s .  Howevere, th e  exchange r e a c t io n  i s  expec ted  t o  occur over  a 

sm a l le r  d i f f u s i o n  a re a  and, t h e r e f o r e ,  a lower te m p era tu re  would be 

ex p ec ted .

The te m p era tu re s  f o r  th e  Bushveld I n t r u s io n  a re  lower f o r  both 

r e a c t i o n s  bu t  th e  expec ted  t re n d  w ith  th e  C a - t r a n s f e r  r e a c t io n  g iv in g  

th e  h ig h e r  te m p era tu re  i s  again  noted (Table 2 . 6 ) .  The samples a re  from 

th r e e  d i f f e r e n t  u n i t s  in  th e  Bushveld I n t r u s io n .  Sample 1 i s  from th e  

low est u n i t ,  th e  Basal S e r i e s ;  samples 3 and 4 a re  from th e  C r i t i c a l  

S e r i e s ;  sample 6  i s  from th e  o v e r ly in g  Main Zone. The h ig h e r  

te m p e ra tu re s  a re  very  s im i l a r  w ith  a range o f  1040-980°C, th e  lower 

te m p e ra tu re s  a re  a l s o  very  s im i l a r  (810-870°C) excep t f o r  sample 1 w ith  

a te m p e ra tu re  o f  730°C. This may be due t o  th e  long slow c o o l in g  o f  th e  

Basal S e r i e s .

The two geothermometers developed here  in d i c a t e  a much w ider

te m p era tu re  in t e r v a l  f o r  th e s e  Bushveld samples th a n  th o s e  developed by

Kretz (1982).  The two d i f f e r i n g  r e a c t io n s  from Kretz (1982) y i e ld

average  te m p e ra tu re s  o f  1020°C f o r  th e  so lvus  eq u a t io n  ( C a - t r a n s f e r )  and

980°C f o r  th e  exchange r e a c t i o n .  The h ig h e r  te m p era tu re s  a re  in  good

agreem ent. Our model g iv e s  a much lower te m p era tu re  f o r  th e  c lo s u re
?+te m p era tu re  o f  th e  Fe -Mg exchange r e a c t io n .  This  would be expec ted  

from a s low ly  cooled  p lu to n ic  rock and i s  in  agreement w ith  e s t im a te s  of 

s u b so l id u s  r e a c t i o n s  (Raedeke, 1982).

From th e  s tudy  o f  th e s e  fo u r  a re a s  of igneous ro c k s ,  i t  appea rs
p+

t h a t  th e  th e o ry  o f  f a s t e r  r a t e s  o f  r e a c t io n  f o r  th e  Fe Mg exchange as
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compared to  th e  C a - t r a n s f e r  r e a c t io n  i s  s u b s t a n t i a t e d .  The 

geotherm om eters developed a l s o  t e s t e d  w ell f o r  samples from v o lc a n ic  

rocks  and d ik e s ,  y i e ld in g  th e  expected  s im i la r  te m p e ra tu re s .  The 

geotherm om eters can now be used to  i n t e r p r e t  th e  more complex r e l a t i o n s  

o f  metamorphic rocks

2. Metamorphic Rocks

For metamorphic rock th e  c o o lin g  h i s to r y  i s  f u r t h e r  co m p lic a te d .

In th e s e  rocks  we a re  fo llo w in g  a complex P-T-time pa th  w ith  changing 

t e x t u r e s  and m inera logy . As th e  k i n e t i c s  of th e  r e a c t io n s  a re  f a s t e r  a t  

h ig h e r  te m p e ra tu re ,  and as  th e  r e t ro g ra d e  r e a c t io n s  a re  o f te n  

s u b o rd in a te  due to  th e  lo s s  o f  f l u i d s  du ring  th e  p rograde  s t a g e ,  th e  

te m p e ra tu re  c a l c u la te d  i s  o f te n  near  t h a t  of th e  maximum te m p e ra tu re  

a t t a i n e d .  However, t h i s  can be ex trem ely  complex as th e  m in e r a l - t e x tu r e  

r e l a t i o n s h i p s  and th e  e f f e c t s  o f  p r i o r  o r  l a t e r  metamorphic e v e n t s ,  and 

th e  o r i g i n a l  s t a t e  o f  th e  unmetamorphosed rock a re  a l s o  im p o r ta n t .  In 

s tu d y in g  metamorphic rocks  i t  i s  ex trem ely  im portan t to  a s c e r t a i n  

w hether e q u i l ib r iu m  has been reached and t o  be wary o f  zo n in g .  T h is  i s  

t r u e  even in  rock showing no ev idence  o f  r e t r o g r a d e  r e a c t i o n s .  One must 

a l s o  be aware o f  r e - e q u i l i b r a t i o n  du r in g  c o o l in g ,  ( see  a l s o  Pow ell,  

1985). I t  i s  p robab ly  e a s i e r  t o  s tudy  an a re a  o f  c o n ta c t  metamorphism 

( te m p e ra tu re  d e c re a s in g  away from th e  c o n ta c t )  f i r s t  and th e n  s tu d y  th e  

more complex r e l a t i o n s h i p s  in  r e g io n a l ly  metamorphosed a re a s
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a) C ontact Metamorphism

S tu d ie s  on th e  K ig la p a i t  Aureole by Berg and Docka (1983) and Docka

e t  a l .  (1985) have determ ined  a well developed therm al p r o f i l e .  T h e i r

d a ta  have th en  been used f o r  a s tudy  on com parative geotherm om etry , no t

only  f o r  th e  pyroxenes bu t  a l s o  f o r  c l in o p y ro x e n e - i lm e n i te ,

o r th o p y ro x e n e - i lm e n i te ,  o l i v i n e - i l m e n i t e ,  o l iv in e -o r th o p y ro x e n e  and Fe-

Ti oxide  geotherm om eters.

The t e r n a r y  p r o j e c t i o n s ,  mole f r a c t i o n s  and d i s t r i b u t i o n

c o e f f i c i e n t s  f o r  th e s e  samples a re  in  Table 2 .7 .  A comparison o f  th e

d e r iv e d  te m p era tu re s  from th e s e  and o th e r  two-pyroxene geotherm om eters

i s  shown in  Table 2 .8 .  The gen era l  t r e n d ,  as ex p ec ted ,  f o r  a l l  o f  th e

geothermometers i s  f o r  th e  tem p era tu re  to  d ec re ase  w ith  in c re a s in g

d i s t a n c e  from th e  c o n t a c t .  In a d d i t io n ,  th e  te m p era tu re s  o b ta in e d  from

th e  two d i f f e r e n t  geothermometers from t h i s  s tu d y ,  fo l lo w  th e

e s t a b l i s h e d  p a t t e r n  w ith  th e  C a - t r a n s f e r  r e a c t io n  y ie ld in g  s l i g h t l y
?+h ig h e r  te m p era tu re s  o v e ra l l  than  th e  Fe -Mg exchange based

?+geotherm om eter. This aga in  su g g es ts  th e  Fe -Mg ion-exchange c o n t in u e s  

to  a lower te m p e ra tu re .
O .

S evera l samples a re  c l e a r l y  p ro b lem atic  f o r  th e  Fe -Mg exchange 

based geothermometer d e r iv e d  in  t h i s  s tu d y ,  th e s e  a re  74-18a , SN154, 

K13831, and 74-96 (* ,  Table 2 . 8 ) .  The f i r s t  t h r e e  samples a l l  y i e l d
24-te m p e ra tu re s  h ig h e r  th an  would be expected  f o r  th e  Fe -Mg exchange 

r e a c t i o n ;  th e  C a - t r a n s f e r  r e a c t io n  does not appear t o  be a f f e c t e d .  The 

Fe/(Fe+Mg) r a t i o s  f o r  th e  orthopyroxene show t h a t  th e s e  t h r e e  samples 

a re  th e  r i c h e s t  in  i ro n  (Fe/(Fe+M g)>0.585). As p o in ted  o u t  in  th e  

p rev io u s  s e c t i o n  th e  match o f  th e  experim enta l d a ta  t o  th e  model f o r  th e  

i r o n - r i c h  samples was a p ro b lem a tic  a r e a .  The fo u r th  sample has one o f



Table  2 .7  Compositions and D is t r ib u t io n  C o e f f ic ie n t s  f o r  Pyroxenes 
from th e  K ig la p a i t  Contact Aureole (Docka e t  a l . ,  1986)

Sample D is t .
(m) Wo

Orthopyroxene 
En Fs Fe/Fe+Mg Wo

Clinopyroxene 
En Fs Fe/Fe+Mg kd

K13849 7 3. 6 48 .2 48.2 0.501 36.7 37.1 26.2 0.414 0 . 705

K13850 15 2 . 7 56.8 40.5 0.416 38.1 43.3 18.7 0.302 0 . 606

74-75a 130 2 . 2 55.5 42.3 0.433 39.4 40.2 20 .4 0.337 0 . 6 6 6

K13845 215 3. 3 42 .6 54.1 0.559 39.0 34.5 26.5 0.434 0 . 605

K13843 255 1 . 8 54.0 44.2 0.450 41 .6 39.0 19.4 0.332 0 . 608

K13842 280 2 . 6 45.7 51.6 0.530 39.7 36.2 24.1 0 .400 0 . 590

7 4 -18a 300 3. 4 24 .4 72.2
4 r

0.747 36.5 18.3 45.2 0.712 0 . 835

K13840 390 2 . 1 56.3 41 .6 0.425 40.7 42.3 17.0 0.287 0 . 544

74—15j 410 1 . 7 65 .6 32.7 0.333 41.8 46.1 1 2 . 1 0.208 0 . 527

K13839 445 2 . 3 48 .9 48 .8 0.499 40.2 36.5 23.3 0.390 0 . 640

74-96 510 1 . 2 79.0 19.8 0 . 2 0 0 * 44.7 48.2 7 .1 0 .128 0 . 588

K13835 535 2 . 5 44.9 52.5 0.539 39.9 35.0 25.1 0.418 0 . 613

K13834 535 2 . 4 46 .4 51.2 0.525 39.2 36.5 24.3 0 .400 0 . 603

K13833 570 2 . 5 47 .8 49.7 0.510 40.4 37.5 2 2 . 1 0.371 0 . 567

75-7x 605 2 . 3 48 .2 49.5 0.507 39.9 37.8 2 2 . 2 0.370 0 . 572

74-134d 700 1 . 1 82 .6 16.3 0.165 44.6 49.5 5 .8 0.105 0 . 593

74-21 725 1 . 2 80 .8 18.0 0.182 44 .6 50.4 5 .0 0.090 0 . 445

D80-60 835 1 . 6 67 .6 30.8 0.313 43.2 46.3 10.5 0.185 0 . 498

K13831 850 2 . 4 40 .5 57.2 0.585* 40.7 33.0 26.3 0 .444 0 . 564

D80-152 1 0 2 0 1 . 5 67 .6 30.9 0.314 44.3 45 .8 9 .9 0 .178 0 . 473

D80-164 1 0 2 0 1 . 4 61.7 36.7 0.373 44.2 43.9 1 1 . 8 0 . 2 1 2 0 . 452

D80-169 1160 1 . 5 62 .5 37.0 0.372 44.1 44.0 11.9 0.213 0 . 457

SN154 1920 2 . 3 36 .4 61.2 0.627* 42.3 30.5 27.2 0.471 0 . 530
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T able 2 .8  Comparison o f  C ation  Exchange T em peratures, K ig la p a i t  A ureole

Sample D is t .
(m)

E s t 1

T°C
Fe-Mg2  Ca2  

Exchange T ra n s fe r Cpx3

C o ex is t in g  Pyroxenes 
Opx3  Cpx4  Cpx3

K13849 7 947°C 920°C 970°C 980°C 960°C 960 °C 830°C

K13850 15 942 830 980 960 910 940 750

74-75a 130 885 890 890 893 790 950 780

K13845 215 842 850 850 857 835 910 730

K13843 255 818 840 800 810 833 825 600

K13842 280 810 830 850 855 783 885 690

7 4 -18a 300 800 940* 820 835 785 830 690

K13840 390 765 780 850 835 758 880 680

74—15j 410 755 770 870 882 757 815 600

K13839 445 740 870 830 828 758 875 680

74-96 510 720 780* 820 790 780 880 720

K13835 535 712 850 830 818 768 870 680

K13834 535 712 840 860 860 758 880 680

K13833 570 708 810 840 810 758 880 650

75-7x 605 700 820 850 8 6 8 728 850 650

74-134d 700 675 770 840 815 785 760 580

74-21 725 6 6 8 700 860 825 757 660 520

D80-60 835 650 720 830 825 725 750 580

K13831 850 642 810* 780 768 719 820 620

D80-152 1 0 2 0 615 690 770 725 715 700 510

D80-164 1 0 2 0 615 690 730 715 690 700 500

D80-169 1160 600 710 730 730 700 730 530

SN154 1920 560 770* 670 670 683 730 560

*Berg and Docka (1983). 2This S tudy. 3L indsley  (1983),  L inds ley  and
Anderson (1983). 4Ross and Huebner (1975)
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th e  low est Fe/(Fe+Mg) v a lues  f o r  o rthopyroxene . In a d d i t i o n ,  t h i s  

sample a l s o  gave i r r e g u l a r  tem p era tu res  f o r  two o f  th e  o th e r  

geotherm om eters t e s t e d  by Docka e t  a l .  (1985). I t  i s  suggested  

t h e r e f o r e ,  t h a t  t h i s  may be a problem w ith  t h i s  p a r t i c u l a r  sample.

Ignoring  th e se  fo u r  sam ples, a p lo t  has been o f  th e  change in  

te m p era tu re  w ith  d i s ta n c e  from th e  c o n ta c t  (F ig u re  2 .1 5 ) .  Onto t h i s  th e  

therm al p r o f i l e  suggested  by Berg and Docka (1983) has been drawn. The 

te m p e ra tu re s  o b ta in ed  fo llo w  th e  therm al p r o f i l e  q u i t e  w ell f o r  th e  

h ig h e r  te m p era tu re s  b u t ,  a t  lower te m p e ra tu re s ,  th e  t r e n d  i s  h ig h e r  th an  

th e  therm al p r o f i l e .  This  i s  th e  same f o r  a l l  th e  two pyroxene 

geotherm om eters (Table 2 .8 )  and in d i c a te s  t h a t  a t  lower te m p e ra tu re s  th e  

d i f f u s i o n  r a t e s  f o r  th e  two r e a c t io n s  do not keep up w ith  th e  co o l in g  

r a t e  o f  th e  whole rock . S im i la r  r e l a t i o n s h i p s ,  w ith  th e  t h e o r e t i c a l  

therm al p r o f i l e  i n d i c a t i n g  lower te m p era tu re s  than  c a l c u la te d  from 

geotherm om eters , have been noted in  th e  A ppalachian a re a s  (p e rso n e l  

communication, A. Ludman, 1988). In a d d i t io n ,  none o f  th e s e  pyroxene 

geotherm om eters were c a l ib r a t e d  below 700°C.

For d e f in in g  te m p era tu re s  in  c o n ta c t  metamorphic ro c k s ,  th e  

geotherm om eters designed  in  t h i s  s tudy  a re  as v ia b le  as th e  o th e r  two-
p+

pyroxene geotherm om eters. In a d d i t io n ,  th e  Fe -Mg geothermometer from 

t h i s  s tudy  does i n d i c a te  a s l i g h t l y  lower tem p era tu re  f o r  th e  more 

d i s t a n t  samples than  th e  o th e r  pyroxene geotherm om eters.
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F ig u re  2 .15  Pyroxene e q u i l ib r iu m  tem pera tu re  c a l c u la te d  by model as  a 
f u n c t io n  o f  d i s ta n c e  from th e  c o n ta c t  a u reo le  o f  th e  K lg la p a i t  
I n t r u s io n .  Tem peratures from th e  Fe -Mg exchange r e a c t i o n  a re  
in d i c a te d  as  f i l l e d  c i r c l e s  and tem pera tu res  from th e  Ca t r a n s f e r  
r e a c t i o n  a re  in d ic a te d  by open c i r c l e s .  There i s  a gen era l  tendency  f o r  
th e  te m p era tu re s  In d ic a te d  by th e  Ca t r a n s f e r  r e a c t io n  to  be h ig h e r  th a n  
th o s e  in d ic a te d  by Fe -Mg exchange.
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b) Regional Metamorphism.

Three a re a s  have been chosen f o r  th e  s tudy  o f  re g io n a l  metamorphic 

r o c k s .  These a re  g r a n u l i t e s ,  Cape-Riche, A u s t r a l i a  (S tephenson , 1984); 

c h a r n o c k i t e s ,  F in land  (Saxena, 1969); g r a n u l i t e s ,  Sweden (Saxena,

1968). These rocks  have a l l  undergone complex metamorphic h i s t o r i e s  

and, t h e r e f o r e ,  th e  sim ple a s s o c ia t io n s  found in  both t h e  igneous and 

c o n ta c t  metamorphic samples a re  not ex p ec ted .  In a d d i t i o n ,  th e  t h r e e  

r e g io n s  chosen a re  q u i t e  d iv e r s e  and w i l l  p robab ly  g ive  t h r e e  d i f f e r e n t  

r e l a t i o n s h i p s  o f  th e  te m p era tu re s  from th e  two geotherm om eters .

S tephenson , 1984, s tu d ie d  a s e r i e s  of c o e x i s t in g  pyroxene samples 

from a lo w -p re s su re ,  g r a n u l i t e - f a c i e s  t e r r a i n  a t  Cape-Riche in  th e  

Precam brian A lbany -F raser  Province o f  Western A u s t r a l i a .  The pyroxenes 

used a re  chem ica lly  homogeneous w i th in  th e  in d iv id u a l  g r a i n s ,  su g g e s t in g  

a long p e r io d  o f  e q u i l ib r iu m  and a l l  a re  r e l a t i v e l y  low in  o t h e r ,  non­

q u a d r i l a t e r a l ,  components. The samples a re  from a r e s t r i c t e d  a re a  and 

b e l ie v e d  to  be i s o th e rm a l .  S tephenson (1984) uses  th e  samples t o  a s s e s s  

many o f  th e  d i f f e r e n t  pyroxene geothermometers and to  fo rm u la te  a 

the rm al h i s to r y  o f  th e  a r e a .  S tephenson (1984) a l s o  e s t im a te s  th e  major 

ep iso d e  o f  th e  metamorphism by independent methods, based on m afic  

assem blages and g a r n e t - b i o t i t e  therm ometry, and su g g e s ts  a te m p era tu re  

range  o f  700-800°C.

Com positional d a ta  f o r  a l l  th e  c o e x i s t in g  p a i r s  o f  pyroxenes 

s tu d ie d  by S tephenson (1984) a re  shown in  Table 2 .9 .  Many o f  th e s e  

sam ples ,  however, do not p r o j e c t  on th e  t e rn a r y  diagram acco rd ing  to  th e  

method o f  L indsley  and Anderson (1983) as th e  amounts o f  non­

q u a d r i l a t e r a l  components a r e  too  g r e a t .  T h e re fo re ,  th e y  a re  no t 

s u i t a b l e  f o r  use w ith  th e  geothermometers der iv ed  in  t h i s  s tu d y .  The
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t e r n a r y  p r o je c t io n s  f o r  th e  rem ain ing  samples a re  in d ic a te d  in  Table 

2 . 1 0  along w ith  th e  te m p e ra tu re s  o b ta in ed  from both g ra p h ic a l  

geotherm om eters . The range  o f  te m p era tu re s  i s  730-850°C, w ell w i th in  

th e  range  f o r  g r a n u l i t i c  ro c k s .  This  i s  a l s o  in  good agreement w ith  th e  

e s t im a te  o f  Stephenson (1984).  Also o f  i n t e r e s t  in  t h i s  c a s e  i s  th e  

f a c t  t h a t  t h e r e  a re  no r e a l  d i f f e r e n c e s  between th e  two geotherm om eters 

d e r iv e d  in  t h i s  s tu d y .  T h is  i n d i c a t e s  t h a t ,  f o r  t h i s  c a s e  o f  re g io n a l  

metamorphism, o th e r  f a c t o r s  may in f lu e n c e  th e  k i n e t i c s  of th e  two 

r e a c t i o n s .

The range o f  te m p e ra tu re s  d e r iv e d  f o r  th e s e  samples i s  compared to  

o th e r  geothermometers in  Table 2 .11 (from S te p h e n so n ,1984). S tephenson 

(1984) su g g es ts  t h a t  th e  Wells (1977),  Powell (1 9 7 8 ) ,  Wood and Banno 

(1973) ,  and Fonarev and Graphchikov (1982) a re  a l l  to o  high w ith  a 

average  te m p era tu re  o f  900-820°C. In a d d i t i o n ,  L in d s ley  (1983) f o r  th e  

o rthopyroxene  v e rs io n  i s  p robab ly  to o  low a t  680°C, bu t  t h i s  g ra p h ic a l  

geothermometer i s  very  d i f f i c u l t  to  i n t e r p r e t .  The geotherm om eters 

developed here  a re  w ell w i th in  th e  range  and compare fa v o ra b ly  w ith  

th o se  o f  K retz  (1982; both  m ethods) ,  L indsley  (1983; c p x ) .  and Ross and 

Huebner (1975).



Table 2 .9  Compositions of Pyroxenes in G ranulites from Cape Riche, Western Australia (Stephenson, 1984)

288 290 293
Homogeneous G ra ins  (Opx) 

298 300 301 302 303 306
1

308
Exsolved Domains (Opx) 

288 290 298 301 303

SiO? 50.01 51.28 49.54 50.15 50.72 51.33 51.11 51.89 51.49 51.32 49.87 51.43 50.39 51.21 51.65
TiOo 0 . 1 2 0 . 1 0 0 .14 0.13 0.09 0 . 1 0 0 . 1 0 0.09 0.09 0.14 0.17 0.08 0 . 2 0 0 . 1 0 0 . 1 1

A1 oUo 1.07 1.16 0.99 1.08 1.40 1 .03 1.19 1.25 1.33 1.35 1.16 1 . 0 0 1 . 1 0 1.14 1.39
FeZoZ 1.44 1.25 0.81 1.43 1.60 1.41 1 . 6 6 1.64 1.42 1.70 1.48 1 . 2 1 0.91 1.59 1.84
Feb 3 30.09 25.88 33.44 29.72 26.49 25 .24 25.26 22.81 24.40 24.06 29.91 25.86 29.43 24.62 22.53
MnO 1.05 0 .87 0 .93 0.76 1.18 1.23 1.24 1 . 0 0 0 . 8 8 0.99 0.96 0.87 0.77 1 . 2 2 0.98
MqO 15.62 18.98 13.43 16.13 18.03 19.10 19.07 21.06 19.92 19.98 15.34 19.05 16.18 19.22 20.95
CaO 0.79 0 .67 0.83 0.79 0 .7? 0.7R 0 .63 . 0 .61 JL£L . 0 .6 5 ...L2 Z Q*Z1 _ L 1 Q. -L .1 3 0 .79

T ota l 100.18 100.19 1 0 0 . 1 1 100.19 100.23 100.19 100.27 100.34 1 0 0 . 2 0 100.19 100.16 1 0 0 . 2 1 100.08 100.23 100.23

Homogeneous G ra ins  (Cpx) 1 Exsolved Domains (Cpx)

SiOp 51.10 51.91 50.61 51.04 51.16 51.65 51.55 51.66 51.82 51.56 50.75 51.78 50.81 51.02 51.06
TiOo 0 . 1 2 0 .13 0 .15 0.15 0 . 2 0 0 .14 0.17 0.18 0 .15 0.17 0.18 0.05 0 .14 0.19 0.25
AloOo 1.81 1.76 1.80 1.81 2.18 1.92 2.04 2.29 2 . 2 2 2.24 2.14 1.83 2.25 2.63 2.52
FeoOo 1.58 1.42 1.56 2.08 2.04 1.99 2 . 0 1 2.15 1.41 1.92 1.72 1.73 2.36 2.63 2.52
Feb 3 12.15 9 .39 14.31 11.82 9 .73 9 .4 6 9 .05 8.03 8.69 8 . 6 6 1 2 . 8 8 9.53 12.05 9 .56 9.16
MnO 0.44 0 .37 0 .40 0.32 0 .44 0 .52 0 .53 0.39 0 .32 0.38 0 .44 0.37 0.32 0 .55 0.46
MqO 11.49 13.26 10.15 11.71 12.54 12.87 12.90 13.54 13.40 13.25 11.44 13.29 1 1 . 6 8 12.72 13.25
CaO 21.18 21.61 20.84 20.78 21.48 21 .14 21.46 21.43 21.79 21.55 2 0 . 2 2 21.30 20.03 20.57 20.24
Na20 .0 .3 3 0 .3 4 _0.3fi 0.47 .0 .4 3 J L 5 5 _,Q^52 0.57 0 .38 0 .4 7 ..IL32 0.36 0.61 ..0.63 _0,.6.4

T otal 1 0 0 . 2 0 100.19 100.18 100.18 1 0 0 . 2 0 100.24 100.23 100.24 100.18 1 0 0 . 2 0 100.16 100.24 100.25 100.28 100.27



Table 2 .10  Composition o f  Regional Metamorphic Pyroxenes 

from Stephenson (1984)

Sample 288 288ex 290 290ex 293 298 306

Orthopyroxene
*

Wo 1 . 8 2 .4 1.4 1.5 1 . 8 1.7 1 .4

En 47.2 48.3 55.9 55.9 40.9 48.3 58.4

Fs 51.0 49.3 42.7 42 .6 57.2 50.0 40.2

Fe/Fe+Mg .519 .505 .433 .432 .583 .509 .408

Clinopyroxene

Wo 41.9 40.0 42.5 41.5 41.8 41.6 42.2

En 36.5 36.8 41.1 41.7 32.5 37.3 42.2

Fs 2 1 . 6 23.2 16.3 16.8 25.7 2 1 . 1 15.4

Fe/Fe+Mg .372 .387 .284 .287 .442 .361 .267

KD .548 .576 .519 .529 .565 .546 .530

Fe2+-Mg 780° C 830°C 750°C 760°C 790 °C 800 °C 780 °C

Exchange

Ca T ra n s fe r 750°C 850°C 780 °C 830 °C 730°C 770°C 810°C

'fe
Wo, En, Fs determ ined  by th e  p r o je c t io n  method o f  L inds ley  

and Anderson (1983).



TABLE 2.11 Temperatures in CC derived from several two-pyroxene geothermometers from pyroxene pairs in
g ra n u lite s , Cape Riche, Western A ustralia , a fter  Stephenson, 1984.

F ie ld  number 288 290 293 298 300 301 302 303 306 308 Range

Wood and Banno a* 833 860 816 846 844 855 846 870 860 861 816-870
(1973) b* 863 872 864 874 904 863-904

Ross and Huebner a* 700 750 680 760 680 740 690 710 690 690 680-760
(1975) b* 820 760 820 780 850 760-850

Wells a* 889 905 874 906 887 896 881 899 896 896 874-906
(1977) b* 935 923 933 920 949 920-949

Powel1 a* 887 850 871 882 860 862 824 823 848 834 823-887
(1978) b* 1 0 2 0 861 989 952 870 861-1020

Kretz a* 700 675 716 703 685 733 694 731 697 717 675-733
(1982: Kd) b* 745 689 734 784 894 689-894

Kretz a* 722 763 695 761 708 763 720 750 731 735 695-763
(1982: so lvus) b* 811 797 821 798 8 6 8 797-869

Lindsley a* 740 810 700 (780) (780) (780) (780) (830) 830 (810) 700-830
(1983: cpx) b* 830 840 (850) (870) (920) 830-920

Lindsley a* 670 680 670 (670) (690) (700) (680) (690) 690 (690) 670-700
(1983: opx) b* 800 690 (780) (840) (710) 690-840

This s tudy a* 780 750 790 780 750-790
(F ig .  2 .11) b* 830 760 760-830

This s tudy a* 750 780 730 810 730-810
(F ig .  2 .14) b* 850 830 830-850

a* -  homogeneous g r a in s ;  b* -  exso lved  domains. The b racke ted  d a ta  o f  L indsley ,  1983, have been e s t im a ted  
f o r  samples o u ts id e  th e  com positiona l range  in d ic a te d  by L indsley  (1983) f o r  p r o je c t io n  on th e  pyroxene 
q u a d r i l a t e r a l .  Data from Fonarev and Graphchikov (1982) have been excluded .
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Two o th e r  a re a s  o f  re g io n a l  metamorphism were s tu d ie d .  The samples 

a re  from g r a n u l i t e s ,  V arburg, Sweden (Saxena, 1968b) and c h a rn o c k i te s  

from Uusima, F in land  (Saxena, 1969). The therm al h i s t o r i e s  a re  no t  as  

well documented as th e  samples from th e  Cape Riche a r e a .  C om positions, 

t e r n a r y  p r o je c t io n s  and te m p era tu re s  f o r  both samples a re  shown in  Table 

2 .12  f o r  F in land  and T ab le  2 .13 f o r  Sweden.

These metamorphic pyroxenes show e i t h e r  s i m i l a r  te m p e ra tu re s  from 

both  geotherm om eters (V arberg , sample 1) or they  show th e  C a - t r a n s f e r  as 

th e  lower te m p era tu re  r e a c t i o n .  I t  i s  p o s s i b le  t h a t  in  reg a rd  t o  

e q u i l ib r iu m  in  metamorphic rocks  we should  c o n s id e r  th e  p rograde  

r e a c t i o n s .  There i s  th e  p o s s i b i l i t y  t h a t  Ca d i f f u s i o n ,  being s low er th a n  

th e  Fe-Mg exchange, (Loomis e t  a l . ,  1985 and Brady & M c C a l l i s te r ,  1983) 

la g s  b eh in d ,  and t h a t  th e  tim e during  which th e  te m p e ra tu re s  rem ain a t  

th e  maximum du r in g  metamorphism is  i n s u f f i c i e n t  f o r  e q u i l i b r a t i o n .  In 

a d d i t i o n ,  th e  lo s s  o f  w a te r  du ring  th e  g r a n u l i t e  f a c i e s  metamorphism 

would a l s o  slow th e  calc ium  d i f f u s io n  and r e in f o r c e  t h i s  e f f e c t .
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Table 2 .12  Chemical Compositions and D is t r ib u t io n  C o e f f i c i e n t s  o f  
C h a rn o c k i t ic  Pyroxenes from F in land  (Saxena, 1969)

WtX 1 1 3 3 4 4 6  6  7 7
Oxide Opx Cpx Opx Cpx Opx Cpx Opx Cpx Opx Cpx

S i0 2 49 .1  50.5 48.7  48 .6 49.4 50.6 47 .8 50.3 47 .9 49 .2

a i 2 o 3 0 .3  0 .9 0 .3  1 .0 0 .3 0 . 6 0 .3 0 .7 0 .4 1 . 2

T i0 2 0 . 1  0 . 1 0 . 1  0 . 2 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 2

FeO# 27 .4  11.11 32.2  13.9 32.2 13.0 34.6 15.7 33.9 15.8

MnO 0 .23  0 .11 0 .33  0 .15 0 .35 0.17 0.40 0 . 2 0 0 .34 0 .15

MgO 18.3 12.8 14.1 10.6 14.5 1 1 . 1 1 1 . 8 9 .8 13.3 9 .0

CaO 0 .8  22.5 0 .9  21.6 1 . 0 23.5 0 .9 21 .4 1 . 0 21 .3

T otal 96 .23  98.01 96.63  96.05 97.85 99.07 95.90 98.20 96 .94  96 .85

Wo* 1 .7  45.7 2 .0  45.4 2 . 2 48.1 2 . 0 44.3 2 . 2 44 .4

En 53 .4  36.5 43 .0  31.4 43.6 31.3 37 .0 29.3 40.3 28 .0

Fs 44 .9  17.8 55.1 23.1 54.3 2 0 . 6 60.9 26 .3 57 .6 27 .6

Fe
Fe+Mg

.457 .328 .562 .424 .555 .397 .622 .473 .588 .496

kd .580 .574 .528 .545 .690

Fe2+-Mg 8 2 QoC 
Exchange

830 °C 780 °C 790°C <600°C

Ca T ra n s f e r  <600°C <600°C <600°C <600°C <600°C

*Wo, En, Fs determ ined  by p r o je c t io n  method o f  L indsley  and Anderson

Fe i s  g iven  as FeO.
(1983)
Total



Table 2 .13  Chemical Compositions and D i s t r i b u t io n  C o e f f i c i e n t s  
o f  G r a n u l i t i c  Pyroxenes from V arberg, Sweden (Saxena, 1968)

wt%
Oxide

1  1  

Opx Cpx
4 4 

Opx Cpx
5

Opx
5

Cpx
6

Opx
6

Cpx

Si O2 51 .0  49.9 47 .2  49 .0 48.2 48.9 46.5 48.5

A1 2°3 2 .3  3 .2 0 .75  2 .1 1 . 0 1.9 1 . 0 1.9

Ti0 2 0 .06  0 . 2 0 0 .06  0 . 1 2 0 .06 0 . 1 2 0.07 0 .14

FeO# 21.1  7 .3 33.5  16.1 34.9 16.1 40.0 2 0 . 2

MnO 0.09  0 .05 0 .99  0 .42 1 . 1 0 0.49 0.77 0 .34

MgO 23.9  14.3 11.4  9 .2 1 1 . 6 8 . 8 7 .3 6 . 1

CaO 0 .48  22.1 0 .8 4  19.9 0.60 19.9 0 .90 19.6

Na20 0 . 0 0  0 . 6 0 .05  0 .7 0 . 0 0 0 . 6 0.08 0 . 6

k2o 0 . 0 0  0 . 0 0 0 . 0 1  0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

Total 98 .93  97.65 94 .80  98.54 97.46 97.31 96.62 97.38

Wo* 1 .0  42.9 2 .0  41.3 1.4 41.7 2 . 1 41.6

En 66 .2  44 .4 37 .0  29 .6 36.7 28.8 24 .0 20.4

Fs 32 .8  12.7 61 .0  29.1 61.9 29.5 73.8 38.0

Fe
Fe+Mg

.331 .222 .622 .496 .628 .506 .755 .651

Kd .577 
Fe2+-Mg 800°C 
Exchange

.596 
820 °C

.607
830°C

.606 
800° C

Ca T ra n s fe r  800°C 700 °C 690 °C 640'“C

Îf
Wo, t n ,  Fs determ ined  by p r o je c t io n  method o f  L indsley  and 

„Anderson (1983). 
ffT o ta l  Fe i s  g iven  as FeO.
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3 . Summary

The two g ra p h ic a l  geothermometers developed from th e  thermodynamic

model have been t e s t e d  f o r  many rock ty p e s .  For r a p id l y  c o o l in g  igneous

ro c k s  (a  d ik e  and a pumice rock) th e  geothermometers p r e d ic te d

c o in c id in g  quench te m p e ra tu re s .  The p lu to n ic  rocks  showed a s u b s t a n t i a l

range  o f  te m p e ra tu re  between th e  two geothermometers w ith  th e  Fe -Mg

exchange r e a c t i o n  g iv in g  th e  lower te m p e ra tu re .  This  s u p p o r ts  th e

th e o ry  t h a t  t h i s  exchange r e a c t io n  proceeds to  a lower te m p era tu re  than

th e  C a - t r a n s f e r  r e a c t io n  and in d i c a te s  t h a t  th e  k i n e t i c s  o f  th e s e  two

r e a c t io n s  a re  d i f f e r e n t .

