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A B S T R A C T

This paper concentrates on  the petro logy  o f  ec logite-facies m etapelites and, particu larly, the  

sign ificance o f  staurolite  in these rocks.

A  natural exam ple  o f  staurolite-bearing ec log itic  m icaschists from  the Cham ptoceaux  nappe  

(Brittany, France) is first described. The Cham ptoceaux  m etapelites present, in add ition  to  quartz, 

phengite, and  rutile, tw o  successive parageneses: (1) ch lor ito id  +  staurolite -I- garnet cores, and (2) 

garnet rims -h k yan ite±  ch lorito id .

D eta iled  m icroprobe analyses show  that garnet and  ch lorito id  evo lve towards m ore m agnesian  

com position s  and that staurolite  is m ore Fe-rich  than  coex istin g  garnet. A com parison  o f  the studied  

rocks w ith  other know n  occurrences o f  ec log itic  m etapelites show s that whereas staurolite  is a lw ays  

m ore Fe-rich  than  garnet in h igh-pressure eclogites, the reverse is true in low - to  m ed ium -pressure  

m icaschists.

Phase re la tions between  garnet, staurolite, ch lorito id , b io tite , and  ch lorite are analysed  in the  

K F M A SH  system  (w ith excess quartz, phengite, rutile, and H 20 ) .  The top o logy  o f  univariant reactions  

is dep icted  for a norm al and  a reverse F e -M g  partition ing  between  garnet and  staurolite. M ineral 

com positiona l changes are a lso  pred icted  for varying bulk -rock  chem istries.

In the stud ied  m icaschists, the zona l arrangem ent o f  garnet in clu sions and  the progressive  

com positiona l changes o f  ferrom agnesian  phases record part o f  the prograde P-T  path, before the 

atta inm ent o f ‘peak ’ m etam orph ic  cond ition s (at abou t 650 -7 00  °C, 18 -20  kb). The retrograde path, 

which  records the uplift o f  the C ham ptoceaux  nappe, occurs under decreasing temperatures.

I N T R O D U C T I O N

R e c e n t d isc o v e rie s  sh o w  th a t  m in e ra l  a s se m b la g e s  in  ec lo g itic  m e ta p e lite s  a re  p o w e rfu l 

to o ls  fo r e v a lu a tin g  P - T  c o n d it io n s  (C h o p in  &  S c h rey er, 1983; K o o n s  &  T h o m p s o n , 1985; 

G o ffé  &  C h o p in , 1986; V u ic h a rd  &  B a llèv re , 1988). T h e ir  use re q u ire s  a  th e o re tic a l  

k n o w le d g e  o f  p h a se  re la tio n s  in  th e  K F M A S H  m u lt is y s te m  a n d  e x p e r im e n ta l d a ta  o n  th e  

lim it in g  K F A S H  o r  K M  A S H  sy stem s. In  a d d it io n , ca re fu l e x a m in a tio n  o f  n a tu r a l  sa m p le s  is 

n e c es sa ry  to  d e p ic t a c tu a l  p h a s e  re la tio n s .

P re v io u s  w o rk s  (H a r te  &  H u d s o n , 1979; K o o n s  &  T h o m p s o n , 1985; V u ic h a rd  &  B a llèv re , 

1988) sh o w  th a t  s ta b le  a s so c ia tio n s  a t  re la tiv e ly  lo w  te m p e ra tu re s  (i.e., lo w e r th a n  a b o u t  

600  °C) a re  g a rn e t - c h lo r i to id - c h lo r i te  a n d  g a rn e t - c h lo r i to id - k y a n i te ,  a n d  th a t  g a r n e t -  

c h lo r i to id - ta lc  d o e s  n o t  o c c u r  in  p e lit ic  ro c k s  o f  ‘n o r m a l’ a lu m in o u s  c o m p o s itio n , i.e., 

in te rm e d ia te  to  h ig h  F e /(F e  +  M g) r a t io  (V u ic h a rd  &  B a llèv re , 1988). A t te m p e ra tu re s  h ig h er

[J ou rn a l o f  P e tro lo g y ,  V o i. 30 , Part 6, pp. 1 321 -1349 , 1989] C(i) O xford  U n iv ersity  Press 1989
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th a n  a b o u t  600  °C , c rit ic a l a s se m b la g e s  a re  g a rn e t - c h lo r i te - k y a n i te  a n d  g a rn e t - ta lc - k y a n i te  

(V u ic h a rd  &  B a llev re , 1988). S ta u ro lite  w as n o t  c o n s id e re d  in  d e ta il  in  th ese  p re v io u s  s tu d ies .

T h e  p u rp o s e  o f  th is  p a p e r  is to  d isc u ss  p h a se  re la tio n s  b e tw e en  g a rn e t, c h lo r ito id , 

s ta u ro li te , a n d  k y a n ite  in  h ig h -p re ssu re  m eta p e li te s . S ta u ro lite -b e a r in g  ec lo g itic  m e ta p e lite s  

a re  k n o w n  in  K a z a k h s ta n  (U d o v k in a  et al., 1980), th e  D o r a -M a ira  n a p p e  in  th e  W e s te rn  

A lps  (C h o p in , 1985), th e  F a irb a n k s  d is tr ic t  o f  A la sk a  (B ro w n  &  F o rb e s , 1986), th e  H o h e  

T a u e rn  in  th e  E a s te rn  A lps  (S p e ar &  F ra n z , 1986), th e  N a ja c  k lip p e  in  th e  M a ss if  C e n tra l, 

F ra n c e  (D e lo r  et al., 1987), a n d  th e  C h a m p to c e a u x  n a p p e  in  B r itta n y , F ra n c e  (B allev re  et al., 

1987). O u r  d isc u s s io n  d o e s  n o t  ta k e  in to  a c c o u n t th e  H o h e  T a u e rn  e x a m p le  b e c au se  

s ta u ro li te  is s ta b iliz ed  th e re  b y  h ig h  a m o u n ts  o f  Z n O  (L e u p o lt  &  F ra n z , 1986; S p e a r  &  

F ra n z , 1986). In  th e  five o th e r  o c c u rre n ce s , s ta u ro li te  is a  m a tr ix  p h a se  in  th e  F a i rb a n k s  a n d  

N a ja c  m ic a sch is ts  a n d  is o b se rv e d  o n ly  as  in c lu s io n s  w ith in  g a rn e t  in  th e  K a z a k h s ta n ,  D o ra -  

M a ira  a n d  C h a m p to c e a u x  m icasch is ts .

In  th is  p a p e r , w e w ill firs t d e sc r ib e  th e  p e tro lo g y  o f th e  C h a m p to c e a u x  m e ta p e lite s  a n d  

c o m p a re  th e m  w ith  o th e r  o c c u rre n ce s  o f  ec lo g ite -fac ies  m icasch is ts . W e w ill sh o w  th a t  a  

re v e rsa l o f  F e - M g  p a r t i t io n in g  b e tw een  g a rn e t  a n d  s ta u ro li te  o c c u rs  in  h ig h -p re ssu re  

m e ta p e lite s  a s  p re v io u s ly  su g g e ste d  b y  C h o p in  (1985) a n d  V u ic h a rd  &  B a lle v re  (1988), a n d  

th e n  e x p lo re  th e  m a jo r  c o n seq u e n c e s  o f  th is  re v e rsa l fo r  p h a se  re la tio n s  in  th e  K F M A S H  

m u ltisy s te m .

G E O L O G I C A L  S E T T I N G

T h e  C h a m p to c e a u x  n a p p e  (B rit ta n y , F ra n c e )  is lo c a te d  in  th e  S o u th  A rm o ric a n  d o m a in  

b e tw e en  tw o  m a jo r  c ru s ta l  fau lts: th e  N o r t- s u r -E rd re  F a u l t  to  th e  n o r th  a n d  th e  s o u th e rn

Champtoceaux

nappe

Fig . 1. Schem atic  structural m ap  o f  the C ham ptoceaux  nappe. In set show s the loca tion  o f  the study area  in  

Brittany (France). It shou ld  be noted  that eclog ite -facies m etapelites are know n  on ly  in the low er unit.
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b ra n c h  o f  th e  S o u th  A rm o r ic a n  S h e a r  Z o n e  to  th e  s o u th  (F ig . 1). T h e  C h a m p to c e a u x  n a p p e  

is th ru s t  o v e r  lo w -g ra d e  m e ta s e d im e n ts  o f p re s u m e d  U p p e r  P ro te ro z o ic  age. I t  c o n s is ts  o f  

sev era l su p e r im p o s e d  u n its  (M a rc h a n d , 1981), w h ic h  u n d e rw e n t d is tin c tiv e  P -T  h is to r ie s  

d u r in g  th e  Y a r is c a n  co ll is io n a l ev en t.

T h e  lo w e r  u n i t  o f  th e  C h a m p to c e a u x  n a p p e  c o n s is ts  e s se n tia lly  o f  le u c o c ra tic  g n e isses  (i.e., 

le p ty n ite s ) a n d  m ic a sch is ts  w h ich  en c lo se  n u m e ro u s  m e ta b a s ic  lenses . In  g e n e ra l, th e  e x a c t 

age  o f  th e  p ro to l i th s  is u n k n o w n , a lth o u g h  so m e  le p ty n ite s  re su lt  fro m  th e  in te n se  

d e fo rm a tio n  o f  g ra n ite s  (L a sn ie r  et a l, 1973; L a g a rd e , 1978) o f  p ro b a b le  L o w e r  P a le o z o ic  

ag e  (V ida l et a l , 1980). T h e  g ra n ite s  in tru d e d  se d im e n ts  w h ic h  lo ca lly  p rese rv e  ev id en ce  o f  

c o n ta c t  m e ta m o rp h is m  (M a rc h a n d , 1983). T h e  m e ta b a s i te s  h a v e  b a s a lt ic  w h o le -ro c k  

c o m p o s itio n s  a n d  M O R B -ty p e  R E E  p a tte rn s  (P a q u e tte , 1987). R e lic ts  o f  p r im a ry  ig n eo u s  

te x tu re s  o r  m in e ra ls  a re  la c k in g  in  th e  m e ta b a s ite s .

T h e  lo w e r  u n i t  o f  th e  C h a m p to c e a u x  n a p p e  suffe red  a n  ec lo g itic  m e ta m o rp h is m  a t  a n  

e a rly  s ta g e  o f  th e  V a r is c a n  o ro g e n y  (P a q u e t te  et al., 1984, 1985; P a q u e tte , 1987). E c lo g itic  

p a ra g e n e se s  a re  w ell k n o w n  in  th e  m e ta b a s ic  len ses  (L a cro ix , 1891; B riere , 1920; V elde, 1966, 

1970; G o d a r d  et al., 1981; P a q u e t te  et al, 1985) b u t  h a v e  b e e n  o n ly  rec e n tly  d isc o v e red  in  th e  

q u a r tz ite s  (B a llevre  et al, 1987). G a r n e t- k y a n i te  a s se m b la g e s  in  m ic a sch is ts  w ere firs t 

d e sc r ib e d  b y  L a c ro ix  (1891) b u t  w ere a t t r ib u te d  to  th e  ec lo g itic  e p iso d e  m u c h  la te r  (B a llev re  

et al, 1987). In  a d d it io n , c o ro n it ic  t ra n s fo rm a tio n s  in  u n d e fo rm e d  v o lu m es  o f  g ra n it ic  ro c k s  

(L a sn ie r  et al, 1973) c o u ld  a lso  b e  a t t r ib u te d  to  ec lo g ite -fac ies  r a th e r  th a n  to  g ran u lite -fa c ie s  

m e ta m o rp h is m . G a r n e t- o m p h a c i te  +  k y a n ite  a s so c ia tio n s  fro m  q u a r tz ite s  w ill b e  d e sc r ib e d  

fu lly  e lsew h ere  (B a llev re  a n d  K ie n a s t, in  p re p a ra tio n ) , a n d  th is  p a p e r  c o n c e n tra te s  o n  th e  

p e tro lo g y  o f  th e  m ica sch is ts .

