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Abstract:
Kyanite and sillimanite occur in the Precambrian schists, gneisses, and pegmatites of the Cherry Creek
(Archean ?) metamorphics south of Ennis, Montana. The metamorphic rocks were formed as a result of
the regional metamorphism of a thick sequence of sedimentary rocks—mostly limestones and shales.
The stratigraphic section of metamorphic rocks is about 3,050 feet thick and consists of interlaminated
dolomite-marble, dolomitic marble, kyanite-bearing schists and gneisses, amphibolites, and gneisses
and schists, undivided. The rocks are tightly folded and a large isoclinal syncline, which plunges
steeply to the east, repeats the section in the map area.

Three types of pegmatites occur in the area and each type displays a preference for certain host rocks:
kyanite pegmatites occur in kyanite schist or gneiss; feldspar-quartz-muscovite-tourmaline pegmatites
occur in marble and in kyanite schist; and feldspar-quartz pegmatites are most prominent in
quartz-feldspar gneiss.

The kyanite pegmatites apparently formed by processes of metamorphic differentiation, in which
aluminum ions were added to a quartz segregation and probably grew on kyanite nuclei already present
in the quartz.

The inversion, sillimanite replacing kyanite, occurs repeatedly in the kyanite pegmatites and is
probably due to increased temperatures subsequent to the formation of the kyanite. According to
equilibrium diagrams by Miyashiro (1949) and Hietanen (1956), pegmatitic kyanite forms at low
temperatures and pressures and inverts to andalusite at higher temperatures and is stable,at higher
pressures. The fact that in these pegmatites, sillimanite was produced with increased temperatures,
suggests that kyanite possesses no low TP stability field. 
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ABSTRACT

Kyanite and s i l l i m a n i t e  occur in the  Precambrian s c h i s t s ,  g n e i s s e s , 
and pegmat ites  of the  Cherry Creek ,(Archean ?) metamorphics south of 
Ennis,  Montana. The metamorphic rocks were formed as a r e s u l t  of the 
r eg io n a l  metamorphism of a t h i c k  sequence of sedimentary rocks—mostly 
l imestones  and sh a le s .  The s t r a t i g r a p h i c  sec t ion  of metamorphic rocks 
i s  about 3,050 f e e t  t h i c k  and c o n s i s t s  of in te r lam in a ted  dolomite- 
marble,  d o lom i t ic  marble,  k y a n i te -b ea r in g  s c h i s t s  and g n e i s s e s ,  amphi­
b o l i t e s ,  and gne is ses  and s c h i s t s ,  undiv ided. The rocks a re  t i g h t l y  
fo lded  and a la rge  i s o c l i n a l  sync l ine ,  which plunges s t e e p ly  to the 
e a s t ,  r e p e a t s  the  s ec t io n  in the map a rea .

Three types of pegmat ites  occur in the  area  and each type  d isp lays  
a p re fe rence  f o r  c e r t a in  host  rocks :  kyan i te  pegmat ites  occur in
kyan i te  s c h i s t  or g n e i s s ;  f e ld sp a r -q u a r tz -m u sco v i te - to u rm a l in e  pegmatites 
occur in marble and in kyan i te  s c h i s t ;  and f e ld s p a r - q u a r t z  pegmat ites  
are  most prominent in q u a r t z - f e l d s p a r  g n e i s s .

The kyan i te  pegmat ites  apparen t ly  formed by processes  of metamorphic 
d i f f e r e n t i a t i o n ,  in  which aluminum ions were added to  a qu a r tz  segrega­
t i o n  and probably  grew on kyan i te  n uc le i  a l ready  p resen t  in the  quar tz .

The in v e rs io n ,  s i l l i m a n i t e  r e p la c in g  kyan i te ,  occurs r e p ea ted ly  in 
the  kyan i te  pegmat ites  and i s  probably due to  increased  tempera tures  
subsequent to  the  format ion of the k y a n i t e .  According to equ i l ib r ium  
diagrams by Miyashiro  (1949) and Hietanen (1956),  p e g m at i t i c  kyanite  
forms at  low temperatures  and p re s su re s  and in v e r t s  to  a n d a lu s i t e  at  
h igher  temperatures  and i s  s t a b l e , a t  h ighe r  p re s su re s .  The f a c t  th a t  in 
these  pegmat i tes ,  s i l l i m a n i t e  was produced with  increased  temperatures ,  
suggests  t h a t  kyan i te  possesses  no low TP s t a b i l i t y  f i e l d .
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INTRODUCTION AND GENERAL GEOLOGY

The aluminum s i l i c a t e  minera ls ,  k yan i te  and s i l l i m a n i t e ,  occur in 

s c h i s t s ,  gne isses  and pegmat ites  on the  n o r th e a s t  f lank  of the  Gravelly  

Range, Montana, about 12 miles  south of Ennis, Montana, and 5 miles north  

of and continuous with the  type area  of the  Cherry Creek metamorphics 

(Pea le ,  1896) ,(See Figure  I) .

Precambrian rocks in the  area  inc lude :  dolomite-marble  and dolomit ic

marble,  s c h i s t s ,  g n e i s se s ,  amphibol i tes ,  and pegmat i tes .

R e l i e f  i s  moderate and outcrops of Precambrian rocks are  l im i ted ;  

the  marble l ayer s  u su a l ly  form low r id g e s ,  and the s c h i s t s  commonly are  

covered by s o i l  or a l luvium.

To the  west the  Precambrian rocks d i sappea r  under Pa leozo ic  rocks 

and d i s p la y  a marked nonconformity with the  Middle Cambrian Flathead 

formation,  o ld e s t  of the  Paleozoic  rocks in the  reg ion .  To the  eas t  

they are  covered by la rge  T e r t i a r y  t r a v e r t i n e  depos i t s  and by alluvium 

of the  Madison River ,  Evidence of T e r t i a r y  hot spr ing a c t i v i t y  is  

widespread in the  area  and the  presence of p y r o lu s i t e  in the  hot spring 

d e p o s i t s  has encouraged some p rospec t ing  fo r  t h a t  m ine ra l .

PURPOSE

The purpose of t h i s  i n v e s t i g a t i o n  i s  twofold: (I )  to determine in

some d e t a i l  the  l i t h o l o g i c  types,  t h e i r  e x t e n t ,  and the  s t r u c t u r e  of a 

p a r t  of the  Cherry Creek metpmorphics, and (2) to  determine the o r ig in  

of the  kyan i te  pegm at i tes .
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SUMMARY OF PREVIOUS WORK

Most w r i t e r s  agree t h a t  these  rocks had a sedimentary o r ig in ;  however,
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views d i f f e r  on the p rocesses  involved in t h e i r  metamorphism.

Pea le  (1896, p.2) named the  Cherry Creek rocks and ass igned them to

Algonkian age.  They were descr ibed  as c o n s i s t i n g  of

"a s e r i e s  of marbles or c r y s t a l l i n e  l imestones  and in te r la m in a te d  mica 
s c h i s t s , q u a r t z i t e s , and gne isses  . . . They are  a l l  h igh ly  inc l ined  and 
are  p e r f e c t l y  conformable to  one another ,  occupying an a rea  of 30 to 40 
square miles  . . . They are  fo lded ,  but the  fo lds  are  somewhat obscure 
so t h a t  i t  i s  impossible  to  es t im ate  a c c u ra te ly  the t o t a l  th ickness ,  but 
i t  i s  c e r t a i n l y  not l e s s  than severa l  thousand f e e t .  Between Cherry Creek 
and Wigwam Creek, on the  west s ide  of the  Madison Val ley,  the  unchanged 
beds of the  Cambrian r e s t  upon the  upturned edges of t h i s  g roup."

Runner and Thomas (1928, p.  202-203) recognized a sedimentary o r ig in

fo r  the  rocks of the  Cherry Creek and a t t r i b u t e d  the a l t e r a t i o n s  l a rg e ly

to

" the  e f f e c t s  of i n t r u s i v e  g r a n i t e s  and s i l e x i t e . "  "Dynamic metamorphism 
i s  regarded as having been of minor im por tance ."  " S e le c t iv e  metamorphism 
i s  wel l  d isp lay ed .  - Highly a l t e r e d  sediments l i e  in te rbedded with c r y s t a l ­
l i n e  l im estones ,  showing l i t t l e  or no chemical changes ."

R abb i t t  (1946, p. 124) noted,

"The th in  banding, the  concordancy with  o th e r  rock u n i t s  in the  sec t ion ,  
and the  composition lead me to  be l ieve  t h a t  the  gne isses  are  metamor­
phosed shales  and sandstones;  the  metamorphism being e f f e c t e d  by the 
soaking of the  sediments with hot s o lu t io n s .  I t  i s  probable  t h a t  there  
was not much movement of m a t e r i a l . "

He l a t e r  noted (p.  125),

"The amphiboli tes  are  concordant with  the  g n e is se s ,  dolomites  and p h y l l i t e s  
with  which they are in c o n tac t .  No c r o s s c u t t i n g  has been observed . . . . 
The amphiboli tes  of the area  seem to  have been o r i g i n a l l y  sediments which 
have been thoroughly  r e c r y s t a l l i z e d  w i thou t  the  in t ro d u c t io n  of much 
m a t e r i a l ."

Reid (1957, p , 20) in proposing a sedimentary o r ig in  fo r  the Cherry 

Creek metamorphics s t a t e d ,

"The complex i n t e r g r a d a t i o n a l  na ture  of the  metamorphic rocks ,  the wide 
v a r i e t y  of rock types p re sen t  and t h e i r  complex s t r u c tu r e  seem, to the



10

p re s en t  w r i t e r ,  to  r e q u i r e  the  proposal of a sedimentary o r ig in  fo r  both 
the  Pony and Cherry Creek metamorphic rocks .  E a r l i e r  works, of course,  
have p o s tu la t e d  th a t  the  Cherry Creek i s  of sedimentary o r ig in

In h i s  study of the  kyan i te  pegmat ites  in the  Cherry Creek area,  

Heinr ich  (1948, p.  14) noted,

"The c o a r se s t  kyan i te  and the  r i c h e s t  concen t ra t ions  occur in  the  unmeta­
morphosed peg m at i te s . "

He concluded,

"Most of the  kyan i te  in' the  gne iss  i s  g e n e t i c a l l y  r e l a t e d  to  the i n t r u ­
s ions  of the  pegm at i tes .  The formation of kyan i te  does not appear to  r e ­
p re sen t  mere r e c r y s t a l l i z a t i o n  of m a te r i a l s  a l ready  p re sen t  in the  gneiss  
a t  the  time of p e g m at i t i c  i n t r u s i o n ,  but probably  involves  the  add i t ion  
of aluminum to the wall  rock by p e g m at i t i c  s o l u t i o n s . "

Thus, most workers agree on the sedimentary o r ig in  of the  Cherry 

Creek r o c k s ; in view of the  na ture  of these  rocks i t  could hard ly  be o th e r ­

w ise .  However, the re  i s  no general  agreement on processes  involved in 

t h e i r  metamorphism. One theory  a sc r ib e s  the metamorphism to  a r e c o n s t i t u ­

t i o n  of m a te r i a l s  at  hand whi le  the  o ther  n e c e s s i t a t e s  the  in t ro d u c t io n  of 

new m a t e r i a l s .