For c o n ta c t  metamorphic rocks  and r e g io n a l ly  metamorphosed ro c k s ,

th e  two g ra p h ic a l  geothermometers compare fa v o ra b ly  w ith  tw o-pyroxene

geotherm om eters d e r iv e d  in  o th e r  s t u d i e s .  For c o n ta c t  metamorphism, th e  
2+Fe . -Mg exchange geothermometer re c o rd s  lower te m p e ra tu re s .  For 

r e g io n a l  metamorphism th e  two geothermometers reco rd  s im i l a r  

te m p e ra tu re s  o r  th e  r e a l t i o n s h i p s  a re  mixed. These r e s u l t s  may he lp  

un rave l th e  complex h i s to r y  o f  such t e r r a n e s .  A f u r t h e r ,  h ig h ly  

f a v o ra b le  f e a t u r e  o f  th e s e  two geothermometers i s  th e  ease  o f  t h e i r  u s e .
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I I I .  SITE OCCUPANCY IN IRON-RICH ORTHOPYROXENES: EXPERIMENTS AND

KINETICS

pbca  orthopyroxenes  c o n s i s t  o f  a l t e r n a t i n g  t e t r a h e d r a l  and 

o c ta h e d ra l  l a y e r s  p a r a l l e l  t o  c  w ith  th e  o c ta h e d ra l  l a y e r s  c o n s i s t i n g  of 

z ig -z a g  c h a in s  o f  r e g u la r  Ml o c tah ed ra  and more d i s t o r t e d  M2 

p o ly h e d ra .  The t e t r a h e d r a  a re  n o n -e q u iv a le n t ,  TA being s m a l le r  and more 

d i s t o r t e d  th an  TB (F ig  3 . 1 ) .  Long-range o r d e r - d i s o r d e r  o ccu rs  between 

d i v a l e n t  magnesium and i ro n  atoms in  th e  two M -s i te s  w ith  i ro n  

p r e f e r r i n g  th e  l a r g e r  M2 s i t e  ( f i r s t  shown e x p e r im e n ta l ly  by Ghose, 

1965). Large c a t io n s  such as Ca2+ p r e f e r  th e  l a r g e r  M2 s i t e  and A lIV/S i  

s u b s t i t u t i o n  only  occu rs  in  th e  t e t r a h e d r a  B in  o r thopyroxenes  

(Domeneghetti e t  a l . ,  1985). The d i s t r i b u t i o n  o f  Mg and Fe2+ v a r i e s  as  

a fu n c t io n  o f  tem p era tu re  (becoming more o rdered  a t  lower te m p e ra tu re s )  

and chemical com position . A c r y s t a l  o f  com position  En^Q would be 

" p e f e c t ly  o rdered"  i f  a l l  th e  Mg was in  th e  Ml s i t e  and a l l  Fe2+ ( and 

Ca) in  th e  M2 s i t e .

The n a tu re  o f  th e  iron-magnesium o r d e r - d i s o r d e r  was d is c u s se d  

i n i t i a l l y  by Ghose (1961) and M ueller (1962), fo llow ed  by work on th e  

th e o ry  on i n t r a c r y s t a l l i n e  ion-exchange by Matsui and Banno (1965) and 

Thompson (1970). Iron-magnesium o r d e r - d i s o r d e r  in  n a tu ra l  and 

e q u i l i b r a t e d  o r thopyroxenes  has been in v e s t ig a t e d  e x p e r im e n ta l ly  by 

Ghose (1965) ,  Evans e t  a l .  (1967), Virgo and Hafner (1969, 1970),

Saxena and Ghose (1971), K h r is to fo ro v  e t  a l .  (1974),  Besancon (1981a) 

Domeneghetti e t  a l (1985), Sposato and Besancon (1987) A novitz  e t  a l .  

(1988) and Saxena e t  a l .  (1988).
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F ig u re  3 .1  The c r y s t a l  s t r u c t u r e  o f  Pbca orthopyroxene p r o je c te d  onto  
th e  (010) p la n e .  From Cameron and Pap ike , 1980.



K in e t ic s  o f  th e  i n t r a c r y s t a l l i n e  d i s t r i b u t i o n  in  o r thopyroxenes  

have been s tu d ie d  by Virgo and Hafner (1969) on one sample, by Besancon 

(1981a) on two samples and by Anovitz e t  a l . ,  (1988) on two sam ples. 

These k i n e t i c  s tu d ie s  were a l l  conducted using  th e  Mossbauer 

te c h n iq u e .  In a d d i t i o n ,  Saxena e t  a l .  (1988) s tu d ie d  th e  k i n e t i c s  o f  

t h r e e  samples by X-ray methods. The r e s u l t s  o f  th e s e  s tu d ie s  a re  

e s s e n t i a l  to  both  th e  i n t e r p r e t a t i o n  o f  th e  therm al h i s t o r i e s  o f  rocks  

c o n ta in in g  o r thopyroxene  (Besancon, 1981b, Ganguly, 1982, Saxena and Dal 

Negro, 1983, Anovitz e t  a l . ,  1988) and th e  t h e o r e t i c a l  c a l c u l a t i o n  o f  

two-pyroxene geothermometers (L in d s le y ,  1983, Saxena, 1983a; 1983b, 

Davidson, 1985, Davidson and L in d sley ,  1985) and p y ro x e n e -o l iv in e  phase 

e q u i l i b r i a  (Davidson, 1987a; 1987b). This i s  f u r t h e r  d is c u s se d  in  

s e c t i o n s  IV ( p . 146) and V ( p . 166) in  t h i s  t h e s i s .

The th e o ry  o f  i n t r a c r y s t a l l i n e  exchange and th e  e a r l i e r  works 

(u s in g  Mossbauer te c h n iq u e s )  have been reviewed by Ganguly (1982).  He 

in d ic a te d  in c o n s i s t e n c ie s  between th e  e q u i l ib r iu m  s i t e  occupancies  

o b ta in e d  from th e  t h r e e  s t u d i e s .  A thermodynamic model was developed ; 

however, th e  iso the rm al s i t e  d i s t r i b u t i o n s  th u s  modeled y i e l d  a
O.L

s i g n i f i c a n t l y  h ig h e r  va lue  o f  Fe in  M2 f o r  th e  i r o n - r i c h  samples th an  

th e  experim en ta l r e s u l t s .

Ganguly (1982) a l s o  p re s e n te d  improvements in  th e  a lg o r i th m  f o r  

d e te rm in in g  co o l in g  r a t e s  o f  th e  pyroxene c r y s t a l s  from th e  k i n e t i c  d a ta  

o f  th e  o r d e r - d i s o r d e r  p ro c e s s .  He concluded t h a t  th e  methods o f  

e s t im a t in g  c o o l in g  r a t e s  as  f i r s t  proposed by M uelle r ,  (1962, and 

s u b se q u en tly  developed by him in  1967 and 1969) and fo llow ed by S e i f e r t  

and Virgo (1975) f o r  an a n th o p h y l l i t e  sample, could only  be s u c c e s s fu l  

i f  th e  Fe-Mg s i t e  occupancies  and th e  r a t e  c o n s ta n ts  could  be determ ined
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w ith  g r e a t  p r e c i s i o n .  T h is  p r e c i s io n  i s  n ece ssa ry  because th e  

c a l c u la te d  c o o l in g  r a t e s  a re  very  s e n s i t i v e  t o  u n c e r t a i n t i e s  in  th e  s i t e  

occupancy d e te rm in a t io n s .

Domeneghetti e t  a l . ,  (1985) s t r u c t u r a l l y  r e f in e d  o r thopy roxenes  of 

t h r e e  d i f f e r i n g  com positions  and s y s te m a t ic a l ly  reviewed s t r u c t u r a l  

v a r i a t i o n s  as  a f u n c t io n  o f  both chemical com position  and degree  of 

o r d e r in g .  This  work can now be used as an im portan t framework to  

c o n s t r a in  f u tu r e  work on o r d e r - d i s o r d e r  in  e q u i l i b r a t e d  o r th o p y ro x en e s .

In our s tu d y ,  experim en ta l work has been undertaken  to  de te rm ine  

s t r u c t u r a l  changes ,  k i n e t i c  r a t e s  and e q u i l ib r iu m  s i t e  occupancy d a ta  on 

hea ted  and n a tu ra l  i r o n - r i c h  o rthopyroxene c r y s t a l s .  Many measurements 

(w ith  in c re a s in g  h e a t in g  p e r io d s  fo llo w in g  th e  i n t r a c r y s t a l l i n e  

exchange) have been made in  o rd e r  t o  t i g h t l y  c o n s t r a in  th e  r e a c t i o n .  

S in g le  c r y s t a l  X-ray re f in e m en t  and X-ray energy d i s p e r s iv e  a n a l y s i s  a re  

used t o  de te rm ine  th e  s i t e  occupancies  r a t h e r  than  Mossbauer 

t e c h n iq u e s .  Using t h i s  method, one c r y s t a l  i s  used f o r  th e  n a tu r a l  s i t e  

occupancy d a ta  and h e a t in g s  w ith  s h o r t  d u ra t io n s  a re  r e p e a te d  on th e  

same c r y s t a l  u n t i l  e q u i l ib r iu m  i s  a t t a in e d  i . e .  no change w ith  f u r t h e r  

h e a t in g .  The h e a t in g  e f f e c t s  on th e  i n t e r a c t i o n  o f  c a t io n  d i s t r i b u t i o n  

and s t r u c t u r a l  changes have been s tu d ie d  and compared to  t h a t  of 

Domeneghetti e t  a l .  (1985) ,  which p ro v id es  an in t e r n a l  check on th e  

d i s t r i b u t i o n  d a ta .
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A. Experim ental Techniques

1. Samples

Two i r o n - r i c h  samples have been chosen f o r  t h i s  s tu d y ,  bo th  from 

metamorphic rocks  o f  g r a n u l i t e  f a c i e s .  Sample (4) Fe/(Fe+Mg) = 0 .6 2  i s  

from Uusima, F in land  (Saxena, 1969); sample (5) Fe/(Fe+Mg) = 0 .82  i s  

from metamorphosed iro n - fo rm a t io n  in  th e  Wind R iver Mountains in  Wyoming 

(Sykes, 1984, unpublished  M asters  T h e s i s ) .  The com posi tiona l d a ta  a re  

summarized in  Table 3 .1 .  Note t h a t  th ey  a re  dom inantly  Fe-Mg b in a ry  

pyroxene in  com position .  The samples were chosen f o r  t h r e e  re a s o n s :  

f i r s t l y  th ey  complement th e  d a ta  p ub lished  on s i t e  d i s t r i b u t i o n  in  

o r thopy roxenes  (Domeneghetti e t  a l . ,  1985); seco n d ly ,  th e y  a re  both  very  

i r o n - r i c h  and com positions  l i k e  t h i s  a re  r a r e l y  s tu d ie d ;  and l a s t l y ,  

th e y  a re  p a r t  o f  an ongoing s e r i e s  o f  experim ents  in  Padova, I t a l y  to  

r e d e te rm in e  th e  s e t  o f  iso the rm al cu rves  based on e q u i l ib r iu m  s i t e  

occupancy.

2 . P rocedures

The fo llo w in g  p rocedure  was ap p l ied  to  every  c r y s t a l :

(a )  X-ray d a ta  c o l l e c t i o n  and s t r u c t u r a l  re f in em en t o f  th e  n a tu ra l  

(unhea ted )  c r y s t a l ;

(b) a s e r i e s  o f  h ea t in g  experim ents  conducted on th e  same c r y s t a l  a t  

t h r e e  te m p e ra tu re s  (525, 575, 625 °C f o r  sample 5; 625, 675, 725 °C f o r  

sample 4) u n t i l  a c lo s e  approx im ation  t o  th e  exchange e q u i l ib r iu m  was 

reac h ed .  X-ray d a ta  c o l l e c t i o n  and s t r u c t u r a l  re f in e m e n ts  were c a r r i e d  

o u t  a f t e r  every  h e a t in g .

(c) X-ray energy d i s p e r s iv e  a n a ly s i s  o f  th e  same c r y s t a l ,  a f t e r  th e  l a s t  

X-ray d a ta  c o l l e c t i o n .



Table 3 .1 . Chemical Composition of Samples

Sample 4 Sample 5

Wt.fc Mol. Wt.% Mol.

Oxides prop . Oxides p rop .

S102 50.3 2 . 0 1 47.9 1.99

T i0 2 0 . 1 0 . 0 0 . 0 0 . 0

a i 2 o 3 0 . 0 0 . 0 0 .4 0 .04

Cr2 0 3 0 . 1 0 . 0 1 0 . 0 0 . 0

FeO* 34.6 1.16 47 .4 1.65

MnO 0 . 6 0 . 0 2 0 . 2 0 . 1

MgO 12.3 0 .73 4 .5 0 .28

CaO 1 . 2 0.05 1 . 2 0.05

Na20 0 . 0 0 . 0 0 . 0 0 . 0

T otal 99.26 3.98 101.60 4.1

* a l l  Fe as  FeO

Mole p ro p o r t io n s  a re  c a t io n s  pe r  6  oxygens
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3, Sample P re p a ra t io n

C ry s ta l s  o f  o r thopyroxene  (100-200 pm ) a re  s e le c te d  u s ing  a 

b in o c u la r  microscope w ith  emphasis on choosing c l e a r ,  i n c l u s i o n - f r e e ,  

equ id im ensiona l c r y s t a l s .  These a re  then  immersed in  ced a r  o i l  and 

s tu d ie d  w ith  th e  p e t ro g ra p h ic  microscope to  ensu re  t h e r e  were no v i s i b l e  

e x s o lu t io n  la m e llae  and th e  c r y s t a l  showed p e r f e c t  e x t i n c t i o n  p a r a l l e l  

t o  c  •

The c r y s t a l  i s  com ple te ly  c leaned  and a t ta c h e d  to  a g la s s  

c a p i l l a r y  tu b e  (a l re a d y  mounted on a c y l in d e r  of b ra s s  used f o r  f i x i n g  

th e  sample in  th e  d i f f r a c t o m e t e r ) .  The g la s s  tube  i s  o f  s im i l a r  

d im ensions t o  th e  c r y s t a l .  The adhes ive  used i s  "Peligom" d i l u t e d  w ith  

amyly a c e t a t e ,  which i s  r e a d i ly  d is so lv e d  in  ace tone  when th e  c r y s t a l  i s  

p rep a red  f o r  r e h e a t in g .  When mounting i s  com pleted, th e  c r y s t a l  i s  

measured in  t h r e e  m u tu a lly  p e rp e n d ic u la r  d i r e c t i o n s ,  needed f o r  th e  

a d s o rp t io n  c o r r e c t io n .

4 . X-ray Data C o l l e c t io n  and S t r u c tu r a l  Refinement

S in g le - c r y s t a l  X-ray d i f f r a c t i o n  d a ta  a re  o b ta in ed  u s ing  a computer 

c o n t r o l l e d  SIEMENS AED f o u r - c i r c l e  d i f f r a c to m e te r  lo c a te d  a t  th e  

I s t i t u t o  d i M inera log ia  e P e t ro lo g ia  a t  th e  U n iv e r s i t a  di Padova,

I t a l y .  MoKa r a d i a t i o n  monochromatised by a f l a t  g r a p h i t e  c r y s t a l  i s  

u sed .  (A d e t a i l e d  d e s c r ip t i o n  o f  th e  f o u r - c i r c l e  d i f f r a c to m e t e r  can be 

found in  X-Ray S t r u c tu r e  D e te rm in a t io n ,  Chp. 6 , by S to u t  and J en sen ,  

1968.)

The c r y s t a l  i s  a t ta c h e d  to  th e  d i f f r a c to m e te r  head and c e n te re d  

u s in g  th e  w (h o r iz o n ta l )  and x ( v e r t i c a l )  c i r c l e s .  The p re l im in a ry  

o p e ra t io n  i s  to  f in d  th e  u n i t  c e l l .  This i s  done by f i r s t  r o t a t i n g  th e



c r y s t a l  and re c o rd in g  th e  o r i e n t a t i o n  o f  in te n s e  r e f l e c t i o n s ;  

approx im ate ly  f i v e  r e f l e c t i o n s  a re  needed. Using th e  program MR (STOE) 

th e  o r i e n t a t i o n  o f  th e  u n i t  c e l l  i s  c a l c u la te d  in c lu d in g  th e  c e l l  

d im ensions and a n g le s ,  and a p o s s ib le  B rav is  l a t t i c e  i s  su g g es ted .  Once 

th e  c e l l  has been de te rm ined ,  a more p r e c i s e  c a l c u l a t i o n  i s  performed by 

c e n te r in g  25 major r e f l e c t i o n s  f o r  th e  o rthopyroxene  c r y s t a l  and 

r e c a l c u l a t i n g  th e  c e l l  p a ram e te rs .  These c r y s t a l l o g r a p h i c  d a ta  a re  th e n  

used du r in g  th e  a c tu a l  d a ta  c o l l e c t i o n .  In a d d i t i o n ,  a t  t h i s  t im e ,  a 

s e r i e s  o f  measurements on 32 e q u iv a le n t  p a i r s  hkl and hkl a re  c o l l e c t e d  

to  c a l c u l a t e  th e  b e s t  u n i t  c e l l  (w ith  a l l  an g les  a t  9 0 ° ) .  This i s  done 

u s ing  th e  DL and LR (STOE) program w ith  t h r e e  m in im iza tio n  r o u t i n e s .  

These d a ta  a re  used du ring  th e  re f in e m e n t .  The e q u iv a le n t  p a i r s  hkl 

and hkl were measured up to  e < 30° us ing  th e  w-scan mode. Data 

c o l l e c t i o n  took approx im ate ly  22 h ou rs .  The f i n a l  p a r t  o f  th e  d a ta  

c o l l e c t i o n  was a t  l e a s t  two scans  f o r  th e  a b s o rp t io n  c o r r e c t i o n .

The t h i r d  phase c o n s i s t s  o f  th e  re f in e m en t  o f  th e  c o l l e c t e d  

i n t e n s i t y  d a ta  u s ing  a s e r i e s  o f  computer programs. The f i r s t  s te p  i s  

t o  c a l c u l a t e  th e  observed s t r u c t u r e  f a c t o r s  (Fo) which a re  r e l a t e d  to  

th e  e x p e r im e n ta l ly  d e r iv e d  d i f f r a c t i o n  i n t e n s i t i e s .  These s t r u c t u r e  

f a c t o r s  can a l s o  be c a l c u la te d  t h e o r e t i c a l l y  (Fc) and from a l e a s t  

sq u a re s  comparison o f  th e  two, s i t e  occupancies  can be de te rm ined .

To co n v e r t  th e  i n t e n s i t i e s  in to  s t r u c t u r e  f a c t o r s  th e  d a ta  

r e d u c t io n  programs CDEDT, FOBS and NORMAL a re  used . The i n t e n s i t y  of



th e  r e f l e c t i o n ,  I ^ - j  i s  r e l a t e d  to  F^-j  by
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■hki = k , u » >  Fhki

where

k i s  th e  s c a le  f a c t o r  (dependent on c r y s t a l  s i z e ,  beam i n t e n s i t y ,  e t c . )

and i s  norm ally  a c o n s ta n t  f o r  a g iven  s e t  o f  measurements 

L i s  th e  Lorentz  f a c t o r ,  dependent on th e  tech n iq u e  used and i s  a 

fu n c t io n  o f  0 . 

p i s  th e  p o l a r i z a t i o n  f a c t o r ,  a f u n c t io n  o f  2 o.

. The i n t e n s i t i e s  were c o r re c te d  f o r  a b s o rp t io n  fo l lo w in g  th e  semi- 

e m p ir ic a l  method o f  North e t  a l . ,  (1968), ( a t  l e a s t  two i|i scans  were 

u s e d ) .  The v a lu es  o f  th e  e q u iv a le n t  p a i r s  were averaged . The r e s u l t i n g  

d is c re p a n c y  f a c t o r s :

R = 1 (I  -  I ) / ( z  I)  (5)
sym h k lv hkl '  v hkl '  w

where I = (I  + I -  ) /2  
hkl h k l 7

ranged between 1 .5  and 2.8%.

The re f in e m e n ts  were c a r r i e d  ou t  in  space group Pbca w ith o u t  

chemical c o n s t r a i n t s  u s ing  th e  STRUCSY (copyw rite  STOE) program. The 

program a llow s assignm ent o f  every  s i t e  involved  in  isomorphous 

rep lacem en ts  o f  two s c a t t e r i n g  cu rves  ( f l  and f 2 ) and re f in e m en t  o f  th e  

occupancy f a c t o r s  ( x ( f ) )  w ith  th e  c o n s t r a i n t  t h a t  x ( f l )  + x ( f 2 ) = 1 .

The ch o ice  o f  s c a t t e r i n g  f a c t o r s  was: Mg^+ and Fe^+ f o r  Ml; Mg^+ and



Fe^+ f o r  M2; S i^*^+ f o r  TA and TB; 0^*®-  f o r  th e  0 - s i t e s .  A p a r t i a l  

i o n i z a t i o n  model was adopted in  view o f  th e  s i g n i f i c a n t  d i f f e r e n c e s  

between Fo and Fc observed  f o r  s in (  e /x  ) = 0 -  0 .3 0 .  This cho ice  

a ssu red  th e  b e s t  f i t t i n g  o f  th e  experim ental d a ta  based on th e  

I n t e r n a t io n a l  T ab les  f o r  X-ray C ry s ta l lo g rap h y  (1974) and f o r  0^" 

(Tokonami, 1965).

A ll th e  s t r u c t u r a l  s i t e s  were considered  f u l l y  occup ied . In th e  

f i r s t  s ta g e s  o f  th e  r e f in e m e n ts ,  i s o t r o p i c  te m p e ra tu re  f a c t o r s  were 

u sed .  The f i n a l  c y c le s  were performed a l low ing  a l l  pa ram ete rs  (a tom ic  

c o o r d in a te s ,  a n i s o t r o p i c  tem p era tu re  f a c t o r s ,  Ml and M2 s i t e  

o ccu p a n c ie s ,  s c a le  f a c t o r s  and secondary e x t in c t i o n  c o e f f i c i e n t  

(Z a c h a r ia se n ,  1963) t o  vary  u n t i l  th e  s h i f t s  were l e s s  th an  th e  l e a s t -  

sq u ares  d i f f e r e n c e  o f  th e  co rrespond ing  p a ra m e te rs .  The r e f l e c t i o n s  

w ith  I > 3a ( I )  were co n s id e re d  as  observed , and were u t i l i z e d  f o r  th e  

re f in e m e n ts  w ith  equal w e ig h t .  No value  o f  R ( th e  d isc rep a n cy  f a c t o r )  

g r e a t e r  th an  0 .045  has been accep ted  f o r  sample 5 , o r  g r e a t e r  t h a t  0 .040  

f o r  sample 4 i n d i c a t in g  a s a t i s f a c t o r y  f i t  o f  th e  observed to  th e  

c a l c u la te d  s i t e  occupancy d a ta .

5. H eating experim ents

The c r y s t a l s  were s e a le d  in  small s i l i c a  tu b e s  c o n ta in in g  t r e a t e d  

(hea ted  and w a te r  vapor removed) argon a t  s l i g h t l y  above 1  a tm osphere . 

The d u ra t io n s  o f  th e  h e a t in g  experim ents  were i n i t i a l l y  c o n t r o l l e d  by 

th e  te m p e ra tu re ,  th e  com position  o f  th e  pyroxene and th e  c o n s id e r a t io n  

o f  p rev io u s  work (Saxena and Ghose, 1971, Besancon, 1981a). The sample 

was hea ted  in  a v e r t i c a l ,  te m p era tu re  c o n t ro l le d  fu rn ace  (±3°C, P t /P t-R h  

the rm o co u p le ) .  Quenching o f  th e  c r y s t a l  was alm ost in s ta n ta n e o u s  and
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was done by dropping th e  tu b e  in to  co ld  w a te r .  An e s t im a te  o f  th e  t o t a l  

quenching tim e f o r  t h i s  method has been made by G.M. Mol in  ( p e r s .  comm. 

1987), o f  0 .5  seconds , f o r  a te m p era tu re  change o f  1150-500°C .

6 . X-ray energy d i s p e r s iv e  a n a ly s i s

An energy  d i s p e r s iv e  sp ec tro m e te r  EDS EG&G connected  t o  a SEM 

AUTOSCAN e le c t r o n  m icroscope o p e ra t in g  a t  15 kV was employed to  an a lyze  

th e  s in g l e  c r y s t a l s .  A MAGIC program (Colby, 1972) in  th e  ORTEC MAGIC 

IV M. v e r s io n  i s  used t o  c o n v e r t  X-ray coun ts  i n t o  ox ide  w eight 

p e r c e n t .  The a n a ly se s  were averaged over s e v e ra l  s p o t s .  The r e s u l t s  a re  

c o n s id e re d  a c c u ra te  t o  w i th in  2-3% f o r  th e  major e lem ents  and to  about 

10% f o r  th e  minor ones (Table 3 .1 ) .
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B. R e s u l t s  and D iscu ss io n s

1. S t r u c t u r a l  V a r ia t io n s

The s t r u c t u r a l  d a ta  f o r  both th e  n a tu ra l  and heated  c r y s t a l s  o f  

t h i s  s tu d y  a re  c o n s i s t e n t  w ith  p rev io u s  d a ta  on n a tu ra l  and hea ted  

o r tho p y ro x en es  (Domeneghetti e t  a l . ,  1985) and s y n th e t i c  end members 

(Ganguly and Ghose, 1979 and Sueno e t  a l . ,  1976). Most of th e  

c r y s t a l l o g r a p h i c  diagrams used here  a re  based on th o se  o f  Domeneghetti 

e t  a l .  (1985) and th e  t r e n d s  f o r  A l - r ic h  pyroxenes (0 .9 1 -4 .0 2  vit% AI2 O3 ) 

a r e  from t h i s  p a p e r .  S t r u c t u r a l  d a ta  i s  compiled in  T ab les  3 . 2 . a -  

3 . 2 . j .

The t e t r a h e d e r a l  s i t e s ,  TA and TB, show s l i g h t  g eo m e tr ic a l  

v a r i a t i o n s  w ith  h e a t in g  (F ig .  3 .2 ) .  The gen e ra l  t r e n d ,  w ith  in c re a s in g  

i ro n  c o n te n t ,  i s  f o r  a len g th en in g  o f  th e  <T-0> no n -b r id g in g  d i s t a n c e s  

and a s h o r te n in g  o f  th e  <T-0> b r id g in g  bond d i s t a n c e s .  The mean <T-0> 

d i s t a n c e s  f o r  both  A and B ch a in s  do no t  change s i g n i f i c a n t l y  w ith  

in c re a s in g  i r o n .  Samples 5 ( t h i s  s tudy)  and 10 (Domeneghetti e t  a l . ,  

1985), 0 .4  and 0 .66  wt% AI2 O3  r e s p e c t i v e l y ,  d e v ia te  s l i g h t l y  from t h i s  

t r e n d .  The <TB-0> bond le n g th s  a re  s l i g h t l y  longe r  th an  ex p ec ted .

Sample 5 a l s o  su p p o r ts  th e  th e o ry  (Domeneghetti e t  a l . ,  1985) t h a t  A l ^  

s u b s t i t u t i o n  occu rs  on ly  in  th e  TB s i t e ,  r e s u l t i n g  in  an in c r e a s e  in  th e  

<TB-0> bond le n g th s ,  e s p e c i a l l y  th e  <TB-0> n o n -b r id g in g  bonds.

