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Abstract:
The eastern Garnet Range of western Montana is composed of folded and faulted Precambrian Y
through Mesozoic sedimentary quartzites, carbonates and clastics unconformably overlain by nearly
horizontal, normal faulted Eocene volcanic rocks. Minor Cenozoic travertine, sinter, and alluvium form
local thin surficial deposits.

Laramide structures in the Warm Springs Creek area include northwest-striking thrust and reverse
faults, northeast-striking extensional faults, and southeast-plunging, northwest-striking en echelon folds
affecting Precambrian through Mesozoic strata. Local folding and faulting developed due to a left
lateral shear couple in the northern edge of the relatively eastward thrust Sapphire Plate.

Northwest-striking Laramide structures created northwest trending topographic troughs in which a once
more extensive cover of Eocene volcanic rocks is preserved. These volcanics include alkalic-calcic
porphyritic dacites and siliceous tuffs and aphanitic andesites which represent lava flows, dikes and
air-fall deposits. Since they are similar in age and composition to nearby volcanic members of the
Idaho-Montana Porphyry Belt, these volcanics may be a distal facies of the belt. Eocene volcanism
probably originated as lavas generated by a late phase of arc magmatism associated with the Laramide
orogeny were erupted after the cessation of Laramide folding and faulting. Northwest-trending post
volcanic normal faults cut the volcanic and older bedrock both along and across older
northwest-striking Laramide structures.

Large eroded pre-Holocene travertine and sinter deposits on the east side of the range represent a past
episode of extensive hydrothermal activity which followed Eocene volcanism. Minor modern warm
springs activity and associated travertine deposition along Warm Springs Creek is the result of the
circulation of meteoric waters through carbonate bedrock solution channels where they are heated by
the regional geothermal gradient before their re-emergence as warm springs. 
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I

INTRODUCTION

Purpose o f  I n v e s t i g a t i o n

The o b j e c t i v e  o f  t h i s  t h e s i s  i s  t o  e v a l u a t e  t h e  s t r u c t u r a l ,  

v o l c a n i c  and hydro thermal geology of  the  Warm Spr ings  Creek a r e a ,  in  

t h e  e a s t e r n  G a rn e t  Range o f  w e s t e r n  Montana  ( F i g .  I ) .  M ajor  

c o n t r i b u t i o n s  o f  t h e  s t u d y  i n c l u d e :  I )  a g e o l o g i c  map o f  t h e  Warm

Springs  Creek a rea ;  2) d e t a i l e d  d e s c r i p t i o n s  of  p r e v i o u s l y  u n e v a lu a t e d  

E a r ly  T e r t i a r y  v o l c a n i c  rocks ;  3) documentation o f  a long h i s t o r y  of  

hydrothermal a c t i v i t y  in  the  e a s t e r n  Garnet Range; and 4) a summary of

t h e  s t r u c t u r a l  and t e c t o n i c  e v o l u t i o n  o f  t h e  G a r n e t  Range and 

surrounding a r e a s .

B u r l i n g t o n  N o r t h e r n ,  I n c . ,  Energy  and M i n e r a l s  D e p a r tm en t ,  

p rov ided  p a r t i a l  funding  toward t h i s  s tudy in  o rde r  to  e v a l u a t e  the  

economic p o t e n t i a l  of  the  a reas  geology.  The presence  of warm sp r ings  

in  the  a rea  i n d i c a t e d  a p o s s i b i l i t y  of a geothermal energy source.  A

s e c t io n  e v a l u a t i n g  the  a r e a ' s  economic p o t e n t i a l  i s  i n c lu d ed  a t  the  

end of  the  t h e s i s .

Loca t ion  and A c c e s s i b i l i t y  o f  F i e ld  Area

The G a r n e t  Range i s  l o c a t e d  n o r t h  o f  t h e  C l a r k  F o rk  R i v e r  i n  

p a r t s  of P o w e l l ,  G ran i te  and M issou la  C ount ies ,  w es te rn  Montana (Fig. 

I ) .  The a r e a  mapped i n c l u d e s  t h e  y p p e r  d r a i n a g e s  o f  Warm S p r i n g s  

Creek ,  G a l l a g h e r  C reek ,  Brock C re ek ,  and L im e s to n e  Canyon ( P l a t e  I )
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Figure  I .  Loca t ion  of  the  e a s t e r n  Garnet Range f i e l d  a rea .  The Garnet Range i s  lo c a t e d  
in  w es te rn  Montana, i n  p a r t s  o f  Powell ,  G ran i te  and Missoula  Coun t ie s .
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cover ing  approx im ate ly  120 square  k i lo m e te r s  cen te red  on s e c t i o n  30, 

T . 11 N.,  R. 9W.

A ccess  t o  t h e  a r e a  i s  by u n im p ro v ed  d i r t  r o a d s  a l o n g  s t r e a m s  

d r a i n i n g  s o u t h  t o  t h e  C l a r k  F o rk  R i v e r ,  o r  r a n c h  r o a d s  e x t e n d i n g  t o  

the  e a s t e r n  base of  the  range in  the  Avon V a l l e y .  Mining and legg ing  

roads ,  unmainta ined in  v a r i o u s  s t a t e s  of  d i s r e p a i r ,  p rov ide  access  to  

the  i n t e r i o r  o f  the  range.

F i e ld  and Lab Procedures

F i e l d  work  was done d u r i n g  t h e  summers o f  1981 and 1982. Base 

maps a t  s c a l e s  o f  1 :2 4 ,0 0 0  and 1 :41 ,700  were  p r e p a r e d  by e n l a r g i n g  

p a r t s  of the  1.62,500 s c a l e  Uni ted S t a t e s  G e o lo g ica l  Survey Avon and 

G arr ison  quad rang les .  The f i n a l  base  map Opiate  I )  i n c l u d e s  p a r t s  of 

b o th  q u a d r a n g l e s ,  j o i n e d  a t  t h e i r  common b o r d e r  and e n l a r g e d  t o  

I :41,700 s c a l e .

V o l c a n i c  u n i t s  am en ab le  f o r  f i e l d  mapping were  d i f f e r e n t i a t e d  

a c c o r d i n g  t o  c o l o r ,  t e x t u r e ,  m a c r o s c o p i c  m i n e r a l o g y ,  and f i e l d  

r e l a t i o n s h i p s .  These  a p h a n i t i c  and p o r p h y r i t i c  v o l c a n i c  rocks  were 

r e - e x a m in e d  u s i n g  t h e  p e t r o g r a p h i c  m i c r o s c o p e .  Whole r o c k  x - r a y  

f l u o r e s c e n c e  s p e c t r o s c o p y  was done on s e l e c t e d  s a m p l e s  a t  t h e  

l a b o r a t o r y  o f  W ash in g to n  S t a t e  U n i v e r s i t y .  Age d a t i n g  o f  s e l e c t e d  

s a m p le s  i n c l u d e d  t h e  K/Ar r a t i o  t e c h n i q u e  f o r  v o l c a n i c  s a m p l e s  and 

c a r b o n - 1 4  d a t i n g  o f  a h y d r o t h e r m a l  d e p o s i t  by T e l e d y n e  I s o t o p e s ,  

Westwood, New J e r s e y .

S t r u c t u r a l  mapping  was augmented  by a l i n e a t i o n  s t u d y  t o  h e l p  

i d e n t i f y  s t r u c t u r e s  t h r o u g h  t h e  i n t e r p r e t a t i o n  o f  to p o g r a p h y  and
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v e g e t a t i v e  t r e n d s .  A Landsat f a l s e  c o l o r  f i l m  p o s i t i v e  was examined 

u s i n g  a S p a t i a l  D a ta  S y s tem s ,  I n c .  computer  w i t h  an  "Eye Com" camera  

and a l i g h t  t a b l e .  The program  u s e d  was an "edge enhancem en t"  

program, which d i s t i n g u i s h e s  t h e  b o u n d a r i e s  o f  a r e a s  w i t h  d i f f e r i n g  

a lbedos  as pe rce ived  by Landsat s can n e rs .

Previous  Geologic I n v e s t i g a t i o n s

An e a r l y  g e o l o g i c  s t u d y  o f  t h e  e a s t e r n  G a r n e t  Range ( P a r d e e ,  

1917) i n c lu d e s  a g e o lo g ic  map and s t r a t i g r a p h i c  d e s c r i p t i o n s  f o r  the  

s o u t h e r n  and e a s t e r n  p o r t i o n s  o f  t h e  t h e s i s  a r e a .  S e v e r a l  o t h e r  

p a p e r s  d e a l  w i t h  t h e  s t r a t i g r a p h y  o f  n e a r b y  a r e a s  (Gwinn, 1961; 

Kauffman, 1963; Krause,  1963; Weidman, 1965; and Kauffman, 1965).

Data  on v a r i o u s  a s p e c t s  o f  l o c a l  h y d r o t h e r m a l  a c t i v i t y  a r e  

inc luded  in  r e p o r t s  by W il l iam s  (1975), Chadwick and Kaczmarek (1975), 

and S o n d e re g g e r  and B e r g a n t i n o  (1981) .  I n f o r m a t i o n  c o n c e r n i n g  

v o l c a n i c  r o c k s  o f  t h e  G a r n e t  Range a r e  r e p o r t e d  by Gwinn and Mutch 

(1965) ,  Chadwick (1981)  and C a r t e r  (1982) .  A map o f  t h e  T e r t i a r y  and 

Q u a t e r n a r y  g e o l o g y  o f  t h e  e a s t e r n  s i d e  o f  t h e  a r e a  was p ro d u c e d  by 

Weber and Witkind (1979).

An e v a l u a t i o n  of  the  Idaho-Montana t h r u s t  b e l t  (Ruppel,  W al lace ,  

S ch m id t ,  and Lopez ,  1981) i n c l u d e s  a t e c t o n i c  map o f  s o u t h w e s t e r n  

Montana and p ro v id e s  a model f o r  r e g i o n a l  t e c t o n i c s ,  which in c lu d e s  

t h e  e a s t e r n  G a r n e t  Range. Maps o f  t h e  a r e a  i l l u s t r a t e  t h e  o v e r a l l  

g e o l o g i c  s t y l e  ( C l a p p ,  1932; W a l l a c e  and o t h e r s ,  1981; and Ross and 

o t h e r s ,  1955) .
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S t r a t i g r a p h y

The o l d e s t  r o c k s  i n  t h e  a r e a  a r e  P r e c a m b r i a n  ( B e l t )  a g e  

s e d i m e n t a r y  q u a r t z i t e s ,  w i t h  m ino r  a r g i l l i t e s  and ca rbonates .  They 

r e p r e s e n t  s e d i m e n t s  d e p o s i t e d  i n  an embayment o r  r e e n t r a n t  on t h e  

w e s t e r n  edge o f  t h e  P r e c a m b r i a n  c r a t o n .  P a l e o z o i c  r o c k s  a r e  m o s t l y  

c a r b o n a t e s ,  r e p r e s e n t i n g  a s t a b l e  s h e l f  e n v i r o n m e n t .  Uppermost 

P a le o zo ic  and Mesozoic fo rmat ions  c o n s i s t  o f  a complex i n t e r s t r a t i f i e d  

s e r i e s  o f  e l a s t i c s  and ca rb o n a te s ,  which r e p re s e n t  in c re a s in g  e rogen ic  

e f f e c t s  and s e d im e n t  a v a i l a b i l i t y  d u r i n g  t h a t  t im e .  These  a r e  

o v e r l a i n  by Eocene d a c i t e s  and a n d e s i t e s  w h ich  a r e  t h e m s e l v e s  

p a r t l y  o v e r l a i n  by T e r t i a r y  t r a v e r t i n e ,  s i n t e r ,  and a l l u v i u m .  A 

summary o f  Precambrian through Cenozoic rock u n i t s  i s  p re sen ted  in  the  

f o l l o w i n g  s t r a t i g r a p h i c  co lumn ( F i g .  2) The r e a d e r  i s  r e f e r r e d  to  

Kauffman (1963) f o r  f u r t h e r  in fo rm at ion  concerning l o c a l  s t r a t i g r a p h y .
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STRUCTURAL GEOLOGY 

Folds

The G arr i son  a n t i c l i n e  i s  the  s i n g l e  l a r g e s t  s t r u c t u r a l  e lement  

of the  Warm Spr ings  Creek a rea .  I t s  ax i s  as determined by contour  and 

"Tangent  d i a g r a m s "  (B e n g t so n ,  1980) ( F i g s .  3 and 4) i s  o r i e n t e d  N. 

40°W., and i t s  p l u n g e  i s  v a r i a b l e ,  r a n g i n g  from a few d e g r e e s  

s o u t h e a s t  in  t h e  n o r t h w e s t  p a r t  o f  t h e  map a r e a ,  t o  a b o u t  30° 

s o u t h e a s t  n e a r  t h e  s o u t h e a s t  c o r n e r  o f  t h e  map a r e a .  F i g u r e s  5,  6 , 

7, 8, and 9 a re  c ro ss  s e c t io n s  t r a n s v e r s e  to  the  t r e n d  o f  the  G arr ison  

a n t i c l i n e ,  w h i l e  F i g u r e  10 i s  a l o n g i t u d i n a l  c r o s s  s e c t i o n  o f  t h e  

f o l d .  The G arr i son  a n t i c l i n e  i s  asymmetrica l  w i th  southwest vergence .  

I t s  n o r t h e a s t  l im b  i s  s h a r e d  w i t h  an a d j a c e n t ,  s o u t h e a s t —p l u n g i n g  

s y n c l in e .  Minor f o l d s ,  whose a x i a l  su r f a c e s  s t r i k e  p a r a l l e l  to  the  

a x i a l  s u r f a c e s  o f  t h e  two m a jo r  f o l d s ,  c o m p l i c a t e  t h e  form o f  t h e  

Garr ison  a n t i c l i n e  but do not s i g n i f i c a n t l y  change the  o v e r a l l  form of 

the  f o l d .

Development o f  th e se  open, c o n ce n t r i c  f o l d s  was accomplished by 

f l e x u r a l  f o l d i n g  and w i th  s i g n i f i c a n t  c a t a c l a s i s .  B r i t t l e  f a i l u r e  of 

t h e  P a l e o z o i c  c a r b o n a t e s  and t h e  Q u a d ran t  F o r m a t i o n  q u a r t z i t e s  i s  

e s p e c i a l l y  e v i d e n t  n e a r  t h e  n o se  o f  t h e  G a r r i s o n  a n t i c l i n e  where  

p e r v a s i v e  b r e c c i a t i o n  and t h e  d e v e l o p m e n t  o f  s I  i c k e n s i d e s  i n  t h e  

Q u ad ran t  F o r m a t io n  i s  accom pan ied  by numerous s m a l l - s c a l e  f a u l t s
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Figure  3 .  S p o l e  diagram of  the  G ar r i son  a n t i c l i n e .  The g r e a t  c i r c l e  
(d a s h e d  l i n e )  w h ich  b e s t  f i t s  t h e  a p p a r e n t  g i r d l e  o f  
c o n t o u r  d e n s i t y  ( s o l i d  c u r v e )  i n d i c a t e s  an a x i a l  p l a n e  
o r i e n t e d  s o u t h e a s t  140" w i t h  an a x i s  p l u n g i n g  a b o u t  7°.  
The s o u t h e a s t  p l u n g e  o f  t h e  G a r r i s o n  a n t i c l i n e  i n c re a se s  
and t r e n d s  more s o u t h e r l y  n e a r  Luke M o u n ta in  i n  t h e  
s o u th ea s t  p a r t  of the  map a r e a .
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Figure  4. Tangent diagram of the  Warm Springs  Creek a rea  g i v i n g  d ip  
d i r e c t i o n s  on t h e  s c a l e  a t  i t s  c i r c u m f e r e n c e ,  and d i p  
v a l u e s  on t h e  c o n c e n t r i c  s c a l e  ( a f t e r  B e n g t so n ,  1980).  
D a ta  p o i n t s  r e p r e s e n t  t h e  a c t u a l  d i p  v a l u e s  o f  b e d d in g  
p l a n e s ,  n o t  p o l e s  t o  t h e s e  p l a n e s .  The p re d o m in a n ce  o f  
sou thw es t -  and n o r t h e a s t - d i p p i n g  beds i n  th e  f l a n k s  o f  the  
G a r r i s o n  a n t i c l i n e  i s  a p p a r e n t .  Most p o i n t s  d e s c r i b e  a 
n o r t h e a s t  t r e n d in g  g i r d l e  (dashed l i n e )  which i n d i c a t e s  a 
p l u n g i n g  c y l i n d r i c a l  f o l d  whose a x i s  t r e n d s  N 40® W 
p lung ing  l e s s  than  10® so u th ea s t .  S e v e r a l  d a ta  p o in t s  from 
t h e  s o u t h e a s t  end o f  t h e  s o u t h e a s t  p l u n g i n g  G a r r i s o n  
A n t i c l i n e  l i e  i n  t h e  s o u t h e a s t  q u a d r a n t  o f  t h e  g r a p h ,  
r e f l e c t i n g  t h e  i n c r e a s e d  p l u n g e  o f  t h e  f o l d  n e a r  Luke 
Mountain.
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Figure  5.  S t r u c t u r a l  c r o s s  s e c t i o n  A-A' showing t h e  G a r r i s o n  a n t i c l i n e  u n c o n f o r m a b l y  
o v e r l a i n  by Eocene v o l c a n i c s ,  and the  n o r t h e a s t  t h r u s t  S a l t  Gulch f a u l t .  The 
low -ang le  t h r u s t i n g  cu t s  the  s t e e p l y  fo ld e d  beds a t  the  southwest f l a n k  o f  the  
G arr i son  a n t i c l i n e  a t  a lower a n g le  than  the  d ip  o f  the  beds,  r e s u l t i n g  in  the  
S a l t  Gulch f a u l t s  c u t t i n g  down s e c t i o n .  (See P l a t e  2 f o r  k e y . )
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Figure  6 . S t r u c t u r a l  c ro s s  s e c t i o n  B-B1 showing the  breached G ar r i son  a n t i c l i n e ,  the  Eas t  
Brock Creek t h r u s t  f a u l t ,  and the  e a s t e r n  range f r o n t  normal f a u l t .  (See P l a t e  
2 f o r  key . )
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Figure  7.  S t r u c t u r a l  c r o s s  s e c t i o n  C-C' showing  t h e  G a r r i s o n  a n t i c l i n e  and r e l a t e d  
f o l d i n g  to  the  n o r t h e a s t .  The G ra v e ly  Mine f a u l t  system i s  o v e r l a i n  by Eocene 
v o l c a n i c  r o c k s  i n  t h i s  l i n e  o f  s e c t i o n ,  h e l p i n g  d a t e  i t  as  p r e - E o c e n e .  (See  
P l a t e  2 f o r  k ey . )
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Figure  8 . S t r u c t u r a l  c r o s s  s e c t i o n  D-D' showing t h e  G a r r i s o n  a n t i c l i n e  and  n e a r b y  
f o l d i n g .  The G r a v e l y  f a u l t  s y s t e m  i s  n o t  c o v e r e d  by v o l c a n i c  r o c k s  i n  t h i s  
l i n e  o f  s e c t io n .  (See P l a t e  2 f o r  key.)
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Figure  9 .  S t r u c t u r a l  c ro s s  s e c t i o n  E-E1 showing th e  normal f a u l t  s e t  in  the  nose o f  the  
G a r r i s o n  A n t i c l i n e  a t  Luke M o u n ta in ,  and t h e  Luke M oun ta in  r e v e r s e  f a u l t .  
These two m u t u a l l y  p e r p e n d i c u l a r  f a u l t  systems e v o l v e d  as s p a t i a l  ad jus tments  
through f a u l t i n g  became n e ce s sa ry  i n  the  nose of  the  G ar r i son  a n t i c l i n e  dur ing  
l a t e  s t a g e s  of  the  f o l d ' s  de fo rm a t ion .  (See P l a t e  2 f o r  k e y . )
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Figure  10* S t r u c t u r a l  c ro s s  s e c t i o n  F-F1 showing th e  l o n g i t u d i n a l  p r o f i l e  of  the  G ar r i son  
a n t i c l i n e .  The p l u n g e  o f  t h e  f o l d  i n c r e a s e s  t o  t h e  s o u t h e a s t  n e a r  Luke 
M o u n ta in ,  a s t r a i n  w h ich  was p a r t l y  t a k e n  up in  t h e  Luke M o u n ta in  n o rm a l  
f a u l t s .  (See P l a t e  2 fo r  key.)
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( P l a t e  2, and F i g s .  9 and 10).  D e f o r m a t io n  o f  t h e  more d u c t i l e  

Mesozoic s e c t i o n  appears  to  have i n v o l v e d  f l e x u r a l - f l o w  fo ld i n g .