F ie ld  evidence does not  support  a theory  fo r  the  i n t r o d u c t io n  of lar,ge 

amounts of m a te r i a l  and the  rocks in the  a rea  could probably  have been 

formed by the  r e c r y s t a l l i z a t i o n  of m a t e r i a l s  p resen t  in the  sedimentary 

rocks with the ad d i t io n  of l i t t l e  or no new m a te r i a l .

DESCRIPTION OF ROCKS

Dolomite-Marble and Dolomitic  Marble 

Dolomite-marble and do lbmit ic  marble are  the  most abundant rocks in 

the  map a rea .  They are  very coarse ly  c r y s t a l l i n e  and, on the  f r e sh  su r face ,  

are  white ,  grey,  cream,, pink or v i o l e t  in  c o lo r .  The weathered outcrop ■
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i s  u su a l ly  tan or brown.

The marble i s  r e s i s t a n t  to  weathering and forms the  r idges  of low 

h i l l s .  I t  s t r i k e s  e a s t e r l y  and has a n e a r ly  v e r t i c a l  d ip .  I t  i s  

l o c a l l y  s i l i c e o u s  and conta ins  boudins of q u a r t z i t e  and w o l l a s t o n i t e -  

quar tz -do lom ite  rock.

Amphibolite pods and pegmat ites  occur l o c a l l y  in the  m arb le . At the  

Rim Rock pegmat ite  of S t o l l  (1950, p . '5 9 )  (P l a t e  I) a l a rge  m ic roc l ine -  

qua r tz - tourm a l ine -m uscov i te  pegmati te  i s  a s so c ia ted  with a small amphi­

b o l i t e  pod and both are  conformable to  the  f o l i a t i o n  of the  host  ro^ek.

A marble specimen taken from t h i s  l o c a l i t y  was found to  con ta in :  93 

pe rcen t  do lo m i te , 6 pe rcen t  c a l c i t e ,  and I percen t  o the r  m ine ra ls .

Kvanite S c h i s t s ,  Kyanite Gneiss and Assoc ia ted Rocks

These rocks are l a r g e ly  k y a n i t e - b i o t i t e - g a r n e t  s c h i s t  and kyanite-  

b i o t i t e - f e l d s p a r - q u a r t ' z  g n e i s s .  They conta in  various  amounts, of kyan i te .  

Mapped with these  rocks  a re  some g n e i s s e s , amphibolites, and pegmatites 

which are not d i f f e r e n t i a t e d  due to  inadequate  exposures or small s ize . .

In  outcrops of kyan i te  gne iss ,  kyan i te  blades  stand out in r e l i e f  and 

g e n e r a l ly  e x h i b i t  l i t t l e ,  or no, l i n e a t i o n .  Kyanite b lades  in  the  s c h i s t  

have a s t rong to weak l i n e a t i o n  and the  s c h i s t  possesses  moderate f o l i ­

a t i o n .

G n e i s s .

Near the  southern l i m i t  of the, map a rea  are  a group of gne isses ,  

s c h i s t s ,  pegmat i tes ,  amphibol i tes ,  and i ron  formation (a t h i n  l ayer ,  

approximate ly  10 f e e t  th i c k ,  Persona l Communication, Dan Robertspri', 1958)
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which are  not d i f f e r e n t i a t e d  by t h i s  w r i t e r .  The f o l i a t i o n  of these  rocks 

i s  p a r a l l e l  to the  f o l i a t i o n  of o the r  rocks in the  a re a .

L i t h o l o g i c a l l y ,  the  rocks are q u a r t z - b i o t i t e - m u s c o v i t e - f e ldspar  g n e is s ,  

q u a r t z - b i o t i t e  s c h i s t s ,  amphibol i tes ,  and amphibole-garnet g n e i s s . They 

con ta in  la rge  t a b u l a r  pegmat ite  bodies which are  composed of f e ld sp a r  

(mostly mi c roc l ine )  and qu a r tz ,  and are concordant with the  f o l i a t i o n  of 

the  hos t  rock, except fo r  a few small pegmat ites  which cut the  large  peg­

m a t i t e s .

S t r a t i g r a p h y  of the  Metamorphic Rocks 

The s t r a t i g r a p h y  of these  Precambrian rocks i s  most conveniently  ex­

p ressed  in  terms of broad u n i t s ,  corresponding to the u n i t s  as defined in 

the  legend on the map (P l a t e  I ) .

S t r u c t u r a l  evidence must be employed in  the  de te rm ina t ion  of the r e l a ­

t i v e  ages of the  rock u n i t s  since  the re  i s  no general  agreement among geo lo­

g i s t s  as t o  which u n i t s  are o ld e s t  or younges t , or to j u s t  how many u n i t s  

e x i s t  (complex fo ld in g  has caused r e p e t i t i o n  of un i t s )  . »

The s t r u c t u r a l  evidence (see S t r u c t u r e . p . 40 to  45) i n d ic a te s  t h a t  

the  g ne isses  and s c h i s t s  a t  the  southern l i m i t  of the map area  are the  

oJ.des t  of  the  Precambrian rocks in the  a re a .  Furthermore,  the re  i s  evidence 

f o r  the presence of an i s o c l i n a l  fo ld  (see  Figure 5 ) .

The c a lc u la t e d  s t r a t i g r a p h y  i s  measured along the l i n e  Af-A (see P l a t p
i

I) from the  southernmost contac t  of the  k y an i te -b ea r in g  rocks  with  the 

gne is se s  and s c h i s t s ,  to  the cen te r  of the  un i t  in which the  mica p rospect  

(P rospec t  No. 2) occurs ( t h i s  un i t  appears to  be the core of the  i s o c l i n a l
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f o l d ,  see Figure  5 ) .  The rock u n i t s  are l i s t e d  in order  of t h e i r  r e l a t i v e  

ages with the  o ld e s t  rocks  a t  the  bottom of the  l i s t :

Rock Type Thickness

K yani te -bear ing  s c h i s t ,  s c h i s t s ,
g n e i s s e s , and amphiboli tes  ........................... 430 f e e t

Dolomitp-marble and dolomit ic  marble 
with some q u a r t z i t e ,  woll a s to r i i t e  
rock and am p h ib o l i t e . Contains
many b o u d i n s .......................... ' ............................  360 f e e t

Gneisses,  s c h i s t s ,  and marble,
undivided.  .............................................................   210 f e e t

Dolomite-marble and do lomit ic  marble . . . 100 f e e t

Kyani te-bear ing  s c h i s t  .......................................  100 f e e t

Dolomite-marble and do lom it ic  marble . . .1180 f e e t

K yani te -bear ing  s c h i s t s ,  s c h i s t s ,
g n e i s s e s , and amphiboli tes  .  ......... 670 f e e t

Total  Thickness of Section 3050 f e e t

Local th icken ing  and th inn ing  i s  common in these  rocks ,  so the t h i c k ­

ness  of any un i t  i s  not n e c e s s a r i l y  c o r r e l a t i v e  with the  th ickness  of the  

same u n i t  in another  l o c a l i t y .

PETROLOGY OF THE PEGMATITES
i

The map area  i s  c h a rac te r i z ed  by the  occurrence of many pegmatites 

which vary widely  in composit ion,  s i z e ,  and shape.

Bas is  fo r  Div is ion of Pegmatites

The pegmat ites  possess  c e r t a in  c h a r a c t e r i s t i c s  which are unique and 

which,  when p rope r ly  i n t e r p r e t e d ,  may provide  a clue to  the  pegmatite 

o r i g i n .  These c h a r a c t e r i s t i c s  a re :  (I )  the  mineralogy of the pegmat ite ,
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(2) the  type of pegmat ite  hos t  rock, (3) the  contac t  r e l a t i o n s h i p  between ■ 

the  pegmat ite  and i t s  host  rock, and (4) the  shape of the  pegmat ite  body.

Although much use fu l  informat ion may be gained from a study of the 

pegmat i te ,  the  de te rm ina t ion  of the c o n t ro l s  of pegmatite  l o c a l i z a t i o n  r e ­

qu i re s  f u r t h e r  in fo rm at ion .  Bamberg (1956, p.  188) in h i s  study of the 

Greenland pegmat ites  noted,

nThe l o c a l i z a t i o n  of pegmat ites  i s  ( I )  r e l a t e d  to  the degree of reg iona l  
metamorphism in the a rea  . . . (2) determined by the mechanical  p ro p e r t i e s  
of the  hos t  rocks ,  and (3) c o n t ro l led  by the  charac te r  of the  t e c t o n ic  
e v o lu t io n  of  the  reg ions  ( j o i n t s  and f a u l t s  g e n e ra l ly  l o c a l i z e  p e g m a t i t e s ) . 
The l o c a l i z a t i o n  of sp e c ia l  types of pegmat i tes  ( i . e . , ch a rac te r iz ed  by a 
c e r t a i n  minera l  composit ion; fo r  example, g r a p h i t e -b e a r in g  pegmati tes  or 
pegmat i tes  with  d iops ide)  seems to  have been con t ro l led  by a combination 
of the  minera l-chemical composit ion of the  host  rocks and the  temperature 
and p ressu re  a f f e c t i n g  the  complex a t  the  time of emplacement of the peg­
m a t i t e . "

Most pegmat ites  in  the  a rea  can be placed in to  one of th ree  groups, 

each group being somfewhat l im i t ed  in i t s  occurrence to  a p a r t i c u l a r  kind of 

host  rock . The three,  groups may be b roadly  regarded as ;  ( I )  kyan i te -  

q u a r tz  pegmat ite  which commonly occur in  kyan i te  s c h i s t  and kyan i te  gne i s s ,  

(2) f e ld sp a r -q u a r tz -m u sco v i te - to u rm a l in e  pegmat ites  which occur in both 

marble and in kyan i te  s c h i s t  and kyan i te  g n e i s s ,  and (3) f e l d s p a r - q u a r t z  

pegmat i tes  which are most prominent in the  gneiss  near  the  southern l i m i t  of 

the  map a rea .