The Ml o c ta h e d ra l  s i t e  shows a wide v a r i a t i o n  in  s i z e  w ith
O .

h e a t in g .  The mean <Ml-0> bond len g th  w ith  r e s p e c t  to  Fe -Ml occupancy 

i s  shown in  F ig u re  3 .3  (bo th  n a tu ra l  and hea ted  sam p les) .  The arrows 

i n d i c a t e  th e  t r e n d  w ith  in c re a s in g  p e r io d s  o f  h e a t in g .  The change in  

bond le n g th s  i s  more pronounced f o r  sample 4 as  t h e r e  i s  a much g r e a t e r



Table 3.2a Composition and Cell Edges of Natural Sample #4 from Finland

T °C Time(hr) FeMl FeM2 kd TOTAL e" a(A) b(A) c(A) Vo1(A3)

625 0 . 0 0.300 0.939 0.0278 41.346 18.359 8.967 5.236 861.940
625 0 .3 0.352 0.892 0.0658 41.416 18.365 8.969 5.236 862.520
625 0 .7 0.370 0.859 0.0964 41.206 18.366 8.971 5.237 862.870
625 1 . 0 0.391 0.850 0.1133 41.374 18.368 8.972 5.236 862.850
625 2 . 0 0.393 0.834 0.1289 41.178 18.369 8.969 5.235 862.560
625 5.0 0.403 0.824 0.1442 41.178 18.365 8.972 5.236 862.720
625 30.0 0.408 0.802 0.1701 40.940 18.368 8.972 5.234 862.660
625 1 0 0 . 0 0.411 0.746 0.2376 40.198 18.315 8.663 5.233 860.750

675 0 . 0 0.296 0 .953 0.0207 41.486 18.362 8.964 5.234 861.560
675 0 .3 0.362 0.860 0.0924 41.108 18.364 8.977 5.237 863.270
675 0 .5 0.387 0.841 0.1194 41.192 18.368 8.977 5.236 863.400
675 0 .7 0.392 0.839 0.1237 41.234 18.369 8.980 5.237 863.820
675 0 . 0 0.291 0.937 0.0276 41.192 18.354 8.974 5.236 862.420
675 0 . 2 0.352 0.879 0.0748 41.234 18.361 8.978 5.235 863.070
675 0 .5 0.378 0 .844 0.1123 41.108 18.369 8.977 5.237 863.440
675 2 . 0 0.392 0.832 0.1302 41.136 18.374 8.981 5.236 863.980

725 0 . 0 0.288 0.942 0.0249 41.220 18.356 8.968 5.234 861.603
725 0 . 1 0.425 0.804 0.1802 41.206 18.370 8.971 5.236 862.780
725 0 . 2 0.411 0.789 0.1866 40.800 18.369 8.973 5.233 862.520
725 0 .3 0.422 0 .784 0 . 2 0 1 2 40.884 18.366 8.972 5.233 862.280
725 0 . 8 0.422 0.784 0 . 2 0 1 2 40.884 18.367 8.972 5.234 862.420
725 3 .0 0.426 0.740 0.2608 40.324 18.351 8.965 5.232 860.870

00
CO



Table 3.2b Composition and Cell Edges of Natural Sample #5 from Wyoming

T °C Time(hr) FeMl FeM2 kd Total e" a(A) b(A) c(A) Vo1 (A3)

525 0 . 0 0.713 0.959 0.1062 47.408 18.412 9.026 5.244 871.440
525 0 . 1 0.720 0.965 0.0933 47.590 18.416 9.025 5.245 871.650
525 0 .3 0.719 0.950 0.1347 47.366 18.410 9.027 5.244 871.550
525 0 .5 0.731 0.962 0.1073 47.702 18.416 9.027 5.242 871.420
525 2 . 0 0.747 0.945 0.1718 47.688 18.415 9.025 5.244 871.520
525 576.0 0.741 0.893 0.3428 46.876 18.404 9.022 5.246 871.050

575 0 . 0 0.704 0.958 0.1043 47.268 18.410 9.031 5.246 871.640
575 0 . 1 0.717 0.948 0.1390 47.310 18.412 9.030 5.245 871.940
575 0 . 2 0.690 0.925 0.1805 46.610 18.415 9.030 5.242 871.610
575 0 .3 0.718 0.935 0.1770 47.142 18.414 9.030 5.243 871.840
575 0 .5 0.713 0.929 0.1899 46.988 18.414 9.030 5.244 871.950
575 2 . 0 0.718 0.933 0.1828 47.114 18.416 9.031 5.244 872.150
575 1 0 . 0 0.726 0.928 0.2056 47.156

625 0 . 0 0.708 0.956 0.1116 47.296 18.416 9.028 5.244 871.970
625 0 . 2 0.732 0.920 0.2375 47.128 18.418 9.028 5.244 871.990
625 0 .4 0.740 0.920 0.2475 47.240 18.416 9.033 5.245 872.600
625 0 .5 0.744 0.918 0.2596 47.268 18.419 9.031 5.243 872.131
625 1.5 0.747 0.913 0.2814 47.240 18.414 9.029 5.243 871.720
625 4 .5 0.749 0.918 0.2666 47.338 18.413 9.027 5.245 871.700
625 0 . 0 0.714 0.963 0.0959 47.478 18.417 9.028 5.245 872.010
625 0 . 1 0.740 0.917 0.2576 47.198 18.420 9.029 5.244 872.150

0 0



Table 3.2c Tetrahedral Bond Lengths in Sample #4 from Finland

T °C Time(hr) TA-01A TA-02A TA-03A TA-03A TA-0
mean

TA-0
b r id g in g

TA-0
non­

brid g in g

625 0 . 0 1.610 1.601 1.631 1.659 1.626 1.645 1.606
625 0 .3 1.612 1.599 1.637 1.657 1.626 1.647 1.605
625 0 .7 1.612 1.602 1.637 1.659 1.628 1.648 1.610
625 1 . 0 1.610 1.599 1.638 1.655 1.626 1.647 1.605
625 2 . 0 1.610 1.601 1.632 1.647 1.626 1.647 1.605
625 5 .0 1.614 1.599 1.638 1.657 1.627 1.647 1.606
625 30.0 1.617 1.602 1.635 1.658 1.628 1.647 1.609
625 1 0 0 . 0 1.613 1.600 1.628 1.658 1.625 1.643 1.606

675 0 . 0 1.611 1.599 1.637 1.655 1.625 1.646 1.605
675 0 .3 1.613 1.604 1.635 1.658 1.627 1.647 1.608
675 0 .5 1.615 1.603 1.638 1.655 1.628 1.646 1.609
675 0 .7 1.606 1.601 1.642 1.654 1.626 1.648 1.603
675 0 . 0 1.608 1.602 1.636 1.657 1.626 1.647 1.605
675 0 . 2 1.611 1.597 1.634 1.662 1.626 1.648 1.604
675 0 .5 1.613 1.599 1.643 1.655 1.627 1.649 1.606
675 2 . 0 1.616 1.591 1.640 1.656 1.626 1.648 1.603

725 0 . 0 1.613 1.600 1.630 1.657 1.625 1.644 1.607
725 0 . 1 1.610 1.595 1.642 1.649 1.624 1.645 1.602
725 0 . 2 1.616 1.593 1.637 1.653 1.625 1.645 1.604
725 0 .3 1.612 1.594 1.636 1.662 1.626 1.649 1.603
725 0 . 8 1.614 1.599 1.644 1.647 1.626 1.646 1.607
725 3 .0 1.609 1.599 1.635 1.659 1.625 1.647 1.604



Table 3.2d Tetrahedral Bond Lengths in  Sample #5 from Wyoming

T°C Time(hr) TA-01A TA-02A TA-03A TA-03A TA-0 TA-0 TA-0
Mean Bridging Non-

B ridging

525 0 . 0 1.614 1.601 1.636 1.655 1.626 1.645 1.607
525 0 . 1 1.616 1.602 1.638 1.650 1.626 1.644 1.609
525 0 .3 1.610 1.594 1.630 1.658 1.623 1.644 1.602
525 0 .5 1.613 1.600 1.637 1.657 1.627 1.647 1.607
525 2 . 0 1.614 1.599 1.639 1.649 1.625 1.644 1.606
525 576.0 1.616 1.601 1.638 1.651 1.627 1.644 1.609

575 0 . 0 1.610 1.603 1.633 1.658 1.626 1.645 1.607
575 0 . 1 1.614 1.601 1.643 1.648 1.626 1.645 1.608
575 0 . 2 1.613 1.598 1.636 1.656 1.626 1.646 1.606
575 0 .3 1.610 1.603 1.647 1.647 1.627 1.647 1.607
575 0 .5 1.611 1.600 1.641 1.650 1.625 1.646 1.605
575 2 . 0 1.613 1.601 1.641 1.654 1.627 1.647 1.607
575 1 0 . 0 1.610 1.602 1.645 1.653 1.628 1.649 1.606

625 0 . 0 1.616 1.601 1.640 1.649 1.626 1.644 1.608
625 0 . 2 1.615 1.602 1.627 1.661 1.626 1.644 1.608
625 0 .4 1.616 1.604 1.640 1.649 1.627 1.645 1.610
625 0 .5 1.615 1.595 1.636 1.655 1.625 1.645 1.605
625 1.5 1.612 1.601 1.635 1.657 1.626 1.646 1.607
625 4 .5
625 0 . 0 1.616 1.601 1.635 1.653 1.626 1.644 1.608
625 0 . 1 1.616 1.597 1.636 1.649 1.624 1.643 1.606

CO
on



Table 3 .2e Tetrahedral Bond Lengths in (A's) o f Natural Sample #4 from Finland

T °C Time(hr) TB-01B TB-02B TB-03B TB-03B TB-0
mean

TB-0
b r id g in g

TB-0
non­

b r id g in g

625 0 . 0 1.623 1.598 1.661 1.672 1.639 1.667 1.610
625 0 .3 1.624 1.604 1.665 1.669 1.641 1.667 1.614
625 0 .7 1.621 1.599 1.669 1.670 1.640 1.670 1.610
625 1 . 0 1.622 1.595 1.665 1.671 1.638 1 . 6 6 8 1.608
625 2 . 0 1.625 1.600 1 . 6 6 8 1.670 1.641 1.669 1.613
625 5 .0 1.624 1.601 1 . 6 6 6 1.669 1.640 1 . 6 6 8 1.612
625 30 .0 1.623 1.600 1.664 1.669 1.639 1 . 6 6 6 1.612
625 1 0 0 . 0 1.621 1.600 1.663 1.665 1.637 1.664 1.610

675 0 . 0 1.623 1.598 1.667 1 . 6 6 6 1.638 1.667 1.610
675 0 .3 1.624 1.597 1.674 1.662 1.639 1 . 6 6 8 1.610
675 0 .5 1.621 1.598 1.673 1 . 6 6 6 1.640 1.670 1.609
675 0 .7 1.625 1.597 1.670 1.667 1.640 1.669 1.611
675 0 . 0 1.623 1.598 1.670 1 . 6 6 8 1.640 1.669 1.611
675 0 . 2 1.619 1.600 1.672 1.669 1.640 1.671 1.610
675 0 .5 1.623 1.601 1.671 1.667 1.640 1.669 1.619
675 2 . 0 1.620 1.601 1.672 1.669 1.641 1.671 1.611

725 0 . 0 1.619 1.599 1.667 1 . 6 6 8 1.638 1.667 1.609
725 0 . 1 1.624 1.593 1.664 1.674 1.639 1.669 1.608
725 0 . 2 1.623 1.602 1.665 1.671 1.640 1 . 6 6 8 1.612
725 0 .3 1.623 1.606 1.661 1.672 1.641 1.667 1.614
725 0 . 8 1.618 1.588 1.665 1.669 1.635 1.667 1.603
725 3 .0 1.625 1.595 1.665 1 . 6 6 6 1.638 1.665 1.610



Table 3 .2 f  Tetrahedral Bond Lengths in (A) o f Natural Sample #5 from Wyoming

T °C Time(hr) TB-01B TB-02B TB-03B TB-03B TB-0
mean

TB-0
b rid g in g

TB-0
non­

b r id g in g

525 0 . 0 1.628 1.599 1 . 6 6 8 1.670 1.641 1.669 1.614
525 0 . 1 1.632 1.603 1 . 6 6 6 1 . 6 6 6 1.642 1 . 6 6 6 1.618
525 0 .3 1.626 1.599 1 . 6 6 6 1 . 6 6 6 1.639 1 . 6 6 6 1.613
525 0 .5 1.629 1.599 1 . 6 6 8 1 . 6 6 8 1.641 1 . 6 6 8 1.614
525 2 . 0 1.630 1.602 1.664 1.673 1.642 1 . 6 6 8 1.616
525 576.0 1.633 1.598 1.662 1.670 1.641 1 . 6 6 6 1.615

575 0 . 0 1.628 1.601 1 . 6 6 6 1 . 6 6 8 1.641 1.667 1.615
575 0 . 1 1.635 1.601 1 . 6 6 8 1.667 1.643 1 . 6 6 8 1.618
575 0 . 2 1.620 1.606 1.667 1.665 1.639 1 . 6 6 6 1.613
575 0 .3 1.627 1.607 1.669 1 . 6 6 8 1.645 1 . 6 6 8 1.617
575 0 .5 1.628 1.601 1.665 1.675 1.642 1.670 1.614
575 2 . 0 1.627 1.600 1.667 1.672 1.642 1.669 1.614
575 1 0 . 0 1.633 1.605 1.669 1 . 6 6 8 1.644 1.669 1.619

625 0 . 0 1.632 1.602 1.667 1.667 1.642 1.667 1.617
625 0 . 2 1.624 1.601 1.662 1.679 1.641 1.670 1.612
625 0 .4 1.626 1.590 1.664 1.676 1.639 1.670 1.608
625 0 .5 1.628 1.599 1.665 1.671 1.641 1 . 6 6 8 1.613
625
625

1 .5
4 .5

1.631 1.598 1 . 6 6 6 1.667 1.640 1 . 6 6 6 1.615

625 0 . 0 1.627 1.598 1 . 6 6 6 1.671 1.640 1 . 6 6 8 1.613
625 0 . 1 1.630 1.604 1 . 6 6 8 1.669 1.643 1 . 6 6 8 1.617

CO
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Table 3.2g Ml-0 Bond Lengths in Sample #4 from Finland

T °C Tim e(hr) M1-01A M1-01A M1-01B M1-01B M1-02A M1-02B Ml-0 Vol(A3)
mean Ml

625 0 .0 2.055 2.159 2.178 2.079 2.058 2.088 2.103 12.260
625 0 .3 2.053 2.162 2.181 2.081 2.058 2.084 2.103 12.266
625 0 .7 2.053 2.164 2.181 2.088 2.055 2.087 2.105 12.291
625 1 .0 2.054 2.164 2.179 2.088 2.057 2.086 2.105 12.300
625 2 .0 2.055 2.165 2.181 2.084 2.056 2.085 2.104 12.280
625 5 .0 2.055 2.166 2.179 2.083 2.060 2.087 2.105 12.290
625 30 .0 2.053 2.161 2.183 2.083 2.054 2.087 2.103 12.270
625 100.0 2.052 2.166 2.178 2.078 2.059 2.086 2.101 12.230

675 0 .0 2.047 2.160 2.177 2.080 2.059 2.087 2.102 12.241
675 0 .3 2.053 2.166 2.181 2.082 2.056 2.090 2.105 12.290
675 0 .5 2.056 2.165 2.183 2.089 2.055 2.089 2.106 12.320
675 0 .7 2.057 2.173 2.183 2.085 2.058 2.090 2.108 12.348
675 0 .0 2.050 2.162 2.179 2.076 2.058 2.089 2.103 12.255
675 0 .2 2.050 2.166 2.185 2.083 2.064 2.089 2.106 12.314
675 0 .5 2.048 2.168 2.180 2.084 2.061 2.088 2.105 12.290
675 2 .0 2.059 2.162 2.184 2.084 2.066 2.088 2.108 12.351

725 0 .0 2.048 2.161 2.174 2.081 2.059 2.086 2.101 12.240
725 0 .1 2.063 2.166 2.181 2.078 2.063 2.089 2.106 12.320
725 0 .2 2.052 2.166 2.177 2.092 2.061 2.085 2.106 12.306
725 0 .3 2.055 2.161 2.181 2.085 2.062 2.084 2.105 12.295
725 0 .8 2.052 2.168 2.178 2.086 2.052 2.094 2.105 12.302
725 3 .0 2.056 2.165 2.178 2.080 2.048 2.087 2.102 12.250

00
VO



Table 3.2h Ml-0 Bond Lengths in Sample #5 from Wyoming

T °C Time(hr) M1-01A M1-01A M1-01B M1-01B M1-02A M1-02B Ml-0
Mean

Vol(A3) 
Ml

525 0 .0 2.072 2.176 2.187 2.100 2.076 2.106 2.119 12.545
525 0 .1 2.073 2.178 2.183 2.105 2.075 2.104 2.120 12.550
525 0 .3 2.079 2.182 2.186 2.104 2.076 2.104 2.120 12.588
525 0 .5 2.074 2.179 2.186 2.104 2.072 2.106 2.120 12.553
525 2 .0 2.073 2.180 2.183 2.108 2.077 2.100 2.120 12.560
525 576.0 2.074 2.174 2.187 2.097 2.069 2.104 2.117 12.510

575 0 .0 2.075 2.179 2.184 2.101 2.071 2.106 2.119 12.550
575 0 .1 2.071 2.181 2.177 2.101 2.072 2.105 2.118 12.515
575 0 .2 2.066 2.184 2.190 2.104 2.077 2.099 2.120 12.560
575 0 .3 2.070 2.181 2.184 2.104 2.073 2.103 2.119 12.540
575 0 .5 2.076 2.181 2.185 2.103 2.075 2.107 2.121 12.580
575 2 .0 2.076 2.179 2.189 2.105 2.072 2.105 2.121 12.570
575 10 .0 2.075 2.177 2.185 2.102 2.070 2.107 2.119 12.540

625 0 .0 2.071 2.178 2.179 2.105 2.071 2.101 2.118 12.520
625 0 .2 2.079 2.178 2.185 2.114 2.070 2.098 2.121 12.564
625 0 .4 2.078 2.177 2.189 2.102 2.073 2.113 2.122 12.591
625 0 .5 2.077 2.179 2.185 2.107 2.077 2.105 2.122 12.583
625
625

1.5
4 .5

2.075 2.177 2.182 2.103 2.070 2.104 2.119 12.530

625 0 .0 2.071 2.179 2.181 2.101 2.075 2.105 2.118 12.530
625 0 .1 2.075 2.179 2.184 2.105 2.076 2.103 2.120 12.560

toO



Table 3 .2 i M2-0 Bond Lengths in Sample #4 from Finland

—
1 o

O Time(hr) M2-01A M2-01B M2-02A M2-02B M2-03A M2-03B M2-0
mean

Vol(A3) 
M2

625 0 .0 2.168 2.129 2.052 2.007 2.414 2.560 2.222 13.413
625 0 .3 2.168 2.127 2.055 2.002 2.408 2.556 2.219 13.378
625 0 .7 2.163 2.128 2.050 2.005 2.405 2.553 2.217 13.364
625 1 .0 2.170 2.124 2.052 2.012 2.406 2.554 2.220 13.404
625 2 .0 2.167 2.123 2.053 2.002 2.407 2.551 2.217 13.360
625 5 .0 2.163 2.127 2.051 2.002 2.406 2.557 2.218 13.350
625 30.0 2.168 2.124 2.053 2.001 2.407 2.561 2.219 13.380
625 100.0 2.164 2.129 2.056 2.003 2.408 2.565 2.221 13.420

675 0 .0 2.169 2.128 2.049 2.007 2.414 2.561 2.221 13.400
675 0 .3 2.163 2.128 2.050 2.006 2.411 2.557 2.219 13.390
675 0 .5 2.162 2.125 2.049 2.003 2.410 2.556 2.218 13.360
675 0 .7 2.167 2.121 2.045 2.009 2.409 2.555 2.218 13.360
675 0 .0 2.171 2.131 2.046 2.006 2.415 2.558 2.221 13.403
675 0 .2 2.168 2.127 2.047 2.004 2.412 2.554 2.219 13.366
675 0 .5 2.167 2.129 2.049 2.004 2.404 2.556 2.218 13.370
675 2 .0 2.161 2.126 2.053 2.004 2.410 2.554 2.218 13.358

725 0 .0 2.169 2.136 2.047 2.010 2.416 2.555 2.222 13.429
725 0 .1 2.161 2.128 2.047 2.006 2.406 2.553 2.217 13.350
725 0 .2 2.164 2.121 2.046 2.006 2.407 2.552 2.216 13.331
725 0 .3 2.162 2.121 2.050 2.001 2.404 2.556 2.217 13.343
725 0 .8 2.164 2.131 2.052 2.012 2.406 2.562 2.221 13.420
725 3 .0 2.164 2.123 2.057 2.007 2.404 2.561 2.219 13.400

VO



Table 3 .2 j M2-0 Bond Lengths in Sample #5 from Wyoming

T °C Time(hr) M2-01A M2-01B M2-02A M2-02B M2-03A M2-03B M2-0 Vol(A3)
Mean M2

525 0 .0 2.172 2.126 2.040 2.110 2.441 2.563 2.224 13.442
525 0 .1 2.166 2.126 2.041 1.996 2.445 2.567 2.223 13.426
525 0 .3 2.169 2.129 2.044 2.004 2.446 2.569 2.227 13.506
525 0 .5 2.168 2.125 2.041 1.996 2.438 2.563 2.220 13.420
525 2 .0 2.171 2.125 2.038 2.003 2.441 2.563 2.223 13.420
525 576.0 2.170 2.125 2.053 2.003 2.440 2.572 2.227 13.490

575 0 .0 2.173 2.132 2.045 1.999 2.445 2.566 2.227 13.500
575 0 .1 2.172 2.130 2.047 2.001 2.441 2.563 2.226 13.480
575 0 .2 2.174 2.137 2.044 2.002 2.442 2.572 2.228 13.520
575 0 .3 2.177 2.130 2.041 1.999 2.438 2.563 2.225 13.440
575 0 .5 2.170 2.129 2.041 1.998 2.441 2.561 2.223 13.430
575 2 .0 2.171 2.127 2.047 2.001 2.438 2.563 2.224 13.460
575 10.0 2.182 2.127 2.041 1.997 2.439 2.563 2.225 13.450

625 0 .0 2.170 2.127 2.041 2.001 2.444 2.562 2.226 13.460
625 0 .2 2.165 2.126 2.050 2.006 2.443 2.562 2.226 13.490
625 0 .4 2.169 2.130 2.048 2.006 2.443 2.567 2.227 13.505
625 0 .5 2.169 2.129 2.044 2.005 2.441 2.568 2.226 13.482
625 1.5 2.172 2.129 2.049 2.004 2.444 2.574 2.229 13.527
625 4 .5
625 0 .0 2.175 2.136 2.042 2.002 2.444 2.570 2.228 13.514
625 0 .1 2.172 2.126 2.043 1.996 2.446 2.568 2.225 13.457

toro
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Fig u re  3 .2  Mean t e t r a h e d r a l  bond le n g th s  p lo t t e d  a g a in s t  t o t a l  i ro n  
c o n te n t .  Open sq u ares  a re  n a tu ra l  samples from t h i s  s tu d y ;  f i l l e d  
sq u a re s  a re  n a tu ra l  samples from Domeneghettl e t  a l . ,  1985; f i l l e d  
diamonds r e p r e s e n t  s y n th e t i c  e n s t a t l t e  (En) from Ganguly and Ghose, 
1979, and s y n th e t i c  f e r r o s i l l t e  (Fs) from Sueno e t  a l . ,  1976. Arrows 
I n d ic a te  th e  t r e n d  w ith  In c re a s in g  A11V from Domeneghettl e t  a l . ,  1985.
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F ig u re  3 .3  V a r ia t io n  in  mean Ml-0 bond le n g th s  w ith  Fe^+ in  th e  Ml 
s i t e .  Open c i r c l e s  a re  f o r  h ea t in g  a t  725°C (sample 4 ) ,  open diamonds 
a r e  f o r  625°C (sam ples 4 and 5) and open t r i a n g l e s  a re  f o r  525°C (sample 
5 ) .  O ther symbols as 1n F igure  3 .2 .  The En-Fs t r e n d  1s from 
Domeneghettl e t  a l . .  1985. The arrows I n d ic a te  bond le n g th  changes w ith  
in c re a s in g  h e a t in g .
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d is o r d e r  p o s s i b i l i t y  due t o  th e  s m a l le r  amount o f  i r o n .  I n i t i a l l y ,  th e  

<Ml-0> bond le n g th s  in c re a s e  p a r a l l e l  t o  th e  En-Fs t r e n d .  This  i s  as
p  .

expec ted  w ith  in c re a s in g  Fe e n te r in g  th e  Ml s i t e .  However, w ith  

f u r t h e r  h e a t in g  th e  <Ml-0> bond leng th  drops s i g n i f i c a n t l y  w ith  a lm ost
p .

c o n s ta n t  Fe in  Ml. This e f f e c t ,  no t r e l a t e d  to  th e  d i s o r d e r  d e g re e ,

w i l l  be d is c u s se d  l a t e r  in  t h i s  c h a p te r .

The M2 s i t e  has an i r r e g u l a r  c o o rd in a t io n  w ith  th e  s ix  oxygens.

F ig u re  3 .4  shows th e  v a r i a t i o n  in  th e  M2-03A bond le n g th  w ith  r e s p e c t  to

t o t a l  i ro n  f o r  th e  n a tu ra l  sam ples. The d o t te d  l i n e  shows th e  gen e ra l

t r e n d  and th e  in c re a s e  in  s i z e  i s  very r e g u la r .  Samples 4 and 5 l i e

s l i g h t l y  o f f  th e  expected  t re n d  w ith  th e  bond le n g th s  being s l i g h t l y

lo n g e r .  As th e s e  a re  a l l  n a tu ra l  sam ples, t h i s  e f f e c t  could occu r  due
?+t o  a h ig h e r  amount o f  Fe in  th e  M2 s i t e ,  i . e .  a more o rdered  n a tu ra l  

sample th a n  th e  o th e r s  in d i c a t in g  a longer  co o l in g  h i s t o r y .

The r e g u la r  in c re a s e  in  th e  M2-03B bond le n g th  w ith  com position  i s  

shown in  F igu re  3 .5 ,  w ith  th e  d o t te d  l i n e  in d i c a t in g  th e  t r e n d .  Samples 

10 and 5 have s l i g h t l y  s h o r t e r  M2-03B bond le n g th s .  T h is  f e a t u r e  

compares w ell w ith  th e  d ec re a se  in  s i z e  o f  th e  <TB-0> bond le n g th s  due 

to  a small amount o f  A1IV in  th e  TB s i t e .

V a r ia t io n s  in  th e  volume o f  th e  u n i t  c e l l  a re  a l s o  l i n e a r  compared 

t o  th e  t o t a l  i ro n  c o n te n t .  Much more d a ta  i s  a v a i l a b l e  on th e  u n i t  c e l l  

volume; th e  method i s  no t tim e consuming compared to  o b ta in in g  a 

com plete  re f in e m e n t  o f  th e  o rthopyroxene s t r u c t u r e  to  o b ta in  d a ta  on th e  

s i t e  occupancy. The samples a re  from Ross and Huebner (1979).  With 

h e a t in g  th e  u n i t  c e l l  in c re a s e s  in  volume due to  i ro n  e n t e r in g  and 

e n la rg in g  th e  sm a l le r  Ml s i t e .  The M2 s i t e  does not d ec re ase  in  s i z e  

w ith  th e  a d d i t io n  o f  th e  s m a l le r  Mg atom. The volume change on h e a t in g ,
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2.5

2.45 -

2.4 -

2.35 -

M 2-0 3A

o
(A) 2.3

2.25 -

2.2

10/68

* 274

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

X Fe
2 + 

Ml X Fe
2 + 

M2

F ig u re  3 .4  V a r ia t io n  o f  M2-03A bond le n g th s  w ith  t o t a l  I ro n  c o n te n t .  
Same symbols as f o r  F ig u re  3 .2 .
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M 2-03B

(A)

10/68

0.0 0 .2  0 .4  0 .6  0 .8  1.0 1.2 1.4 1.6 1.8 2.0

\ /  ^  2 + 

F e  Ml  +  X F e M2

F ig u re  3 .5  V a r ia t io n  o f  M2-03B bond le n g th s  w ith  t o t a l  i ro n  c o n te n t .  
Symbols as  f o r  F igu re  3 .2 .
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8 8 0

870

860

Cell 850 
V o lu m e

<*>3 840

830

820

F ig u re  3 .6  V a r i a t i o n  o f  u n i t  c e l l  volume with  t o t a l  I r o n  c o n t e n t .  
F i l l e d  c i r c l e s  a r e  f o r  samples from Ross and Huebner (1979) .  F i l l e d  
s q u a re s  a r e  f o r  samples 4 and 5 o f  t h i s  s tudy  and 274 ,  10 and 10/68 a re  
from Domeneghettl  e t  a l .  (1985).

•

•  •
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al though  no ted f o r  each in d i v id u a l  c r y s t a l ,  i s  w i th i n  t h e  s c a t t e r  of  

F igu re  3 .6 .

Although a l l  t h e  bond le n g th s  and th e  c e l l  volume i n c r e a s e  q u i t e
p .

l i n e a r l y  w i th  com pos i t ion ,  t h e  d i s t r i b u t i o n  of  Fe between t h e  two 

s i t e s  i s  no t  e q u a l .  F igure 3 .7  i n d i c a t e s  how th e  s i t e s  a r e  i n f i l l e d .  

I n i t i a l l y  th e  Fe2+ e n t e r s  i n t o  t h e  M2 s i t e  r a p i d l y ,  th e n  between 50-66%
p .

Fe , t h e  r a t e s  change and th e  Ml s i t e  i s  f i l l e d  p r e f e r e n t i a l l y .  A 

change in  t h e  k i n e t i c  r a t e s  of  th e  s i t e - e x c h a n g e  r e a c t i o n  and th e  energy 

i n t e r a c t i o n s  o f  t h e  s i t e s  may occur  around t h i s  com psi t ion .

F ig .  3 .8  shows t h e  r e s u l t s  o f  t h e  he a t in g  exper iments  a t  t h r e e  

d i f f e r e n t  t e m p era tu re s  f o r  each com posi t ion .  The h e a t in g  exper iments
p . p .

proceed as expec ted  with  Fe M2 d e c r e a s i n g ,  Fe Ml i n c r e a s i n g ,  t o t a l  

e l e c t r o n s  ( t h e  sum o f  Fe2+ in  Ml and M2 m u l t i p l i e d  by 26 and o f  Mg in  Ml 

and M2 m u l t i p l i e d  by 12) remaining c o n s t a n t  and th e  Ml-0 bond le ng th
p .

i n c r e a s i n g  as Fe e n t e r s  the  Ml s i t e  ( see  a l s o  f i g .  3 .2 )  u n t i l  t h e  

c r y s t a l s  reach  e q u i l i b r i u m .  These d a t a  can be used t o  d e r i v e  k i n e t i c  

r a t e s  as d i s c u s s e d  l a t e r .

A f t e r  th e  e q u i l i b r i u m  s t a t e  was a t t a i n e d  some of  th e  samples (#4 a t  

625°C and 725°C, #5 a t  525°C) were hea ted  f o r  an a d d i t i o n a l  p e r io d  o f  

t im e .  We noted a dec rease  in  t o t a l  e l e c t r o n s  shown as a f u r t h e r  d e c r e a s e
p .

of  Fe in  M2 i n d i c a t i n g  i n s t a b i l i t y  in  t h e  c r y s t a l  s t r u c t u r e  ( i r o n  in  

Ml remained c o n s t a n t ) .  For sample 4 t h e  s t r u c t u r a l  i n s t a b i l i t y  occurs  

between 5 and 30 hours a t  625°C and a f t e r  only  45 mins a t  725°C. For 

sample 5 a t  525°C, a lo s s  in  e l e c t r o n s  i s  noted a f t e r  31 days .  This  

phenomenon w i l l  be d i s c u s s e d  be fo re  co n t in u in g  w i th  t h e  k i n e t i c s .
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F ig u re s  3 .7  I n f i l l i n g  of  both  th e  Ml and M2 s i t e s  w ith  r e s p e c t  t o  t o t a l  
i r o n  c o n t e n t  o f  th e  sample.  E n s t a t i t e - f e r r o s i l i t e  j o i n  a t  700°C.
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OPX A 625  C
X Fe0.92

____ (i

0.76

4 0.40

2.108

2.104

2JOO L
M l-0

20 40 60m. 2 5 30

0.44

0.40
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032

028

F igu re  3 . 8 . a .  Summary o f  th e  he a t in g  exper iments  f o r  sample #4 a t  
625°C. The upper s e c t i o n  shows th e  changes in  Fez+ in  Ml and M2 s i t e s  
w i th  p r o g r e s s i v e  h e a t i n g .  The c e n t r a l  s e c t i o n  shows th e  changes In t h e  
t o t a l  e l e c t r o n s .  The lowes t  s e c t i o n  shows th e  changes 1n t h e  mean <M1- 
0> bond l e n g t h s .  ( E r ro r  bars  1n a l l  s e c t i o n s  a r e  t h r e e  s t an d a rd  
d e v i a t i o n s . )  The gene ra l  t r e n d  i s  f o r  an In c r e a s e  in  Fez 1n Ml w i th  a 
co r respond ing  d e c re a se  1n M2. The t o t a l  e l e c t r o n s  remain c o n s t a n t .  An 
I n c r e a s e  1n th e  volume o f  th e  Ml s i t e  accompanies t h e  I n c r e a s e  in  th e  
amount of  Fez+ in  t h i s  s i t e .

The d o t t e d  re g io n  on th e  f a r  r i g h t  o f  t h i s  and F ig u re s  3 . 3 . c  and 
3 . 3 . d  show i n s t a b i l i t y  1n th e  c r y s t a l .  This  i s  d i s c u s s e d  f u r t h e r  in  t h e  
t e x t .
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OPX 4 675°C
X Fe XFe0.92 M2
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10 15 3045nrw/ls I h r s

Figure 3 .8b. Summary of heating experiments for sample 4 at 675°C. See
caption for Figure 3.8a for other d e ta i l s .
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OPX 4 725 C
X FeX F e m0.92 M2

036

0.80 032

028

41.60
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2.108

2.100
Ml-0

5 10 15 l& m in s  3 h rs

Figure  3 . 8 c .  Summary o f  h e a t in g  experiments  f o r  sample 4 a t  725°C. See 
c a p t io n  f o r  F igure  3 .8a  f o r  o t h e r  d e t a i l s .
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OPX 5 525*C
X Fe X Fe 0.80M2

• 0.96

0.92 0.72

47.00

2.122

" M l-0

5 15 30nrw'ns 2/vs

Figure 3.8d. Summary of heating experiments for sample 5 at 525°C. See
caption for Figure 3.8a for other d e ta i l s .
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OPX 5 575“C
X Fe XFeM2
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0.92 0.72
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2.122
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M l - 0

5 10 15 30/n/n* I h r s lO h r s

Figure 3 .8e . Summary of heating experiments for sample 5 at 575°C. See
caption for Figure 3.8a for other d e ta i l s .
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OPX 5 625°C
XFe XFe1 .0 0 0.60M2
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2.118

2.114
M 1-0

F igu re  3 . 8 f .  Summary o f  h e a t in g  experiments  f o r  sample 5 a t  625°C. See 
c a p t i o n  f o r  F igure  3 .8a  f o r  o t h e r  d e t a i l s .
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2.  S t a b i l i t y  o f  I r o n - r i c h  Orthopyroxene

Both samples 4 and 5 showed s ig n s  o f  s t r u c t u r a l  i n s t a b i l t y  w ith  

h e a t in g  o f  t h e  c r y s t a l s .  This  dec re a se  in  t h e  t o t a l  number o f  e l e c t r o n s  

w ith  t ime could be a t t r i b u t e d  t o  a lo s s  of  i r o n  (o r  o t h e r  high  e l e c t r o n  

d e n s i t y  ions)  from th e  or thopyroxene  c r y s t a l  s t r u c t u r e .  This  may be 

caused by s e v e ra l  d i f f e r e n t  methods,  t h e  main ones being 1 ) o x i d a t i o n  o f  

th e  sample by oxygen e n t e r i n g  th e  system (which could  form i r o n  ox ides  

on th e  s u r f a c e ) ,  2 ) a secondary i r o n - r i c h  phase forming w i t h i n  th e
p .

c r y s t a l  o r  3) i n t e r n a l  o x id a t io n  in  th e  c r y s t a l  with  Fe o x i d i z i n g  t o  

Fe^+ which would n e c e s s i t a t e  th e  i n t r o d u c t i o n  of  a vacancy i n t o  th e  

l a t t i c e .

I t  should a l s o  be noted t h a t  Anovitz e t  a l .  (1988) had anomalous 

r e s u l t s  f o r  t h e i r  most i r o n - r i c h  sample (PX4,TM2 Fs=0.81) f o r  long 

p e r io d s  o f  h e a t in g .  This  sample i s  a l s o  ou t  o f  t h e  or thopyroxene  

s t a b i l i t y  f i e l d  a t  th e  te m pera tu re s  and p r e s s u r e s  o f  t h e i r  

e xper im en t s .  Anovitz e t  a l .  (1988) ,  X-rayed th e  samples but  no o t h e r  

phases  were d i s t i n g u i s h e d .

I r o n - r i c h  o r thopyroxenes  a re  s t a b l e  a t  r e l a t i v e l y  high  t e m p e ra tu r e s  

and p r e s s u r e s ,  normally a s s o c i a t e d  with  g r a n u l i t e  f a c i e s  metamorphism.

The e q u i l i b r i u m  c o n d i t io n s  f o r  or thopyroxene ,  r e l a t i v e  t o  o l i v i n e  and 

q u a r t z ,  a r e  dependent  not  only  on p r e s s u r e  and te m pera tu re  bu t  a l s o  on 

oxygen f u g a c i t y .  However, th e  ac tu a l  va lue  o f  th e  fg  d u r ing  a nnea l ing  

f o r  samples 4 and 5 i s  not  known. The samples were hea ted  in  t r e a t e d  

argon and th e  atmosphere i s  be l ieved  t o  be r e d u c in g .  (The d i f f i c u l t y  to  

de te rm ine  t h e  va lue  of  th e  f u g a c i t y  a l s o  occurs  f o r  samples hea ted  in  a 

gas -mixing  fu rn ace  a s ,  a l though  th e  gases  a re  c o n t r o l l e d ,  adequa te  

mixing does not  occur a t  t h e  tem pera tu res  of  t h e s e  exper iments  ( J . S .
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Huebner, G.L. Nord J r . ,  p e r s .  comm. 1987) .)  T h e re fo re ,  f o r  t h i s  

s e c t i o n ,  th e  s t a b i l i t y  of  th e  c r y s t a l  i s  eva lua ted  by o b s e r v a t i o n  r a t h e r  

th a n  by c a l c u l a t i o n .