T a b l e  1

List o f mineral abbreviations used in text, figures, and tables

A bbrev ia tion s M in era l names

Ab A lb ite

Adr Andradite

A lm A lm and ine

An Anorth ite

And Andalusite

Bt B iotite

Chi Ch lorite

C ld C h lor ito id

G r G raphite

G ro G rossu lar

Grt G arnet

h 2o Vapour

Ilm Ilm enite

Jd Jadeite

K y K yan ite

Phg Phengite

Pg Paragon ite

Pyr Pyrope

Q tz Q uartz

Rt Rutile

Sil S illim anite

Spe Spessartine

St Stauro lite

Tic T alc

W M W hite m icas
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P E T R O G R A P H Y

O b s e rv e d  m in e ra l  p a ra g e n e se s  in  th e  C h a m p to c e a u x  m ic a sch is ts  a re  lis te d  in  T a b le  2. A ll 

m ic a sch is ts  c o n ta in  q u a r tz , w h ite  m ic a , g a rn e t, a n d  ru ti le . In  a d d it io n , k y a n ite  is o b se rv e d  in  

so m e  sam p les . P a r t ic u la r  a t te n tio n  h a s  b e e n  p a id  to  g a rn e t  in c lu sio n s , n o ta b ly  c h lo r i to id  

a n d  s ta u ro li te ,  to  d e fin e m in e ra l a sse m b la g e s  d u r in g  g a rn e t  g ro w th  (T ab le  2).

M o s t  sa m p le s  sh o w  ev id en ce  fo r  d u c ti le  d e fo rm a tio n  d u r in g  th e  g ro w th  o f  p r im a ry  

p a ra g e n e ses . In  p a r t ic u la r ,  g a rn e t, k y a n ite , a n d  so m e tim e s  w h ite  m ic a  d isp la y  n u m e ro u s  tin y  

in c lu s io n s  o f  ru ti le  ±  g ra p h ite , w h o se  sh a p e  fab ric  d e fin es  a n  in te rn a l  sc h is to s i ty  S{ (S pry , 

1969). S ta u ro lite  a n d /o r  c h lo r i to id  in c lu s io n s  w ith in  g a rn e ts  a re  p a ra l le l  to  th e  S{ (F igs . 2 a n d  

3). T h e  m a tr ix  fo lia tio n  (i.e., e x te rn a l sc h is to s i ty  Sc) is g e n e ra lly  d e fo rm e d  b y  sm all-s ca le  

fo ld s. G a r n e t  a n d  k y a n ite  p o rp h y ro b la s ts  h a v e  b e e n  su b m itte d  to  ro ta t io n s  a fte r th e ir  

g ro w th  ceased . In  c o n seq u e n c e , Sj a n d  Se a re  n o  lo n g e r  c o n tin u o u s . K y a n ite  a n d  w h ite  m ic a  

a lso  sh o w  e v id en ce  o f  in tra c ry s ta l l in e  d e fo rm a tio n  (u n d u lo se  e x tin c tio n s  a n d  k in k -b a n d s )  

(L a cro ix , 1891).

A  re tro g re s s iv e  o v e rp r in t  is g e n e ra lly  p re se n t . I n  so m e  sam p les , s e c o n d a ry  p h a se s  g rew  in  

th e  a b s en c e  o f  d u c ti le  d e fo rm a tio n . F o r  e x a m p le , g a rn e t  is s o m e tim e ^ p s e u d o m o rp h e d  b y  

c h lo r ite  a g g re g a te s  w h ic h  p re se rv e  its  sh a p e  a n d  th e  a lig n m e n t o f  ru ti le  in c lu sio n s . M o s t  

sa m p le s  su ffe red  a  d u c ti le  d e fo rm a tio n  d u r in g  th e  r e t ro g ra d e  h is to ry . In  th ese  cases , th e  

o v e rp r in t  is g e n e ra lly  m o re  ex ten siv e. S h e a r  b a n d s  n u c le a te  o n  g a rn e t  o r  k y a n ite  g ra in s  a n d  

a  n ew  fo lia tio n  m a y  d ev e lo p ; g a rn e t, k y a n ite , a rid  w h ite  m ic a  a c t a s  p o rp h y ro c la s ts .

Primary assemblages

P r im a ry  m e ta m o rp h ic  a sse m b la g e s  c o n ta in  q u a r tz , w h ite  m ica , g a rn e t, k y a n ite , a n d  ru tile . 

M ic ro p ro b e  a n a ly se s  o f  w h ite  m ic a  rev e a l th a t  o n ly  p h e n g ite  is p re se n t, ex c ep t in  sa m p le s  

C H I 3 a n d  F A Y 2 6  w h ere  p r im a ry  p a ra g o n i te  is a lso  p re se n t. T a lc  w as n o t  o b se rv ed . A 

d e ta i le d  in v e s t ig a tio n  o f  g a rn e t -k y a n i te  a sse m b la g e s  is p re s e n te d  in  th is  s tu d y .

G a r n e t  p o rp h y ro b la s ts  c o m m o n ly  p re s e n t  in c lu s io n -r ic h  c o re s  a n d  in c lu s io n -p o o r  rim s 

(F igs . 2 a n d  3). G a r n e t  c o res  in c lu d e  q u a r tz , p h e n g ite , ru tile , a n d /o r  g ra p h ite . G a r n e t  co res  

a lso  in c lu d e  a lu m in o u s  a n d  fe r ro m a g n e s ia n  p h ases: c h lo r i to id , s ta u ro li te  o r  c h lo r i to id  

+  s ta u ro li te .  C h lo r i to id  sh o w s a  p a le  b lu e  c o lo u r , a  fa in t p le o c h ro ism , a n d  so m e tim e s  

p o ly sy n th e tic  tw in n in g . S ta u ro lite  is c o lo u r le ss  o r  p le o c h ro ic  fro m  p a le  y e llo w  to  yellow . 

G a r n e t  rim s c o n ta in  k y a n ite , p h e n g ite , p a ra g o n ite , a n d  so m e tim e s  c h lo r i to id , b u t  n e v e r  

s ta u ro li te .

K y a n ite  p o rp h y ro b la s ts  c o n ta in  q u a r tz , ru ti le  ±  g ra p h ite , a n d  w h ite  m ic a  in c lu sio n s . 

M ic ro p ro b e  a n a ly se s  rev ea l th a t  m o s t  m ic a s  a re  p h e n g ite s  b u t  p a ra g o n i te  w as d e te c te d  in  

s a m p le  C H I 3.

C h lo r i to id  is o b se rv e d  in  th e  m a tr ix  in  sa m p le s  F A Y 2 4 , F A Y 2 6 , a n d  C H 1 3  (F ig . 3). I t  is 

n e v e r  in  c o n ta c t  w ith  q u a r tz , g a rn e t  o r  k y a n ite  a n d  h a s  i r re g u la r  sh a p es . M a tr ix  c h lo r i to id s  

h a v e  b e e n  p a r t ly  ‘d isso lv e d ’ a n d  a re  n o w  o b se rv e d  as  c o r ro d e d  re lic ts  w ith in  w h ite  m ic a  

±  c h lo r i te  ag g re g a te s .

T o  su m m a riz e , te x tu ra l  re la tio n s  su g g est  th e  fo llo w in g  successive  p a ra g e n e se s  (F igs . 2 a n d  

3). D u r in g  a  firs t s tag e , g a rn e t  +  c h lo r i to id  4- s ta u ro li te  a s se m b la g e s  c ry s ta llize d . T h e  se co n d  

s ta g e  is re la te d  to  th e  d is a p p e a ra n c e  o f  c h lo r i to id  +  s ta u ro li te  a n d  th e  g ro w th  o f  k y a n ite , 

le a d in g  to  g a rn e t -k y a n i te  o r  g a rn e t - c h lo r i to id - k y a n i te  a s sem b la g e s . G a r n e t -  

s ta u ro l i te - k y a n i te  a sse m b la g e s  h a v e  n e v e r  b ee n  o b se rv ed . In  g a rn e t - c h lo r i to id - k y a n i te  

a sse m b lag es , c h lo r i to id  a lso  h a s  b ee n  re m o v e d  fro m  th e  m a tr ix  a sse m b lag e , b u t  is lo ca lly  

p re se rv e d  w ith in  p h e n g ite  ±  c h lo r ite  ag g re g a te s .



Table 2

Observed primary parageneses in the Champtoceaux micaschists
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Fig . 2. Sch em atic  textu ra l relation s betw een  prim ary ph ases in the C h am p toceau x  m icasch ists (sam ple FAY 3). 

N otew orth y  features are the inclu sion -r ich  core  w ith intern al sch istosity  defined by m inute  graph ite and  rutile  

grains, an d the p rogressive grain coarsen in g  record ed  by in c lu sion s w ith in  garnet as com pared  w ith  m atrix  grains.

M in eral ab b reviation s are described  in T ab le  1.

Fig . 3. S ch em atic  textu ra l relation s betw een  prim ary ph ases in the  C h am p toceau x  m icasch ists (sam p le FAY 26).

Sam e rem arks as for F ig . 2.

Secondary assemblages

S e c o n d a ry  p h a se s  a re  o n ly  lo ca lly  d e v e lo p e d  a n d  h a v e  th e  fo llo w in g  fea tu res :

(1) S ta u ro lite  a n d  c h lo r i to id  in c lu s io n s  a re  f re q u e n tly  re p la c e d  b y  f in e -g ra in e d  a g g re g a te s  

c o n ta in in g  c h lo r ite , p a ra g o n ite , m a rg a r i te ,  k y a n ite , a n d  ilm en ite . C h lo r ite , p a ra g o n i te , a n d  

m a rg a r i te  a re  in te rg ro w n .

(2) G a r n e t  is so m e tim e s  p s e u d o m o rp h e d  b y  c h lo r ite  a g g re g a te s  c o n ta in in g  z ir c o n  g ra in s  

w ith  p le o c h ro ic  a u re o le s  (L a cro ix , 1891).

(3) K y a n ite  in c lu s io n s  a n d  p o rp h y ro b la s ts  a re  r im m e d  b y  f in e -g ra in e d  m ic a ce o u s  

ag g re g a te s .

(4) L a rg e  p r im a ry  p h e n g ite s  a re  lo ca lly  d e s ta b iliz e d  in to  f in e r-g ra in e d  se c o n d a ry  

p h e n g ite s .

(5) In  sa m p le s  F A Y 2 6  a n d  F A Y 2 4 , r a r e  p lag io c la se  g ra in s  h a v e  g ro w n  in  th e  m a tr ix  o r  in  

g a rn e t  c rac k s .
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(6) In  r a r e  in s ta n c e s  (sam p le  F A Y 2 5), s ta u ro li te  I I  +  c h lo r i te  h a s  g ro w n  a t  th e  e x p e n se  o f 

g a rn e t  +  k y a n ite . S ta u ro lite  I I  g ra in s  a re  e u h e d ra l  o r  s u b h e d ra l , w h e re as  s ta u ro li te  g ra in s  

in c lu d e d  in  g a rn e ts  a re  a n h e d ra l.

M I N E R A L O G Y

G a rn e t-  a n d  k y a n ite -b e a r in g  m ic a sch is ts  w ere  se lec ted  w ith  n o  o r  li t tle  r e t ro g ra d e  

o v e rp r in t. M in e ra l  a n a ly se s  w ere  p e rfo rm e d  o n  five sa m p le s  (F A Y 3, F A Y 2 4 , F A Y 2 5 , 

F A Y 2 6 , a n d  C H 1 0 )  w ith  a  C a m e b a x  m ic ro p ro b e  a n a ly se r  (P a r is  V I U n iv e rs ity ). O p e ra t in g  

c o n d it io n s  w ere: 15 k V  a c c e le ra tin g  v o lta g e , 10 n A  p ro b e  c u r r e n t  a n d  10 s c o u n tin g - tim e . 

S ta n d a rd s  w ere: a lb i te  (N a), o r th o c la s e  (K , Al), d io p s id e  (C a , M g , Si), M n T i 0 3 (M n , Ti), 

F e 20 3 (Fe) a n d  Z n S  (Zn). Z n  w a s d e te c te d  w ith  th e  L a ray , a n d  a ll o th e rs  u s in g  th e  K a ray . 

M ic a s  a n d  p la g io c la se s  w ere  a n a ly se d  w ith  a n  e n la rg e d  b e a m  to  av o id  a lk a li  loss . A d d it io n a l  

in fo rm a tio n  o n  m in e ra l  c o m p o s itio n s  h a s  b e e n  o b ta in e d  w ith  th e  ‘M ic ro s o n d e  O u e s t’ (B rest) 

o n  sa m p le s  C x l2  a n d  C H 1 3 .

Garnet (Table 5)

In  a ll th e  a n a ly se d  m ic a sch is ts , g a rn e ts  h a v e  lo w  C a O  a n d  M n O  c o n te n ts  a n d  a re  zo n e d . 

F r o m  c o re  to  rim , th e y  d isp la y  a  d e c re a s e  in  M n O  a n d  C a O  c o n te n t ,  a n  in c re a s in g  M g O  

c o n te n t  a n d  th e  F e O  c o n te n t  r e m a in s  a p p ro x im a te ly  c o n s ta n t .  I n  c o n seq u e n c e , th e  M g /(F e  

+  M g) r a t io  p f Mg) in c re a se s  f ro m  0 1 0  to  0-25 (F ig . 4). S m all  c h e m ic a l d iffe ren ces b e tw e en  

g a rn e t  rim s f ro m  d iffe ren t sa m p le s  a re  o b se rv ed .