Kyanite Pegmati tes

Kyanite pegmat ites  are  r e s t r i c t e d  in  occurrence to  hos t  rocks which 

conta in  k y a n i t e .  The pegmat ite  bodies are  g e n e ra l ly  i r r e g u l a r  in shape and 

have at  l e a s t  a p a r t  of the  pegmati te  body concordant w i th  the  f o l i a t i o n  

of  the  host  rock (F igure  2) .
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Scale  I
F o l i a t i o n  of Kyanite Sch is t  

Large Kyanite Blades 

Quartz

Figure  2

Kyanite bear ing  pegmati te  in Precambrian kyanite  s c h i s t ,  located a t  
prospec t  No. I (See P l a t e  I ) .  Pegmatite body is  amoeba-I ike in shape and 
i s  p a r t l y  concordant and p a r t l y  d isco rd an t  with host  rock .  Concentra tions  
of la rge  kyan i te  b lades  occur l o c a l ly  near the margins of the  pegmatite 
body.
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The l a r g e s t  co n cen t ra t ion  of the  kyan i te  pegmat ites  occurs in the  nor th  

c e n t r a l  p a r t  of the  map a rea .  Local th icken ing  of the s c h i s t  in t h i s  lo ­

c a l i t y  and the  l i n e a t i o n  of minor fo ld  axes suggests the  presence of an 

" a n t i c l i n a l "  fo ld .  Thus, the  l o c a l i z a t i o n  of these  k yan i te  pegmati tes  may 

be p a r t l y  r e l a t e d  to  the  fo ld .

Heinr ich  (1948, p.  15) noted co ncen t ra t ions  of kyan i te  " in  aureoles  

around the q u a r t z - r i c h  pegmat ites"  and s t a t e d ,  "Outward from the  pegmatite 

con tac t s  the  grade d imin ishes  r a p i d l y . "  This i s  i n c o n s i s t e n t  with  obser - 

va t io n s  made by t h i s  w r i t e r  because the  q u a n t i ty  of the k yan i te  in any given 

l a y e r  may in c re a se ,  dec rease ,  or remain co n s tan t— independent of the p ro x i ­

mity of a p e g m a t i t e .

Kyanite b lades  in  the  s c h i s t  and. gne is s  are g e n e r a l ly  l e s s  than one 

inch in leng th ,  but many are over two inches  in leng th .  The s ize  of kyan i te  

b lades  in the  s c h i s t  does not  n e c e s s a r i l y  inc rease  in the  v i c i n i t y  of a 

pegm at i te ;  but c e r t a i n l y  the  l a r g e s t  ky an i te  b lades  occur in the  pegm at i te s .

The S i l l i m a n i t e  Group of M in e r a l s . -  Kyanite,  s i l l i m a n i t e ,  and andalu- 

s i t e  are polymorphs of the  compound AlgSiOg. Andalusite  and s i l l i m a n i t e  

c r y s t a l l i z e  in the  orthorhombic system; kyan i te  in th e  t r i c l i n i c  system.

They a l l  belong to the c l a s s ,  n e s o s i l i c a t e s , (Winchell and Winchell ,  1951, 

pp. 241, 250-258). The s i l icon-oxygen  t e t r a h e d r a  in n e s o s i l i c a t e s  e x i s t s  

as s ep a ra te  e n t i t i e s ,  (Mason 1958, p. 77),  i . e . ,  the  oxygen atoms in  the 

SiO^ t e t r a h e d r a  are  not  shared with o th e r  t e t r a h e d r a .

All  th re e  m inera ls  d i s s o c i a t e  to  form m u l l i t e  (Al&SigOig), plus  l i q u id  

or g l a s s ,  when heated to  high tempera tures .  S i l l i m a n i t e  i n v e r t s  t o 'm u l l i t e
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a t  about 1545° C. and kyan i te  and a n d a lu s i t e  in v e r t  a t  about 1300° C . , 

(Winchell and W inche l l , 1951, pp. 520, 521 and 528).

S t a b i l i t y  R e la t ions  of the S i l l i m a n i t e  Group. - The s t a b i l i t y  r e l a t i o n s  

of the  aluminum s i l i c a t e  minera ls  are not well  known because the env iron­

ment in which the minera ls  are formed i s  d i f f i c u l t  to  reproduce in the 

l a b o ra to ry .  Given the proper m a te r i a l s  with which to form the  aluminum 

s i l i c a t e  m ine ra ls ,  th ree  v a r i a b le s  in f luence  t h e i r  c r y s t a l l i z a t i o n — temper­

a tu r e ,  p re ssu re  (p lus  s t r e s s ? ) ,  and the water vapor p re s su re  in the system.

I t  i s  the q u a n t i t a t i v e  de te rm ina t ion  of these  three  v a r i a b l e s  which w i l l  

make p o s s ib le  the  r e c o g n i t io n  of the s t a b i l i t y  f i e l d s  of the  th ree  alum­

inum s i l i c a t e  m in e ra l s .

Pe t ro g rap h ic  evidence and p e t r o lo g ic  evidence are used to es t imate  

the  s t a b i l i t y  r e l a t i o n s  of  the  aluminum s i l i c a t e  minera ls  and are summar­

ized in an equ i l ib r ium  diagram (see Figure  3 ) .

Kyanite

S i l l i m a n i t e

Andalusi te

Mull i te

Temperature

Figure 3.  Diagram showing p o s s ib le  s t a b i l i t y  r e l a t i o n s  of 
the aluminum s i l i c a t e  minera ls  ( a f t e r  Miyashiro,  1949). 
Hietanen (1956) b e l iev es  the t r i p l e  poin t  to be about 400°.
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Raraberg (1952, p. 7 4 ) ( a f t e r  Yoder, 1952) ind ica ted  ( in  equ i l ib r ium 

diagrams) th a t  a t  15,000 psi  water vapor p re s su re ,  the  t r i p l e  po in t  is  

about 660°,  as shown in Figure 3A.

S i l l i m a n i t e
Andalusi te
Kyanite _______________________

430° 660° 990°
Temperature

Figure  3A. Diagram showing s t a b i l i t y  r e l a t i o n s h i p s  of 
kyan i te ,  s i l l i m a n i t e ,  and a n d a lu s i t e  under 15,000 psi  
water p r e s s u r e .

S i l l i m a n i t e  i s  u su a l ly  considered to  be the h ighes t  temperature 

form of the AlgSiO^ polymorphs. Mason (1956, p. 244) has suggested th a t  

because s i l l i m a n i t e  i s  the  commonest of the  th ree  m ine ra ls ,  i t  may 

possess  the  l a r g e s t  s t a b i l i t y  f i e l d .  This po in t  is  perhaps c l a r i f i e d  by 

Turner and Verhoogen (1951, p.  412):

" I t  i s  h igh ly  probable  t h a t  s i l l i m a n i t e ,  u su a l ly  assumed to  be s tab le  
only a t  high tempera tures ,  i s  a c t u a l l y  the  s t a b l e  form of AlgSiOg over a 
much broader range,  from normal surface  temperatures  almost to  the m el t ­
ing po in t  a t  atmospheric p re s s u r e . "

They a lso  suggest  t h a t  some high temperature  r e a c t io n s ,  e . g . , the formation

of s i l l i m a n i t e  a t  extreme tem p e ra tu res , may be i r r e v e r s i b l e :

" .  . . s i l l i m a n i t e ,  formed only a t  maximum metamorphic tempera tures ,  at  
high p r e s s u r e s , or under c a t a l y t i c  in f luence  of deformation or pore 
f l u i d s ,  would remain s t a b l e  and show no tendency to  in v e r t  to  any other 
form during subsequent c oo l ing ."

A nda lus i te  ap p a ren t ly  i s  s t a b l e  a t  high temperatures  and low pressu res  

(Ramberg, 1952, p.  45) and, in p a r t i c u l a r ,  i t  does not form in rocks which
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are  S t ressed  (B a r th , 1951, p .  256) (Mason, 1958, p . 244) (H ie tanen ,, 1956, 

p . 26) .  Barth (1951, p.  256) notes  " .  ; . t h a t  the  l a t t i c e  of andalu- 

s i t e  i s  h igh ly  s u sc e p t ib l e  to ,  and e a s i l y  destroyed by s t r e s s  fo r c e s . "

"Writers g e n e r a l ly  agree t h a t  kyan i te  develops in  aluminous rocks 

which have undergone metamorphism a t  high p re s su re s  and in te rm ed ia te  tem­

p e r a tu r e s  (Mason, 1958, p.  244) (Hietanen, 1956, p.  26) (Griggs and 

Kennedy, 1956).  Some w r i t e r s  p r e f e r  to  inc lude  s t r e s s  as a co n t r ib u t in g  

f a c t o r  in the formation  of kyan i te ,  mostjly because kyan i te  has a very 

high d e n s i t y  (Barth ,  1951, p. 256) (Hietanen, 1956, p.  26).  Barth (1951, 

p . 257) notes  th a t

"a l though s t r e s s  may favor  the  development of kyan i te ,  i t  i s  not necessary ;  
k y a n i te  can grow in a pegmat ite  where n-o s t r e s s  seems to  have been p r e s e n t . "

Miyash iro (1949a, ab s . )  c r i t i c i z e s  th e  idea t h a t  s t r e s s  i s  necessary  

foy the formation  of c e r t a i n  minera ls  and considers  tempera ture ,  hydro­

s t a t i c  p r e s s u r e , and concen t ra t ion  of the  components as " th e  only e s s e n t i a l  

f a c t o r s  c o n t r o l l i n g  metamorphism."

M u l l i t e  i s  not common as a n a t u r a l I y - occurr ing  m inera l ,  but i t  is  

produced a r t i f i c i a l l y .