I n i t i a l l y ,  th e  s t a b i l i t y  of  or thopyroxene can be s tu d ie d  by a phase 

diagram (Fig 3 . 9 ) .  The thermochemical  d a t a  used f o r  t h i s  diagram i s  

from C h a t t e r j e e  (1987) us ing  an ide a l  s o l u t i o n  model f o r  t h e  e n s t a t i t e -  

f e r r o s i l i t e  b in a ry  and W12 = W21 = 4500 J/mol f o r  th e  f o s t e r i t e - f a y a l i t e  

b in a ry .  The oxygen f u g a c i t y  f o r  th e  exper iments  c o n s t r a i n i n g  t h i s  model 

(Bohlen and B o e t t c h e r ,  1982) i s  below th e  QFM b u f f e r .  The phase diagram 

i s  contoured  by th e  composi t ion  of  th e  i r o n - r i c h  pyroxene .  C r y s t a l s  of  

sample 5 a r e  o u t s i d e  th e  s t a b i l i t y  f i e l d  a t  one atmosphere.  However, 

sample 4,  i f  a pure b in a ry  phase ,  should be s t a b l e  up t o  approx im ate ly  

950°C. Small amounts of  n o n - q u a d r i l a t e r a l  components may cause  i t  t o  

become u n s t a b l e  a t  lower te m p e ra tu r e s .

To i n v e s t i g a t e  t h i s  problem, n a tu ra l  and hea ted  samples o f  #5 

(700°C, 15 hours in  a i r ,  15 hours in  argon) were s tu d ie d  f i r s t  by SEM 

and then  by TEM. Three c r y s t a l s  (100-200 ym ) were f i r s t  a f f i x e d  t o  a 

metal  s tand  with  a carbon p a s t e  and s tu d ie d  under t h e  SEM up t o  a 

m a g n i f i c a t i o n  of  10,000X. The n a tu ra l  sample,  f i g u r e s  3 .1 0 a ,  b and c ,  

shows a r e l a t i v e l y  c l e a n  s u r f i c i a l  t e x t u r e  a t  a 200X m a g n i f i c a t io n  

becoming,  as  expec ted ,  much rougher  as th e  m a g n i f i c a t io n  i n c r e a s e s  t o  

3,700X and then  5,000X. X-ray energy d i s p e r s i v e  s p e c t r a  were c o l l e c t e d  

but  no unexpected  c o n c e n t r a t i o n  of  elements was seen .  These photographs  

and s p e c t r a  could  then  be used f o r  comparison t o  t h e  heated c r y s t a l s .

F igure  3 .11a  shows th e  sample heated in  a rgon ,  a t  10,000X. F lakes  

of  o r th opy roxene ,  confirmed by X-ray energy d i s p e r s i v e  s p e c t r a ,
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F igure  3 . 9 .  P r e s s u re - t e m p e ra tu r e  phase e q u i l i b r i a  f o r  o l i v i n e ,  
o r thopyroxene ,  and q u a r t z ,  con toured in  mole % f e r r o s i l i t e  (Fs) 
component Thermochemical d a t a  used and oxygen f u g a c i t y  a r e  s t a t e d  1n 
t h e  t e x t .
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F ig u re  3 .1 0 .  N atu ra l  (unheated)  c r y s t a l  o f  sample 5.  M a g n i f i c a t i o n s  
a r e  (a )  200X; (b)  3.700X; ( c ) ,  5.000X.



I l l

Figure  3 .11 .  C ry s ta l  o f  sample 5 hea ted  in  argon (a)  and in  a i r  ( b ) .  
M ag n i f i c a t i o n s  a r e  10.000X f o r  ( a ) ;  200X f o r  ( b ) .
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could be seen .  The s u r f a c e  was c a r e f u l l y  checked and many s p e c t r a  run 

on th e  d i f f e r e n t  t e x t u r a l  a r e a s  seen under high m a g n i f i c a t i o n .  No 

secondary  phase o r  p r e c i p i t a t e s  were no ted .  The t h i r d  sample was hea ted  

in  a i r .  The sample i s  shown in  f i g u r e  3.10b a t  200X m a g n i f i c a t i o n .

Again no secondary  phases  o r  p r e c i p i t a t e s  were seen .  T h e re fo re ,  

o x i d a t i o n  o f  the  s u r f a c e  due t o  oxygen e n t e r i n g  th e  system seems 

u n l i k e l y .

Two c r y s t a l s  of  sample 5, one a n a t u r a l  c r y s t a l  and th e  second 

hea ted  in  a rgon ,  were then  prepared  f o r  s tudy  with  t h e  TEM accord ing  t o  

t h e  p r e p a r a t i o n  method of  Wandless and Nord (1986) .  The c r y s t a l  i s  

f i r s t  mounted in  an epoxy "bu t ton"  on a g l a s s  s l i d e ,  t r y i n g  t o  o b t a i n  an 

o r i e n t a t i o n  p e rp e n d ic u la r  t o  (100) .  The sample i s  exposed by g r in d i n g  

and then  p o l i sh e d  with  f i n e r  g r i t s  of  A1 2 0 3  and diamond p a s t e .  The 

epoxy and sample a r e  then  removed from th e  g l a s s  s l i d e  and r e a f f i x e d ,  

p o l i s h e d  s id e  down with  Crys ta lbond (a s o lu b le  a d h e s iv e ) .  Again th e  

c r y s t a l  i s  exposed us ing  f i n e  g r i t s  and then  slowly th inned  

us ing 9 vim and f i n a l l y  1 ym diamond s p ray .  The sample i s  p o l i s h e d  t o  

f i r s t  o r d e r  whi te  o r  g rey  i n t e r f e r e n c e  c o l o r s .  The Crys ta lbond i s  th e n  

d i s s o lv e d  with  ace tone .  The sample was then  mounted on a copper g r i d  

us ing  superg lue  and p laced  in  an argon ion t h i n n e r  and bombarded from 

both  s i d e s  by an argon gas plasma source  u n t i l  a t h i c k n e s s  of  

approx im ate ly  0 .5  micrometers  i s  reached .  F i n a l l y  t h e  sample i s  coa ted  

with  a t h i n  (few te n s  o f  Angstroms) l a y e r  o f  ca rbon.

An a t tem p t 'w as  made t o  t h i n  t h e  samples with  a* and c* in  t h e  p lane  

of  t h e  sample (z> p a r a l l e l  t o  the  beam) which i s  th e  b e s t  o r i e n t a t i o n  t o  

see  f e a t u r e s  p a r a l l e l  t o  (100) in  or thopyroxene .  A coheren t  

c l inopy roxene  lam el l ae  i s  seen  in  f i g u r e  3 .12a in  an o r thopyroxene



F igure  3 .1 2 a .  A d i r e c t  l a t t i c e  image of  a co h e re n t  c l inopyroxene  
la m e l l a e  p a r a l l e l  t o  (100) in  a orthopyroxene h o s t .  The d i f f r a c t i o n  
p a t t e r n  chosen t o  form t h i s  image i s  shown in  f i g u r e  3 .12b .
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h o s t .  The 18 A (100) d - spac ing  of  th e  or thorhombic h o s t  can be seen ,  as  

can th e  4 .5  A ( 2 0 0 ) d - spac ing  o f  a monoc lin ic phase ,  c 2 / c ,  

c l in o p y ro x e n e .  F igure  3.12b shows th e  a* c* d i f f r a c t i o n  p a t t e r n .  A 

small  p a r t  o f  t h i s  d i f f r a c t i o n  p a t t e r n  was chosen ( i n s e t  F ig .  3.12b)  t o  

form th e  d i r e c t  l a t t i c e  image in  f i g u r e  3 .12a .

F igure  3.13 shows a s e r i e s  o f  photomicrographs taken  a c ro s s  th e  

c r y s t a l .  Severa l  f i n e  la m e l l ae  of  c l inopyroxene  can be seen  (expec ted  

i n  metamorphic rocks )  vary ing  in  s i z e  from 50-100 A. The t o t a l  volume 

of  t h e s e  l a m e l l a e ,  in  t h i s  p l a n e ,  i s  2.7% o f  th e  c r y s t a l  ( d i r e c t  

measurement) .  This  c r y s t a l ,  a l though checked by th e  microscope and 

c o n s id e re d  a p o s s i b l e  sample f o r  th e  he a t in g  exper iments  was not  s t u d ie d  

on th e  d i f f r a c t o m e t e r  and I do not  know i f  i t  would have been s e l e c t e d  

f o r  t h e  h e a t in g  exper im en t s .  (Two o u t  o f  every  t h r e e  were r e j e c t e d  

a f t e r  t h e  d i f f r a c t i o n  peaks were viewed f o r  sample #5,  r e j e c t i o n  was 

much h ig h e r  f o r  sample # 4 . )  T h e re fo re ,  t h i s  volume o f  c l in opy roxene  

l a m e l l a e  can on ly  be cons ide red  a rough maximum f o r  t h e  samples used in  

t h e  h e a t in g  exper im en ts .

F igure  3 .14 shows the  sample heated in  a rgon .  This  t im e ,  

u n f o r t u n a t e l y ,  th e  e l e c t r o n  d i f f r a c t i o n  p a t t e r n  i n d i c a t e s  t h a t  b* and c* 

a r e  in  t h e  p lane  of  th e  sample,  hence any l a m e l l ae  p a r a l l e l  t o  ( 1 0 0 ) 

cannot  be seen as they  a r e  ly in g  in  th e  p lane  o f  t h e  sample.  However, 

l a m e l l ae  o r  p r e c i p i t a t e s  o t h e r  th a n  th e  f i n e  co h e re n t  c 2 / c  l a m e l l ae  

a l r e a d y  noted would s t i l l  be seen as they  would in t ro d u c e  s t r a i n  i n t o  

t h e  c r y s t a l .

A view o f  t h i s  c r y s t a l  can be seen in f i g u r e  3 .1 4 a .  The sample i s  

ve ry uniform ( c o n t r a s t  d i f f e r e n c e s  due t o  t h i c k n e s s  changes)  and no 

no teworthy f e a t u r e s  can be seen .  T he re fo re ,  no i n d i c a t i o n  of  any o t h e r
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Figure  3 .13 .  A s e r i e s  o f  photomicrographs taken  a c ro s s  a unheated  
c r y s t a l  o f  sample 5. Severa l  f i n e  c l inopyroxene  l a m e l l ae  can be seen .
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F ig u re  3 .14a  C ry s ta l  of  sample 5 hea ted  in  argon showing a s t r a i n - f r e e  
f e a t u r e l e s s  d i r e c t  l a t t i c e  image. The d i f f r a c t i o n  p a t t e r n  used t o  form 
t h e  image i s  shown in  f i g u r e  3.14b.
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secondary phase could be seen and no s t r u c t u r a l  d i s t o r t i o n s  were no ted .

From th e s e  o b s e r v a t i o n s ,  i t  seems t h a t  e i t h e r  s u r f i c i a l  o x i d a t i o n  

o r  t h e  fo rm at ion  o f  a  secondary  phase a r e  u n l i k e l y .  T h e r e f o re ,  i n t e r n a l  

o x i d a t i o n  seems most probab le  with  t h e  i n t r o d u c t i o n  o f  a  vacancy in  t h e  

M2 s i t e  and th e  o x id a t io n  o f  i r o n  in  t h e  Ml s i t e .  This  would account  

f o r  t h e  d e c r e a s e  i n  e l e c t r o n  d e n s i t y  in  M2 (seen  as a l o s s  o f  i r o n )  and 

be c o n s i s t e n t  w i th  a r e d u c t io n  in  <Ml-0> bond l e n g th s  w h i l s t  r e t a i n i n g  a 

c o n s t a n t  d e n s i t y  e l e c t r o n  in  t h i s  s i t e .

With th e  d a t a  a v a i l a b l e  from th e s e  exper im en t s ,  t h e  e x a c t  n a t u re  of  

t h i s  e l e c t r o n  l o s s  cannot  be de te rmined .  However, i t  i s  im por tan t  t o  be 

aware o f  t h e s e  problems both f o r  f u t u r e  ex p e r im e n ta t io n  and when us ing  

p r e v i o u s l y  p u b l i sh e d  d a t a  in  t h i s  composi t iona l  range .
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3) K in e t i c s

a .  S i t e  Occupancy Values

The s i t e  occupancy d a t a  ob ta ined  have been used t o  ana lyze  th e  

k i n e t i c s  o f  t h e  d i s o r d e r i n g  exchange r e a c t i o n  in  o r thopyroxene ,  

dominated by

Mg2 + (M1) + Fe2 + (M2) -  Fe2 + (M1) + Mg2 + (M2) (3 .b )

Other components in  t h e  c r y s t a l  (Ca2+, Cr3+, T i4+, Al3+) w i l l  a l s o  

a f f e c t  t h e  exchange r e a c t i o n .  The s i t e  occupanc ies  used f o r  th e  

k i n e t i c s  a r e  c a l c u l a t e d  by th e  program MINUIT (James and Ross,  1975).

This  program a s s ig n s  Ca2+ and Mn2+ t o  M2 and A1VI, Fe3+, Cr2+ and T i 4+ 

t o  Ml, and t h e  c a t i o n  d i s t r i b u t i o n s  a r e  th e n  o b ta in ed  by th e  

m in im iza t ion  of  t h e  sq u a re s  of  th e  e r r o r s  o f  th e  fo l low ing  c o n s t r a i n t s :

1) ba lance  between atomic f r a c t i o n s  and s i t e  e l e c t r o n  d e n s i t y  o f  both  Ml 

and M2

2) complete s i t e  occupancy of  TA, TB, Ml and M2

3) charge  ba lance  between A1IV and R3+

4) bulk  va lence  ba lance .

I t  i s  t o  be noted t h a t  t h i s  method i s  a l s o  a good i n d i c a t o r  o f  th e  

s t a b i l i t y  o f  t h e  sample as t h e  r e s i d u a l s  become ex t remely  high  a f t e r  th e  

e l e c t r o n  l o s s  b e g in s .  Cat ion  d i s t r i b u t i o n  i s  r e p o r t e d  in  Tab les  3 . 3 . a 

and 3 . 3 . b .



Table 3.3a Recalculated S ite  Occupancies Based on Cation D istr ib u tion , Sample 4

T°C Time Ml M2 TeMl MgMl FeM2 MgM2 Kq
(m1ns)

Mg2+ Fe2+ Fe3+ Cr3+ T14+ Al3+ Mg2+ Fe2+ Mn2+ Ca2+ Na1+

625 NAT 0.700 0.293 0.000 0.004 0.003 0.000 0.037 0.888 0.020 0.055 0.000 0.295 0.705 0.960 0.040 0.017
625 20 0.649 0.343 0.002 0.004 0.003 0.000 0.088 0.837 0.020 0.055 0.000 0.346 0.654 0.905 0.095 0.055
625 40 0.614 0.379 0.000 0.004 0.003 0.000 0.123 0.802 0.020 0.055 0.000 0.382 0.618 0.867 0.133 0.094
625 60 0.609 0.383 0.001 0.004 0.003 0.000 0.128 0.797 0.020 0.055 0.000 0.386 0.614 0.862 0.138 0.101
625 120 0.603 0.390 0.000 0.004 0.003 0.000 0.135 0.789 0.020 0.055 0.000 0.393 0.607 0.854 0.146 0.111

675 NAT 0.702 0.289 0.002 0.004 0.003 0.000 0.023 0.904 0.020 0.053 0.000 0.292 0.708 0.975 0.025 0.010
675 NAT 0.708 0.284 0.002 0.004 0.003 0.000 0.039 0.888 0.020 0.053 0.000 0.286 0.714 0.958 0.042 0.018
675 10 0.646 0.345 0.002 0.004 0.003 0.000 0.097 0.830 0.020 0.053 0.000 0.348 0.652 0.895 0.105 0.062
675 15 0.636 0.355 0.002 0.004 0.003 0.000 0.116 0.811 0.020 0.053 0.000 0.358 0.642 0.875 0.125 0.080
675 30 0.611 0.380 0.002 0.004 0.003 0.000 0.135 0.792 0.020 0.053 0.000 0.383 0.617 0.854 0.146 0.106
675 30 0.621 0.371 0.002 0.004 0.003 0.000 0.132 0.795 0.020 0.053 0.000 0.374 0.626 0.858 0.142 0.099
675 45 0.606 0.385 0.002 0.004 0.003 0.000 0.155 0.772 0.020 0.053 0.000 0.388 0.612 0.833 0.167 0.128
675 120 0.606 0.385 0.002 0.004 0.003 0.000 0.144 0.783 0.020 0.053 0.000 0.388 0.612 0.845 0.155 0.117

725 NAT 0.710 0.282 0.002 0.003 0.003 0.000 0.033 0.894 0.021 0.051 0.000 0.284 0.716 0.964 0.036 0.015
725 5 0.571 0.418 0.002 0.003 0.003 0.000 0.172 0.755 0.021 0.051 0.000 0.423 0.577 0.814 0.186 0.167
725 10 0.576 0.415 0.001 0.003 0.003 0.001 0.169 0.759 0.021 0.051 0.000 0.419 0.581 0.818 0.182 0.160
725 15 0.567 0.424 0.002 0.003 0.003 0.000 0.178 0.750 0.021 0.051 0.000 0.428 0.572 0.809 0.191 0.177
725 45 0.567 0.424 0.002 0.003 0.003 0.000 0.178 0.750 0.021 0.G51 0.000 0.428 0.572 0.809 0.191 0.177



Table 3.3b Recalculated S ite  Occupancies Based on Cation D istribution, Sample 5

T°C Time Ml M2 FeMl MgMl FeM2 MgM2 K0(mins)
Mg2+ Fe2+ Fe3+ Cr3+ T14+ Al3+ Mg2+ Fe2+ Mn2+ Ca2+ Na1+

525 NAT 0.272 0.717 0.003 0.000 0.000 0.008 0.006 0.933 0.007 0.054 0.000 0.725 0.275 0.994 0.006 0.017
525 5 0.271 0.718 0.004 0.000 0.000 0.007 0.007 0.932 0.007 0.054 0.000 0.726 0.274 0.992 0.008 0.021
525 15 0.265 0.722 0.006 0.000 0.000 0.006 0.013 0.926 0.007 0.054 0.000 0.732 0.268 0.986 0.014 0.038
525 30 0.262 0.729 0.000 0.000 0.000 0.009 0.016 0.923 0.007 0.054 0.000 0.736 0.264 0.983 0.017 0.047
525 120 0.246 0.744 0.003 0.000 0.000 0.008 0.032 0.907 0.007 0.054 0.000 0.751 0.249 0.966 0.034 0.106

575 NAT 0.288 0.699 0.005 0.000 0.000 0.008 0.018 0.921 0.007 0.054 0.000 0.708 0.292 0.981 0.019 0.047
575 5 0.275 0.712 0.005 0.Q00 0.000 0.008 0.028 0.911 0.007 0.054 0.000 0.721 0.279 0.970 0.030 0.080
575 10 0.303 0.648 0.005 0.000 0.000 0.008 0.051 0.888 0.007 0.054 0.000 0.681 0.319 0.946 0.054 0.123
575 15 0.275 0.712 0.005 0.000 0.000 0.008 0.041 0.898 0.007 0.054 0.000 0.721 0.279 0.956 0.044 0.118
575 30 0.280 0.707 0.005 0.000 0.000 0.008 0.047 0.892 0.007 0.054 0.000 0.716 0.284 0.950 0.050 0.133
575 120 0.275 0.712 0.005 0.000 0.000 0.008 0.043 0.896 0.007 0.054 0.000 0.721 0.279 0.954 0.046 0.124
575 600 0.267 0.720 0.005 0.000 0.000 0.008 0.048 0.891 0.007 0.054 0.000 0.729 0.271 0.949 0.051 0.145

625 NAT 0.274 0.716 0.002 0.000 0.000 0.008 0.004 0.935 0.007 0.054 0.000 0.723 0.277 0.995 0.005 0.012
625 5 0.237 0.753 0.001 0.000 0.000 0.009 0.041 0.898 0.007 0.054 0.000 0.760 0.240 0.956 0.044 0.145
625 10 0.243 0.747 0.001 0.000 0.000 0.009 0.035 0.904 0.007 0.054 0.000 0.754 0.246 0.963 0.037 0.119
625 20 0.240 0.748 0.006 0.000 0.000 0.006 0.038 0.900 0.007 0.054 0.000 0.757 0.243 0.959 0.041 0.133
625 30 0.235 0.756 0.000 0.000 0.000 0.009 0.043 0.896 0.007 0.054 0.000 0.763 0.237 0.954 0.046 0.155
625 90 0.231 0.759 0.001 0.000 0,000 0.009 0.047 0.892 0.007 0.054 0.000 0.766 0.234 0.950 0.050 0.172
625 270 0.235 0.751 0.010 0.000 0.000 0.004 0.044 0.895 0.007 0.054 0.000 0.762 0.238 0.954 0.046 0.156

roO



1 2 1

b.  Theory

M ueller  (1962,  1967, 1969) developed a genera l  k i n e t i c  and 

thermodynamic model f o r  s i t e - e x c h a n g e  r e a c t i o n s ,  e s p e c i a l l y  f o r  q u a s i ­

b in a ry  m i n e r a l s .  In t h i s  summary only  th e  b in a ry  case  f o r  pyroxene,  

f o l lo w in g  Mueller  (1967,  1969,) w i l l  be d i s c u s s e d .

Following th e  ion-exchange  r e a c t i o n  ( 3 . b) f o r  t h e  d i s o r d e r i n g  c a s e ,  

we can c o n s id e r  two atoms Fe and Mg and two n o n -e q u iv a le n t  s i t e s  Ml and 

M2. The change in  c o n c e n t r a t i o n  of  Fe in  th e  M2 s i t e  w ith  t ime may be 

w r i t t e n  a s :

Fe
-dC

M2 -  Fe Mg *■ Mg Fe
  = Kd. C C , -  K<j> C C (3 .1 )

M2M1 M2 Ml M1M2 M2 Ml
d t

where t h e  C 's  a r e  th e  molar  o r  io n i c  c o n c e n t r a t i o n s  (pe r  cm3) ,  t h e  K's  

a r e  t h e  s p e c i f i c  r a t e  c o n s t a n t s  in  c o n c e n t r a t i o n  u n i t s  f o r  t h e  fo rw ard ,
- f  4 -

or  d i s o r d e r i n g  (K) and backward o r  o rd e r in g  (K) r e a c t i o n s  (dependent  

e s p e c i a l l y  on t e m pera tu re  but  a l s o  p r e s s u r e )  and th e  <t>'s a r e  analogous  

t o  a c t i v i t y  c o e f f i c i e n t s  in  macroscopic systems and al low f o r  d e v i a t i o n s  

from id e a l  mixing on th e  s i t e .  M uel le r ,  1967 s u gges t s  t h a t  due t o  th e  

c o n s i s t e n c y  in  environment of  both s p e c ie s  on th e  two s i t e s ,  <j> can be 

rega rded  as 1 .

Equat ion  (3 .1 )  can be developed by t r an s fo rm in g  th e  c o n c e n t r a t i o n s  

i n t o  atomic f r a c t i o n s  of  t h e  sp e c ie s  (Xpe ) on th e  in d i v id u a l  s i t e s .  This  

a l s o  n e c e s s i t a t e s  t h e  i n t r o d u c t i o n  o f  s t o i c h i o m e t r i c  c o e f f i c i e n t s  which 

r e l a t e  t h e  c o n c e n t r a t i o n s  on th e  in d iv id u a l  s i t e s  t o  t h e  t o t a l  

c o n c e n t r a t i o n  (C0 ) .  F i r s t l y ,  we can d e f in e  CM̂  and CM 2  as  t h e  number o f  

Ml and M2 s i t e s  in  t h e  c r y s t a l  where CM 1  + CM 2  = CQ. Hence, in  pyroxenes 

where t h e  two s i t e s  occur  in  equal  numbers, = h C0  and Ĉ 2  = H C0



and CQ can be cons ide red  as  1. As:

1 2 2

Fe Fe
C = C X 

M2 M2 M2
Fe Fe

then  C = hC X 
M2 o M2

Mg Fe Mg
and l i k e w is e  f o r  C , C and C 

Ml Ml M2

These eq u a t io n s  can be s u b s t i t u t e d  in  equa t ion  1 g i v i n g : -  

Fe
-dX

M2 1 -  Fe Mg <- , Fe Mgv ,
  = -  K (X X ) -  K (X X ) (3 .2 )

2 M2 Ml; V Ml M2' K '
d t

FeAt e q u i l i b r i u m ,  dXj^/  d t  = 0 and so ,

Fe Mg 
X X  

K Ml M2
—   ------------  = K (3 .3 )

Fe Mg D v '
K X X

M2 Ml

Where Kg i s  de f ined  by th e  d i s o r d e r i n g  r e a c t i o n  (3 .b )  

Knowing t h a t

v = j, yF® + l. y^S anr< y^9 -  1 y^® . y^9 _ i y^®
Fe ’  AM2 + * AM1 ana AM1 " 1  AM1 • AM2 " 1  AM2

and s u b s t i t u t i n g  K = K /  K back i n t o  eq u a t io n  (3 .1 )  we can g e t  a
Feq u a d r a t i c  in  terms o f  X ^  and th e  d i s o r d e r i n g  r a t e  c o n s t a n t .

Fe
-dX

M2 1 + -1 Fe 2 -1 -1 Fe -1  , %
= -  K (1-  K )(X ) + (2K X -  2X + K + 1) X -  2K X ( 3 .4 )

d t  2 v D M2 '  D Fe Fe D ' M 2  D Fe
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Equat ion  3 .4  may be i n t e g r a t e d  d i r e c t l y  f o r  d i s o r d e r i n g  under  i so the rm al
-*• - 1

and i s o b a r i c  c o n d i t i o n s .  Under t h e s e  c o n d i t i o n s  K, and remain 

c o n s t a n t .  We can f i r s t  s u b s t i t u t e

-  “s d - K n ’ 1)
- 1,=  % -  Xf e  +  K p "  ( X p g - r ig )

-KD' 1 XFe

and e q u a t io n  (4) can be r e w r i t t e n  a s :

Fe
-dX

M2 , Fe 2 , Fe
  = K a(X ) + b(X ) + c

d t  v M2; v M2
( 3 .5 )

I n t e g r a t i n g  e q u a t io n  (3 .5 )  we g e t

-KAt  =

(b 2 - 4 a c ) 2

In

Fe 2 h
(2aXM2+ b) + (b -  4ac)

Fe 2 %
(2aXM2+ b) + (b -  4ac)

x F e ( t  )
M2 1

x F e ( t  )
M2̂  o

( 3 . 6 . a)

f o r  d i s o r d e r i n g  and

-KAt  =
2  h 

(b -4ac)

In

Fe 2 h
+ ( 2aXM2+ b) -  (b -  4ac)

Fe 2 k
(2aX^2+ b) + (b -  4ac)

x F e ( t  )
M2 1

x F e ( t  )
M2 o

( 3 . 6 . b )

f o r  o r d e r i n g .

As Ganguly (1982) s t a t e d ,  t h e  o rdered  s t a t e  has a lower Gibbs Free



124

Energy than  t h e  d i s o rd e re d  s t a t e .  T h ere fo re  th e  s p e c i f i c  r a t e  c o n s t a n t s  

f o r  t h e  d i s o r d e r i n g  and o rd e r in g  r e a c t i o n s  w i l l  be d i f f e r e n t .  This  

im por tan t  f a c t  i s  an i n t e g r a l  p a r t  o f  eq u a t io n  ( 3 . 6 ) .

These e q u a t io n s  a r e  v a l i d  f o r  t h e  d i s o r d e r i n g  r a t e  c o n s t a n t  K 

ob ta ined  from exper iments  in  t h i s  s tu d y .  A d i f f e r e n t  s e t  o f  e q u a t io n s  

a r e  de f ined  below f o r  th e  o rd e r in g  r e a c t i o n  where

Fe2 + (M1) + Mg2 + (M2) -  Mg2 + (M1) + Fe2 + (M2) ( 3 . c )

The Kp f o r  t h e  o rd e r in g  r e a c t i o n  i s

Fe Mg 
X X  

M2 Ml
K = ------------  (3 .7 )

D Fe Mg 
X X 3  

Ml M2

The s u b s t i t u t i o n ,  t h e r e f o r e ,  i n t o  eq u a t io n  3 .2  i s

K 1 «- -*
— = = o r  K = K x K

K D
K D

Using th e  same conven t ions  as f o r  d i s o r d e r i n g ,  equa t ion  3 .4  can be

r e w r i t t e n  as f o r  th e  o rd e r in g  r a t e  c o n s t a n t  a s : -  

Fe
-dX

M2 <- Fe 2 Fe
  = K [ a ' ( X  ) + b*(X ) + c 1] (3 .8 )

d t  M2' v M2' v

but  t h i s  t ime t h e  c o n s t a n t s  a r e  d e f ined  as 

a 1 = %(Kd - 1  - 1 ) 

b ‘ = 3s + XFe + Kp"1^  -  XFe)

c  = -  x Fe

The eq u a t io n s  3 . 6 . a and 3 . 6 . b  can th e n  be used f o r  t h e  o r d e r in g  c a s e  but  

th e  va lues  o f  t h e  c o n s t a n t s  a r e  a 1, b 1, and c 1.



125

c .  Rate c o n s t a n t s .

The r a t e  c o n s t a n t s  d e f in e d  above depend on t e m p e ra t u r e ,  t h e  r a t e  

i n c r e a s i n g  a t  h ighe r  t e m p e ra tu re .  However, i t  i s  a l s o  t r u e  t h a t  t h e  

r a t e  c o n s t a n t s  may be dependent  on th e  i n i t i a l  composi t ion  o f  t h e  sample 

chosen .  I f  th e  s t a r t i n g  m a te r i a l  has a d i s t r i b u t i o n  o f  ions  between th e  

two s i t e s  t h a t  i s  very  d i f f e r e n t  t o  t h e  e q u i l i b r i u m  v a l u e s ,  t h e  d r i v i n g  

f o r c e ,  and hence t h e  r a t e  of  th e  r e a c t i o n ,  may be very h igh .  A sample 

w i th  a s t a r t i n g  d i s t r i b u t i o n  c l o s e  t o  th e  e q u i l i b r i u m  v a l u e s ,  may have a 

much lower r a t e  of  change.  This  has been found t r u e  in  a l l o y s  (D ienes ,  

1955) and t e c h n i c a l l y ,  en t ro p y ,  must be added t o  th e s e  e q u a t io n s .

To t e s t  t h i s  e x p e r i m e n t a l l y ,  samples o f  t h e  same bulk com posi t ion ,  

bu t  d i f f e r e n t  i n i t i a l  s i t e  occupanc ies ,  should be s t u d i e d .  This  i s  

beyond th e  scope of  t h i s  t h e s i s  but  should be cons ide red  when comparing 

r a t e  c o n s t a n t s  between samples.  However, th e  r a t e  c o n s t a n t s  c a l c u l a t e d  

a r e  com ple te ly  v a l i d  f o r  t h e  sample f o r  which they  were d e r iv e d .

To c a l c u l a t e  th e  r a t e  c o n s ta n t  f o r  t h e  s i t e - e x c h a n g e  r e a c t i o n ,  

Ganguly (1982) s t r e s s e d  t h a t  many d i s e q u i l i b r i u m  measurements must be 

made a t  a c o n s t a n t  t e m p e ra tu re .  This  s tudy  has done j u s t  t h a t  and,  

t h e r e f o r e ,  t h e  c a l c u l a t e d  va lue  o f  K f o r  each sample i s  h igh ly  

c o n s t r a i n e d .

To account f o r  t h e  known e r r o r s  in  t h e  s i t e  occupancy d a t a ,  v a lues  

o f  K have been c a l c u l a t e d  vary ing  both Fe^+M2 a t  t Q and Fe^+M2 a t  

t ( e q u i i b )  w i th i n  t h e  known e r r o r .  The mean and th e  s tanda rd  d e v i a t i o n  

a r e  then  c a l c u l a t e d .  The r e s u l t s  a r e  shown in  F igure  3 .15a  f o r  sample 4 

and 3.15b f o r  sample 5 and a re  l i s t e d  in  Table 3 . 4 .  The f i t  t o  t h e  

exper im en ta l  d a t a  i s  good. Sample 4 did  not  a t t a i n  e q u i l i b r i u m  a t  675°C 

a f t e r  two hours and f u r t h e r  runs  a re  needed.  The va lue  o f  K c a l c u l a t e d
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i s  expec ted  t o  be c l o s e  t o  the  f i n a l  va lue  as th e  s h o r t e r  h e a t in g  runs  

a r e  t h e  most im por tan t  f o r  de termin ing  K (see  Fig 3 . 1 5 ) .

