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Abstract:
This study is an attempt to determine by means of geologic observations the structural and lithologic
controls on the circulation of geothermal waters in the La Duke and Bear Creek thermal spring
systems. Hot spring activity has persisted in the Corwin Springs-Gardiner, Montana area since the
Pleistocene. Presently the only active hot springs, La Duke and Bear Creek, emerge at opposite ends of
a two square mile Pleistocene travertine deposit.

The hot springs and travertine lie along the northwest trending Gardiner fault, a Laramide high-angle
reverse imbricate fault zone, which bounds the Beartooth crystalline rock uplift on the southwest.

The post-Laramade Reese Creek and Mammoth faults are graben-forming normal faults that extend
from the Yellowstone Park upland, northward into the hanging wall of the Gardiner fault. The local
thermal features lie on or between the intersections of these faults with the Gardiner fault zone.

More than 10,000 feet of Paleozoic and Mesozoic sedimentary rock are preserved within the graben in
the footwall of the Gardiner fault. From a structural high within Yellowstone Park, the sedimentary
units dip gently into the Gardiner fault zone, where they are dragged up and locally overturned to form
an asymmetrical syncline striking northwest. These structural relationships suggest that meteoric
waters flow down permeable sedimentary units within the graben from the Yellowstone upland to great
depth under the Gardiner fault zone, thereby forming a common reservoir for the hot spring systems.
The cavernous Mississippian Madison Limestone, lying near a depth of 10,000 feet under the Gardiner
fault zone, may be the principal aquifer and produces the high Ca content of the active hot springs.

Waters are heated at depth by conduction from rocks whose temperatures depend on the geothermal
gradient. They then ascend through fractures to the surfaced A normal thermal gradient for western
Montana causes base temperatures near 100° C at this depth. However, the proximity of a shallow
magma body beneath the Yellowstone Plateau to the south may accentuate the normal regional thermal
gradient and produce higher base temperatures in the reservoirs. 
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ABSTRACT

This study is  an attempt to  determine by means o f  geologic  
observations the s t ru c tu ra l  and l i t h o lo g ic  contro ls  on the c irc u la t io n  
o f  geothermal waters in  the La Duke and Bear Creek thermal spring  
systems. Hot spring a c t i v i t y  has p e rs is ted  in  the Corwin Springs-  
G ardiner, Montana area since the P le is tocene . Presently  the only  
a c t iv e  hot sp rin g s , La Duke and Bear Creek, emerge a t  opposite  ends • 
o f  a two square m ile  P le is tocene t r a v e r t in e  deposit .

The hot springs and t r a v e r t in e  l i e  along the northwest trending  
Gardiner f a u l t ,  a Laramide h igh-ang le  reverse-4m hri catie f a u l t  zone, . 
which bounds the Beartooth c r y s t a l l i n e  rock u p l i f t  on the southwest.
The p o s t -Laramide Reese Creek and Mammoth fa u l ts  are graben-forming  
normal f a u l t s  th a t  extend from the Yellowstone Park uplandj, northward 
in to  the hanging w all o f  the Gardiner f a u l t .  The loca l thermal fea tu res  
l i e  on or between the in te rs e c t io n s  o f  these fa u l ts  w ith  the Gardiner 
f a u l t  zone. „

More than 10,000 f e e t  o f  Paleozoic and Mesozoic sedimentary  
rock are preserved w ith in  the graben in  the fo o tw a ll  o f  the Gardiner  
f a u l t . . From a s t ru c tu ra l  high w ith in  Yellowstone Park, the sedimentary  
u n its  d ip g en tly  in to  the Gardiner f a u l t  zone, where they are dragged 
up and lo c a l ly  overturned to form an asymmetrical sync line  s t r ik in g  
northwest. These s t ru c tu ra l  re la t io n s h ip s  suggest th a t  meteoric  waters  
f low  down permeable sedimentary u n its  w ith in  the graben from the 
Yellowstone upland to g re a t  depth under the Gardiner f a u l t  zone, 
thereby forming a common re s e rv o ir  fo r  the hot spring systems. The 
cavernous M iss iss ipp ian  Madison Limestone, ly in g  near a depth o f 10,000  
f e e t  under the Gardiner f a u l t  zone, may be the p r in c ip a l  a q u ife r  and 
produces the high Ca content o f  the a c t iv e  hot springs.

Waters are heated a t  depth by conduction from rocks whose 
temperatures depend on the  geothermal g ra d ie n t .  They then ascend through 
f ra c tu re s  to the surface: A normal thermal g rad ien t f o r  western Montana
causes base temperatures near IOO0 C a t  th is  depth. However, the p ro x i­
m ity  o f  a shallow magma body beneath the Yellowstone Plateau to the  
south may accentuate the normal reg ional thermal g rad ien t and produce 
higher base temperatures in  the re s e rv o irs .



Chapter I 

INTRODUCTION

Geothermal phenomena have been in t e r m i t te n t ly  a c t iv e  in  the 

Corwin Springs-Gard iner area o f  southwestern Montana from the e a r ly  

P leis tocene to  the present. Thermal springs have produced extensive  

t r a v e r t in e  deposits up to 60 f e e t  in  thickness th a t  extend fo r  four  

miles from the v i c i n i t y  o f  L i t t l e  T r a i l  Creek, northwest o f  Gardiner,  

to Bear Creek, east o f  Gardiner ( Figure I ) .  Whereas most o f  the 

t r a v e r t in e  was deposited before  the l a s t  Pinedale g la c ia t io n ,  minor 

thermal spring a c t i v i t y  continues on t h is  trend a t  the Bear Creek 

warm spring (P la te  I )  and a t  La Duke Hot Spring (P la te  2) (Fraser  

e t  a l , 1969). Both springs are p resen tly  deposit ing  moderate amounts 

o f t r a v e r t in e .  Base re s e rv o ir  temperatures fo r  La Duke Hot Spring 

are thought to range from 81° C in  the summer to 130° C in  the w in te r  

(Chadwick, personal communication, 1976).

These thermal fe a tu res  l i e  w ith in  the northwest trending  

Gardiner f a u l t  zone on the north side o f  the Yellowstone R iver v a l le y .  

They a lso l i e  on the northern edge o f  the Yellowstone geothermal f i e l d .  

Most hot springs w ith in  the Yellowstone f i e l d  a c t iv e ly  deposit s i l i ­

ceous s in t e r ,  and have base temperatures in excess o f  250° C (F o u rn ie r ,  

White and T ruesde lI ,  1975). These hot spring systems are  thought to  

d er ive  t h e i r  heat from a molten or p a r t i a l Ty c r y s ta l l i z e d  r h y o l i t i c
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PLATE I .  View to the north a t  the ju n c t io n  o f  the Yellowstone River 
and Bear Creek o f  the t r a v e r t in e  deposit a t  Bear Creek 
warm spring ly in g  on upturned Paleozoic and Mesozoic 
sedimentary rocks. Pliocene basalts  cover the Gardiner  
f a u l t  zone in  the immediate background.
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PLATE 2. View west from the t r a v e r t in e  deposit a t  La Duke Hot Spring  
w ith  upturned Paleozoic and Mesozoic sedimentary rocks a t  
Devils  S l id e  on Cinnabar Mountain in  the background.



5

magma body ly in g  a t  a depth o f  f i v e  km beneath the Yellowstone  

vo lcan ic  p la teau (Eaton e t  a l , 1975).

Regional S e tt in g

The Corwin Springs-Gard iner area occupies a t r a n s i t io n a l  

p o s it io n  between the Middle Rocky Mountain and the Northern Rocky 

Mountain physiographic provinces ( Thornbury, 1965). T h e .Beartooth  

block, an u p l i f t e d  mass o f  Precambrian c r y s t a l l in e  rock bounded on 

the southwest by the Gardiner reverse f a u l t ,  borders the thermal 

area on the north and e as t.  The southern G a l la t in  Range, a horst  

block s t r u c tu r e ,  l i e s  to  the west and south o f  the Corwin Springs- 

Gardiner system. Andesite and d a c i t ic  f lo w s , mudflows, and volcanic  

breccias o f  the Eocene A b saro ka -G a lla t in  vo lcanic  f i e l d  cover 

extensive  areas o f  both u p l i f t e d  b locks , and are remnants o f  a 

more extens ive  cover (Chadwick, 1970). The Yellowstone R iver v a l le y ,  

o f  probable e a r ly  Eocene age, was exhumed from beneath the volcanic  

cover and now separates the two u p l i f t e d  blocks. The reg ional t e r r a in  

is  very mountainous, d isp lay in g  as much as 5,000 f e e t  o f  r e l i e f  above 

the f lo o r  o f  the Yellowstone R iver v a l l e y ,  which has an a l t i t u d e  o f  

5,000 f e e t  or more in  the Corwin Springs-Gardiner area . G laciers  

have moved down the Yellowstone R iver v a l le y  from sources w ith in  

the Yellowstone National Park area on a t  le a s t  one occasion during  

the P le is tocene ( Montagne, personal communication, 1976). A veneer [

'

' . I

___________________________________________________________________________________ . ' ■ ■ ' /  .
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o f  g la c ia l  t i l l  and ou.twash a lluv ium  remains on the v a l le y  f lo o r  and 

w a lls .

Objectives and Procedure.

This study is  an a ttem pt, based on geologic observations o n ly ,  

to  determine the c i r c u la to r y  p a t te rn s ,  recharge mechanisms, and heat 

source o f  the Corwin Springs-Gardiner geothermal systems. These 

systems are  o f  p a r t ic u la r  in t e r e s t  in  th a t  although they l i e  in  close  

prox im ity  to  the magmatic h e a t-d r ive n  Yellowstone systems, they bear 

close genetic  resemblance to  many o f  the thermal spring systems 

throughout western Montana. The q u a n t i ty  o f  heat and geotherm al. 

f lu id s  th a t  the Corwin S prings-G ard iner system might d e r iv e  from the  

Yellowstone f i e l d  is  in  question here, as is  the present in te n s ity  

and volume o f the thermal c i r c u la to r y  system a t  depth.

The s t ru c tu ra l  and l i t h o lo g ic  contro ls  o f  the Corwin Springs-  

Gardiner geothermal fea tu res  were in v es t ig a te d  during the summer of  

1975 by means o f  d e ta i le d  mapping in. the  La Duke Hot Spring area 

(F igure  I ,  page 2 ) ,  and reconnaissance o f  the northwest corner of  

Yellowstone National Park, Cinnabar Mountain, and the Gardiner f a u l t  

zone w ith  the guidance o f  published geologic re p o rts .  D e ta iled  geologic  

data were recorded on 1 :20 ,200  sca le  black and w hite  a e r ia l  photos. 

Examination o f  reg ional ERTS photos allowed extension o f  known f a u l t  

trends.



Previous In v e s t ig a t io n s

No work has been published e x c lu s iv e ly  concerning the contro ls  

and o r ig in s  o f  the thermal fea tu res  along the Gardiner f a u l t .  However, 

Waring (1965) l i s t s  discharge temperatures fo r  the hot springs, and 

B a ls te r  and G ro ff  (1972) b r i e f l y  describe possib le  heat sources fo r  

hot springs in  the upper Yellowstone R iver v a l le y .  The American 

Association o f  Petroleum Geologists (1973) and the Montana Bureau o f  

Mines and Geology (B a ls te r ,  1974) have published geothermal g rad ien t  

maps based on o i l  and gas w e ll  data from the eastern p o rt io n  o f  

Montana. U n fo r tu n a te ly ,  coverage does not include the Corwin Springs- 

Gardiner area . Fraser e t  a I (1 9 6 9 ) ,  in  t h e i r  re p o rt  on the geology 

o f  the Gardiner a rea , b r i e f l y  describe and map the ex ten t  o f  t r a v e r t in e  

deposits north o f  G ard iner, and note the exis tence o f  thermal springs  

a t  Bear Creek and a t  La Duke. Numerous papers, however, have been 

published on the geothermal f i e ld s  w ith in  Yellowstone National Park. 

Fournier and Truesdell (1970 );  F ourn ie r ,  W hite, and Truesdell (1 975 );  

W hite , F o u rn ie r ,  M u f f le r ,  and Truesdell (1975 );  and Truesdell and 

Fournier (U .S . Geological Survey, O p e n -f i le  re p o r t )  describe the 

physical and chemical p ro p ert ies  o f  the geothermal systems w ith in  the  

Park. Much o f  t h e i r  work is  based on data obtained by research d r i l l i n g  

in  se lec ted  thermal areas . Chadwick and Kaczmarek (1975) discuss 

several models fo r  hot springs in ad jacent areas o f  western Montana.
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LI. S. Geological. Survey studies by Fraser e t  a I (1969) and 

Ruppel (1972) provide in form ation  on the s t ra t ig ra p h ic  section  and 

s tru c tu re  near Gardiner and the northwest corner o f  Yellowstone  

National Park. Papers by Wilson (1 9 3 4 a ,b ) , Spencer (1 9 5 9 ) ,  Foose 

e t  a l (1 9 6 1 ) ,  and Brown (1961) a lso  c o n tr ib u te  to  these subjects .  

Iddings (1 8 9 9 ) ,  Chadwick (1 9 7 0 ) ,  Prostka and Smedes (1 9 7 2 ) ,  and Shaver

(1974) describe the d is t r ib u t io n  and charac te r  o f  T e r t ia r y  e ru p tive  

centers and e x tru s iv e s .  Chris tiansen  and Blank (1972) discuss the 

phases o f  Quaternary r h y o l i t i c  volcanism th a t  produced the thermal, 

fe a tu res  occurring w ith in  the Park today. Hamilton (1960) and Love 

(1961) d is t in g u is h  te c to n ic  fea tu res  a c t iv e  in  the Quaternary in  the  

Yellowstone Park-Hebgen Lake area . Smith e t  a I (1974) and Eaton e t  a I

(1975) present models o f  the subsurface geology o f  Yellowstone National 

Park and v i c i n i t y  based on g r a v i t y ,  se ism ic, and aeromagnetic data.