Kennedy (1955) has found t h a t  a s o l id  so lu t io n  e x i s t s  between m u l l i t e  

and s i l l i m a n i t e  a t  temperatures  of 550°-6000 and 400 bars  to  3000 bars 

(5000 ps i  to  43,500 ps i )  water  p re s su re .  M ul l i te  i s  formed a t  the low 

p r e s su re s ;  s i  I l imarrire a t  the high p r e s s u r e s .

! The s ig n i f i c a n c e  of the  s t a b i l i t y  r e l a t i o n s  of the  s i l l i m a n i t e  group 

and t h e i r  bear ing  on the kyan i te  pegmat ites  in the map a rea  i s  d iscussed  

below under "Origin  of Kyanite P e g m a t i te s . "  ,
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Mineralogy of the  Kyanite P e g m a t i te s . - Quartz i s  the  most abundant 

minera l  in  the  kyani t e - b e a r i n g  p e g m a t i t e s . The pegmati te  a t  P ro sp ec t ,

No. I (P l a t e  I )  in the  nor th  c en t r a l  p a r t  of Section 6 was mapped in some 

d e t a i l  and concen t ra t ions  of kyan i te  are noted on the map of the  pegmat ite  

(F igure  2 ) .  C a lcu la t io n s  based on surface  observat ions  i n d i c a t e  th a t  

kyan i te  and s i l l i m a n i t e  comprise about o n e -h a l f  percen t  to  1% percent  of 

the  volume of the  pegm at i te .  Approximately 98 percent of the  pegmatite 

i s  q u a r t z .  In the  a reas  of kyan i te  concen t ra t ion  quar tz  makes up about 

45 pe rcen t  of the  t o t a l  rock; kyan i te  and s i l l i m a n i t e ,  35 pe rcen t ;  s e r i c i t e ,  

15 p e rc en t ;  and the  remaining 5 pe rcen t  may cons is t  of any of the  fo llow­

ing m in e r a l s : p l a g io c l a s e ,  muscovi te , g a rn e t ,  tourmal ine,  b i o t i t e ,

g r a p h i t e ,  and a p a t i t e .  Other kyan i te  pegmat i tes  in the  a rea  contain  about 

the  same mineral  assemblage,  but p ro p o r t io n s  vary in d i f f e r e n t  pegmat i tes .

D esc r ip t io n  of Kyanite P e g m a t i t e s . -  Kyanite pegmat ites  d i sp la y  many 

ky an i te  b lades  up to  th ree  inches in leng th  and severa l  are  n e a r ly  e igh t  

inches .  At the  southwest corner of the  pegmat ite  at  Prospec t  No. I 

(F igure  2) are a group of la rge  i n t e r s e c t i n g  blades  up to  ten inches long 

which are the  l a r g e s t  seen in  the  a rea .  I t  i s  i n t e r e s t i n g  to note th a t  

in t h i s  pegmat ite  a l l  concen t ra t ions  of kyan i te  occur near the  margin of 

the  pegmat ite  body, and b lades  of kyan i te  are not o r ien ted  and g enera l ly  

i n t e r s e c t  o the r  b la d es .  The blades  in  the  pegmatite are t r a n s p a r e n t ,  

whi te  or blue in co lor ,  and s in g le  b lades  may ex h ib i t  v a r i a t i o n s  of a l l  

t h r e e  c o lo r s .  A b r i l l i a n t  b lue ,  which i s  noted in some c r y s t a l s ,  i s  

g e n e r a l ly  r e s t r i c t e d  to  the  c en t r a l  p a r t  of the  b lade .  S i l l i m a n i t e  occurs
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as smal l ,  white ,  f e l t e d  masses .

At Prospec t  No. 5 ( P l a t e  I)  massive white  and brown s i l l i m a n i t e  occurs 

in a smal l ,  i r r e g u l a r  pod a s so c ia te d  with  a kyanite  pegm at i te .  The con tac ts  

are  obscure,  but the  pod appears to  be about ten f e e t  long and th ree  f e e t  

wide and i s  exposed in  a small draw at  the  s i t e .  A b u l ld o ze r  p i t  has ex­

posed a s p ec ta cu la r  k y a n i t e - q u a r t z - s i I l i m a n i t e  pegmat ite  a t  t h i s  lo c a t io n .  

Some of the  q ua r tz  in t h i s  pegmat ite  bears  deep s t r i a t i o n s  where i t  has 

been in contac t  with kyan i te  b lades .  The s t r i a t i o n s  appa ren t ly  were imposed 

upon the  q u a r tz  by k y an i te .

Small g a rn e t s ,  spec ies  p y r a l s p i t e ,  (a mixture of a lmandite  and sp es sa r -  

t i t e  as de f ined  by Winchell & W inche l l , 1951, p .  483) occur in the s c h i s t  

and in the  pegmat ites  and commonly occur as inc lu s io n s  in kyan i te  b lades .  

Graphite  i s  a l so  an abundant (up to  one percen t)  mineral  in  the  s c h i s t  and 

occurs commonly in the  pegmat ites  and as in c lu s io n s  in k y an i te  and s i l l i ­

manite .

S i lv e ry -w h i te  s e r i c i t e  occurs along the cleavage p lanes  of kyanite  

and appears to  rep lace  k y a n i t e .  Massive, yellow s e r i c i t e  occurs in some 

of the  pegmat ites  and r ep lace s  kyan i te ,  Quartz,  p l a g io c la s e ,  and b i o t i t e .

B i o t i t e ,  which i s  a major cons t i tuer i t  of the kyan i te  s c h i s t ,  i s  not 

common in the  kyan i te  pegmat i tes .

Optica l  P r o p e r t i e s  of Kyanite and Pe i t roqenes is . -  A k yan i te  blade,  

which was taken from the  pegmati te  at  P rospec t  No. 5, was mounted on a 

s l i d e  with  the  100 cleavage p a r a l l e l  to the  plane of the  s l i d e .  The ex­

t i n c t i o n  angle ,  which was determined by tak in g  the average of severa l

21
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measurements on t h i s  b lade ,  was ZAc = 3 0 .2 ° .

Under the  microscope s i l l i m a n i t e  appears in small,  f ib r o u s  masses 

and as long, s t r a i g h t ,  or s l i g h t l y  curving needles p r o j e c t i n g  from the 

f ib ro u s  masses . Groups of needles  are g e n e r a l ly  p a r a l l e l  to  s u b p a r a l l e l . 

I s o l a t e d  s i l l i m a n i t e  needles  occur,  but are  not as common as needles which 

p r o j e c t  from f ib ro u s  s i l l i m a n i t e .  Almost w i thout  except ion ,  the  s i l l i ­

manite needles  appear to  r ep lace  qua r tz  or k y a n i t e . Some needles  show 

an in c l in e d  e x t i n c t i o n ,  and the se ,  presumably,  are needles  of k y an i te— 

p o s s ib ly  pseudomorphs a f t e r  s i l l i m a n i t e .  Hietanen (1956, p .  17-19), in 

her study of the aluminum s i l i c a t e s  in the  Boehls Butte  quadrangle,

Idaho, noted "pseudomorphs of kyan i te  and an d a lu s i t e  a f t e r  s i l l i m a n i t e . "

Graphite  i s  found between the minera l  g ra ins  and as in c lu s io n s  in 

some of the  m in e ra l s .  Kyanite commonly has g raph i te  in c lu s io n s  and s i l l i ­

manite may have g r a p h i t e  w i th in  the f ib r o u s  masses.  Graphi te  gen e ra l ly  

appears to  have been fo rced  in to  an " o r i e n t a t i o n "  by the  c r y s t a l l i z a t i o n  

fo rce s  of the  surrounding m inera ls .

P l a g io c la se  i s  not abundant in the  kyan i te  pegmat ites  and when 

p r e s e n t ,  i t  i s  commonly s e r i c i t i z e d .  P l a g io c la se  from the  pegmatite at 

P rospec t  No. I has been i d e n t i f i e d  as andes ine (Ab^y, Angg), as determined 

by measurement of e x t i n c t i o n  angles from the t r ace  of COIQ} in  a l b i t e  

tw ins .

Severa l  minera l  replacements  occur r e g u l a r l y  in the  pegmat ites  and 

are worth no t ing :  s i l l i m a n i t e  — kyan i te  ( s i l l i m a n i t e  r e p la ce s  kyanite)

(see  P l a t e ' l l ,  Figures  I and 2, and P l a t e  V II I ,  Figure  I ) ,  s i l l i m a n i t e
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qu a r tz  (see P l a t e  ¥■, Figure  I ) ,  s i l l i m a n i t e ->-kyanite and p l a g io c la s e  

(see  P l a t e  VI, Figure I ) ,  s i  I l i m a n i t e —̂ -tourmaline (see P l a t e  V, Figure I ) ,  

s i l l i m a n i t e  and k y a n i t e —̂ g a r n e t  (see P l a t e  IV, Figure I ) ,  s e r i c i t e - ^ - k y -  

a n i t e  and qua r tz  (see  P l a t e  I I I , Figure I and 2),  muscov i te - ^ k y a n i t e  (see 

P l a t e  VII, Figure. , .2), s i l H m ani te  — b i o t i t e  ( in  minor amounts) , kyan i te  —

b i o t i t e  ( in  minor  amounts) and c a l c i t e  may rep lace  any of the  pe tm a t i te
/

m inera ls  ( c a l c i t e  i s  app a ren t ly  a secondary m in e ra l ) .  ''

The order in which the  minera ls  formed,may be summarized as 

fo l low s :  q ua r tz  and b i o t i t e ,  kyan i te ,  s i l l i m a n i t 4 ,  s e r i c i t e  and c a l c i t e .

In  order to avoid ambiguity,  i t  should be noted t h a t  a l though quar tz  is  

rep laced  by kyan i te  and s i l l i m a n i t e ,  some qu a r tz  apparen t ly  formed l a t e r  

than the  aluminum s i l i c a t e  minera ls  and before  s e r i c i t e .  Hence, there  i s  

probably  ear ly -formed q u a r tz  and la te - fo rm ed  quar tz  in the  pegmat i tes .
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Figure  I .  Large kyan i te  blade being rep laced  by 
s i l l i m a n i t e .  Specimen taken from kyanite  pegmat ite  
a t  prospec t  No. I .  Crossed n i c o l s ,  67X. K = k yan i te ;  
Q = q u a r tz ;  S = s i l l i m a n i t e .