Also o f  i n t e r e s t  i s  t h e  e f f e c t  o f  t h e  number o f  measurements a t  

s h o r t  run  t i m e s .  When c o n s t r a i n i n g  th e  k i n e t i c  c u r v e s ,  both  methods a r e  

found t o  be ex t remely  s e n s i t i v e  t o  th e  s h o r t e r  ru n s .  For sample 5,  th e

f i r s t  5-15 minu tes  a r e  c r i t i c a l ,  the  f i r s t  5-60 minutes f o r  sample 4.
-►

The va lue  o f  K c a l c u l a t e d  with  and w i thou t  t h e  5 minute d a t a  p o i n t  f o r  

sample 5 a t  625°C a re  0.29 and 0 .14  r e s p e c t i v e l y .  Heat ing t im es  l e s s  

than  5 minutes  have not  been done as th e  ac tu a l  h e a t in g  o f  t h e  c r y s t a l  

and t h e  quench t imes  become s i g n i f i c a n t .  This  i n t ro d u c e s  o t h e r  

e r r o r s .  T h e r e f o re ,  t h e  r a t e  c a l c u l a t e d  f o r  th e s e  samples can on ly  be 

c ons ide re d  as  a minimum r a t e  and th e  ac tu a l  r a t e  may be f a s t e r .
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F igure  3 .1 5 a .  F i t t i n g  o f  th e  r a t e  c o n s t a n t ,  K, t o  the  r e c a l c u l a t e d  s i t e  
occupancy d a t a  f o r  sample 4 (Table 3 . 3 a ) .  E r ro r  b a r s  shown a r e  one 
s t a n d a rd  d e v i a t i o n .
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I  5 2 5 ° C  

i 6 2 5 ° C

4 -  K= .0 0 80 .9 6

K = .28
0 .9 4

C\J

Ll. 0 .9 8

0 .9 6

0 .9 4 .041
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T im e  (mins)

F igure  3 .15b.  F i t t i n g  o f  th e  r a t e  c o n s t a n t ,  K, t o  t h e  r e c a l c u l a t e d  s i t e  
occupancy d a t a  f o r  sample 5 (Table 3 . 3 b ) .  E r ro r  b a r s  shown a r e  one 
s t a n d a rd  d e v i a t i o n .



TABLE 3 .4  K inetic Constants

SAMPLE TEMP °C K (Av)

4 625 0.014 ± . 0 0 2

4 675 0.028 ± .004

4 725 0.224 ± .068

5 525 0.008 ± . 0 0 2

5 575 0.041 ± .018

5 625 0.28 ± .058

Average va lues  f o r  K p e r  minute .  

± 2  s t a n d a rd  d e v i a t i o n s  except  

sample 5 a t  525 °C which i s  

± 1  s t an d a rd  d e v i a t i o n .
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d.  A c t i v a t io n  Energ ies

The d a t a  on th e  r a t e  c o n s t a n t s  can be used t o  o b t a in  th e  a c t i v a t i o n  

energy and f requency  f a c t o r s  f o r  the  d i s o r d e r in g  r e a c t i o n .  The 

r a t e  (K) o f  th e  r e a c t i o n  i s  r e l a t e d  t o  the  a c t i v a t i o n  energy (Q) by th e  

r a t e  eq u a t io n

K = K*exp(-Q/RT) (3 .c )

where Q = a c t i v a t i o n  energy

K* = f r e q u e n c y /  p reexponen t ia l  f a c t o r  

T = a b s o lu t e  t e m p e ra tu re ,  K 

K = r a t e  c o n s t a n t  of r e a c t i o n  

R = n a t u r a l  gas  c o n s ta n t

This eq u a t io n  can be r e w r i t t e n  as

InK = InK* -  Q/(RT)

The r e s u l t s  can then  be p l o t t e d  on a InK vs 1/T p l o t  (an Arrhen ius  p l o t )  

and a s t r a i g h t  l i n e  r e l a t i o n s h i p  i s  expected i f  t h e  same r e a c t i o n  

mechanism i s  o p e rab le  f o r  each d e te rm in a t io n  o f  K. The s lope  o f  th e  

l i n e  g iv e s  t h e  a c t i v a t i o n  energy o f  th e  p rocess  (d iv ided  by RT) and t h e  

i n t e r c e p t  g iv e s  t h e  f requency  f a c t o r .

The o r d e r - d i s o r d e r  r e a c t i o n  i s  thought  t o  be the  main p rocess  

o c c u r r i n g  in  hea ted  or thopyroxene c r y s t a l s  a t  low t e m p e ra tu r e s .  No work 

has been done y e t  on th e  d e t a i l e d  mechanisms o f  d i f f u s i o n  p ro c e s s e s  w ith  

r e s p e c t  t o  Fe -Mg in  o r thopyroxenes .  However, i f  t h e  exchange r e a c t i o n  

proceeded by th e  same mechanism in  a l l  s t u d i e s  and f o r  a l l  composi t ions  

one would expec t  s i m i l a r  a c t i v a t i o n  e n e r g i e s .

Experimental  work on o t h e r  s i m i l a r  minera l  b i n a r i e s ,  such as
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o l i v i n e ,  may be a p p l i c a b l e  t o  or thopyroxene .  Buening and Buseck (1973) 

s tu d i e d  th e  e f f e c t s  of  com posi t ion ,  t e m pera tu re ,  oxygen f u g a c i t y  and 

c r y s t a l l o g r a p h i c  d i r e c t i o n  on both th e  Fe2+-Mg i n t e r d i f f u s i o n  

c o e f f i c i e n t s  ( r e l a t e d  t o  K )and th e  a c t i v a t i o n  e n e rg i e s  f o r  

i n t e r d i f f u s i o n  in  o l i v i n e .  They found t h a t  t h e  i n t e r d i f f u s i o n  

c o e f f i c i e n t s  showed a p o s i t i v e  c o r r e l a t i o n  with  te m p e ra tu r e ,  i r o n -  

c o n t e n t  and oxygen f u g a c i t y .  An in v e r s e  c o r r e l a t i o n  i s  noted between Q 

a n d . i r o n - c o n t e n t ;  in c re a s in g  i r o n  l e a d s  t o  a lower a c t i v a t i o n  energy  f o r  

t h e  d i f f u s i o n  p ro c e s s .  By analogy w i th  o l i v i n e ,  a r e d u c t io n  o f  Q with  

i n c r e a s i n g  i r o n - c o n t e n t ,  and an in c r e a s e  in  K with  both  i n c r e a s i n g  i r o n -  

c o n t e n t  and t em pera tu re  may be expec ted  from th e  exchange o f  i r o n  and 

magnesium f o r  or thopyroxene .

The v a lu e s  f o r  Q and K* have been c a l c u l a t e d  by th e  l i n e a r  l e a s t -  

sq u a re s  method (program in  Appendix A). Due t o  th e  n a tu re  o f  th e  

A r rhen ius  p l o t ,  e s p e c i a l l y  when th e  t em pera tu res  o f  th e  exper im en ts  a r e  

c o n s t r i c t e d  t o  a narrow range ,  c a l c u l a t e d  s tandard  e r r o r s  do not  

r e p r e s e n t  t h e  t r u e  e r r o r  because of a high c o r r e l a t i o n  between Q and K* 

( C l i f f o r d  1973).  T h e re fo re ,  c o n d i t i o n a l  e r r o r s  have been c a l c u l a t e d  

(F ig .  3 . 1 6 ) .  The c o n d i t io n a l  e r r o r  of Q i s  c a l c u l a t e d  by keeping K* 

c o n s t a n t  and vary ing  Q w i th i n  t h e  e r r o r  ba rs  and v i c e - v e r s a  f o r  t h e  

c o n d i t i o n a l  e r r o r s  o f  K*. A c t iv a t io n  e n e rg i e s  a re  49 and 51 kca l /m ole  

f o r  samples 4 and 5 r e s p e c t i v e l y  with a s s o c i a t e d  f requency f a c t o r s  of  

8 .49  109  and 5 .18 101 1  (Table 3 .6 .  p . 138).
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F ig u re  3 .1 6 .  LnK p e r  minute p l o t t e d  a g a i n s t  104 /T ( K ) . S o l i d  l i n e s  
I n d i c a t e  t h e  l e a s t  s q u a re s  f i t  t o  t h e  d a t a  p o i n t s .  The v a l u e s  o f  Q and 
K* a r e  g ive n  1n Table 3 . 6 .
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E. Comparison with other stud ies

This  s tudy  can be compared t o  p rev ious  s t u d i e s  o f  t h e  k i n e t i c  r a t e s  

and t h e  a c t i v a t i o n  energy of  t h e  Fe -Mg exchange in  o r thopy roxene s .

The f i r s t  s tudy  performed was by Virgo and Hafner (1969) on one sample 

(3209; Fs57) us ing  Mossbauer t e c h n iq u e s .  Besancon (1981a) s tu d i e d  two 

samples (HC; Fs^g and TZ; Fs^g) aga in  us ing  Mossbauer t e c h n iq u e s .

Anovi tz e t  a l . (1988) a l s o  used Mdssbauer t e c h n iq u e s  t o  s tudy  two o t h e r  

sam ples ,  (M32b; Fs 3 9  and Px4; Fsg^) and t h i s  i s  t h e  only  s tudy  based on 

o r d e r in g  exper im en t s .  The o t h e r  two s t u d i e s  ( in c l u d in g  t h i s  one) used 

s i n g l e  c r y s t a l  X-ray t e c h n i q u e s .  Saxena e t  a l .  (1988) s tu d i e d  t h r e e  

samples ,  (274; Fs^g ,  10; Fs^g,  and 10/68;  Fs77) ,  which complements t h i s  

s tudy  o f  two samples 4;  (Fsg 2 )» and 5; (Fs33) .

As s t a t e d  e a r l i e r ,  d i f f e r e n c e s  in  t h e  r a t e  c o n s t a n t s ,  and hence in  

t h e  a c t i v a t i o n  energy ,  may be due t o  th e  d i f f e r e n c e s  between t h e  i n i t i a l  

and e q u i l i b r i u m  s i t e  o ccupa nc ie s .  However, a l l  t h e s e  samples a r e  from 

r e g i o n a l l y  metamorphosed a r e a s  and a re  expec ted  to  have i n i t i a l  s i t e  

occupanc ies  q u i t e  d i f f e r e n t  t o  t h e  e q u i l ib r iu m  v a lu es  a t  the  

exper im en ta l  t e m p e r a t u r e s .  I t  i s  be l iev ed  t h a t  s i g n i f i c a n t  d i f f e r e n c e s  

in  r a t e  c o n s t a n t s  between th e  samples must be due t o  o t h e r  r e a s o n s .

F i r s t l y ,  we can compare th e  r a t e  c o n s t a n t  determined  in  t h e s e  

s t u d i e s .  Table 3.5 shows th e  r a t e  c o n s t a n t s  a r ranged by t e m p era tu re  and 

com pos i t ion .  As expec ted  t h e  genera l  t r e n d s  a r e  f o r  th e  r a t e s  to  

in c r e a s e  with  both  in c r e a s i n g  t em pera tu re  and i n c r e a s in g  i r o n  c o n t e n t .  

These r a t e  c o n s t a n t s  a r e  a l s o  shown d i a g r a m a t i c a l l y  on F igure  3 .17  ( a l l  

r e c a l c u l a t e d  t o  650°C). A l i n e a r  t r e n d  i s  expec ted  when p l o t t e d  on 

t h i s  InK v e r sus  composi t ion  p l o t  i f  t h e  same k i n e t i c  p ro c e s s  i s  

o p e r a t i n g  f o r  a l l  samples.



Table 3 .5  Summary o f All Rate Constants for Disordering K and Ordering K in  Exchanges /  Minute.

SAMPLE HC1

CMCM M32B*3 1 0 2 TZI 32093 44 1 0 / 6 8 2 PX4* 3 54

Fs 0.13
-*•
K

0.18

K

0.39

K

0.49

K

0.51
•fr-
K

0.57
-►
K

0.62
-►
K

0.77

K

0.81

K

0.84
-►
K

Temp °C

500 7.41E-5 6E-5 3.34

525 8.0E-3

550 2 .6  E-3

575 4.1E-2

600 1.0E-4 7.36E-3 3.0E-3 7.41E-4 1.2E-2 103.2

625 1.4E-2 2.8E-1

650

675 2.8E-2

700 2.81E-3 5.0E-3 2.84E-1 4.7E-2 1.47E-2 1571

725 2.3E-1

750 1.18E-2 1.77E-1

800 5.66E-2 6.0E-2 5.56 4.06E-1 14415

1 0 0 0 IE-2

*Rates  c a l c u l a t e d  from Q and K* v a l u e s .  ^Besancon, 1981. 2Saxena e t  a l . ,  1988. 

3Anovitz e t  a l . ,  1988. 4This  s tudy .  3Virgo and Hafner ,  1969.
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F ig u re  3 .1 7 .  P lo t  o f  InK a g a i n s t  t o t a l  I ron  c o n t e n t  a t  a c o n s t a n t  
t e m p e ra t u r e  o f  650°C. The d o t t ed  l i n e  I n d i c a t e s  t h e  t r e n d  f o r  the  
m a j o r i t y  o f  t h e  samples.
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The r a t e  c o n s t a n t s  f o r  orthopyroxene  sample #3209 o f  Virgo and 

Hafner (1969) a re  d i f f e r e n t  from a l l  t h e  o t h e r  d a t a .  As Virgo and 

Hafner s t a t e ,  t h e i r  d a t a  a r e  too  s p a r s e  t o  ana lyze  t h e  k i n e t i c s  in  

d e t a i l  ( t h r e e  a t  1000°C and 700°C, two a t  800°C and on ly  1 a t  600 °C, 

none with  a h e a t in g  pe r iod  o f  l e s s  than  2 h o u r s ) .  They e s t i m a t e  r a t e  

c o n s t a n t s  f o r  o rd e r in g  and d i s o r d e r i n g  based on s i t e  occupancies  

c a l c u l a t e d  us ing  an idea l  d i s t r i b u t i o n  model.  Comparison o f  t h i s  sample 

t o  t h e  ex p e r im e n ta l ly  de r ived  r a t e  c o n s t a n t s  (Table 3 .5 )  shows t h a t  t h e  

e s t im a te d  r a t e  c o n s t a n t  o f  Virgo and Hafner (1969) f o r  500°C i s  th e  

c o r r e c t  o rd e r  of  magnitude t o  agree  w i th  sample 4 and sample TZ; t h e  

e s t im a te d  r a t e  a t  1000°C i s  much too  slow. This  i s  r e f l e c t e d  on F igure  

3 .1 7 ,  where t h i s  sample shows an r a t e  c o n s t a n t  much s lower  th a n  th e  

genera l  t r e n d .  This  sample i s  no t  inc luded  in  f u r t h e r  compar isons.

Ordering r a t e s  f o r  sample M32B and e s p e c i a l l y  sample PX4 a r e  o r d e r s  

of  magnitude f a s t e r  than  th e  o t h e r  samples.  Th is  could be e x p l a in e d ,  

f o r  sample M32B, i f  we r e t u r n  t o  eq u a t io n  (3 .3 )  which s t a t e s  

t h a t  K /  K = Kd . The value of  Kq, as  d e f ined  f o r  t h e  d i s o r d e r i n g  

e q u a t io n ,  i s  always s i g n i f i c a n t l y  l e s s  than  one,  and t h i s  th e n  i n d i c a t e s  

t h a t  t h e  o rd e r in g  r a t e  c o n s t a n t  w i l l  always be l a r g e r  (o r  f a s t e r )  th a n  

th e  d i s o r d e r i n g  r a t e  c o n s t a n t .  In t h e  ide a l  c a s e ,  a t  e q u i l i b r i u m ,  Kq ,  

( f o r  e i t h e r  t h e  o rd e r in g  o r  th e  d i s o r d e r i n g  r e a c t i o n  bu t  d e f in e d  in  t h e  

same way) w i l l  be th e  same f o r  both o rd e r in g  and d i s o r d e r i n g  

exper im en t s .  However, th e  r a t e  c o n s t a n t s  w i l l  s t i l l  be d i f f e r e n t  as  

they  a r e  modif ied  by th e  c o n c e n t r a t i o n  o f  t h e  s p e c i e s  on o p p o s i t e  s i d e s  

o f  t h e  eq u a t io n  f o r  th e  ion-exchange.  This  does not  e x p l a i n  t h e  " o r d e r s  

of  magnitude" d i f f e r e n c e  f o r  sample PX4. This  sample i s  h ig h ly  

anomalous and Anovitz e t  a l .  (1988) ,  s t a t e d  t h a t  t h e  r e s u l t s  could  no t
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be i n t e r p r e t e d  and d id  no t  use t h i s  sample in  t h e i r  c a l c u l a t i o n s .

However, a f a s t e r  r a t e  would be expec ted  due t o  t h e  f a c t  t h a t  t h i s  i s  an 

o r d e r in g  exper iment .

Sample 5 i s  a l s o  f a s t e r  than  would be expected compared t o  th e  

o t h e r  samples.  Th is  may be due t o  the  very  high i r o n - c o n t e n t  of  t h i s  

sample which could be changing th e  l a t t i c e  s t r u c t u r e  and hence th e  

n a t u re  o f  t h e  exchange r e a c t i o n  (d iscussed  l a t e r ) .

A c t i v a t i o n  e n e rg i e s  as a fu n c t i o n  of  composi t ion  a r e  shown in 

F igure  3 .18  and Table 3 . 6 .  The a c t i v a t i o n  e n e rg i e s  of  t h e  Mg-rich 

samples a r e  approx im ate ly  60 kca l /m ol .  This  in c lu d es  sample M32B, f o r  

which th e  o rd e r in g  a c t i v a t i o n  energy,  not  th e  d i s o r d e r i n g  a c t i v a t i o n  

ene rgy ,  i s  c a l c u l a t e d .  The more F e - r i c h  samples show a c t i v a t i o n  

e n e r g i e s  o f  l e s s  than  50 kca l /m ol .  Again th e  o rd e r in g  sample,  PX4, 

shows an a c t i v a t i o n  energy s i m i l a r  t o  the  d i s o r d e r i n g  samples.  Sample 

10 and sample TZ show s i g n i f i c a n t l y  d i f f e r e n t  a c t i v a t i o n  e n e r g i e s  f o r  

approx im ate ly  t h e  same com posi t ion .  As sample 10 i s  on ly  based on two 

measurements,  sample TZ on f o u r ,  sample 10 may be in  e r r o r  and f u r t h e r  

ex p e r im e n ta t io n  should be done on t h i s  sample.  However, t h e  a c t i v a t i o n  

energy i s  in  agreement w ith  th e  h ig h - i r o n  samples.  The d e c re a s e  in  

a c t i v a t i o n  ene rgy ,  f o r  or thopyroxene ,  with  in c r e a s in g  i r o n  c o n t e n t  i s  

c o n s i s t e n t  w ith  t h a t  o f  o l i v i n e  (Buening and Buseck,  1973).  The t r e n d  

f o r  o l i v i n e ,  however,  i s  l i n e a r  and not  d iv ided  i n t o  two d i s t i n c t  

g roups .

The s i g n i f i c a n t  change in  a c t i v a t i o n  energy from t h e  Mg-rich 

samples t o  t h e  F e - r i c h  samples i s  shown by sev e ra l  d i f f e r e n t  s i t e  

occupancy s t u d i e s  and two very  d i f f e r e n t  s i t e  d e f in i n g  t e c h n iq u e s .  Th is  

could be a t t r i b u t e d  t o  a change in  p rocess  a t  approx im ate ly  Fs 50-60.
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TABLE 3 .6  Summary o f  All t h e  K in e t i c  Data f o r  Orthopyroxene Ion-exchange

SAMPLE Fe/(Fe+Mg) Q

(kca l /mole)

K*/minute REFERENCE

HC 0.13 62.2 2 .46  E+U Besancon 1981a

274 0.18 59.8 1.05 E+ll Saxena e t  a l .  1988

M32B 0.39 61.6 2 .02 E+13 Anovitz e t  a l . ,  1988

1 0 0.49 46.4 1.25 E+09 Saxena e t  a l . ,  1988

TZ 0.51 60.7 1.06 E+12 Besancon e t  a l . ,  1988

4 0.62 48.9 8 .60  E+09 This  s tu d y .

1 0 / 6 8 0.77 43.7 1.04 E+09 Saxena e t  a l . ,  1988

PX4 0.81 45.9 3.35 E+13 Anovitz e t  a l . ,  1988

5 0.84 50.6 5.18 E+ll This  s tu d y .

D iso rde r ing  r a t e  c o n s t a n t  i s  given by £ = K* exp (-Q/RT)
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F igu re  3 .1 8 .  A c t i v a t i o n  energy ,  Q, p l o t t e d  a g a i n s t  com pos i t ion .  Two 
d i s t i n c t  groups  can be noted with  a h ighe r  and a lower a c t i v a t i o n  
ene rgy .  These groups may r e p r e s e n t  d i f f e r e n t  d i f f u s i o n  mechanisms.



S evera l  f a c t o r s  could a f f e c t  th e  a c t i v a t i o n  energy ,  such as d e f e c t  

d e n s i t y  o r  t h e  type  of  d e f e c t  in  t h e  c r y s t a l .  I t  i s  p o s s i b l e  t h a t  a t  

h ig h e r  i r o n  c o n c e n t r a t i o n s  th e  amount of  Fe^+ w i l l  i n c r e a s e .  Th is  w i l l  

cause  more vaca nc ie s  in  t h e  l a t t i c e  and in c re a s e  th e  p r o b a b i l i t y  t h a t  a 

s i t e  w i l l  be a v a i l a b l e  f o r  exchange i . e .  i n c re a s e  t h e  e n t ro p y .  This  

would lower t h e  a c t i v a t i o n  energy .  In t h i s  composi t ion  range  th e  M2 

s i t e  i s  a lmost  s a t u r a t e d  w i th  i ro n  and i r o n  beg ins  t o  e n t e r  i n c r e a s i n g l y  

i n t o  t h e  Ml s i t e  (F igure  3 . 7 ) .  This a f f e c t s  th e  l a t t i c e  s t r u c t u r e  of  

t h e  c r y s t a l ,  i n c r e a s i n g  t h e  le n g th s  o f  t h e  M2-03A and M2-03B ( see  

e a r l i e r  and Domeneghetti e t  a l . ,  1985). The opening up of  t h e  l a t t i c e  

s t r u c t u r e  could  make th e  exchange r e a c t i o n  e a s i e r ,  aga in  lower ing the  

a c t i v a t i o n  energy needed.

The two d i s t i n c t  groups  f o r  t h e  a c t i v a t i o n  energy s u g g e s t s  a

d e f i n a t e  change in  th e  r e a c t i o n s  a t  approxim ate ly  Fs 50-60.  I t  i s

i n t e r e s t i n g  t o  no te  t h a t  a  f u r t h e r ,  p o s s i b l y  connected  f e a t u r e  has been

found a t  t h i s  com posi t iona l  range f o r  t h e  m a c r o - c r y s t a l s .  A break  in  

?+s lope  o f  t h e  Fe -Mg p a r t i t i o n i n g  between Ca- r ich  and Ca-poor pyroxene 

has been determined (see  Huebner, 1982, p 227) .

Due t o  t h e  d i f f e r e n c e s  in  a c t i v a t i o n  energy ,  two f i g u r e s ,  both in
->■

f i g u r e  3 .1 9 ,  have been d r a f t e d  t o  show th e  p l o t  o f  InK/min a g a i n s t  

10^/T(K).  The s lo p es  o f  sample HC, 274,  TZ, and M32B a r e  very  s i m i l a r ,  

as  e x p e c te d ,  due t o  t h e  c lo s e n e s s  of  th e  a c t i v a t i o n  e n e r g i e s .  The 

gene ra l  t r e n d ,  a l s o  seen f o r  o l i v i n e ,  i s  f o r  th e  samples t o  p l o t  f u r t h e r  

t o  t h e  r i g h t  w i th  i n c r e a s i n g  i r o n  c o n t e n t .  ( I t  should  be no ted  i n  t h e s e  

f i g u r e s  t h a t  e x t r a p o l a t i o n  t o  much h ighe r  o r  lower t e m p e ra tu r e s  w i l l  

r e s u l t  i n  l a rg e  e r r o r s  and only  th e  t e m p era tu re  range  500-800°C should 

be c o n s i d e r e d . )  Sample M32B (o rd e r in g )  p l o t s  much f u r t h e r  t o  t h e  r i g h t
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F igure  3 .19 .  Arrhen ius  p l o t  o f  InK per  minute f o r  a l l  samples .  Samples 
w i th  h ig h e r  a c t i v a t i o n  energy ( s t e e p e r  s lo p e )  a r e  p l o t t e d  1 n t h e  to p  
diagram and th o s e  with  lower a c t i v a t i o n  energy a r e  p l o t t e d  below. S o l id  
l i n e  I n d i c a t e s  exper imenta l  range f o r  each sample.



on t h i s  f i g u r e  than  th e  o t h e r  samples.  In F igure 3.19 th e  s lo p e s  a r e  

aga in  very  s i m i l a r  due t o  t h e  a c t i v a t i o n  energy ,  aga in  t h e  t r e n d  f o r  

samples 4 ,  10/68 and 5 i s  t o  p l o t  t o  t h e  r i g h t  w i th  i n c re a s i n g  i r o n -  

c o n t e n t ,  and aga in  sample PX4 (o rd e r in g )  p l o t s  much f u r t h e r  t o  t h e  r i g h t  

than  th e  o t h e r  samples.  This  aga in  emphasizes th e  d i f f e r e n c e  in  t h e  

r a t e  c o n s t a n t s  ob ta ined  from th e  d i s o r d e r i n g  exper iments  K and th e  

o r d e r in g  exper iments  K. Sample 10 ( d o t t e d  on both f i g u r e s )  shows a very  

d i f f e r e n t  t r e n d  than  any o t h e r  sample and i s  p robab ly  in  e r r o r  as  

sugges ted  b e fo re .

An i n d i c a t i o n  o f  t h e  dependence o f  K* on t h e  a c t u a l  r a t e  c o n s t a n t  

compared t o  t h e  a c t i v a t i o n  energy can be seen in  Table  3 .7  f o r  samples 4 

and 5. These va lues  have been c a l c u l a t e d  by changing th e  r a t e  c o n s t a n t  

from seconds t o  minu tes t o  y e a r s .  The value  o f  K* ( th e  i n t e r c e p t )  i s  

d r a s t i c a l l y  changed whereas th e  va lue  of  t h e  a c t i v a t i o n  energy  ( th e  

s lo p e )  i s  c o n s t a n t .  I b e l i e v e  t h i s  i s  shown in  th e  r e l a t i v e  p o s i t i o n s  

o f  M32B and PX4 on th e s e  f i g u r e s .  The r a t e  c o n s t a n t s  a r e  h i g h e r ,  as  

shown i n  Table 3 . 5 ,  and t h i s  i s  a f f e c t i n g  t h e  va lue  o f  K* w h i le  t h e  

a c t i v a t i o n  energy ag rees  with  th e  o t h e r  exper im en ts .

The f i n a l  comparison of  t h e s e  samples can be made us ing  th e  

Compensation Law r e l a t i n g  t h e  a c t i v a t i o n  energy and t h e  p r e - e x p o n e n t i a l  

f a c t o r  ( s ee  Lasaga,  1981). For a given  mineral  group ,  an i n c r e a s e  in  K* 

may be compensated by a co r respond ing  in c r e a s e  in  Q. Such a p l o t  i s  

shown in  F igure  3 .20 .  The r e l a t i o n s h i p  i s  expec ted  t o  be l i n e a r  in  most 

c a s e s ,  and ag a in ,  t h e  samples t h a t  c o r r e l a t e d  b e fo re  do l i e  on a 

s t r a i g h t  l i n e .



Table 3.7

Sample Q
(Kcal/mol)

K*

4 49.0 4 .93 E+15 /  y e a r
4 48.8 8 .49 E+09 /  minute
4 48.8 1.42 E+08 /  second
5 50.6 2.72  E+17 /  y ea r
5 50.6 5.18 E+ll  /  minute
5 50.4 8 .01 E+09 /  second
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In summary, t h e  r a t e  c o n s t a n t s  f o r  a l l  s t u d i e s ,  i n c lu d in g  samples 4 

and 5,  a l l  show th e  expec ted  i n c r e a s e  with  t em pera tu re  and i r o n -  

en r ichm en t .  The o rd e r in g  r a t e  c o n s t a n t s  a r e  expec ted ly  much f a s t e r  than  

th e  d i s o r d e r i n g  r a t e s .  The a c t i v a t i o n  e n e rg i e s  c a l c u l a t e d  f o r  a l l  

samples i n d i c a t e  t h a t  t h e r e  i s  a l a rg e  change between th e  more Mg-rich 

samples and th e  F e - r i c h  samples.  The break i s  a t  approx im ate ly  50-60%

Fs.  This  c o i n c id e s  w ith  changes in  t h e  manner o f  s i t e  i n f i l l i n g  and 

t i e - l i n e  r o t a t i o n s  between c o e x i s t i n g  pyroxenes .  The va lue  of  K* v a r i e s  

on ly  s l i g h t l y  between th e  d i s o r d e r i n g  samples,  however,  on t h e  A rrhen ius  

p l o t  t h e  samples l i e  p r o g r e s s i v e l y  t o  t h e  r i g h t  w i th  i n c r e a s i n g  i r o n ;  a 

t r e n d  a l s o  found f o r  o l i v i n e .  The va lues  of  K* f o r  t h e  o rde red  samples 

a r e  very d i f f e r e n t .  F i n a l l y  t h e  samples appear t o  fo l lo w  t h e  

Compensation Law.
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IV. EQUILIBRIUM SITE OCCUPANCY DATA 

As exp la ined  in  p rev ious  s e c t i o n s ,  we need e q u i l i b r i u m  s i t e  

occupancy d a t a  f o r  or thopyroxene and c l inopyroxene  as a f u n c t i o n  o f  

t e m p e ra tu re  and XQa . This  i s  needed f o r  work on k i n e t i c s  o f  t h e  i o n -  

exchange r e a c t i o n  and f o r  t h e  development o f  a complete thermodynamic 

model f o r  t h e  pyroxene system.  Much d a t a  i s  a v a i l a b l e  on t h e  e q u i l i b r i u m  

s i t e  occupancies  o f  or thopyroxene ;  Virgo and Hafner (1969) ;  Saxena and 

Ghose (1971) ;  K h r i s to fo ro v  e t  a l .  (1974);  Besancon (1981a);

Domeneghetti  e t  a l .  (1985) ;  Anovitz e t  a l .  (1988) ;  Saxena e t  a l .

(1988) .  We have very  meager d a t a  on c l inopyroxene  e q u i l ib r iu m  

occupanc ies  (Virgo and H afner,  1970, M c C a l l i s t e r  e t  a l . ,  1977, Dal Negro 

e t  a l . ,  1982 and Rossi e t  a l . ,  1983).  The s i t e  occupancy d a t a  a r e  a l s o  

a f f e c t e d  by p r e s s u r e  and c o n c e n t r a t i o n  of  o t h e r  im por tan t  e lements  but  

t h e  simple system needs t o  be e s t a b l i s h e d  f i r s t  and t h e r e f o r e ,  t h e  d a t a  

o f  Saxena e t  a l .  (1988b) on A l - r i c h  orthopyroxene  and s i m i l a r  s t u d i e s  

a r e  n o t  co n s id e r e d .

When a t tem p t in g  t o  e v a l u a t e  th e  r e s u l t s  o f  s i t e  occupancy s t u d i e s  

t h e r e  a r e  s e v e ra l  major f a c t o r s  t h a t  must be co n s id e re d ;  t h e  t e m p era tu re  

and t h e  d u r a t i o n  o f  th e  exper im en t s ,  whether  they  a re  o rd e r in g  or  

d i s o r d e r i n g ,  and th e  composi t ion o f  th e  samples.  These problems a r e  

f u r t h e r  compounded by th e  d i f f e r e n c e s  in  exper imenta l  t e c h n iq u e s  ( e . g .  

sample s e l e c t i o n  and gas mix tu re  used f o r  he a t in g  th e  sample) ,  t h e  

d i f f e r e n c e s  between th e  Mossbauer and th e  X-ray r e f inem en t  methods,  and 

th e  problem o f  phase e q u i l i b r i a  f o r  th e  F e - r i c h  samples.

The method o f  s i n g l e - c r y s t a l  X-ray r e f inem en t  has been d i s c u s s e d  in  

d e t a i l  i n  c h a p t e r  I I I  (p.  71 ) .  The Mossbauer e f f e c t  i s  a t o t a l l y  

d i f f e r e n t  approach t o  o b ta in in g  th e  same d a t a  and th e  genera l  th e o ry  and
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t e c h n iq u e s  w i l l  be d i s c u s s e d  be fo re  a comparison of  th e  d a t a  i s  

a t t em p ted .

A. Mossbauer Theory

The Mossbauer e f f e c t  (o r  n u c l e a r  gamma resonance)  was d i scove re d  in  

1957 by R.L. Mossbauer. I t  i s  a b a s i c  r e s o n a n t  t e ch n iq u e  employing a 

photon s o u rc e ,  an ad s o rb e r  and a photon d e t e c t o r .  The source  used 

dominan tly  in  geology i s  ^7Co which decays (t% = 270 days)  by e l e c t r o n  

c a p t u r e  t o  5 7 Fe.  This  atom i s  a l s o  in  a n u c l e a r  e x c i t e d  s t a t e  and t h r e e  

gamma rays  (14,  123, and 137 keV) a re  em i t ted  on decay t o  t h e  ^7Fe 

s t a b l e  ground s t a t e  (Fig 4 . 1 ) .  Resonant a d s o r p t i o n  i s  fundamental  t o  

t h e  method.  I f  th e  nuc le i  in  th e  r e s o n a t o r  ( a b s o rb e r  o r  sample,  in  t h i s  

case  57Fe being p a i r e d  w i th  a source of  5 7 Co) a r e  i d e n t i c a l  t o  th e  

source  n u c l e i  t h e  photons w i l l  be r e s o n a n t l y  adsorbed .  The r e s o n a t o r  

n u c l e i  w i l l  themselves  be e x c i t e d  and then  w i l l  decay aga in  with  t h e  r e ­

em iss ion  of  gamma rays  t o  th e  ground s t a t e .  However, al though  t h i s  

e f f e c t  i s  e a s i l y  seen  in  such energy l e v e l s  as  th e  i n f r a r e d  re g io n  of  

t h e  e l e c t r o m a g n e t i c  spec trum, e a r l y  a t tem p ts  t o  observe  n u c l e a r  

resonance  were un su cces s fu l  f o r  s eve ra l  r e a s o n s .  A b r i e f  o u t l i n e  of  

t h e s e  problems and M ossbauer 's  s o l u t i o n  f o l l o w s .  For a more d e t a i l e d  

rev iew see  Bancro f t  (1973) ,  May (1981),  and Hawthorne (1983) .