Chapter 2

GEOLOGIC SETTING

Local S tra t ig rap h y

More than 10,000 fe e t  o f  marine and t e r r e s t r i a l  Paleozoic and 

Mesozoic sedimentary rocks accumulated on the Precambrian c r y s t a l l in e  

basement before the beginning o f  T e r t ia r y  tim e. About 3 ,000 fe e t  o f  

Paleozoic marine sedimentary rocks are exposed in  the southern G a l la t in  

Range ( Ruppel, 1972). The l i th o lo g y  includes lim estone , do lom ite , and 

v o lU m e tr ica l ly  le s s e r  amounts o f  c la s t ic  rock. A l l  systems are rep re ­

sented except the S i lu r ia n .  Paleozoic rocks crop out a t  Cinnabar 

Mountain and a t  Bear Creek, though fa u l t in g  removed formations o lder  

than Ordovician a t  Cinnabar Mountain and o ld e r  than M ississ ipp ian  

a t  Bear Creek (F ig u re  2; P l a t e . I , page 3; and P la te  2 , page 4 ) .

More than 8 ,000  fe e t  o f  Mesozoic rocks o v e r l ie  the Paleozoic  

sequence (F igure  2 ) .  Outcrops o f  T r ia s s ic  and Jurassic  rocks a t  

Cinnabar Mountain d isp lay  about 1 ,000 f e e t  o f  marine sandstones, 

s i l t s to n e s ,  and limestones. More than 5 ,000 f e e t  o f  marine and non­

marine c la s t ic  rocks were deposited from Late Jurassic  to Late 

Cretaceous time (F raser e t  a l , 1969). Exposures o f  these rocks on 

Cinnabar Mountain inc lude th ic k  sequences o f  sandstones, shales , and 

mudstones. A l i s t  o f  the formations and rock d escrip t io n s  is  included  

in  Appendix A, page 72.
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Cenozoic S tructures  and Faults

The G a l la t in  a n t i c l i n e . The upper reaches o f  the Yellowstone  

River drainage have been subjected to  intense tectonism and volcanism  

from the Late Cretaceous to the present. Eastward regression o f  a .  

Cretaceous seaway, in  response to a r is in g  landmass to the west,  

signaled the beginning o f  the Laramide period o f  deformation and 

u p l i f t .  A moderate compressional fo rce  from the. southwest produced . 

reg ional fo ld in g  along northw est-trend ing  axes, fo llow ed by d i f ­

f e r e n t ia l  u p l i f t  o f  c r y s t a l l i n e  blocks along northw est-trend ing  o f  

high angle reverse fa u l ts  and th ru s t  f a u l t s .  Laramide fa u l ts  may 

have fo llow ed northwest and n o r th -n o r th e a s t- tre n d in g  Precambrian 

f a u l t s  or s t ru c tu ra l  weaknesses in  the c r y s t a l l in e  basement (Fraser  

e t  a l , 1969). Compressional deformation p ers is ted  in to  the e a r ly  

Eocene and ra ised  the sedimentary section  in  the northwest p a r t  o f  

present day Yellowstone National Park in to  the g en tle  northwest­

trending G a l la t in  a n t ic l in e  ( Ruppel, 1972 ),  (F igure  2 ) .  Opposing h igh-  

angle reverse fa u l ts  on the north and south limbs o f  th is  a n t ic l in e  

depressed the c re s t  o f  the a n t ic l in e  between them. The n ortheast-  

dipping Gardiner reverse f a u l t ,  passing through G ard iner, Montana, 

forms the southern boundary o f  the Beartooth u p l i f t  to  the north o f  

the a n t i c l i n e ,  whereas the Grayling Creek f a u l t  forms the northern  

boundary o f  an u p l i f t  o f  Precambrian c r y s t a l l in e  rock to the south 

o f  the a n t i c l i n e ,  in the v ic i n i t y  o f  Mount Holmes (F ig u re  3 ) .
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The Gardiner f a u l t . The Gardiner f a u l t  is  a s teep ly  northeast­

dipping im brica te  reverse f a u l t  zone, along which is  preserved nearly  

10,000 f e e t  o f  Paleozoic and Mesozoic sedimentary rocks in  i t s  foo tw a ll  

block. The f a u l t  zone ranges from .25 to one. m ile  wide. I t  emerges 

from beneath T e r t ia r y  vo lcanic  cover southeast o f  the Grand Loop Road 

in  Yellowstone National Park, and extends northwest along.Rescue Creek 

towards G ard iner, Montana (P la te  3 ) .  The f a u l t  zone passes along the  

base o f  Sheep Mountain ju s t  north o f  Gardiner but is  buried beneath 

b a s a lt  flows o f  probable e a r ly  P le is tocene age.. The f a u l t  zone 

re-emerges a t  L i t t l e  T r a i l  Creek, to  be progress ive ly  o f f s e t  to the 

northeast around the northern flanks  o f  Cinnabar Mountain by younger 

n o rth - tre n d in g  normal f a u l ts  (F igure  3 , P la te  4 , and P la te  5 ) .  A 

northwest trend ing  zone o f  very coarse a u to c la s t ic  fragments in  

Precambrian g r a n i t ic  gneiss marks the lo c a t io n  o f  p a r t  o f  the Gardiner 

f a u l t  zone 0 .25  miles u p h i l l  and to  the northeast o f  La Duke Hot Spring 

(P la te  6 and P la te  7 ) .  The f a u l t  zone juxtaposes c r y s t a l l in e  Pre- 

cambrian rock o f  the Beartooth u p l i f t ,  aga inst rock u n its  ranging in 

age from Ordovician to Cretaceous a t  d i f f e r e n t  lo c a l i t i e s  along i t s  

exposure. The sedimentary un its  are dragged up and are  lo c a l ly  over­

turned along the f a u l t  zone as exposed a t  Cinnabar Mountain and a t  

Mount Everts.
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P la te  3. View toward the east from E le c t r ic  Peak o f  t r a v e r t in e  
deposits (T ) and Pliocene b a sa lt  flows (B) a t  Gardiner.
The Gardiner f a u l t  zone passes beneath these deposits  
s ta r t in g  a t  the mouth o f  Bear Creek (BC). A branch o f the  
Mammoth f a u l t  (M) defines the base o f  the northwest f lan k  
o f  Mount Everts and enters the Gardiner f a u l t  zone near 
(BC).
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PLATE 4. View toward the north from E le c t r ic  Peak o f  the La Duke Hot 
Spring area. The Reese Creek f a u l t  (R) enters the Beartooth 
block a t  La Duke Hot Spring ( L ) . The Gardiner f a u l t  zone (G) 
passes through La Duke Hot Spring along the northeastern  
w all o f  the Yellowstone R iver V a l le y .  O ffs e t  basalts  (B) 
in d ic a te  Quaternary a c t i v i t y  on the Gardiner f a u l t  zone.



16

PLATE 5. Trace o f  the Gardiner f a u l t  on the northern f la n k  o f  Cinnabar 
Mountain looking to the northwest from a p o in t .5  miles  
southeast o f  Corwin Springs. (Te = Eocene in t r u s iv e ,  pK = 
pre-Cretaceous sedimentary rocks, PC = Precambrian rock)
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PLATE 6. F a u lt  breccia  in  g r a n i t ic  gneiss o f  the Gardiner f a u l t  zone 
.25  miles northeast o f  La Duke Hot Spring. Contact o f  
undisturbed g r a n i t ic  gneiss w ith  breccia zone ind ica ted  by 
arrow. Zone s tr ik e s  approximately N50W and dips 50°NE. 
(note  c i r c l e  around man fo r  sca le )
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PLATE 7. Gardiner f a u l t  zone b reccia  (bxa) showing boulder sized  
c la s ts  o f  g ra n ite  .25 m iles northeast o f  La Duke Hot 
Spring. Cinnabar Mountain l i e s  in  the background to the  
northwest.
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The G a l la t in  h o rs t , As u p l i f t  o f  the Beartooth block and the . 

Precambrian block south o f  the  G rayling Creek f a u l t  proceeded, a horst  

block comprising the present s o u th e rn .G a l la t in  Range rose on a north -  

northeast trend between the East G a l la t in  and West G a l la t in  normal 

fa u l ts  (F igure  3 , page 1 2 ) .  These fa u l ts  are tra c ea b le  from the 

southern end o f  the G a l la t in  Range northward in to  the Beartooth b lock,  

where they cause apparent l a t e r a l  o f fs e ts  in  the trace  o f  the Gardiner  

f a u l t  on the southeast and northwest sides o f  Cinnabar Mountain.

Maximum displacements o f  4 ,000  to  5 ,000  fe e t  have been observed on the  

East G a l la t in  f a u l t  ( Id d in g s , 1904; W ilson, 1934a; Fraser e t  a l ,  1969; 

Ruppel, 1972 ),  whereas approximately 2 ,500  fe e t  o f  displacement 

have been noted on the West G a l la t in  f a u l t  ( Ruppel, 1972). D isplace­

ment decreases d r a s t ic a l ly  as the fa u l ts  scissor closed in to  the 

Beartooth block. These fa u l ts  probably formed as the block u p l i f t  

commenced during Laramide compression and have been in te r m i t te n t ly  

a c t iv e  in to  the P le is tocene (Love, 1961; Ruppel, 1972).

The G a l la t in  horst block may be a product o f  res is tance  to  

Laramide compressional deformation which grew on a north-south axis  

between the Gardiner f a u l t  and the G rayling Creek f a u l t .  Paleocene 

s i l l s  and la c c o l i th s  in truded along the Paleozoic and Mesozoic rocks 

probably caused.the section  to  behave r i g i d ly  in  response to compression 

(Shaver, 1974). Compressional stresses were re l ie v e d  by c rea tio n  of', 

the normal f a u l t s  th a t  now d e fine  the G a l la t in  hors t.  Precambrian
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gneiss in  the hanging w all  block o f  the Gardiner f a u l t  rests  against  

Ordovician Bighorn Dolomite in the fo o tw a ll  block a t  the northern  

end o f  Cinnabar Mountain. The same Precambrian gneiss res ts  against  

Cretaceous Telegraph Creek Sandstone a t  L i t t l e  T r a i l  Creek, three  

miles southeast o f  Cinnabar Mountain (F igure  2 , page 1 0 ) .  Reverse 

o f f s e t  apparently  progressed fu r t h e r  a t  th is  lo c a t io n  than a t  Cinnabar 

Mountain w ith  the r e s u l t  th a t  the Gardiner f a u l t  is  o f f s e t  as i t  

approaches Cinnabar Mountain approxim ately 0 .5  miles to  the northeast  

by the Reese Creek extension o f  the East. G a l la t in  f a u l t  (F igure  3,

Page 12, and P la te  4 , page 1 5 ) .  A f te r  passing over the north f la n k  

o f  Cinnabar Mountain, the Gardiner f a u l t  is  o f f s e t  0 .25  m iles back 

to the southwest by the Mo! Heron Creek extension o f  the West G a l la t in  

f a u l t .  This apparent l a t e r a l  displacement re s u lts  from the v e r t ic a l  

displacement o f  the northeastward dipping Gardiner f a u l t  zone.

Figure 5 , page 31, depicts  th is  f r a c tu r e  p a tte rn  in g re a te r  d e t a i l .

The G a l la t in  horst is  s im i la r  to  the compression r e s is ta n t  

block u p l i f t e d  along the reverse Beartooth f a u l t  on the northeast  

f r o n t  o f  the Beartooth block near Red.Lodge. This block is  bordered 

by two te a r  f a u l t s  having up to  10,000 f e e t  o f  la t e r a l  displacement 

( Foose e t  a l , 1961). The Reese Creek and Mo! Heron Creek fa u l ts  

correspond to the te a r  f a u l t s  a t  Red Lodge but show much less la t e r a l  

displacement. Shallower dips and g re a te r  im b rica tio n  along the
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reverse Beartooth f a u l t  perm itted g re a te r  l a t e r a l  displacement o f  the 

reverse f a u l t  zone a t  Red Lodge than a t  Cinnabar Mountain.

The Mammoth f a u l t . The Mammoth f a u l t  and re la te d  fra c tu re s  are  

w este r ly  d ipping normal f a u l ts  w ith  up to  4 ,000 f e e t  o f  displacement 

(F raser e t  a l , 1969; Ruppel, 1972). They extend from the v ic i n i t y  

o f Norris  Geyser Basin northward in to  the Gardiner f a u l t  zone between 

Bear Creek and Gardiner (P la te  3 , page 1 4 ) .  The Gardiner f a u l t  zone, . 

where exposed, is  sheared by the Mammoth f a u l t .  The Mammoth f a u l t ,  

l i k e  the East and West G a l la t in  f a u l t s ,  appears to  sc isso r closed  

ra p id ly  as i t  enters the Beartooth block. The upturned Paleozoic and 

Mesozoic un its  a t  the ju n c tu re  o f  the Mammoth and Gardiner fa u l ts  are  

g re a t ly  d is tu rb e d ,  preventing accurate  measurement o f  displacement 

along the Mammoth f a u l t .

The Sepulcher graben. Downward displacement o f  the crusta l  

block between the Mammoth and East G a l la t in  fa u l ts  has preserved n early  

5,000 f e e t  o f  Eocene volcanics on top o f  the p r e -T e r t ia r y  section . This  

s tru c tu re  is  known as the Sepulcher Mountain graben. The graben 

e f f e c t i v e ly  truncates  the axis  o f  the G a l la t in  a n t ic l in e  between 

Roaring Mountain and Mount Holmes and plunges a t  a g ra d u a lly  steepening  

angle northward under the Gardiner f a u l t .  A segment o f  the G a l la t in  

a n t ic l in e  is  probably preserved in  the Sepulcher graben, although the  

northern limb is  most l i k e l y  oversteepened by the g re a te r  displacement
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o f  the graben in  i t s  northern ex ten t r e la t i v e  to d ip angles observed 

on the G a l la t in  horst.

Cenozoic Volcanism

Eocene volcanism. Widespread d a c i t ic  and a n d e s it ic  volcanism  

accompanied the l a s t  stage o f  displacement along the Gardiner f a u l t  

zone during Eocene time, . A l l  o f  the Gardiner region was covered by 

th ic k  sequences o f  breccias and flows th a t  were p a r t  o f  the Absaroka- 

G a l la t in  vo lcanic  f i e l d  (Chadwick, 1970). Major centers o f  e ruption  

in  the Gardiner area inc lude  E le c t r ic  Peak, Bunsen Peak, and several 

sources to  the northeast on the Beartooth block (F raser e t  a l ,  1969).  

E le c t r ic  Peak was the primary source fo r  the volcanics preserved in  

the Sepulcher graben.