(1) T h e  g ro s s u la r  c o n te n t  o f  g a rn e t  rim s is n eg lig ib le  in  sa m p le  F A Y 2 6  (2 m o l .% )  b u t  

a t ta in s  u p  to  9 m o l.%  in  sa m p le  F A Y 3  (T a b le  2).

(2) T h e  X Mg r a t io  is h ig h e r  in  sa m p le s  F A Y 2 4  a n d  F A Y 2 6  (0*25-0-27) th a n  in  sa m p le s  

F A Y 3  a n d  C H 1 0  (0*22-0*25).

C h e m ic a l g ra d ie n ts  w ith in  g a rn e t  g ra in s  a re  s m o o th e r  in  s ta u ro li te  -I- c h lo r i to id -b e a r in g  

g a rn e t  c o re s  th a n  in  s ta u ro li te - fr e e  rim s. M o re o v e r , in  s a m p le s  F A Y 2 6  a n d  C H I 3, w h ere  

c h lo r i to id  o c c u rs  in  g a rn e t  r im s  a n d  in  th e  m a tr ix , th e  m a g n e s iu m  e n r ic h m e n t in  g a rn e t  is 

s tro n g e r  th a n  in  sa m p le s  F A Y 3  a n d  C H 1 0 , w h ere  o n ly  k y a n ite  is o b se rv e d  in  g a rn e t  rim s 

(F ig . 4).

Chloritoid (Table 4)

C h lo r i to id  g ra in s  sh o w  tra c e  a m o u n ts  o f  T i 0 2 a n d  Z n O , v e ry  lo w  M n O  c o n te n t ,  a n d  n o  

A120 3 v a r ia tio n . C a lc u la te d  F e 20 3 c o n te n t  is g e n e ra lly  v e ry  lo w  (1 w t.%  o r  less). T h e  m a in  

c h e m ic a l v a r ia t io n  is d u e  to  th e  F e M g _ x s u b s ti tu t io n .

In  s ta u ro li te - c h lo r i to id  g a rn e t  co re s , c h lo r i to id  g ra in s  a re  less m a g n e s ia n  in  th e  in n e r  

z o n e  (Y Mg =  0*20) th a n  in  th e  o u te r  z o n e  (XMg =  0*25).

In  sa m p le s  F A Y 2 4 , F A Y 2 6 , a n d  C H I 3, c h lo r i to id  in c lu s io n s  in  th e  g a rn e t  r im  a n d  m a tr ix  

c h lo r i to id s  h a v e  s im ila r  *Mg (n e a r  0*3). A s fo r  g a rn e t ,  th e  m a g n e s iu m  e n r ic h m e n t is s tro n g e r  

in  sam p les  F A Y 2 6  a n d  C H I 3 th a n  in  sa m p le s  F A Y 3  a n d  C H 1 0 . T h e se  o b s e rv a tio n s  sh o w  

th a t  th e  d is a p p e a ra n c e  o f  th e  s ta u ro li te  +  c h lo r i to id  a sse m b la g e  is a c c o m p a n ie d  b y  a  s tro n g  

Y Mg in c re ase  in  th e  re m a in in g  fe r ro m a g n e s ia n  p h a ses , i.e., g a rn e t  a n d  c h lo r i to id .

Staurolite (Table 5)

F o llo w in g  P ig a g e  &  G re e n w o o d  (1982), w e a d o p te d  th e  fo rm u la  F e 2A l9S i3. 75o 22(OH)2 

fo r  s ta u ro li te  a n d  c a lc u la te d  th e  s tru c tu ra l  fo rm u la e  o n  a  b a s is  o f  23 ox yg ens.



Table 3

Representative garnet analyses and structural formulae on a basis o f  12 oxygens

1 2 3 4 5 6 7

S i 0 2 37-36(0-37) 37-36(0-26)

Sam ple F A Y 3

36-75(0-04) 37-48(0-08) 37-61 (0-04) 37-73(0-03) 37-77(0-04)

T i 0 2 0-07(0-01) 0-05(0-02) 0-05(0-04) 0 -10 (0 -01 ) 0-05(0-02) 0-05(0-04) 0-05(0-02)

a i 2o 3 20-93(0-06) 20-39(0-22) 20-48(0-40) 21-10(0-04) 21-22(0-04) 21-34(0-07) 21-08(0-04)

C r20 3 0 -00(0  00) 0 -00(0  00 ) 0 -00(0  00 ) 0 -0 0 (0 -00 ) 0 -0 0 (0 -00) 0 -00(0  00 ) 0 -00(0  00)

E e20 3 0-15(0-22) 0-61(0-28) 0-45(0-12) 0 -00(0  00 ) 0 -00(0  00) 0 -00(0  00) 0 -0 0 (0 -00 )

F eO 30-64(0-34) 30-27(0-39) 30-34(0-34) 30-56(0-03) 30-42(0-18) 30-17(0-17) 30-41(0-11)

M n O 3-08(0-60) 2-91(0-34) 2-02(0-14) 1-65(0-23) 1-21(0-04) 1-22(0-06) 1-13(0-02)

M gO 2-36(0-17) 2-49(0-15) 2-64(0-15) 2-72(0-05) 3-96(0-11) 4-74(0-15) 5-07(0-08)

C aO 5-00(0-28) 5-03(0-32) 5-29(0-27) 5 4 4 (0 -0 4 ) 4-57(0-11) 3-76(0-16) 3-37(0-11)

£  ox id es 99-59(0-29) 99-07(0-04) 97-96(0-57) 99-03(0-15) 99-04(0-12) 99-00(0-12) 98-85(0-21)

Si 3-006 3 0 2 0 3-001 3-014 3-007 3-006 3-013

A l,v 0-000 0-000 0-000 0-000 0-000 0-000 0-000
I ,v 3-006 3-020 3-001 3-014 3-007 3-006 3-013

A1V1 1-986 1-944 1-971 2-000 2-000 2-005 1-982

Ti 0-004 0 0 0 3 0-003 0-006 0-003 0-003 0-003

Cr 0-000 0-000 0-000 0-000 0-000 0-000 0-000

F e 3 + 0-009 0-037 0-027 0-000 0-000 0-000 0-000
2  vi 2-000 1-984 2-002 2-006 2-003 2-007 1-985

F e 2 + 2-062 2-047 2-072 2-055 2-034 2-011 2-029

M n 0-210 0-200 0-140 0-112 0-082 0-082 0-076

M g 0-283 0-300 0-321 0-325 0-472 0-562 0-602

C a 0-431 0-436 0-463 0-468 0-392 0-321 0-288

I 2 + 2-986 2-982 2-995 2-961 2-980 2-976 2-995

M g /(M g  +  Fe) 0-12 0-13 0-13 0-14 0-19 0-22 0-23

Aim 69-07 68-64 69-17 69-41 68-27 67-56 67-74

Pyr 9-48 10-06 10-71 10-99 15-84 18-90 20-11

Spe 7-02 6-69 4-68 3-78 2-75 2-77 2-54

G ro 13-74 12-38 13-93 15-52 13-00 10-64 8-89

Adr 0-46 1-34 1*01 0-19 0-09 0-09 0-09
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Table 3 (Continued)

Sam p le  F A Y 26 Sam p le  FA  Y25

Core R im Rim

S i 0 2 36-43(0-43) 37-88(0-26) 38-10(0-30)

T i 0 2 0-06(0-03) 0-03(0-03) 0-03(0-04)

a i 2o 3 21-33(0-25) 21-60(0-17) 21-51(0-09)

C r20 3 0 -0 0 (0 -00 ) 0 -0 0 (0 -00 ) 0 -0 2 (0 -02)

F e 20 3 0-73(0-47) 0-26(0-15) 0-20(0-07)

F eO 31-14(0-04) 33-18(0-37) 30-09(0-29)

M n O 3-33(0-13) 0-54(0-13) 0-73(0-04)

M g O 2-22(0-09) 5-84(0-42) 6-79(0-17)

C aO 4-88(0-20) 1-17(0-10) 2-11(0-45)

E o x id es 100-11(0-69) 100-51(0-54) 99-55(0-18)

Si 2-936 2-981 2-994

A1IV 0-064 0-019 0-006
s iv 3-000 3 0 0 0 3-000

A1VI 1-963 1-986 1-987

Ti 0 0 0 3 0 0 0 2 0001

Cr 0 0 0 0 0 0 0 0 0001

F e 3 + 0-045 0-016 0-012

E VI 2-011 2-003 2-002

F e 2 + 2-099 2-184 1-978

M n 0-228 0-036 0-048

M g 0-267 0-685 0-796

C a 0-421 0-099 0-178

Z2 + 3-014 3-004 3-000

M g /(M g  +  Fe) Oil 0-24 0-29

Aim 69-63 72-70 65-94

Pyr 8-85 22-81 26-52

Spe 7-55 1-19 1-61

G ro 11-58 2-43 5-21

Adr 1 59 0-57 0-44

F e3 + is e stim ated  by sto ich iom etry . Each analysis is an average o f  three to  four spot  

analyses clu stered w ith in  a sm all area. V alues in parentheses are standard deviations.  

In creasing num bers d eno te  loca tion s o f  clu sters w ith in  garnets from  core to  rim.
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Fig . 4. C om position a l z on in g  in garnets from  sam ples FA Y 3  (a) an d  F A Y 26  (b). O pen  sym bo ls  represent analyses  

from  Cld +  St inclu sion -rich  cores. Fu ll sym bo ls  represent analyses from  K y-bearing  rims (FAY 3) and  K y  +  C ld-

bearing rim s (FAY26).



Table 4

Representative chloritoid analyses and structural formulae on a basis o f 11 oxygens

1

Sam p le  FA  Y3  

2 3 1

Sam p le  CH 10  

2 3 In G rt co re

Sam p le  FA Y26

In G r t rim  In m a tr ix

S i 0 2 25-09(0-33) 24-89(0-15) 25-02(0-39) 23-46(0-18) 23-83(0-13) 23-58(0-05) 23-90(0-29) 24-61(0-08) 24-44(0-32)

T i 0 2 0 -0 2 (0 -02 ) 0 -0 0 (0 -00 ) 0-05(0-04) 0 -0 2 (0 -02 ) 0-03(0-01) 0 -06(0  04) 0 -0 1 (0 -01 ) 0-05(0-02) 0-01 (0 -02 )

a i 2o 3 42-16(0-05) 42-12(0-33) 42-26(0-34) 40-94(0-43) 41-22(0-20) 41-36(0-06) 41-57(0-21) 41-97(0-02) 41-43(0-30)

F e20 3 0-00 0  00 ) 0 -0 0 (0 0 0 ) 0 -0 0 (0 -00) 0-57(0-14) 0-22(0-31) 0-62(0-37) 0 -0 0 (0 -00 ) 0-24(0-34) 0-34(0-22)

F eO 21-94(0-08) 21-75(0-25) 20-91(0-35) 22-81(0-26) 22-69(0-01) 22-15(0-37) 22-88(0-04) 20-21(0-23) 20-23(0-20)

M n O 0-51(0-16) 0-35(0-01) 0-30(0-15) 0-56(0-12) 0-25(0-02) 0-14(0-05) 0-45(0-04) 0-18(0-01) 0-29(0-05)

M g O 3-13(0-32) 3-58(0-30) 4-06(0-16) 3-07(0-10) 3-38(0-14) 3-87(0-13) 3-13(0-18) 5-01 (0-46) 4-94(0-05)

Z n O 0 -0 0 (0 -00 ) 0-04(0-06) 0-08(0-05) 0-09(0-07) 0-08(0-00) 0-03(0-04) 0-06(0-03) 0-02(0-03) 0 -0 2 (0 -02)

2  o x id es 92-83(0-43) 92-71(0-30) 92-66(0-40) 91-50(0-74) 91-68(0-81) 91-80(0-61) 91-99(0-78) 92-28(0-56) 91-71(0-76)

Si 2-031 2-016 2-019 1-952 1-970 1-944 1-9,70 1-991 1-994

A11V 0-000 0-000 0-000 0-048 0-030 0-056 0-030 0-009 0-006
£ IV 2-031 2-016 2-019 2-000 2 0 0 0 2-000 2-000 2-000 2-000

A1VI 4-025 4-024 4-021 3-970 3-989 3-965 4-011 3-995 3-979

Ti 0-001 0-000 0-003 0-001 0-002 0 0 0 4 0001 0-003 0-001

F e 3 + 0-000 0-000 0-000 0-036 0-013 0-039 0-000 0-015 0-021
£ VI 4-026 4-024 4-024 4-007 4 0 0 4 4 0 0 8 4-012 4-012 4-000

F e 2 + 1-486 1-474 1-411 1-588 1-569 1-528 1-578 1-368 1-380

M n 0-035 0-024 0-020 0-039 0-017 0-010 0-031 0-012 0-020

M g 0-377 0-432 0-488 0-380 0-417 0-475 0-385 0-604 0-601

Zn 0-000 0-002 0-005 0-005 0-005 0-002 0-004 0-001 0-001

I 2 + 1-898 1-932 1-925 2-013 2-008 2-010 1-997 1-985 2-003

M g /(M g  +  Fe) 0-20 0-23 0-26 0-19 0-21 0-24 0-20 0-31 0-30

F e 3+ is estim ated  by sto ich iom etry . E ach  an alysis is an average o f  three to  four sp ot an alyses c lustered in a sm all area d en o ted  by the sam e num ber as the en c lo s in g  garnet. 