The l a r g e  f o l d s  o f  t h e  e a s t e r n  G a r n e t  Range a r e  t y p i c a l  o f  a 

s e r i e s  of en eche lon ,  s o u th e a s t - p lu n g in g  f o l d s  which occur a lo n g  the  

n o r th e rn  s ide  of th e  C la rk  Fork and L i t t l e  B lackfoo t  R iv e r s  between 

Bearmouth and E l l i s t o n  (Fig.  11). South of the  Garnet Range, the  axes 

of  th e se  sou thw es t -p lung ing  f o l d s  bend to  the  south .  S e v e r a l  of t h e se  

f o l d s  continue  south  i n t o  a group of f o l d s  d eve loped  on th e  n o r th e rn  

p a r t  of the  F l i n t  Creek Range, c ro s s in g  a s t r u c t u r a l  low, the  "Clark  

Fork Sag",  to w a rd s  w h ich  f o l d  a x es  p l u n g e  from t h e  n o r t h  and s o u t h  

(F ig .  11) (Wiedman, 1961; and Baken, 1981).  The C l a r k  F o rk  Sag i s  

considered p a r t  o f  the  Montana Lineament (Lewis and C la rk  Line)  and i s  

d iscussed  in  the  s e c t i o n  on t e c t o n i c s .

F a u l t s

F a u l t s  i n  t h e  G a rn e t  Range f a l l  i n t o  two g e n e r a l  c a t e g o r i e s ;  

L a te  C r e t a c e o u s  t o  P a l e o c e n e  (L a ram id e )  f a u l t s ,  and O l i g o c e n e  t o  

R ecen t  e x t e n s i o n a l  f a u l t s .  L a ram ide  f a u l t s  a r e  t y p i c a l l y  p a r t l y  

covered a long  t h e i r  t r a c e  by o v e r l y i n g  Eocene v o l c a n i c s ,  which a re  not 

o f f s e t  by Laramide f a u l t s .  O l igocene  to  Recent normal f a u l t s  o f f s e t  

Eocene v o l c a n i c s .  Laramide f a u l t s  w i l l  be d i scu ssed  f i r s t .

S a l t  GuI c h  F a u l t . The S a l t  G u lch  f a u l t ,  n e a r  t h e  n o r t h w e s t  

c o r n e r  o f  t h e  a r e a  mapped ( S e c t i o n s  6 , 7 ,  and 8, T. 11 N., R. 10 W.), 

s t r i k e s  n o r t h w e s t  (N. 4 0 eW) and d i p s  29° s o u t h w e s t .  I t  c o n t a i n s  

M is s i s s ip p i a n  rocks  in  the  hanging w a l l  and Precambrian rocks  i n  the  

f ootwal I  ( P l a t e  2, and Fig.  5). The so u th ea s t  p a r t  of  the  f a u l t  t r a c e
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KEY
-I__=£:-----a—a — F m u l l m - b a l l  a n d  b a r  on  d o w n t h r o w n  a i d e ,  a r r o w a  I n d i c a t e

a t r l k e  e l l p  m o t i o n ,  t e e t h  on  u p p e r  p l a t e .

------- $----------  An t  I c l l n e
A u t o c h t h o n o u a  

P C Y
H t r x r e a l  B e l t  

\  ^ i e t r a t a

F ig u re  11.  Map o f  w e s t e r n  M o n ta n a ,  show ing  o r i e n t a t i o n s  o f  m a j o r  
f o l d s  and f a u l t s  in  th e  a r e a  c o n t a i n i n g  P recam br ian  B e l t  
S u p e r g r o u p  r o c k s , i n c l u d i n g  t h e  M o n tan a  L i n e a m e n t  and 
S a p p h i re  T h ru s t  P l a t e .  The i n s e t  c o n t a i n s  s t r u c t u r a l  d a t a  
f o r  t h e  a r e a  n e a r  Warm S p r i n g s  C r e e k ,  i n c l u d i n g  t h e  
n o r th w e s t  t r e n d i n g  C l a r k  Fork Sag s t r u c t u r a l  t rough .  The 
n o r th w e s t  bend o f  f a u l t s  and f o l d  axes  n e a r  t h e  C la r k  Fork 
Sag i s  a p p a re n t  (m od i f ied  a f t e r  H a r r i s o n  and o t h e r s ,  1974; 
R u p p e l  and o t h e r s ,  1 981;  B aken ,  1981 ;  Wiedman,  1965 ;  
Kauffman,  1963; Wal lace  and o t h e r s , 1981 and t h i s  a u t h o r ) .
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18 c o v e r e d  by T e r t i a r y  v o l c a n i c s  ( P l a t e  2) .  T h i s  f a u l t  h a s  been  

mapped as  a " y o u n g e r - o v e r - o l d e r "  t h r u s t  f a u l t  i n  a s e r i e s  o f  t h r u s t -  

f a u l t s  a t  t h e  n o r t h e r n  edge  o f  t h e  S a p p h i r e  t h r u s t  p l a t e  by W a l l a c e  

and o th e r s  (1981) and Ruppel and o t h e r s  (1981). Based on t h i s  s tudy,  

t h e  S a l t  G u lch  f a u l t  does  a p p e a r  t o  be a y o u n g e r - o v e r - o l d e r  t h r u s t  

f a u l t  w i th  r e s p e c t  to  i t s  f i e l d  r e l a t i o n s ,  o r i e n t a t i o n ,  age,  and the  

presence  of nearby nor thwes t  s t r i k i n g  Laramide t h r u s t  f a u l t s .

I M t  B r ^ C r e e k  f a u l t .  The Eas t  Brock Creek f a u l t  i s  l o c a t e d  on 

t h e  e a s t  f o r k  o f  E a s t  B rock  Creek  and i n  a d j a c e n t  a r e a s  t o  t h e  

nor thwest.  This low-angle  f a u l t  has a geometry s i m i l a r  to  t h a t  o f  the  

S a l t  Gulch f a u l t  in  t h a t  i t  a l s o  d ip s  southwest and s t r i k e s  nor thwes t .  

I t  con ta in s  M is s i s s ip p i a n  rocks  in  the  hanging w a l l  and a com pl ica ted  

s e c t io n  o f  Cambrian, Devonian and M i s s i s s i p p i a n  u n i t s  in  the  f o o t w a l l .  

The t r a c e  o f  t h e  f a u l t  i s  c o v e r e d  a l o n g  s t r i k e  t o  t h e  n o r t h w e s t  by 

Eocene v o l c a n i c  r o c k s .  T h i s  f a u l t  may be c o n t i n u o u s  w i t h  t h e  S a l t  

G u lch  f a u l t  s i n c e  t h e  t r a c e s  o f  t h e  two a p p e a r  t o  l i n e  up a t  e i t h e r  

s i d e  o f  t h e  i n t e r v e n i n g  v o l c a n i c  c o v e r  ( P l a t e  2).  The E a s t  Brock 

Creek f a u l t  i s  a l s o  mapped as a y o u n g e r - o v e r -o ld e r  t h r u s t  by Ruppel 

and o th e r s  (1981) and W al lace  and o th e r s  (1981). This au tho r  suppor ts

the  younger o v e r  o l d e r  t h r u s t  f a u l t  i n t e r p r e t a t i o n .

G r a v e l y  Mine f a u l t  sy s te m .  On t h e  e a s t  s i d e  o f  t h e  r a n g e  

( S e c t i o n s  32,  33,  and 34, T. 11 N., R. 4 W., and S e c t i o n s  2 and 3,  T. 

10 N., R. 9 W.), two n o r t h w e s t - o r i e n t e d  f a u l t s  form a g r a b e n  i n  

P a leo zo ic  and Mesozoic sed imentary  rocks  ( P l a t e  2 and F igs .  7 and 8). 

F a u l t  p lan es  appear h i g h - a n g l e ,  a l th o u g h  t h e i r  exac t a t t i t u d e  could  

n o t  be d e t e r m i n e d .  These  f a u l t s  a r e  a l s o  p a r t l y  c o v e r e d  by Eocene
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v o l c a n i c  r o c k s ,  b u t  a p p e a r  t o  be c o n t i n u o u s  w i t h  a p a i r  o f  f a u l t  

t r a c e s  to  the  nor thwes t .  These a r e  t r a c e a b l e  westward f o r  a lm os t  two 

k i lo m e te r s  beyond the  v o l c a n i c  f i e l d  be fo re  bending to  th e  southwest,  

m erg ing  and d i s a p p e a r i n g  b e n e a t h  T e r t i a r y  t r a v e r t i n e  and Eocene 

v o l c a n i c  r o c k s  ( S e c t i o n  32 ,  T. 11 N., H. 9 W.). W a l l a c e  (1981)  h a s  

mapped t h e s e  f a u l t s  a s  t h r u s t  f a u l t s .  S i n c e  t h e  a t t i t u d e s  o f  t h e s e  

f a u l t  p l a n e s  w ere  n o t  d e t e r m i n e d ,  t h a t  i n t e r p r e t a t i o n  i s  n o t  

c h a l l e n g e d  by t h i s  au th o r ,  a l th o u g h  the  apparen t  h igh  a n g le s  o f  the  

f a u l t  p l a n e s  and younger s t r a t a  exposed between th e  f a u l t s  sugges ts  a 

g ra b e n  s t r u c t u r e .

Discuss ion .  A l l  f a u l t s  thus  f a r  d i s cu s sed ,  w i th  the  excep t ion  of  

t h e  G r a v e l l y  Mine f a u l t  s y s t e m ,  h a v e  some i m p o r t a n t  common t r a i t s .  

They h a v e  a l l  been  p r e v i o u s l y  mapped as  t h r u s t  f a u l t s  d i p p i n g  

s o u t h w e s t ,  a l t h o u g h  i n  most c a s e s  h a n g in g  w a l l  and f o o t w a l I age 

r e l a t i o n s h i p s  a re  i n d i c a t i v e  o f  normal f a u l t s .  I f  cons idered  as  low- 

ang le  normal f a u l t s  they  may have e v o lv e d  in  re sponse  to  t e n s i o n a l  

s t r e s s e s  near  the  convex c r e s t  of  the  G a r r i so n  a n t i c l i n e  ( B i l l i n g s ,  

1972), a s e t t i n g  which would g e n e ra te  t e n s i o n a l  f a u l t i n g  p a r a l l e l  t o  

the  ax is  of  th e  f o l d .

A l t e r n a t e l y ,  con s id e r in g  the  f a c t  t h a t  th e se  low-angle  f a u l t s  d ip  

in  the  same d i r e c t i o n  as l o c a l  s t r a t a  and t h a t  d ips  f o r  l o c a l  s t r a t a  

a re  g e n e r a l l y  s t e e p e r  than th e  f a u l t  p l a n e  which cu ts  them, ano ther  

p o s s i b i l i t y  i s  e v i d e n t .  S t r a t a  p r e v i o u s l y  fo ld e d  to  s t e e p  d ip s  would 

be d i s p l a c e d  by a t h r u s t  f a u l t  which would cu t  up s t r u c t u r a l l y ,  w h i l e  

c u t t i n g  down s e c t io n  s t r a t i g r a p h i c a l l y .  This e f f e c t  would be enhanced 

i f  the  f a u l t s  were l i s t r i c  and i f  th e  s t r a t a  were t r a n s p o r t e d  from an
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a rea  s teep  dip  to  t h a t  o f  lower d ip ,  as i s  the  case  in  the  map area  

(Fig.  5). This hy p o th es i s  i s  f a v o re d  by the  au thor  because th e  f a u l t s  

a r e  p r e -E o c e n e  and t h u s  c o r r e l a t e  w i t h  o t h e r  Laram ide  t h r u s t - s l i p  

f a u l t s  i n  the  r e g io n .

Luke Mountain r e v e r s e  f a u l t .  The Luke Mountain r e v e r s e  f a u l t  i s  

l o c a t ed  near the  nose o f  th e  G ar r i son  a n t i c l i n e  ( P l a t e  2, and F ig .  9). 

The f a u l t  p la n e  s t r i k e s  N. 3O6W, and d ip s  n o r t h e a s t  as observed  i n  the  

Luke P h o s p h a te  Mine (Hugh Moore ,  P e r s o n a l  Com m unica t ion ,  1982).  At 

t h e  s o u t h e a s t  c o r n e r  o f  t h e  map, P e rm ian  r o c k s  a r e  d i s p l a c e d  i n  t h e  

h a n g in g  w a l l  a g a i n s t  M esozo ic  s t r a t a  i n  t h e  f o o t w a l  I .  At t h i s  

l o c a t i o n  the  f a u l t  i s  nea r  th e  h inge  l i n e  o f  the  G a r r i so n  a n t i c l i n e .  

F u r the r  to  the  nor thwes t  th e  f a u l t  t r a c e  i s  a long  the  n o r t h e a s t  l imb 

o f  t h e  G a r r i s o n  a n t i c l i n e  and becomes a l o w - a n g l e  b e d d in g  f a u l t ,  

r e s u l t i n g  in  l i t t l e  s t r a t i g r a p h i c  d i sp lacem en t .  Although t h i s  f a u l t  

i s  n o t  c o v e r e d  by Eocene v o l c a n i c s ,  i t  i s  c u t  by f a u l t s  w h ich  a r e  

c o v e r e d  by v o l c a n i c s .  W a l l a c e  (1981)  a l s o  shows t h i s  f a u l t  a s  a 

s o u th w e s t  d i p p i n g  y o u n g e r  o v e r  o l d e r  t h r u s t  f a u l t .  T h i s  i s  n o t

c o n s i s t e n t  w i t h  t h e  e v i d e n c e  t h a t  i t  i s  a n o r t h e a s t  d i p p i n g  r e v e r s e  

f a u l t .

l n k f .  M o u n ta in  n o rm a l  f a u l t s . On Luke M o u n ta in  s e v e r a l  n o rm a l  

f a u l t s  cut the  Luke Mountain r e v e r s e  f a u l t .  These f a u l t s  form a s e t  

of  n o r th e a s t  s t r i k i n g  (N. 25-55eE.), h ig h - a n g le  normal f a u l t s ,  whose 

t r a c e s  a r e  p a r t l y  o b s c u r e d  by v o l c a n i c s .  These  f a u l t s  o c c u r  a t  t h e  

t i g h t l y  f o l d e d  n o se  o f  t h e  G a r r i s o n  a n t i c l i n e  and a r e  n e a r l y  

p e r p e n d i c u l a r  t o  t h e  a x i s  o f  t h e  f o l d  ( P l a t e  2,  and F i g s .  9 and 10).  

T h i s  g roup  o f  f a u l t s  o c c u r s  w here  t h e  G a r r i s o n  a n t i c l i n e  b e g i n s  t o
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s t e e p e n  in  p l u n g e  t o  t h e  s o u t h e a s t .  Thus t h e y  p r o b a b l y  r e p r e s e n t  

b r i t t l e  f a i l u r e  o f  t h e  P a l e o z o i c  q u a r t z i t e s  and c a r b o n a t e s  a t  t h i s  

s t r u c t u r a l  p o s i t i o n .  The l a r g e s t  o f  t h e s e  f a u l t s  i s  t h e  

northwesternmost  and i t  o f f s e t  the  b lo c k  to  the  so u th eas t  d o w n- to - the -  

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

causing s t r a t a  t o  the  so u th ea s t  to  be d i s p l a c e d  toward th e  f o l d  c r e s t .  

In  genera l  the  nor thwest s ide  o f  th e  o th e r  f a u l t s  a re  d i s p l a c e d  down 

r e l a t i v e  to  the  s o u th ea s t  s i d e ,  d im in ish ing  the  e f f e c t  of the  l a r g e r  

normal f a u l t  to  the  nor thwes t .

Ot h e r  La ra m id e  f a u l t s . F a u l t i n g  o f  p r e - T e r t i a r y  s t r a t a  i s  

e v i d e n t  w i t h i n  a window i n  t h e  v o l c a n i c s  a t  G a l l a g h e r  Creek .  H e re ,  

P r o t e r o z o i c  r o c k s  h a v e  b e en  o f f s e t  a l o n g  a f a u l t  s t r i k i n g  N. 2 5 eE. 

( S e c t i o n  2,  T. 11 N., R. 10 W.). Minor f a u l t s  i n  P a l e o z o i c  u n i t s  

a l o n g  Warm S p r i n g s  C reek  ( S e c t i o n  5 T. 10 N., R. 9 W.) a r e  r e l a t e d  t o  

t h e  Luke M o u n ta in  r e v e r s e  f a u l t  by a l i n e  o f  b r e c c i a s  ( i n  t h e  

c a r b o n a t e s )  and t i g h t  s m a l l - s c a l e  f o l d s  ( i n  a r g i l l a c e o u s  and s h a ly  

b e d s )  t r a c e a b l e  i n  t h e  M i s s i s s i p p i a n  s t r a t a  be tw een  t h e  two f a u l t s .  

T e r t i a r y  no rm a l  f a u l t s  a r e  t h e  most r e c e n t  l a r g e  s c a l e  g e o l o g i c  

s t r u c t u r e s  in  the  a r e a ,  and a re  d e sc r ib ed  in  the  fo l l o w i n g  s e c t io n .

Ajton range, f ront,  f a u l t ,  ,syatem., The west s ide  of  the  Avon V a l l e y  

i s  p a r t  o f  a g r a b e n  c r e a t e d  by a s e r i e s  o f  r a n g e  f r o n t  n o rm a l  f a u l t s  

on t h e  e a s t e r n  edge o f  t h e  G a r n e t  Range ( P l a t e  2).  Both  s e d i m e n t a r y  

and v o l c a n i c  r o c k s  a r e  c u t  by t h e s e  f a u l t s ,  t h u s  e x p o s i n g  t r u n c a t e d  

s t r a t i g r a p h i c  and s t r u c t u r a l  t r e n d s  on the  e a s t e r n  s lo p e s  of  Garnet 

Range. T h i s  i s  e v i d e n t  i n  S e c t i o n  2 (T. 10 N., R. 9 W.) where  

hogbacks  o f  f o l d e d  s t r a t a  and n o r t h w e s t  s t r i k i n g  f a u l t  t r a c e s  end
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a b r u p t l y  a t  t h e  r a n g e  f r o n t  no rm a l  f a u l t .  The t r u n c a t i o n  o f  t h e  

e a s t e r n  G a rn e t  Range v o l c a n i c  f i e l d ,  whose a t t i t u d e s  and f i e l d  

r e l a t i o n s  suggest  t h a t  i t  once extended eas tward  i n t o  the  Avon V a l l e y  

a r e a ,  i s  t h e  r e s u l t  o f  r a n g e  f r o n t  f a u l t i n g .  The Avon V a l l e y  i s

f i l l e d  w i th  T e r t i a r y  sediments which e n t i r e l y  cover  and f i l l - i n  the  

hanging w a l l  b lock .

T e r t i a r y  n o rm a l  f a u l t s  a r e  o r i e n t e d  n o r t h w e s t  (N. 30°W) in  

S e c t i o n s  11,  13,  and 24 (T. 10 N., R, 9 W) and i n  S e c t i o n s  22,  15,  9, 

4,  and 5 (T. 11 N., R. 9 W.). Normal f a u l t i n g  o c c u r r e d  a l o n g  

n o r t h e a s t  and e a s t - w e s t  s t r i k i n g  zones  n e a r  t h e  G r a v e l y  Mine i n

S e c t i o n  2 (T. 10 N., R. 9 W.) and S e c t i o n s  36 ,  25,  and 26 (T. 11 N., 

R. 9 W.).

Range f r o n t  f a u l t i n g  i s  r e s p o n s i b l e  f o r  p o o r l y  d e v e l o p e d  

t r i a n g u l a r  f a c e t i n g  on the  e a s t e r n  s l o p e s  o f  th e  Garnet Range as  w e l l  

a s  a s t r a i g h t  a l i g n m e n t  o f  t h e  e a s t e r n  s l o p e s  o f  t h e  r a n g e .  T h i s  

s t r a i g h t  topograph ic  t r e n d  i s  sug g es t iv e  of a f a u l t - l i n e  s ca rp .

P-PTmaI, f a u l t s .  A n o r t h w e s t - s t r i k i n g  n o rm a l  f a u l t  i n  

Buckskin Gulch n e a r  S a l t  Gulch has downdropped and p re s e rv e d  Eocene 

v o l c a n i c s  i n  t h e  h a n g in g  w a l l  ( n o r t h e a s t ) ,  w i t h  P r e c a m b r i a n  B e l t  

s t r a t a  in  the  f o o t w a l l .  This f a u l t  appears  to  merge w i th  th e  Laramide 

S a l t  G u lch  f a u l t ,  i n d i c a t i n g  i n t e r a c t i o n  be tw een  t h e  two and,  

t h e r e f o r e ,  p o s s i b l e  post-Laramide mot ion .