The Gardiner f a u l t  zone a lso  served as a minor conduit fo r  

Eocene lavas. Numerous d a c i t ic  and a n d e s it ic  dikes occupy positions  

w ith in  the f a u l t  zone and p a r a l le l  to  the f a u l t  plane (F igure  4 ) .

These dikes are well exposed near La Duke Hot Spring and on the north  

f la n k  o f  Cinnabar Mountain where they provide the most r e l i a b le  means 

o f  id e n t i fy in g  the t ra c e  o f  the Gardiner f a u l t .  The dikes g enera lly  

penetrate  Precambrian g r a n i t ic  gneiss and f a u l t  breccias o f  the hanging 

w all b lock. However, a few dikes on Cinnabar Mountain in tru d e  lim e­

stone o f  the fo o tw a l I block close to  the f a u l t  t ra c e .  These dikes . 

are truncated  and o f f s e t  along the Gardiner f a u l t  zone by the Reese
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AGURE 4. DISTRIBUTION OF EOCENE IN TR U SlVES  
AND EXTRUSIVES NEAR CORWIN SPRINGS, MONTANA  
(modified from  Wilson, 1934a, Fraser, 1969, and 
U.S. Geological Survey Mop I - 711, 1 9 7 2 )
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Creek and Mo! Heron normal f a u l t s .  Several small in tru s io n s ' o f  d a c ite  

and d a c ite  b reccia  cut the hanging w all  block w ith in  one m ile  o f  the 

f a u l t  zone between L i t t l e  T r a i l  Creek and Corwin Springs. The Gardiner  

f a u l t  zone probably c o n tro l le d  the ascent o f  these magmas as w e l l .

Most displacement along the Gardiner f a u l t  zone appears to  have been 

accomplished before the Eocene in t ru s iv e s  were emplaced, as ind ica ted  

by the lack  o f  major reverse displacement w ith in  those in t ru s iv e s .  

However, the Gardiner f a u l t  may be responsib le  fo r  some minor b recc ia -  

' t i o n  and gouge w ith in  the dikes on Cinnabar Mountain, in d ic a t in g  

some a c t i v i t y  along the f a u l t  zone a t  the time o f in t ru s io n .  These 

rocks a re  described in  g re a te r  d e t a i l  in  Appendix B, page 75.

Quaternary volcanism. Following th is  e a r ly  vo lcan ic  episode, 

volcanism subsided in  the Gardiner area u n t i l  P liocene or 

P leis tocene time when a series  o f  basa lts  flowed down the Yellowstone  

River v a l le y  from probable sources w ith in  Yellowstone Park. At le a s t  

f i v e  flows make up the b a s a lt  bench extending north o f  Gardiner from 

Deckard F la ts  near Bear Creek to L i t t l e  T r a i l  Creek. Another remnant 

outcrop l i e s  on an old erosional surface  above La Duke Hot Spring.

The age and source o f  th is  sequence o f  basa lts  is  uncerta in  since  

erosion has destroyed any l in k s  w ith  possib le  sources upstream.

Source conduits w ith in  the Gardiner f a u l t  zone north o f  Gardiner  

were suggested by Wilson (1934a) but evidence is  not conclusive.
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The basa lts  resemble those o f  the Junction Butte Basalt Group in  t h e i r  

b la ck , a p h an it ic  appearance and p o s it io n  on top o f  a l a t e  T e r t ia r y  

erosional surface cut in to  unconsolidated sediments and p r e -Eocene 

rocks. The absence o f  ash flow  t u f f  c la s ts  o f  the Yellowstone Group 

in  the unconsolidated sediments beneath the basalts  suggests th a t  the 

Gardiner basa lts  were erupted , as were the Junction Butte B asa lts ,  

p r io r  to  the i n i t i a l  outbreak o f  r h y o l i t i c  lavas on the Yellowstone  

Plateau (F raser e t  a l , 1969). Chris tiansen  and Blank (1972) have 

i d e n t i f i e d  vents o f  the Junction B u t te .B a s a lt  Group a t  the east end 

o f Mount Everts . Flows from these vents could have had access to  

the Gardiner area by means o f  e i t h e r  the Yellowstone R iver or the  

Gardiner R iver dra inage. Several P liocene b a sa lt  flows have been 

dated by Bush (1967) a t  Hepburn's Mesa 15 miles down the  Yellowstone  

River from Gardiner. No c o r re la t io n  between the Gardiner and Hepburn's 

Mesa b asa lts  has been es tab lish ed .

Three cycles o f  r h y o l i t i c  t u f f  e ruption  and ca ldera  collapse  

began on the Yellowstone Plateau in the Early  P le is tocene . Periodic  

extrus ion  o f  r h y o l i t e  f lo w s , domes, and b a sa lt  flows accompanied the  

voluminous t u f f  e rup tions . The o ld e s t  flows have been dated a t  less  

than 2 .4  m i l l io n  years b id  (C h ris t ian sen  and Blank, 1972).  The 

youngest flows were extruded as re c e n t ly  as 70,000 years ago 

(C h ris t ian sen  and Blank, 1972). The Sepulcher graben was the s i t e  

o f  ex trus ion  o f  several young flows and domes. These e x tru s iv e
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centers were p e rip h era l to the main c a ld e ra . No volcanics  were 

erupted in  the Corwin Springs-Gard iner area during th is  p er io d ,  

although the Yellowstone R iver v a l le y  was deeply buried under r h y o l i t e  

t u f f  a t  le a s t  once as evidenced by remnants o f  r h y o l i t e  ash flows on 

Mount E verts , in  the Bear Creek drainage north o f  G ard iner, and in  

Tom Miner basin northwest o f  Corwin Springs. Caldera co llapse  occurred  

on th ree  occasions centered around the Yellowstone Lake area as rapid  

removal o f  magma during the t u f f  eruptions l e f t  the ro o f  o f  the magma 

chamber unsupported.

Regional S e is m ic ity

The geologic record o f  the Gardiner area suggests th a t  the 

area has been s e is m ic a l Iy  a c t iv e  since the la t e  Cretaceous. The 

mechanical nature  o f  th is  a c t i v i t y  has changed w ith  t im e. Laramide 

compressional s tress subsided by Middle Eocene time as in d ica ted  by 

the lack o f  s ig n i f ic a n t  reverse displacement in the Eocene vo lcanics .

A tens ional s tress regime replaced Laramide compression causing exten­

s ive  normal f a u l t in g  in  the upper Yellowstone region. Tensional 

stresses became most in tense during the Pliocene and have continued 

in to  the Holocene ( Ruppel, 1972). A f t e r  i n i t i a l l y  developing during  

the Laramide, a group o f north-south trend ing  normal f a u l t s  acquired  

most o f  t h e i r  displacement during th is  l a t e s t , deform ational phase.

These inc lude the East and West G a l la t in  fa u l ts  and the Mammoth f a u l t .
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Normal displacement a lso  occurred during the Holocene along the Gardiner  

and Grayling Creek fa u l ts  (F raser e t  a l , 1969). Such displacement may 

be observed along the Gardiner f a u l t  a t  L i t t l e  T r a i l  Creek and south­

east o f  Mount Everts.

The Gardiner area l i e s  w i th in  the Interm ountain Seismic B e l t ,  

a major zone o f  Holocene s e is m ic ity  extending from southern Utah to  

northwest Montana (Smith e t  a l , 1974). The Yellowstone caldera com­

prises  the eastern  end o f  a secondary seismic zone th a t  extends west­

ward through the Hebgen Lake area in to  c en tra l  Idaho. F a u lt  plane  

so lu tions  by Smith and Sbar (1974) and Trimbel and Smith (1973) suggest 

th a t  north-south  extension p resen tly  p re v a i ls  along th is  secondary 

seismic zone whereas east-w est extension p re v a i ls  along the re s t  o f  

the Interm ountain Seismic B e lt  to the north and south. Holocene scarps 

along the normal Deep Creek f a u l t  to the north o f  Gardiner, in  the 

Paradise V a lle y  and along the Teton f a u l t  in  Jackson Hole to the south 

provide c le a r  evidence fo r  modern seismic a c t i v i t y .  Resurgent magmatic 

a c t i v i t y  beneath the Yellowstone caldera  superimposes ra d ia l  compres­

s ive  forces upon the more general tens ional regime in  the v ic in i t y  

o f  the caldera  (Smith e t  a l , 1974). Crustal shortening in  a ra d ia l  

d ire c t io n  is  in d ica te d .



Chapter 3

CONTROLS ON THERMAL WATER CIRCULATION

Control on the flow  o f thermal water in  the Corwin Springs- 

Gardiner thermal systems is  exerted by j o i n t s ,  f a u l t s , and permeable 

rock u n its .  A geologic model describ ing  recharge, c i r c u la t io n ,  and 

discharge o f  these thermal systems, and the r e la t i v e  importance o f  

these c o n tro l l in g  s tru c tu res  w i l l  be developed here. This model is  

an attem pt to exp la in  the geologic s e t t in g  and physical c h a ra c te r is t ic s  

o f the hot springs. A b r i e f  d e sc r ip t io n  o f  the geology o f  La Duke 

Hot Spring and Bear Creek thermal springs and the Gardiner t r a v e r t in e  

deposits w i l l  help place the c i r c u la t io n  model w ith in  the context o f  

the reg ional geologic p ic tu re  developed in  Chapter I .

Local Geologic S e tt in g

The Corwin Springs-Gard iner thermal fea tu res  are a ligned w ith in  

the northw est-trend ing  Gardiner reverse f a u l t  zone. La Duke Hot 

Springs l i e s  a t  the in te rs e c t io n  o f  the Gardiner f a u l t  and the Reese 

Creek f a u l t  as in d ica te d  in  Figure 5 , page 31. Hot w ater flows from 

two major sources and from two small seeps in recent colluvium  and 

f r a c tu re d ,  s i l i c i f i e d  limestone bedrock. One major source is  a c t iv e ly  

depositing  t r a v e r t in e  on the banks o f  the Yellowstone R iver and flows 

a t  an estimated 100 gpm from a cement-encased re s e rv o ir  covered by 

U. S. Highway 89 (T a y lo r ,  1975). The o ther source is  a nonflowing
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PLATE 8. View to the north o f  La Duke Hot Spring and c l i f f y  
s i l i c i f i e d  limestone breccia  outcrop. (Qt = Quaternary  
t r a v e r t in e ,  bxa = f a u l t  b recc ia )
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cement-encased pool ly in g  to the east o f  the highway.. The two seeps 

dra in  in to  the borrow p i t  about 30 yards to the south on the east 

side o f  the highway. La Duke Hot Spring was the source o f  hot water 

fo r  the re s o r t  community.at Corwin Springs in the l a t e  1800 's .

These springs l i e  a t  the base o f  a prominent c l i f f  composed 

o f  a coarse angular f a u l t  breccia  (F igure  5 ) .  Most o f  the breccia  

is  a h ig h ly  s i l i c i f le d ,  dark g ray , sugary tex tured  rock. However, 

tex tu res  v is ib le  in  the rock on the upper p a r t  o f  the outcrop suggest 

th a t  d a c ite  makes up a po rt io n  o f  th is  b recc ia . These d a c ite  fragments 

may come from a d a c ite  d ike which cuts the g r a n i t ic  gneiss o f  the  

Beartooth block immediately u p h i l l  from the breccia outcrop. The 

lower p a r t  o f  the breccia  outcrop is  ah a lte re d  limestone which may 

be p a r t  o f  the Madison Group as suggested by i t s  l i g h t  gray co lor and 

m icro sco p ica lly  v is ib le  ghosts o f  c r in o id  stem cross sections (P la te  9) 

(D. L. Smith, personal communication, 1976). This in te r p r e ta t io n  

is  uncerta in  but is  supported by the lo c a t io n  o f th is  outcrop approxi­

m ately on the s t r ik e  p ro je c t io n  o f  the upturned Madison Group a t  

Cinnabar Mountain across the Yellowstone R iver v a l le y  to  the northwest. 

The s tru c tu ra l  o r ie n ta t io n  o f  the limestone outcrop a t  La Duke Hot 

Spring is  not measurable due to poor exposure. The limestone outcrop 

may represent the eastern margin o f  the G a l la t in  hors t.  However, 

the margin a t  th is  p o in t must be s ig n i f ic a n t l y  downdropped, r e la t i v e  

to the horst a t  Cinnabar Mountain, by normal displacement along the
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1969, Ruppel, 1972, and Struhsacker, 1976)
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PLATE 9 PARTLY SILIC IFIED LIMESTONE SHOWING POSSIBLE CRINOID

STEM REMNANTS FROM LA DUKE HOTSPRINGS. (CROSSED NICOLS)



numerous elements o f  the Reese Creek-East G a l la t in  f a u l t .  These 

elements pen etra te  the Gardiner f a u l t  zone between L i t t l e  T r a i l  Creek 

and Cinnabar Mountain. The v e r t ic a l  o r ie n ta t io n  o f  the sedimentary 

un its  dragged up in  the fo o tw a ll  block o f  the Gardiner f a u l t  zone 

f ru s t ra te s  any attempts to  determine the amount o f  v e r t ic a l  d isp lace ­

ment th a t  has occurred along the Reese Creek f a u l t  zone in  the v ic i n i t y  

o f  La Duke Hot Spring. The Reese Creek f a u l t  and associated fra c tu res  

appear to continue northward in to  the Beartooth block as much as one 

m ile  beyond the Gardiner f a u l t  zone as in d ica te d  by bedrock f ra c tu r in g  

and topographic Tinears v is ib le  on the ground and on a e r ia l  photos 

(F igure  3 , page 1 2 ) .  The f ra c tu re s  sc issor shut as they cut in to  

the Beartooth block.

The Bear Creek thermal spring l i e s  near the in te rs e c t io n  o f  

the Gardiner f a u l t  and a branch o f  the Mammoth f a u l t  (F raser e t  a l , 

1969) (F igure  5 ) .  The spring p resen tly  flows a t  less than one gpm 

but has deposited a .3  square m ile  t r a v e r t in e  mound during the  

P le is tocene and Holocene. The t r a v e r t in e  rests  on top o f  an upturned 

sequence o f  Paleozoic and Mesozoic sedimentary rocks. Reverse fa u l t in g  

has placed Precambrian s c h is t  aga ins t the Madison Limestone. Normal 

fa u l t in g  along the Mammoth f a u l t  zone has severely  sheared the sed i­

mentary rocks in  the v ic i n i t y  o f  Bear Creek spring. North -northeast  

trending elements o f the Mammoth f a u l t  zone appear to  te rm inate  w ith in  

the Gardiner f a u l t  zone though Quaternary cover may obscure
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continuations o f  these fra c tu re s  to the north (F raser e t  a l , 1 9 6 9 ) .