Figure  2. S i l l i m a n i t e  r e p la c in g  kyan i te  and q u a r t z .  
Specimen from pegmati te  a t  p rospec t  No. I .  Crossed 
n i c o l s ,  67X. K = kyan i te ;  S = s i l l i m a n i t e ;  Q = q u a r t z .

PHOTOMICROGRAPHS
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Figure  I .  S e r i c i t e  with g r a p h i t e  i n c lu s io n s .  Some 
kyan i te  being rep laced  by s e r i c i t e .  Crossed n i c o l s ,
67X. K = k yan i te ;  G = g ra p h i t e ;  Q = quar tz ;  S = s e r i c i t e .  
Specimen from pegmati te  a t  p rospec t  No. I .

Figure  2. Kyanite and s e r i c i t e  with g raph i te  i n c l u ­
s io n s .  S e r i c i t e  and kyanite  being replaced by s e r i c i t e .  
Crossed n i c o l s ,  67X. K = k yan i te ;  Q = quar tz ;  G = 
g r a p h i t e ;  S = s e r i c i t e .  Specimen from pegmati te  at  
Prospec t No. I

PHOTOMICROGRAPHS
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Figure  I .  S i l l i m a n i t e  and kyan i te  r ep lac ing  g a rn e t .  
Garnet has q ua r tz  i n c lu s io n s .  Crossed n ic o l s  67X.
K = k yan i te ;  S = s i l l i m a n i t e ;  G = ga rne t ;  Q = q u a r tz .  
Specimen from pegmati te  a t  p rospec t  No. I .

Figure  2. Quartz rep lac ing  p l a g io c la s e ,  kyan i te  r e ­
p lac ing  q u a r t z .  Crossed n i c o l s ,  67X. P = p l a g io c la s e ;  
Q = qua r tz ;  K = kyan i te .  Specimen from k y a n i t e -q u a r t z  
gne is s  near p rospec t  No. 7.

PHOTOMICROGRAPHS



27 P l a t e  V

Figure  I .  S i l l i m a n i t e  needles  p ro je c t in g  from f ib rous  
s i l l i m a n i t e  and r e p lac in g  q u a r t z .  Crossed n i c o l s ,  67X. 
S = s i l l i m a n i t e ;  Q = q u a r t z .  Specimen from pegmat ite  
near p rospec t  No. I .

Figure  2.  S i l l i m a n i t e  needles  and f i b r e s  r ep lac in g  
tourm al ine .  Plane l i g h t ,  67X. Specimen from peg­
m a t i t e  a t  p rospec t  No. 5.  S =  s i l l i m a n i t e ;  T = to u r ­
maline.

PHOTOMICROGRAPHS
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Figure  I .  S i l l i m a n i t e  r e p la c in g  kyanite  and p lag io -  
c l a s e .  Specimen from prospec t  No. 5. Crossed n i c o l s ,  
67X. P = p l a g io c l a s e ;  K = k yan i te ;  S = s i l l i m a n i t e .

Figure  2. Quartz  rep lac ing  p l a g io c la s e ,  kyan i te  r e ­
p lac ing  q u a r t z .  Specimen from q u a r tz -k y an i te  gne iss  
near p rospec t  No. 7. P =  p la g io c l a s e ;  K = kyan i te ;
Q = q u a r t z .  Crossed n i c o l s ,  67X.

PHOTOMICROGRAPHS

136412
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Figure  I .  Large kyanite  blade  with quar tz  and 
g ra p h i t e  in c lu s io n s .  Specimen from kyanite  gne iss  
near p rospec t  No. 4 .  Crossed n i c o l s ,  67X. Q = quar tz ;  
K _ kyan i te ;  G = g r a p h i t e .

Figure  2. Kyanite blade being rep laced  by muscovi te .  
Specimen from V e t te r  Mica p rospec t  (prospect No. 2) .  
Crossed n i c o l s ,  67X. Q = q u a r tz ;  K = kyan i te ;  M = 
muscovite.

PHOTOMICROGRAPHS
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Figure  I .  S i l l i m a n i t e  r e p lac in g  quar tz  and kyan i te  
(along edge of b l a d e ) . Specimen from kyan i te  peg­
m a t i t e  a t  p rospec t  No. I .  Crossed n ic o l s ,  67X. S = 
s i l l i m a n i t e ;  Q = quar tz ;  K = kyan i te .

Figure 2. Typical  f i e l d  of k y a n i t e - b i o t i t e  s c h i s t .  
Specimen from prospect No. 4 .  Plane l i g h t ,  67X. B = 
b i o t i t e ;  K = kyan i te ;  Q = q u a r tz ;  G = g r a p h i t e .

PHOTOMICROGRAPHS
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In v e rs io n s  and S t a b i l i t y  R e la t ions  of the  Aluminum S i l i c a t e  Minerals 

in  the  Kyanite P e g m a t i t e s . -  Kyanite and s i l l i m a n i t e  are  the  two aluminum 

s i l i c a t e  minera ls  which occur in the  k y an i te  pegmat ites ;  no and a lu s i te  

was found in the  pegm at i te s .

The most common inve rs ion  of the  aluminum s i l i c a t e  m inera ls  in the  

pegmat i tes  i s  s i l l i m a n i t e —=^kyanite ( s i l l i m a n i t e  re p la c in g  k y a n i t e ) , and 

t h i s  inve rs ion  i s  noted r e p e a te d ly  in th in  sec t io n s  (see P l a t e  I I ,  Figures  

I and 2 ) .  The in v e rs io n ,  k y a n i t e - 5- s i l l i m a n i t e ,  may a l so  e x i s t  because 

the re  are a few needles  which look l i k e  s i l l i m a n i t e  but have an inc l ined  

e x t i n c t i o n ,  and hence,  may be ky an i te—p o s s ib ly  pseudomorphs a f t e r  s i l l i ­

manite .

The cons is tency  w i th  which the in v e rs io n ,  s i l l i m a n i t e  —s-kyanite,  

occurs in the  k yan i te  pegmat ites  may suggest  t h a t  a change i s  in order fo r  

the  e q u i l ib r ium  diagram, as shown in Figure  3.  The lo c a t io n  of the lower 

p a r t  of the  kyan i te  s t a b i l i t y  f i e l d  i s  based on the f a c t  t h a t  kyanite  may 

occur in a peg m at i t i c  environment and presumably c r y s t a l l i z e s  in  a manner 

s i m i l a r  to  t h a t  of most minera ls  which are  t y p i f i e d  by p e g m at i t i c  occur­

rences ,  i . e . ,  c r y s t a l l i z a t i o n  a t  low temperatures  and p r e s s u r e s .  I f  t h i s  

were the  case,  i . e . ,  i f  the  kyan i te  in the  pegmati tes '  c r y s t a l l i z e d  at  low 

temperatures  and p re s s u r e s ,  then i t s  p o s i t i o n  in the e q u i l ib r iu m  diagram 

(F igure  3) should be a t  the  lower end of the  kyanite  s t a b i l i t y  f i e l d .  

According to the diagram (Figure 3) then ,  an increase  in p re s su re  should 

not a f f e c t  the  kyan i te  s ince  i t  i s  s t a b l e  a t  high p r e s s u r e s .  An inc rease  

in  tempera ture ,  however, should cause th e  kyan i te  to  i n v e r t  to  a n d a lu s i t e ,
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an in vers ion  which did  not occur in the  pegmat ites  d iscussed  in t h i s  

paper .  The invers ion  i s  s i l l i m a n i t e —*-kyanite ,  as noted above. Thus, the 

equ i l ib r iu m  diagram would probably be more app l icab le  to the  k y a n i t e - s i l l i -  

manite s t a b i l i t y  r e l a t i o n s  which were observed in the k yan i te  pegmati tes,  

as d iscussed  in t h i s  paper ,  i f  the  diagram were cons t ruc ted  as in Figure 3B.

Kyanite

S i l l i m a n i t e

Andalusi te

Temperature

Figure 3B. Equi librium diagram of the Aluminum s i l i c a t e  
m inera ls ,  i l l u s t r a t i n g  the proposal t h a t  kyan i te  may have 
no low-pressure  s t a b i l i t y  f i e l d .

The p o s i t io n  of a n d a lu s i t e  in t h i s  equ i l ib r ium  diagram i s  taken from 

Miyashiro (1949) and s ince  no a n d a lu s i t e  was i d e n t i f i e d  in the  pegmat ites ,  

i t s  s t a b i l i t y  f i e l d  can be given no comment.

The evidence o u t l in ed  above s t ro n g ly  suggests t h a t  the kyanite  in 

these  pegmat ites  did  not form under low TP cond i t ions ,  but formed under 

cond i t ions  of moderate p re s su res  and inc reas ing  t e m p e ra tu res .

Origin of the Kyanite Peg m a t i te s . - Occurrence of rocks composed of 

q u a r tz  and la rge  kyan i te  b lades  (g e n e ra l ly  r e f e r r e d  to  as kyan i te  pegma­

t i t e s )  have been desc r ibed  many times in the  l i t e r a t u r e , and t h e i r  o r ig in
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has been a t t r i b u t e d  to  va r ious  p rocesses  which range from p r e c i p i t a t i o n  

from a hydrothermal s o lu t io n  to p rocesses  involv ing  metamorphic d i f f e r e n ­

t i a t i o n .

The f a c t  t h a t  k yan i te  does occur in pegmat ites  has led many w r i t e r s  

to  the  conclusion t h a t  kyan i te  i s  s t a b l e  a t  low PT cond i t ions  as well  as 

a t  m odera te - to -h jgh  PT cond i t ions  (see  Figure  3 ) .

Severa l  l i n e s  of evidence lead to  the  conclusion t h a t  the  pegmati tes  

in  the  map area  of t h i s  i n v e s t ig a t i o n  formed as a r e s u l t  of metamorphic 

d i f f e r e n t i a t i o n ;  p o s s ib ly  a combination of processes  invo lv ing  re c r y s t a l ­

l i z a t i o n  and concre t ion  ( see Ramberg, 1952, p .  220-226, 237-261).  The 

evidence may be summarized as fo l lows:  ( I )  k y a n i t e -q u a r t z  pegmati tes

occur only in host  rocks which contain  kyan i te  and qua r tz ;  ( 2 ) kyanite  

( and s i l l i m a n i t e )  are  commonly shared between the pegmat ite  and host  rock; 

(3) the  aluminum s i l i c a t e  minera ls  commonly rep lace  o the r  minera ls  in the  

pegm at i tes ;  (4) the re  has been no g re a t  enrichment of AlgOg (see  Figure 2 

and p . 20), but r a t h e r  a r e l a t i v e  d e p le t io n  of (Fe, Mg)D and g rea t  e n r i c h ­

ment of .SiO2  w i th ,  perhaps,  s l i g h t  loca l  enrichment of AlgOg (replacement 

of, b i o t i t e  by kyan i te  and/o r  s i l l i m a n i t e  r e p re se n t s  a r e l a t i v e  loca l  en­

richment of about 40 p e rcen t  AlgOg); and (5) the  pegmati te  bodies possess  

no r e g u l a r  shape.