A n o r m a l  f a u l t  i n  S e c t i o n  6 (T. 10 N.,  R. 9 W.) c o n t a i n s  

P a l e o z o i c  s t r a t a  i n  t h e  f o o t w a l l  and P a l e o z o i c  s t r a t a  and  Eocene 

v o l c a n i c s  in  the  hanging w a l l .  This f a u l t  s t r i k e s  N. 28'E and appears
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to  have a ided in  the  p r e s e r v a t i o n  o f  a p o r t i o n  o f  the  e a s t e r n  Garnet 

Range v o lc an ic s  in  the  hanging w a l l .

, I n  G a l l a g h e r  C reek ,  S e c t i o n s  2 and 12 (T. 11 N., R. 10 W.) a 

normal f a u l t ,  s t r i k i n g  n o r t h w e s t ,  o f f s e t s  v o l c a n i c  and s e d i m e n t a r y  

s t r a t a  t h e r e .  The f a u l t  appears  to  cut a Laramide f a u l t .

S t r u c t u r a l  Sequence

The e a r l i e s t  t e c t o n i s m  e v i d e n t  i n  t h e  Warm S p r i n g s  C reek  a r e a  

produced l a r g e ,  open f o l d s  dur ing  th e  l a t e s t  Cretaceous (Ruppel and 

o t h e r s ,  1981) .  T h i s  i s  s u p p o r t e d  by l o c a l  f i e l d  r e l a t i o n s .  The 

y o u n g e s t  r o c k s  i n v o l v e d  i n  f o l d i n g  a r e  l o w e r  Upper C r e t a c e o u s  

(Santonian  ?) age,  and r e p r e s e n t  a maximum age f o r  f o l d i n g .  The f o l d s  

a re  unconformabIy o v e r l a i n  by un fo ld ed  Eocene v o l c a n i c  rocks  (dated by 

t h e  P o ta s s iu m  Argon method a s  43 t o  45 m .y .b .p .) . These  v o l c a n i c  

r o c k s  were e r u p t e d  o n to  an e r o s i o n  s u r f a c e  w hich  b r e a c h e d  t h e  

Phanerozoic and P r o te r o z o ic  s e c t i o n s  and which i s  e v id e n t  in  canyons 

and  a t  t h e  e r o s i o n a l  m a r g i n s  o f  t h e  v o l c a n i c  f i e l d .  A l s o  

unconf ormab Iy  o v e r l a i n  by th e se  v o l c a n i c s  a r e  the  S a l t  Gulch,  East

Brock Creek, and Luke Mountain f a u l t s ,  which a r e  t h e r e f o r e  a l s o  p r e -  

Eocene.

However, a t  l e a s t  two ep isodes  o f  f a u l t i n g  a r e  r e p re se n te d  by the  

p re - E o c e n e  f a u l t s .  The r e v e r s e  f a u l t  a t  Luke M o u n ta in  i s  c u t  by 

normal f a u l t s ,  which a re  th em se lv es  o v e r l a i n  by Eocene v o l c a n i c  rocks .

The normal f a u l t s  which o f f s e t  th e  Eocene v o l c a n i c s  r e p r e s e n t  the  

most r e c e n t  p e r i o d  o f  f a u l t i n g ,  and a r e  r e s p o n s i b l e  f o r  t h e  Avon 

V a l l e y  g r a b e n .  These  f a u l t s  a r e  t y p i c a l  o f  r e g i o n a l  e x t e n s i o n a l
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t e c t o n i c s  which  began  i n  t h e  m i d - T e r t i a r y  and r e m a in s  a c t i v e  i n  t h e  

H o lo cen e  ( H a r r i s o n  and o t h e r s ,  1974; S t i c k n e y , 1978; and Sm i th  and 

S b a r , 1974).

Lineapd^A/

L i n e a r s  i n  t h e  Warm S p r i n g s  C reek  a r e a  were  i d e n t i f i e d  u s i n g  a 

c o m p u te r - e n h a n c e d  L a n d s a t  f i l m  p o s i t i v e  image o f  p a r t  o f  w e s t e r n  

Montana.  The r e s u l t s  o f  t h i s  s t u d y  a r e  summarized  on a h a l f  r o s e  

d ia g ra m  ( F ig .  12) ,  and a map ( F i g .  13) o f  l o c a l  l i n e a r  t o p o g r a p h i c  

t r e n d s .

E x a m in a t io n  o f  F i g u r e s  12 and 13 i n d i c a t e  t h a t  two p r e f e r r e d  

o r i e n t a t i o n s  e x i s t  f o r  t h e s e  l i n e a r s .  One d i f f u s e  s e t  l i e s  b e tw een  

30° and 70° e a s t  o f  n o r t h ,  w h i l e  a s ec o n d ,  n a r r o w e r  s e t  t r e n d s  

a p p r o x i m a t e l y  30°  t o  5 0 ° w e s t  o f  n o r t h .  A m in o r  g roup  i s  o r i e n t e d  a 

few degrees  e a s t  of no r th .

N o r t h w e s t - t r e n d i n g  l i n e a r s  r e f l e c t  b e d r o c k  s t r u c t u r e s .  Some 

f a u l t s  a r e  o b v i o u s  l i n e a r s ,  such  a s  a t  B u ck sk in  G u lc h  and t h e  Avon 

V a l l e y  g r a b e n .  The s o u th w e s t  s l o p e s  o f  t h e  r a n g e  a l s o  p ro d u c e d  

l i n e a r s  r e l a t e d  t o  n o r t h w e s t - s t r i k i n g ,  s o u t h w e s t - d i p p i n g  s t r a t a ,  

c a u s i n g  r e s i s t a n t  c a r b o n a t e s  on t h e  southwest f l a n k  of  the  G ar r i son  

a n t i c l i n e  t o  s t a n d  w i t h  r e l i e f  ab o v e  l e s s  r e s i s t a n t  s t r a t a .  O th e r  

n o r t h w e s t  l i n e a r s  w ere  l e s s  e a s i l y  a s s i g n e d  to  i d e n t i f i e d  g eo lo g ic  

f e a t u r e s .  Some n o r t h w e s t - t r e n d i n g  d r a i n a g e s  a r e  l i n e a r  and  may be 

r e l a t e d  to  j o i n t s .

The n o r t h w e s t  o r i e n t e d  l i n e a r  b o r d e r i n g  t h e  Avon V a l l e y  n e a r  

G im le t  C reek  i n  S e c t i o n s  11 and 13 (T. 10 N., R. 9 W) i s  r e l a t e d  t o
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Figure  12. H a l f  r o s e  d i a g r a m  o f  l i n e a t i o n s  i d e n t i f i e d  by com pu te r  
enhancem ent  o f  a L a n d s a t  image o f  t h e  Warm S p r i n g s  Creek  
a rea .  Azimuths o f  t h e se  l i n e a t i o n s  have  been averaged  to  
t e n  degree  increments .  Northwest l i n e a t i o n s  dominate the 
a r e a ,  a l t h o u g h  a d i f f u s e  n o r t h e a s t  p a t t e r n  i s  a l s o  
apparen t .  The v a l u e s  r e p re se n te d  on the  c o n c e n t r i c  s c a l e  
a re  the  sum o f  l i n e a t i o n s  recognized  dur ing  t e n  s ep a ra te  
examinations  o f  the  Landsat image.
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Figure  13.  Map o f  l i n e a t i o n s  i n  th e  Warm Spr ings  Creek a re a ,  showing 
m a j o r  n o r t h w e s t  s t r i k i n g  s u b p a r a l l e l  l i n e a t i o n s  
r e p r e s e n t i n g  l a n d  fo rms  c r e a t e d  by n o r t h w e s t  s t r i k i n g  
s t r u c t u r a l  t r e n d s .  N o r t h e a s t  t r e n d i n g  l i n e a r s  r e p r e s e n t  
e i t h e r  d r a i n a g e s  fo rmed by n o r t h e a s t  s t r i k i n g  f a u l t s ,  o r  
consequent d ra inages  on land  s lo p e s  c o n t r o l l e d  by northwest 
s t r i k i n g  f o l d s  and f a u l t s  (compare w i th  P l a t e  2).



27

r a n g e  f r o n t  f a u l t i n g  f o r  o n l y  a s h o r t  d i s t a n c e .  T h i s  l i n e a r  i s  

obvious  a long  the  n o r th e a s t  s ide  of  th e  d ra inage  d i v i d e  between the  

Avon V a l l e y  and Warm S p r i n g s  Creek  ( F i g .  13).  F u r t h e r  t o  t h e  

nor thwest a normal f a u l t  which c ro s se s  G a l l a g h e r  Creek p a r a l l e l s  the  

p r o j e c t e d  s t r i k e  o f  t h e  l i n e a r .  A l t h o u g h  t h i s  f a u l t  d i e s  t o  t h e  

so u th ea s t ,  the  presence  o f  the  l i n e a r  between two f a u l t s  may i n d i c a t e  

s t r u c t u r a l  c o n t ro l  of  th e  e a s t e r n  range c r e s t .

Nor theas t  t r e n d in g  l i n e a r s  may be r e l a t e d  to  s e v e r a l  causes .  The 

l i n e a r  a l o n g  t h e  n o r t h e a s t - s t r i k i n g  s l o p e s  o f  t h e  r a n g e  n o r t h  o f  

G im le t  C reek ,  S e c t i o n  36 (T. 11 N., R. 9 W.) and  S e c t i o n  I (T. 10 N., 

R. 9 W.), i s  r e l a t e d  t o  r a n g e  f r o n t  f a u l t i n g .  The l a r g e  l i n e a r  

t r e n d i n g  n o r t h e a s t  b e tw ee n  E a s t  Brock  C reek  and Warm S p r i n g s  C reek  

S e c t i o n  I  (T. 10 N., R. 11 W.) and S e c t i o n  6 (T. 10 N., R. 10 W.) i s  a 

normal f a u l t .

Most n o r t h e a s t  t r e n d i n g  l i n e a r s  r e p r e s e n t  d r a i n a g e s  f l o w i n g  

n o r th e a s t  i n to  th e  Avon V a l l e y  or  southwest i n t o  th e  C la r k  Fork R iv e r .  

These a re  consequent d ra in ag es  f low ing  down s lo p e s  formed by f o l d s  and 

f a u l t s .  Exam ples  i n c l u d e  F in n  C reek ,  D a v i s  C reek ,  and L im e s to n e  

Canyon (Los t  Creek).

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

which p a r a l l e l  recognized  s t r u c t u r a l  t r e n d s  a r e  suspec ted  to  r e f l e c t  

j o i n t  p a t t e r n s  or minor f a u l t i n g  e x p l o i t e d  by e ro s io n .  For example,

t h i s  i s  b e l i e v e d  t o  be t h e  c a s e  f o r  t h e  l o w e r  Warm S p r i n g s  C reek
: -

d r a i n a g e ,  w h ich  p a r a l l e l s  t h e  t r e n d  of  t h e  Luke M o u n ta in  no rm a l

f a u l t s .
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Tec ton ic s

Late  Cre taceous to  E a r ly  T e r t i a r y  (Laramide) compression r e s u l t e d  

in  c r u s t a l  sho r ten in g  in  the  Northern  Rocky Mountains,  producing p r e -  

Eocene f o l d s  and f a u l t s  t h e  e a s t e r n  G a r n e t  Range (K auffman,  1963) .  

The Laramide orogeny d eve loped  in  response  to  B en io ff  subduct ion  o f  

o c e a n i c  c r u s t  b e n e a t h  t h e  w e s t e r n  edge o f  t h e  N o r th  A m er ican  p l a t e  

( B u r c h f i e 1 , 1981) .  S t r u c t u r e s  t y p i c a l  o f  t h i s  t e c t o n i c  e p i s o d e  i n  

w e s t e r n  Montana i n c l u d e  n o r t h - s o u t h  and n o r t h w e s t  o r i e n t e d  t h r u s t  

f a u l t s  w i t h  g e n e r a l l y  w e s t - d i p p i n g ,  l o w - a n g l e  f a u l t  p l a n e s  and 

eastward t r a n s p o r t  o f  t h r u s t  p l a t e s  (Ruppel and o t h e r s ,  1981). P o s t -  

Laramide tec ton ism  i s  c h a r a c t e r i z e d  by e x te n s io n  and the  development 

o f  no rm al  f a u l t s  w h ich  d i s r u p t e d  b u t  a l s o  e x p l o i t e d  s t r u c t u r a l  

p a t t e r n s  e s t a b l i s h e d  dur ing  e a r l i e r  t e c t o n i s m  ( H a r r i s o n  and o t h e r s ,  

1974).

T h ree  t e c t o n i c  e l e m e n t s  had  s i g n i f i c a n t  i n f l u e n c e  on t h e  

s t r u c t u r a l  s t y l e  o f  t h e  e a s t e r n  G a r n e t  Range d u r i n g  t h e  Laram ide  

orogeny. These in c lu d e :  I )  the  B e l t  Basin;  2) the  Montana Lineament; 

and 3) t h e  S a p p h i r e  P l a t e .  These  f e a t u r e s  a r e ,  r e s p e c t i v e l y :  I )  a 

P r e c a m b r i a n  s e d i m e n t a r y  b a s i n  w h ich  once  e n c l o s e d  much o f  w e s t e r n  

Montana and whose s t r u c t u r a l  e lem en ts  a re  b e l i e v e d  t o  have  in f l u e n c e d  

l a t e r  s t r u c t u r e s ;  2) a n o r t h w e s t  s t r i k i n g  s t r u c t u r a l  t r e n d  w hich  i s  

t r a n s v e r s e  to  more n o r t h e r l y  t r e n d s  i n  the  r e g io n ;  and 3) an eas tward  

t r a n s p o r t e d  t h r u s t  p l a t e ,  whose n o r th e r n  edge l i e s  in  the  a re a  mapped.

B e l t  Basin.  The Precambrian Y B e l t  Bas in ,  a rough ly  t r i a n g u l a r  

embayment i n  t h e  P r o t e r o z o i c  s h o r e l i n e  o f  the  C o r d i l l e r a n  g e o c l i n e
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( F i g .  1 4 ) ,  i s  b e l i e v e d  t o  h a v e  d e v e l o p e d  d u r i n g  a p e r i o d  o f  

e x t e n s i o n a l  t e c t o n i s m  ( H a r r i s o n  and o t h e r s ,  1974) .  F i g u r e  14 

i l l u s t r a t e s  p a r t s  o f  two m o d e l s  f o r  t h e  B e l t  B a s i n .  These  m o d e l s  

d i f f e r  as  t o  t h e  p o s i t i o n s  and o r i e n t a t i o n s  o f  d e p o s i t i o n s !  t roughs  

w i t h i n  t h e  b a s i n ,  b u t  e ach  s u g g e s t  t h e  p r e s e n c e  o f  e a s t - w e s t  o r  

n o r t h w e s t  d e p o s i t i o n s !  b a s i n s  ( o r  g r a b e n s )  w i t h i n  t h e  B e l t  B a s i n  

(Harr ison  and o t h e r s ,  1974; Winston, Persona l  Communication, 1982) .

A c c o r d i n g  t o  s t r a t i g r a p h i c  w o rk  by W i n s t o n  ( P e r s o n a l  

Communication, 1982) t h e r e  i s  ev idence  f o r  Precambrian growth f a u l t s  

i n  B e l t  s e d i m e n t a r y  r o c k s  a l o n g  a l i n e  w h ich  c r o s s e s  t h e  n o r t h e r n  

t h i r d  of  the  Warm Spr ings  Creek a r e a  map. This e a s t -w e s t  growth f a u l t  

r e p r e s e n t s  t h e  s o u t h e r n  edge o f  t h e  Ovando B lo c k  (F ig .  14).  The 

Ovando Block i s  the  deepes t  o f  s e v e r a l  f a u l t -b o u n d  sedim enta ry  b a s in s  

d e v e l o p e d  w i t h i n  t h e  B e l t  B e e in  d u r i n g  t h e  P r e o e m b r i e =  (W ins ton ,  

Persona l Communication, 1982).

The s t r u c t u r e  and s t r a t i g r a p h y  o f  the  B e l t  Basin has had a s t rong

i n f l u e n c e  on l a t e r  Laramide s t r u c t u r a l  f e a t u r e s  t h r o u g h o u t  w e s t e r n

Montana.  The B e l t  B a s i n  i n f l u e n c e d  such  f e a t u r e s  as  t h e  D i s t u r b e d

B e l t ,  the  Helena S a l i e n t ,  t h e  "Montana Lineament" and the  l o c a t i o n  o f

the  t h r u s t  b e l t  and f o r e l a n d  boundary in  southwest Montana (Harr ison

and o t h e r s ,  1974, McMannis, 1965; and Winston, Pe rsona l  Communication, 

1982).

Mon t a n a  Lin e a m e n t . The "Montana L in ea m e n t"  (Lewis  and C l a r k  

Line) i s  composed o f  a s e r i e s  o f  n o r t h w e s t - s t r i k i n g  s t r u c t u r e s  which 

t r e n d  n o r t h w e s t  from Coeur d 'A l e n e ,  Id a h o  t o  s o u t h  c e n t r a l  Montana
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Figure  14.  Map o f  t h e  P r e c a m b r i a n  Y B e l t  B a s i n  e x t e n s i o n a l  b a s i n  
dur ing  d e p o s i t i o n  o f  B e l t  Supergroup sediments.  S e v e r a l  
p r o p o s e d  i n t e r n a l  f e a t u r e s  o f  t h e  B e l t  B a s i n  a r e  
i d e n t i f i e d  on t h i s  f i g u r e ,  i n c lu d in g  th e  Helena Embayment, 
a d e e p l y  s u b s i d e d  p o r t i o n  o f  t h e  B e l t  B a s i n .  An 
a s s o c i a t e d  d e ep ly  subsided  e a s t -w e s t  or  nor thwest t r e n d in g  
t rough  nor thwes t  o f  th e  Helena Embayment has  been termed 
t h e  Coeur d 'A le n e  t r o u g h  ( H a r r i s o n  and o t h e r s ,  1974) o r  
the  Ovando Block (Winston, P e r so n a l  Communication, 1981). 
This deep t rough  r e c e i v e d  e s p e c i a l l y  t h i c k  accumula tions  
o f  s e d im e n t  d u r i n g  t h e  P r e c a m b r i a n .  The s t r u c t u r e  and 
s t r a t i g r a p h y  d e v e l o p e d  i n  t h e  B e l t  B a s i n  d u r i n g  t h e  
P r e c a m b r i a n  i n f l u e n c e d  l a t e r  (L a ram id e  and C enozo ic )  
t e c t o n i c s  (compare  w i t h  F i g u r e  11) .  The x i n d i c a t e s  t h e  
l o c a t i o n  o f  t h e  s t u d y  a r e a  ( m o d i f i e d  a f t e r  H a r r i s o n  and 
o t h e r s ,  1974; and Winston, P e r so n a l  Communication, 1981).
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(F ig .  11) (Kauffman,  1 963; Weidman, 1 965; and W in s to n ,  P e r s o n a l  

Communication, 1982).

In  t h e  Warm S p r i n g s  C reek  a r e a ,  t h e  Montana  L in eam en t  i s  

r e p r e s e n t e d  by t h e  " C l a r k  F o rk  Sag",  a s t r u c t u r a l  and t o p o g r a p h i c  

dep re ss ion  t r e n d in g  nor thwest between the  e a s t e r n  Garnet  Range and the  

F l i n t  Creek Range (Fig.  11). F o ld s  on e i t h e r  s id e  o f  t h i s  d e p re s s io n  

p l u n g e  tow ard  i t s  low a x i s ,  l o c a t e d  a few k i l o m e t e r s  s o u t h  o f  t h e  

C l a r k  Fork  R i v e r .  The i n f l u e n c e  o f  t h e  C l a r k  F o r k  Sag i n  t h e  Warm 

S p r i n g s  Creek  a r e a  i s  e v i d e n t  b o t h  i n  t h e  i n c r e a s i n g  p l u n g e  o f  t h e  

G a r r i s o n  a n t i c l i n e  t o  t h e  s o u t h e a s t ,  and t h e  G a r r i s o n  a n t i c l i n e s  

vergence to  the  sou thwes t .

F o l d s  w hich  a r e  c o n t i n u o u s  a c r o s s  t h e  C l a r k  F o r k  Sag r e v e r s e  

t h e i r  plunge and t h e i r  axes change t r e n d ,  j Fo lds  (and t h r u s t  f a u l t s )  

south of  the  C la rk  Fork Sag t r e n d  n o r th - s o u th ,  bu t  those  n o r th  o f  the  

Sag t r e n d  nor thwes t  (Fig.  11) (Weidman, 1965). This  westward bending 

o f  s t r u c t u r a l  t r e n d s  h a s  been  i n t e r p r e t e d  a s  i n d i c a t i v e  o f  l e f t -  

l a t e r a l  s i m p l e  s h e a r  f o r  t h e  a r e a  (Weidman, 1965).  The p a t t e r n  o f  

Laramide  s t r u c t u r e s  i n  t h e  Warm S p r i n g s  C reek  a r e a ,  w i t h  n o r t h w e s t  

s t r i k i n g  f o l d  a x e s  and t h r u s t  f a u l t s  and n o r t h e a s t  s t r i k i n g  no rm a l  

f a u l t s ,  w ou ld  s u p p o r t  i n t e r p r e t a t i o n s  of e i t h e r  n o r th e a s t - so u th w e s t  

compression o r  a l e f t - l a t e r a l  simple  shear  couple .