The em i t t ed  gamma-rays a re  not  comple te ly  monoenerget ic  (a l though  

t h e  spread  i s  normal ly  very  narrow) but  a r e  d i s t r i b u t e d  about  a mean 

energy l e v e l ,  EQ. The d i s t r i b u t i o n  i s  L oren tz ian  in  shape and i s  

c h a r a c t e r i z e d  by th e  mean energy l e v e l ,  E0 , and th e  f u l l  wid th  a t  ^  

maximum i n t e n s i t y  o r  t h e  h a l f - w i d t h ,  r (Fig  4 . 2 ) .  The h a l f - w id t h  

d e te rm ines  t h e  degree  o f  s e n s i t i v i t y  of  th e  Mossbauer exper iment .
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F igure  4 . 1 .  The decay o f  5^Co t o  s t a b l e  5^Fe ground s t a t e .  Three 
d i f f e r e n t  gamma rays  a r e  em i t t e d .  From B ancrof t  (1973).
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F igure  4 . 2 .  The d i s t r i b u t i o n  o f  gamma rays  p l o t t e d  on a f i g u r e  of  
en e rg y ,  E, a g a i n s t  I n t e n s i t y ,  I .  The L oren tz ian  shape i s  d e f in e d  by 
t h e  mean energy  l e v e l ,  EQ, and th e  h a l f  w id th ,  r .  From May (1971) .
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The decay o f  a r a d i o a c t i v e  subs tance  fo l lo w s  t h e  ex p o n e n t i a l  law

N = Noe~Xt (4 .1 )

where N i s  t h e  number of  atoms a t  t ime t ,  NQ i s  t h e  number o f  atoms a t  

t=0 and x i s  t h e  decay c o n s t a n t  f o r  t h e  p a r t i c u l a r  s p e c i e s .  At t ime

t  = %, N = %N0  and t ^  = 0 .6 9 3 /  x. The s e n s i t i v i t y  o f  t h e  exper iment  i s

a l s o  de te rmined by th e  mean l i f e  t = t , / 0 . 6 9 3  and t h e  Heisenberg  

u n c e r t a i n t y  p r i n c i p l e

r^x = h /  2 ir = h

P l a n c k ' s  c o n s t a n t  (6 .626 x 10- 8 4  J / s e c ) .  As 1 .0  J = 6 .24  X

r H(eV) = 4.56 x 10" 1 6 / t %

f o r  t h e  e x c i t e d  s t a t e  6  o f  ^ F e ,  ti ,  = 97.7  x 10- 8  sec  and t h e r e f o r e ,
-9= 4 .67  x 10 eV. The l i n e  width i s  very  small compared t o  th e

13energy EQ o f  14.4keV. The sharpness  o f  the  peak r H/EQ = 3 .24  x 10 i s

a very  small number i n d i c a t i n g  ex t remely  high p r e c i s i o n .

Gamma r a y s  a r e  very  e n e r g e t i c  photons and th e  e m i t t i n g  atom r e c o i l s  

on emission  ( l i k e  a gun a f t e r  f i r i n g  a b u l l e t ) .  This  e f f e c t  can be 

c a l c u l a t e d  by th e  laws of  c o n s e rv a t io n  of  momentum. The r e c o i l  energy

l o s s ,  R, i s  small compared t o  th e  decay energy but  i t  i s  l a rg e  compared 

t o  th e  l i n e  width  (F ig .  4 . 3 ) .  For resonance  t o  occur  th e  i n c i d e n t  

r a d i a t i o n  must have t h e  energy EQ, th e  e x c i t a t i o n  energy o f  t h e  atomic 

o r  n u c l e a r  l e v e l .  Due t o  t h e  e f f e c t s  o f  r e c o i l  t h e  i n c i d e n t  gamma ray  

has an energy o f  EQ-R and cannot  e x c i t e  th e  n u c leu s .  An i n i t i a l  gamma

ray  of  EQ+R would be needed t o  e x c i t e  t h e  nuc leus .

where h = 

1018eV
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1 ( E )

F igure  4 .3  Recoil  e f f e c t s  a r e  seen  by th e  l o s s  1n ene rgy ,  E0 -R,  f o r  th e  
peak on th e  l e f t  hand s i d e .  An I n i t i a l  energy  o f  E0+R would be needed 
t o  e x c i t e  a nuc leus  of  energy EQ. From May (1971) .

1(E)

f' t 1 '

OVERLAP^.__

------------- //---------- —
E q " r  e o  e o  +  r

F igu re  4 . 4 .  Doppler broadening leads  t o  widening of  th e  h a l f  w id th  and 
a small  a r e a  o f  ov e r la p  can be seen between t h e  two peaks .  Symbols as 
f i g u r e  3 . 3 .  From May (1971).
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. A f u r t h e r  e f f e c t  i s  t h a t  o f  Doppler  broadening o f  t h e  energy  

band.  In any phase t h e  n u c l e i  a r e  not  a t  r e s t  bu t  a re  moving w i th  l a r g e  

v e l o c i t i e s .  Doppler  broadening  i s  t h e  e f f e c t  in  which ap p a re n t  sound o r  

e l e c t r o m a g n e t i c  f r e q u e n c i e s  a r e  a l t e r e d  by motion of  t h e  e m i t t e r  

r e l a t i v e  t o  t h e  o b s e r v e r .  This  l e ad s  t o  a broadening of  t h e  h a l f - w i d t h  

(F ig .  4 . 4 ) .  Although we now have an ov e r la p  o f  e n e r g i e s  and some 

resonance  can o c c u r ,  t h e r e  a r e  very  few photons and th e  h a l f - w i d t h  i s  

much l a r g e r  and t h e r e f o r e  t h e  s e n s i t i v i t y  i s  lowered.

M ossbauer 's  d i s c o v e ry  was t h a t  f o r  some low energy gamma-rays th e  

r e c o i l  energy  i s  very  low. I f  we c o n s id e r  an e x c i t e d  nuc leus  he ld  in  a 

r i g i d  l a t t i c e ,  t h e  e m i t t i n g  atom cannot r e c o i l  as  R i s  l e s s  t h a n  th e  

chemical  b in d ing  e n e r g i e s .  T here fo re  t h e  source  and ad s o rb e r  energy 

p r o f i l e s  w i l l  com ple te ly  o v e r l a p .  This  i s  no t  s t r i c t l y  t h e  c a s e  as t h e

atoms even in  a s o l i d  do v i b r a t e  and th e  r e c o i l  energy could be

t r a n s f e r r e d  t o  th e  l a t t i c e .  Using an E i n s t e i n  model o f  a s o l i d  where 

t h e  energy  i s  q u a n t i z e d ,  f o r  e x c i t a t i o n  o f  th e  l a t t i c e  an energy  EE o f  

±hv, ±2hv; ±3hv i s  needed where v i s  t h e  r e c o i l  v e l o c i t y .  R must be 

g r e a t e r  th a n  E^ t o  e x c i t e  t h e  l a t t i c e .  I f  R<E^ t h e  l a t t i c e  cannot  

v i b r a t e  and R becomes minute and resonance  i s  observed .  This  can be

seen t o  occur  f o r  t h e  d i f f e r e n t  Fe i s o to p e s

57Fe 56Fe

Decay Energy 14 keV 800 keV

R 0.002eV 6 eV

Er 0.04eV 0.04eV

The 14 keV i s  em i t t ed  w i th o u t  r e c o i l .  In a d d i t i o n ,  t h e r e  i s  no the rmal
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e x c i t a t i o n  of  t h e  l a t t i c e  and hence t h e r e  i s  no Doppler  b roaden ing .  In 

t h e  second c a s e ,  t h e  s o l i d  i s  e x c i t e d  very  h ig h ly  and t h e  expec ted  l o s s  

i n  energy  due t o  r e c o i l  o c c u r s ;  t h i s  causes  v i b r a t i o n s  of  t h e  atoms in  

t h e  s o l i d  and Doppler broadening o ccu rs .

In t h e  n a t u r a l  c a s e ,  however, some o f  t h e  energy e x c i t e s  t h e  s o l i d  

and th e  energy i s  s l i g h t l y  l e s s  than  EQ. The f r a c t i o n  t h a t  t a k e s  p la c e  

w i th o u t  r e c o i l  i s  known as t h e  Mossbauer f r a c t i o n

J  = exp -4tt2 <X2>

An example of  t h e  Mossbauer e f f e c t  can be seen i f  we used ^ C o  in  

s t a i n l e s s  s t e e l  as  a source  and ^ F e  in  s t a i n l e s s  s t e e l  as  an 

a d s o r b e r .  The source  i s  then  made t o  v i b r a t e  over  a range  o f  v e l o c i t i e s  

and t h e  number of  gamma r a y s  t r a n s m i t t e d  th rough  th e  ad s o rb e r  a r e  

coun ted .  A one l i n e  spectrum w i l l  r e s u l t  (F ig .  4 . 5 a ) .  The source  and 

th e  a d s o rb e r  a r e  i d e n t i c a l .  I f  however, a d i f f e r e n t  ad s o rb e r  i s  used 

one o r  more peaks w i l l  be observed (F ig .  4 . 5 b ) .  This  shows t h a t  t h e  

energy  l e v e l s  a r e  s e n s i t i v e  t o  the  e x t r a n u c l e a r  env ironment.

There a r e  two main e f f e c t s  on th e  energy l e v e l s .  A change in  t h e  

s - e l e c t r o n  d e n s i t y  a t  th e  nucleus  w i l l  s h i f t  t h e  n u c l e a r  energy l e v e l s ,  

a phenomenon known as th e  Isomer S h i f t .  This  i s  due t o  both th e  va lence  

s t a t e  and degree  o f  co v a l e n t  bonding.  Also ,  i f  t h e  nuc leus  does not  

have a uniform charge  d e n s i t y  a quadrupole  moment a r i s e s  which can 

a f f e c t  th e  e l e c t r i c  f i e l d  g r a d i e n t  (EFG) a t  t h e  nucleus  and can s p l i t  

t h e  energy l e v e l s .  This  g iv e s  r i s e  t o  a do u b le t  in  t h e  energy spectrum 

and i s  known as  Quadrupole S p l i t t i n g .  The changes in  t h e  EFG a r e  due t o  

t h e  va lence  s t a t e  and th e  no n -sp h e r ica l  component of  th e  c r y s t a l  f i e l d ,
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F igure  4 .5 a  I f  t h e  source  and th e  ad s o rb e r  a r e  i d e n t i c a l  a one l i n e  
spectrum w i l l  r e s u l t ,  however, 1 f  they  a r e  d i f f e r e n t ,  m u l t i p l e  peaks 
w i l l  occur  as in  Figure 4 .5b .  From B ancrof t  (1973).

0 0

0.6

x
M2

0.2

0.0
0.6 0.8 1.00.2 0.40.0

Figure  4 .6  E f f e c t  o f  d i f f e r e n t  r e c o i l e s s  f r a c t i o n s  f o r  Ml and M2 
s i t e s .  The s o l i d  curve r e p r e s e n t s  an id e a l  d i s t r i b u t i o n ,  t h e  d o t t e d  
l i n e  th e  e f f e c t  o f  vary ing  th e  r e c o i l e s s  f r a c t i o n s  by 105(. From S l e f e r t  
(1987) .
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i . e .  t h e  s t r u c t u r a l  envi ronment .

R ecen t ly ,  S e i f e r t  (1987) has summarized some o f  t h e  r e c e n t  advances 

in  t h e  Mossbauer t e ch n iq u e  and sugges ted  t h a t  some r e s u l t s  need t o  be 

complemented by independent  t e c h n iq u e s .  He s ugges t s  t h a t  t h e  r e c o i l  l e s s  

f r a c t i o n  (o r  Debye-Waller  f a c t o r )  i s  d i f f e r e n t  f o r  the  Ml and M2 

s i t e s .  In e a r l i e r  s t u d i e s  they  had been assumed t o  be so s i m i l a r  t h a t  

t h e  r e s u l t s  would not  be a f f e c t e d .  The assumption i s  based on both 

th e o ry  and exper iments  on f e r r o s i l i t e .  In t h e o ry ,  we can expec t  Fe in  

Ml t o  be more t i g h t l y  bonded than  Fe in  M2 (see  s e c t i o n  on bond l e n g t h s ,  

c h a p t e r  I I I  p . 8 2 . )  and r e c e n t  exper iments  ( S e i f e r t ,  1987, p e r s .  comm.,) 

seem t o  show t h a t  t h e  peaks a re  not  e q u i v a l e n t  in a f e r r o s i l i t e  

sample.  In t h i s  example he moves th e  Kq d i s t r i b u t i o n  curve from 

i d e a l i t y  t o  " f i t "  w ith  t h e  samples o f  Saxena and Ghose (1971) by vary ing  

t h e  r e c o i l l e s s  f r a c t i o n s  by 10% (F ig .  4 . 6 ) .  He s t a t e s  t h a t  t h i s  i s  not  

t o  imply t h a t  Fe-Mg d i s t r i b u t i o n  in  o r thopyroxenes  i s  ide a l  but  t o  

dem onst ra te  th e  ide a .  S e i f e r t  (1987,  o r a l  comm.), sugges ted  a more 

f e a s i b l e  va lue  would be a 4% d ec re a se  in  t h e  r e c o i l e s s  f r a c t i o n  o f  t h e  

M2 s i t e  compared t o  th e  Ml s i t e .

The Mossbauer d e t e r m in a t io n s ,  t h e r e f o r e ,  probably  have t o  be

r e c a l c u l a t e d .  This  i s  e s p e c i a l l y  importan t  f o r  th e  i r o n - r i c h  samples.

In a d d i t i o n ,  most o f  t h e s e  e a r l i e r  s t u d i e s  only  have d a t a  on th e  n a t u r a l

and quenched sample.  I t  i s  p o s s i b l e  t h a t  t h e r e  may have been a change in

t h e  c r y s t a l ,  as  we no ted ,  (and probably  seen by Anovitz e t  a l . ,  1988)
0 .

which would g iv e  r e s u l t s  w i th  l e s s  Fe in  t h e  M2 s i t e .
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B. Comparison o f S ite  Occupancies for Orthopyroxene

The main f a c t o r s  a f f e c t i n g  th e  a b i l i t y  o f  t h e  c r y s t a l  t o  a t t a i n  

e q u i l i b r i u m  a re  t e m p e ra tu re ,  t ime of  h e a t in g  and composi t ion  o f  t h e  

c r y s t a l

(1)  Temperature .  K in e t ic  s t u d i e s  show t h a t  samples o f  t h e  same 

composi t ion  w i l l  r e a c t  f a s t e r  a t  h ighe r  t e m p era tu re s  ( s ee  Table 3 . 5 ) .

(2) D u ra t io n .  The leng th  o f  t ime r e q u i r e d  t o  reach  e q u i l i b r i u m .  I t  

was o r i g i n a l l y  be l iev ed  t h a t  a longer  t ime was p r e f e r a b l e  t o  ensu re  

e q u i l i b r i u m  had been reached .  This  i s  p robab ly  s t i l l  t r u e  f o r  t h e  Mg- 

r i c h  samples (p e r .  comm., Molin,  Domeneghetti and T a z z o l i ,  1986),  

however,  as  i n d i c a t e d  by t h e  r e c e n t  s i t e  occupancy r e s u l t s  on F e - r i c h  

samples ( p . 107, t h i s  s tudy)  a long t ime p e r io d  en ab le s  o t h e r  r e a c t i o n s  

t o  t a k e  p l a c e .  T h e re fo re ,  th e  changes with  t ime f o r  t h e s e  F e - r i c h  

samples needs t o  be c l o s e l y  monitored.

(3) Composit ion.  This  i s  a problem f o r  both  t h e  magnesium-r ich and 

th e  F e - r i c h  samples.  The very  Mg-rich samples a re  a problem f o r

th e  Mossbauer method as " f o r  magnesium-rich o r t h o p y r o x e n e s , . . . t h e  o u t e r  

d o u b le t s  amount t o  small shou lde rs  on the  s t ro n g  in n e r  d o u b le t s  and a r e  

not  c l e a r l y  r e s o l v a b l e  even a t  77 K, and th e  p r e c i s i o n  i s  c o n s id e r a b ly  

lower ( th a n  f o r  th e  i r o n - r i c h ) "  (Ghose, 1982).  For t h e  i r o n - r i c h  samples 

t h e  problem i s  one o f  decomposi t ion .  P r e s s u r e ,  o f  c o u r s e ,  s t a b i l i z e s  

t h e  i r o n - r i c h  orthopyroxene  phase.

From th e s e  o b s e rv a t io n s  i t  seems t h a t  g r e a t  c a r e  must be t a k en  when 

e v a l u a t i n g  t h i s  d a t a .  The v a r io u s  problems and r e s u l t s  w i l l  now be 

ev a lu a te d  s e p a r a t e l y .
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1. Mossbauer Studies

The e a r l y  s t u d i e s  on s i t e  occupancy in  o r thopyroxene  (Virgo and 

H afne r ,  1969, Saxena and Ghose, 1971 and Besancon 1981a) a l l  

used Mossbauer t e ch n iq u es  f o r  t h e i r  a n a l y s e s .  This  has been con t inued  

by Anovitz  e t  a l . ,  (1988) and th e  unpubl ished works of  Spasa to  e t  a l . ,  

(1988) and Grammenopolus (1981) .  More d e t a i l  can be found in  t h e  

r e s p e c t i v e  p a p e r s .

a .  Sample P r e p a r a t i o n  and Heating C ond i t ions .

Virgo and Hafner (1969) hand picked c r y s t a l s  from a s ieved

s e p a r a t i o n  o f  crushed  ro c k .  A p u r i t y  g r e a t e r  th a n  99% i s  c la im ed .  The

t h r e e  most i r o n - r i c h  samples were hea ted under p r e s s u r e  in  i ron  

c a p s u l e s .  Th is  was done t o  p reven t  decomposit ion  t o  o l i v i n e  and q u a r t z  

o r  t h e  phase t r a n s i t i o n  t o  a monoc lin ic  phase ( s ee  Huebner,  1982 and f i g  

3 . 9 ) .  These samples were,  t h e r e f o r e ,  well  w i th i n  t h e  s t a b i l i t y  f i e l d  

f o r  F e - r i c h  o r thopy roxenes .  The fg^  was low a s  th e y  were in  e q u i l i b r i u m  

w i th  m e t a l l i c  i r o n .  The o t h e r  samples were sea le d  in  q u a r t z  t u b e s  with  a 

vacuum o f  5x10-4 mm Hg. A few o f  th e  samples were s u b je c t e d  t o  m u l t i p l e  

runs  i . e .  t h e  q u a r t z  tube  was quenched,  opened,  some sample removed f o r  

s tudy  and then  t h e  tube  r e s e a l e d  and h e a t in g  co n t in u e d .  Heat ing t im es  

f o r  a l l  t h e  runs  was always l e s s  than  1  week.

Saxena and Ghose (1971) d id  a more s y s t e m a t i c  s tudy  ove r  a w ider

range o f  t e m p e ra tu re s  f o r  v a r io u s  com pos i t ions .  A sample p u r i t y  o f  98% 

i s  s t a t e d ,  us ing  c r y s t a l s  s e l e c t e d  under a microscope .  The c r y s t a l s  d id  

no t  show zoning o r  any s i g n i f i c a n t  amount of  unmixing. In a d d i t i o n ,  

t h e  c r y s t a l s  were examined f o r  homogeneity by microprobe  a n a l y s i s .  The 

sample was p laced  in  an open gold cap s u le  and hea ted  under a f r e e l y -  

f low ing  argon p r e s s u r e  of  0 . 5 - 1 . 5  k b a r .  Heating t im es  were 500°C, 3
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weeks; 600°C, 2 weeks; 700°C, 1 week; 800°C, 1 week. No m u l t i p l e  runs  

were performed.

Besancon (1981a) con t inued  with  t h i s  work. The samples were 

crushed  and s e p a ra t e d  by heavy l i q u i d s  and magnets .  I m p u r i t i e s  s t i l l  

remained (amphiboles ,  c l in o p y ro x en e ,  m a g n e t i t e ,  ch ro m i te ,  s e r p e n t i n e ,  

p l a g i o c l a s e )  which were seen  o p t i c a l l y ,  by e l e c t r o n  microscope  and by X- 

r ay  d i f f r a c t i o n .  I t  i s  t o  be noted  t h a t  over  3% o f  t h e s e  phases  must  be 

p r e s e n t  t o  in  o r d e r  t o  be i d e n t i f i e d  by powder X-ray d i f f r a c t i o n  (p e r .  

comm., J . S .  Huebner; G.L. Nord 1986).  This  s u gges t s  t h e  samples were 

q u i t e  impure.  The samples were hea ted  in  p la t inum c a p s u le s  w ith  a small 

opening a t  t h e  to p .  A H2 -CO2  a tmosphere was used (gas -m ix tu re  

a p p a ra tu s )  w ith  t h e  p ro p o r t i o n  of  CO2  changed t o  keep t h e  t e m p e r a t u r e -  

atmosphere c o n d i t i o n s  o u t s i d e  t h e  g r a p h i t e  s t a b i l i t y  f i e l d .  M u l t ip le  

samples were loaded sym m etr ica l ly  i n t o  th e  co ld  fu rn a c e  and brought up 

t o  t e m p e ra t u r e .  A f t e r  30 minu tes one sample was quenched ( f o r  i n i t i a l  

s i t e  occupancy) and o t h e r s  were quenched a t  v a r io u s  t im es  a f t e r  t h a t .

The l o n g e s t  runs  were f o r  70 hours .

Anovitz e t  a l .  (1988) ,  s tu d ie d  two samples.  The c r y s t a l s  of  

o r thopyroxene  were crushed  and q u a r t z  and g a r n e t  i n c l u s i o n s  were removed 

by magnetic s e p a r a t i o n  and hand p ic k in g .  In a d d i t i o n ,  t h e  low-Fe sample 

was t r e a t e d  by o x a l i c  ac id  t o  remove hem at i te  s t a i n i n g  on c leavage  

s u r f a c e s .  The sample was f u r t h e r  crushed t o  35-100 mesh s i z e  and 

f u r t h e r  hand p ic k in g  was done.  X-ray d i f f r a c t i o n  showed only  

o r thopyroxene .

Runs o f  under 2 hours were done in  a CO-CO2  gas-mixing  fu rn a c e  (0 .5  

log u n i t s  above th e  i r o n - w u s t i t e  b u f f e r ) .  Longer runs  were done i n  

evacua ted  tu b e s  w ith  a p ie c e  of  i r o n  wire  t o  c o n t ro l  t h e  oxygen
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f u g a c i t y .  Samples were f i r s t  d i s o rd e re d  a t  900°C f o r  two hours  and then  

t h e  o rd e r in g  exper imen ts  were s t a r t e d .  In a d d i t i o n  one sample was 

d i s o r d e r e d  f o r  t h e  same t ime as t h e  lo n g e s t  o rd e r in g  exper im en t .

In a l l  o f  th e s e  exper iments  t h e  h e a t in g  c o n d i t i o n s  were 

s i g n i f i c a n t l y  d i f f e r e n t  -  e s p e c i a l l y  t h e  atmosphere used (o r  lack  of  

i t ) .  Experiments on th e  e f f e c t  o f  a vacuum on th e  k i n e t i c  r a t e s  o f  th e  

exper iments  were done by Anovitz e t  a l . ,  (1988) and no s i g n i f i c a n t  

d i f f e r e n c e  was no ted .

b.  Mossbauer S e t t i n g s ,  S i t e  Occupancy C a l c u l a t i o n s  and E r r o r s .

The Mossbauer s e t t i n g s  were f a i r l y  s i m i l a r  f o r  a l l  t h r e e  groups  of  

e xpe r im en t s .  All used a c o n s t a n t  a c c e l e r a t i o n  v e l o c i t y  g e n e r a t o r  w ith  

e i t h e r  a 400 o r  512 channel  a n a l y s e r .  V e lo c i ty  increment pe r  channel  

v a r i e d  from 0 .04  t o  0 .02  mm/sec. All s p e c t r a  were taken  a t  77 K exce p t  

Anovitz e t  a l . ,  which were taken  a t  125 K. Absorbers were made by 

mixing or thopyroxene  powder with  l u c i t e  to  g ive  a c o n c e n t r a t i o n  of
O

between 3-5 mg Fe/cm . I t  i s  noted t h a t  very l i t t l e  in fo rm a t io n  on th e  

p rocedure  i s  g iven  by Besancon (1981a).

All  a u th o r s  f i t t e d  t h e  peaks t o  Lo ren tz ian  c u rv e s ,  u s u a l l y  w i th  no 

c o n s t r a i n t s .  This method has 13 v a r i a b l e s ,  3 f o r  each L o ren tz ia n  and 1 

f o r  t h e  o f f - r e s o n a n c e  count  r a t e .  Anovitz e t  a l . ,  (1988) used a maximum 

o f  18 v a r i a b l e s  but  imposed sev e ra l  c o n s t r a i n t s  t o  reduce  t h i s  number, 

i n c lu d in g  th e  assumption t h a t  t h e  width  of  a l l  peaks a r e  e q u a l .

Besancon (1981a) c o n s t r a i n e d  two peaks f o r  Fe^+ t o  be equal  f o r  sample 

TZ. Chi squared v a r i e d  between 150-300. The s i t e  occupancy was th e n  

c a l c u l a t e d  from I ,  t h e  peak h e ig h t  and r t h e  width a t  h a l f - h e i g h t  as  

o b ta in e d  from th e  f i t  t o  t h e  L o ren tz ia n s  which i s  c a l c u l a t e d  t o  match
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t h e  chemical d a t a  ( see  Saxena and Ghose, p.  539, f o r  e q u a t io n  d e t a i l s ) .

Mossbauer y i e l d s  on ly  a r e l a t i v e ,  no t  an a b s o lu t e  v a lu e .

Repeated s p e c t r a  on d i f f e r e n t  bu t  unheated samples were conducted 

and e r r o r s  o f  l e s s  th a n  ± 0.003 f o r  Virgo and Hafner (1969) and Besancon 

(1981a) and ± 1% f o r  Saxena and Ghose (1071) were s t a t e d .  Anovitz e t  

a l . ,  (1988) g iv e  an average  p r e c i s i o n  of  ± 0.005 f o r  t h e  Fe in  t h e  Ml 

s i t e  and ± 0.008 f o r  t h e  M2 s i t e  f o r  r ep ea ted  s p e c t r a .  E r ro r s  f o r  

microprobe  a n a l y s i s ,  sample i m p u r i t i e s ,  and h e a t in g  a r e  n o t  inc luded  in  

t h e  d a t a  f o r  th e  s i t e  o ccupanc ies .  There fore  i t  seems t h a t  t h e s e  

"generous e r r o r  e s t i m a t e s "  (Besancon 1981a) a re  l i k e l y  t o  be much 

s m a l l e r  th a n  th e  t r u e  e r r o r s .  As sample p u r i t y  i s  q u e s t i o n a b l e ,  th e  

chemical a n a l y s i s  e r r o r  i s  a t  l e a s t  ± 1  wt .  p e r c e n t  of  t h e  v a r io u s  

o x ides  and a l a r g e r  o v e r a l l  e r r o r  of  ± 0.01 i s  su g g es ted .  Th is  w i l l  be 

used in  comparing t h e  d a t a .

2 .  X-ray te c h n iq u e s

Ganguly (1982) used t h e  Mossbauer s i t e  occupancies  t o  c a l c u l a t e  

c o o l in g  h i s t o r i e s ,  however,  he found th e  coo l ing  r a t e s  t o  be "very  

s e n s i t i v e  t o  u n c e r t a i n t i e s  in  t h e  s i t e  occupancy d e t e rm in a t io n "  and 

"cannot  u s u a l l y  be r e l i e d  upon when a l l  u n c e r t a i n t i e s  a r e  c o n s i d e r e d ,  as  

any th ing  b e t t e r  th a n  " o rd e r  o f  magnitude" numbers".  He sugges ted  

f u r t h e r  s t u d i e s  were needed us ing  both Mossbauer and s i n g l e - c r y s t a l  X- 

r ay  t e c h n iq u e s .  Hence, work on s i t e  occupancies  has been c o n t in u in g  

(Domeneghetti  e t  a l . ,  1985, Saxena e t  a l . ,  1988, and t h i s  s tudy)  us ing  

s i n g l e  c r y s t a l  x - r a y  a n a l y s i s  t o  compare t h e  t e c h n iq u e s .  I t  i s  a l s o  

b e l i e v e d  t h a t  e r r o r s  may be lower,  e s p e c i a l l y  as t h i s  method can a l s o  

r e c o rd  changes i n  t h e  o v e r a l l  s t r u c t u r e  o f  th e  c r y s t a l  r e i n f o r c i n g  th e
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s i t e  occupancy d a t a .

a .  Sample P re p a ra t i o n  and Heating Condit ions

Domeneghetti e t  a l . ,  (1985) d id  th e  f i r s t  s y s t e m a t i c  s tudy  of  

s t r u c t u r a l  v a r i a t i o n s  as a f u n c t i o n  o f  chemical composi t ion  and degree  

o f  o r d e r i n g .  All  o f  t h e i r  samples have been e q u i l i b r a t e d  a t  700°C. The 

samples were t r e a t e d  in  t h e  same manner a s  t h a t  d e s c r ib e d  on page 77.

The only  d i f f e r e n c e  i s  t h a t  th e  gas was n i t r o g e n  a t  a p r e s s u r e  o f  1 

atmosphere and F e - f i l i n g s  were added t o  absorb  r e s i d u a l  oxygen.

However, t h e  o v e r a l l  e f f e c t  of  t h e s e  d i f f e r i n g  atmospheres should  be 

very  s i m i l a r .  Again a heat -quench  cyc le  was performed on t h e  same 

c r y s t a l  bu t  d a t a  c o l l e c t i o n  f i n i s h e d  as  soon as e q u i l i b r i u m  appeared  t o  

be reac h ed ,  i . e .  t h e  exper iments  were not  con t inued  and so any f u r t h e r  

changes -  i f  they  would have occurred  -  were not  seen .  For d e t a i l s  

conce rn ing  th e  work done in  t h i s  s tudy  see  s e c t i o n  I I I .  The same 

procedure  was used by Saxena e t  a l .  (1988).

b.  X-ray S e t t i n g s ,  S i t e  Occupancy C a l c u l a t i o n s  and E r r o r s .

The work o f  Domeneghetti e t  a l . ,  (1985) was c a r r i e d  ou t  us ing  a 

P h i l i p s  PW 1100 fo u r  c i r c l e  d i f f r a c t o m e t e r  a t  t h e  U n iv e r s i t y  o f  Pav ia .

All s t u d i e s  used monochromatic MoKa r a d i a t i o n .  S t r u c t u r a l  r e f in e m e n t s  

fo l lowed t h a t  d e s c r ib e d  on page 77. The va lues  ob ta ined  by t h i s  method 

a re  a b s o l u t e ,  t h e  e x a c t  chemical  d a t a  a re  not  p a r t  o f  t h e  in p u t  d a t a  f o r  

th e  r e f in e m e n t .  However, a check should be made between th e  s i t e  

occupancy r e s u l t s  and th e  chemical a n a l y s i s  ( see  Table 3 . 3 ) .