Quartz  i s  commonly rep laced  in the  pegmat ites  by k y an i te  and s i l l i ­

manite .  Thus, i t  may be reasonable  to  b e l i e v e  th a t  the  f i r s t  s tage in 

the  formation of the  pegmat ite  occurred with the development of a quar tz  

s eg rega t ion ,  i . e . ,  the  formation of a q u a r tz  "ve in" .  The formation of .
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the  q ua r tz  body could be i n i t i a t e d  by d i l a t i o n  or shear,  and. during i t s  

growth could probably i s o l a t e  some of the  minera ls  from the  host  rock as 

i n c lu s io n s .

The formation of a segrega t ion  in rocks  which are  in chemical equ i­

l ib r ium  w i l l  r e s u l t  in chemical d i s e q u i l ig r iu m ,  e . g . ,  a space which was 

occupied by rocks w i th ,  perhaps,  60 pe rcen t  SiOg, 20 p e rcen t  AlgOg, and 

10 pe rcen t  KgO w i l l ,  a f t e r  the  seg rega t ion ,  be occupied by rocks  with 

n e a r ly  1 0 0  pe rcen t  SiOg.

In  order  to  r e - e s t a b l i s h  equ i l ib r ium ,  new mineral  a s s o c i a t i o n s  are 

formed in the  host  rocks ,  and c e r t a in  ions ( the  more mobile ions) may 

migra te  to  the  s i t e  of d i s eq u i l ib r iu m  and e s t a b l i s h  a new assemblage of 

m in e ra l s— in t h i s  i n s t a n ce ,  kyan i te  and q u a r tz ,  which are s t a b l e  under the 

p r e v a i l i n g  PT and chemical cond i t ions .

The development of la rge  c r y s t a l s  in a metamorphic environment is  

wel l  expla ined  by Ramberg (1952, p .  223):

"The p r o b a b i l i t y  of nuc leus  formation a t  given P and T and a given degree 
of s u p e r sa tu ra t io n  i s  determined by the  c h a rac te r  of the p r e - e x i s t i n g  
m inera ls  [kyanite in t h i s  case] and t h e i r  i n t e r f a c e s .  The new nuc le i  w i l l ,  
t h e r e f o r e ,  p r e f e r a b ly  tend to  form in or on one of the  p r e - e x i s t i n g  
m inera ls  or in an i n t e r f a c e  between two p a r t i c u l a r  spec ies  of old m inera ls .  
. . .  I f  the  most favorab le  place  of n u c le i  formation i s  an i n t e r f a c e  
between minera ls  which are r a r e  in the  host  rock, then only a few nuc le i  
w i l l  form and the  growth of ' g lo m e ro b la s t s '  ( p o l y c r y s t a l l i n e  monomineralic 
c l u s t e r s )  around the  n u c le i  thus c re a te s  a c e r t a in  type of metamorphic 
d i f f e r e n t i a t i o n . "

Thus, i f  the  above theory  i s  app l ied  to  the  formation of the  kyan i te -  

qu a r tz  pegmat ites  as d iscussed  in t h i s  paper ,  we may p o s t u l a t e  t h a t  a few 

k yan i te  c r y s t a l s ,  i s o l a t e d  in a q u a r t z - r i c h  segrega t ion ,  could act  as 

nu c le i  f o r  a d d i t io n a l  aluminum and s i l i c o n  ions ,  and when the  aluminum and

34
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s i l i c o n  ions became a v a i l a b l e ,  t h e i r  growth on the  n uc le i  could promote 

the  development of l a rge  c r y s t a l s  of k y a n i t e .  The i n v e r s i o n , s i l l i -  

m a n i t e Jcyanite, which i s  noted re p e a te d ly  in th in  s e c t io n s ,  may be due 

to  an in c rease  in tempera ture  subsequent to the  formation of kyanite  (see 

Figure  SB). S e r i c i t e  r e p la ce s  kyan i te  and s i l l i m a n i t e  in most th in  

s ec t io n s  and appears to  have formed as a r e s u l t  of r e t r o g r e s s i v e  metamor­

phism, p o s s ib ly  accompanied by the in t r o d u c t io n  of HgO and KgO to  the 

pegmat i te .

I t  has been shown t h a t  the  kyan i te  pegmat ites  do not re p re se n t  areas  

of aluminum enrichment;  and t h e r e f o r e ,  th e re  i s  no need to  suppose th a t  

aluminum was in troduced by hydrothermal so lu t io n s  or p e g m a t i t i c  so lu t io n s ,  

as proposed by Heinrich (1945, p.  14-15) .  Fu r the r ,  the re  i s  no evidence 

of Precambrian in t r u s io n s  in the  area  from which s o lu t io n s  might emanate. 

N e i the r  i s  th e re  reason to  b e l ie v e  t h a t  the  pegmatites  are r e l a t e d  to  the 

T e r t i a r y  e x t ru s iv e  rocks in the  Gravel ly  Range, since none of the  peg­

m a t i t e s  in t ru d e  rocks which are younger than Precambrian in a g e .
r

.-•Feldspar-Quartz-Muscovite-Tourmaline Pegmatites 

Mineralogy. -  These pegmat ites  occur in marble or s c h i s t  and contain 

m ic ro c l in e ,  qua r tz ,  p l a g io c l a s e  (Abgg, Ang), tourmaline,  b i o t i t e ,  ga rne t ,  

and" m uscovi te . Kyariite and s i l l i m a n i t e  may occur in minor amounts i f  the  

host  rock conta ins  kyan i te  or s i l l i m a n i t e .  Microcl ine  i s  g e n e ra l ly  the 

most abundant mineral  in  these  pegmat i tes ;  however, some pegmat ites  which 

conta in  qua r tz ,  muscovite,  and tourmal ine contain l i t t l e  or no m ic roc l ine .  

D e s c r i p t i o n . - The pegmat ite  bodies are  lens-shaped or i r r e g u l a r  and
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are conformable with  the  f o l i a t i o n  of the  host  rock. Severa l  of these  

pegmat i tes  contain  small concen t ra t ions  of muscovite and some have been 

p rospec ted ;  however, no success fu l  mining program has developed .

.Pegmati tes  in Marble L ave rs . -  Severa l  f e ld sp a r -q u a r t z - m u sc o v i t e - to u r ­

maline pegmat ites  occur in marble laye r s  in the  nor thern  one-four th  of 

Sec t ion  6  (P l a t e  I ) , and a few are found in o the r  p a r t s  of the  map area ,  

e . g . , the  pegmati te  which occurs in Sec t ion  6  along the -.southern boundary 

of the  southernmost marble u n i t .  These pegmat ites  l i e  w i th in  the marble 

u n i t s  and along the  margins of s c h i s t s  and amphibol i tes ,  which suggests 

t h a t  the  pegmat ite-forming m a te r i a l s  may have been der ived  from the 

s c h i s t s  and am phibo l i te s .

Rim Rock Pegmatite and V e t te r  P r o s p e c t . - S t o l l  (1950, p.  59) mapped 

the  Rim Rock pegmat ite  ( l o c a te d  in n o r th c e n t r a l  Section 6 , P l a t e  I) and 

the  V e t t e r  mica p rospec t  (P fospect No. 2, P l a t e  I ) .  He rep o r ted  th a t  the 

southwest end of the  Rim Rock pegmat ite  i s  in f a u l t  con tac t  w ith  a redd ish -  

brown, th in -bedded q u a r t z i t e . No f a u l t  i s  ev ident  a t  the  lo ca t io n  of the 

pegm at i te ,  and the  q u a r t z i t e  which i s  in con tac t  with  the  pegmati te  i s  

t a l u s  from the  Middle-Cambrian F la thead  formation th a t  crops out about 350 

f e e t  to  the  nor thwest.

Control  of L o c a l i z a t io n  of the  Rim Rock Pegmat i te . -  The presence of 

a small amphiboli te  boudin ad jacen t  to  the  Rim Rock pegmat ite  suggests t h a t  

the  boudin may have in f luenced  the l o c a l i z a t i o n  of the  pegmat i te .  During 

metamorphism the  boudin could act  as a r i g i d  body c re a t in g  a pressure  

shadow to  which the  pegmat ite- forming m a t e r i a l s  could m ig ra te .  Ramberg



(1956, p. 197) noted,
;

"P egm a t i t ic  minera ls  w i l l  grow in p re s su re  shadows in  l e 6 .. of  r i g i d  i n ­
c lu s ions  in much the  same fash ion  t h a t  q u a r tz  grows in p re s su re  shadows 
of  ga rne t  p o rp h y r o b la s t s . "

The s t r i k e  of f o l i a t i o n  of the  host  rock suggests t h a t  d i l a t i o n ,  

r e s u l t i n g  from the fo ld in g  of the  hos t  rock, may a lso  have inf luenced  the 

l o c a l i z a t i o n  of the  Rim Rock pegmat i te ,  i . e . ,  a low p re s su re  area  produced 

dur ing  fo ld in g  could conceivably  be an a rea  of accumulation fo r  the peg­

m at i te - fo rm ing  m a te r i a l s  (Figure 4 ) .

Fe ldspar -Quar tz  Pegmatites

These pegmat ites  occur near  the  southern  l im i t  of the  map area and 

are  a s so c ia t e d  with  th ree  main host  rocks :  o r th o c la se -q u a r t z -m ic ro c l in e -

b i o t i t e  g n e i s s ,  amphibole -quartz  gne is s ,  and amphiboli te .

The pegmat ites  were not examined m ic ro sco p ica l ly  and t h i s  d iscuss ion  

i s  based on megascopic obse rva t ions .

D esc r ip t ion  of P e g m a t i t e s . - The pegmat ite  bodies are  long and t a b u l a r  

and appear to  be mostly  concordant with  the  f o l i a t i o n  of the  host  rock.