Southeas t  p lung ing  Laramide f o l d s  such as  the  G a r r i so n  a n t i c l i n e  

occur a long  a nor thwes t  l i n e a r  t r e n d  which ex tends  from M issou la  on 

t h e  w es t  t o  E l l i s t o n  on t h e  e a s t  ( H a r r i s o n  and o t h e r s ,  1974) .  T h i s  

t rend  r e p r e s e n t s  an im por tant p a r t  o f  th e  Montana Lineament, ex tending  

a long  p a r t  of  i t s  sou thern  border  (Fig.  11). R i g h t - l a t e r a l  s t r a i n  i s
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e v id e n t  a long  most o th e r  s t r u c t u r e s  on the  Montana Lineament. This  i s  

e s p e c i a l l y  t r u e  a t  the  major n o r t h w e s t - s t r i k i n g ,  r i g h t - l a t e r a l  o b l iq u e  

s l i p  f a u l t s  (south  s id e  down), which extend f o r  hundreds of  k i l o m e t e r s  

a long  the  Montana Lineament and which l a r g e l y  d e f in e  i t s  p o s i t i o n  and 

ex ten t  (Fig. 11) (Harr ison  and o t h e r s ,  1974; Ruppel and o t h e r s ,  1981). 

There fore ,  the  l e f t - l a t e r a l  s t r a i n  b e l i e v e d  i n d i c a t e d  by the  nor thwes t  

bend i n  f o l d s  c r o s s i n g  t h e  C l a r k  F o rk  Sag ,  r e p r e s e n t s  a s t y l e  o f  

s t r u c t u r e s  which a re  e x c e p t io n a l  to  the  r i g h t - l a t e r a l  s t r a i n  e lsewhere  

along the  Montana Lineament.

Sa p j h i r e  t h r u s t  g l a t e .  T h i s  t h r u s t  p l a t e  i s  b e l i e v e d  t o  h a v e  

been t r a n s p o r t e d  r e l a t i v e l y  e a s t w a r d  o v e r  60 k i l o m e t e r s  d u r i n g  t h e  

Laramide orogeny (Hyndman, 1979). Although the  F l i n t  Creek Range has 

t y p i c a l l y  been i d e n t i f i e d  as th e  n o r t h - e a s t e r n  corner  o f  th e  Sapphire  

p l a t e ,  a d e t a i l e d  s t r a t i g r a p h i c  and t e c t o n i c  s t u d y  o f  s o u th w e s t  

Montana (Ruppel and o t h e r s ,  1981) i n d i c a t e s  t h a t  th e  fo ld e d  P a le o zo ic  

rocks  of  the  e a s t e r n  Garnet  Range a re  p a r t  of  the  n o r th e r n  edge o f  the  

t h r u s t  p l a t e ,  which a p p a r e n t l y  ex tends  e a s t  o f  Warm Spr ings  Creek f o r  

another  20 k i lo m e te r s .  North o f  th e  Sapphire  P l a t e  a parautochthonous  

b l o c k  o f  P r e c a m b r i a n  B e l t  s e d i m e n t s  a p p e a r s  t o  h a v e  a c t e d  a s  a w e s t  

and northwest t r e n d in g  b u t t r e s s  which r e s t r i c t e d  the  n o r th e r n  edge o f  

the  t h r u s t  p l a t e  (Fig.  10) (Ruppel and o t h e r s ,  1981). B u t t r e s s i n g  o f  

t h e  S a p p h i r e  P l a t e  by t h e  G a r n e t  Range h a s  been  p r o p o s e d  by o t h e r  

g e o l o g i s t s  a t t em p t in g  to  e x p l a i n  th e  s t r u c t u r a l  p a t t e r n  of  th e  C la rk  

Fork Sag ( P o u l t e r ,  1954; McGill ,  1959; and Baken, 1981) .

D i s c u s s i o n .  The n o r t h e r n  edge  o f  t h e  La ram ide  S a p p h i r e  t h r u s t  

p l a t e  and the  sou thern  edge o f  the  Precambrian Ovando Block both  c ross
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the  n o r the rn  Warm Spr ings  Creek a r e a  near  the  S a l t  Gulch t h r u s t  f a u l t  

(W ins ton ,  P e r s o n a l  C om m unica t ion ,  1982; R uppe l  and o t h e r s ,  1981).  

Parautochthonous B e l t  s t r a t a  n o r th  of the  Sapphire  P l a t e  r e p r e s e n t  the  

t h i c k  Precambrian d e p o s i t s  on th e  down-dropped Ovando Block (Winston, 

Persona l  Communication, 1982).

A c c o rd in g  t o  W ins ton  (1 9 8 2 ) ,  L a ram ide  c o m p r e s s io n  u p l i f t e d  

P r e c a m b r i an  b l o c k s  c r e a t e d  by  B e l t i a n  e x t e n s i o n  i n  a m o u n t s  

p r o p o r t i o n a l  t o  t h e  d e g r e e  o f  s u b s i d e n c e  ( i . e . ,  t h i c k n e s s  o f  s t r a t a )  

dur ing  B e l t  Basin ex ten s io n .  I f  t h i s  were t r u e ,  u p l i f t  o f  B e l t  rocks  

w i th in  the  Ovando Block to  the  n o r th  would have occur red  to  a g r e a t e r  

degree than t o  the  south.  This  u p l i f t  cou ld  have  c r e a te d  the  west and 

northwest t r e n d in g  b u t t r e s s  o f  B e l t  rocks  which confined the  n o r th e rn  

edge o f  t h e  S a p p h i r e  P l a t e .  The w es tw a rd  bend i n  f o l d s  a p p r o a c h i n g  

the  n o r the rn  edge of th e  Sapphire  P l a t e  could  have deve loped  by l e f t -  

l a t e r a l  d r a g  a t  t h e  edge o f  t h e  c o n f i n e d ,  e a s t w a r d  t h r u s t  p l a t e .  

However, l e f t —l a t e r a l  s t r a i n  i s  not common a lo n g  th e  Montana Lineament 

except  a long  i t s  sou thern  boundary (H arr ison  and o t h e r s ,  1974). L e f t -  

l a t e r a l  s t r a i n  a l o n g  t h e  Montana L in eam en t  a t  t h e  C l a r k  F o rk  Sag 

occur red  w i th in  the  Sapphire  P l a t e  where the  Ovando Block conf ined  and 

deformed i t s  n o r th e rn  edge.

C or robora t ing  ev idence  f o r  a major  c r u s t a l  weakness c r o s s in g  the  

n o r th e rn  p a r t  of the  Warm Spr ings  Creek a rea  i s  p rov ided  by S t ickney  

(1978) .  His  work on c o n te m p o r a r y  s e i s m i c i t y  i n  w e s t e r n  Montana  

i n d i c a t e s  t h e  p r e s e n c e  o f  a deep  (1 5 -2 6  k i l o m e t e r s ) ,  a c t i v e  s e i s m i c  

zone which  t r e n d s  e a s t - w e s t  a c r o s s  t h e  Avon V a l l e y .  T h i s  zone i s  

a l i g n e d  w i th  the  n o r th e rn  edge o f  th e  Sapphire  P l a t e  and the  sou thern
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edge o f  t h e  Ovando B lo c k ,  and i s  a p p a r e n t l y  r e s p o n d i n g  t o  a r i g h t -  

l a t e r a l  s h e a r  c o u p l e .  R i g h t - l a t e r a l  s t r a i n  a l o n g  t h e  Montana 

Lineament d id  not end w i th  th e  Laramide orogeny, but con t inues  through 

the  Cenozoic (H ar r i son  and o t h e r s ,  1981) .

Cenozoic tec ton ism .  C o m p ress iv e  t e c t o n i c s  i n  t h e  Warm S p r i n g s  

Creek  a r e a  ended b e f o r e  t h e  e x t r u s i o n  o f  t h e  Eocene v o l c a n i c  r o c k s  

which unconformably o v e r l i e  Laramide s t r u c t u r e s .  During th e  Oligocene 

and M iocene ,  e x t e n s i o n a l  t e c t o n i s m  b e g an  t h r o u g h o u t  t h e  r e g i o n ,  

becoming t h e  dom inan t  p r o c e s s  s h a p i n g  Montana  g e o l o g y  by t h e  m id -  

Miocene (B u rch f ie1 , 1981; Chadwick, 1981). A c t iv e  e x te n s io n  may have 

begun a s  a r e s u l t  o f  d e v e l o p m e n t  o f  a t r a n s f o r m  b o u n d a ry  a t  t h e  

southweste rn  edge of  th e  North American c r a to n  when North America came 

in  c o n t a c t  w i t h  t h e  P a c i f i c - F a r a l l o n  s p r e a d i n g  c e n t e r  ( B u r c h f i e l ,  

1981). N o r th w e s t - s t r i k in g  normal f a u l t s  i n  the  H e l m s v i l l e  and Avon 

V a l l e y s  w hich  d e f i n e  t h e  n o r t h e a s t  c o r n e r  o f  t h e  r a n g e  may h a v e  

e x p l o i t e d  p r e - e x i s t i n g  n o r t h w e s t - s t r i k i n g  s t r u c t u r a l  weaknesses.

Although the  i n f l u e n c e  of  o l d e r ,  no r th w es t—o r i e n t e d  s t r u c t u r e s  on 

C enozo ic  f a u l t  p a t t e r n s  c o m p l i c a t e s  t h e  i n t e r p r e t a t i o n  o f  s t r e s s e s  

i n v o l v e d  in  Cenozoic f a u l t i n g ,  S t ickney  (1978) r e p o r t s  t h a t  a n a l y s i s  

o f  s e i s m i c  d a t a  i n  t h e  r e g i o n  s u g g e s t s  e i t h e r  n o r t h e a s t - s o u t h w e s t  

t e n s io n  or  r i g h t - l a t e r a l  shear  a r e  r e s p o n s i b l e  f o r  r e c e n t  s e i s m ic i ty .  

S e i sm ic i ty  in  the  Avon V a l l e y  i n d i c a t e s  r i g h t - l a t e r a l  motion a lo n g  a 

15 t o  26 k i l o m e t e r  deep  zone t r e n d i n g  e a s t - w e s t  a c r o s s  t h e  Avon 

V a l l e y ,  and n o r t h w e s t - s t r i k i n g  normal f a u l t s  producing seismic  e v e n t s  

from 6 to  15 k i lo m e te r s  dep th  (S t ic k n ey ,  1978).
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T e r t i a r y  motion may have exaggera ted  Laramide o f f s e t  i n  the  C la rk  

Fork Sag. Monoclinal  f o l d i n g  of  T e r t i a r y  sediments i n  th e  C la r k  Fork 

Sag on the  south f l a n k  of  the  Garnet Range near  Drummond (Gwinn, 1961) 

and s u s p e c t e d  no rm a l  ( s o u t h  s i d e  down) f a u l t i n g  i n  C r e t a c e o u s  u n i t s  

j u s t  .south of  the  a rea  mapped (H arr ison  and o t h e r s ,  1976), r e s u l t e d  in  

f u r t h e r  s t r u c t u r a l  d isp lacem en t  between th e  e a s t e r n  Garnet  Range and 

t h e  C l a r k  F o rk  Sag. T e r t i a r y  no rm a l  f a u l t i n g  i s  t h e  dom inan t  

s t r u c t u r a l  process  shaping the  p h y s i o g r a p h y  o f  t h e  modern  r a n g e s  i n  

the  a rea  and d e f in e s  the  n o r th e r n  and e a s t e r n  boundar ies  o f  the range.
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EASTERN GARNET RANGE VOLCANIC FIELD 

Regional Volcanism

Eocene v o lcanism s i m i l a r  to  t h a t  o f  t h e  Garnet Range occur red  in  

weste rn  Montana a f t e r  the  c e s s a t i o n  of  Laramide s t r u c t u r a l  a c t i v i t y *  

but p robab ly  c o n s i s t  of  arc-magmatic l a v a s  e rup ted  as  a l a t e  phase of  

E a r l y  T e r t i a r y  t e c t o n i s m .  E a r l y  T e r t i a r y  v o l can ism  i n  t h e  n o r t h  

American Rocky Mountains i s  b e l i e v e d  r e l a t e d  to  the  l a t e  Cre taceous 

and P a l e o c e n e  L a ram ide  o ro g e n y  a s  p a r t  o f  a m agmat ic  a r c  com plex  

l o c a t e d  i n l a n d  from t h e  L a ram ide  s u b d u c t i o n  zone t o  t h e  v e s t .  The 

Eocene v o l c a n i c s  i n  w e s t e r n  Montana  h a v e  been  i n t e r p r e t e d  as  

r e p r e s e n t in g  the  second of  two maxima o f  a r c  magmatism (80-60 m.y.b.p. 

and 54—45 nuy.b.p.) a s s o c i a t e d  w i th  B em o ff —type subduct ion  of oceanic  

c r u s t  b e n e a t h  t h e  N o r th  A m er ican  c r a t o n  ( B u r c h f i e l ,  1981; Chadwick, 

1981).  Nearby ig n e o u s  r o c k s  r e p r e s e n t i n g  t h e  f i r s t  p e r i o d  o f  a r c  

magmatism i n c l u d e  t h e  Id ah o  b a t h o l i t h ,  t h e  P h i l i p s b u r g  s t o c k ,  t h e  

Boulder  b a t h o l i t h  and r e l a t e d  E lkhorn  Mountains v o l c a n i c s ,  and members 

o f  t h e  G o ld e n  S p ik e  F o r m a t i o n  (Chadwick ,  1981).  The G o ld e n  S p ik e  

Formation i s  p re se rv e d  in  the  f o ld e d  s t r a t a  o f  the  C la rk  Fork Sag west 

o f  G a r r i s o n  and i s  b e l i e v e d  t o  r e p r e s e n t  d i s t a l  d e p o s i t s  o f  t h e  

Elkhorn  Mountains v o l c a n i c  f i e l d  (Gwinn and Mutch, 1961).

Figure  15 shows th e  l o c a t i o n s  and ages o f  s e v e r a l  in t e rm e d ia te  

composit ion v o l c a n i c  f i e l d s  s i m i l a r  to  the  e a s t e r n  Garnet Range f i e l d .  

The Lowland C reek  v o l c a n i c s  ( 5 4 - 4 8  m.y.b .p.)  a r e  l o c a t e d  a l o n g  t h e



5. Map o f  L a t e  C r e t a c e o u s  t o  M i d - T e r t i a r y  i g n e o u s  r o c k s  i n  
and n e a r  t h e  e a s t e r n  G a r n e t  R ange ,  i n c l u d i n g  age  d a t e s  
r e p o r t e d  f o r  s p e c i f i c  d e p o s i t s  o f  T e r t i a r y  v o l c a n i c  ro ck s .  
Late  C re taceous  igneous  i n t r u s i v e  (KI) and e x t r u s i v e  (Kv) 
r o c k s  w ere  p r o d u c e d  by L a r a m id e  a r c  m agm at i sm .  E a r l y  
T e r t i a r y  i g n e o u s  r o c k s  (TV s t i p p l e d  p a t t e r n )  r e p r e s e n t  
e i t h e r  b a s a l t - r h y o l i t e  v o l c a n i s m  r e l a t e d  t o  C e n o z o i c  
e x t e n s i o n a l  t e c t o n i c s ,  o r  a second p u l s e  o f  a r c  magmatism 
which c r e a t e d  i n t e r m e d i a t e  v o l c a n i c  ro ck s  such as th o s e  i n  
th e  e a s t e r n  G arne t  Range f i e l d  (m od i f ied  a f t e r  M e j s t r i c k ,  
w r i t t e n  c o m m u n i c a t i o n ,  1982 ;  Ross  and o t h e r s ,  1955 ;  and  
t h i s  a u t h o r .  Age d a t e s  a r e  f rom  D a n i e l  and B e rg ,  1981 ;  
M e j s t r i c k ,  p e r s o n a l  communica tion,  1981; and t h i s  a u t h o r .
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west edge of the  Boulder b a t h o l i t h .  These v o l c a n i c s ,  l i k e  th e  Garnet

Range f i e l d ,  h a v e  g e n e r a l l y  been  c o r r e l a t e d  w i t h  t h e  s econd  a r c  

magmatic maximum (Chadwick, 1981).

B a s a l t  and r h y o l i t e  v o l c a n i c s  which a r e  commonly a s s o c i a t e d  w i th  

e x te n s io n s !  t ec ton ism  (Chadwick, 1981) a re  p re s e rv e d  a lo n g  th e  C la rk  

Fork and L i t t l e  B lack foo t  R iv e r s  (Fig.  15). They range in  age from 29 

to  50 nuy.b.p., thus  g e n e r a l l y  pos t  d a t in g  the  i n t e rm e d ia te  v o l c a n i c s  

i n  t h e  G a r n e t  Range and Lowland Creek  f i e l d s  (C hadwick ,  1981).  

Ex tens iona l  v o lcan ism may a l s o  be r e p r e s e n te d  by th e  Helena  f i e l d  (36- 

40 m.y.b .p .) ,  c r o p p i n g  o u t  a s  e r o s i o n a l  r e m n a n t s  e x t e n d i n g  e a s t  from 

Avon to  McDonald Pass west o f  Helena (Chadwick, 1981).

The e a s t e r n  G a r n e t  R an g e  v o l c a n i c  f i e l d  l i e s  n e a r  t h e  

i n t e r s e c t i o n  o f  two l i n e a r  g e o l o g i c  t r e n d s .  These  t r e n d s  a r e  t h e  

Montana L in ea m e n t"  and t h e  " Id a h o - M o n ta n a  P o r p h y ry  B e l t "  ( F i g .  16) 

(Chadwick, 1981).  The G a r n e t  Range v o l c a n i c  f i e l d  i s  e l o n g a t e d  

n o r t h w e s t ,  p r o b a b l y  due  t o  s t r u c t u r a l  c o n t r o l  o f  t h e  f i e l d  by t h e  

northwest t r e n d in g  Montana Lineament.  The Garnet  Range v o l c a n i c s  l i e  

on the  northwest edge of  th e  Idaho-Montana Porphyry B e l t  as  de f ined  by 

Chadwick (1981) (Fig.  16). T h i s  n o r t h e a s t - t r e n d i n g  zone o f  p l u t o n i c  

p o rp h y r y  m e t a l  d e p o s i t s  and a s s o c i a t e d  i g n e o u s  r o c k s  r a n g e s  i n  age 

from 38 t o  69 m.y.b.p.  a t  i t s  s o u t h w e s t  end ,  t o  60 t o  69 m.y.b.p.  a t  

i t s  n o r t h e a s t  e n d .  T h i s  t r e n d  i s  b e l i e v e d  t o  r e p r e s e n t  t h e  

e x p l o i t a t i o n  o f  a n o r t h e a s t - t r e n d i n g  zone o r  zo n es  o f  s t r u c t u r a l  

weakness  by L a t e  C r e t a c e o u s  and E a r l y  T e r t i a r y  magmas (Chadwick ,  

1981).
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Montana
/  IDAHO-MONTANA 

PORPHYRY BELT
FrontalXZone 
Thruet  X Belt

Garnet  Range 
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Idaho
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Figure  16. The e a s t e r n  G a r n e t  Range v o l c a n i c  f i e l d  i n  r e l a t i o n  t o  
o t h e r  ig n e o u s  r o c k s  and s t r u c t u r a l  t r e n d s  i n  and n e a r  
w e s t e r n  Montana .  The Montana  L ineam en t  and t h e  I d a h o -  
Montana  P o r p h y r y  B e l t  i n t e r s e c t  n e a r  t h e  G a r n e t  Range,  
i n f l u e n c i n g  the  e a s t e r n  Garnet  Range v o l c a n i c  f i e l d .  The 
Montana L in eam en t  p r o v i d e d  s t r u c t u r a l l y  c o n t r o l l e d  
n o r t h w e s t  s t r i k i n g  t o p o g r a p h i c  t r o u g h s  i n  which  t h e  
v o l c a n i c s  were p r e s e r v e d ,  as w e l l  as  c r u s t a l  weaknesses 
e x p o l i t e d  by  e r u p t e d  l a v a s .  The c o m p o s i t i o n s  o f  
recognized  Idaho-Montana Porphyry B e l t  v o l c a n i c  rocks  a re  
s i m i l a r  t o  t h o s e  o f  t h e  e a s t e r n  G a r n e t  Range ( a f t e r  
Chadwick, 1981).
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The G a rn e t  Range v o l c a n i c s  a r e  o f  t h e  same g e n e r a l  age  and 

composit ion as the  nearby  Lowland Creek V o lcan ic s  (F ig .  15), which a re  

c o n s i d e r e d  p a r t  o f  t h e  Id a h o - M o n ta n a  Porphyry B e l t .  Th is ,  however,  

does not c l e a r l y  q u a l i f y  the  Garnet  Range v o l c a n i c s  as  a member of  th e

p o rp h y ry  b e l t ,  a l t h o u g h  t h e  s i m i l a r i t i e s  i n d i c a t e  t h a t  t h e  two 

v o l c a n i c  f i e l d s  a re  r e l a t e d .