The e r r o r s  f o r  t h i s  method depend e s s e n t i a l l y  on th e  f i t  o f  t h e  

observed s t r u c t u r a l  f a c t o r s  t o  t h e  c a l c u l a t e d  ones .  The d i f f e r e n c e s  

between th e  samples and sample p u r i t y  e r r o r s  can be e l im in a te d  as only  

one s i n g l e ,  c a r e f u l l y  s e l e c t e d  c r y s t a l  i s  used.  Repeated h e a t in g s  o f  t h e
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same c r y s t a l  remove a b s o r p t i o n  problems.  For sample #4 r e p e a te d  h e a t in g s  

have been performed f o r  s e v e ra l  d i f f e r i n g  d u r a t i o n s  and th e  f i t  i s  wel l  

w i th i n  t h e  e r r o r  ( s ee  F ig .  3 . 8 ) .  Again,  an e r r o r  va lue  o f  0 .01  i s  

su g g es ted .  This  i s  t h r e e  t im es  t h e  e s t im a te d  s tandard  d e v i a t i o n  o f  t h e  

s i t e  occupancy and i s  b e l i e v e d  t o  be a h ig h ly  r e a l i s t i c  e r r o r .
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3. Comparison of the S ite  Occupancy Data

The Mossbauer d a t a  have been well  summarized by Anovi tz e t  a l . ,

1988 and a r e  shown in  f i g u r e  4 . 7 .  The p o i n t s  shown a r e  f o r  t h e  o r i g i n a l  

s i t e  occupancy and th e  d i r e c t i o n  of  movement. They in c lu d e  both  

o r d e r in g  and d i s o r d e r i n g  exper im en t s .  As s t a t e d  by Anovitz e t  a l . ,

(1988) t h e  exper iments  on s o l e l y  d i s o r d e r i n g  o r  o r d e r in g  can on ly  be 

r eg a rd ed  as h a l f  r e v e r s a l s .  Th is  i s  e s p e c i a l l y  t r u e  of  t h e  e a r l i e r  

s t u d i e s  when on ly  an i n i t i a l  ( n a t u r a l )  s i t e  occupancy and a f i n a l  ( o r  

e q u i l i b r i u m )  s i t e  occupancy a r e  known. The l a t e r  s t u d i e s ,  where t h e  

change w i th  t ime i s  well  moni tored  and sev e ra l  p o i n t s  confi rm th e  

e q u i l i b r i u m  v a lu e ,  t h i s  i s  l e s s  o f  a problem but  should s t i l l  be taken  

i n t o  account .The  r e s u l t s  have been f i t t e d  t o  th e  eq u a t io n  

RTlnKg = RTlnK + WM1 ( l-2XM1Fe) -  WM2 ( l-2XM2Fe)

For Anovitz e t  a l . ,  (1988) t h i s  r e s u l t s  in  t h e  d a t a  

InK = 1203/T(K) + 0.1272 

WM 1  = 5449 J/mol 

WM 2  = 2083 J/mol

and t h i s  i s  shown as th e  s o l i d  curve Figure 4 . 7 .  The v a lu e s  o b ta in e d  by 

Ganguly,  1982 a r e : -

lnK = —1562/T(K) + 0.1435 

WM 1  = 6377 J/mol 

WM 2  = 4519 J/mol

and i s  shown by th e  dashed curve (Fig 4 . 7 ) .  The d i f f e r e n c e  in  s ig n  f o r  

t h e  InK va lue  i s  due t o  Anovitz e t  a l . ,  (1988) d e f i n i n g  Kg f o r  th e  

o r d e r in g  r e a c t i o n  w h i l s t  Ganguly (1982) d e f i n e s  Kg f o r  t h e  d i s o r d e r i n g  

r e a c t i o n .  Onto t h e s e  curves  I have added t h e  d a t a  from t h e  s i n g l e  X-ray 

a n a l y s i s  o f  t h i s  s tudy  and th o se  o f  Saxena e t  a l ,  1988 (F ig .  4 . 8 ) .
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F igure  4 . 7 .  R es u l t s  of  t h e  e q u i l i b r i u m  s i t e  occupanc ies  f o r  
o r thopyroxene  ob ta ined  e x p e r im e n ta l ly  by Mossbauer.  From Anovi tz  e t  
a l .  (1988) .  The numbers a r e  1) Virgo and Hafner (1969) ;  2) Saxena and 
Ghose (1971) ;  4) Besancon (1981a) ;  5) Grammenopoulou (1981) ;  6 ) 
K h r l s to fo ro v  e t  a l .  (1974) ;  8 ) Besancon, Sposato  and Grover ( I n  Anovitz  
e t  a l . , 1 9 8 8 ) ;  9)  Anovitz e t  a l .  (1988) .  The s t a r t i n g  v a lu e s  a r e  shown 
as d o t s ,  t h e  e q u i l i b r i u m  va lues  by th e  t i p  o f  t h e  ar row.  The models 
I n d i c a t e d  a r e  Ganguly (1982) ,  dashed l i n e s ,  and Anovitz e t  a l .  (1988) ,  
s o l i d  l i n e s .
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The samples in  t h i s  s tudy  were hea ted a t  525, 575, 625,  675,  and 

725 °C, t h e r e f o r e ,  th e y  can not  be expected t o  l i e  on t h e  a c t u a l  

iso the rms  but  t o  s t r a d d l e  t h e  600 and 700°C iso therm s  and t o  p l o t  on t h e  

more d i s o r d e r e d  s id e  of  t h e  500°C iso the rm .  However, a l l  t h e  d a t a  

p o i n t s  p l o t  t o  th e  more o rdered  s id e  of  th e  curve of  Anovitz e t  a l . ,

1988. I t  i s  h igh ly  u n l i k e l y  t h a t  t h e  h ighe r  t e m pera tu re  exper iment of  

bo th  o f  t h e s e  p a i r s  d id  no t  a t t a i n  a more d i s o rd e re d  va lue  th a n  th e  

lower t e m p era tu re  i so the rm .

However, i f  t h e  r e c o i l  l e s s  f r a c t i o n  was d i f f e r e n t  between th e  Ml 

and M2 s i t e  as  sugges ted  by S e i f e r t  (1987) ,  t h e  d i f f e r e n c e  between t h e  

two te c h n iq u e s  could be accounted f o r .  The new iso the rms  a r e  c a l c u l a t e d
p .

by i n c r e a s i n g  th e  va lue  Fe in  the  M2 s i t e  by 4% and r e a d j u s t i n g  bo th  

v a lu es  to  th e  o r i g i n a l  bulk  composi t ion .  The r e s u l t i n g  v a lu e s  f o r  t h e  

above eq u a t io n  a r e : -

InK = 1208/T(K) + 0.2545 

WM 1  = 4303 J/mol 

WM 2  = 3179 J/mol

The e f f e c t  o f  changing t h e  va lues  i s  shown a t  600 and 700°C on f i g u r e  

4 . 8 ,  Also shown a r e  t h e  o r i g i n a l  cu rves  of  Anovitz e t  a l . ,  1988. This  

c a l c u l a t i o n  only  a f f e c t s  t h e  more F e - r i c h  composi t ions  s i g n i f i c a n t l y .

The r e s u l t i n g  curves  on f i g u r e  4 .8  a r e  then  th e  l e a s t - s q u a r e s  f i t  

t o  a l l  t h e  Mossbauer d a t a  assuming th e  r e c o i l l e s s  f r a c t i o n  i s  d i f f e r e n t  

f o r  t h e  two s i t e s .  The X-ray d a t a  from t h i s  s tudy  c o r re sponds  q u i t e  

well  t o  t h e s e  a d j u s t e d  i s o th e rm s ,  e s p e c i a l l y  f o r  th e  700°C c u rv e .  The 

d a t a  from Saxena e t  a l .  (1988) a l l  l i e  t o  th e  more d i s o r d e r e d  s i d e  of  

t h e  i so the rm s  sugges t ing  f u r t h e r  h ea t ing  i s  s t i l l  needed t o  a t t a i n  

e q u i l i b r i u m .



165

XM2

10/68,
625(4)

0.8

0.6

0.4
° T 2 7 4  600 C

—  Anovitz e t al.|19BB) 
"4 ~  This work

0.2

0.60 0.2 0.4 O.B 1

XM1

XM2

675(4)
0.B

0.6

0.4
700 C

274
Anovitz e t al.(1SBBI 

This work
0.2

0.60 0.2 0.4 O.B
XMi

F ig u re  4 . 8 .  E q u i l ib r iu m  s i t e  occupancies  f o r  X-ray d i f f r a c t i o n  s t u d i e s  
shown w i th  r e s p e c t  t o  t h e  model o f  Anovitz e t  a l .  (1988) and th e  
a d j u s t e d  model ( t h i s  work).  Samples 274,  10 and 10/68 from Saxena e t  
a l .  (1988) a r e  f o r  600 and 700°C on th e  co r respond ing  I so the rm .  Samples 
4  and 5  f rom t h i s  s tudy  have th e  tem pera tu re  i n d i c a t e d .
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S o lu t i o n s  t o  some p e t r o g e n e t i c  problems p e r t a i n i n g  t o  th e  fo rm at ion  

and e v o l u t i o n  o f  th e  e a r t h ' s  c r u s t  and mantle  w i l l  be aided  by th e  

com ple t ion  o f  a pyroxene-geothermometer  t h a t  inc ludes  both  thermodynamic 

and s i t e  occupancy d a t a .  The composi t iona l  s e n s i t i v i t y  o f  such a 

thermometer  i s  l i k e l y  t o  lead  t o  a more complete and probab ly  more 

i n t e r e s t i n g  i n t e r p r e t a t i o n  of  t h e  thermal h i s t o r y .

Models comparing macroscopic and microscop ic  param ete r s  a re  

c u r r e n t l y  being  developed see Thompson (1970) ;  Sack (1980);  Davidson e t  

a l .  (1982);  Saxena (1983a) ;  Davidson (1985);  and Davidson and Linds ley  

(1985) .  These workers  used convergent  and non-convergen t  s i t e - d i s o r d e r  

models f o r  pyroxenes and t h e i r  work c l e a r l y  dem ons t ra tes  t h e  importance  

of  s i t e  occupancy s t u d i e s .

The s i t e  occupancy d a t a  p rov ide  a means t o  i n t e r p r e t  t h e  pyroxene 

e q u i l i b r i u m  com pos i t ions ,  and complete t h e  work on q u a d r i l a t e r a l  

pyroxene geothermometry.  Such a s tudy i s  an i n t e g r a l  p a r t  o f  t h e  phase 

e q u i l i b r i u m  s t u d i e s  on pyroxenes being conducted by o t h e r s .  Note t h a t  

t h e  exper imenta l  s tudy  of  Fe-Mg o r d e r - d i s o r d e r  in  pyroxenes i s  c r u c i a l  

in  t h e  i n t e r p r e t a t i o n  o f  phase e q u i l ib r iu m  d a t a  i r r e s p e c t i v e  o f  whether  

t h e  t h e o ry  as  d i s c u s s e d  here  f o r  a t o t a l l y  macroscopic approach i s  used 

o r  a n o th e r  model f o r  t h e  s i t e - a c t i v i t y - c o m p o s i t i o n  model i s  p r e f e r r e d .

A. Theory

The th e o ry  connec t ing  th e  macroscopic param ete rs  ( c h a p t e r  I I ,  p . 9) 

t o  t h e  s i t e  occupancy d a t a  i s  developed here  t o  show th e  i n t e r a c t i o n  

between t h e  two pa ram e te r s .  This  d e s c r i p t i o n  e s s e n t i a l l y  fo l low s  t h a t  

o f  P u tn i s  and McConnell (1980) .
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For every  s o l i d  s o l u t i o n ,  t h e  microscop ic  f e a t u r e s  o f  t h e  c r y s t a l  

such as  t h e  shape and s i z e  of  th e  in d iv id u a l  s i t e s  change with  

com posi t ion .  This  a l s o  v a r i e s  with  t h e  type  o f  s i t e  and t h e  c a t i o n s  

t h a t  occupy them. For a s o l i d  s o l u t i o n  we can again  c o n s id e r  t h e  changes 

in  en th a lp y  and en t ropy  on mix ing.  The f r e e  energy change on mixing i s  

d e f in e d  as

Gmix = Hmix -  TSmix (5 .1 )

Cons ider ing  t h i s  on a microscop ic  s c a l e ,  we can c o n s id e r  two atoms A and 

B mixing in  a s o l i d  and can count  th e  number o f  s i t e s  occupied  by each 

atom. The c r y s t a l  c o n s i s t s  of  N atoms,  where Na i s  t h e  number o f  atoms 

of  A and Nb i s  t h e  number o f  atoms of  B.

Cons ider ing  f i r s t  t h e  en t ropy  term. The number of  ways in  which Na 

and Nb atoms can be a r ranged  over  N s i t e s  i s  a measure o f  th e  

c o n f i g u r a t i o n a l  en t ropy  of  mixing ( aS) .

N!
Number o f  a r rangements  = —— . _■—■■■- . (5 .2 )  (5 .2 )

from th e  second law o f  thermodynamics we have

N!
C o n f ig u ra t io n a l  energy ( aS) = klogeu> = k loge ; ;  ( 5 .3 )

s i m p l i f i e d  by us ing loge N! = N loggN - N

C o n f ig u ra t io n a l  energy ( aS) = -Nk(a logea + b loggb) (5 .4 )

1753
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I f  we t a k e  a mole of  atomic s i t e s ,  R = Nk = 1.987 ca l /mol and e q u a t io n  

5 .4  becomes

(aS) = -R (a lo g e a + b loge b) (5 .5 )

As a and b a r e  f r a c t i o n s ,  ( aS) i s  p o s i t i v e  and hence ,  t h e  te rm -TS 

i s  always n e g a t iv e .

Next c o n s id e r  t h e  change in  th e  e n th a lp y .  This  can be assumed t o  be 

dependent  on th e  i n t e r a c t i o n  between th e  n e a r e s t  ne ighbour  p a i r s .  There 

a r e  t h r e e  models f o r  th e  i n t e r a c t i o n  e n e rg i e s  VAA, an A-A bond,  VBB, a 

B-B bond and VAB, an A-B bond. To e v a l u a t e  th e  i n t e r n a l  energy  we need 

t o  know th e  t o t a l  number o f  each type  o f  bond, which invo lves  knowing 

th e  amount o f  A and B p r e s e n t  and th e  number of  n e a r e s t  neighbours  

around each atom.

The t o t a l  energy  can be summarized as

Tota l  energy = ^  [aVM  + bVBB + ab(2VAB -  VftA -  VBB) ] (5 .7 )

see P u tn i s  and McConnell (1980) f o r  f u r t h e r  d e t a i l s .  As t h e  f i r s t  two 

terms a r e  th e  e n e r g i e s  of  th e  pure end members b e fo re  mixing,  t h e  t h i r d  

te rm de te rm ines  whether  t h e  energy on mixing i s  h ig h e r  o r  lower t h a n  t h e  

mechanical  m ix tu re .

There a r e  t h r e e  p o s s i b i l i t i e s ;  t h a t  s i m i l a r  atoms w i l l  be a t t r a c t e d  

t o  each o t h e r ;  t h a t  d i s i m i l a r  atoms w i l l  be a t t r a c t e d  t o  each o t h e r ;  and 

t h a t  both type s  a r e  a t t r a c t e d  e q u a l ly  t o  each o t h e r .  The f i r s t  example 

i s  when 2VAB> VAA + VBB. This  case  occurs  when th e  i n t e r n a l  energy  of
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t h e  s o l u t i o n  i s  r a i s e d  by r e p l a c i n g  A-A and B-B bonds with  A-B bonds .  

T h e re fo re ,  Hmix i s  p o s i t i v e  and th e  s o l u t i o n  w i l l  te nd  t o  unmix. The 

second ca s e  i s  t h e  o p p o s i t e ,  w ith  2VAB < VAA + VBB. Th is  i n d i c a t e s  a 

tendency f o r  t h e  fo rm at ion  o f  a compound w i th  t h e  maximum number of  A-B 

bonds.  In t h i s  case  Hmi-X i s  n e g a t iv e  and th e  s o l u t i o n  w i l l  tend  to  

mix. The f i n a l  case  occurs  when 2V/\B=VAA + VgB. In  t h i s  case  t h e  Hmix = 

0 and t h e  s o l u t i o n  i s  s a i d  t o  be i d e a l .  For t h i s  t o  o c c u r  t h e  two atoms 

must be s i m i l a r  in  t h e i r  volume and f o r c e s  and hence th e  s t r u c t u r a l  

framework w i l l  remain e s s e n t i a l l y  unchanged.  These t h r e e  c a s e s  can be 

seen  g r a p h i c a l l y  in  Fig 5 . 1 .

I t  i s  t o  be noted t h a t  even in  t h e  c a s e  where Hmix i s  p o s i t i v e  t h e  

Gibbs Free Energy o f  mixing i s  dominated by th e  n e g a t iv e  e n t ropy  te rm 

f o r  a weak s o l u t i o n .  This  i n d i c a t e s  t h a t  f o r  th e s e  com posi t ions  t h e  

tendency  i s  towards mixing and t h i s  e x p l a in s  why pure  end members a r e  

r a r e l y  found in  n a t u r e .  A small amount of  im pur i ty  w i l l  lower t h e  f r e e  

energy  o f  t h e  c r y s t a l .



170

A //=0

p>
iu

A B

A  H

- tA s

UJ

G(x)

A B
Composition, x Composition, x
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F igu re  5 . 1 .  Curves f o r  aH, -TaS and G(x) as a f u n c t i o n  o f  com posi t ion  
1n t h r e e  d i f f e r e n t  c a s e s :  (a )  when 2VAB = VAA + VBB, i . e .  aH = 0;
(b) when 2VAB < VAA + VBB, I . e .  AH < 0;  (c )  when 2vAB > VAA + VRB, 
i . e .  AH > 0 .  From P u tn i s  and McConnell (1980) .  D
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B. Method of Calculation and Data

To model th e  pyroxene q u a d r i l a t e r a l  t h e o r e t i c a l l y ,  from a 

macroscopic v ie w po in t ,  we need in fo rm at ion  on th e  a c t i v a t i o n  energy  and 

e n e r g i e s  of  t h e  in d iv id u a l  s i t e s  f o r  th e  s i t e  exchange r e a c t i o n s  ( see  

Thompson, 1970; Sack,  1980; Saxena,  1983a; Davidson,  1985; and Davidson 

and L in d s ley ,  1985).  As noted in  s e c t i o n  IV, however, th e  s i t e  

occupancy d a t a  c u r r e n t l y  a v a i l a b l e  a r e  not  w i thou t  problems and,  

t h e r e f o r e ,  t h e  r e s u l t i n g  models a re  not  h ig h ly  c o n s t r a i n e d .

In t h i s  s e c t i o n ,  t h e r e f o r e ,  we have at tempted  a d i f f e r e n t  approach 

t o  t h i s  problem. We have r e c a l c u l a t e d  t h e  s i t e  occupancy d a t a  on a 

pyroxene c r y s t a l  and expressed  i t  i n  terms of  f i v e  end-members, 

e n s t a t i t e ,  d i o p s i d e ,  h e d e n b e rg i t e ,  f e r r o s i l i t e  and ordered  hypers thene  

( a l l  Fe in  M2, a l l  Mg in  Ml) (F igure  5 .2  and Table 5 . 1 ) .  The o rde red  

hypers thene  i s  needed t o  comple te ly  exp res s  th e  s i t e  occupancy.  The 

model i s  very  s i m i l a r  t o  t h a t  developed in  c h a p te r  II  a p a r t  from th e  

a d d i t i o n a l  component.

E n tha lpy ,  en t ropy  and s p e c i f i c  hea t  d a t a  a r e  a v a i l a b l e  f o r  a l l  end 

members ( see  Table 2 .2 )  bu t  o rdered  o r t h o -  o r  c l i n o - h y p e r s t h e n e .  These 

two new end members can be e s t im a ted  as we know the  thermochemical d a t a  

f o r  t h e  end members, e n s t a t i t e  and f e r r o s i l i t e ,  and a l s o  th e  

thermochemical  d a t a  f o r  t h e  b in a ry  s o l u t i o n .  These v a l u e s ,  once 

o b t a i n e d ,  a r e  no t  cons ide re d  f ix e d  but  can vary  s l i g h t l y  in  t h e  model.

In a d d i t i o n  we a l r e a d y  c a l c u l a t e d  th e  b in a ry  s o l u t i o n s  f o r  most o f  t h e  

model (Table 2 .3 )  excep t  t h o s e  f o r  o r t h o -  o r  c l in o - h y p e r th e n e  ( 5 ) .  The 

W.jj needed a r e  W15, W51, W2 5 , W52, W35 , W53, W45 , and W54. Again t h e s e  

a r e  p a r t l y  c o n s t r a i n e d .  We can expec t  e x s o l u t i o n  f o r  t h e  b in a ry  

s o l u t i o n s  with  e i t h e r  d io p s id e  (2) o r  h edenbe rg i te  (4) as an endmember.
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Hyp

F igu re  5 .2  Binary  s o l u t i o n s  needed t o  model t h e  e q u i l i b r i u m  s i t e  
occupancy o f  a s i n g l e  o r thopyroxene  c r y s t a l .  Endmembers a r e :
(1)  e n s t a t i t e ;  (2)  d io p s i d e ;  (3)  f e r r o s i l i t e  (4)  h e d e n b e rg i t e ;
(5)  o rde red  hypers thene .

Tab le  5 . 1 .  Mole f r a c t i o n s  of  ordered  endmembers

Mole Equ i l ib r ium  C a l c u l a t e d
F r a c t i o n s  s i t e  end
(Ternary)  occupancy members

Mg 0.534 yMl
Fe = 0.186 En: 0.254

Fe 0.456 YM2
Fe = 0.726 01: 0.011t

Ca 0.010 Fs: 0.177

Hd: 0.009

Hyp: 0.549
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The b in a ry  s o l u t i o n s  between ordered  hypers thene  and e n s t a t i t e  o r  

f e r r o s i l i t e  may be c l o s e r  t o  i d e a l i t y .

Again,  th e  method used was th e  m in im iza t ion  o f  t o t a l  Gibbs Free 

Energy (Saxena and E r ik s s o n ,  1983) as de s c r ib e d  in  c h a p t e r  I I .  The model 

aga in  uses  th e  Kohler  fo rm u la t io n  f o r  th e  i n t e r a c t i o n  o f  t h e  b in a ry  

s o l u t i o n s .  The method o f  c a l c u l a t i o n  was th e  same as in  c h a p t e r  I I ,  

excep t  t h i s  t ime we minimized th e  f r e e  energy f o r  a s i n g l e  c r y s t a l

r a t h e r  than  f o r  two pyroxenes o r  f o r  a complete assemblage .  The

e q u i l i b r i u m  s i t e  occupancies  f o r  or thopyroxenes  d i s c u s s e d  in  c h a p t e r  IV 

can be used t o  t e s t  th e  models .  Again,  th e  W^j va lues  a r e  not

independent  and should not  be used f o r  any o t h e r  c a l c u l a t i o n s .  The

a d d i t i o n a l  c o n s t r a i n t s  a re  as s t a t e d  in  s e c t i o n  I I .

Attempts a t  modeling t h e  e q u i l i b r i u m  s i t e  occupanc ies  o f  a s i n g l e  

c r y s t a l ,  from a macroscopic v iew po in t ,  were u n s u c e s s f u l .  The main 

problem a r e a s  were aga in  in  t h e  high i ro n  and high magnesium 

com pos i t iona l  r ange .  The samples in  th e  c e n t r a l  com posi t iona l  range 

were o f t e n  acc e p ta b l e  ( t h e  modeled va lue  being ±0 . 0 2  from th e  

exper im en ta l  s i t e  o c c u p a n c ie s ) .  Changing th e  p e r m i s s i b l e  W^- v a lu e s  o r  

th e  e s t im a te d  va lues  f o r  o rde red  hypers thene  t o  b r ing  th e  s i t e  

occupanc ies  of  t h e  i r o n - r i c h  s i d e  i n t o  al ignment r e s u l t e d  in  a g r e a t e r  

d i f f e r e n c e  between th e  model va lues  and th e  exper imenta l  d a t a  o f  t h e  

magnesium-rich and v i c e - v e r s a .  All t h e  b in a ry  s o l u t i o n s  were changed in 

an a t tem p t  t o  model th e  system a p a r t  from th o s e  de f ined  in  t h e  model in  

c h a p t e r  I I .

The exper imenta l  d a t a  used t o  t e s t  t h i s  model have not  been f u l l y  

e v a lu a te d  ( see  s e c t i o n  IV).  However, t h e  d i f f e r e n c e s  between t h e  v a r io u s  

samples a r e  small compared t o  t h e  d i f f e r e n c e s  between th e  s i t e
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occupanc ies  p r e d i c t e d  by t h e  model and th e  exper imenta l  v a l u e s .

The problems in  th e  macroscopic model in  th e  Fe and Mg r i c h  a r e a s  

w i l l  have t o  be r e s o lv ed  b e fo re  t h i s  method can be r e t r i e d .  Although 

t h i s  model t e s t e d  wel l  a g a i n s t  t h e  macroscopic d a t a  ( i . e .  c o e x i s t i n g  

pyroxenes)  i t  may not  be v a l i d  as a model f o r  t h e  mic roscop ic  d a t a  ( i . e .  

s i t e  o c c u p a n c ie s ) .  However, t o  r e d e s ig n  th e  macroscopic  model we need 

t i g h t e r  c o n s t r a i n t s .  This  w i l l  inc lude  more exper imenta l  d a t a  and 

f u r t h e r  thermodynamic modeling of  systems c o n t a in in g  th e  same e lements  

and perhaps  some of  th e  same b ina ry  s o l u t i o n s .  Such work i s  c u r r e n t l y  

in  p ro g re s s  ( e . g .  C h a t t e r j e e ,  1987).

When t h e  problems concern ing  th e  e q u i l i b r i u m  s i t e  occupancy d a t a  

a r e  unders tood and r e s o lv e d  and more d a t a  i s  a v a i l a b l e  t o  t e s t  t h e  

macroscopic model t h i s  ide a  can be t r i e d  ag a in .  There seems t o  be no 

rea son  why t h i s  s imple model should not  succeed in  th e  f u t u r e .
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VI. APPLICATION OF MODELS 

In s e c t i o n  I I I ,  a t h e o r e t i c a l  method f o r  o b t a i n i n g  e q u i l i b r i u m  

s i t e -o c c u p a n c y  d a t a  f o r  any compos it ion a t  any t e m p era tu re  was 

d i s c u s s e d .  In s e c t i o n  V t h e  r e l a t i o n s h i p  between th e  e n e r g i e s  de f in e d  

by t h e  b in a ry  s o l u t i o n s  and t h e  s i t e -o ccu p an cy  was a l s o  rev iewed.

Together  t h e s e  methods make a d e t a i l e d  thermal h i s t o r y  o f  any pyroxene-  

bea r in g  rock  p o s s i b l e .  In t h i s  s e c t i o n  th e  th e o ry  of  us ing  conven t iona l  

geothermometry along with  s i t e -o c c u p a n c y  d a t a  t o  c a l c u l a t e  a co o l in g  

h i s t o r y  i s  used.
-f

In s e c t i o n  I I  t h e  th e o ry  t o  c a l c u l a t e  th e  r a t e  c o n s t a n t  (K) f o r  t h e  

d i s o r d e r i n g  r e a c t i o n

Mg2 + (M1) + Fe2 + (M2) -  Fe2 + (M1) + Mg2 + (M2) (3 .b )

was developed r e s u l t i n g  in  t h e  eq u a t io n s

-KAt

(b -4ac)

In

Fe 2 h
+(2axM2+ b) -  (b -  4ac)

Fe 2 i
(2aX + b) + (b -  4ac)

x F e ( t  ) m2 r

Fe 
X ( t  ) 
M2V o

(3 .6 )

f o r  o r d e r i n g ,  and 

1

-KAt =

(b 2 - 4 a c ) 2

In

f o r  d i s o r d e r i n g ,  

where

a= H (1-Kn"1)

Fe 2 H
(2aXM2+ b) + (b -  4ac)

Fe 2 h
(2aXM2+ b) + (b -  4ac)

x F e ( t  ) 
M2  r

x F e ( t  )
M2 o '

b= % -  XFe + KD-^Xpe+Js)

(3 .6 )

c -  -Kd" XFe.
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A. TTT diagrams.

The k i n e t i c  r a t e  o f  t h e  i n t r a c r y s t a l l i n e  r e a c t i o n  ( the  

t r a n s f o r m a t i o n )  can be d i s p la y ed  on a t i m e - t e m p e r a t u r e - t r a n s f o r m a t io n  

(TTT) diagram. The p ro g re s s  of  t h e  exchange r e a c t i o n  p l o t s  as  a s e r i e s  

o f  C-shaped cu rves  on a graph of  te m pera tu re  a g a i n s t  log t im e .  As th e  

r a t e  o f  r e a c t i o n  d i f f e r s  f o r  each com posi t ion ,  f a s t e r  w ith  i n c r e a s i n g  

i r o n - c o n t e n t ,  an in d i v id u a l  TTT diagram must be drawn f o r  each 

com pos i t ion .
O .

To p l o t  t h e  TTT diagram we must o b t a i n  t h e  va lue  of  Fe in  M2 f o r  

an i n i t i a l  ( h ig h e s t )  t em pera tu re  (T0) ,  t h e  peak metamorphic t e m p era tu re  

from which coo l ing  commences. This  can be e s t im a ted  from conven t iona l  

geothermometry t e c h n iq u e s  i . e .  two pyroxene geothermometry.  (Severa l  

TTT diagram were p l o t t e d  changing TQ. The curves  a r e  not  s e n s i t i v e  t o

changes up to  100°C because  th e  r a t e  c o n s t a n t  changes c o r r e s p o n d in g l y . )
?+The va lue  o f  Fe in  M2 with  r e s p e c t  t o  tem pera tu re  can be o b ta in ed  

by p l o t t i n g  InKg a g a i n s t  1/T f o r  th e  e q u i l i b r i u m  experimenta l  d a t a .  

Completely d e f in e d ,

RTlnKD = -aG° + WM2 ( 1 - 2 X ^ )  _ WM1 ( 1 - 2 X ^ )  + aG° (x | ? 2  -  x j£ )  (6 .1 )

where

aG° i s  f o r  t h e  ion-exchange r e a c t i o n  ( 1 ) 

ag£ i s  t h e  r e c i p r o c a l  r e a c t i o n  

and WM2, WM 1  a r e  t h e  i n t e r a c t i o n  param ete rs  on each s i t e .

This  e q u a t io n  has been d i scussed  a t  t h e  end of  c h a p t e r  IV. Three 

d i f f e r e n t  models were proposed (Ganguly,  1982; Anovitz e t  a l . ,  1988; 

This  s t u d y ) .  However, due t o  th e  problems with  r e s o lv i n g  t h i s  eq u a t io n
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( i . e .  do t h e  Mossbauer samples need t o  be a d ju s t e d  in  t h e  high  i r o n  

r a n g e ) ,  t h e  s im p le r  method of  Ganguly (1982) has been fo l lowed here  f o r  

t h e  TTT d iagrams,  where

lnKD = A/T + B (6 .2 )

Th is  method i s  b e l iev ed  t o  be a good approxim ation .

The r e s u l t i n g  v a lu es  o f  A and B a re  shown in  Table  6 .1  and can be

seen  in  F igure  6 .1  f o r  samples 4 and 5. (Data used i s  from Tables  3 .3 a

and 3 . 3 b . )  Condi t iona l  e r r o r s ,  as  de sc r ib e d  p r e v i o u s l y ,  have been added 

t o  t h e  d iagram. The maximum te m pera tu re  range f o r  th e  n a t u r a l  samples

i s  in c lu d e d .  Equat ion  ( 6 .2 )  can be used t o  c a l c u l a t e  t h e  va lue  o f  KD a t
Or

T q .  From t h i s  t h e  s i t e  occupancy o f  Fe in  M2 can be c a l c u l a t e d  us ing  

th e  fo l lo w in g  eq u a t io n  from Ganguly (1982).

„M2 _ -  B -f (B2  - 4 A 0 1*

Fe = 2A

where A = ^(Kq -  1)

B = K„(% -  XFe) + XFe + k

C = -  x F e .
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Table 6 .1  Regressed c o n s t a n t s  f o r  InKg = A/T + B

Sample A B

4 (Av) -4605 2.82
4 -4605 2 .57 -2 .9 7
4 _4451 _ .4844 2.82

5 (Av) -2753 1.24
5 -2753 1 .04-1 .42
5 -2603 -  -1913 1.24

Regressed c o n s t a n t s  f o r  InKg versus  1/T (K) f o r  samples 4 
and 5.  Where InKg = A/T + B. Condit ional  e r r o r s  have been 
c a l c u l a t e d .
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F igure  6 . 1 .  P lo t  of  the  e q u i l i b r i u m  va lues  of  lnKn a g a i n s t  104/T f o r  
samples 4 and 5.  E r ro r  b a r s  drawn a r e  two s tan d a rd  d e v i a t i o n s .  Thick 
s o l i d  l i n e s  i n d i c a t e  th e  l e a s t  squa res  f i t  t o  th e  d a t a  p o i n t s ,  dashed 
l i n e s  i n d i c a t e  c o n d i t i o n a l  e r r o r s .  Superimposed onto  t h i s  a r e  th e  
v a lues  o f  Kn f o r  th e  n a t u r a l  (unheated)  samples.  The range i n d i c a t e d  i s  
Kn ± 0.004  f o r  both  samples.  The average  e q u i l i b r i u m  te m p era tu re  f o r  
t n e  n a t u r a l  samples and th e  range o f  t e m p e ra tu re ,  combining a l l  e r r o r s ,  
a r e  i n d i c a t e d  in  t h e  lower r i g h t  o f  t h e  F igure .
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The TTT diagram can be used t o  s tudy  s imple m e t a s t a b i l i t y  due t o  

k i n e t i c s .  A schematic  diagram o f  t h e  d i f f e r e n t  coo l ing  r a t e s ,  

a p p l i c a b l e  f o r  s lowly  cooled  metamorphic rocks  can be seen  in  F igure  

6 . 2 .  Again,  i f  we assume t h a t  a rock c o o l s  w ith  a c o n s t a n t  r a t e ,  t h e  

c o o l in g  r a t e  can be p l o t t e d  as a h o r i z o n t a l  s t r a i g h t  l i n e  ( a ) .  The r a t e  

o f  i n t r a c r y s t a l l i n e  ion-exchange  d e c re a se s  w ith  tem p era tu re  and io n -  

exchange e q u i l i b r i u m  cannot be m a in ta in ed .  At t e m p e ra tu re s  below T^ io n -  

exchange does c o n t in u e ,  bu t  a t  a s lower pace .

The co r respond ing  v a lu e s  of  Kq a r e  shown on th e  lower diagram where 

curve  (c)  r e p r e s e n t s  th e  pa th  i f  e q u i l i b r i u m  was c o n s t a n t l y  a t t a i n e d .

This  would be t h e  pa th  in d i c a t e d  by e x t r a p o l a t i o n  o f  h e a t in g  exper im en ts  

a t  t e m p e ra tu r e s  above Tj such as those  used in  f i g u r e  6 . 1 .  Curve (d)  

shows a p o s s i b l e  pa th  (below Tj)  when th e  i n t r a c r y s t a l l i n e  exchange 

r e a c t i o n  has slowed bu t  no t  s to pped .  The change in  Kq i s  l e s s  th a n  in  

t h e  e q u i l i b r i u m  s i t u a t i o n .  Path (d) r e s u l t s  in  a n o n - e q u i l ib r iu m  Kq 

t h a t  i s  d i f f e r e n t  than  t h e  p r e d i c t e d  e q u i l i b r i u m  v a lu e .

The va lue  o f  Kq  found in  th e  n a t u r a l  sample i s  shown on th e  lower 

d iagram.  This  y i e l d s  a d i f f e r e n t  t e m pera tu re  f o r  curves  (c)  and ( d ) .

The c l o s u r e  t e m p era tu re  Tc , ( th e  same as t h a t  c a l c u l a t e d  from f i g u r e

6 . 1 . )  i s  h ig h e r  th a n  t h e  quench tem p era tu re  Tq o b ta in e d  from curve  

( d ) .  The quench t e m p era tu re  can be de f ined  as t h e  t e m p e ra tu re  below 

which t h e  o b s e rv a b le  ion-exchange c e a s e s .  This  problem can be add res sed  

us ing  t h e  TTT diagram and Tq w i l l  be i n d i c a t e d .
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cooling rot®
of rock (a )

o

Kn of n a tu ra l  sample

T e m p e r a tu r e .  Dec

Figure 6 .2 . Relationships of the rates of In te rc ry s ta llIn e  Ion-exchange 
and the cooling history of the whole rock. Shown both as a function of 
process rate and as the e ffe c t  on Kq. See text for d eta ils
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For d r a f t i n g  th e  TTT diagram, equa t ion  3 .6  f o r  o rd e r in g  can be
?+re a r r a n g e d  t o  y i e l d  t h e  va lue  of  Fe in  M2 f o r  any t e m p era tu re  a t  any 

t im e .  The symbols used fo l lo w  those  of  Ganguly (1982) .