Bear Creek spring issues from the upthrown fo o tw a ll  block o f  the Mammoth 

f a u l t  which, includes the u p l i f t e d  area o f  Mount Everts to the east o f  

the Mammoth f a u l t .

The Gardiner t r a v e r t in e  deposits  d iscontinuously  cap the  

P lio cen e-P le is to cen e  b a s a lt  bench immediately north o f  Gardiner  

(F igure  5 ) .  The b a s a lt  bench, composed o f  f i v e  f lo w s , covers upturned 

Mesozoic sediments preserved as the fo o tw a ll  block o f  the Gardiner f a u l t  

zone w ith in  the Sepulcher graben. The t r a v e r t in e  deposits lo c a l ly  

a t t a in  thicknesses o f  g re a te r  than 60 f e e t .  The g re a te s t  th icknesses,  

as determined by reconnaissance f i e l d  checks, occur in  the v ic i n i t y  o f  

possib le  in te rs e c t io n s  o f  elements o f  the Mammoth f a u l t  zone w ith  the  

Gardiner f a u l t  as mapped by Ruppel (1972 ).  , One such in te rs e c t io n  

may occur near the t r a v e r t in e  quarr ies  s l ig h t ly  northwest o f  Gardiner, 

the s i t e  o f  the th ic k e s t  t r a v e r t in e  accumulation. The t r a v e r t in e  also  

covers and is  cut by numerous slump fra c tu re s  th a t  break the basa lt  

bench p a r a l le l  to the trend o f  the Gardiner f a u l t  zone. These fra c tu re s  

are products o f  a r e a c t iv a t io n  a t  depth o f  the Gardiner reverse f a u l t  

zone in .a  normal sense during P le is tocene and Holocene time (Fraser  

e t  a l , 1969). The m a jo r i ty  o f  the f ra c tu re s  are probably products 

o f  slumping o f  the basa lts  on top o f  upturned incompetent Cretaceous 

sedimentary rocks in response to the renewed te c to n ic  a c t i v i t y .  They 

most l i k e l y  do not pen etra te  more deeply than the base o f  the basa lt
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f low s. However, Fraser e t  aI (1969) in d ica tes  th a t  several fra c tu res  

may extend continuously in to  the Gardiner f a u l t  zone below the b a sa lt .

Discharge Patterns

La Duke and Bear Creek thermal springs both discharge from 

f ra c tu re s  a t  the in te rs e c t io n s  o f  the Gardiner f a u l t  zone w ith  the 

Reese Creek and Mammoth fa u l ts  re s p e c t iv e ly .  Recent seismic a c t i v i t y  

in  the area m aintains these h igh ly  f ra c tu re d  zones as open c o n d u i ts . . 

The Gardiner t r a v e r t in e  d e p o s its 'a re  products o f  s im i la r ly  located  

Ple is tocene  springs. The hot w ater probably r ises  from a heat source 

a t  considerable  depth in  the Gardiner fa u l t ,  zone. Both La Duke and. 

Bear Creek springs, appear to have p o in t sources as in d ica ted  by the 

close spacing o f  the springs and, in  p a r t i c u la r ,  the cone shape o f  

the Bear Creek t r a v e r t in e  depos it .

The Gardiner t r a v e r t in e  deposits  d isp lay  sym m etrically  round 

mounds and several northwest trend ing  l in e a r  deposits th a t  suggest 

contro l o f  discharge by the young slump fra c tu res  c u t t in g  the b a sa lt  

bench w ith in  the Gardiner f a u l t  zone. One or two o f  these l in e a r  

deposits resemble the e lephant back ridges developing p resen tly  a t  

Mammoth Hot Springs where thermal w ater flows outward from a f ra c tu re  

to both sides along i t s  e n t i r e  len g th . The elephant back ridges a t  

Gardiner are about .25  miles in  length and 20 f e e t  high. The locations  

o f  many o f  the springs and t h e i r  r e la t i v e  s t r a t ig r a p h ic  pos it ions  are
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obscured by the slump fra c tu re s  described p rev ious ly  and by g la c ia l  

scouring.

F a u lt  Control o f  Recharge

F a u lt  zones may a id  the recharge process where they provide  

permeable f ra c tu re s  th a t  continue to  g rea t depth. Where seismic  

a c t i v i t y  has sustained open f r a c t u r e s , groundwater may penetrate  

the otherwise impermeable sedimentary rocks in  the Sepulcher graben. 

Fraser e t  al (1969) and Ruppel (19.72) have suggested th a t  the G ard iner,  

Mammoth, and East G a lla t in -R eese  Creek fa u l ts  have been re ce n tly  

a c t iv e ,  as evidenced by the displacement o f  P le is tocene deposits along 

those f a u l t s .  Many f ra c tu re s  re la te d  to  these f a u l t  zones cross the  

Yellowstone R iver v a l le y  presenting abundant o p p o rtu n it ie s  fo r  water  

from th a t  drainage to pe rco la te  in to  th e  bedrock. However, f in e ­

grained r i v e r  a lluv ium  and g la c ia l  t i l l  may impede access o f  water  

to  these f ra c tu re s .  The p e rm e a b il i ty  o f  the fra c tu re s  may be low since  

weathering products and hydrothermal m in era ls ,  deposited by c i r c u la t in g  

hydrothermal f l u i d s ,  tend to seal f ra c tu re s  ra p id ly  in  the absence, 

o f  repeated movement along the f ra c tu re s .

J o in t  Control o f  Recharge

Abundant bedrock jo in ts  w ith  vary ing o r ie n ta t io n s  provide an 

important means o f  recharge fo r  the Corwin Springs-Gardiner thermal 

c ir c u la to r y  systems (F igure  6 ) .  The f ra c tu re d  Precambrian g r a n i t ic
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gneiss and sch is ts  o f  the Beartooth block probably conta in  greater  

f r a c tu re  p e rm ea b il ity  than most o f  the Eocene volcanics and 

Phanerozoic sedimentary rocks in  the a rea . The superposition  of. 

Laramide f ra c tu r in g  on Precambrian f r a c tu r e  patterns  in  the gneiss 

and s c h is t  is  a possib le  exp lanation  fo r  t h e i r  g re a te r  f ra c tu re  

p e rm ea b il ity .

Prominent j o i n t  trends o f  l i k e l y  Precambrian o r ig in ,  as 

measured by Spencer (1959) on the eastern p a r t  o f  the Beartooth  

b lock , and by Ruppel (1972) in  the G a l la t in  Range and on the southwest 

p a r t  o f  the Beartooth b lock, a re : N .15°W ., N .45°W ., N .4 5 ° E . , and

N .65°W. Other jo in t s  trend N .5 5 -6 0 ° E . , N.15o- 2 0 ° E . , N .-S . to  N .5 ° E . , 

and N .8 5 °E . , to E.-W. Most fra c tu re s  are  almost v e r t ic a l  except near 

the o v erth ru s t  margins o f  the Beartooth block where sh a llo w ly  dipping  

jo in ts  have developed in  response to intense Laramide compressional. 

stresses (Spencer, 1959). J o in t  o r ie n ta t io n s  noted by the  author 

between La Duke Hot Spring and Cinnabar Basin in  the hanging wall 

block o f  the Gardiner f a u l t  suggest th a t  Laramide compression and 

subsequent tensional s tress  strengthened the N.60°W. and the  

N.5o-30°E.. trends in  the  v i c i n i t y  o f  the in te rs e c t io n s  o f  the Gardiner 

f a u l t  zone w ith  the transverse  normal f a u l ts  (F igure  6 ) .

The Precambrian rocks appear to  contain r e l a t i v e l y  fewer 

m in era lized  fra c tu re s  or f ra c tu re s  rendered impermeable by the depo-r. . 

s i t io n  o f  c layey weathering products than do the Phanerozoic rocks.
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GNEISS ALONG THE GARDINER FAULT ZONE NEAR LA DUKE HOTSPRING 
( Based on 67 measurements )



The incompetent, shaley nature  and the g re a t  thickness o f the c la y -  

r ic h  Mesozoic rocks has in h ib i te d  the development and. p reservation  o f  

permeable f r a c tu re s .  The e a s i ly  weathered Eocene vo lcanic  breccias  

may s u f fe r  s im i la r  l im i t a t io n s  to the development o f  f ra c tu re  

p e rm e a b il i ty .  Clays and iron  oxides th a t  develop during weathering  

o f the volcanics may e f f e c t i v e ly  clog f ra c tu re s .  The abundance o f  

unmineralized fra c tu re s  in  the g r a n i t ic  gneiss is  evidence th a t  th is  

rock may p o t e n t ia l ly  be an a q u i fe r .  -

The probable high p e rm ea b il ity  o f  the f ra c tu re d  Precambrian 

c r y s t a l l in e  rocks suggests th a t  groundwater may p erco la te  to consider­

able depths through jo in t s  in  the hanging w all block o f  the Gardiner 

f a u l t .  The g rea t area l exposure o f  Precambrian rock on the flanks  of  

Sheep Mountain between Bear Creek and Cinnabar Mountain and the  

considerable  r e l i e f  o f  the  lo ca l drainages could encourage s ig n i f ic a n t  

recharge o f  the thermal systems. The lower f ra c tu re  p e rm eab il ity  o f  

Mesozoic rocks preserved in  the Sepulcher graben to the south o f the  

Gardiner f a u l t  would.impede p e rco la t io n  o f  groundwater to any great  

depth. Descending cold groundwater in  the hanging w all b lo c k .o f  the 

Gardiner f a u l t  zone must en ter the f a u l t  zone a t  some p o in t  during  

i t s  downward flow  (F igure  8 ,  page 4 6 ) .  i f  the flow o f  hot w ater r is in g  

in  the Gardiner f a u l t  zone is  s u f f i c i e n t ly  s trong , the  dens ity  d i f ­

ference between the cold and hot w ater may fo rce  the heav ie r  cold 

w ater to g re a te r  depths w ithout apprec iab le  mixing o f  the waters as
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shown fo r  the Steamboat Springs, Nevada area (W hite, 1968). The cold  

water probably remains w ith in  the jo in t s  o f  the hanging w a ll  block 

during i t s  descent. As the descending.- w ater warms s u f f i c i e n t l y , ,  i t  

w i l l  e n te r  the permeable f ra c tu re s  o f  the. f a u l t  zone.

Pressure from thermal expansion o f  the r is in g  hot w ater may • 

c o n tr ib u te  a major d r iv in g  force  to the h ydrau lic  head p ro p e l l in g  the  

c i r c u la t in g  system. For example, in  the case o f Steamboat Springs,  

Nevada, White (1968) suggests th a t  thermal expansion o f w ater a t  

170° C co n tr ib u tes  a fo rce  e q u iva len t  to a head o f  900 f e e t  o f  cold 

w ater in a system th a t  c irc u la te s  to a depth o f  10,000 f e e t .  Though 

temperatures o f  waters in the Corwin Springs-Gardiner thermal systems 

noted in the in tro d u c tio n  are most l i k e l y  not as high as those a t  

Steamboat Springs, thermal expansion should co n tr ib u te  to  the d r iv in g  

fo rce  o f  the.system . I f  upward flow  o f  w ater is  weak, as is  suggested 

by the present flow  ra tes  a t  the su rface , d i lu t io n  o f  the r is in g  hot 

w ater in the f a u l t  zone by the cold w ater from the hanging w all  block 

is  l i k e l y .  S i l i c a  geothermometer values are probably lower than actual 

re s e rv o ir  temperatures as a r e s u l t  o f  th is  d i lu t io n .  The expansive 

t r a v e r t in e  te rraces  a t  Gardiner in d ic a te  th a t  f low of w ater in  the 

thermal system was more voluminous during the P le is tocene . The 

decreased flow  volume may stem from the f i l l i n g  o f fra c tu re s  in  the 

Gardiner f a u l t  zone w ith  cal c i t e  from the ca lc iu m -r ich  thermal waters.



Recharge may a lso  have decreased as the c lim ate  became d r ie r  in  the  

Holocene.

L i th o lo g ic  Control o f  Recharge

Porous rock un its  may s ig n i f ic a n t ly  control recharge o f the 

Corwin Springs-Gard iner thermal system. Precambrian c r y s t a l l in e  rocks , 

v o lc a n ic s , and sedimentary rocks may a l l  possess minor in te rg ra n u la r  

po ro s ity  th a t  w i l l  perm it slow p e rco la t io n  o f  groundwater. However, 

a sedimentary u n i t  d is p la y in g  vuggy or cavernous p o ro s ity ,  in  ad d it io n  

to  in te rg ra n u la r  p o ro s ity ,  may best t ra n s p o rt  the volumes o f  water  

necessary to supply the hot springs th a t  produced the P leistocene  

to Recent Gardiner t r a v e r t in e  depos its . The voluminous t r a v e r t in e  

deposits north o f  Gardiner and the present high calcium content o f  

spring e f f lu e n t  a t  La Duke and Bear Creek springs suggest th a t  the 

w ater spent considerable  time in  contact w ith  limestone during c irc u ­

la t io n  a t  depth (Chadwick, personal communication, 1975). The Madison 

Limestone is  the most l i k e l y  o f  the Paleozoic and Mesozoic units  to 

s a t is f y  the requirements o f  a l im ey , cavernous a q u ife r  fo r  the recharge  

o f  thermal waters.

The Madison Limestone consists  g e n era lly  o f  l i g h t  gray, massive 

l imestone and d o lo m it ic  lim estone. The Mission Canyon Limestone of  

the Madison Group, as depicted in  Figure 7 and P la te  '10, d isplays  

abundant ancien t and recent c a v i t ie s  and sinkholes in  i t s  upper 300

41
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f e e t ,  wherever i t  is  exposed in southern Montana and northwestern  

Wyoming (Andrichuk, 1955). R e t ic u la te  networks o f  jo in t s  enlarged  

by the same s o lu tio n  processes are  a lso  common (Sando, 1974). The 

s o lu t io n  c a v i t ie s  are  thought to be r e l i c t s  o f  a widespread kars t ■ 

topography th a t  developed during subaeria l exposure o f  the Mission 

Canyon Limestone during Late M iss iss ipp ian  to  Early  Pennsylvanian 

time ( Roberts,,-,1966).  Red calcareous s i l t s  tones and sandstones of  

the Pennsylvanian Amsden Formation f i l l  most o f  the s o lu t io n  c a v i t ie s .  