Local Volcanism

- Most o f  the  n o r th e rn  h a l f  o f  the  t h e s i s  map a rea  i s  covered  by a 

sequence of  a l t e r n a t i n g  d e p o s i t s  o f  a n d e s i t e ,  d a c i t e .  and s i l i c e o u s  

t u f f s  ( P l a t e  2).  These  v o l c a n i c s  u n c o n f o r m a b I y  o v e r l i e  La ram ide  

s t r u c t u r e s  d e v e l o p e d  i n  P r o t e r o z o i c  t h r o u g h  M esozo ic  s e d i m e n t a r y  

r o c k s .  The v o l c a n i c s  a r e  d * t e d  a s  Eocene ,  a s  d e t e r m i n e d  by t h e  

p o t a s s i u m  a r g o n  w h o le  r o c k  method ( a n a l y s t ,  Te ledyne I so to p e s  Inc .) .  

An a n d e s i t e  s am p led  n e a r  Windy Rock ( s o u t h e a s t  1 / 4  s e c t i o n  15, T. 11 

N., R. 10 W.) y i e l d e d  an  age  o f  44.8 + 2.2 m.y. M e j s t r i c k  ( P e r s o n a l  

Communication, 1981) r e p o r t s  and age of  47 m i l l i o n  year s  f o r  a d a c i t e  

on Warm S p r i n g s  C reek  i n  s e c t i o n  31 ,  (T. 11 N., R. 9 W.) a l s o  d a t e d  by 

Teledyne Iso to p es  Inc. u s ing  the  whole  rock potass ium argon method.

The e a s t e r n  G a r n e t  Range v o l c a n i c  f i e l d  l i e s  i n  a n o r t h w e s t  

o r i e n t e d  s t r u c t u r a l l y  c o n t r o l l e d  v a l l e y ,  d e e p e n i n g  to w a rd  t h e  

s o u t h e a s t ,  w h ich  was f i l l e d  w i t h  v o l c a n i c s  d u r i n g  t h e  Eocene.  

V olcan ics  on the  e a s t e r n  margin o f  th e  f i e l d  ex tend from 2140 mete rs  

(7020 f e e t )  a l t i t u d e  down to  1524-1585 mete rs  (5080 f e e t ) .  This t h i c k  

sequence o f  v o l c a n i c s  i s  cut by normal f a u l t s  on th e  Avon V a l l e y  range 

f r o n t ,  so t h a t  an o b l iq u e  c ro ss  s e c t i o n  through the  v o l c a n i c - f i l l e d
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Eocene v a l l e y  i s  exposed. Along the  southwest t r e n d in g  margin of  the  

f i e l d ,  a l t i t u d e s  range from 1710 to  2135 m ete rs  (5610 to  7005 f e e t ) .

The e n t i r e  exposed v o l c a n i c  sequence ranges  in  t h i c k n e s s  from a 

few meters f o r  t u f f s  n e a r  Luke Mountain and a t  th e  e r o s i o n a l  margins

o f  t h e  f i e l d ,  t o  o v e r  600 m e t e r s  t h i c k  n e a r  G a l l a g h e r  C reek .  The 

average th ic k n e s s  i s  about 200 m e te r s .

This v o l c a n i c  f i e l d  i s  in  an advanced s t a t e  o f  e r o s io n  and l a ck s  

any r e l i c t  v o l c a n i c  morphology. A l a r g e r  and p e t r o g r a p h i c a l  Iy  s i m i l a r  

v o l c a n i c  f i e l d ,  p ro b ab ly  once contiguous w i th  the  e a s t e r n  Garnet  Range 

f i e l d ,  e x t e n d s  w e s tw a rd  from t h e  e a s t e r n  G a r n e t  Range ( F i g .  17) a s  

in d ic a ted  by numerous e r o s i o n a l  o u t l i e r s .  Some of  t h e se  o u t l i e r s  and 

p o r t i o n s  o f  t h e  f i e l d  n o r t h  o f  t h e  map b o u n d a ry  c o n t a i n  b a s a l t  and 

q u a r t z - l a t i t e  f l o w s  i n  a d d i t i o n  to  t h e  l i t h o l o g i e s  w i t h i n  t h e  a r e a  

mapped (M e js t r i c k ,  Pe rsona l  Communication, 1981).

P o s t - v o l c a n i c  no rm a l  f a u l t s  h a v e  o f f s e t  some p a r t s  o f  t h e  

v o l c a n i c  f i e l d .  The l a r g e s t  o f  t h e s e  a r e  t h e  n o rm a l  f a u l t s  w h ich  

def ine  the  Avon V a l l e y  range f r o n t ,  and th e  E e l m s v i l l e  V a l l e y  graben 

f a u l t  which  t o g e t h e r  t r u n c a t e  t h e  n o r t h e a s t  b o u n d a ry  o f  t h e  f i e l d .  

F i g u r e s  18,  19,  and 20 i l l u s t r a t e  t h e  v o l c a n i c  s t r a t i g r a p h y  and 

f a u l t i n g  of  these  v o l c a n i c  ro c k s .

The d a c i t e s ,  t u f f s ,  and a n d e s i t e s  o f  t h e  e a s t e r n  G a r n e t  Range 

v o l c a n i c s  were subd iv ided  i n t o  f i v e  mappable u n i t s :  d a c i t e  porphyry ,  

n o n - p o r p h y r i t i c  d a c i t e ,  d a c i t e  a u t o b r e c c i a ,  a n d e s i t e  and t u f f .  

Eruptions  o f  a n d e s i t e  and d a c i t e  o c c u r r e d  p e n e c o n t e m p o r a n e o u s l y ,  as  

evidenced by the  r e p e t i t i v e  and a l t e r n a t i n g  sequence of  a n d e s i t e  and 

d a c i t e  f low u n i t s .  A l t e r n a t i n g  e ru p t io n s  o f  a n d e s i t e  and d a c i t e  onto



Figure  17.  Map o f  T e r t i a r y  v o l c a n i c  r o c k s  i n  and n e a r  t h e  e a s t e r n  G a r n e t  Range , 
i l l u s t r a t i n g  th e  p rox im i ty  o f  the  e a s t e r n  Garnet Range v o l c a n i c  f i e l d  to  the  
s i m i l a r  f i e l d  to  t h e  west .  Both v o l c a n i c  f i e l d s  were once a s i n g l e  d e p o s i t  
which has s in ce  been h i g h l y  d i s s e c t e d  and eroded (modified a f t e r  M e j s t r i c k ,  
w r i t t e n  communication,  1982; Ross and o t h e r s ,  1955; and t h i s  au thor ) .

NJ
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an i r r e g u l a r  su r fa ce  r e s u l t e d  i n  an a n d e s i t e  b a s a l  u n i t  i n  some p l a c e s  

and a d a c i t e  b a s a l  u n i t  i n  o t h e r s .  D aci te  porphyry i s  the  lowest u n i t  

exposed  a t  t h e  f a u l t  bound e a s t e r n  m a r g in  o f  t h e  f i e l d ,  and i s  a l s o  

exposed  a t  t h e  l o w e s t  v o l c a n i c - s e d i m e n t a r y  b e d r o c k  c o n t a c t  i n  t h e  

a r e a ,  g i v i n g  t h e  i m p r e s s i o n  t h a t  d a c i t e  p o r p h y r y  was t h e  f i r s t  

v o l c a n i c  r o c k  t y p e  d e p o s i t e d  i n  t h e  a r e a .  T h i s  u n i t  i s  g e n e r a l l y  

o v e r l a i n  by an e x t e n s i v e  a n d e s i t e  u n i t ,  a  h i g h e r  s e q u e n c e  o f  d a c i t e  

f l o w s ,  a second  l a r g e  a n d e s i t e  u n i t ,  and a d a c i t e  p o r p h y r y  u n i t  

exposed  a t  t h e  t o p  o f  t h e  p i l e .  However ,  t h i s  g e n e r a l  s e q u e n c e  i s  

complica ted  by r a p i d l y  t h in n in g  u n i t s  and the  presence  o f  minor flows 

and t u f f s  which account  f o r  m iss ing  and e x t r a  u n i t s  i n  most l o c a t i o n s  

t h a t  co n ta in  good exposures  o f  the  sequence.  D ac i te  a u to b r e c c i a s  cut 

a c r o s s  most  o f  t h e s e  u n i t s  and a r e ,  t h e r e f o r e  y o u n g e r  t h a n  many o f  

them.

I n  t h e  w e s t e r n  p a r t  o f  t h e  map a r e a  ( P l a t e  2) a n d e s i t e  d i r e c t l y  

o v e r l i e s  pre-Eocene sedimenta ry  ro c k s ,  except near  th e  Four th  o f  J u l y  

Ridge where a t h i n  d a c i t e  b a s a l  u n i t  i n t e r v e n e s .  Sedimentary bedrock 

in  the  e a s t e r n  p a r t  o f  th e  a r e a  i s  m o s t ly  o v e r l a i n  by d a c i t e ,  a l th o u g h  

a n d e s i t e s  and t u f f s  i n  t h e  s o u t h e a s t  q u a r t e r  o f  t h e  map a r e a  form 

l o c a l  b a s a l  u n i t s .  Eros ion  has exposed P r o t e r o z o ic  u n i t s  o v e r l a i n  by 

a n d e s i t e  and d a c i t e  in  G a l l a g h e r  Creek. No a s s o c i a t e d  v o l c a n i c l a s t i c  

sedimentary u n i t s  d e r iv e d  from eroded v o l c a n i c  u n i t s  a r e  found in  th e  

Warm Springs  Creek a rea  o f  the  e a s t e r n  Garnet Range, a l th o u g h  p o o r ly  

in du ra ted  v o l c a n i c l a s t i c  T e r t i a r y  sands tones  occur i n  th e  Avon V a l l e y  

in  a s s o c i a t i o n  w i th  v o l c a n i c  cobb les  and a l l u v iu m .
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Dacite  porphyry.  D aci te  porphyry i s  the  most voluminous v o l c a n i c  

l i t h o l o g y  in  the  a rea .  I t  i s  composed o f  a t  l e a s t  t h r e e  d i s t i n c t  f low 

u n i t s  s e p a r a t e d  from eac h  o t h e r  by a n d e s i t e  and o t h e r  d a c i t e  f l o w s  

( F i g s .  18,  19,  and 20).  D a c i t e  p o r p h y r y  i s  an  a p h a n i t i c ,  r e d ,  g r e e n ,  

or gray ( l o c a l l y  banded) u n i t  co n t in in g  whi te  p l a g i o c l a s e  phenocrys ts .  

C o l o r  i s  i n d i c a t i v e  o f  t h e  d e g r e e  o f  a l t e r a t i o n ,  g r e y  b e i n g  l e a s t  

a l t e r e d  and red  r e p r e s e n t in g  p e r v a s i v e  h em at iza t io n .  Small  b i o t i t e  

f l a k e s  a re  common, w h i l e  hornb lende  o r  a l t e r e d  amphiboles a l s o  occur 

in  some samples.  This u n i t  weathers  i n to  b lo c k s  o r  p l a t e s ,  w i th  some 

outc rops  d ev e lo p in g  i n t o  hoodoos and s p i r e s .  I r r e g u l a r ,  s u b - p a r a l l e l  

j o i n t s  w i th  hematized su r f a c e s  appear to  have deve loped  by e x p l o i t i n g  

p l a n a r  m in e ra l  f low t e x t u r e s .  Flow u n i t s  a r e  10 t o  250 mete rs  t h i c k  

and a re  h o r i z o n t a l .

D a c i t e .  The n o n - p o r p h y r i t i c  d a c i t e  u n i t  a p p e a r s  t o  be a 

v a r i a t i o n  o f  t h e  d a c i t e  p o r p h y r y  u n i t .  A l t h o u g h  i t  i s  

p e t r o g r a p h i c a l  I y  s i m i l a r ,  i t  forms d i s t i n c t  f l o w  u n i t s .  T h ree  

s e p a r a t e  d a c i t e  f l o w  u n i t s  seem t o  be p r e s e n t .  Owing t o  t h e  s m a l l  

s i z e  of  e r o s i o n a l  remnants o f  th e se  d a c i t e  u n i t s ,  c o r r e l a t i o n  between 

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

could  not be e s t a b l i s h e d .  This  n o n - p o r p h y r i t i c ,  g rey ,  a p h a n i t i c  rock 

commonly c o n ta in s  b i o t i t e  f l a k e s ,  and in  p l a c e s  amphibole c r y s t a l s .  

I t  con ta in s  l e s s  than  10% p l a g i o c l a s e  p h enocrys ts ,  as compared to  more 

than  10% f o r  the  p o r p h y r i t i c  f lows .  Undula tory  j o i n t s  appear  to  have 

e x p l o i t e d  f l o w  p l a n e s  d e l i n e a t e d  by a l i g n e d  m i n e r a l s  i n  t h e  

groundmass. The non p o r p h y r i t i c  d a c i t e  forms n e a r l y  h o r i z o n t a l  f low 

u n i t s  5 to  100 mete rs  th i c k .
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D aci te  a u to b re c c ia .  The d a c i t e  a u to b re c c ia  i s  p e t r o g r a p h i c a l l y  

s i m i l a r  t o  t h e  h e m a t i z e d ,  r e d  d a c i t e  p o r p h y r y .  I t  i s  d i s t i n g u i s h e d  

from the  red porphyry by i t s  b r e c c i a t e d  t e x t u r e ,  i t s  th ic k n e ss  and i t s  

d isco rd an t  n a tu re .  F igu res  18, 19, and 20 i l l u s t r a t e  the  tendency o f  

t h e  a u t o b r e c c i a  t o  c u t  p e r p e n d i c u l a r l y  a c r o s s  t h e  l a y e r s  o f  t h e  

h o r i z o n t a l  f low and t u f f  u n i t s .  The b r e c c i a s  commonly form d ik e —l i k e  

b o d i e s  w i t h  a l e n g t h  t o  w i d t h  r a t i o  o f  a b o u t  t h r e e  t o  one .  These  

bodies  a re  i r r e g u l a r  masses up t o  230 mete rs  t h i c k ,  and u s u a l l y  l e s s  

than 1500 square  mete rs  in  map p la n .

Exposures of d a c i t e  porphyry a u to b re c c ia  a re  composed o f  b lo c k s  

o f  h ig h l y  hemat ized,  r e d  d a c i t e  porphyry (from I t o  1,000 c en t im e te r s  

maximum d im e n s io n )  e n c a s e d  i n  a m a t r i x  o f  r e d ,  c r y s t a l l i n e ,  d a c i t e  

porphyry which comprises about  25% of  th e  t o t a l  rock. These b r e c c i a s  

may h a v e  o r i g i n a t e d  by l a v a  p i c k i n g  up f r a g m e n t e d  a u t o b r e c c i a t e d  

d a c i t e  b l o c k s ,  f o r m in g  a d e p o s i t  o f  d a c i t e  f r a g m e n t s  i n  s l i g h t l y  

younger c r y s t a l l i n e  d a c i t e  m a tr ix .

A n d e s i t e .  The s econd  most  v o l u m i n o u s  v o l c a n i c  r o c k  t y p e  i s  

a n d e s i t e .  I t  i s  composed of  two major f low u n i t s  and s e v e r a l  t h i n n e r ,  

l e s s  e x t e n s i v e  f l o w  u n i t s .  The two m a jo r  f l o w  u n i t s  occupy  t h e  

e a s t e r n  and w es te rn  margins  o f  t h e  f i e l d  and a r e  s ep a ra ted  by s e v e r a l  

d a c i t e  and minor a n d e s i t e  f low u n i t s  ( P l a t e  2 and F igs .  16 and 17).

The a n d e s i t e s  a r e  a p h a n i t i c  and r a n g e  i n  c o l o r  from b l a c k  t o  

g r e y ,  and l e s s  commonly r e d .  H y p e r s t h e n e ,  a u g i t e ,  h o r n b l e n d e ,  and 

b i o t i t e  a r e  common a c c e s s o r y  m i n e r a l s ,  b u t  a r e  n o t  a l w a y s  

m egascop ica l Iy  v i s i b l e  due to  the  sm a l l  c r y s t a l  s i z e .  A ndes i te  f lows 

v a r y  from h i g h l y  v e s i c u l a r  t o  m a s s i v e  and w e a t h e r  i n t o  i r r e g u l a r
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masses,  b l o c k ,  and p l a t e s .  Some . c o r i a c e o u s  exposures  co n ta in  o p a l i n e  

amygdule f i l l i n g , .  Columnar j o i n t i n g  i .  r a r e ,  a l th o u g h  aome o u t c r o p ,  

e x h i b i t  column, up to  t h r e e  m e te r ,  i n  l e n g th  and tw e lv e  c e n t i m e t e r ,  

t h i c k .  Flow u n i t e  range from 10 to  225 m e te r ,  t h i c k .

Ho a n d e s i t e  e x t r u s i v e  c e n t e r  was fo und  w i t h i n  t h e  a r e ,  mapped,  

a l th o u g h  an eroded a n d e . i t e  cone i .  l o c a t e d  about 20 k i l o m e t e r ,  t o  the  

west in  a r e l a t e d  v o l c a n i c  f i e l d  which wa, p robab ly  once contiguous  

with  the  e a s t e r n  f i e l d  ( M e j . t r i c k .  Pe rsona l  Communication. 1982).

l u f f .  T u f f ,  a r e  g e n e r a l l y  composed o f  a c r y s t a l l i n e  m a t r i x  

s u r r o u n d i n g  f r a c t u r e d  o r  w h o l e  c r y s t a l s ,  and a r e  d . c i t i c  i n  

c o m p o s i t i o n .  T h i s  v a r i e t y  f o r m ,  i r r e g u l a r l y  s h a p e d ,  t h i n  f l o w  

d e p o s i t s  i n t e r b e d d e d  b e tw ee n  l a v a  f l o w  u n i t ,  o r  f o r ,  t h i n  b a s a l  

sh ee t s .  Although t u f f s  resem ble  d a c i t e  f l o w ,  m i n e r . l o g i c a l l y ,  they  

a re  commonly whi te  o r  e x h i b i t  h i g h l y  deve lo p ed  flow banding i n  shade,  

o f  t an ,  r e d .  and brown from .1 to  3 c e n t i m e t e r ,  t h i c k .

S m a l l  b a s a l  a sh  f a l l  t u f f  d e p o s i t s  n e a r  Deer  P a r k a n d  G r a v e l y  

Mountain d i s p l a y  a wide range o f  composi t ions  and t e x t u r e s .  V a r i e t i e s  

i n c lu d e  banded c r y s t a l  d a c i t e  t u f f ,  and l a p i l l i  t u f f ,  w i th  minor b l a c k  

v o l c a n i c  g l a s s  shard  accum ula t ions .  A l a p i l l i  t u f f  composed o f  501 

whi te  . c o r i a ce o u s  l a p i l l i  i n  a m a t r ix  o f  y e l lo w  unwelded v o l c a n i c  ash 

and angu la r  q u a r t s  fragments  dominates the  a r e .  south  o f  Deer Park .

Pe trography

The f i v e  v a r i e t i e s  o f  v o l c a n i c  r o c k s  r e c o g n i z e d  i n  t h e  G a r n e t  

Range ( a n d e s i t e ,  d a c i t e  p o r p h y r y ,  d a c i t e ,  d a c i t e  a u t o b r e c c i a ,  and 

t u f f )  a re  desc r ibed  below. The r e s u l t s  o f  m ic roscopic  examinat ion o f
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t h e s e  u n i t s  i s  summarized  i n  T a b l e s  I t h r o u g h  4. Rock t y p e s  and 

c o m p o s i t i o n s  w e r e  d e t e r m i n e d  t h r o u g h  m i c r o s c o p i c  p e t r o g r a p h i c  

techn iques  and chemical  a n a ly s i s#  M i n e r a l  p e r c e n t a g e s  i n d i c a t e d  i n  

T a b l e s  I t h r o u g h  4 a r e  b a s e d  on v i s u a l  e s t i m a t e s .  A n o r t h i t e  

p e r c e n t a g e s  i n  p l a g i o c l a s e  w e re  d e t e r m i n e d  u s i n g  t h e  M i c h e l  Levy 

M e th o d  ( M o o r e h o u s e ,  1 9 5 9 )  f o r  t h e  m o s t l y  unzoned  m i c r o s c o p i c  

groundmass l a t h s ,  and by de te rm in ing  the  r e f r a c t i v e  index o f  the  zoned 

macroscopic  phenocrys ts  (Slemmons, 1962). These te chn iques  supported  

t h e  mapping u n i t s  e s t a b l i s h e d  b a s e d  on f i e l d  r e l a t i o n s h i p s  and 

macroscopic minera logy.