V alu es in p arentheses are stan dard deviation s.
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T able 5

Representative staurolite analyses and structural formulae on a basis o f 23 oxygens

1

Sam p le  FA Y3  

2 3 1

Sam p le  CH 10  

2 3

Sam p le  FA Y26  

In G rt core

Sam ple  FA Y25  

S td  II

S i 0 2 28-40 (M 3 ) 28-46(0-95) 28-07(0-23) 26-94(0-24) 27-66(0-23) 27-62(0-45) 2 8 -3 1 (0 1 3 ) 27-88(0-53)

T i 0 2 0-30(0-10) 0-36(0-10) 0-29(0-11) 0-43(0-07) 0-43(0-05) 0-45(0-07) 0-46(0-03) 0-13(0-08)

a i 2o 3 54-08(3-24) 56-09(0-85) 55-71(1-24) 55-76(0-44) 54-65(0-29) 55-14(0-25) 54-76(0-01) 54-93(0-33)

F eO 11-79(0-17) 11-11(1-03) 10-20(0-53) 12-04(0-79) 11-45(0-09) 10-69(0-44) 10-73(0-11) 8-24(0-14)

M n O 0-41(0-05) 0-44(0-16) 0-51(0-17) 0-39(0-04) 0-28(0-03) 0-39(0  00) 0-43(0-04) 0-49(0-09)

M g O 0-77(0-12) 0-59(0-16) 0-54(0-08) 0-76(0-05) 1-04(0-11) 0-75(0-08) 0-53(0-06) 1-06(0-07)

Z nO 1-01(0-07) 1-33(0-63) 1-67(0-11) 1-41(0-18) 2-51(0-13) 2-70(0-23) 3-24(0-13) 4-16(0-22)

2  ox id es 96-75(2-04) 98-36(0-61) 96-96(1-44) 97-74(0-41) 98-02(0-51) 97-72(0-34) 98-44(0-08) 96-88(0-69)

Si 3-959 3-892 3-887 3-739 3-836 3-831 3-906 3-885

A11V 0-041 0-108 0-113 0-261 0-164 0-169 0-094 0-115

x IV 4-000 4-000 4-000 4-000 4-000 4-000 4-000 4-000

A1VI 8-848 8-937 8-984 8-863 8-773 8-849 8-816 8-910

Ti 0-031 0-037 0-030 0-045 0-045 0-047 0-048 0-014

F e 3 + 0-000 0-000 0-000 0-000 0-000 0-000 0-000 0-000
Z VI 8-880 8-974 9-013 8-909 8-818 8-896 8-864 8-923

F e 2 + 1-375 1-271 1-181 1-398 1-328 1-241 1-238 0-960

M n 0-048 0-050 0-060 0-046 0-033 0-046 0-050 0-057

M g 0-159 0-119 0-110 0-157 0-214 0-154 0-109 0-221

Zn 0-104 0-134 0 1 7 0 0-145 0-257 0-276 0-330 0-428

£ 2 + 1-686 1-574 1-522 1-745 1-833 1-717 1-727 1-666

M g /(M g  +  Fe) 0-10 0-09 0-09 0-10 0-14 O i l 0-08 0-19

All Fe is ca lcu lated  as F e2 + . Each  analysis is an average o f  three to  four spot analyses clustered in a sm all area denoted  by the sam e num ber as the enc lo sin g  

garnet. V alues in parentheses are standard deviation s.
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Fi g . 5. Fe, M g, and  M n +  Zn  con ten t against sum  o f  d iva len t ca tion s in staurolite  in c lu sion s from  the  

C ham ptoceaux  m icasch ists. N um bers represent ca tion s per formula  unit.

T h e  m o s t  im p o r ta n t  fe a tu re  o f  th ese  s ta u ro li te s  is th e ir  lo w  X Mg v a lu e . A ll s ta u ro li te s  h av e  

lo w e r  X Mg th a n  co e x is t in g  g a rn e ts  (see la te r). A c o m p a r is o n  o f  o u r  s ta u ro li te  a n a ly se s  w ith  

th o se  fro m  th e  D o r a -M a ira  m ic a sch is ts  (C h o p in , 1985) sh o w s th a t  th e  C h a m p to c e a u x  

s ta u ro li te s  h a v e  h ig h e r  M n  +  Z n  c o n te n ts .

T h e  a n a ly se s  p e rfo rm e d  in  th e  p re se n t s tu d y  su g g e st th e  fo llo w in g  rem a rk s :

(1) T h e  su m  o f  d iv a le n t  c a tio n s  (R 2+ ) is v a r ia b le  a n d  a lw ay s s ig n ific an tly  sm a lle r  th a n  2. 

In  c o n tr a s t ,  th e  s ta u ro li te  a n a ly se s  o f  H o ld a w a y  et a l  (1986a) h a v e  R 2+ a lw a y s  e q u a l  to  o r  

g re a te r  th a n  2. T h e  sa m e  is t ru e  fo r s ta u ro li te  fro m  R a n g e ly  Q u a d ra n g le  (G u id o tt i ,  1974) o r  

P ic u ris  R a n g e  (H o ld a w a y , 1978). A c c o rd in g  to  H o ld a w a y  et a l  (1986b, fig. 1), lo w  R 2 + 

su g g e sts  a  h ig h  (H  +  F ) c o n te n t. F o r  a  m e a n  v a lu e  o f  R 2+ e q u a l  to  1*70, th e  su g g ested  (H  

+  F ) v a lu e  w o u ld  b e  2*35. T h e  M n O  c o n te n t  o f  a n a ly se d  s ta u ro li te s  is a lw ay s v e ry  sm all (less 

th a n  0 5  w t.% , i.e., 0  06  c a tio n  p e r  fo rm u la  un it) .

(2) N e i th e r  M g  n o r  M n  +  Z n  sh o w s sy m p a th e tic  v a r ia t io n  w ith  R 2 + , w h e re as  F e  d oes . 

T h u s , R 2+ v a r ia tio n s  seem  to  b e  re la te d  to  F e 2+ v a r ia tio n s  (F ig . 5). T h e se  o b s e rv a tio n s  a re  

c o n s is te n t  w ith  p re v io u s  s tu d ies , su g g estin g  a n  in c o m p le te  F e - M g  ex c h an g e  in  th e  s ta u ro li te  

s tru c tu re  (G ra m b lin g , 1983; H o ld a w a y  et al., 1986b).

(3) A s s h o w n  b y  G riffen  et a l  (1982), A1VI a n d  R 2+ a re  s tro n g ly  c o r re la te d  b u t  th is  is 

p ro b a b ly  a  c o n se q u e n c e  o f  th e  fixed H  + c o n te n t  a s su m e d  in  th e  c a lc u la t io n  o f  s tru c tu ra l  

fo rm u la e  (H o ld a w a y  et a l , 1986a). T h e  la t te r  a u th o r s  su g g ested  th a t  H + c o n te n t  in  s ta u ro li te  

is v a ria b le  a n d  th ey  p ro p o s e d  a  m e th o d  fo r its  e s tim a tio n . T h is  m e th o d  (as su m in g  Al +  Si 

=  25-53) h a s  b e en  te s te d , b u t  u n lik e ly  h ig h  H  + v a lu es  ( >  2-5) h a v e  b ee n  c a lc u la te d  as  a  re su lt.

White micas (Table 6)

T h e  m a x im u m  c e la d o n ite  c o n te n t  o f  p r im a ry  p h e n g ite  lies a ro u n d  Si =  3-3, w ith  h ig h  X Mg 

v a lu es  ra n g in g  fro m  0-75 to  0-80. N a /(N a  +  K ) is g e n e ra lly  low , sm a lle r th a n  0 T 5  (F ig . 6).
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T a b l e  6

Representative white mica analyses and structural formulae on a basis o f 11 oxygens

-
Phg  I  

13

Phg  I  

14

Phg  I I  

15

Phg  11

16
Phg  I
3 2

Pg
33

S i 0 2 48-81 48-90 46-22 46-52 49-53 46-99

T i 0 2 0-56 0-69 0-20 0-23 0-44 0-07

a i 2o 3 31-05 31-09 36-70 37-66 30-21 39-08

C r20 3 0-00 0-06 0 0 0 0-06 0 0 0 0 0 0

F eO 1-43 1-43 0-80 0-46 2-06 0-58

M n O 0-00 0 0 0 0 0 0 0-06 0 0 0 0-01

M g O 2-62 2-40 0-85 0-28 2-47 0-22

C aO 0-00 0 0 0 0 0 0 0 0 0 0 0 0 0-24

N a 20 0-72 0-80 1-47 1-75 0-72 6-54

k 2o 8-76 8-98 8-39 8-17 10-25 1-22

Z ox id es 93-95 94-35 94-63 95-19 95-68 94-95

Si 3-259 3-257 3-056 3 0 4 9 3-286 3-016

A1IV 0-741 0-743 0-944 0-951 0-714 0-984

2  iv 4 000 4 000 4 000 4 0 0 0 4 0 0 0 4 0 0 0

A1VI 1-703 1-698 1-917 1-960 1-649 1-973

Ti 0-028 0-035 0-010 0-011 0-022 0 0 0 3

Cr 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 3 0 0 0 0 oooo
F e 2 + 0-080 0-080 0 0 4 4 0-025 0-114 0-031

M n 0 0 0 0 0 0 0 0 0 0 0 0 0-003 0 0 0 0 0001

M g 0-261 0-238 0-084 0-027 0-244 0-021
£VI

2-072 2-054 2-055 2-029 2-029 2-029

C a 0 0 0 0 0  000 0 0 0 0 0 0 0 0 0 0 0 0 0-017

N a 0-093 0-103 0-188 0-222 0-093 0-814

K 0-746 0-763 0-708 0-683 0-868 0-100

2 int 0-839 0-866 0-896 0-905 0-961 0-931

All F e is ca lcu lated  as F e2 + .

Si

3 .2  -

PH EN G IT E  X

3.0 L- 
0.0

PHENG ITE E

04 * 0 2  ' 0 3

Na/(Na + K)
Fig . 6 . Si co n ten t again st N a /(N a  +  K ) ratio  in phengites from  the Cham ptoceaux  m icasch ists (sam ple C x i2).
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S e c o n d a ry  p h e n g ite s  h a v e  a  lo w e r c e la d o n ite  c o n te n t  (Si =  3 0 5 -3  10) th a n  p r im a ry  

p h e n g ite s , b u t  a  h ig h e r  N a / (N a  +  K ) r a t io  (0-2-0*25) (F ig . 6).

P a ra g o n i te  h a s  a  lo w  C a  c o n te n t  [ C a /( N a  +  K  +  C a)  =  0-08] a n d  c a n  h a v e  a  K /(N a  +  K  

+  C a)  r a t io  ra n g in g  u p  to  0-10.

Kyanite

K y a n ite  is a lw ay s n e a r ly  p u re , w ith  o n ly  t ra c e  a m o u n ts  o f  m e ta llic  c a tio n s .

Chlorite

C h lo r ite  c o m p o s itio n s  a re  re la tiv e ly  h e te ro g e n e o u s  (X Mg v a lu es  ra n g e  fro m  0-4 to  0-6). 

V a r ia t io n s  o c c u r  in  e a c h  sa m p le  a n d  b e tw e en  a d ja c e n t  g ra in s . I t  h a s  n o t  b e e n  p o ss ib le  to  

d is tin g u is h  p r im a ry  a n d  se c o n d a ry  ch lo r ite s .