The Mission Canyon also contains two layers  o f  carbonate breccia  which, 

are probable products o f  co llapse  a f t e r  s o lu tio n  o f  evap o r ite  beds 

(Roberts , 1966). Laramide u p l i f t  exposed the limestones and evaporites  

to renewed s o lu t io n  processes. Such s o lu t io n  a c t i v i t y  is  probably  

a c t iv e  a t  present.

The Mission Canyon dips northward from the c re s t  o f  the  

G a l la t in  a n t ic l in e  o b ta in ing  the proper s tru c tu ra l  o r ie n ta t io n  to  

guide cold groundwater to  g re a t  depths w ith in  the G a l la t in  f a u l t  

zone (F igure  8 ) .  The exposure o f  the Landslide Creek Formation a t  

Gardiner requ ires  a minimum depth o f  10,000 f e e t  fo r  the Mission Canyon 

a q u ife r  in  th a t  area since th is  exposed Late Cretaceous u n i t  is  

separated from the Mission Canyon by 10,000 fe e t  o f  sec tio n . Over­

steepening o f  the northern limb o f  the G a l la t in  a n t i c l in e  or 

superposition  o f  im b rica te  th ru s t  blocks in  the Gardiner f a u l t  zone 

could place the. Mission Canyon a t  a y e t  g re a te r  depth. Normal fa u l t in g



FIGURE 7. SKETCH OF SO LUTIO N FEATURES IN THE MISSION  

CANYON FO RM ATION(modifled from Ruppel, 1972, and S ando, 19 74 )
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PLATE 10. A p o rt io n  o f  the Mission Canyon Limestone exposed near
Devils  S l id e  on Cinnabar Mountain showing cavernous nature  
o f  the form ation.
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along the East G a l la t in  and Mammoth f a u l t  zones dropped the c re s t  o f  

the G a l la t in  a n t ic l in e  a t  le a s t  2 ,000  f e e t  w ith in  the Sepulcher 

graben ( Ruppel, 1972). Exposures o f  the Madison Limestone near the  

c re s t  o f  the a n t ic l in e  on the highlands to th e .e a s t  and west o f  the. 

graben suggest th a t  the limestone may have been exposed a t  a T e r t ia r y  

erosion surface th a t  is  now covered by n ear ly  1,000 fe e t  o f  Quaternary  

volcanics and sediments o f  the Yellowstone Group (F ig u r e .2 , page 10 ) .

Water from the sluggish drainage system o f  the Gardiner River  

probably f in d s  access to  the Madison by means o f  fra c tu re s  and i n t e r ­

flow contacts w ith in  the vo lcan ics . The water then fo llow s the per­

meable zones in  the limestone to  depths near 10,000 f e e t  w ith in  the  

Gardiner f a u l t  zone. Here the w ater is  heated a t  th is  depth by 

processes to be discussed in  the next chapter. The limestone has been 

dragged up and fra c tu re d  by reverse fa u l t in g  provid ing access fo r  the 

heated w ater to  the Gardiner f a u l t  zone. The f a u l t  zone acts as the  

conduit feeding hot springs a t  the surface .

In accordance w ith  the c i r c u la t io n  model described here, 

the t r a v e r t in e  deposits o f  the Gardiner-Corwin Springs thermal systems 

are probably products o f  the s o lu t io n  o f  limestone by the co ld ,  

COg-rich groundwater during i t s  descent from the su rface . Increasing  

l i t h o s t a t i c  and h y d ro s ta t ic  pressures could sustain  the high CO2 

p a r t ia l  pressure and calcium concentration  o f  the descending water  

even as i t  is  heated a t  depth. These pressures are re leased and
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COg is  driven o f f  as the ascending w ater approaches the surface .  

Deposition o f  t r a v e r t in e  r e s u l ts .  Heavy t r a v e r t in e  deposit ion  may 

choke the conduits leading to the surface  and account fo r  the reduced, 

surface  a c t i v i t y  o f  the thermal system a t  present. The th ic k  

t r a v e r t in e  deposits d i r e c t l y  north o f  Gardiner l i e  on the trends o f  

two possib le  branches o f  the Mammoth f a u l t  zone, which may have served

to lo c a l i z e  flow  a t  th is  lo c a l i t y  in  the Gardiner f a u l t  zone. The
• ■ • • ■ •’

present absence o f  springs in  th is  area suggests th a t  f ra c tu re  conduits

feeding the former springs are now te c to n ic a l ly  in a c t iv e  and are  

sealed . However, continued te c to n ic  a c t i v i t y  along the Reese Creek 

f a u l t  and the easternmost branch o f  the Mammoth f a u l t  may sustain the  

p e rm ea b il ity  o f  those f a u l t  zones and the flow  o f  hot w ater a t  La Duke 

and Bear Creek springs. Future seismic events could open presently  

sealed f ra c tu re s  and increase discharge ra te s .

The recharge mechanisms discussed in  th is  section  probably  

work sim ultaneously to  susta in  th is  thermal system. However, recharge  

through the Mission Canyon a q u ife r  may be essentia l to produce the 

c a lc iu m -r ich  spring e f f lu e n t  and high discharge necessary to  have formed 

the extensive  t r a v e r t in e  deposits a t  the  surface .

The Mammoth Hot Springs , in  c o n tra s t  to the Corwin Springs-
I • ' "

Gardiner thermal system, may obta in  most o f  t h e i r  hot w ater from a 

northward flow  w ith in  the Mammoth f a u l t  zone o f  w ater from the Norris  

Geyser Basin (T ruesde ll  and Fournier * O p e n -f i le  r e p o r t ) .  A swarm
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o f  P le is tocene  normal f a u l t s  a t  Mammoth Hot Springs cause downward 

displacement to the east and allows most o f  th is  hot w ater to escape 

in to  the Gardiner R iver drainage (F igure  I ,  page 2 , and Figure 3, 

page 12 ) .



C hapter 4

SOURCES OF HEAT

A model fo r  the source o f  the heat d r iv in g  the thermal system 

in  the Corwin Springs-G ard iner area may be b u i l t  from an understanding  

o f  the s t ru c tu ra l  re la t io n s h ip s  c o n t r o l l in g  recharge and c i r c u la t io n  o f  

w ater in  the system. Geophysical d a ta ,  c o l le c te d  from studies in  

Yellowstone National Park and neighboring areas , fu r t h e r  d e fin e  the  

model. Surface temperatures and spring  chemistry provide evidence 

fo r  the in te n s i t y  o f  the heat source. The geologic s e t t in g  o f  the  

Corwin Springs-G ard iner thermal system o f fe rs  two p o te n t ia l  sources 

o f  heat. Possible deep c i r c u la t io n  o f  groundwater could expose the 

w ater to bedrock warmed by the lo ca l normal geothermal g ra d ien t .  

A l t e r n a t iv e ly ,  the p ro x im ity  o f  t^ is  thermal system, to the r h y o l i t i c  

magma body, thought to  l i e . a t  shallow depth beneath the Yellowstone  

c a ld e ra ,  may su b jec t groundwater to  the higher heat f low  associated  

w ith  the magma body. Geophysical data suggest th a t  a s a t e l l i t e  

body o f  magma may l i e  beneath Gardiner provid ing an in tense  source 

o f local heat (Eaton e t  a l , 1975). The fo l lo w in g  discussion w i l l  

consider the m erits  o f  these heat source concepts. '

Geothermal Gradient Heat Source

The geologic s e t t in g  and physical c h a ra c te r is t ic s  o f  the 

Corwin Springs-Gard iner thermal fea tu res  bear strong resemblance
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to those o f  o th er hot springs in  western Montana. Kaczmarek (1974) 

describes a d is t in c t iv e  group o f  hot springs in  western Montana 

th a t  a l l .  show base re s e rv o ir  temperatures between IOO0 C and 120° C.

He m aintains on the basis o f  co n s is ten t base temperatures and the 

usual lo c a t io n  o f  the springs on deep f r a c tu re  zones or s teep ly  

in c l in e d  permeable rock un its  th a t  the spring waters a l l  c i r c u la te  to  

depths o f  about 10,000 f e e t  where they acquire  heat from warm country  

rock by conduction. A normal geothermal g rad ien t o f  10 C / ! 00 f t . , 

estim ated by Chadwick and Kaczmarek (1975) f o r  western Montana, 

should im part a base le v e l  temperature o f  107° C to waters c ir c u la t in g  

to  10,000 f e e t  and, th e re fo re ,  account f o r  the base temperatures  

observed a t  La Duke Hot Spring.

The c i r c u la t io n  model fo r  the Corwin Springs-G ard iner thermal 

system, developed in  the preceding ch ap ter , describes the tran sp o rt  

o f m eteoric  w ater to depths as g re a t  as 10,000 f e e t  below the surface .  

Based on a normal geothermal g ra d ie n t ,  a t  th is  depth w ater should 

acquire  temperatures near 100° C. Unpublished base temperatures fo r  

La Duke Hot Spring , as determined by R. A. Chadwick (personal com­

m unication, 1976) using the s i l i c a  geothermometer method (Fourn ier

and T ru e s d e l l , 1970) are :

Dissolved S i l i c a Estimated Base
(ppm) Temperature ( 0C)

June, 1973 30.8  . 81

February, 1975 . ■ 86 .8 131
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These temperatures provide reasonable supporting evidence fo r  heating  

by deep c i r c u la t io n  in  a region o f  near normal geothermal g rad ien t  

considering the expectable seasonal v a r ia t io n s  in d i lu t io n  o f  the 

spring waters as w e ll  as possib le  e rro rs  in  sampling and s i l i c a  

determ ina tion .

Shallow Magmatic Heat Source

The p ro x im ity  o f the r h y o l i t i c  magma body beneath the Yellow­

stone c a ld e ra ,  some 25 miles south o f  G ard iner, Montana, ra ises  the  

p o s s ib i l i t y  o f  a shallow magmatic heat source fo r  the Corwin Springs-  

Gardiner thermal system. The magma body is  thought to  l i e  between f iv e  

and ten k ilom eters  beneath the surface  (Smith e t  a l , '1974). The 

occurrence o f  several young r h y o l i t i c  v en ts , along w ith  geophysical 

d a ta ,  suggests th a t  a s a t e l l i t e  magma body or perhaps a prong of  

magma may l i e  beneath the Sepulcher graben as f a r  north as Gardiner 

(Eaton e t  a l , 1975). R h yo lite  domes as young as 70,000 years in tru d e  

the Sepulcher graben between N orris  Geyser Basin and Mammoth Hot 

Springs (F ig u re  9 ) .

Eaton e t  a l (1975) present a. complete Bouguer g r a v i ty  map 

th a t  depicts  a la rg e  g ra v i ty  low bounded by the closed -210 mgal 

contour (F ig u re  9 ) .  This contour surrounds the Yellowstone caldera  

and o u t l in e s  a r e la t i v e l y  narrow low g ra v i ty  c o rr id o r  extending  

north to  Corwin Springs from N orris  Geyser Basin on the rim o f  the



52

I
IOO

M IL E S

Residuol oerom ognetic anom aly  
( - 3 0 0  to  - I O d  gam m as)

Bouger gravity fiontour(-2ldmgal)

Yellowstone c a ld e r a  rim

■X
Q u a te rn ary  rh y o l i te  v e n t  

FIGURE 9, COMPILATION OF GEOPHYSICAL ANOMALIES IN THE 
YELLOWSTONE PARK AREA(modifled from Eaton et o l., 1975)

O
Residual o e ro m o g n e t ic  anom aly  

( < -  2 5 0  gam m as)



53

c a ld e ra . The g r a v i ty  low is  thought to be a composite representa ­

t io n  o f  the Yellowstone r h y o l i t e  magma and i t s  c r y s t a l l i z e d  p o r t io n ,  

foundered c r y s t a l l i n e  and sedimentary m a te r ia ls ,  and hydrothermalIy  = 

a lte r e d  zones associated w ith  geothermal systems. The g ra v i ty  f i e l d  

produced by these m a te r ia ls  stands in  c o n tra s t  to the g ra v i ty  highs 

produced by ad jacent c r y s t a l l in e  basement rocks.

Changes in the behavior o f  seismic waves passing through 

the low g ra v i ty  area s im i la r ly  o u t l in e  the caldera  and proposed 

magma body a t  depth. The east-w est zone o f  high seismic a c t i v i t y  

passing through Hebgen Lake ends a b ru p tly  a t  the west edge o f  the  

g r a v i ty  low near the East G a l la t in  f a u l t  (Eaton e t  a l , 1975)

(F igure  10 ) .  Seismic a c t i v i t y  is  g e n e ra l ly  less in tense throughout 

the ca ldera  and Norris-Corw in Springs c o r r id o r .  Maximum foca l depth 

in  the caldera  is  f i v e  km in  c o n tra s t  to g re a te r  foca l depths 

outs ide  the c a ld e ra . P-waves are  a ttenuated  as they pass.through  

the c a ld e ra ,  whereas S-waves are commonly absent or poorly  defined.

Negative res id u a l aeromagnetic anomalies a lso  h ig h l ig h t  the 

Yellowstone caldera  and the Norris-Corw in Springs c o r r id o r  (Eaton 

e t  a l , 1975) (F igure  9 ) .  The extens ive  volumes o f  hydrothermalIy  

a lte re d  rock w ith in  these areas are  in te rp re te d  as p a r t ly  responsible  

fo r  th is  magnetic anomaly. A la rg e  body o f  magma or a c r y s t a l l in e  

p i uton beneath the ca ldera  could a lso  account fo r  the.broad magnetic
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low. Surrounding, areas...underlain by c r y s t a l l in e  basement and vent 

fa c ie s  o f  the Eocene volcanics d isp lay  h igher magnetic in te n s i ty .