The v o l c a n i c  u n i t s  o f  the  e a s t e r n  Garnet  Range a r e  d e sc r ib e d  in  

order  of  r e l a t i v e  abundance ( g r e a t e s t  t o  l e a s t )  i n  t h e  d e s c r i p t i o n s  

below. D ac i te  a u to b re c c ia s  a r e  s i m i l a r  to  o t h e r  d a c i t e  porphyry u n i t s  

m in e r s  l o g i c s  I l y ,  and do n o t  m e r i t  a s e p a r a t e  d i s c u s s i o n .  T h e i r  

m i n e r a l o g i c a l  c o m p o s i t i o n  i s  a d e q u a t e l y  d e s c r i b e d  by t h e  d a c i t e  

porphyry s e c t i o n  below.

Dacite  porphyry.  This  rock  co n ta in s  50-7OZ a p h a n i t i c  groundmass. 

Most o f  the  groundmass i s  composed o f  m icroscopic  p l a g i o c l a s e  l a t h s  

( o l i g o c l a s e - a n d e s i n e ) ,  b u t  i t  a l s o  i n c l u d e s  m i c r o s c o p i c  f i b r o u s  

amphibole,  b i o t i t e ,  m agne t i te  and in  some samples q u a r t z .  Macroscopic 

m i n e r a l o g y  i n c l u d e s  b i o t i t e ,  a m p h i b o l e ,  and euh ed ra l  t o  a n h e d r a l ,  

embayed, zoned, and p o l y s y n t h e t i c a l ly - tw inned  p l a g i o c l a s e  phenocrys ts  

( o l i g o c l a s e - a n d e s i n e )  which r e p r e s e n t  an e a r l y  c r y s t a l i z a t i o n  e v en t .  

B i o t i t e ,  amphibole and p l a g i o c l a s e  l a t h s  g e n e r a l l y  e x h i b i t  t r a c h y t i c  

t e x t u r e s  a r o u n d  t h e  l a r g e r  p l a g i o c l a s e  p h e n o c r y s t s .  D a c i t e



T a b le  I .  M ic r o s c o p ic  P e t r o g r a p h y  o f  e a s t e r n  G a r n e t  Range D a c i t e  P o r p h y ry .

MINERALS EARLY PLAGIOCLASE LATE PLAGIOCLASE AMPHIBOLE

Percentage 10-152 30-60% 0-152

Size 2x3mm-.5x1mm .lx.5mm to  .025x 
.25mm

.2xlmm to  . l x

Shape Euhedral to  anhe- 
d r a l  & embayed 
prisms

Euhedral l a th s F iberous to  
euhed ra l  p r i s ­
matic

Textures T ra ch y t ic T rachy t ic

Zoning Zoning

A l te ra t io n Kaol i n i t i z a t i o n , 
c l a y ,  m agneti te  
rimming

K a o l i n i t i z a t i o n ,
h e m a tiza t io n

F iberous amphi- 
bo le  & b i o t i t e  
pseudomorphs, 
h e m a t i t i z a t i o n ,  
m a g n e i t i te  rims

Twinning P o ly sy n th e t ic P o ly sy n th e t ic

In c lu s io n s M agnetite ■

A north ite
P ercen t­
ages

26-34% ( Pheno- 
c r y s t  popu la tion  
24-32% ( l a t h s )

BIOTITE MAGNETITE QUARTZ

0-1 52 .1-22 0-52

.2xlmm to  
.Ix.lmm

05.mm to  Imm • IHHD to
. 25mm

Subhedral
f la k e s

Euhedral F ra c tu re d ,  
an g u la r  an 
hed ra l

T rs c h y t ic

Hem atization  
c lay  m in e r a l i ­
z a t io n  m

Comments: E a r ly  p l a g io c l a s e  phenocrys ts  r e p re s e n t  an e a r l y  c r y s t a l i z a t i o n  ev e n t .  Red d a c i t e s  a r e  h ig h ly  o x id ized  
to  hem ati te  s ta in e d  c l a y  m in e r a l s ,  k a o l in iz e d  p l a g i o c l a s e  and a l t e r e d  b i o t i t e .



T a b le  2 .  M ic r o s c o p ic  P e t r o g r a p h y  o f  e a s t e r n  G a r n e t  Range D a c i t e

MINERALS EARLY
PLAGIOCLASE

LATE
PLAGIOCLASE

AMPHIBOLE BIOTITE QUARTZ FELDSPAR GLASS MAGNETITE

Percentage 0-10% 40-7 5% 5-20% 5-20% 0-1% 0-5% 0-15% 5%
Size 2x2mm-

.25x.75nnn
.25%.25mm- 
e025x.25mm

• 3 x 2tcd-  
. I x .Imm

#25x2mm- 
e 15x a I 5mm

I,2x1.5mm- 
e25x.7 5mm

5x5mm-
2.2mm

Sub-
microscopic

#I-a 025mm

Shape Euhedral to 
subhedral em­
bayed prisms

Euhedral lathe Fiberoue to 
euhedral

Euhedral
prismatic

Irregular
blebs

Euhedral to 
aub-hedral 
priamatic

Amorphous Euhedral
octohedral

Textures Trachytic
Fracturea

Trachytic
Fractures

Undulatory
extinction

Zoning Zoning Zoning rare

Alteration Kaolinization, 
sericite, 
magnetite, 
rimming .

Some hematite 
taericite;

- mostly along 
cleavage

Hematite, 
epidote, ill- 
menite, I 
actinolite 
pseudomerpe of 
hornblende, 
and augite

Hematized Secondary
quartz
rims,
calcite
embayments

Resorption? Partly al­
tered to 
clay & 
hematite

Twinning Polyaynthetic Polyeynthetic

Inclusions Magnetite Magnetite Magnetite 
hornblende 
biotite

Anorthite
Percentage

3 5 -38% Andeaine

-

Early plagioclaee phenocryets represent an early crystalleation event. Much of the amphibole may represent alteration 
of other mafic minerals. Sub-microscopic fractures are found in the plagioclase groundmass of some samples.



T a b le  3 .  M ic r o s c o p ic  P e t r o g r a p h y  o f  e a s t e r n  G a r n e t  Range A n d e s i t e

MINERALS PLAGIOCLASE AUGITE & 
HYPERSTHENE

AMPHI BOLE GLASS MAGNETITE

P ercentage 50-1OOZ 0-15% 0-1% 0-30% 1-5%

S ize .25x1.2mo-.05-.lmm .25x.25nmi .lx.25mm Sub-microscopic . 1 - . 025mm

Shape Euhedral l a th s Mostly e u h e d ra l ,  
some i r r e g u l a r  
a l t e r e d  c r y s t a l s

Fiberous
need les

Amorphous Euhedral
o c to h e d ra l

Tex tu res Flovage der ived  sub- 
p a r a l l e l  alignment

Zoning Occasional zoning

A l t e r a t i o n Rot common, c a l c i t e  Some h ig h ly  a l t e r e d  
rep lacem en t ,  k a o l i n i t e ,  rep la ce d  by second-  
s e r i c i t e  a ry  aophibole  and

c lay s

Replaced by 
b i o t i t e  and 
c a l c i t e

K a o l i n i t e ,
hem ati te

Twining P o ly sn th e t ic A ugite  tw inning

In c lu s io n s B i o t i t e ,  m a g n e t i te

A n o r tb i te
Percen tage

Highly v a r i a b l e  from flow to  flow; 21-51%; commonly about 31-33%, 
O lig o c lae e ,  Andesine, low sodium L a b ra d o r i te

Comments: Sub-microscopic f low s t r u c t u r e s  reach  h ig h e s t  development in  t h i s  u n i t .  Opal and chalcedony 
f i l l i n g s  in  some sc o r ia ce o u s  o r  f r a c tu r e d  u n i t e .  Sub-microscopic g l a s s  i s  u s u a l l y  s e v e r e l y  
• I t e r e d  o r  hem ati te  s t a in e d .  Two p e rc e n t  (.5-5 mm) c r y s t a l l i n e  q u a r t s  found in  one sam ple ,  i s  
n o t  r e p r e s e n t a t i v e  o f  e a s t e r n  G a r n e t  Range a n d e s i t e .  One f lo w  (S.V. 1 / 4  S e c t .  34  T. 11 N., R. 
9 W.) i e  much r e p l a c e d  by c a l c i t e  (35% by v o lu m e )  and may r e f l e c t  a l t e r a t i o n  by l a t e  o r  p o s t  
v o lc an ic  hydrotherm al f l u i d s  r e s p o n s ib le  fo r  eroded t r a v e r t i n e  and marl d e p o s i t s  nearby .



T a b le  4 .  M ic r o s c o p ic  P e t r o g r a p h y  o f  e a s t e r n  G a r n e t  Range T u f f s .

MINERALS FLAGIOCLASE 
PHENOCRYSTS

PLAGIOCLASE LATHS AMPHIBOLE BIOTITE GLASS MAGNETITE

Percentage 5-1OZ 75-85Z 0-5% 5-1OZ 0-5% O-IZ

Size 2x3nn-.25x.5mo .lx .  5n-.025x.lmm .75x.2mm .7 5 x ln - .0 2 5 x .ln Sub-
microscopic

.0 2 5 -.5mm

Shape Euhedral
prism atic

Euhedral la th s Euhedral 
prisma to  
rad ia tin g  
fiberoua
masses

Subhedral c ry s ta ls  
broken fragments

Amorphous Euhedral

Tezturea Often highly 
fractu red

Trachytic

Zonation Strongly
developed

A lte ra tio n A lte ra tio n  r is e ,  
e e r ic i te

K ao lin itiza tio n Fiberoua 
amphibole 
pseudomorphous 
a f te r  hornblende

Bematization Some epidote

Twinning Polysynthetic Polysynthetic •

A northite
Percentage

22-25% O ligoclase

Coonenta: The above ta b le  rep resen ts c r y s ta l l in e  tu f f s ,  the m ajority  of ea s te rn  Carnet Range tu f fs  are c r y s ta l l in e .  
Scoriaceous and l a p i l l i  tu f f s  sre  re s tr ic te d  to  the southeast portion  of the map. Most are h igh ly  a l te re d  
and now composed e n t ir e ly  of replacement m a te r ia l, c lay s , fiberoua amphibole, ep ido te, and some z e o li te s .  
Near Deer Park a l a p i l l i  tu f f  is  composed of SOZ white sco ria  to  pumice l a p i l l i  (.3-3an) in  a hem atite and 
lim e n ite  s ta in e d  ash m a trix . A ngu lar q u a r ts  fragm ents (.l-.Smm) and red  and brown c r y s t a l l i n e  h e m a tite  
pseudomorphe of b io t i te  ( .S n )  are c o n o n . -
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a u t o b r e c c i a s  a r e  s i m i l a r  t o  o t h e r  d a c i t e  p o r p h y r y  u n i t s  

m i n e r a l o g i c a l l y .

Andes i te .  The groundmass of  t h e se  a p h a n i t i c  u n i t s  a re  composed 

m o s t l y  o f  p o l y s y n t h e t i c a l I y  tw in n e d ,  e u h e d r a l ,  p l a g i o c l a s e  l a t h s .  

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

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

c o n s t i t u e n t s  i n c lu d e  pyroxenes,  m a g n e t i t e ,  and v o l c a n i c  g l a s s .  The 

p y ro x e n e s  (which  a r e  common i n  a n d e s i t e  u n i t s )  a r e  som et im es  l a r g e  

enough to  be d e t e c t e d  w i t h  t h e  naked  eye .  Most s a m p l e s  e x h i b i t  a 

s t rong  t r a c h y t i c  t e x t u r e .

Dacite .  The a p h a n i t i c  groundmass of d a c i t e s  comprise 70-90% of  

t h e  e n t i r e  r o c k .  Groundmass m i n e r a l s  i n c l u d e  p o l y s y n t h e t i c s I  I y  

tw in n e d  e u h e d r a l  p l a g i o c l a s e  l a t h s  ( a n d e s i n e ) ,  amorphous v o l c a n i c  

g l a s s ,  m a g n e t i t e ,  b i o t i t e  and a m p h i b o l e .  M a c r o s c o p i c  m i n e r a l o g y  

commonly in c lu d e s  a sm a l l  p o p u l a t i o n  o f  twinned corroded p l a g i o c l a s e  

p h e n o c r y s t s ,  p o t a s s i c  f e l d s p a r  p r i s m s ,  i r r e g u l a r  q u a r t z  b l e b s  and 

s m a l l  c r y s t a l s  o f  b i o t i t e  and am ph ibo I e .  Groundmass  m i n e r a l s  

g e n e r a l l y  e x h i b i t  t r a c h y t i c  t e x t u r e s  a round  t h e  l a r g e r  p l a g i o c l a s e  

c r y s t a l s .

T u f f s . T u f f s  v a r y  i n  c o m p o s i t i o n  more t h a n  any o t h e r  map u n i t .  

C r y s t a l l i n e  t u f f s  co n ta in  groundmass p l a g i o c l a s e  l a t h s  and phenocrys ts  

o f  o l i g o c l a s e ,  which may account f o r  up to  90% of  the  rock by volume. 

P l a g i o c l a s e  c r y s t a l s  a r e  m o s t ly  euhed ra l  l a t h s  and prisms up to  t h r e e  

m i l l i m e t e r s  a c ro ss  and many i n d i v i d u a l  g r a in s  a re  f r a c tu r e d .  Twinning
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and z o n in g  i s  common, e s p e c i a l l y  i n  t h e  p l a g i o c l a s e  p h e n o c r y s t s .  

B i o t i t e  i s  a common accesso ry  m i n e r a l ,  a l th o u g h  m agne t i t e ,  amphiboles ,  

and v o l c a n i c  g l a s s  a re  a l s o  found i n  some samples.  G la ss  shards  a re  

uncommon i n  t h i s  type o f  c r y s t a l  f low t u f f ,  which sometimes e x h i b i t s  

b a n d in g  i n  c o l o r s  o f  r e d ,  brown,  and t a n ,  r a n g i n g  from .1 t o  3 

c en t im e te r s  t h i c k .  ' Less common ash  f a l l  d e p o s i t s ,  co n ta in in g  g l a s s  

shards ,  a n g u la r  q u a r t z  fragments ,  and scor iaceous  l i t h i c  fragments  a re  

prominent near  Deer Park and e l sew here  nearby i n  the  so u th ea s t  p a r t  o f  

the  a re a  mapped.

D iscuss ion .  S e v e r a l  s i m i l a r i t i e s  w i th in  i n d i v i d u a l  l i t h o l o g i e s  

a r e  e v i d e n t .  A n d e s i t e s  c o n t a i n  t h e  h i g h e s t  p e r c e n t a g e  o f  t o t a l  

p l a g i o c l a s e  o f  any u n i t ,  a s  w e l l  a s  t h e  h i g h e s t  p e r c e n t a g e  o f  

s u b m i c r o s c o p i c  g roundm ass  m a t e r i a l .  Common a n d e s i t e  a c c e s s o r y  

m in e r a l s  i n c lu d e  a u g i t e  and h ype rs thene ,  w h i l e  d a c i t e  u n i t s  commonly 

co n ta in  b i o t i t e  and a l t e r e d  am ph ibo le s .  P l a g i o c l a s e  p h e n o c r y s t s  i n  

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

Subhedral  p l a g i o c l a s e  phenocrys ts  have a l t e r a t i o n  r im s,  a r e  corroded,  

and p r o b a b l y  r e p r e s e n t  an e a r l i e r  c r y s t a l l i z a t i o n  e v e n t  t h a n  t h e  

euhedra l  phenocrys ts .  S m a l l e r  l a t h s  of  p l a g i o c l a s e  e x h i b i t  t r a c h y t i c  

and f l o w  t e x t u r e s  a ro u n d  t h e  l a r g e r  p l a g i o c l a s e  p h e n o c r y s t s  and 

t h e r e f o r e  a r e  a l a t e r  g e n e r a t i o n .  Flow s t r u c t u r e s  a r e  common 

th roughout the  samples and a re  b e s t  deve loped  in  the  non-scor iaceous  

a n d e s i t e s  and in  some d a c i t e s .

Dark c o l o r e d  ( b l a c k  and d a r k  brown) a p h a n i t i c  e a s t e r n  G a r n e t  

Range v o l c a n i c s  were c a l l e d  a n d e s i t e  f o r  f i e l d  mapping purposes .  The
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l i g h t e r  c o l o r e d  ( r e d ,  g r e e n ,  and g r e y )  p o r p h y r i t i c  u n i t s  a r e  more 

s i l i c e o u s  and were termed l a t i t e  dur ing  f i e l d  mapping. However, the  

s i g n i f i c a n t  p ro p o r t io n s  of submicroscopic  and ex t rem ely  f i n e - g r a i n e d  

microscopic  s c a l e  groundmass m i n e r a l s  in  th e se  samples ,  made the  exac t 

de te rm in a t io n  of th e  modal m inera logy  of th e se  samples u n c e r t a i n .  The 

normative  m in e ra l  pe rcen tages  determined f o r  the  fo l l o w i n g  s e c t i o n  are  

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

r o c k  names n o t e d  a b o v e .  F i e l d  map u n i t s  b a s e d  on p h y s i c a l  r o c k  

c h a r a c t e r i s t i c s  a r e  r e f l e c t e d  i n  c h e m i c a l  c a t e g o r i z a t i o n s ,  and a r e  

t h u s  c o n f i rm e d  a s  d i s t i n c t  ro c k  t y p e s  a l t h o u g h  t h e  l i g h t e r  c o l o r e d  

u n i t s  proved to  be d a c i t e s  r a t h e r  than  l a t i t e s .

Chemical Ana lys is

S in c e  e a s t e r n  G a r n e t  Range v o l c a n i c s  c o n t a i n  a s i g n i f i c a n t  

p e r c e n t a g e  of  s u b - m i c r o s c o p i c  t o  n e a r l y  s u b m i c r o s c o p i c  groundmass  

m in e r a l s ,  and because SiOg percen tage  i s  a c o n s t r a i n t  o f  the  a n d e s i t e -  

b a s a l t  ca tegory  of  the  I.U.G.S. system, chemical  d a t a  were ob ta ined  in  

o r d e r  to  p r o v i d e  an  unambiguous  means o f  naming r o c k  t y p e s  b a s e d  on 

normative  m inera logy and chemical t r e n d s .  These d a ta  were the  f i n a l  

de terminant  o f  l i t h o l o g i c a l  c a t e g o r i e s  used in  t h i s  t h e s i s .

C hem ica l  d a t a  o b t a i n e d  from e i g h t  e a s t e r n  Garnet Range samples 

(Table  5) i n d i c a t e  t h a t  t h e se  rocks  have s i l i c o n  d iox ide  pe rcen tages  

t y p i c a l  o f  a n d e s i t e s  and d a c i t e s  when compared w i th  s i l i c o n  d iox ide  

percen tages  g e n e r a l l y  accep ted  f o r  t h e s e  ro c k  t y p e s  ( C a r m ic h a e l  and 

o t h e r s ,  1974).  The n o r m a t i v e  m i n e r a l o g y  o f  each  u n i t  ( T a b l e  6 ) was 

d e t e r m i n e d  by t h e  C.I.P.W. method ( J o h a n n s e n ,  1931).  When p l o t t e d  on



T a b le 5 . C hem ica l a n a l y s i s  o f  e i g h t  v o l c a n i c  r o c k  sa m p le s  t a k e n  from  t h e  e a s t e r n  G a r n e t  R ange .