Plagioclase

P la g io c la se  c o m p o s itio n  v a rie s  w ith  th e  te x tu ra l  p o s it io n  o f  th e  g ra in s;  fo r  e x a m p le , 

p la g io c la se s  fro m  sa m p le  F A Y 2 6  a re  p u re ly  a lb itic  in  th e  m a tr ix  b u t  u n z o n e d  g ra in s  

o c c u rr in g  in  c ra c k s  in  g a rn e t  c o n ta in  a r o u n d  15 m o l.%  A n.

P H A S E  R E L A T I O N S  O F  S T A U R O L I T E  I N  E C L O G I T I C  M E T A P E L I T E S  

Phase relations in the Champtoceaux micaschists

T h e  C h a m p to c e a u x  m ic a sch is ts  c a n  b e  s tu d ie d  in  th e  K F M A S H  sy stem . M n O  a n d  C a O  

a re  c o n s id e re d  as  n eg lig ib le  c o m p o n e n ts  b e c au se  th e y  a re  s tro n g ly  p a r t i t io n e d  in to  g a rn e ts . 

A ssu m in g  th a t  H 20  is in  excess, a n d  ta k in g  in to  a c c o u n t  th e  p re se n c e  o f  q u a r tz  a n d

A A A

Fig . 7. A l20 3- F e 0 - M g 0  projection  from  quartz, rutile and  H 20  o f  co ex istin g  m inera ls in the  C h am p toceau x  

m icasch ists. O p en  sy m b o ls represent garnet in c lu sion s and  co ex istin g  garnets. F illed  sym b o ls represent garnet rim s 

and m atrix  ph ases. P rojected m inera l c o m p o sitio n s are reported  in T ab les 3 -5 .
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p h e n g ite , th e  A F M  p ro je c tio n  c a n  b e  u se d  to  sh o w  p h a se  re la tio n s  in  th e  C h a m p to c e a u x  

m ic a sch is ts  (F ig . 7). T e x tu ra l  o b s e rv a tio n s  a n d  ch e m ic a l a n a ly se s  sh o w  th a t  th e  p r im a ry  

asse m b la g e  re p re se n ts  a  s ta te  o f  p a r t ia l  e q u il ib r iu m  (L o o m is , 1983): c h lo r i to id  a n d  s ta u ro li te  

a re  in  e q u il ib r iu m  w ith  g a rn e t  co res , b u t  a re  n o t  in  e q u il ib r iu m  w ith  g a rn e t  rim s  a n d  m a tr ix  

pihases. T h e  lo ca l d e v e lo p m e n t a n d  ch e m ica l h e te ro g e n e ity  o f se c o n d a ry  p h a se s  su g g ests  

th a t  o n ly  lo ca l e q u il ib r iu m  w as ac h iev ed  d u r in g  th e  re t ro g ra d e  h is to ry . T h u s , th e ir  u se fo r 

r e c o n s tru c tin g  th e  P -T  p a th  o f  th e  C h a m p to c e a u x  m ic a sch is ts  w ill b e  m o re  u n c e r ta in  th a n  

th e  use o f  re lic t p ro g ra d e  p h a ses  in c lu d e d  w ith in  g a rn e t  co res .

Primary assemblages

In  th e  s tu d ie d  sa m p le s , th e  m a tr ix  e q u il ib r iu m  as se m b la g e  is g a rn e t  r im  +  k y a n ite  

( +  p h e n g ite  +  q u a r tz  +  ru tile). In c lu s io n s  o f s ta u ro li te  ±  c h lo r i to id  in  g a rn e t  co res  a re  u se d  

to  d efine  p ro g ra d e  assem b lag es .

All sa m p le s  sh o w  a  s tr ik in g  e v o lu tio n  fro m  a  g a r n e t - c h lo r i to id - s ta u ro l i te  a s se m b la g e  

(g a rn e t co res) to w a rd s  a  g a rn e t -k y a n i te  a s so c ia tio n  (g a rn e t rim s  +  m a tr ix  p h ases)  (F ig . 7). 

C o e x is tin g  g a r n e t - s ta u r o l i te -k y a n i te  w as n e v e r o b se rv e d , b u t  g a rn e t - c h lo r i to id - k y a n i te  

w as s ta b le  in  sa m p le  F A Y 2 6 , w h e re  c h lo r i to id  g ra in s  a re  p re s e n t  in  th e  m a tr ix . D u r in g  th e  

fina l s tag e s  o f  th e  m e ta m o rp h ic  h is to ry , m a tr ix  c h lo r i to id  re a c ts  w ith  m a tr ix  p h a se s  a n d  is 

n o w  en c lo se d  in  a  p h e n g it ic  a g g re g a te  (F ig . 3), o r  s e p a ra te d  fro m  g a rn e t  a n d  k y a n ite  b y  

c h lo r ite  sheav es.

S ta u ro lite  is a lw ay s m o re  F e - r ic h  a n d  c h lo r i to id  m o re  M g -r ic h  th a n  th e  co e x is t in g  g a rn e t  

(F ig . 7). In  o th e r  w o rd s , th e  F e - M g  p a r t i t io n in g  b e tw e en  A F M  p h a se s  is, a c c o rd in g  to  a n  

in c re as in g  X Mg ra tio : S t <  G r t  <  C ld.

G a r n e t  sh o w s, fro m  c o re  to  rim , a n  in c re as in g  X Mg r a tio . C h e m ic a l g ra d ie n ts  a re  re la tiv e ly  

s m o o th  in  th e  c h lo r i to id  +  s ta u ro li te  in c lu s io n -r ic h  co res  b u t  s tro n g ly  in c re ase  in  g a rn e t  

rim s. C h lo r i to id  in c lu s io n s  ev o lv e to w a rd s  m o re  M g -r ic h  c o m p o s itio n s  fro m  th e  in n e r  to  th e  

o u te r  z o n e  o f  g a rn e t  co res . In  a d d it io n , c h lo r i to id  in c lu s io n s  in  s ta u ro li te -fre e  g a rn e t  rim s 

a n d  m a tr ix  c h lo r i to id  g ra in s  h av e  s im ila r  c o m p o s itio n s , w h ic h  a re  m u c h  m o re  m a g n e s ia n  

th a n  th e  la s t  c h lo r i to id  in c lu s io n s  co ex is t in g  w ith  s ta u ro li te  (F ig . 7). T h e  c h em ica l e v o lu tio n  

o f  s ta u ro li te  c o u ld  n o t  be  p recisely  c o n s tra in e d , b ec au se  o f  th e  n a r ro w  F e - M g  s u b s ti tu t io n  

ra n g e  a n d  ch e m ic a l h e te ro g e n e itie s  w ith in  s in g le  g ra in s .

Secondary assemblages

S e c o n d a ry  c h lo r i te - s ta u ro l i te  a s so c ia tio n s  a re  o b se rv e d  o n ly  in  sam p le  FA Y 25: s ta u ro li te  

I I  p re se n ts  a  h ig h e r  X Mg (o f a b o u t  0 T 9 )  th a n  s ta u ro li te  I, b u t  c h lo r ite  c o m p o s itio n s  a re  

v a ria b le  (X Mg =  0*40-0-60). T h e  ch em ica l h e te ro g e n e ity  o f  p lag io c la se  g ra in s  d e p e n d s  o n  

lo ca l e q u il ib r ia . B io tite  is n o t  o b se rv ed .

Fe-Mg partitioning between garnet and staurolite

A lite ra tu re  su rv ey  sh o w s th a t  s ta u ro li te s  h av e  a  h ig h e r  X Mg th a n  co e x is t in g  g a rn e ts  in  

lo w - to  m e d iu m -p re s su re  m eta p e li te s , b u t  th a t  th e  rev erse  is t ru e  in  h ig h -p re ssu re  

m eta p e li te s . N u m e ro u s  s tu d ie s  a re  a v a ila b le  in  lo w - to  m e d iu m -p re s su re  m e ta p e lite s  (e.g., 

A lbee, 1972; G u id o t t i ,  1974; H o ld a w a y , 1978; Y a rd le y  et al., 1980; P ig ag e  &  G re e n w o o d , 

1982; G ra m b lin g , 1983; L a n g  &  R ice, 1985; G ib s o n  &  S peer, 1986; K la p e r  &  B u ch e r-  

N u rm in e n , 1987; H o ld a w a y  et al., 1988). In  c o n tra s t ,  o n ly  five o c c u rre n ce s  a re  re p o r te d  in  

h ig h -p re ssu re  m e ta p e lite s  (see In tro d u c tio n ) .

F ig u re  8 p re se n ts  a  c o m p ila t io n  o f F e /M g  v a lu e s  fo r c o e x is tin g  g a rn e t  a n d  s ta u ro li te . 

F ro m  th e  n u m e ro u s  p a p e rs  o n  low - to  m e d iu m -p re s su re  m ica sch is ts , w e e x tra c t  an a ly se s
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0  M a in e  ( G u id o tt i ,  1 9 7 0  

□  New M exico ( Hold aw ay, 1978 ) 

o  Con nem ara ( Y a rd le y  e t  a l ,  1980 )

O  S no w  Pe ak  (L a n g  and  R ic e , 1 9 8 5 )

■ D o ra -M a ira  ( C ho pin, 1 9 8 5 )

♦ K a z a k h s ta n  ( Ud ov k in a e t  a l ,  197 8 )

•  C ha m p to ceau x  ( t h i s  p a p e r )

(Fe/M g)st

Fig . 8. (F e /M g) in staurolite  vs. (F e /M g) in coex isting  garnet. D a ta  for the C ham ptoceaux  m icasch ists are taken

from  Tables 3 and  5.

fro m  c o e x is tin g  g a rn e ts  a n d  s ta u ro li te s  w h ich  h av e  c ry s ta lliz e d  a t  a lm o s t  fixed  P -T  

(H o ld a w a y , 1978; L a n g  &  R ice, 1985) o r  a lo n g  a  P -T  ‘g r a d ie n t’ (G u id o tt i ,  1974; Y a rd le y  

et a/., 1980). A ll a v a ila b le  d a ta  fo r h ig h -p re ssu re  m e ta p e lite s  h a v e  b e e n  r e p o r te d  (i.e., fro m  

K a z a k h s ta n  a n d  D o ra -M a ira ) ,  b u t  o n ly  m e a n  a n a ly se s  w ere  u sed  fo r th e  C h a m p to c e a u x  

m ic asch is ts . F ig u re  8 c lea rly  sh o w s th a t  K d v a lu es  a re  g re a te r  th a n  1 in  m e d iu m -p re s su re  

m e ta p e lite s  b u t  less th a n  1 in  h ig h -p re ssu re  m eta p e lite s . I t  th u s  d e m o n s tra te s  th a t  a  re v e rsa l 

o f  F e - M g  p a r t i t io n in g  o c c u rs  b e tw e en  g a rn e t  a n d  s ta u ro li te .

S u ch  a  re v e rsa l h a s  a lre a d y  b e en  d e sc r ib e d  b e tw e en  c h lo r i to id  a n d  s ta u ro li te  by  

G ra m b lin g  (1983). H e  p a id  p a r t ic u la r  a t te n t io n  to  p o ss ib le  m is in te rp re ta t io n s  o f  c h em ica l 

d a ta . A c c o rd in g  to  h im , a p p a re n t  F e - M g  rev e rsa l c o u ld  re su lt  fro m  (1) d ise q u ilib r iu m  

re la tio n s  b e tw e en  g a rn e t  a n d  s ta u ro li te , o r  (2) p e r tu r b a t io n s  o f  th e  F e - M g  e x c h an g e  c a u se d  

b y  m in o r  e lem en ts , n o ta b ly  F e 3 + , M n , o r  Z n . T h e  p rese n c e  o f  g ra p h ite  +  ru ti le  a n d  th e  lack

2.0

1.8

1.6 

K d

1.4 

1.2 

1.0

0

Mn+Zn

Fig . 9. P lo t o f  K d vs. m inor elem en ts in stauro lites. Sam e sy m b o ls  as for Fig . 8. W e used  all availab le  

g a rn et-sta u ro lite  pairs from  the C h am p toceau x  m icasch ists for sake o f  com p lete  rep resentation.
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o f  ilm en ite , m a g n e tite , o r  h a e m a ti te  (T a b le  2) su g g est  a  lo w  o x y g e n  fu g ac ity . V ery  lo w  F e 3 + 

e s tim a te s  in  g a rn e t  a n d  c h lo r i to id  a re  c o n s is te n t  w ith  th e  p re c e d in g  s ta te m e n t.  M n O , w h ich  

essen tia lly  e n te rs  in to  g a rn e t , is n eg lig ib le  in  s ta u ro li te . Z n O  is p re fe re n tia lly  p a r t i t io n e d  in to  

s ta u ro li te , b u t  th e re  is n o  c o r re la t io n  b e tw e en  K d v a lu e  a n d  Z n  +  M n  c o n te n t  (F ig . 9). 