They are  the  l a r g e s t  pegmat ites  in the  a rea ,  but t h e i r  exac t  s ize  i s  

d i f f i c u l t  to determine due to  inadequate  exposures .  One of these  peg­

m a t i t e s  i s  i n d ic a ted  on the  map (see P l a t e  I ) ; however, i t s  exac t s ize  i s  

not shown because of i t s  l im i t ed  exposure.  The pegmati te  body appears to  

be about 1 0 0  f e e t  t h i c k ,  inc lud ing  some th in  layer s  of g n e i s s ,  and may be 

n e a r ly  a h a l f -m i le  long.

Mineralogy of P e g m a t i t e s . -  The pegmat i tes  are composed l a r g e ly  of 

mi c ro c l in e  and m i c r o c l i n e - p e r t h i t e ,  and vary ing amounts of q u a r tz .  Tabula r
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50 f t .
Scale

Figure  4 .  Map of Rira Rock Pegmatite

Map showing p o s i t i o n  of pegmatite  body (X) and amphiboli te  (black) and 
t h e i r  r e l a t i o n  to f o l i a t i o n  of marble (wavy l i n e s ) .  Dip of f o l i a t i o n  is  
n e a r ly  v e r t i c a l .  Arrows i n d i c a t e  d i r e c t i o n  of fo rces  t h a t  may have pro­
duced a s t r e s s  couple,  thus c re a t in g  a d i l a t i o n  which could ac t  as a sink 
f o r  pegmat ite-forming m a t e r i a l s .  Modified a f t e r  S t o l l  (1950, p. 59).
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q u a r tz  ve ins  occur p a r a l l e l  to  the f e ld s p a r  p eg m at i te s .

Pegmatite-Host Rock Contact  R e la t io n sh ip  and Origin  of P e g m a t i te s . - 

The con tac t  between the  pegmat ites  and t h e i r  host  rocks i s  d i f f u s e ,  and 

shar ing  of minera ls  between host  rocks  and pegmat ites  i s  megascopically  

v i s i b l e . Small g a rn e t s  occur in the  pegmat ites  and e x h ib i t  no p a r t i ­

c u la r  d i s t r i b u t i o n ,  i . e . ,  they are not confined to the margins or the 

cen te r  of the pegm at i tes ,  but occur randomly throughout the  pegmat ites .  

Such a random d i s t r i b u t i o n  of the  g a rn e t s  would not be expected i f  the 

pegmat i tes  were formed from aqueous s o lu t io n s .  In such case ,  the  

g a rn e t s  would be p re sen t  as in c lu s io n s  which were picked up by the 

s o lu t io n s  from the  ad jacen t  country rock . They would be expected to  con­

c e n t r a t e ,  due to  t h e i r  h igher  s p e c i f i c  g r a v i t y ,  and th e r e f o r e ,  would be 

found in c l u s t e r s  r a t h e r  than as i s o l a t e d  in d iv id u a l s .

A s l i g h t  d e p le t io n  of f e ld sp a r  and q u a r tz  ad jacen t  to  " a p l i t e ' 1 

(here  used to  i n d i c a t e  small s t r i n g e r s  of f in e -g ra in e d  f e l d s p a r - q u a r t z  

rock of approximately the  same composit ion as the  pegmat ites ) s t r i n g e r s  

would seem to  i n d i c a t e  t h a t  a t  l e a s t  p a r t  of the f e ld s p a r  and quar tz  may 

have been der ived  from the  host  rock . The chemical composition of the 

q u a r t z - m i c r o c l i n e - b i o t i t e - o r th o c l ase g n e i s s ,  as c a lc u la t e d  from the mode 

of one th in  s ec t io n  was approximately:  70.1 percent Siog; 11.2 percent

AI2 O3 ; 3 .7  pe rcen t  ( a l ,  F e ) 2 O3 ; 3.1 pe rcen t  (Fe, Mg)0; 11.6 percent 

(Na, K^O and .3 pe rcen t  HgO. The high percentage  (11.6  percen t)  of 

(Na, KjgO may i n d i c a t e  t h a t  some of t h i s  m a te r i a l  was in t roduced  during 

metamorphism. The d i f f u s e  con tac ts  between the  pegmat ites  and host  rocks•Ji
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would seem to i n d i c a t e  t h a t  the  (Na, K)2 O was in troduced by metasomatic 

p ro c e s s e s .  Concentra tion of these  c o n s t i t u e n t s ,  which r e s u l t e d  in the 

formation  of pegm at i tes ,  may have occurred  a t  the  time of in t ro d u c t io n  

of the  m a te r i a l ,  or subsequent to  i n t r o d u c t i o n .

The occurrence of la rg e  amphiboli te  l ay e r s  near  the  pegmat ites  may 

provide  an exp lana t ion  as t o  the  source of the  pegmat ite-forming 

m a t e r i a l s  s ince  the  more v o l a t i l e  c o n s t i t u e n t s  of the  amphiboli tes  may 

have migrated from the  amphiboli tes  to  s i t e s  favorab le  f o r  p r e c i p i t a t i o n ,  

thus  en r ich in g  c e r t a in  rocks  with f e ld s p a r  and quar tz  and d e p le t in g  o ther  

rocks  of those m a t e r i a l s .  This type of metamorphic d i f f e r e n t i a t i o n  was 

a l so  noted by Reid (1957, p.  20),

" .  . . the  most abundant ly  developed u l t r a b a s i c  rocks l i e  on the margins 
of the  l a r g e s t  metamorphic pegmat ite  b o d ie s . "

STRUCTURE

Contact  R e la t io n s  Between Precambrian Rocks and Pa leozo ic  Rocks 

The contac t  between the  Precambrian rocks and the  Pa leozo ic  rocks i s  

c l e a r l y  v i s i b l e  a t  a few p laces  in the  map area  and i s  o therwise  covered 

by t a l u s  from the Pa leozo ic  sedimentary rocks .

The s t r i k e  of the  Pa leozo ic  rocks i s  about N IO0  E and the  dip i s  

about 5° 1W to  IO0  Hf. The f o l i a t i o n  of the  Precambrian rocks s t r i k e s  gen­

e r a l l y  N 80° E, but  has cons iderab le  lo c a l  v a r i a t i o n .  The d ip  v a r ie s  

from about 45° S to  65° N, but,  in g e n e r a l , i s  near ly  v e r t i c a l .  The f o l i ­

a t io n  of the  Precambrian rocks was t h e r e f o r e  e s s e n t i a l l y  v e r t i c a l  at the  

t ime of d e p o s i t io n  of the  Pa leozo ic  rocks .



Folding  of the Metamorphic Rocks

The r e p e t i t i o n  of d i s t i n c t  l i t h o l o g i c  types sugges ts  t h a t  the  rocks 

may have been fo lded  or f a u l t e d .

There i s  some evidence fo r  r e p e t i t i o n  by fo ld ing ,  i . e . ,  minor f o l d s , 

m odera te -s ize  f o l d s , and r e p e t i t i o n  of d i s t i n c t  rock types ;  but evidence 

f o r  r e p e t i t i o n  by f a u l t i n g  was not obse rved .

Minor fo ld s  ( l e s s  than 12 inches) occur in g n e i s s i c  rocks in two 

l o c a l i t i e s ,  and a few minor fo ld s  occur in marble l a y e r s .  Moderate-s ize  

fo ld s  ( l a r g e r  than two f e e t )  a l so  occur in the  marble,  p a r t i c u l a r l y  in the  

southernmost lay e r  (see  Figures  5 and 6  and P l a t e  I ) .

S t r u c t u r a l  I n t e r p r e t a t i o n . -  The s t r u c t u r a l  i n t e r p r e t a t i o n  i s  based 

upon the  apparen t r e p e t i t i o n  of c e r t a in  rock la y e r s ,  the  l i n e a t i o n  of fo ld  

a x e s , and the  a t t i t u d e s  of f o l i a t i o n  of the  rocks .

The genera l  s t r u c t u r a l  p a t t e r n  appears  to  be t h a t  of an i s o c l i n a l  

sync l ine  (?) whose ax is  plunges about 60° to  70°, N 80° E (see  Figure 5 ) .

I f  the  s t r u c t u r e  i s  i n t e r p r e t e d  to  be an overturned a n t i c l i n e ,  i . e . ,  

an a n t i c l i n e  in which the  ax is  plunges HO 0  or  120°, N 8 0 ° E, then some 

c r o s s - f o ld in g  should occur.  No c ro s s - f o ld in g  i s  observed in the  map a rea .

I f  the  sy n c l in a l  i n t e r p r e t a t i o n  i s  c o r r e c t ,  the o ld e s t  of the Pre- 

cambrian rocks in the  map area  are the  gn e is se s  and s c h i s t s  which occur 

a t  the  southern l im i t  of the  area,  and the  youngest Precambrian rocks 

(no t  n e c e s s a r i l y  inc lud ing  pegmat ites)  occur in the  core of the  fo ld .
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Geologic Mop of the Northern Port of 
the Cherry Creek Metomorphics, 
Madison Co., Montana with 
Structural Interpretation.

O
S C A L E

3 0 0 0  F e e t
EXPLANATION

I p € m |  D o l o m i t e - M a r b l e  a n d  D o lo m i t ic  M a r b l eI I
Ip C k s  I K y o n i t e  S c h i s t .  S c h i s t s ,  G n e i s s e s  a n d  A m p h ib o l i te s  

| p € g s |  G n e i s s e s  a n d  S c h i s t s ,  U n d iv id e d

WOiT., 1959 ^ 5 ^  F o l i a t io n  o f  M e t a m o r p h i c  R o c k s
C o n t a c t  o s  M a p p e d

FIGURE 5
S t r u c t u r a l  I n t e r p r e t a t i o n  o f  C o n ta c t .  

^ , 7 0  P l u n g e  o f  F o l d  A x e s



SCALE
O______________ 5 0  FEET

Map of Folds in I I
Dolomite-Marble.
See Location "F " ,  Plate I .
W.D.T.,1959

FIGURE 6
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Boudinaqe S t r u c t u r e s  in Marble Lavers

Boudinage s t r u c t u r e s , which occur l o c a l l y  in the  rocks ,  are most f u l l y

developed in  s i l i c e o u s  marble (see area  des igna ted  "boudins" ,  P l a t e  I ,

Sec t ion  6) and commonly have t h e i r  X and Y axes p a r a l l e l  and t h e i r  Z ax is

perpendicu la r ,  or n e a r ly  pe rp en d icu la r ,  to  the  f o l i a t i o n  of the  enc los ing

rock (see  Ramberg, 1955, p. 522).  The boudins are  t y p i c a l l y  b a r re l - shaped

( in  two dimensions) and are composed of q u a r tz ,  dolomite ,  c a l c i t e ,  and

w b l l a s t o n i t e  (see Figure  7 ) .