SAMPLE
#

SiO2 AI2O3 Ti02 Fe2O3 FeO MnO CaO MgO K2O Na2O P2O5

I 55.34 17.26 1.07 3.15 3.6 1.3 6 .88 3.78 4.03 3.78 0.92
2 67.68 16.12 0.5 1.57 1.79 0.06 3.53 1.71 3.38 3.52 0.14
3 71.64 16.45 0.45 0.27 0.31 0.02 2.47 0.28 4.76 3.1 0.24
4 58.91 17.16 1.1 2.88 3.3 0.08 5.37 4.52 2.74 3.55 0.4
5 70.93 17.48 0.63 1.95 2.23 0.02 0.58 0.24 3.72 2.01 0.1

6 66.95 17.96 0.62 1.99 2.28 0.01 2.86 0.58 2.99 3.48 0.28
7 65.28 17.42 0.64 1.99 2.28 0.02 3.37 1.24 3.48 3.93 0.34
8 71.23 24.76 0.82 0.84 0.96 0.01 0.38 0.03 0.14 : 0.57 0 .22

1. Black, aphanitic andeeite from aouthweat 1/4 Section 34, T. 11 N., R. I V.
2. Gray, aphanitic dacite from aouthweat 1/4 Section 32, T. 11 N., R. 9 W.
3. Gray, elightly porphyritie to aphanitic dacite from aouthweat 1/4 Section 24, T. 11 F. R. 10 W.
4. Black aphanitic andeeite from aouthweat 1/4 Section 29, I. 11 N., R. 9 V.
5. Red porphyritie dacite from eoutheaet 1/4 Section 25, I. 11 H., R. 10 V.
6. Green porphyritie dacite from aouthweat 1/4 Section 14, T. 11 N. R. 10 W.
7. Gray, alightly porphyritie to aphanitic dacite from eoutheaet 1/4 Section 19, T. 11 N., R. 9 W.
8. Brown and tan banded dacite porphyrycryetal tuff from northweet 1/4 eection 16, I. 11 N., R. 9 W.
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the  I.D.G.S. c l a s s i f i c a t i o n  system (Fig.  21) the  more s i l i c i c  samples 

(which commonly c o n t a i n  b i o t i t e )  p l o t  a s  d a c i t e s ,  w h i l e  t h e  l e s s  

s i l i c i c  samples a r e  a n d e s i t e s .  The maf ic  minera logy  of  th e se  samples  

r e f l e c t s  t h i s  c a t e g o r i z a t i o n  s i n c e  d a c i t e s  commonly c o n t a i n  s m a l l  

b i o t i t e  o r  hornb lende  c r y s t a l s ,  w h i l e  pyroxene b ea r in g  a n d e s i t e s  a re  

o f t e n  found.

Table 6 . Normative m in e ra l  pe rcen tages  f o r  f i v e  e a s t e r n  Garnet Range 
v o lc a n ic  rock  samples.

SAMPLES

Z MINERALS I 2 4 6 7

Quartz — 23.1 7 .4 28.3 19.0
Orthoc lase 23.9 20.0 16.1 17.7 20.6
A lb i te 32.0 29.9 29.9 29.3 33.0
A n or th i te 18.1 17.5 22 .8 14.2 16.7
W ol la s to n i t e 6 .7 0 .2 1 .6 ■  ■ I

Corundum - - — .  - — — 3 .8 1.1
E n s t a t i t e 5 .8 4 .3 13.6 1 .4 3.1
F e r r o s i t i t e 4 .0 2 .0 3 .7 0 .2 2 .6
Magnet ite 4 .6 2 .2 4 .2 2 .9 2 .9

Deuter ic and p o s t - v o l c a n i c  hydro thermal a l t e r a t i o n  has p ro b ab ly

r e s u l t e d  in  ne t  changes i n  the chemistry  of some samples. e s p e c i a l l y

s a m p l e s  3 ,  5, and 8. These  m os t  s i l i c i c  s a m p l e s ,  which  c o n t a i n  no 

v i s i b l e  f r e e  q u a r t z ,  have  been s e c o n d a r i l y  en r iched  in  Si&g r e l a t i v e  

to  o t h e r  o x i d e s  t h r o u g h  a l t e r a t i o n .  Fo r  t h i s  r e a s o n  t h e s e  s a m p l e s  

were not used in  de te rm in ing  normative minera logy o r  chemical t r e n d s .

The v o l c a n i c s  o f  t h e  e a s t e r n  G a r n e t  Range a r e  " a l k a l i - c a l c i c "  

a c c o r d i n g  t o  t h e i r  " a l k a l i - l i m e  in d e x "  ( F i g .  22) (P e a c o c k ,  1931);  

B a r k e r  an d  A r t h ,  1 9 7 6 ) .  The s i l i c a  d i o x i d e ,  a l k a l i n e  o x i d e  

p e r c e n t a g e s  f o r  t h e s e  v o l c a n i c s  p l o t  in  both  the  c a l c - a l k a l i n e  and
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M t f l e  m i n e r a l s  l e t s  t h a n
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% of  8103 by w e i g h t

Figure  21. The I.U.G.S. c l a s s i f i c a t i o n  f o r  s i l i c a  s a t u r a t e d  a p h a n i t i c  
r o c k s  s i m i l a r  t o  t h o s e  i n  t h e  e a s t e r n  G a r n e t  Range. The 
c l a s s i f i c a t i o n  t r i a n g l e  i s  based on th e  modal minera logy  
o f  a p h a n i t i c  rocks ,  w h i l e  the  a n d e s i t e - b a s a l t  ca tegory  i s  
f u r t h e r  d i f f e r e n t i a t e d  by  m i n e r a l o g y  and  s i l i c a  
p e r c e n t a g e .  N o r m a t iv e  m inera logy  determined f o r  e a s t e r n  
G a rn e t  Range v o l c a n i c  r o c k s  p l o t  i n  t h e  d a c i t e  and t h e  
a n d e s i t e - b a s a l t  t r a p e z o id s  (from Eh le rs  and B l a t t ,  1982) .
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F igu re  22.  Graph o f  CaO and Na^O + K2O wA" a g a i n s t  S iO 2 f o r  f i v e  s a m p l e s  o f  e a s t e r n  
G a r n e t  Range v o l c a n i c  r o c k s .  The i n t e r s e c t i o n  o f  t h e  a l k a l i n e  and c a l c i u m  
o x i d e  l i n e s  d e t e r m i n e s  t h e  P e a c o c k  I n d e x  (P e a c o c k ,  1931) o f  a s u i t e  o f  
v o l c a n i c  rocks .  For the  e a s t e r n  Garnet Range v o l c a n i c  f i e l d  th e  Peacock Index 
i s  about 55-56% SiO2, i n d i c a t i v e  o f  an a l k a l i c - c a l c i c  s u i t e .  A c l a s s i f i c a t i o n  
d i s c r im in a t in g  between a l k a l i n e ,  c a l c - a l k a l i n e  and t h o l e i i t i c  rocks  (Barker  
and Ar th ,  1976) and based on K2 + Na2O "A" vs .  SiO2 i s  in  c l o s e  agreement w i th  
the  Peacock c l a s s i f i c a t i o n  f o r  e a s t e r n  Garnet  Range v o l c a n i c  rocks  s in ce  most 
e a s t e r n  Garnet Range rocks  p l o t  n ea r  the  border  between the  a l k a l i n e  and c a l c -  
a l k a l i n e  f i e l d s  of  t h i s  c l a s s i f i c a t i o n .  Both c l a s s i f i c a t i o n s  i n d i c a t e  t h a t  
t h e  e a s t e r n  G a r n e t  Range v o l c a n i c  f i e l d  c o n t a i n s  s u b - a l k a l i n e  r o c k s  whose  
percen tage  o f  a l k a l i n e  oxides  i s  h igh  (compare w i th  F igure  23) ( a f t e r  Barker 
and A r t h ,  I 976).
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a l k a l i n e  f i e l d  ( F i g .  22 )  o f  B a r k e r  and  A r t h  ( 1 9 7 6 ) .  B o th  

c l a s s i f i c a t i o n s  i n d i c a t e  a somewhat a l k a l i n e  s u i t e  of v o l c a n i c s .  An 

AFM diagram of  th e se  v o l c a n i c s  (Fig.  23) denotes  a c a l c - a l k a l i n e  s u i t e  

of  rocks  w i th  a somewhat a l k a l i n e  t r e n d .

O r ig in  o f  Volcanism

These s l i g h t l y  a l k a l i c  in t e rm e d ia te  v o l c a n i c s  may have deve loped  

from fu s io n  of  c o n t i n e n t a l  c r u s t .  C a l c - a l k a l i n e  b a s a l t  and r h y o l i t e  

v o l c a n i c  rocks  near  t h e  C la rk  Fork and L i t t l e  B U c k f o o t  R iv e r s  range 

from 29 to  50 m i l l i o n  y ea r s  in  age. Since the  r a d io m e t r i c  ages o f  the  

e a s t e r n  Garnet Range f i e l d  and th e se  o th e r  v o l c a n i c s  o v e r l a p ,  they  may 

be r e l a t e d .  The y o u n g e r  o f  t h e s e  n e a r b y  b a s a l t s  and r h y o l i t e s  a r e  

b e l i e v e d  to  r e p r e s e n t  r h y o l i t e - b a s a l t  v o lcanism g enera ted  du r in g  mid- 

T e r t i a r y  to  Recent e x t e n t i o n a l  t e c t o n i c s  (Chadwick, 1981), r a i s i n g  the  

p o s s i b i l i t y  t h a t  the  e a s t e r n  Garnet Range v o l c a n i c s  o r i g i n a t e d  dur ing  

e x t e n s i o n .  However ,  t h e s e  i n t e r m e d i a t e  c o m p o s i t i o n  c a l c - a l k a l i n e  

v o l c a n i c s  a re  too  o l d  to  be c o r r e l a t e d  w i th  m i d - T e r t i a r y  e x t e n s io n a l  

tec ton ism .

A l t e r n a t e l y ,  many g e o l o g i s t s  r e l a t e  Eocene  v o l c a n i c s  i n  t h e  

n o r th e rn  Rocky Mountains to  a r c  magmatism p r o d u c e d  d u r i n g  t h e  d y in g  

p h a s e s  o f  L a t e  C r e t a c e o u s  and P a l e o c e n e  o ro g e n y  ( B u r c h f i e l ,  1982; 

Lipman and o t h e r s ,  1972). I f  th e  e a s t e r n  Garnet Range v o l c a n i c s  have  

an a r c - m a g m a t i c  o r i g i n ,  t h e i r  s l i g h t  a l k a l i n i t y  and i n t e r m e d i a t e  

s i l i c a  c o n t e n t  may h a v e  e v o l v e d  t h r o u g h  a s s i m i l a t i o n  o f  c r u s t a l  

m a t e r i a l  or d i f f e r e n t i a t i o n  of the  r i s i n g  magma. The Laramide orogeny 

e v i d e n t l y  c r e a t e d  s t r u c t u r a l  and t o p o g r a p h i c  s a g s  o r  g r a b e n s  which
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Figure  23. This AFM diagram o f  v o l c a n i c  rocks  from th e  e a s t e r n  Garnet 
Range d e m o n s t r a t e s  t h e  c a l c - a l k a l i n e  n a t u r e  o f  t h e s e  
r o c k s .  A l t h o u g h  t h e s e  r o c k s  a r e  c a l c - a l k a l i n e ,  most 
s a m p l e s  c o n t a i n  enough a l k a l i n e  o x i d e s  t o  p l o t  n e a r  t h e  
border  between th e  a l k a l i c  and c a l c - a l k a l i n e  f i e l d s .
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a l low ed  p r e s e r v a t i o n  o f  the  e a s t e r n  Garnet Range v o l c a n i c s .  I t  i s  a l s o  

l i k e l y  t h a t  when r i s i n g  Eocene  magmas w ere  e r u p t e d  a s  l a v a  a t  t h e  

e a r t h ' s  s u r f a c e ,  t h e y  e x p l o i t e d  w e a k n e s s e s  d e v e l o p e d  d u r i n g  t h e  

Laramide orogeny. Eocene e a s t e r n  Garnet  Range v o l c a n i c  rock  p ro b a b ly  

o r i g i n a t e d  a s  magmas p r o d u c e d  a t  t h e  F a r a l l o n  p l a t e  w h ich  had  been  

s u b d u c te d  b e n e a t h  t h e  c r a t o n  d u r i n g  t h e  L a t e  C enozo ic  and E a r l y  

T e r t i a r y  dur ing  the  Pa leocene  Laramide orogeny. A lso  o f  a r c  magmatic 

o r i g i n ,  the  c a l c - a l k a l i n e  Lowland Creek v o l c a n i c  f i e l d  i s  s i m i l a r  in  

age and composi t ion to  the  Garnet Range d e p o s i t s  (F ig .  15). Since th e  

Lowland Creek v o l c a n i c s  a re  cons ide red  p a r t  of  the  n o r t h e a s t - t r e n d i n g  

Idaho-Montana Porphyry B e l t  (F ig .  16), t h i s  b e l t  may have i n f l u e n c e d  

the  placement o r  t im ing of  the  Garnet Range v o l c a n i c  e ru p t io n s .
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HYDROTHERMAL GEOLOGY

Hydrothermal d e p o s i t s  c o n s i s t i n g  of  s i n t e r  and t r a v e r t i n e  occur 

i n  s e v e r a l  p l a c e s  n e a r  Warm S p r i n g s  Creek  ( P l a t e  2).  T r a v e r t i n e  i s  

more common than s i n t e r ,  the  l a t t e r  being r e s t r i c t e d  to  sm a l l  d e p o s i t s  

s c a t t e r e d  throughout s e c t i o n s  26, 27, 34,  35,  T.  11 N . ,  R. 9 v .

A modern t r a v e r t i n e  d e p o s i t  i s  l o c a t e d  a t  the  south  edge o f  the  

g e o lo g ic  map ( P l a t e  2), where a w a t e r f a l l  a lo n g  Warm Spr ings  Creek i s  

d e v e l o p e d  o v e r  a hogback  o f  C r e t a c e o u s  s a n d s t o n e .  Warm w a t e r s  ( 2 3 -  

24°C) emerge a t  G a r r i so n  Warm Spr ings  from bedrock and a l l u v i u m  about 

one k i lo m e te r  upstream, but do not d e p o s i t  t r a v e r t i n e  u n t i l  they flow 

o v e r  t h e  f a l l s .  T h i s  may be t h e  r e s u l t  o f  a g i t a t i o n  o f  t h e  w a t e r  a t  

the  f a l l s ,  a l l o w i n g  CO2 to  escape ,  and r e s u l t i n g  i n  ca lc ium  carbona te  

d e p o s i t i o n  (Chadwick and Kaczmarek ,  1975).  The vuggy  t o  m a s s i v e  

m i c r o c r y s t a l l i n e  d e p o s i t  e x h i b i t s  h o r i z o n t a l  b e d d i n g ,  t r a v e r t i n e  

l a y e r i n g  and " s t r o m a t o l i t e  b e d d in g " .  T h i s  s t r o m a t o l i t e  b e d d i n g  

c o n s i s t s  of i r r e g u l a r ,  d isco n t in u o u s  l e n se s  and beds about t h r e e  to  

f i v e  c e n t i m e t e r s  t h i c k  and 50 t o  15 m e t e r s  h o r i z o n t a l l y  and w h ich  

pinch out l a t e r a l l y  ove r  o n ly  a few c en t im e te r s  d i s t a n c e .  Trapping of  

c a lc a re o u s  mud by green a lg a e  (which t h r i v e  in  th e  s tream) i s  p robab ly  

the  cause of the  i r r e g u l a r  bedding .

The volume o f  w a ter  f low in  Warm Spr ings  Creek i s  n o t i c e a b l y  l e s s  

i n  t h e  two k i l o m e t e r s  a b o v e  t h e  s p r i n g s  t h a n  i t  i s  f o r  t h e  n e x t  

s e v e r a l  k i l o m e te r s  upstream (Fig.  24). During summer months, the  two
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Figure  24.  D ia g ra m m at ic  c r o s s  s e c t i o n  o f  t h e  G a r r i s o n  warm s p r i n g s  w a t e r  c i r c u l a t i o n  
s y s t e m ,  showing t h e  p o r t i o n  o f  Warm S p r i n g s  c r e e k  a l o n g  w hich  much o f  t h e  
s treams f low  i s  underground. Water c i r c u l a t i n g  to  500 meters  below th e  land  
s u r f a c e  c o u l d  be h e a t e d  t o  t h e  t e m p e r a t u r e  r e c o r d e d  a t  t h e  s p r i n g s  ( 2 4 eC) 
w i t h o u t  n e e d i n g  t o  r e a c h  a s p e c i f i c  h e a t  s o u r c e  due to  h e a t i n g  by t h e  l o c a l  
geothermal g r a d i e n t  ( l eC/30 meters) .
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k i l o m e t e r  s t r e t c h  o f  s t r e a m  bed a b o v e  t h e  s p r i n g s  i s  u s u a l l y  d r y ,  

a l t h o u g h  w a t e r  r u n s  y e a r - r o u n d  i n  t h e  n e x t  t e n  k i l o m e t e r s  o f  s t r e a m  

above t h i s  two k i l o m e t e r  s t r e t c h .  Stream f low  s t a r t s  t o  d im in ish  in  

a l l u v i u m  in  the  creek bed a t  about the  M iss i s s ip p ian -D e v o n ia n  c o n ta c t  

( F ig .  24) .  The s p r i n g s  a r e  l o c a t e d  a t  t h e  t o p  o f  t h e  M i s s i s s i p p i a n  

s e c t io n ,  presumably because  f u r t h e r  s u b t e r r a n e a n  t r a v e l  dow nst ream  

(down d i p ,  up s e c t i o n )  i s  r e s t r i c t e d  by t h e  s h a l e s ,  c l a y s  and 

s i l t s t o n e s  h i g h e r  i n  t h e  s e c t i o n .  These  s p r i n g s  emerge from b o t h  

bedrock and a l l u v iu m .  This  i n d i c a t e s  t h a t  t h e  w a ter  o f  Warm Spr ings  

Creek passes  down th rough the  s tream bed a l l u v i u m  and i n t o  s o l u t i o n  

c h a n n e l s  i n  t h e  c a r b o n a t e  b e d r o c k .  W a t e r  c i r c u l a t e s  d e e p l y  

underground and emerges as  warm s p r in g s  where th e se  condu i ts  i n t e r s e c t  

the  su r face .  A s i m i l a r  s e t t i n g  (with  l e s s  deep c i r c u l a t i o n  o f  w a te r s )  

on  L o s t  C r e e k  a c c o u n t s  f o r  d r y  s t r e t c h e s  o f  s t r e a m  b e d  i n

M is s i s s ip p i a n  bedrock and c o ld  sp r in g s  near  the  top  of the  P a le o z o ic  

s e c t i o n .

Water i n  t h e  Warm S p r i n g s  C reek  sy s tem  i s  p r o b a b l y  h e a t e d  by 

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

g e o t h e r m a l  g r a d i e n t  p r e s e n t  i n  s o u t h w e s t  M ontana ,  r a t h e r  t h a n  by 

c i r c u l a t i o n  w i t h i n  a s p e c i f i c  h e a t  s o u r c e  such  as  a c o o l i n g  magma 

chamber. Water need o n ly  c i r c u l a t e  from four  to  f i v e  hundred meters  

depth in  o rde r  to  h e a t  from average  ground w a te r  tem pera tu re  ( S - I l eC) 

to  the  observed  tem pera tu re  (23-24eC), assuming a geothermal  g r a d i e n t  

o f  l ° C / 3 0  m e t e r s ,  t h e  a p p r o x i m a t e  g e o t h e r m a l  g r a d i e n t  a t  B u t t e  

(Chadwick and Kaczmarek, 1975).
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T here  a r e  s e v e r a l  o t h e r  t r a v e r t i n e  d e p o s i t s  e l s e w h e r e  i n  t h e  

a rea ,  but none a re  th e  r e s u l t  o f  modern hydro thermal  a c t i v i t y .  These 

d e p o s i t s  a r e  o l d e r  t h a n  t h e  d e p o s i t  d e s c r i b e d  a b o v e ,  and may h a v e  

o r i g i n a t e d  from geothermal f l u i d s  d e r iv e d  from th e  Eocene v o l c a n i c s .  