D is e q u il ib r iu m  b e tw e en  g a rn e t  a n d  s ta u ro li te  c a n n o t  b e  to ta l ly  e x c lu d e d  b u t  n o  ev id en ce  fo r 

i t  c o u ld  b e  fo u n d .

In  c o n c lu s io n , a v a ila b le  d a ta  s tro n g ly  fa v o u r  th e  ex is ten ce  o f  a n  in v erse  F e - M g  

p a r t i t io n in g  b e tw e en  g a rn e t  a n d  s ta u ro li te  in  h ig h -p re ssu re  m eta p e lite s , p o ss ib ly  as  a  re su lt  

o f  th e  n o n - id e a l  b e h a v io u r  o f  th e  F e - M g  so lid  so lu tio n  in  s ta u ro li te  su g g e ste d  b y  H o ld a w a y  

et a l  (1988). P re lim in a ry  e x p e r im e n ta l in v e s tig a tio n s  o f  F e - M g  p a r t i t io n in g  b e tw e en  g a rn e t  

a n d  s ta u ro li te  (R ice, 1985) a lso  sh o w  th e  o c c u rre n c e  o f  su c h  a  rev ersa l.

Topological consequences o f the Fe-Mg reversal

M o s t  a u th o r s  h a v e  a n a ly se d  p h a se  re la tio n s  in  m e ta p e lite s  u s in g  th e  K F M A S H  m u lt i 

sy s tem  (e.g., A lbee, 1972; H a r te  &  H u d s o n , 1979; K o o n s  &  T h o m p s o n , 19^5; V u ic h a rd  &  

B a llèv re , 1988). In  fac t, m o s t  m e ta p e lite s  c a n  b e  r ig o ro u s ly  d e sc r ib ed  u s in g  th e  A F M  

p ro je c tio n  (e.g., T h o m p s o n , 1957; G re e n w o o d , 1975).

T h is  p a p e r  fo cu ses  o n  p h a se  re la tio n s  b e tw e en  g a rn e t , s ta u ro li te ,  c h lo r i to id , c h lo r ite , a n d  

k y a n ite  (w ith  ex cess q u a r tz , m u sc o v ite , a n d  H 20 )  in  h ig h -p re ssu re  m eta p e lite s . W e  a re  th u s  

c o n c e rn e d  o n ly  w ith  re a c tio n s  a ro u n d  th e  [C rd , B t]  K F M A S H  in v a r ia n t  p o in t  o f  H a r te  &  

H u d s o n  (1979), w h ich  is e q u iv a le n t  to  th e  [B t, T ic ]  in v a r ia n t  p o in t  o f  V u ic h a rd  &  B a llèv re  

(1988). T h e se  a u th o r s  a s su m e d  a  n o rm a l  F e - M g  p a r t i t io n in g  b e tw e en  A F M  p h a se s . I f  a  

re v e rsa l o f  F e - M g  p a r t i t io n in g  b e tw e en  g a rn e t  a n d  s ta u ro li te  o c c u rs  th e  th re e  te rm in a l  

s ta u ro li te -o u t  re a c tio n s :

S t =  G r t  +  C ld  +  K y  (1)

S t =  G r t  +  C h i +  K y  (2)

S t =  G r t  +  B t +  K y  (3)

a re  re p la c e d  b y  th e  n o n - te rm in a l  reac tio n s :

S t +  C ld  =  G r t  +  K y  (4)

S t +  C h i =  G r t  +  K y  (5)

S t +  B t =  G r t  +  K y . (6)

T h e re fo re , th e  s ta u ro li te  s ta b ili ty  fie ld  is e x te n d e d  to w a rd  h ig h e r  p re s su re s  a n d  

te m p e ra tu re s  th a n  in  th e  case  o f  a  n o rm a l  p a r t i t io n in g .

W e w ill n o w  c o n s id e r  in  so m e  d e ta il  w h a t  o c c u rs  a r o u n d  th e  K F M A S H  in v a r ia n t  p o in t  

[B t, T ic ]  w h ic h  is c ri t ic a l fo r th e  u n d e rs ta n d in g  o f  p h a se  re la tio n s  in  h ig h -p re ssu re  

m eta p e li te s . F ig u re  10 sh o w s th e  to p o lo g y  o f  u n iv a r ia n t  K F M A S H  re a c tio n s  a r o u n d  th e  

[B t, T ic ]  in v a r ia n t  p o in t  w ith  n o rm a l  F e - M g  p a r t i t io n in g  (F ig . 10a) a n d  w ith  in v erse  

p a r t i t io n in g  (F ig . 10b). I f  X ^ g = X S g , th e  d e g e n e ra te  re a c tio n

S t =  G r t  +  K y  (7)

will b e  c o in c id e n t w ith

F e _ S t  =  A im  +  K y  (8)

e lim in a tin g  th e  (B t, C h i, T ic) a n d  (B t, C ld , T ic) K F M A S H  re a c tio n s  b y  d e g en era cy . T h u s
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Fi g . 10. Phase  relations o f  garnet, ch lorito id , stauro lite, b iotite , and  chlorite  in the  K FM A SH  m ultisystem  for 

norm al, i.e., Barrovian  (a) and  reverse (b) F e -M g  partition ing  betw een  garnet and  stauro lite. Squares and  heavy  

lin es refer to  invarian t p o in ts  and  univariant reaction s in  the K FM A SH  system . Fu ll circles and  ligh t lin es refer to  

invarian t po in ts  and  un ivarian t reaction s in the FA SH  system , respectively .

F ig . 10a w ill c h a n g e  to  F ig . 10b a t  le a s t in  p a r t  o f  th e  P -T  field, b y  F e _ M g  c h a n g e s  a lo n g  th e  

(B t, C h i, T ic) o r  (B t, C ld , T ic) re a c tio n s . T h e  in v e rs io n  m a y  o c c u r  a t  p re s su re s  b e tw e en  th e  

in v a r ia n t  p o in ts  [B t, T ic ]  a n d  [B t, C h i, T ic ]  o r  [B t, T ic ]  a n d  [C ld , T ic ]. A n o th e r  w ay  to  

re la te  F ig . 10a a n d  F ig . 10b is to  c o n s id e r  th a t  e a c h  S c h re in e m a k e rs  n e t r e p re se n ts  a  

p ro je c tio n  in  th e  P -T  p la n e  o f  u n iv a r ia n t  r e a c tio n  su rfaces  in  a  th re e -d im e n s io n a l  sp ace . T h e  

th ird  in te n s iv e  p a ra m e te r  is n o t  id en tif ied  a t  p re s e n t  b u t  c o u ld  b e  th e  o x y g e n  fu g a c ity  (see, 

fo r ex am p le , H e n se n , 1986) o r  th e  h y d ro g e n  c o n te n t  o f  s ta u ro li te .

F ig u re  11 sh o w s th e  p re d ic te d  F e - M g  e v o lu tio n  o f  A F M  p h a se s  a lo n g  a  p a r t ic u la r  P -T  

p a th  (a rro w s  o n  F ig . 10) fo r  a lu m in o u s  b u lk - ro c k  c o m p o s itio n s . W e a lso  re p re s e n t  th e  tw o  

ty p es  o f  F e - M g  p a r t i t io n in g . T w o  m a in  c o n se q u e n c e s  a re  to  b e  s tre ssed :

(1) A n  F e - M g  re v e rsa l d o e s  n o t  e n a b le  a  s tro n g  M g -e n r ic h m e n t in  s ta u ro li te ,  c o n tr a ry  to  

th e  a sse ssm e n t o f  V u ic h a rd  &  B a llev re  (1988). In  fact, m a g n e s ia n  s ta u ro li te s  c o e x is tin g  w ith  

g a rn e t  h a v e  b e e n  re p o r te d  o n ly  fro m  q u a r tz -f re e  m e ta b a s i te s  (S m ith , 1984; W a rd , 1984; 

E n a m i &  Z a n g , 1988) o r  s il ica -d e fic ien t p e ra lu m in o u s  ro c k s  (G rew  &  S a n d ifo rd , 1984; 

S c h rey er  et a l , 1984). T h e  la s t  tw o  s tu d ie s  a re  c o n c e rn e d  w ith  n o n -m e ta p e lit ic  ro c k s  w h ere  

S i 0 2 is n o t  in  excess. In  c o n seq u e n c e , th e  h y p o th e se s  re q u ire d  fo r  A F M  p ro je c tio n  a re  n o t  

fulfilled. M o re o v e r , S c h rey e r  et a l  (1984) s ta te d  th a t  su c h  m a g n e s ia n  s ta u ro li te s  c a n n o t  b e  

s ta b le  w ith  q u a r tz , a s  w ith  p u re  M g -s ta u ro lite  (S ch rey er, 1968).

(2) G a r n e t - k y a n i te  is a  c ri t ic a l a s se m b la g e  in  ec lo g itic  m e ta p e li te s : its  o c c u rre n c e  e x te n d s  

to w a rd s  m o re  m a g n e s ia n  c o m p o s itio n s  w ith  in c re a s in g  P -T  c o n d it io n s . T h u s , m o s t  h ig h - 

p re s su re  m e ta p e lite s  w o u ld  a p p e a r  a s  m o n o to n o u s  g a rn e t -k y a n i te  m ica sch is ts .
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T ,P  T ,P

Fe Mg Fe Mg
(a) (b)

Fig . 11. Schem atic  pseu d o-b in ary  lo o p s  for alu m in ou s, ferrous to  in term edia te bu lk -rock  com p o sitio n s. The  

d iagram s dep ict the ev o lu tio n  o f  m inera l co m p o sitio n s  and  assem b lages a lo n g  a P - T  grad ien t (arrow s on  F ig . 10) 

for a n orm al (a) and  a reverse (b) F e -M g  p artition in g  betw een  garnet an d  stauro lite .

T h e  m a in  l im ita tio n  o f  th e  a b o v e  a p p ro a c h  is t h a t  p se u d o -b in a ry  lo o p s  d o  n o t  ta k e  in to  

a c c o u n t s u b s ti tu t io n s  o th e r  th a n  F e - M g  a n d  n o n - id e a l m ix in g  b e h a v io u r  in  A F M  p h ases .

A model reaction history for the Champtoceaux micaschists 

Prograde reaction history

A s a  w h o le , th e  o b se rv e d  p a ra g e n e se s  in  th e  C h a m p to c e a u x  m ic a sch is ts  a n d  th e ir  

p re d ic te d  e v o lu tio n  in  th e  K F M A S H  sy stem  a re  c o n s is te n t. S o m e p o in ts  d ese rv e  fu r th e r  

c o m m e n t.

(1) R e a c tio n  (4) d esc rib e s  th e  a c tu a l  r e a c tio n  p a th  in  th e  s tu d ie d  m ica sch is ts . T h e  

g a r n e t - c h lo r i to id - s ta u ro l i te  a s se m b la g e  is p re s e n t  in  th e  g a rn e t  co res  o f  a ll s tu d ie d  sa m p les  

(F ig . 7). G a r n e t - s ta u r o l i te - k y a n i te  a n d  g a rn e t - c h lo r i to id - k y a n i te  a s se m b la g e s  a re  s ta b le  o n  

th e  h ig h -p re ssu re  s ide  o f  r e a c tio n  (4) b u t  o n ly  g a rn e t - c h lo r i to id - k y a n i te  is k n o w n  a t  p re se n t 

in  th e  C h a m p to c e a u x  m ica sch is ts .

(2) C h lo r ite  c o u ld  re su lt  fro m  th e  re a c tio n

C ld  =  G r t  -f C h i -P K y  (9)

b u t  te x tu ra l  ev id en ce  in  fa v o u r  o f  th is  is n o t  co nc lu siv e . I f  th is  re a c tio n  a c tu a lly  o c c u rre d , 

c h lo r ite  w as p ro b a b ly  re -e q u il ib ra te d  d u r in g  th e  re t ro g ra d e  h is to ry .