Ramberg (1955, p. 512, 513, 517) has poin ted  out th a t

"Boudins are  u su a l ly  oblong bodies with the  s h o r t e s t  dimension pe rpend icu la r  
t o  the  s c h i s t o s i t y  in the  enc los ing  rocks  and the  longes t  dimension p a r a l l e l  
to  the  s c h i s t o s i t y . "  '

As to  the  o r ig in  of boudinage s t r u c t u r e s ,  he s t a t e s ,

" .  . . the  b a s ic  reason f o r  boudinage s t r u c t u r e  i s  d i f f e r e n c e s  in com­
petency between the  boudin lay e r  and the  ad jacen t  rocks ,  the  l a t t e r  being 
r e l a t i v e l y  incompetent or d u c t i l e ,  the  former competent or b r i t t l e .

"The b a r r e l - s h a p e  of boudins i s  . . . r e a d i ly  expla ined  by compression 
p e rp en d icu la r  to  the  l a y e r in g  and a consequent e longa t ion  p a r a l l e l  to the 
l ay e r in g  . . . "

In regard  to  the formation  of an e longa te  body he s t a t e s  (p .  517),

"Elongation  of a body of m at te r  in one or more d i r e c t i o n s  can be caused 
by, (I )  s t r e t c h i n g  under t e n s i l e  s t r e s s ,  ( 2 ) compression in a d i r e c t io n  
pe rpendicu la r ,  to  the  d i r e c t i o n ! s) of e lo n g a t io n ,  or (3) a s t r e s s  couple 
a t  about a 45° angle to  the  e lo n g a t io n . "

However, he concludes t h a t  most boudins are produced by compression in a 

d i r e c t i o n  pe rp en d icu la r  t o  boudin e lon g a t io n :

" .  . . the  s t r u c tu r e  of the  incompetent rocks  ad jacent to  boudins . . . 
shows t h a t  the  b a s ic  reason fo r  the e lon g a t io n  of the incompetent rocks ,  
in by f a r  the  most cases,  must have been a compressive s t r e s s  pe rpend icu la r  
(o r  at  an obtuse angle) to  the boudin l a y e r . "
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The q u a r t z -d o lo m i t e - c a I c i t e - w o l l a s t o n i t e  rock i s  ap p aren t ly  more 

b r i t t l e  than the  marble,  and thus i t  y ie lded  to  s t r e s s  by ru p tu re ;  

whereas the  marble y ie lded  by f lowage.

The l i n e a t i o n  of the  boudins i s  p a r a l l e l  to  the f o l i a t i o n  of the 

enc los ing  rocks ,  or about N 80° E, i n d i c a t i n g  tha t  the compressive 

fo rce s  which formed the  boudinage s t r u c t u r e s  were p e rp en d icu la r  to  (or 

a t  an obtuse angle to) the  long ax is  of the  boudins.

Such compressive fo rce s  could a l so  be employed to  exp la in  the  f o l d ­

ing of the rocks ,  as proposed in t h i s  paper .
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SCALE
O l  6 12 Inches

I i  I I

Boudin in dolomite-marble. 
See Boudins ,P late I .  
Drawn a fte r  photograph. 
W.D.T., 1959

Ruptures

Foliation (vertical)

Figure 7
Competent rocks
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PRINCIPLE OF THE METAMORPHIC FACIES APPLIED TO THE ROCKS 

" OF THE NORTHERN PART OF THE CHERRY 

CREEK METAMORPHICS

The rocks in the  map area  appear to  have been metamorphosed under 

cond i t ions  approximating those of the  e p i d o t e - amphiboli te f a c i e s  or the  

amphiboli te  f a c i e s .  This i n t e r p r e t a t i o n  i s  based upon the  observation of 

s eve ra l  c r i t i c a l  minera l  assemblages which occur in the  a rea :

(1) K y an i te - s i l l im a n i t e - m u s c o v i t e - p l a g io c l a s e - q u a r t z

(2) Kyani t e - s i l l i m a n i t e - b i o t i t e - q u a r t z

(3) K y a n i t e - a n d a l u s i t e - p y r a l s p i t e - b i o t i t e - q u a r t z

(4) C a l c i t e - d o lo m i t e - w o l l a s to n i t e - q u a r t z

(5) Kyanit e - s i l l i m a n i t e - b i o t i t e - p y r a I sp i te -m uscov i te -qua r tz

(6) Mi c r o c l i n e - o r t h o c l a s e - b i o t i t e - q u a r t z

(7) Amphibole (hornblende)-p l a g io c l a s e

Figure  8  r e p re se n t s  a s t a b l e  minera l  assemblage^ of the  amphiboli te 

f a c i e s ;  Figure  9, a s t a b l e  assemblage of the  e p i d o t e - amphiboli te  f a c i e s .  

I t  i s  noted th a t  specimens taken from widely  separa ted  p o in t s  in the  map 

area  may be convenient ly  p l o t t e d  on these  diagrams.
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A

Muscovite S t a u r o l i t e  
\ — E-56-4-1

Almandine 
V-Vacant f i e l dB i o t i t e

Microcline

Figure b .  Amphibolite f a c i e s :  AKF diagram fo r  rocks
with excess Si&g and AlgO^. P o in t  E-5b-4- l  r e p re se n t s  
p o s i t io n  of specimen of k y a n i t e - b i o t i t e  s c h i s t  taken 
from Prospec t No. 4 ( a f t e r  Turner and Verhoogen, 1951, 
p. 453) .

Kyanite

S t a u r o l i t e

Muscovite

,Garnet 
\  C h lo r i t eE-Sb-G-

Orthdc lase  B i o t i t e

Figure 9. Epido te-amphibo l i te  f a c i e s :  Talc ,  kyan i te -
potash f e ld s p a r  (AKF) diagram of the high epidote -amphi­
b o l i t e  f a c i e s  ( a f t e r  Ramberg, 1952, p. 149). Poin t 
E-Sb-G-Gl i n d i c a t e s  p o s i t io n  of b i o t i t e - p o t a s h  f e ld s p a r -  
q ua r tz  g n e i s s .  Specimen taken from gneiss  near  southern 
l im i t  of map a rea .
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POTENTIAL FOR ECONOMIC DEVELOPMENT OF THE ENNIS KYANITE DEPOSIT 

The economic p o t e n t i a l  of t h i s  d e p o s i t  of kyanite  and s i l l i m a n i t e  i s  

dependent upon seve ra l  f a c t o r s :  ( I )  the  ac tua l  volume of k y an i te -bea r ing

rocks  in  the  area  and the  percen t  of k yan i te  and s i l l i m a n i t e  in the  r o c k s ,

(2) the  ease  with  which the  k y an i te -b ea r in g  rocks can be mined, (3) the 

ease  with which the  kyan i te  and s i l l i m a n i t e  can be concen tra ted  in to  a mar­

k e tab l e  product,  ( 4 ) the  proximity  of a market fo r  the  f i n i s h e d  product ,

( 5 ) the  world market s i t u a t i o n  fo r  the  r e f r a c t o r y  m a t e r i a l s ,  and (6 ) the  

a b i l i t y  of  the  kyan i te  and s i l l i m a n i t e  to  convert  to  m u l l i t e .

The scope of t h i s  paper does not inc lude  a study of the  above f a c t o r s ,  

w i th  the  p o s s ib le  except ion  of the f i r s t ,  which w i l l  be d i scussed  b r i e f l y .

The Volume of Kvanite-Bearinq Rocks in the  Map Area 

An accu ra te  e s t im a te  of the  volume of kyan i te -b ea r in g  rock in the  a rea  

and the  pe rcen t  of kyan i te  in the  rock can be made only a f t e r  ex tens ive  

t r ench ing  and sampling.  The depth to  which the  k y a n i t e -b ea r in g  rocks p e r s i s t  

can be determined by s e l e c t i v e  d r i l l i n g .  I f  the  s t r u c t u r a l  i n t e r p r e t a t i o n  

i s  c o r r e c t ,  i . e . ,  i f  the  s t r u c tu r e  i s  a sync l ine  (see p. 41 and Figure 6 )

the  k y a n i te -b ea r in g  rocks  may p e r s i s t  to  cons iderab le  d ep ths .  Ttiere j is  no i“ 'h
reason  to  b e l i e v e  t h a t  the  q u a n t i ty  or q u a l i t y  (massive k y an i te  i s  con- , , , , 

s ide red  to  be high q u a l i t y ,  and d issemina ted  kyanite  i s  considered to  be 

low q u a l i t y —both sub jec t  to  t h e i r  m u l l i t e - fo rm in g  a b i l i t i e s )  of the  k y a n i te ,
J

in  any l a y e r  of the  k y a n i te -b ea r in g  rocks ,  should in c re a se  or decrease  w i th  

depth .

I
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INDUSTRIAL USES OF KYANITE

Kyanite has an i n d u s t r i a l  a p p l i c a t i o n  in the  production of m u l l i t e - -  

m u l l i t e  (p lus  f r ee  s i l i c a )  i s  formed when kyan i te  i s  heated to  a tempera­

tu re  of about 1300° C.

M u l l i t e  i s  used in  the  manufacture of h ighly  r e f r a c t o r y  m a te r i a l s  

which possess  a low c o e f f i c i e n t  of expans ion, r e s i s t a n c e  to  loads at  high 

te m p e ra tu re s , and r e s i s t a n c e  to  thermal shock and the  co r ros ive  ac t ion  of 

r e a c t i v e  s lags  (Haw, 1954). According to  Gunsallus and Tucker (1957, p.2)

. . -about 90 percen t  of a l l  m u l l i t e  r e f r a c t o r i e s  have been employed 
to  l i n e  fu rnaces  opera ted  by the  m e ta l l u r g i c a l  and g la s s  i n d u s t r i e s  . . . ;

. . 1 0  pe rcen t  . . . consumed in miscel laneous  a p p l i c a t i o n s ,  c h ie f ly  in 
t'he ceramics i n d u s t r y . "

{
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