Although the data summarized here are  co n s is ten t w ith  the 

existence o f  magma a t  depth beneath the Yellowstone caldera  and the 

Norris-Corw in Springs c o r r id o r ,  they are  not conclus ive . The geologic  

form, and e ru p tiv e  h is tory , o f  the Yellowstone caldera  lend s o l id  support 

to the geophysical models th a t  d e p ic t  a shallow magma body w ith in  

i t s  confines. However, the Norris-Corw in Springs c o r r id o r ,  p a r t ic u ­

l a r l y  a t  i t s  northern end, does not o f f e r  such convincing geologic  

evidence in  support o f  the  geophysical da ta . Quaternary vo lcanic  

vent and co llapse  fea tu res  are lack in g  north o f  Mammoth. The high 

in te n s i t y  o f  geothermal a c t i v i t y  associated w ith  the magmatic heat, 

source w ith in  the  caldera  does not appear in  the Corwin Springs- 

Gardiner thermal system. The production o f t r a v e r t in e  and the lower 

estimated base le v e l  temperatures observed in  the Corwin Springs-  

Gardiner area are c h a r a c te r is t ic  o f  less vigorous geothermal systems, 

possib ly  heated by remnant heat emanating from re c e n t ly  c r y s ta l l i z e d  

in tru s iv e s  or by conduction o f  heat to  deeply c i r c u la t in g  w ater.from  

hot country rock (Chadwick and Kaczmare k ,  1975).

A l te r n a t iv e  explanations may be applied  to the geophysical 

anomalies observed in  the Norris-Cdrw ih Springs c o r r id o r .  The 

shallow g ra v i ty  low in th is  area may be due to the dens ity  con tras t  

between Cretaceous sedimentary rocks and c r y s t a l l in e  basement rocks
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in  nearby u p l i f t e d  blocks preserved w ith in  the Sepulcher graben 

(Eaton e t  a l , 1975). Bonini (1972) l i s t s  assumed average dens it ies  

o f  2 .40  g/cc f o r  Cretaceous sedimentary rocks and 2 .67  g/cc fo r  

c r y s t a l l in e  Precambrian rocks. A lo ca l negative  c losure  around 

Gardiner may be caused by the thickened section  o f  sedimentary rock 

a t  th a t  l o c a l i t y  which is  due in  p a r t  to  overturn ing  o f  the section  

by reverse  f a u l t in g .  The same exaggerated thickness o f  sedimentary  

rocks may produce the res idua l magnetic low recorded fo r  th a t  area 

due to  the  lack  o f  i r o n - r ic h  m inerals in those rocks. An i n s u f f i ­

c ie n t ly  long period o f  study may exp la in  the observed absence o f  

seismic a c t i v i t y  in  th is  narrow b e l t .  S u r f ic ia l  evidence produced 

by Ruppel (1972) in d ica te s  th a t  f a u l ts  have been a c t iv e  w ith in  the  

Sepulcher graben during P le is tocene and Holocene tim e. The lack o f  

seismic data prevents the construction  o f  a v ia b le  model fo r  the  

bedrock s tru c tu re  in  the Norris-Corw in Springs c o r r id o r .

The preceding arguments weaken the case fo r  a shallow  

magmatic heat source in  the immediate v i c i n i t y  o f  Gardiner. Deep 

c i r c u la t io n  o f  groundwater is  probably the primary means o f  heating  

the waters feeding the Corwin S prings-G ard iner thermal system. 

However, the w in te r  s i l i c a  geothermometer reading o f  131° C fo r  

La Duke Hot Spring suggests th a t  the Yellowstone magma body may be 

close enough to  enhance the reg ional geothermal g ra d ien t  in  the  

Corwin Springs-G ard iner area. Hot w ater c i r c u la t in g  northward from
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the Yellowstone ca ld era  along the Mammoth and East G a lla t in  fa u lts  ' 

may a lso  increase the  lo c a l geothermal g ra d ie n t. B ut, the f a u l t  

zones must be permeable enough to tra n s p o rt q u ic k ly  la rg e  q u a n tit ie s  

o f w ater to  the Corwin S p rings-G ard iner system before  the w ater 

cools s ig n if ic a n t ly .



Chapter 5

POTENTIAL THERMAL ACTIVITY AT 
DEPTH IN ADJACENT AREAS

The c o n tin u a tio n  o f the G ard iner f a u l t  zone to  the northwest 

o f Cinnabar Mountain may perm it the extension o f the Corwin Springs- 

G ardiner thermal system in  th a t d ir e c t io n . F a u lt p a tte rn s  northwest 

o f Cinnabar Mountain suggest th a t  displacem ent along the G ardiner 

f a u l t  and associated  transverse  n o rth -tre n d in g  normal fa u lts  forms 

a graben s im ila r  to  the Sepulcher graben. A m o d ific a tio n  o f the model 

proposed h ere in  fo r  the  c ir c u la t io n  o f w ater in  the Corwin Springs- 

G ardiner therm al system may a lso  d escribe  possib le  geothermal 

a c t iv i t y  a t  depth near Cinnabar Basin and Mol Heron Creek (F ig u re  1 1 ). 

However, the e x te n t and the very ex is ten ce  o f such thermal a c t iv i t y  

is  u n certa in  due to  the lack  o f s u r f ic ia l  m an ifes ta tio n s  o f recent 

geothermal a c t iv i t y .  A th ic k  cover o f Eocene e x tru s iv es  probably  

obscures any n e ar-su rfac e  thermal phenomena.

The m ajor s tru c tu ra l elements comprising the model fo r  

therm al w ater c ir c u la t io n  in  the Corwin S prings-G ard iner area also  

appear on the west s ide o f the southern G a lla t in  range. The G a lla t in  

a n t ic l in e  extends northwestward from the G a lla t in  h o rs t to  the Madison 

Range ( Ruppel, 1972). Normal displacem ent along the West G a lla t in  

f a u l t  has depressed the c r e s t  o f the a n t ic l in e  a t  le a s t  2 ,500  fe e t  

to the west o f  the h o rs t ( Ruppel, 1972) (F ig u re  1 1 ). The Madison

■ H-
i v  •'t
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FIGURE II. SKETCH MAP OF THE CINNABAR BASIN AREA « MAJOR 
FAULTS AND MADISON GROUP EXPOSURES (modified from Fraser, 
1969, Ruppel, 1972 , and U.S. Geological Survey Map I -711 ,1972  )
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Group crops out along both sides o f the G a lla t in  R iver upstream from . 

i t s  confluence w ith  Specimen Creek (F ig u re  1 1 ). This u n it  dips 

g e n e ra lly  to the n o rth east down the northern  limb o f the  a n t ic l in e .  

Several small d iv e rs e ly  o rien ted  fo ld s  d is tu rb  the general d ip  Pf 

the Madison.

These beds are  probably dragged up in to  an asymmetrical 

syn c lin e  as they e n te r the northwest extension o f the G ardiner f a u l t  

zone beneath Cinnabar Basin although th e re  is  no s u r f ic ia l  evidence 

fo r  th is .  A swarm o f northwest tren d in g  d a c ite  dikes and fra c tu re s  

which cu t Precambrian g r a n it ic  gneiss id e n t i fy  a p o rtio n  o f the f a u l t  

zone as i t  disappears beneath Eocene vo lcan ics  on the  northw est w all 

o f the Cinnabar Creek gorge. The G ardiner f a u l t  probably passes 

under the northern  margin o f Cinnabar Basin and reappears to  the  

northwest as the Spanish Peaks f a u l t  ( Ruppel, 1972). The Mo! Heron 

Creek f a u l t  and numerous n e arly  v e r t ic a l  northeast tren d in g  fra c tu re s  

cut the Eocene vo lcan ic  cover and co n tro l the graben s tru c tu re  to  

the northwest o f Cinnabar Mountain (F ig u re  1 1 ). Apparent l e f t -  

la t e r a l  displacem ent o f  the d ike  swarm by the Mol Heron Creek f a u l t  

provides evidence fo r  the o f fs e t  o f  the G ardiner f a u l t  zone and the  

ex is ten ce  o f a graben s tru c tu re  beneath Cinnabar Basin.

As described in  the  Corwin S prings-G ard iner m odel, w ater 

could flo w  to  considerab le  depth through jo in ts  in  the Precambrian 

hariging w a ll block o f the G ardiner f a u l t  though the vo lcan ics  covering
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much o f  th is  s tru c tu re  may impede downward flo w . Water may a lso  

flow  down the M ission Cartyon a q u ife r  from the G a lla t in  R iver drainage  

in to  the G ard iner f a u l t  zone beneath Cinnabar Basin.

Several s tru c tu ra l fea tu re s  could o b s tru c t th is  flow  p a tte rn . 

The small fo ld s  on the  northern  limb o f the G a lla t in  a n t ic l in e  may 

tra p  w ater w ith in  the  M ission Canyon r e la t iv e ly  high on the  a n t ic l in e .  

Several eas t-w es t tren d in g  normal fa u lts  in  the v ic in i t y  o f  Specimen . 

Creek could o f fs e t  the confined M ission Canyon a q u ife r  and s im ila r ly  

tra p  descending w ater. V e r t ic a l displacem ent is  less along the Mo! 

Heron, f a u l t  than th a t  along the Reese Creek f a u l t  suggesting th a t  

the  depth o f  the Mission Canyon is  not as g re a t as th a t  in  the  

Sepulcher graben. Even i f  flow  w ith in  the  Mission Canyon is  unimpeded, 

th e  depth a tta in e d  by the  w ater beneath Cinnabar Basin may be s ig n i f i ­

c a n tly  less than th a t  a tta in e d  by w ater in  the Corwin S prings-G ard iner 

system.

Seismic a c t iv i t y  along the G ard iner f a u l t  zone in  the Cinnabar , 

Basin area is  weak (Eaton e t  a l , 1975; Smith e t a l , 1974 ). S u r f ic ia l  

evidence fo r  recen t f a u l t in g ,  contemporaneous w ith  th a t  a t  L i t t l e  

T r a i l  Creek, is  la c k in g . These fa c ts  suggest th a t the G ardiner f a u l t  

and the tran sverse  normal fa u lts  in  Cinnabar Basin may be sealed  

and impermeable. The sealed co n d itio n  o f  the fa u lts  exp la in s  the 

absence o f therm al springs a t  the su rface  in  Cinnabar Basin.



Chapter 6 * . ■
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SUGGESTED FUTURE STUDY

A more com plete,understanding o f  the Corwin S prings-G ard iner 

thermal system would re q u ire  fu r th e r  exam ination o f bedrock geology 

and therm al fe a tu re s  by means o f geophysical and geochemical tech­

niques. Several suggestions fo r  c la r i fy in g  or strengthen ing  the  

therm al w ater c irc u la t io n  model deduced from mapping data are  

presented here.

R eservo ir Temperatures

Chemical geothermometers should be ap p lied  to  e f f lu e n t  

samples from La Duke Hot Spring and Bear Creek warm spring  to  d e te r­

mine t h e i r  base tem peratures a t  depth. A m ixing model using the  

s i l i c a  geothermometer method as described by Fourn ier and Truesdell 

(1974) should be used because d i lu t io n  o f these thermal waters by 

cold groundwater from the Yellowstone R iver v a lle y  is  h ig h ly  l ik e ly .  

Jo in ts  described in  the  recharge model developed fo r  the Corwin 

S p rings-G ard iner therm al system may a llo w  descending co ld  w ater to  

mix a t  g re a t depths w ith  r is in g  thermal w ater in  the  G ardiner f a u l t  

zone. Cold w ater in  near surface  a llu v iu m  and co lluvium  may also  

d ilu te  therm al w ater a t  shallow  depths. The degree o f d i lu t io n  v aries  

w ith  the seasonal le v e l o f ru n o ff in  the Yellowstone R iver drainage. 

Runoff is  norm ally  h ig h est during June and Ju ly  and decreases during
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the re s t  o f the year to  i t s  lowest le v e l in  February and March.

Samples taken during the w in te r  months should y ie ld  the h ighest 

tem peratures as in d ic a te d  by the p re lim in a ry  s e t o f  samples (Chadwick, 

personal communication, 1976) re fe rre d  to  in  Chapter 4.

A q u ife r Rock Type

Dissolved cations, and anions in  the hot spring  e f f lu e n t  

may q u a l i t a t iv e ly  v e r i fy  the ro le  o f  the M ission Canyon Limestone 

as a recharg ing  a q u ife r  fo r  the Corwin S prings-G ard iner thermal 

system. The high d isso lved  calcium  content o f the w ater suggests 

a lim estone a q u ife r ,  but the calcium  cannot be traced  d ir e c t ly  to  

the M ission Canyon Limestone by known geochemical methods. However, . 

high values fo r  SO^z and Na+ are  quoted by T ay lo r (1975 , unpublished 

re p o rt)  from Fourn ier (w r it te n  com m unication). These d a ta .in d ic a te  

th a t  s o lu tio n  o f e v a p o rite  beds in  the Mission Canyon may be occurring  

a t  present (D. L. Sm ith, personal communication, 1976 ). S o lu tio n  

b re c c ia s , which a re  probably form ing due to  the removal o f evap o rite  

m in e ra ls , co n ta in  zones o f high p o ro s ity . The Na+ and SO^z values 

c ite d  above are based on an u n certa in  number o f samples and should 

be v e r i f ie d  by a d d it io n a l sam pling. Whether these values are  anoma­

lous should be ascerta in ed  by comparison w ith  values from spring  

w aters o r ig in a t in g  in  nearby c r y s ta l l in e  basement rocks. Since 

n a tu ra l cold springs are  scarce in  the v ic in i t y  o f  La Duke Hot
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S p rin g , w ater w e lls  should be considered fo r  sam pling. Residents 

in  sec tio n  5 , I . .  9 S . , R. S E . ,  im m ediately south o f La Duke Hot 

S p rin g , and in  sec tio n  14, I .  9 S . ,  R. S E . ,  southeast o f  L a .Duke 

Hot S pring , may have w e l ls .th a t  tap w ater d ra in in g  from the Precam- 

b rian  te r r a in  o f  Sheep Mountain.

C haracter o f  S tru c tu re  and 
L ith o lo g y  a t  Depth

The g ra v ity  survey o f Yellow stone N ational Park and v ic in i t y  

re fe rre d  to  in  Chapter 4 lo cates  a g ra v ity  low in  the Corwin Springs 

G ardiner a rea . The g ra v ity  data suggest th a t  the Yellow stone R iver 

v a lle y  in  th is  area may be u n d erla in  by a g re a t th ickness o f s e d i­

mentary rocks, a hydrotherm ally  a lte re d  zone, or a magma, body.. A 

d e ta ile d  g ra v ity  survey o f the v a lle y  between Corwin Springs and . 