(3) P s e u d o -b in a ry  lo o p s  (F ig . l i b )  a re  c o m p a tib le  w ith  th e  o b se rv e d  c h em ica l e v o lu tio n  

o f  g a rn e t  a n d  c h lo r ito id , in  p a r t ic u la r  w ith  th e  s tro n g  M g -e n r ic h m e n t a fte r  r e a c tio n  (4)
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o c c u rre d . T h e  c h e m ic a l e v o lu tio n  o f  s ta u ro li te  in c lu s io n s  w ith in  g a rn e t  c o re s  w o u ld  te n d  to  a  

s lig h t  M g -e n r ic h m e n t (F ig . l i b ) .  T h is  is n o t  d e te c ta b le  in  o u r  an a ly se s , p o ss ib ly  b e c au se  o f  

(a) a n a ly tic a l  u n c e r ta in t ie s  a n d  (b) c o m p le x  so lid  s o lu tio n  b e h a v io u r  o f  s ta u ro li te . I t  sh o u ld  

b e  n o te d  th a t  th e  e v o lu tio n  fro m  c h lo r i to id - s ta u r o l i te - g a rn e t  to  g a r n e t - c h lo r i to id - k y a n i te  

a sse m b la g e s  c a n  o c c u r  in  b o th  F e - M g  p a r t i t io n in g  schem es. O n ly  th e  e v o lu tio n  fro m  

c h lo r i to id - s ta u r o l i t e - g a rn e t  to  g a r n e t - s ta u r o l i te -k y a n i te  a ssem b lag es  w o u ld  b e  d ia g n o s tic  

o f  a n  in v e rse  p a r t i t io n in g .

In  su m m a ry , th e  C h a m p to c e a u x  m ic a sch is ts  p rese rv e  p a r t  o f  a  p ro g ra d e  P -T  p a th  in  

g a rn e t  in c lu s io n -r ic h  co res , w h e re as  m a tr ix  p h a se s  (k y an ite  a n d  p h e n g ite ) a n d  g a rn e t  rim s 

re p re s e n t  th e  ‘p e a k ’ m e ta m o rp h ic  c o n d it io n s .

Retrograde reaction history

R e a c tio n  (5) c o u ld  b e  u se d  to  d e sc r ib e  th e  r e t ro g ra d e  g ro w th  o f  c h lo r ite  +  s ta u ro li te  I I  

a s se m b la g e  in  sa m p le  F A Y 2 5  if w e a ssu m e  th a t  s ta u ro li te  I I , c h lo r ite , a n d  g a rn e t  a re  in  

e q u il ib r iu m . In  a d d it io n , th e  lac k  o f  b io ti te  in  g a rn e t-b e a r in g  m ic a sch is ts  su g g ests  th a t  th e  

re a c tio n

G r t  +  C h i =  S t +  B t (10)

n e v e r  ta k e s  p lace .

P -T  C O N D I T I O N S  O F  T H E  E C L O G I T E - F A C I E S  M E T A M O R P H I S M

E v e n  if  o b se rv e d  p h a se  re la tio n s  in  th e  C h a m p to c e a u x  m ic a sch is ts  c lea rly  sh o w  th a t  th ey  

a re  tru e  ec lo g ite -fac ies  p a ra g e n e ses , it w o u ld  b e  h ig h ly  d e s ir a b le  to  d e te rm in e  th e  P -T  

c o n d it io n s  o f  th is  m e ta m o rp h is m . F e w  g e o th e rm o b a ro m e te r s  a re  a v a ila b le  fo r  h ig h -  

p re s su re  m e ta p e lite s , b u t  in d e p e n d e n t e s tim a te s  in  eclo g ite -facies  m e ta b a s i te s  a n d  q u a r tz ite s  

c a n  b e  u se d  fo r  refe ren ce . Q u a n t i ta t iv e  e v a lu a tio n  o f  th e  P -T  h is to ry  o f  th e  s tu d ie d  ro c k s  is 

v e ry  d ifficult, b u t  th e  sh a p e  o f  th e  p ro g ra d e  P -T  p a th  c a n  b e  q u a lita tiv e ly  c o n s tra in e d .

Geothermobarometry

C la ssic a l g e o b a ro m e te rs  a re  la c k in g  in  th e  s tu d ie d  m ic a sc h is ts , fo r ex am p le , 

g a r n e t - p la g io c la s e - k y a n i te - q u a r tz  (N e w to n  &  H a s e lto n , 1981). T h e  o b se rv e d  a s so c ia tio n s  

c a n  o n ly  b e  u se d  to  in fe r m in im u m  o r  m a x im u m  p res su res . In  th e  a b sen c e  o f  b io ti te  a n d  K - 

fe ld sp a r, th e  S i4+ c o n te n t  o f  p r im a ry  p h e n g ite s  (M a sso n e  &  S c h rey er, 1987) g ives m in im u m  

p re s su re s  o f  th e  o rd e r  o f  10 k b  a t  te m p e ra tu re s  ra n g in g  fro m  600  to  700 °C. In  th e  a b sen c e  o f  

ilm en ite , th e  G R A IL  e q u il ib r iu m  (B o h len  et al., 1983) g ives m in im u m  p re s su re s  a ro u n d  8 k b . 

T h is  e q u il ib r iu m  u n fo r tu n a te ly  c a n n o t  b e  a p p lie d  to  g a rn e t  c o re s  w h ere  a n  a lu m in o s ilic a te  

p h a s e  is g e n e ra lly  la c k in g  a n d  c o e x is t in g  ru ti le  a n d  ilm en ite  a re  n o t  fo u n d  (see below ). In  th e  

ab sen c e  o f  so d ic  p y ro x en e , th e  p a ra g o n i te  +  k y a n ite  a s se m b la g e  g ives a  m a x im u m  p re s su re  

a t  a r o u n d  25 k b  a t  700  °C  [a s s u m in g  u ( H 20 )  =  1] (H o lla n d , 1979).

M o s t  g e o th e rm o m e te rs  a re  b a se d  o n  F e - M g  e x c h an g e  re a c tio n s  b e tw e en  co ex is t in g  

fe r ro m a g n e s ia n  m in e ra ls , n o ta b ly  g a rn e t -b io t i te  (F e rry  &  S p e a r, 1978) a n d  g a rn e t-p h e n g i te  

(G re e n  &  H e ilm a n , 1982). G iv e n  th a t  b io ti te  is lac k in g , te m p e ra tu re s  c a n  o n ly  b e  c a lc u la te d  

u s in g  th e  g a rn e t -p h e n g i te  g e o th e rm o m e te r . T h e  use o f  p h e n g ite  a n a ly se s  w ith  a ll F e  a s  F e 2 + 

y ie ld s u n re a s o n a b ly  h ig h  te m p e ra tu re  e s tim a te s  ra n g in g  fro m  800 to  850 °C  a t  20  k b  

p re ssu re . In  c o n seq u e n c e , th e  F e 3 + c o n te n t  o f  p h e n g ite s  h a s  b ee n  c a lc u la te d  a ssu m in g  th a t  

M g  +  F e 2 + =  Si — 3. In  so m e  cases , th is  le a d s  to  re c a lc u la tio n  o f  a ll F e  as  F e 3 + . S u ch  

a n a ly se s  h a v e  b ee n  re je c te d  fro m  fu r th e r  c a lc u la tio n s . U s in g  th e  c a l ib ra t io n  o f  G re e n  &
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Table 7

Garnet-phengite thermometry in the Champtoceaux micaschists

Sam ple F  A Y 3 Sam ple F  A Y  26

G rt

C a 0-295 0-272 0-282 0-099 0-274 0-176

F e 2-025 2-038 2-026 2-207 2 0 4 9 2-099

M g 0-596 0-594 0-609 0-654 0-705 0-710

F e /M g 3-40 3-43 3-33 3-37 2-91 2-96

P h g

F e 0-071 0-071 0-071 0-072 0-067 0-064

M g 0-210 0-210 0-210 0-254 0-254 0-224

F e /M g 0-34 0-34 0-34 0-28 0-26 0-29

K d 10-05 10-15 9-84 11-90 11-02 10-35

P =  15 kb 643

Tem pera tu res  (°C) 

642 646 621 631 639

P  =  20  kb 670 669 673 647 657 666

Sam ple  FA  Y6B

G rt 5 11 13 29 31 33 39

C a 0-441 0-309 0-304 0-311 0-353 0-329 0*448

F e 1-784 1-839 1-871 1-869 1-834 1-880 1-837

M g 0-683 0-754 0-741 0-752 0-760 0-748 0-498

F e /M g 2-61 2-44 2-52 2-49 2-41 2-51 3-69

P h g 4 10 12 28 30 32 37

F e 0 0 4 4 0-058 0-060 0-077 0-109 0-055 0-102

M g 0-210 0-236 0-273 0-243 0-263 0-249 0-288

F e /M g 0-21 0-25 0-22 0-32 0-41 0-22 0-35

K d 12-47 9-92 11-49 7-84 5-82 11-38 10-42

Tem pera tu res  ( °C)

F  =  15 kb 621 645 626 677 624 627 639

P  =  20  kb 647 672 652 705 650 653 665

H e ilm a n  (1982) (fo r lo w  C a  a n d  lo w  M g  sy stem s) w ith  g a rn e t  rim s a n d  p r im a ry  p h e n g ite  

c o m p o s itio n s , te m p e ra tu re s  ra n g in g  fro m  650  to  680  °C  h a v e  b e e n  c a lc u la te d  fo r a  p re s su re  

o f  20  k b  (T a b le  7).

P re v io u s  a u th o r s  h a v e  e s tim a te d  th e  P -T  c o n d it io n s  o f  th e  ec lo g ite -fac ies  m e ta m o rp h is m  

in  th e  C h a m p to c e a u x  n a p p e  u s in g  asse m b la g e s  fro m  e c lo g ite s  (G o d a rd  et al., 1981; P a q u e tte  

et al., 1985) a n d  q u a r tz ite s  (B a llèv re  et al., 1987). T e m p e ra tu re s  o f  th e  o rd e r  o f 700 °C  h av e  

b e e n  c a lc u la te d  u s in g  F e - M g  p a r t i t io n in g  b e tw e en  g a rn e t  a n d  o m p h a c ite  (E llis  &  G re e n , 

1979). P re ssu re s  w ere  fo u n d  to  b e  in  th e  ra n g e  1 6 -2 0  k b  ( G o d a rd  et al., 1981) o r  1 8 -2 0  k b  

(B a llèvre  et al., 1987). G a r n e t- p h e n g i te  th e rm o m e try  in  th e  s tu d ie d  m ic a sch is ts  g ives  s lig h tly  

lo w e r te m p e ra tu re s  th a n  th ese  p re v io u s  e s tim a te s . T h is  d isc re p a n c y  p ro b a b ly  re su lts  fro m  

u n c e r ta in t ie s  in  th e  F e 3+ c o n te n t.

In  c o n c lu s io n , e s tim a te d  P -T  c o n d it io n s  fo r th e  ec lo g itic  m e ta m o rp h is m  a re  6 5 0 -7 0 0  °C  

a t  p re ssu re s  ra n g in g  fro m  10 to  20 kb .

P - T  evolution o f the Champtoceaux micaschists

A s s h o w n  p rev io u s ly , th e  C h a m p to c e a u x  m ic a sch is ts  p rese rv e  p a r t  o f  th e ir  p ro g ra d e  P -T  

p a th . A  firs t s te p  to w a rd s  q u a n ti ta t iv e  e s tim a te s  is sh o w n  in  F ig . 12, w h e re  p h a s e  re la tio n s
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F ig  12. Phase  relations in the F eO -A ljC ^ -T iC ^ -S iC ^ -T ^ O  system . M ineral abbreviation s are lis ted in T ab le  1. 

O nly  quartz-bearing reactions are represented. The St +  Ilm  +  Q tz  (K y, C ld) A lm  +  Rt +  H 20  is n o t labelled. The  

arrow show s the prograde P - T  path  as recorded  by m inera l assem b lages during garnet grow th .

b e tw e en  a lm a n d in e , c h lo r i to id , s ta u ro li te , k y a n ite , ru tile , a n d  ilm en ite  w ith  excess q u a r tz  

a n d  v a p o u r  a re  d e p ic te d  in  th e  F e 0 - A l 20 3- T i 0 2- S i 0 2- H 20  system . E x p e r im e n ta l  d a ta  

a llo w  th e  lo c a tio n  o f  so m e  re a c tio n  curves:

(1) A c c o rd in g  to  R a o  &  J o h a n n e s  (1979), th e  [ I lm ]  in v a r ia n t  p o in t  is lo c a te d  a t  a ro u n d  

590 °C  a n d  16 k b . T h re e  o f  th e  five cu rv e s  e m a n a tin g  fro m  th is  in v a r ia n t  p o in t  h a v e  b e en  

e x p e rim e n ta lly  s tu d ie d  (R ic h a rd so n , 1968; G a n g u ly , 1972; R a o  &  J o h a n n e s , 1979):

4 F e _ C ld  +  5 K y  =  2 F e  _ S t + 1 -5  Q tz  +  2 H 20  (11)

2 3 F e _  C ld  +  7 Q tz  =  4 F e _  S t +  5 A im  +  1 9 H 20  (12)

6 F e _  S t +  12*5Qtz =  4 A lm  +  2 3 K y  +  6 H 20  (8)

(2) B o h le n  et al. (1983) s tu d ie d  th e  P - F l o c a t i o n  o f  th e  re a c tio n :

A lm  +  3 R t =  311m +  K y -b  2 Q tz  (13)

a n d  sh o w e d  th a t  th e  [C ld ]  in v a r ia n t  p o in t  is s i tu a te d  a t  a ro u n d  11 k b , 650  °C.