M2 _ (b2-  4ac) is(l+FD) -  b(l-FD)

Fe } 2a(1-FD) ( '

2  %
where F = exp [ -  KAt(b -  4ac) ]

M2 2 k
[2aX ( t  ) + b] -  (b -  4ac) 

Fe o
and D = -

M2 2 k
[2aX ( t  ) + b] + (b -  4ac) 

Fe o

The v a lues  o f  Q and K* a l r e a d y  c a l c u l a t e d  can be used t o  c a l c u l a t e  K and 

v a lu e s  A and B a re  used t o  c a l c u l a t e  Fe in  M2, both  a t  t h e  t e m p e ra tu r e  

of  i n t e r e s t .  The va lues  used in  th e s e  c a l c u l a t i o n s  a r e  shown in  Table

6 . 2 .  Also i n d i c a t e d  a re  t h e  c a l c u l a t e d  va lues  of  Fe^+ in  M2 a t  Tq .

F igu res  6 .3  and 6 .4  show the  TTT diagrams f o r  samples 4 and 5 

r e s p e c t i v e l y .  I t  must be s t r e s s e d  a t  t h i s  t im e ,  as  s t a t e d  by Ganguly
pi  p »

(1982) ,  a thermal h i s t o r y  c a l c u l a t i o n  based on Fe -Mg exchange in  

o r th opyroxene ,  assumes t h a t  th e  t ime r e q u i r e d  by a c r y s t a l  t o  a t t a i n  a 

c e r t a i n  e q u i l i b r i u m  and o rd e r in g  s t a t e  under i so the rm al  (e x p e r im e n ta l )  

c o n d i t i o n s  i s  th e  same as t h a t  in  a c o n t i n u a l l y  coo l ing  ( n a t u r a l )  

system.
p .

The TTT diagrams show t h a t  i s o th e r m a l l y ,  th e  change in  Fe in  M2

w ith  o rd e r in g  i s  small a t  h ighe r  te m pera tu re s  and occurs  r a p i d l y ;  a t
p .

lower te m p e ra tu r e s  t h e  change in  Fe in  M2 i s  g r e a t e r  bu t  t h e  

t r a n s f o r m a t i o n  i s  s lower .  A f te r  a c e r t a i n  pe r iod  of  t ime e q u i l i b r i u m
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Sample 4 Sample 5

Q cal /mol 49000 50600

K*/year 4.93 E+15 2.72 E+17

A -4605 -2753

B 2.82 1.24

XFe 0.62 0 . 8 6

T0 (K) 1023 873

XM9 0.805 0.947
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?+w i l l  be a t t a i n e d  and the  va lue  of  Fe in  M2 w i l l  remain c o n s t a n t  with

t im e .  This  i s  t h e  f l a t  upper p a r t  of  th e  C-curve p a r a l l e l  t o  t h e  t ime

a x i s .  The lower p a r t  o f  th e  C-curves a re  simply con tou rs  o f  equal 
?+amounts o f  Fe in  M2 and do not  r e p r e s e n t  an e q u i l ib r iu m  s i t u a t i o n  a t  

t h a t  t e m p e ra tu r e .

The coo l ing  curve o f  the  rock i s  superimposed on the  TTT diagram.

In t h i s  s tudy  th e  asympto t ic  model f o r  a coo l ing  rock has been used 

fo l lo w in g  Ganguly,  (1982).  This  model corresponds  to  th e  eq u a t io n

nt = 1/Tq - 1/Tq

where t  i s  t ime and n i s  th e  coo l ing  t ime c o n s t a n t .  The coo l ing  curve  

f o r  t h e  whole rock i s  p l o t t e d  us ing the  same t ime and te m pera tu re  s c a l e s

as th e  C-curves f o r  s i t e  occupancy.  Following th e  coo l ing  c u rv e ,  th e
9+va lue  of  Fe in  M2 i n c r e a s e s  w ith  in c re a s in g  t im e .  Knowing th e  amount 

9+of  Fe in  M2 in  the  n a t u r a l  sample we can c o n s t r a i n  th e  va lue  o f  n and

hence o b t a i n  th e  coo l ing  h i s t o r y .

The co o l in g  curve must touch th e  C-curve a t  t h e  p o i n t  co r respond ing

?+t o  th e  va lue  of  Fe in M2 f o r  the  n a t u r a l  sample.  I f  j u s t  the  

e q u i l i b r i u m  s i t u a t i o n  i s  c o n s id e re d ,  th e  coo l ing  curve would touch th e  

C-curve a t  t h e  p o i n t  where i t  becomes p a r a l l e l  t o  t h e  t ime a x i s  i . e .  no 

f u r t h e r  change in  Fe in  M2 with  t im e .  This  co r responds  t o  the  

t e m p era tu re  Tc . I f  the  coo l ing  curve i s  drawn such t h a t  i t  to uches  th e

C-curve t a n g e n t i a l l y  t h i s  co r responds  to  a t em pera tu re  Tq. This  i s  no t
O i

t h e  e q u i l i b r i u m  value  f o r  Fe in M2 f o r  t h i s  t e m pera tu re .

Knowing th e  d i f f e r e n c e  in  te m pera tu re  between T0  and Tq and th e
9+time needed t o  reach  the  va lue  of  Fe in  M2 f o r  t h e  n a t u r a l  sample 

va lue  a t  Tq, a r a t e  in  degrees  per  y e a r  can be c a l c u l a t e d .  The r e s u l t s  

can be seen  in  Table 6 .3 .
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Figure  6 . 3 .  T im e - te m p era tu re - t r an s fo rm a t io n  (TTT) diagram f o r  sample
4.  The diagram i s  contoured  in  va lues  o f  Fe^ in  th e  M2 s i t e ,  w ith  
i n c r e a s i n g  o rd e r in g  as tem pera tu re  d e c r e a s e s ,  s ee  t e x t  f o r  d e t a i l s .  
Superimposed on th e s e  con tou rs  i s  a coo l ing  c u rv e ,  u s ing  th e  asym pto t ic  
model .
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F igu re  6 . 4 .  T im e - te m p e ra tu re - t r a n s fo rm a t io n  (TTT) diagram f o r  sample
5.  See F igure  6 .3  f o r  d e t a i l s .



Table 6 .3 .  Summary of cooling ra tes .

Sample 4 Sample 5

Tq (K) 1023 873

T q ( K )  646 560

X ^ | ( n a t u r a l )  0 .964  0.990

n /  y e a r  2.11 E-10 2.19 E - l l

Cooling r a t e  140 11
° /  m i l l i o n  y e a r s



188

B. Cooling H istories

The range  o f  coo l ing  r a t e s  f o r  th e s e  two samples i s  q u i t e  l a r g e .  I t  

should be noted a t  t h i s  t ime t h a t  th e  ex a c t  l o c a t i o n  o f  sample 4,  w i th i n  

i t s  p ro v in ce  i s  no t  known. In a d d i t i o n ,  t h e  oxygen f u g a c i t y  w i th i n  th e  

rock  dur ing  coo l ing  i s  unknown. The compos it ion of  t h e  or thopyroxene  

c r y s t a l  should not  a f f e c t  th e  coo l ing  r a t e  c a l c u l a t e d .  F e - r i c h  o r  Mg- 

r i c h  samples from th e  same a r e a s  should g ive  approx im ate ly  t h e  same
O . p  .

c o o l in g  r a t e s .  However, they  may be in f luenced  by th e  Fe -Mg 

exchange co n t in u in g  t o  lower te m pera tu re s  in  t h e  F e - r i c h  samples and 

r e s u l t i n g  in  lower T ^ ' s  f o r  th e  i r o n - r i c h  samples.

Sample 4 i s  from a Precambrian t e r r a i n  in  s ou the rn  F in la nd  (Saxena,  

1968). The sample a r e a  i s  in  th e  Svecofennian  fo rm a t io n ,  an a r e a  of  

metased iments  a f f e c t e d  by th e  S v e c o k a re l id i c  orogeny 1800-1900 m.y.  ago.  

Regional  metamorphism was am phibo l i te  g rade  with  a rea s  of  g r a n u l i t e .

This  was fo l lowed by a long pe r iod  o f  e r o s i o n ,  i n t r u s i o n  i n  some a r e a s  

o f  r a p a k i v i  g r a n i t e s  (1700-1400 m . y . ) ,  d e p o s i t i o n  o f  red  beds (1300-1400 

m .y . )  and f i n a l l y  th e  i n t r u s i o n  o f  d ia b ase  d ik e s .  The rocks  a r e  l i t t l e  

changed s in c e  t h i s  t im e .  Geothermometry on th e  Attu  zone in  th e  c e n t r a l  

a r e a  y i e l d s  te m pera tu re s  o f  700-780°C (S c h e l l e k e n s ,  1980) ,  and f u r t h e r  

n o r t h ,  around Tampere, t e m p era tu re s  o f  690-750°C a re  demonst ra ted  

(Campbell ,  1980).

The co o l in g  r a t e  was c a l c u l a t e d  us ing Q, K*, A and B from our  

exper im en ts  and an average  of  t h e  n a t u r a l  samples f o r  t h e  v a lu e  o f
p .

Fe M2. The coo l ing  r a t e  of  140°/  mi l i o n  y e a r  i s  s l i g h t l y  f a s t e r  than  

would be expec ted  f o r  t h i s  a r e a .  Th is  a r e a  has exper i enced  a r e l a t i v e l y  

s t a b l e  t e c t o n i c  h i s t o r y .  In compar ison,  a coo l ing  r a t e  c a l c u l a t e d  f o r  

r a p i d  decompression of  g r a n u l i t e s  due t o  e ro s io n  from t h e  C en t ra l
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M ass i f ,  F rance ,  i s  20-26<7 m .y .  (Albarede,  1980).  T h e re fo re ,  t h e  co o l in g  

r a t e  c a l c u a l t e d  f o r  sample 4 i s  too  f a s t ,  u n le s s  t h i s  sample has been 

a f f e c t e d  by e i t h e r  th e  g r a n i t i c  i n t r u s i o n s  o r  t h e  d ia b a se  d i k e s .

Sample 5 i s  from a h igh-g rade  metamorphosed i r o n  fo rm at ion  w i th i n  

t h e  Archean rocks  of  t h e  Wind River Mountains, Wyoming. The a r e a  has 

had a very  complex h i s t o r y  with  a t  l e a s t  t h r e e  p e r io d s  o f  d e fo rm a t ion  

(M it ra  and F r o s t ,  1981) and two p e r io d s  o f  metamorphism both  in  th e  

Archean and a t  l e a s t  t o  am phibo l i te  f a c i e s  (K o e s te re r  e t  a l . ,  1985).

The a r e a  was eroded dur ing  th e  Late Precambrian,  th e n  a t h i c k  sequence 

of  sed im enta ry  rocks  was d e p o s i t e d .  The Laramide orogeny in  Late 

Cre taceous  t o  Ear ly  Eocene t imes  r e s u l t e d  in  f o l d i n g ,  f a u l t i n g  and 

o v e r t h r u s t i n g  o f  t h e  range .

An i n i t i a l  t em pera tu re  of  600°C was chosen ,  t h e  average  t e m p e ra tu re  

of  many two-pyroxene samples s tu d ie d  from t h e  i r o n - r i c h  body from which 

t h i s  sample was taken  (Sykes,  1984, unpublished  M a s t e r ' s  t h e s i s ) .  The 

r e s t  o f  t h e  d a t a  i s  l i s t e d  in  Table 6 .3 .  The coo l ing  r a t e  c a l c u l a t e d ,  

1 1 ° /  m i l l i o n  y e a r s  i s  well  w i th in  th e  expected  range  f o r  a g r a n u l i t i c  

rock .

C. E r ro r s

F igure  6 .5  has been d r a f t e d  t o  show s c h e m a t i c a l l y ,  f o r  any sample,  

th e  tremendous problems due t o  e r r o r  p ropaga t ion  f o r  t h i s  method of  

s tu d y .  Five v a r i a b l e s  i n t e r a c t  t o  y i e l d  th e  TTT diagram. As s t a t e d  

e a r l i e r ,  changing Tg does not  have an e f f e c t  on th e  TTT diagram as t h e  

r a t e  changes a c c o rd in g ly .  These e r r o r s  have a l l  been e s t im a te d  

s e p a r a t e l y ;  t h e  i n t e r a c t i o n s  a re  not  i n v e s t i g a t e d  which would add t o  t h e  

e r r o r s .
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Figure  6 . 5 .  Schematic diagram of e r r o r s  f o r  t h e  TTT diagram. See t e x t  
f o r  d e t a i l s .
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The h e a v i e s t  l i n e s  on Figure 6 . 5 ,  c e n t r a l ,  upper l e f t  and lower 

r i g h t ,  i n d i c a t e  th e  range in  th e  compos it ion (one s tandard  d e v i a t i o n  of
Oi

± 0 .008)  o f  t h e  Fe in  M2 in  th e  n a t u r a l  sample.  Although not  shown, 

each of  t h e s e  va lues  would have a co r responding  s e t  of  cu rves  s i m i l a r  t o  

t h a t  of  t h e  average  va lue  ( c e n t r a l ) .  I t  i s  found t h a t  changing Q and K* 

(hence K) w i th i n  th e  c o n d i t i o n a l  e r r o r s  de r iv e d  from th e  A rrhen ius  p l o t  

a f f e c t s  t h e  e q u i l i b r i u m  curve  with  r e s p e c t  t o  th e  t ime a x i s  o n ly .  The 

p o s i t i o n  r e l a t i v e  t o  tem pera tu re  remains unchanged.  Changing A and B 

(hence Kg) w i th i n  the  c o n d i t i o n a l  e r r o r s  a f f e c t s  t h e  e q u i l i b r i u m  curve 

w i th  r e s p e c t  t o  both axes .

I t  can be seen t h a t  t h e s e  changes ( a l l  r e a s o n a b le  e r r o r s )  

d r a s t i c a l l y  a f f e c t  th e  p o s i t i o n  of  t h e  e q u i l i b r i u m  coo l ing  curve and,  

t h e r e f o r e ,  can change th e  coo l ing  r a t e  by s e v e ra l  o rd e r s  o f  magnitude.

D. Conclusions

Due t o  t h e  e r r o r s  i n h e re n t  in  th e  i n i t i a l  s i t e  o ccupa nc ie s ,  r a t e  

c o n s t a n t s  c a l c u l a t e d ,  a c t i v a t i o n  e n e rg i e s  and th e  p l o t  of  lnKp a g a i n s t  

1/T,  co o l in g  r a t e s  ob ta ined  a re  s t i l l  "o rde r  o f  magnitude" and a r e  

expec ted  t o  remain a t  t h i s  l e v e l .  The c a l c u l a t e d  coo l ing  r a t e s  can 

co r respond  t o  those  expec ted  from a geophys ica l  (o r  a s imple  g e o lo g ic )  

s t a n d p o i n t ,  bu t  some r a t e s  a re  f a s t e r  t h a t  t h a t  expec ted in  n a t u r e .  

Severa l  a r e a s  o f  f u r t h e r  e x p l o r a t i o n  a re  n ece s s a ry  t o  e s t a b l i s h  why t h i s  

i s  so .

Experimental  f a c t o r s  such as oxygen f u g a c i t y  and p r e s s u r e  may p lay  

a r o l e ,  a l s o  t h e  t ime taken  f o r  th e  quench t o  occur  may be 

s i g n i f i c a n t .  The r e a c t i o n  measured in  th e  l a b o r a t o r y  may be d i f f e r e n t  

t o  t h a t  occur ing  in  n a t u r e ,  e s p e c i a l l y  a t  low te m p e ra tu re s  and very  slow 

d i f f u s i o n  r a t e s ,  when th e  sample i s  h igh ly  o r d e r e d .  Also ,  we do not
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know a t  what tem p era tu re  t h e  ion-exchange r e a c t i o n  c e a s e s ,  we have 

simply e x t r a p o l a t e d  t h e  exper imenta l  d a t a  t o  very  low te m p e ra tu re s  t o  

f i n d  t h e  C-curve co r respond ing  t o  t h e  s i t e  occupancy o f  t h e  n a t u r a l  

sample.

I t  has become obvious t h a t  i f  t h i s  method i s  t o  be used f o r

c a l c u l a t i o n  o f  co o l in g  r a t e s  o f  v a r io u s  a r e a s  much more c a r e  needs t o  be

ta k e n  in  sample s e l e c t i o n .  The samples here  have a l l  undergone long and

complex h i s t o r i e s .  Even in  th e  i n i t i a l  s t a g e s  i t  i s  obvious t h a t  i f  t h e

sample i s  p a r t  o f  a u p th r u s t e d  a r e a ,  t h e  co o l in g  r a t e  c a l c u l a t e d  must be 

dependent  on th e  l o c a t i o n  o f  t h a t  sample w i th i n  t h e  s l a b .  I t  i s  

sugges ted  t h a t  samples from much s tu d ie d  a r e a s  where t h e  geology i s  

t i g h t l y  c o n t r o l l e d  and t h e  coo l ing  h i s t o r y  i s  well  known ( e i t h e r  by 

g eophys ics  a n d /o r  f i s s i o n  t r a c k s )  could be used t o  he lp  t o  unders tand  

t h e  r e s u l t s  o b ta in ed  th u s  f a r .
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VII.  SUMMARY

This s tudy  has involved  both  th e o ry  and exper iments  concern ing  th e  

i n t e r c r y s t a l l i n e  o r  macroscopic r e a c t i o n s  (between c o e x i s t i n g  

or thopyroxene  and c l i n o p y r o x e n e ) , and the  i n t r a c r y s t a l l i n e  or  

m ic roscop ic  r e a c t i o n s  (between s i t e s  in  o r thopyroxene)  in  pyroxenes .

Thermodynamic modeling c a l c u l a t i o n s  of  t h e  topology o f  t h e  pyroxene 

q u a d r i l a t e r a l  so lvus  was done in  th e  f i r s t  p a r t  (Chapter  I I ) .  The model 

was t e s t e d  by i t s  a b i l i t y  t o  reproduce  e x p e r im e n ta l ly  d e r i v e d ,  

i n t e r c r y s t a l l i n e  e q u i l i b r i u m  i o n - d i s t r i b u t i o n  between or thopyroxene  and 

c l in o p y ro x e n e .  The f i t  o f  t h e  model t o  t h e  d a t a  was good, t h e  only  

problems being f o r  t h e  very  high i ro n  and very  high  magnesium 

com pos i t ions .

The a p p l i c a t i o n  o f  t h i s  model was t o  c a l c u l a t e  a pyroxene 

geothermometer .  Two g ra p h ic a l  geothermometers were c r e a t e d  from th e  

thermodynamic d a t a  s e t  t o  i n v e s t i g a t e  the  th e o ry  t h a t  t h e  Fe2+-Mg 

exchange r e a c t i o n  had a lower c l o s u r e  t em pera tu re  than  th e  C a - t r a n s f e r  

r e a c t i o n .  These two g ra p h ic a l  geothermometers were t e s t e d  f o r  a l l  rock 

t y p e s .

For r a p i d l y  coo l ing  igneous rocks  (a d ike  and a pumice r o c k ) ,  t h e  

geothermometers p r e d i c t e d  th e  expected c o in c id in g  quench t e m p e r a t u r e s .  

The p l u t o n i c  rocks  showed a s u b s t a n t i a l  range o f  t e m p era tu re  between the  

two geothermometers with  t h e  Fe -Mg exchange r e a c t i o n  g iv in g  th e  lower 

te m p e ra t u r e .  The ag rees  with  t h e  th e o ry  t h a t  t h i s  exchange r e a c t i o n  

proceeds  t o  a lower t e m pera tu re  than  th e  C a - t r a n s f e r  r e a c t i o n  and 

i n d i c a t e s  t h a t  t h e  k i n e t i c s  o f  t h e s e  two r e a c t i o n s  a r e  d i f f e r e n t .
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For c o n t a c t  metamorphic rocks  and r e g i o n a l l y  metamorphosed ro c k s ,  

t h e  two g r a p h ic a l  geothermometers compare f a v o ra b ly  with  two-pyroxene 

geothermometers  de r ived  in  o t h e r  s t u d i e s .  In a d d i t i o n ,  t h e  Fe^+-Mg 

exchange geothermometer r e c o rd s  lower t e m p e ra tu r e s .  The two 

geothermometers a l s o  i n d i c a t e  i n t e r e s t i n g  r e l a t i o n s h i p s  f o r  two o t h e r  

r e g i o n a l l y  metamorphosed a r e a s  and may help unravel  th e  complex h i s t o r y  

o f  such t e r r a n e s .  A f u r t h e r ,  h igh ly  f a v o ra b l e  f e a t u r e  of  t h e s e  two 

geothermometers i s  t h e  ease  o f  t h e i r  u se .

I n t r a c r y s t a l l i n e  ion-exchange was s tu d ie d  e x p e r im e n ta l ly  f o r  two 

samples in  t h e  second p a r t  o f  t h i s  s tudy .  This  r e a c t i o n ,  in  comparison 

t o  t h e  i n t e r c r y s t a l l i n e  exchange r e a c t i o n s ,  occurs  over  s m a l l e r  l e n g th s  

o f  d i f f u s i v e  p a th s  and,  t h e r e f o r e ,  co n t in u e s  t o  a much lower
O x

t e m p e r a t u r e .  With h e a t in g ,  th e  Fe and Mg ions  in  t h e  or thopyroxene
O .

s t r u c t u r e  become more o rd e re d ,  with  t h e  l a r g e r  Fe ion  going i n t o  t h e  

l a r g e r ,  i r r e g u l a r  M2 s i t e ,  and Mg e n t e r i n g  in t o  th e  s m a l l e r  Ml s i t e .

The s t r u c t u r a l  changes in  bond l e n g th s ,  c e l l  volumes, e t c .  with  

i n c r e a s i n g  h e a t in g  of  th e  c r y s t a l s  have been s t u d i e d .  These compare 

f a v o r a b l y  with  o t h e r  s t u d i e s .  I n s t a b i l i t y  in  th e  s t r u c t u r e  o f  th e  i r o n -  

r i c h  samples f o r  longer  he a t in g  p e r io d s  has been s tu d ie d  by SEM and 

TEM. No e x t e r n a l  o x id a t io n  p roduc ts  o r  secondary  phases  in  t h e  c r y s t a l s  

were found .  An i n t e r n a l  o x id a t i o n  r e a c t i o n  with  th e  fo rm at ion  o f  Fe^+ 

and a vacancy in  t h e  l a t t i c e  i s  sugges ted  to  e x p l a in  t h e  phenomenon).

The k i n e t i c  r a t e  and a c t i v a t i o n  energy of  t h e  ion-exchange r e a c t i o n  

were c a l c u l a t e d  f o r  both samples and compared t o  o t h e r  s t u d i e s .  All th e  

k i n e t i c  r a t e  c o n s t a n t s  showed an in c r e a s e  with  both  i n c r e a s i n g  

t e m p era tu re  and i n c r e a s in g  i r o n .  Rate c o n s t a n t s  f o r  t h e  o rd e r in g  

exper iments  a r e  found t o  be f a s t e r ,  as  expec ted  t h e o r e t i c a l l y .  The
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a c t i v a t i o n  e n e r g i e s  d iv i d e  th e  samples i n t o  two groups ;  high 

a c t i v a t i o n s  energy ,  approx im ate ly  60 Kcal /mol ,  f o r  th e  Mg-rich samples 

and a lower a c t i v a t i o n  energy group ,  approxim ate ly  50 Kcal/mol f o r  th e  

F e - r i c h  samples .  This  c o i n c id e s  with  a change in  t h e  r e l a t i v e  r a t e s  of  

s i t e  i n f i l l i n g  in  orthopyroxene  and with  a change in  t i e - l i n e  s lope  f o r  

c o e x i s t i n g  pyroxenes .  The two groups o f  samples show t h e  same 

s y s t e m a t i c  t r e n d s  f o r  th e  va lue  o f  th e  f requency  f a c t o r  as  o t h e r  

s i l i c a t e s ,  and a l s o  fo l low  th e  Compensation Law e s t a b l i s h e d  f o r  

d i f f u s i v e  p ro c e s s e s .

A p o s s i b l e  e q u a t io n ,  r e l a t i n g  e q u i l i b r i u m  s i t e  occupancies  from 

d i f f e r e n t  exper imenta l  t e c h n iq u e s  and s t u d i e s ,  was d i s c u s s e d  and 

developed in  t h e  t h i r d  p a r t  o f  t h i s  s tudy .  There a re  s t i l l  many 

d i s c r e p a n c i e s  and a model f o r  o b ta in in g  e q u i l ib r iu m  s i t e  occupanc ies  f o r  

any t e m p era tu re  and compos i t ion i s  s t i l l  u n a t t a i n a b l e .

Theory and c a l c u l a t i o n s  f o r  th e  development o f  a thermodynamic 

model f o r  both t h e  i n t e r -  and i n t r a - c r y s t a l l i n e  r e a c t i o n  were d i s c u s s e d  

in  s e c t i o n  f o u r .  The th e o ry  seems v a l i d .  The model in c lu d e s  t h e  d a t a  

s e t  developed f o r  t h e  macroscopic  r e a c t i o n s  from th e  f i r s t  s e c t i o n ,  

extended t o  inc lude  th e  microscop ic  r e a c t i o n s .  The model produced d id  

not  y i e l d  t h e  e q u i l i b r i u m  s i t e  occupancies  ob ta ined  e x p e r i m e n t a l l y .  The 

problems in  t h e  high i r o n  and magnesium range found with  t h e  i n i t i a l  

thermodynamic model seem t o  expand when a p p l ied  t o  th e  m ic roscop ic  

model .

F i n a l l y ,  thermal h i s t o r i e s  o f  t h e  two samples s tu d ie d  

e x p e r i m e n t a l l y  a r e  d e r iv e d .  Average coo l ing  r a t e s  o f  11° and 140° per  

m i l l i o n  y e a r s  a r e  c a l c u l a t e d .  The f i r s t  r a t e  i s  well  w i th i n  t h e  range  

expec ted  f o r  a g r a n u l i t e  r o c k ,  t h e  second r a t e  i s  much f a s t e r .  The
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e r r o r  p ro p ag a t io n  i s  i n v e s t i g a t e d  and i t  i s  found t h a t  t h e s e  c o o l in g  

r a t e  e s t i m a t e s  can never  be b e t t e r  than  " o rd e r  o f  magnitude" ;  e q u i v a l e n t  

in  many ways t o  t h e  o t h e r  methods o f  e s t i m a t i n g  co o l in g  r a t e s .  In 

a d d i t i o n ,  many o f  th e  samples chosen f o r  t h i s  method o f  s tudy  come from 

a r e a s  w ith  h igh ly  complex thermal h i s t o r i e s  and,  t h e r e f o r e ,  e v a l u a t i o n  

o f  which p a r t  o f  th e  h i s t o r y  of  th e  rock r e l a t e s  t o  t h e  r a t e  c a l c u l a t e d  

i s  very  d i f f i c u l t .  I t  i s  sugges ted t h a t  samples from wel l  s t u d i e d  a r e a s  

w ith  geophys ica l  and f i s s i o n  t r a c k  d a t a  on u p l i f t  r a t e s  should be 

s tu d ie d  in  t h e  f u t u r e  t o  r e a l i s e  t h e  v a l i d i t y  o f  t h e  method.
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APPENDIX A

Values of Fe 1n M2 at time t  for d if feren t rate constants.

10 REM TO CALC VALUES OF FEM2 FOR DIFFERENT VALUES OF K 
20 REM EQUATION FOR FEM2 FOR DISORDERING 
30 REM X5;((FEl/FE2)/2 FOR SAMPLE)
40 INPUT "FE/(FE+MG) FOR THE SAMPLE";X5 
50 REM FE3; ( FE IN M2 AT INITIAL TEMP)
60 INPUT "FEM2 OF NATURAL SAMPLE";FE3
70 REM FE2, FEM2 FOR THE SAMPLE AT EQUILIBRIUM
80 INPUT " FEM2 FOR SAMPLE AT EQUILIBRIUM";FE2
90 INPUT "CHOOSE A COOLING RATE"; K1
100 P-.5
110 Q-.5
120 FE1-(2*X5)-FE2
130 KD-(FEl*(l-FE2))/(( FE2)*(1-FE1))
140 READ T
150 IF T«0 THEN 270
160 A -  P*(l-(1/K D))
170 B -  Q-X5+(1/RD)*(X5+P)
180 C -  -(1/KD)*(X5)
190 R -  (B*B -  (4*A*C))*.5 
200 J -EXP(-K1*T*R)
210 SI -  (2*A*FE3) + B
220 G1 -  ( -SI+R)/(SI+R)
230 G2 -  G1*J
240 L -  ( R*(1-G2)“B*(1+G2) ) /(2*A*( 1+G2))
250 PRINT T,L 
260 GOTO 140
270 INPUT"TO EXIT FROM PROGRAM TYPE 1",Z 
280 IF Z«1 THEN 350
290 INPUT "TO CHANGE ALL;2 JUST FEM2 EQL1B TYPE 3, COOLING RATE RETURN";P2
300 RESTORE
310 IF P2 -  2 THEN 60
320 IF P2-3 THEN 80
340 GOTO 90
350 END



APPENDIX A

Least-squares regression for Q (activation  energy) and K*.

10 INPUT "N»";N 
20 FOR 1-1 TO N 
30 READ K ( I ) ,T(I )
40 Y( I )-K(I)
50 X (I) -1 /T (I )
60 X-X+X(I)
70 Y»Y+Y(I)
80 XY *XY +X ( I ) *Y ( I )
90 XX-XX+X (I )~2 
100 NEXT I
110 A»(Y/X-XY/XX )/(N/X-X/XX )
120 B-(Y/X-A*N/X)
130 PRINT "Ln(K*)- ";A,"K*- ";EXP(A),"Q- -B*8. 314/4. 184
150 SY-A+B*X(I)
180 DATA 7. 22, 823, 8. 75, 873, 10. 51 , 973 
190 END
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APPENDIX A

Least-squares regression for constants A and B, where LnK0 = A/T + B

10 INPUT "N-";N 
20 FOR 1-1 TO N 
30 &EAD K (l) ,T (I)
40 Y(D-R(1)
50 X ( l ) - l /T ( l )
60 X-X+X(1)
70 Y-Y+YU)
80 XY-XY+X(1)*Y(I)
90 XX-XX+X( 1)*2 
100 NEXT 1
110 A-(Y/X-XY/XX)/(N/X-X/XX)
120 B-(Y/X-A*N/X)
130 PRINT "B" ;A, "A- ";B
180 DATA -1.969 , 798, -1.748 , 848, -1 .476 , 898 
190 END
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APPENDIX A

Equilibrium values of Fe 1n M2 at time t  (for TTT diagrams)

10 REM TO CALC KATES FROM SITE OCCUPANCY DATA
20 KEM FKOM GANGULY EQN 31 PAGE 91 APC I I
30 KEM 1NSEKT IN PKOGKAM BEFOKE RUNNING, FE3;(FE IN M2 AT INITIAL TEMP)
40 KEM Q AND K FOK SAMPLE, X5;(( FEl/FE2)/2 FOK SAMPLE)
50 KEM Al, B1 FOK THE SAMPLE FKOM EQUILIBRIUM KD'S 
60 INPUT "TEMPERATURE OF INTEREST IN K", V 
70 KEM FE3 IS FE IN M2 AT TO presen tly  1023 
80 FE3-.8
90 PRINT "VALUE OF FEM2 AT INITIAL TEMPERATURE",FE3 
100 KEM TO CALC K (KATE) AT TEMP OF INTEREST 
110 Q-49000!
120 K-4.93E+15
1 3 0  KEM X5 IS  ( F E l + F E 2 ) / 2  FOK THE SAMPLE 
1 4 0  X 5 - . 6 2
150 K1 ■(EXP(LOG(K)-Q/( 1 . 987*V)))
160 PRINT "KATE OF K AT T OF INTEREST",K1, K6
170 KEM TO CALC KD AT TEMP OF INTEREST
180 Al—4194
190 B l-2 .6
200 KD-EXP(A1/V+B1)
210 PRINT "VALUE OF KD AT T OF INTEREST",KD
220 KEM TO CALCULATE EQU1L SITE OCC AT TEMP OF INTEREST
230 P-.5
240 Q-.5
250 A2-P*(KD-1 )
260 B2-KD*(Q-X5)+X5+P 
2 70 C2—X5
280 FE2-(-B2+(B2*B2-4*A2*C2)‘ .5)/(2*A2)
290 PRINT " FE2 AT TEMP OF INTEREST", FE2
300 READ T
310 IF T-0 THEN 450
320 A -  P*(l-(1 /KD))
330 B -  Q-X5+(l/KD)*(X5+P)
340 C -  -(1 /KD)*(X5)
350 R -  (B*B - (4*A*C))*.5 
360 J -  EXP(-K1*T*R)
370 SI -  (2*A*FE3) + B 
380 G1 « (S1-K)/(S1+R)
390 G2 -  G1*J
400 G3 -  (2*A *(G2+l))
410 L -  (R*(1+G2)-B*(1-G2) ) / ( 2*A*(1-G2))
420 PRINT T,L 
430 GOTO 300
450 INPUT"TO EXIT FKOM PROGRAM TYPE 1 " , 2
455 RESTORE
460 IF Z-l THEN 470
462 GOTO 60
465 DATA 3, 5, 10, 15,20,30, 50, 100, 300, 600, 1000, 0 
470 END
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