For  e x a m p le ,  t h e r e  i s  a c o n s p i c u o u s  f o s s i l - r i c h  t r a v e r t i n e  d e p o s i t  

a long  Warm Spr ings  Creek west  o f  G ra v e ly  Mountain.  Gastropod f o s s i l s  

and  c h a o t i c a l l y  d i s t u r b e d  b e d d i n g  c h a r a c t e r i z e  t h e  d e p o s i t ,  

and beds average  3 t o  50 c e n t im e te r s  t h i c k .  This d e p o s i t  i s  composed 

o f  c o a r s e l y  c r y s t a l l i n e  c a l c i u m  c a r b o n a t e ,  u n l i k e  t h e  f i n e l y  

c r y s t a l l i n e  ca lc ium  carbona te  o f  the  modern d e p o s i t .  The l a r g e r  (5 t o  

15 mm diameter )  c r y s t a l s  o f  the  o l d e r  d e p o s i t  may be r e s u l t  o f  pos t  

d e p o s i t i o n a l  r e c r y s t a l l i z a t i o n  which a l s o  produced i n d i s t i n c t  bedding 

in  many p a r t s  o f  t h e  mound. The d r a i n a g e  o f  Warm S p r i n g s  C reek  

appears  to  have  been d e f l e c t e d  by the  growing mound, s in ce  the  c reek  

bends  a ro u n d  t h e  edge o f  t h e  mound ( P l a t e  2) .  However ,  t h e  mound i s  

n o t  a r e c e n t  f e a t u r e .  No h o t  s p r i n g s  e m in a t e  from t h e  mound, and a 

k a r s t  t o p o g r a p h y  and s o i l  h a v e  d e v e l o p e d  on i t s  s u r f a c e .  A s a m p le  

taken  from the  d e p o s i t  i s  o l d e r  than  th e  40,000 y ea r  age l i m i t  o f  th e  

C arb o n -1 4  d a t i n g  t e c h n i q u e  ( T e l e d y n e  I so to p es  Inc . ,  1982). However, 

the  mound i s  a t  l e a s t  s l i g h t l y  younger than  th e  Eocene v o l c a n i c s  i t  

o v e r l i e s .  S e v e r a l  c o ld  s p r in g s  a t  the  base o f  the  mound a re  recharged  

i n  marshy  l a n d  and a s i n k h o l e  pond a t  t h e  t o p  o f  t h e  mound. The 

d e p o s i t  has been s t r i p  mined i n  the  p a s t  f o r  i t s  h i g h - p u r i t y  ca lc ium  

carbonate  used in  p ro c e ss in g  sugar b e e t s .

At A n t e l o p e  H i l l  i n  t h e  Avon V a l l e y  ( P l a t e s  I and 2) an 

i n t e r e s t i n g  r e l a t i o n s h i p  b e tw ee n  s i l i c e o u s  and c a l c a r e o u s  u n i t s  i s
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found. T r a v e r t i n e  caps t h e  h i l l ,  o v e r l y i n g  a s i l i c i f i e d  m ar l  which 

i t s e l f  o v e r l i e s  an u n s i l i c i f i e d  m a r l .  This in  t u r n  o v e r l i e s  T e r t i a r y  

sedimentary d e p o s i t s .  These d e p o s i t s  p ro v id e  a p a r t i a l  h i s t o r y  of  the  

n a tu re  and sequence of  hydro thermal w a te r s  a t  An te lope  H i l l  and g iv e s  

t h e  o v e r a l l  i m p r e s s i o n  o f  a l t e r n a t i n g  p h a s e s  o f  s i l i c e o u s  and 

c a l c a r e o u s  h y d r o t h e r m a l  a c t i v i t y .  These  d e p o s i t s  commonly c o n ta in  

r e c r y s t a l l i z e d  ( c a l c i t e  o r  s i l i c a )  g a s t r o p o d  s h e l l s  and wood 

fragments .

The e a s t  s i d e  o f  t h e  r a n g e  c o n t a i n s  numerous s i n k h o l e s  p l u s  

d e p o s i t s  o f  t h i n ,  g a s t r o p o d - b e a r i n g  t u f a  T e r t i a r y  m a r l s .  T e r t i a r y  

s i n t e r  d e p o s i t s  an d  g r a v e l .  D i s c o n t i n u o u s  p a t c h e s  o f  e ro d e d  

t r a v e r t i n e  d e p o s i t s  s t r e t c h  s o u t h  f rom  D a v i s  C reek  t o  t h e  s o u t h e r n  

edge o f  t h e  a r e a  mapped. S i n t e r  d e p o s i t s  b e tw ee n  D a v i s  and G i m l e t  

Creeks occur as s m a l l  ou tc rops  o f  l i g h t  g rey ,  f i n e - g r a i n e d  s i l i c a  i n  

fo rm less  masses,  b e l i e v e d  to  be the  eroded remains  o f  l a r g e r  s i n t e r  

d e p o s i t s .  These  u n i t s  a r e  v e r y  h a r d  and c o n t a i n  numerous  h e m a t i t e  

s t a i n e d ,  s i l i c a - h e a l e d  f r a c t u r e s .

S i l i c i f i c a t i o n  h a s  a f f e c t e d  z o n es  i n  f a u l t  b r e c c i a s  and a l o n g  

p l a n a r  v e r t i c a l  zones up t o  75 mete rs  t h i c k  and s e v e r a l  k i l o m e t e r s  i n  

l en g th .  Not a l l  f a u l t  b r e c c i a s  a re  s i l i c i f i e d ,  bu t  long s t r e t c h e s  o f  

f a u l t  b r e c c i a s  i n  c a r b o n a t e  b e d r o c k  h a v e  b e en  h i g h l y  i n d u r a t e d  by 

f i n e - g r a i n e d  s i l i c a  w hich  h a s  t o t a l l y  r e p l a c e d  t h e  f r a g m e n t s  o f  

carbonate  rock in  th e  b r e c c i a s  and i n f i l l e d  the  i n t e r s t i c e s  between 

b r e c c i a  f r a g m e n t s  w i t h  f i n e - g r a i n e d ,  d e n se  s i l i c a .  Some o f  t h e s e  

v e r t i c a l  s i l i c i f i e d  b r e c c i a  zones a r e  not l o c a t e d  where f a u l t i n g  i s  

c l e a r l y  d e m o n s t ra t ab le ,  but some cause s l i g h t  o f f s e t  o f  a d jac e n t  beds
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or a re  r e l a t e d  to  f o l d s .  These s i l i c i f i e d  b r e c c i a s  a re  u s u a l l y  b r i g h t  

red to brown or g rey-whi te  i n  c o l o r .

The zones of  s i l i c i f i e d  b r e c c i a  should  no t  be confused w i th  zones 

o f  r e d  bedded c h e r t  and r e d  c h e r t  b r e c c i a s  w h ich  o c c u r  i n  t h e  u p p e r  

M i s s i s s i p p i a n  M i s s i o n  C an y o n  L i m e s t o n e  a n d  r e p r e s e n t  l a t e  

M i s s i s s i p p i a n  k a r s t  f o r m a t i o n  (Kauffm an ,  1963) .  The M i s s i s s i p p i a n  

che r t  i s  d i s t i n g u i s h e d  from s i l i c i f i e d  b r e c c i a s  by i t s  bedded n a tu r e ,  

by t h e  l a c k  o f  a f i n e - g r a i n e d  s i l i c a  m a t r i x  i n  t h e  b r e c c i a t e d  

M is s i s s ip p i a n  c h e r t s ,  and by the  r e s t r i c t i o n  o f  M i s s i s s i p p i a n  c h e r t s  

to  l e n t i c u l a r  masses l e s s  than  50 meters  t h i c k ,  p a r a l l e l  to  bedd ing,

a s  c o n t r a s t i n g  t o  b e i n g  v e r t i c a l l y  e x t e n s i v e ,  and c u t t i n g  a c r o s s  

sedimentary u n i t s .
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ECONOMIC POTENTIAL 

Mineral  Resources

Phosphate r i c h  rock a t  the  base of  the  Phosphoria  Formation has 

been  mined i n  t h e  a r e a  s i n c e  t h e  b e g i n n i n g  o f  t h e  c e n t u r y  ( P a r d e e ,  

1916).  A m a jo r  mine o p e r a t e d  by Cominco A m er ican ,  I n c .  i s  l o c a t e d  

where Warm Spr ings  Creek c ro s se s  the  Phosphoria  Formation.  The Relyae  

Mine o p e r a t e s  on t h e  s o u t h  s i d e  o f  t h e  r a n g e  a b o u t  t h r e e  k i l o m e t e r s  

n o r t h w e s t  o f  t h e  Cominco o p e r a t i o n  ( s o u t h w e s t  1 / 4  S e c t i o n  12, T. 10 

N., R. 10 W.). A d e c r e a s e  i n  p h o s p h a t e  c o n t e n t  and an a s s o c i a t e d  

change  to  a more sandy  f a c i e s  o c c u r s  i n  t h e  f o r m a t i o n  w e s t  o f  Brock 

Creek  and r e p r e s e n t s  a change  t o  a n e a r s h o r e  e n v i r o n m e n t  and a 

decrease  in  v a l u e  as a phosphate  ore .

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

manganese  o x i d e ,  a l t h o u g h  i t  i s  t o o  s m a l l  t o  be  o f  economic  u s e .  In  

u p p e r  E a s t  Brock  C reek  ( S e c t i o n  20, T. 11 N., R. 10 W.), n e a r  f a u l t s  

i n  the  Hasmark Formation c a r b o n a t e s ,  a r e  i n t e n s e l y  s i l i c i f i e d  zones  

which have produced a s i l i c a - r i c h  g o s s a n - I ike  f l o a t  where weathered.  

T h i s  f l o a t  i s  what a t t r a c t e d  p r o s p e c t o r s  t o  d i p  two s h a l l o w  a d i t s ,  

numerous p ro sp ec t  p i t s ,  and a  sm a l l  s h a f t  t h e r e .  I n  t h e se  workings,  

the  h o s t  d o lo m i te s  can be seen  t o  c o n ta in  concordant l e n s e s  o r  v e i n s  

o f  s i l i c a  one  t o  tw e n ty  c e n t i m e t e r s  t h i c k ,  and f i v e  t o  t h i r t y  

c e n t i m e t e r s  i n  l e n g t h  ( v e i n s  may r e a c h  s e v e r a l  m e t e r s  i n  l e n g t h ) .  

These q u a r t z  d e p o s i t s  c o n ta in  e i t h e r  mass ive  milky  q u a r t z ,  o r  in  some
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exposures  c l e a r  q u a r t z  c r y s t a l s  up t o  th r e e  cen t im e te r s  i n  l en g th .  A 

h e m a t i t e - m a n g a n e s e  o x i d e  r i n d  s u r r o u n d s  some q u a r t z  b o d i e s .  Some

c o n t a i n  s m a l l  ( .5  t o  4 mm2) p o c k e t s  o f  c u p r i f e r o u s  m i n e r a l s  such  a s  

m a la ch i t e .

P l a c e r  g o ld  d e p o s i t s  a long  Gold Creek were mined i n  the  mid 19th 

c e n t u r y .  The mouth o f  t h i s ' c r e e k  i s  a b o u t  a  k i l o m e t e r  n o r t h w e s t  o f  

Warm S p r i n g s  Creek  a l o n g  t h e  C l a r k  F o rk  R i v e r  ( P l a t e  I ) .  I t  d r a i n s  

the  F l i n t  Creek range to  th e  sou th  and does no t  i n d i c a t e  th e  presence

o f  g o ld  o re  in  the  Garnet Range. Mining has  been abandoned th e r e  fo r  

many decades .

Geothermal F lu id s

S u r f i c i a l  t r a v e r t i n e  and s i n t e r  d e p o s i t s  fo und  t h r o u g h o u t  t h e  

a r e a  p r o v i d e  e v i d e n c e  o f  p a s t  w i d e s p r e a d  h y d r o t h e r m a l  a c t i v i t y .  

P re se n t  a c t i v i t y  a t  the  s u r f a c e  i s  r e s t r i c t e d  to  the  few warm sp r in g s  

a l o n g  Warm S p r i n g s  Creek .  T h e i r  t e m p e r a t u r e  i s  o n l y  24"C, n o t  h o t  

enough to  d e v e lo p  f o r  hydrothermal  energy. No v o l c a n i c s  nearby a re  

young enough t o  i n d i c a t e  a s t i l l  c o o l i n g  magma chamber a s  a h e a t  

s o u r c e .  The s o u r c e  o f  h e a t  i s  c o n s i d e r e d  t o  be t h e  c i r c u l a t i o n  o f  

w a ters  through the  l o c a l  geothermal g r a d i e n t  o f  about I "C/30 meters  

(Chadwick and Kaczmarek ,  1975).  I t  i s  u n l i k e l y  t h a t  t h e  r e s e v o i r  

tempera ture  a t  th e  base o f  t h i s  c i r c u l a t i o n  system i s  any warmer than

t h a t  o f  the  tem pera tu re  (24"C) e l sew here  i n  th e  r e g io n  a t  t h a t  depth  

(400 -500  m e te rs ) .
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CONCLUSIONS

• ?
The most o b v i o u s  s t r u c t u r e  n e a r  Warm S p r i n g s  C reek  i s  t h e

G arr i son  A n t i c l i n e ,  one of  a s e r i e s  o f  asymmetric (southwest  v e rg e n t )

so u th ea s t  p lung ing  Laramide f o l d s  t r e n d in g  northwest from E l l i s t o n  to

Bearmouth .  Laram ide  n o r t h e a s t - s t r i k i n g  e x t e n s i o n a l  f a u l t s ,  and
♦

n o r t h w e s t - s t r i k i n g  compress ionsI  f a u l t s  occur in  a s s o c i a t i o n  w i th  the  

f o l d i n g .  These  s t r u c t u r e s  d e v e l o p e d  i n  r e s p o n s e  t o  a n o r t h e a s t -  

o r i e n t e d  compress ive ax i s  of s t r e s s  ( a  I ) .

N o r t h w e s t - s t r i k i n g  f o l d  a x e s  and f a u l t s  a r e  r e l a t e d  t o  t h e  

Montana Lineament,  a n o r t h w e s t - s t r i k i n g  s t r u c t u r a l  t r e n d  t r a n s v e r s e  to  

o t h e r  s t r u c t u r a l  t r e n d s  i n  t h e  r e g i o n .  The C l a r k  F o r k  Sag i s  a 

n o r t h w e s t  s t r i k i n g  s t r u c t u r a l  d e p r e s s i o n  s o u t h  o f  t h e  G a r n e t  Range 

r e c o g n i z e d  as  p a r t  o f  t h e  Montana  L in e a m e n t .  F o l d s  c r o s s i n g  t h i s  

d e p re s s io n  r e v e r s e  in  p lunge ,  and t h e i r  axes change s t r i k e .  F o ld s  and 

t h r u s t  f a u l t s  bend from n o r t h - s o u t h  t r e n d s  t o  nor thwes t  t r e n d s  as  they 

approach the  C la rk  Fork Sag from the  south .  The westward bend of  the  

n o r th e rn  ends o f  f o l d s  and f a u l t s  and n o r t h e a s t  <? I  a t  th e  sag i s  the  

r e s u l t  o f  a l e f t - l a t e r a l  s h e a r  c o u p l e  w hich  a c t e d  a l o n g  a w e s t  o r  

northwest l i n e  dur ing  the  Laramide orogeny. These s t r e s s e s  deve loped  

in  response  to  b u t t r e s s i n g  of  th e  n o r th e r n  edge o f  the  eas tward  t h r u s t  

S a p p h i r e  P l a t e  by a p a r a u t o c h t h o n o u s  b l o c k  o f  B e l t  s t r a t a .  T h i s  

b u t t r e s s  was c r e a te d  by u p l i f t  o f  a s t r u c t u r a l  b lo c k  a long  e a s t -w e s t  

o r  nor thwes t  t r e n d in g  s t r u c t u r a l  weaknesses or f a u l t  zones o r i g i n a l l y
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developed  by the  Precambrian Y e x ten s io n  which c r e a te d  the  B e l t  Basin 

on t h e  w e s t e r n  s h o r e  o f  t h e  P r e c a m b r i a n  N o r th  A merican  c r a t o n .  The 

n o r th e rn  edge of th e  Sapphire  P l a t e ,  and th e  Precambrian Y f a u l t  zone 

b o th  c r o s s  t h e  map a r e a  n o r t h  o f  Warm S p r i n g s  C reek ,  m o s t l y  b e n e a t h  

Eocene v o l c a n i c s .

Laramide deformat ion  i n  the  Warm Springs  Creek a r e a  ended be fo re  

t h e  d e p o s i t i o n  o f  t h e  44-47  m i l l i o n  y e a r  o l d  v o l c a n i c s  w h ich  

unconformably o v e r l i e  Laramide s t r u c t u r e s  t h e r e .  These Eocene a l k a l i -  

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

magmatic  maxima g e n e r a t e d  by m e l t i n g  o f  c r u s t a l  m a t e r i a l  d u r i n g  

subduction  of  th e  F a r a l l o n  P l a t e  du r ing  t h e  Laramide orogeny. Because 

of  t h i s  r e l a t i o n s h i p ,  they were p robab ly  c r e a te d  by c r u s t a l  fu s io n  a t  

depth  a long  the  F a r a l l o n  P l a t e ,  whose subduction  was r e s p o n s i b l e  f o r  

Laramide f o l d i n g  and f a u l t i n g .  They appear  to  be a d i s t a l  f a c i e s  of  

t h e  Id a h o -M o n ta n a  P o r p h y ry  B e l t ,  s i n c e  t h e y  a r e  s i m i l a r  i n  age and 

composit ion to  th e  nearby Lowland Creek v o l c a n i s ,  which a re  a l i g n e d  

a l o n g  t h i s  B e l t .  The e a s t e r n  G a r n e t  Range v o l c a n i c s  owe t h e i r  

p r e s e r v a t i o n  to  nor thwest o r i e n t e d  Eocene topographic  t roughs  c r e a te d  

by Montana Lineament t e c t o n i c s .

Depos i t ion  o f  t r a v e r t i n e  and s i n t e r  began o v e r  40,000 year s  ago, 

p robab ly  as f a r  back as  Eocene t ime when v o lcanism p rov ided  s u f f i c i e n t  

h e a t  and f l u i d s  f o r  h y d r o t h e r m a l  a c t i v i t y .  Modern warm s p r i n g s  

a c t i v i t y  o r i g i n a t e s  from th e  c i r c u l a t i o n  o f  w a ter  through l im e s to n e  

bedrock s o l u t i o n  channels  where i t  i s  hea ted  by th e  l o c a l  geothermal 

g r a d ie n t  b e fo re  re -emerging  as  s p r in g s .  S i l i c i f i e d  zones a lo n g  f a u l t s
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i n d i c a t e  t h a t  r i s i n g  h y d r o t h e r m a l  f l u i d s  e x p l o i t e d  o l d e r  c r u s t a l  

weaknesses deve loped  by Laramide and Cenozoic f a u l t i n g .

Normal f a u l t i n g  began i n  th e  m id - T e r t i a ry  i n  response  to  e i t h e r  

n o r t h e a s t - s o u t h w e s t  e x t e n s i o n ,  o r  an e a s t - w e s t  r i g h t  l a t e r a l  s h e a r  

c o u p l e .  Most no rm a l  f a u l t s  s t r i k e  n o r t h w e s t ,  b o t h  e x p l o i t i n g  and 

c u t t i n g  a c r o s s  La ram ide  s t r u c t u r e s .  The modern  p h y s i o g r a p h y  o f  t h e  

r e g i o n  i s  m o s t l y  t h e  r e s u l t  o f  t h i s  o n - g o i n g  p e r i o d  o f  e x t e n s i o n a l  

t e c ton ism .

Economic p o t e n t i a l  i s  l i m i t e d  i n  t h i s  a r e a .  P h o s p h a t e  m in in g  

w i l l  p r o b a b l y  c o n t i n u e  f o r  some t i m e ,  b u t  m in in g  w i l l  become more 

expens ive as the  l a s t  e a s i l y  a c c e s s i b l e  d e p o s i t s  a r e  e x p l o i t e d .
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APPENDIX A

RADIOMETRIC DATES (K-Ar TECHNIQUE)



SAMPLE LOCATION
COLLECTED

TAr40rad ZK See Ar40rad/  
gm.xlO-5

CONSTANTS AGE (m.y . )

P o r p h y r i t i c S.W. 1 /4 76.5 2.31 .397 Ae=4.962xl0- |0y r - l 43.7+2.2
D aci te  
(Whole Rock)

S e c t io n  
2 3 , T . l l  
N . ,R.10 W

75.9 2.32 .400 Xe=O.581x1O-1 y r -1 
K 40-1 .167x l0 '4 atom/ 

atom of  n a t u r a l  
Potassium

A ph an i t i c S.W. 1 /4 85.6 3 .02 .532 X g .4 .9 6 2 x l0 - l °y r - l 44.8+2.2
Andes i te  
(Whole Rock)

S ec t ion  
2 3 , T . l l  N . ,  
R.10 W.

85.5 3 .0 4 .537 Xe-O^SlxlO- 10Yr" 1 
K40-1.167x10- 4  atom/ 

atom of n a t u r a l  
Potassium

Data from Teldyne I s o t o p e s ,  Westood, New J e r s e y .
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APPENDIX B

RADIOMETRIC DATES (Cl4  TECHNIQUE)
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SAMPLE LOCATION - 6C14 AGE IN YEARS
COLLECTED

Calcium N.W. 1 /4 933 >40,000
Carbonate S ec t io n  5
( T ra v e r t in e ) T.10 N.,R. 

.9 W.

D a ta :  Based on t o t a l  c a r b o n a t e  c a r b o n ,  f rom  T e l e d y n e  I s o t o p e s ,  
Westvood New J e r s e y .
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PLATE 2-Geologic Map of upper Warm Springs Creek and adjacent areas Powell County, Montana.

R. 10W. R. 9W.
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