Bear Creek may help determ ine the nature  o f the bedrock and fa u l t  

zones w ith in  the v a lle y  and improve Eaton 's subsurface model fo r  

northw estern Yellow stone Park.

A d e ta ile d  knowledge o f the v e r t ic a l  and la t e r a l  e x te n t o f 

the  G ard iner t r a v e r t in e  deposits  would a s s is t  in  the id e n t i f ic a t io n  

o f fra c tu re s  fo rm erly  c o n tro ll in g  the  o u tflo w  o f therm al w ater. 

A ctive  seism ic techniques could r e a d ily  d is tin g u is h  the base o f the  

t r a v e r t in e  ly in g  on the P lio c e n e -P le is to ce n e  b a s a lt and produce data 

s u ita b le  fo r  making an isopach map o f the  t ra v e r t in e  d e p o s it. The 

isopach map and ou tcrop .observations  could provide evidence fo r  the
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m ig ratio n  o f  springs w ith  time due to te c to n ic  a c t iv i t y  o r sea lin g  

o f conduits .

S e is m ic ity  o f  the Corwin 
S p rings-G ard iner Area

Passive seism ic m onitoring o f the Corwin S prings-G ard iner 

area is  necessary to  determ ine the s e is m ic ity  o f the f a u l t  zones 

c o n tro ll in g  the lo c a l thermal system. The p e rm e a b ility  o f  the f a u l t  

zones is  dependent upon the frequency and in te n s ity  o f  movements 

along the f a u l t  zones. Recurrent te c to n ic  movement is  probably  

needed to  prevent s e a lin g  o f the thermal w ater conduits by the  

d ep o s itio n  o f t r a v e r t in e  from the c a lc iu m -ric h  thermal w a te r. Low 

s e is m ic ity  in  the  area may be responsib le  fo r  the present in a c t iv i ty  

o f the springs th a t  b u i l t  the  G ard iner t r a v e r t in e  te rra c e s . M icro­

earthquake a c t iv i t y  should be m onitored since such s e is m ic ity  is  

g e n e ra lly  associated  w ith  vigorous thermal systems (Comb and M u ff le r ,  

1973). Microseisms probably re s u lt  from continual movements along 

fa u lts  w ith in  the therm al system.

Concealed Thermal Water Sources

Considerable thermal w ater may escape in to  the Yellowstone 1 

R iver drainage from sources hidden beneath surface  m a te ria l in  the  

v ic in i t y  o f  the a c t iv e  springs and elsewhere along the G ardiner f a u l t  

zone. E le c tr ic a l  and e lec trom agnetic  techniques th a t  measure the
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e le c t r ic a l  r e s is t iv i t y  o f  m a te ria ls  a t  depth could be ,used to  attem pt . 

to  determ ine the tru e  e x te n t o f  the hot spring  system from the surface
‘ . r 1

to  depths as g re a t as two m iles (Combs and M u ff le r ,  1973 ). Rock 

bodies th a t are  sa tu ra ted  w ith  therm al waiter should show d is t in c t iv e ly  

low e le c t r ic a l  re s is ta n c e . These methods could be used to  produce 

th re e  dimensional models o f  the th e rm a lly  a c t iv e  zones. Numerous 

traverses  across the G ard iner f a u l t  zone between B assett Creek and 

L i t t l e  T r a i l  Creek would help d e fin e  the re a l e x ten t o f  h ear-su rface  

ou tflo w  p a tte rn s  o f the  La Duke Hot Spring thermal a rea .

An assessment o f  present thermal, a c t iv i t y  and the energy 

production p o te n tia l o f  the thermal system would b e n e f it  most from  

the recommended geochem ical, passive se ism ic , and e le c t r ic a l  or 

electrom agnetic  r e s is t iv i t y  techn iques . These techniques could help  

lo c a te  and d e fin e  the margins o f a c t iv e  hydrothermal zones a t  depth.
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SUMMARY AND CONCLUSIONS

The Corwin S p rings-G ard iner geothermal system, inc lu d in g
I

La Duke Hot Spring and Bear Creek warm s p rin g , resembles many o f  

the geothermal systems s ca tte re d  throughout western Montana in  i t s  

s im ila r  geologic  s e t t in g  and type o f heat source. The w ater c irc u ­

la t in g  in  th is  d is t in c t  group o f geothermal systems is  thought to  

d e riv e  heat by descending to  g re a t depths along fra c tu re  zones or 

permeable rock u n its  where i t  reaches thermal e q u ilib r iu m  w ith  the 

country rock th a t  is  warmed by the  lo c a l thermal g ra d ie n t. These 

geothermal systems, in c lu d in g  the Corwin S prings-G ard iner system, 

are to  be d is tin g u ish e d  from the Yellow stone system th a t  obtains heat 

from a sh a llo w ly  emplaced magma body.

Chadwick and Kaczmarek (1975) c la s s ify  Montana therm al systems 

in  fo u r d is t in c t  types according to  th e ir  p a r t ic u la r  recharge mecha­

nisms. These types in c lu d e : ( I )  warm springs in  carbonate rock,

(2 ) hot. springs in  v a lle y  f i l l  o v e rly in g  fra c tu re d  or porous bedrock,

(3 ) hot springs in  fra c tu re d , c r y s ta l l in e  bedrock, and (4 ) hot 

springs fed from deep i confined a q u ife rs . A combination o f the la t t e r  

two types o f thermal systems probably describes recharge and c irc u la ­

t io n  in  La Duke and Bear Creek warm sprin gs.

The therm al w aters su s ta in in g  La Duke and Bear Creek springs  

r is e  along the n o rth w est-tren d in g  G ard iner f a u l t  zone and emerge from
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fra c tu re s  where the n o rth -tre n d in g  Reese Creek and Mammoth normal - 

fa u lts  in te rs e c t  the G ardiner f a u l t .  Ascending thermal w ater i s ,

in  p a r t ,  rep laced  a t  depth by groundwater th a t p erco la tes  downward
‘ ■ . V  «

through jo in ts  in  the  Precambrian g r a n it ic  gneiss o f  the G ardiner 

f a u l t  hanging w a ll b lo ck . The groundwater is  heated a t  depth by 

conduction from the country rock and is  d isp laced upward in to  open 

fra c tu re s  in  the G ardiner f a u l t  zone by the denser cold w ater  

descending from above.

Perhaps an even g re a te r  supply o f  m eteoric  w ater flows down 

a cavernous a q u ife r  w ith in  a Late M iss iss ip p ian  p a leo k a rs t zone o f. 

the  M ission Canyon Limestone. The M ission Canyon a q u ife r  dips g en tly  

to  the north  under the. s te e p ly  n o rth -d ip p in g  G ardiner f a u l t  zone from  

the c re s t o f the n o rth w es t-tren d in g  G a lla t in  a n t ic l in e  w ith in  

Yellow stone N ationa l Park. The a q u ife r  probably a tta in s  a depth o f 

10,000 fe e t  w ith in  the Sepulcher graben where i t  in te rc e p ts  the G ardiner 

f a u l t  zone. Water heated a t  th is  depth then ascends the f a u l t  zone.

Base tem peratures fo r  La Duke Hot S p rin g , as determ ined by 

the s i l i c a  geothermometer method, range from 81° C in  the summer, to  

130° C in  the  w in te r . I f  the lo c a l therm al g rad ien t approximates 

the reg io n a l average o f I C/100 fe e t  fo r  western Montana, i t  may 

supply s u f f ic ie n t  heat to  produce base tem peratures near 100° C in  

w ater th a t  c irc u la te s  to  a depth o f 10,000 fe e t .  . High summer w ater 

le v e ls  in  the Yellow stone R iver dra inage probably cause considerab le
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tu re s . T h e re fo re , the w in te r  base tem perature values, are  probably 

more r e l ia b le .  However, the w in te r  base tem peratures o f 1 3 1 ° .C 

exceeds the value  expected from th e  reg io n a l average therm al g rad ien t  

which is  10C /!00 fe e t .  Thus, heat is  probably obtained from an 

a d d itio n a l source. The p ro x im ity  o f  the Yellowstone magma body 

about 25 m iles to  the south o f G ard iner may cause an anomalous

steepening o f the thermal g ra d ie n t lead ing  to  the observed w in te r  

base tem perature va lu e . The base tem perature in d ic a te s  a thermal 

g ra d ie n t o f  I .25°C /100  fe e t .

,.H ot spring  a c t iv i t y  in  the  Corwin S p rings-G ard iner system 

appears, to  be. d e c lin in g  from th a t  in te n s ity  o f  flow  which produced 

the G ardiner t r a v e r t in e  te rra c e s . In a c t iv i t y  o f the G ardiner f a u l t  

in  recen t c en tu ries  and the s ea lin g  o f fra c tu re  conduits by the 

dep o sitio n  o f t r a v e r t in e  are  the probable causes fo r  th is  d e c lin e .

A decrease in  the supply o f  w ater recharg ing  the system may a lso have 

developed as the c lim a te  became d r ie r  a t  the close o f the P le is to c en e , 

w ith  re s u lt in g  decreased discharge.

The Corwin S p rings-G ard iner thermal system does not o f fe r  

much prom ise.as an e le c t r ic a l  power source using c u rre n t technology. 

Base tem peratures in d ic a te  th a t the therm al system cannot generate  

s u f f ic ie n t  steam to  d r iv e  tu rb in es  o f  the type used to  produce 

e le c t r ic i t y  in  geothermal p lan ts  now o p era tin g . These power p lan ts
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re q u ire  re s e rv o ir  tem peratures in  excess o f 150° C fo r  e f f ic ie n t  

power production (W h ite , 1973). Technological advances may a llow  

u t i l i z a t io n  o f thermal w aters ranging in  tem perature from 100° C 

to  150° C fo r  e le c t r ic  power generation  (Chadwick and Kaczmarek,. 

1975). However, the thermal waters may be most e f fe c t iv e ly  used to  

heat b u ild in g s  or greenhouses in  the Corwin S prings-G ard iner v ic in i t y .  

Shallow d r i l l i n g  may revea l a d d it io n a l hot w ater sources along the  

G ardiner f a u l t  zone. .
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APPENDIX A

GENERALIZED STRATIGRAPHIC SECTION: 
GARDINER REGION

The fo llo w in g  sec tio n  is  g en era lized  from sections measured by Wilson 
(1 9 3 4 b ), Fraser e t  a l (1 9 6 9 ), and Ruppel (1972) a t  Cinnabar Mountain, 
Mount E v e rts , and the southern G a lla t in  Range.

CRETACEOUS

Landslide Creek Form ation: about 2 ,000  fe e t  th ic k ,  g ray , poorly
sorted  sandstone and conglomerate made up p r in c ip a l ly  o f  
a n d e s it ic  fragm ents.

Everts Form ation: about 1 ,200  fe e t  th ic k ,  f in e -g ra in e d , tuffaceous
s a l t  and pepper sandstone w ith , in terbedded gray sh a le .

Eagle Sandstone: about 800 fe e t  th ic k ,  m assive, ca lcareo u s , s a lt
and pepper sandstone w ith  th in  in terbedded shale and c o a l.

Telegraph Creek Form ation: about 300 fe e t  th ic k ,  l ig h t -g r a y ,  f in e ­
gra ined calcareous sandstone and interbedded gray sh a le .

Cody Shale: about 1 ,200  fe e t  th ic k ,  d ark-g ray  s h a le , b e n to n ite
beds, and th in  brow nish-gray d i r t y  sandstone beds.

F ro n tie r  Sandstone: 40-60  fe e t  th ic k ,  gray-brown, w e ll-s o r te d , s a l t
and pepper sandstone.

Mowry Shale: 300-320 fe e t  th ic k ,  hard , b lack  sandy s h a le , interbedded
sandstone, and b e n to n ite .

Thermopolis Shale: 390-500 fe e t  th ic k ,  dark-g ray  f i s s i l e  shale and
interbedded sandstone and s il ts to n e .

Kootenai Formation ( C lo y erly  e q u iv a le n t):  250-400 fe e t  th ic k ,
coarse, c h ert-p e b b le  conglomerate and massive s a l t  and pepper 
che.rty sandstone, g ra y , f i s s i l e  s h a le , and T ig h t-g ra y  lim estone.



73

JURASSIC

Morrison Form ation: 200-320 fe e t  th ic k ,  g ra y is h -re d , d a rk -g ray , an d .
g ray ish -g reen  p a r t ly  calcareous s h a le , mudstone, s i l t s to n e ,  and 
sandstone.

E l l is  Group:
S w ift  Form ation: 15-60 fe e t  th ic k ,  brown to  gray calcareous

sandstone and lim estone.
Rierdon Form ation: 40-60  fe e t  th ic k ,  o o l i t ic  lim esto n e , red

s i l t s to n e ,  mudstone, and sh a le .
Sawtooth Form ation: 140 fe e t  th ic k ,  lim esto n e , red to  gray

s i l t s to n e ,  mudstone * and sh a le . .

TRIASSIC '■

Thaynes Form ation: 15-20 fe e t  th ic k ,  g ray , calcareous sandstone.

Woodside Form ation. ( Chugwater e q u iv a le n t ) : 75-100 fe e t  th ic k ,  red
s i l t s to n e ,  s h a le , and sandstone.

Dinwoody Form ation: 0 -80  fe e t  th ic k ,  w h ite , porous, th in ly  bedded
lim estone.

PERMIAN

Shedhorn Sandstone (P h o sp h o ria ): 115-160 fe e t  th ic k  phosphatic,
ch erty  sandstone.

PENNSYLVANIAN

Quadrant Sandstone: 130-300 fe e t  th ic k ,  l ig h t  brown o rth o q u a rtz ite
w ith  some do lom ite .

Amsden Form ation: 20-160 fe e t  th ic k ,  red calcareous or d o lo m itic
s i l t s to n e ,  s h a le , or sandstone.

M IS S IS S IP P I

Madison Group:
M ission Canyon Limestone: 800 fe e t  th ic k ,  massive fo s s il ife ro u s

lim estone w ith .d o lo m ite  and dolom ite  b recc ia  zones.
LodgepoTe Limestone: 480 fe e t  th ic k ,  th in ly -b e d d e d , fo s s i l i fe r o u s ,

ch erty  lim estone.
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DEVONIAN

Three Forks Formation:. 80-120 fe e t  th ic k ,  interbedded shale  and 
lim estone.