W ith o u t  a n  in te rn a lly  c o n s is te n t se t o f  th e rm o d y n a m ic  d a ta  o n  e n d -m e m b e r  p h a se s , w e 

h a v e  b ee n  u n a b le  to  ca lc u la te  th e  e x a c t p o s it io n  o f  th e  u n iv a r ia n t  r e a c tio n  cu rv es . M o re o v e r , 

o b se rv e d  p h a ses  in  th e  C h a m p to c e a u x  m ic a sch is ts  a re  n o t  p u re ly  fe r ro u s . C o n se q u e n tly ,
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u n iv a r ia n t  re a c tio n s  o f  th e  m o d e l sy stem  a re  d iv a r ia n t  e q u il ib r ia  in  th e  

F e 0 - M g 0 - A l 20 3- T i 0 2- S i 0 2- H 20  system . D e sp ite  th ese  u n c e r ta in tie s , th e  m o d e l sy stem  

p ro v id e s  u se fu l c o n s tra in ts  o n  th e  p ro g ra d e  P -T  p a th .

In d e e d , th e  la c k  o f  ilm en ite  a n d  k y a n ite  a n d  th e  p rese n c e  o f  c h lo r i to id  a n d  s ta u ro li te  

w ith in  g a rn e t  c o res  sh o w  th a t  th e  p ro g ra d e  P -T  p a th  to o k  p lac e  a lo n g  cu rv e  (12), a t  

p re ssu re s  b e tw e en  th e  [ K y ]  a n d  [ I lm ]  in v a r ia n t  p o in ts . E q u ilib r iu m  (8) w as ex ceed ed  w h e n  

s ta u ro li te  b ro k e  d o w n  a n d  k y a n ite  g rew  (g a rn e t rim s). T h is  sh o w s th a t  g a rn e t  g ro w th  

o c c u rre d  d u r in g  a  s tro n g  p re s su re  in c re ase  w hile  te m p e ra tu re  ro se  s ligh tly , a n d  su g g e sts  th a t  

th e  m a tr ix  a s se m b la g e s  e q u il ib ra te d  a t  p re ssu re s  h ig h e r  th a n  16 k b .

Geological significance o f the P - T  history

F ig u re  13 sh o w s a  p a r t  o f  th e  P - T  h is to ry  o f  th e  lo w e r u n i t  o f  th e  C h a m p to c e a u x  n a p p e . A 

d e ta ile d  d isc u ss io n  o f  th e  e n tire  P -T  h is to ry  is c lea rly  b e y o n d  th e  sco p e  o f  th is  p a p e r , 

b e c au se  th e  la s t  s ta g e s  o f  th e  u p lift p a th  a re  n o t  w ell c o n s tra in e d  a n d  o th e r  u n its  w ith in  th e  

C h a m p to c e a u x  n a p p e  (F ig . 1) h a v e  su ffe red  d iffe ren t P -T  h is to r ie s  d u r in g  th e  V a ris c a n  

o ro g e n y . I t  th u s  seem s p re m a tu re  to  d iscu ss  o n ly  a  p a r t ic u la r  P -T  h is to ry — th a t  o f  th e

F i g . 13. P ressu re-tem p eratu re h istory  o f  the C h am p toceau x  m etap elites . A lum ino -s ilica te  phase  relations after 

H old aw ay  (1971). A b  =  Jd +  Q tz  after H o lland  (1980). The K FM A SH  m ultisystem  o f  Fig . 10b is approxim ately  

lo ca ted  on  the P - T  diagram  after Rao &  Johannes (1979), K oon s &  T hom pson  (1985) and  Vu ichard  &  Ballèvre  

(1988). Upper lim it o f  the ch lorito id  stab ility  field is ind icated  (C ld+). Shaded  area represents peak  m etam orph ic  

cond ition s for the C ham ptoceaux  nappe. Arrow s show  P - T  path  for the C ham ptoceaux.
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s tu d ie d  u n i t— w ith o u t  re fe ren ce  to  lo w e r a n d  h ig h e r  s tru c tu ra l  levels o f  th e  sa m e  n a p p e  pile. 

S o m e c o m m e n ts  o n  th e  P -T  h is to ry  a re  n e v e rth e le ss  useful:

(1) In  th e  u n i t  s tu d ie d , ec log ite-fac ies  m e ta m o rp h is m  is r e c o rd e d  n o t  o n ly  in  th e  

m e ta b a s i te s  b u t  a lso  in  p e li tic  a n d  q u a r tz i t ic  s e d im e n ts  (B a llev re  et a/., 1987). In c o m p le te  

c o ro n it ic  t r a n s fo rm a tio n s  o b se rv e d  w ith in  lo w -s tra in e d  g ra n it ic  a re a s  (L a sn ie r  et a l, 1973) 

c a n  a lso  b e  a t t r ib u te d  to  th e  ec lo g ite -fac ies  m e ta m o rp h is m . T h u s  th e  s tu d ie d  u n it  s h o u ld  n o  

lo n g e r  b e  c o n s id e re d  as  a  ‘te c to n ic  m e la n g e ’ (e.g., M a rc h a n d , 1981; G o d a r d ,  1983).

(2) T h e  la c k  o f  re lic t p a ra g e n e se s  fro m  a  p re v io u s  m e ta m o rp h ic  e v e n t su g g ests  th a t  th e  

s tu d ie d  u n it  w as m o s t  p ro b a b ly  su b m itte d  to  a  s ing le  m e ta m o rp h ic  cycle. F o r  e x a m p le , su c h  

re lic ts  a re  f re q u e n tly  o b se rv e d  in  th e  W e s te rn  A lps , w h e re  a  P a le o z o ic  c o n tin e n ta l  b a s e m e n t 

w as s u b m itte d  to  a n  ec log ite-fac ies  m e ta m o rp h is m  d u r in g  th e  C re ta c e o u s  E o a lp in e  ev e n ts  

(e.g., C o m p a g n o n i, 1977; D a l  P ia z  &  L o m b a rd o , 1986). In  th e  p re s e n t  ex a m p le , h o w ev er , th e

. b re a k d o w n  o f  th e  g ra p h it ic  m a te r ia l  o b se rv e d  in  th e  m e ta p e lite s  d u r in g  th e  p ro g ra d e  h is to ry  

(F igs . 2 a n d  3) a rg u e s  fo r  a  s in g le -p h a se  m e ta m o rp h ic  h is to ry  a n d  th e re fo re  fo r  p e li tic  

se d im e n ts  o f  L o w e r  P a le o z o ic  age.

(3) C o n s e q u e n tly , th e  lo w e r  u n it  o f  th e  C h a m p to c e a u x  n a p p e  is a  f ra g m e n t o f  th e  u p p e r  

levels o f  th e  c o n tin e n ta l  c ru s t, w h ich  w as b u r ie d  to  d e p th s  o f  ca. 60  k m  a t  a n  e a rly  s ta g e  o f  th e  

V a r is c a n  ev en ts . T h is  sh o w s  th a t  c ru s ta l  th ic k e n in g  w as a  m a jo r  p ro ce ss  d u r in g  th e  V a ris c a n  

o ro g e n y , w h ic h  is c o n s is te n t  w ith  p re s e n t  m o d e ls  o f  th e  te c to n ic  e v o lu tio n  o f  th e  w h o le  b e lt 

(e.g., M a tte , 1986).

(4) T h e  P -T  p a th  o f  th e  s tu d ie d  u n i t  is m a in ly  c h a ra c te r iz e d  b y  th e  fac t  th a t  th e  m a x im u m  

te m p e ra tu re  is ac h ie v e d  a t  a  d e p th  e q u a l to  th e  m a x im u m  a m o u n t  o f  b u r ia l  (F ig . 13). T h is  is 

th e  o n ly  k n o w n  e x a m p le  o f  su c h  a  P -T  p a th  in  th e  V a r is c a n  b e lt. T h is  k in d  o f  P -T  p a th  is 

n o t  c o n s is te n t  w ith  m o s t  s im p le  o n e -d im e n s io n a l th e rm a l  m o d e ls  (E n g la n d  &  R ic h a rd s o n , 

1977; E n g la n d  &  T h o m p s o n , 1984), e x c ep t th o se  o b ta in e d  w ith  h ig h  u p lift  ra te s , e.g., in  th e  

case  w h e re  e x te n s io n  fo llo w e d  th ic k e n in g  (T h o m p s o n  &  R id ley , 1987), o r  th o se  c a lc u la te d  

w ith  n o rm a l  u p lift  ra te s  b u t  w h ere  th e rm a l  re -e q u il ib ra tio n  is ca n c e lle d  b y  sc re en  effects 

(R u b ie , 1984; D a v y  &  G ille t, 1986). C le a rly , m o re  d a ta  o n  th e  P -T  e v o lu tio n  o f  th e  w h o le  

C h a m p to c e a u x  n a p p e  a re  n e e d e d  to  c o n s tra in  p o ss ib le  th e rm a l- te c to n ic  m o d e ls .

C O N C L U S I O N S

T h e  m a in  c o n c lu s io n s  o f  th is  s tu d y  a re  a s  follow s:

(1) A  rev e rsa l  o f  F e - M g  p a r t i t io n in g  o c c u rs  in  h ig h -p re ssu re  m eta p e lite s , w h ere  s ta u ro li te  

is m o re  F e - r ic h  th a n  co e x is tin g  g a rn e t  (F ig . 7). O n ly  th re e  n a tu r a l  o c c u rre n c e s  a re  k n o w n  

a t  p re s e n t  (in  K a z a k h s ta n  in  th e  U S S R , th e  D o r a - M a i r a  n a p p e  in  th e  W e s te rn  A lps , 

a n d  th e  C h a m p to c e a u x  n a p p e  in  B r itta n y )  b u t  c a re fu l e x a m in a tio n  o f  g a r n e t -  

k y a n i te -p h e n g i te - ru t i le  m ic a sch is ts  w o rld -w id e  m a y  re v e a l fu r th e r  ex am p les .

(2) T a k in g  in to  a c c o u n t  th e  F e - M g  rev e rsa l b e tw e en  g a rn e t  a n d  s ta u ro li te , w e an a ly se  th e  

p h a s e  re la tio n s  b e tw e en  g a rn e t, c h lo r i to id , s ta u ro li te ,  a n d  k y a n ite  in  ec lo g itic  m e ta p e lite s . 

T h e  re su ltin g  to p o lo g y  o f  u n iv a r ia n t  re a c tio n s  in  th e  K F M A S H  m u lt is y s te m  is d e p ic te d  in  

F ig . 10b, a n d  c o m p o s itio n a l  c h a n g es  a re  p re d ic te d  b y  F ig . l i b .

(3) T h e  C h a m p to c e a u x  m ic a sch is ts  re c o rd  a  t r e n d  o f  in c re a s in g  p re s su re s  a n d  

te m p e ra tu re s  to w a rd s  ‘p e a k ’ m e ta m o rp h ic  c o n d it io n s  w h ic h  h a v e  b e e n  e s tim a te d  a t  a r o u n d  

1 8 -2 0  k b , 6 5 0 -7 0 0  °C . D u r in g  th is  p ro g ra d e  e v o lu tio n , m in e ra lo g ic a l a n d  c o m p o s itio n a l  

c h a n g e s  a re  c o n tro lle d  b y  th e  K F M A S H  u n iv a r ia n t  re a c tio n :

S t +  C ld  =  G r t  +  K y .
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(4) T h e  lo w e r  u n i t  o f  th e  C h a m p to c e a u x  n a p p e  (B rit ta n y , F ra n c e )  re c o rd s  b u r ia l  o f 

c o n tin e n ta l  b a s e m e n t to  d e p th s  o f  ca. 60 k m  d u r in g  th e  e a rly  s ta g e s  o f  th e  V a r is c a n  o ro g en y .

A C K N O W L E D G E M E N T S

M a n y  th a n k s  a re  d u e  to  P h ilip p e  B e r tra n d  fo r  h is  h e lp fu l s u g g e stio n s  d u r in g  th e  c o u rs e  o f 

th is  w o rk . C r itic a l rev iew s b y  S. L. H a r le y  a n d  N . B. W . H a r r is  w ere  g re a tly  a p p re c ia te d . 

M . S. N . C a rp e n te r  h e lp e d  us  to  im p ro v e  th e  E n g lis h  tex t.
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