J e ffe rso n  Form ation: 120-240 fe e t  th ic k ,  brown, f e t id  lim estone
and do lom ite .

ORDOVICIAN

Bighorn Dolom ite: 80-130 fe e t  th ic k ,  massive dolom ite and lim estone.

CAMBRIAN

Snowy Range Formation: 110-300 fe e t  th ic k ,  interbedded s h a le ,
sandstone and lim estone.

P ilg r im  Limestone: 160-300 fe e t  th ic k ,  do !omit i c  lim estone.

Park Shale: 90-120 fe e t  th ic k ,  g ray ish -green  sh a le .

Meagher Limestone: T40-400 fe e t  th ic k ,  th in ly  bedded lim estone.

Wolsey Shale: 80-200 fe e t  th ic k ,  g reen ish -gray  sandy sh a le .

Flathead Sandstone: 40-160 fe e t  th ic k ,  q u a r tz i t ic  sandstone.

PRECAMBRI AN

G ra n it ic  g n e iss , s c h is t ,  a m p h ib o lite .
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DESCRIPTION.OF EOCENE DACI TES AND ANDESITES .

D is tr ib u tio n

Exposures o f Eocene d a c it ic  and a n d e s itic  e x tru s iv es  and 

in tru s iv e s  are  common in  the v ic in i t y  o f  the Corwin S prings-G ard iner  

hot spring systems. These rocks are  im portant to  the in te rp re ta t io n  

o f Laramide s tru c tu re  and chronology th a t  a f fe c t  the occurrence o f  

the lo c a l thermal fe a tu re s . . .

Thick p ile s  o f d a c it ic  and a n d e s it ic  flows and breccias are  

preserved in  the Sepulcher graben, on the  Beartooth b lo c k , and in  

the Cinnabar Basin a rea . The Sepulcher vo lcanics probably erupted  

from the  E le c tr ic  Peak stock ( Id d in g s , 1 8 9 1 ), whereas the Cinnabar 

Basin u n its  may have erupted from any o f a number o f vents sca ttered  

along the  G a lla t in  Range, the Beartooth blocks and the Yellowstone  

R iver v a lle y  northward from E le c tr ic  Peak. These vo lcan ics  occupy 

a p o rtio n  o f the western b e l t  o f e ru p tiv e  centers known as the  

A b s a ro ka -G a lla tin  V olcanic p ro v in ce , which extends from the Southern 

end o f the Absaroka Range in  Wyoming, to  the northern  end o f the 

G a lla t in  Range in  Montana (Chadwick, 1970).

A number o f d ikes and small stocks ly in g  w ith in - th e  G ardiner 

f a u l t  zone may be included in  the group o f vents p o stu la ted  fo r  the 

A b s a fo k a -G a lla tin  v o lc a n ic ;p ro v in ce , though th e ir  c o n tr ib u tio n  to



76

the e x tru s iv e  p i le  is  probably minor (F ra s er e t  a l , 1969). These 

in tru s io n s  presumably shared a common magma source w ith  the major 

centers o f  e ru p tio n  in  the a re a , but s e le c t iv e ly  fo llo w ed  the G ardiner 

f a u l t  zone during the l a t t e r  p a rt o f  th e ir  ascent to  the su rface .

The dikes range from several inches to  200 fe e t  w ide. They are  best 

exposed as a swarm s t r ik in g  n o rth w es terly  w ith  a steep no rth east dip  

between L i t t l e  T r a i l  Creek and Cinnabar Creek. This swarm o f dikes  

may extend northwest toward the Spanish Peaks extension o f  the G ardiner 

f a u l t ,  under the Eocene e x tru s iv e  cover o f  the northern  G a lla t in  

Range. The d ike  swarm probably in te rs e c ts  the trend  o f the Western 

Absaroka B e lt  (Chadwick, 1970) o f  Eocene vo lcan ic  centers  in  the  

v ic in i t y  o f  Tom M iner Basin. The Western Absaroka B e lt  extends south 

o f the G ard iner f a u l t  zone through E le c t r ic  Peak and Mount Washburn 

in  Yellow stone N ational Park. The dikes trend to  the southeast under 

the P lio c e n e -P le istocene b asa lts  covering the G ardiner f a u l t  zone 

north o f G ard iner (F ig u re  4 , page 2 3 ) ,  and reappear a t  Bear Creek 

where the G ardiner f a u l t  is  exposed.

Several small d a c it ic  stocks have in truded  the hanging w all 

o f the G ardiner f a u l t  between L i t t l e  T r a i l  Creek and Cinnabar Creek.

The in tru s io n s  seem to  be re s t r ic te d  to  w ith in  one m ile  o f the f a u l t  

zone. The Tom M iner and Cinnabar in tru s iv e s  id e n t i f ie d  by Shaver (1974) 

may in tru d e  the hanging w a ll o f the  covered northwest extension o f the
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G ardiner f a u l t  in  a s im ila r  fash io n . Remnant patches o f d a c it ic  

f lo w s , flo w  b re c c ia s , and vo lcan ic  sediments l i e  on slopes to  the  

north east o f  the G ard iner f a u l t  zone above Corwin S prings. These 

exposures may be, in  p a r t ,  the e x tru s iv e  products o f the aforem entioned  

vents.

Petrography

Those Eocene in tru s iv e  rocks which e x p lo ite d  the G ardiner 

f a u l t  zone may be. ca teg o rized  in to  th ree  d is t in c t  groups according  

to th e ir  m ineralogy. These groups in c lu d e  a b io t i t e  d a c ite , a 

h o rn b len d e-b io t i t e  d a c ite ,  and a h ornb len d e-b io t i t e  a n d es ite . The 

grouping's presented here are  based on average m ineral percentages 

observed in  hand sample and in  th in  s e c tio n . . The v a r ia t io n s  in  

m ineralogy rep resen t gradations o f a fundamental magma. In a d d it io n ,  

c h i l l in g  near d ike  margins may produce f in e  grained te x tu ra l v a r ia ­

t io n s . These rock types are  d is tin g u ish e d  as fo llo w s .

B io t i te  D acite

B io t i te  d a c ite  outcrops in  dikes along the G ard iner f a u l t  

zone on the northern  shoulder o f  Cinnabar Mountain west o f  Corwin 

Springs and a lso  as a plug on the  west fac in g  slopes o f Sheep Mountain 

above Corwin Springs and La Duke Hot Spring (F ig u re  4 , page 2 3 ).

This d a c ite  contains phenocrysts o f c a lc ic  andesine and o lig b c la s e ,  

b i o t i t e ,  q u a rts , and m agnetite  or p y r ite  (P la te  11 ); The p lag io c lase
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I I

IMM

PLATE 11. Photomicrograph o f b io t i t e  d a c ite  from d ike .25  m iles  
east o f  La Duke Hot S pring; q u artz  (Q ) , p la g io c la se  ( P ) , 
b io t i t e  (B) (n ic o ls  uncrossed).
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forms 0 .5  to  3 mm euhedral and broken g ra in s , some o f which show 

; o s c il la to ry .a n d  patchy,zon ing . A few zoned phenocrysts are  a lte re d  

to s e r ic i te  and cal c ite . ;  The b io t i t e  gra ins are fre s h , euhedral 

fla k e s  I to  2 mm across. Quartz forms rounded and embayed phenocrysts < 

up to  2 mm across. Small anhedral aggregates up to  0 .5  mm across 

appear in  the groundmass. Phenocrysts o f hornblende occur but are  

q u ite  scarce. Small euhedral to  subhedral m agnetite  and p y r ite  gra ins  

are  s ca tte re d  throughout the groundmass. . Hem atite and o th e r iron  

oxides form rims on some b io t i t e  phenocrysts. The groundmass is  

g e n e ra lly  a p i lo t a x i t i c  m ixture  o f K-fe ld s p a r , q u a r tz , p lag io c lase  

m ic r o lite s ,  glass and ore . A few specimens e x h ib it  a p l i t i c  tex tu red  

groundmasses. This d a c ite  outcrops in  an au to b recc ia ted  form w ith  

d a c ite  fragm ents, as described above, re s tin g  in  a h e m a tit ic  glass 

m a tr ix . Both the d a c ite  and the autobrecc ia  conta in  random c las ts  

o f Precambrian g r a n it ic  gneiss and s e r ic i t i c  s c h is t.

Hornblende-B io t i t e  Dacite

The h o rn b le n d e -b io tite  d a c ite  appears in  one d ike  on the  

north f la n k  o f Cinnabar M ountain, and in  a small stock one m ile  north  

o f Corwin Springs on west fa c in g  slopes o f Sheep.Mountain. This d a c ite  

also  comprises the flows and tu f fs  which l ie s  unconformably above, 

b io t i t e  d a c ite  in tru s iv e s  n o rth east o f  Corwin Springs (F ig u re  4 , 

page 2 3 ). The horhb len d e-b io t i t e  d a c ite  includes, phenocrysts o f
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c a lc ic  p la g io c la s e , b i o t i t e ,  hornblende, q u a r tz , and m agnetite  

(P la te  1 2 ). The p la g io c la se  forms 0 .5  to  5 mm euhedral g ra ins and 

fragments showing p ervasive  o s c i l la to r y  and patchy zoning. P e r ic lin e  

tw inning is . a lso  common. The phenocrysts are  in  p a rt a lte re d  to  

sen" c i t e  and cal C ite ..  B io t i te  g ra in s  are  -fresh euhedral fla k e s  I to  

2 mm across. Hornblende.forms broken, corroded phenocrysts, and a 

few fresh  euhderal g ra in s . Some hornblende phenocrysts are  p a r t ly  

a lte re d  to  b io t i t e .  Opaque rims appear on some phenocrysts. Many 

o f the phenocrysts are  com pletely a lte r e d  to  hem atite  and cal c i t e .  

Quartz forms, subhedra l, rounded o r embayed phenocrysts up to  I mm 

across, as w e ll as small aggregates o f anhedral g ra in s  w ith in  the 

groUndmass.. Quartz i i  scarce in  some specimens. Small euhedral 

m agnetite  g ra in s  are  dissem inated th ro u g h o u t.th e  groundmass. The 

groundmass is  g e n e ra lly  a p i lo t a x i t i c  m ixtu re  o f K-fe ld s p a r , q u a rtz , 

p la g io c la se  m ic ro !ite s , .  g la s s , and o re . A few c la s ts  o f g ra n it ic  

gneiss and b io t i t e  d a c ite  appear along w ith  fragments o f hornblende- 

b io t i t e  d a c ite . A u to b recc ia tio n  is  riot as w ell developed as in  the  

b io t i t e  d a c ite ..

Hand samples o f h o rn b le n d e -b io tite  d a c ite  d is p la y  phenocrysts 

o f p la g io c la s e , b io t i t e ,  and hornblende in  a gray groundmass. V is ib le  

q u artz  phenocrysts are  ra re . Casts o f hornblende phenocrysts are  

q u ite  abundant on weathered su rfaces . Green and orange d is c o lo ra tio n  

■ o f  the plug north  o f Corwin Springs suggests fu m aro lic  o r hydrothermal
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PLATE 12. Photomicrograph o f hornblende b io t i t e  d a c ite  from d ike  
.5  m iles  west o f Corwin Springs on Cinnabar Mountain; 
Quartz (Q ) , p la g io c la se  ( P ) , hornblende (H) a lte r in g  to  
b i o t i t e ,  b io t i t e  (B) (n ic o ls  uncrossed).
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a c t iv i t y .  Green m o n tm o rillo n ite , c h lo r i t e ,  and iro n  oxides may produce 

these c o lo rs .

H o rn b le n d e -B io tite  Andesite

The ho rn b len d e-b io t i t e  an d es ite  occupies s ca tte re d  dikes  

and small s tr in g e rs  w ith in  the G ard iner f a u l t  zone and i t s  hanging 

w a ll .  Some flo w  m a te ria l s im ila r  to  th is  in tru s iv e  l ie s  on the west 

fa c in g  slopes o f Sheep M ountain, u p h il l  from Corwin Springs (F ig u re  4 , 

page 2 3 ). However, the  source o f th is  rock may be one o f the more 

p r o l i f i c  a n d e s itic  vents described by Fraser e t  a I (1969) on the 

Beartooth block to  the e as t. The hornb len d e-b io t i t e  an d es ite  contains  

phenocrysts o f  la b ra d o r ite  p la g io c la s e , hornblende, b io t i t e ,  a u g ite , 

and m agnetite  (P la te  1 3 ). A few small q u artz  grains are  a lso  v is ib le .  

P lag io c lase  ranges from andesine to  la b ra d o r ite  in  composi ton and 

forms 0 .5  to  2 mm euhedral phenocrysts th a t  e x h ib it  some o s c il la to ry  

zoning. Overgrowths o f sen" c it e  and cal c i t e  are  common. Hornblende 

forms fresh  euhedral la th s  I to  2 mm across as w ell as sca tte red  

c ry s ta l aggregates. Hornblende la th s  may be corroded o r  a lte re d  

to  iro n  oxides or cal c i t e .  B io t i te  g ra in s  are fresh  and eu h ed ra l.

A few corroded phenocrysts o f a u g ite  are  a lso  p resen t. The groundmass 

is  g e n e ra lly  a p i lo t a x i t i c  mass o f  p la g io c la se  m ic r o l i te s ,  anhedral 

m afic m in e ra ls , and o re , along w ith  some K-fe ld s p a r and q u a rtz . The
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PLATE 13. Photomicrograph o f h o rn b le n d e -b io tite  andes ite  showing 
s u b tra ch y tic  te x tu re  from d ike  .5  m iles north o f La Duke 
Hot Spring; p la g io c la se  ( P ) , b io t i t e  (B ) , hornblende (H) 
(n ic o ls  crossed).
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andes ite  d ike  exposed west o f the Corwin Springs bridge contains  

c la s ts  o f g r a n it ic  gneiss and b io .t ite  dacit'e .

Hand samples o f hornb len d e-b io t i t e  andesite  co n s is t o f fresh  

phenocrysts o f p lag io c lase ., hornblende, and b io t i t e  in  a dark gray 

groUndmass. The c h i l le d  margins o f the  dikes are  e x c e e d in g ly .f in e ­

grained and conta in  no phenocrysts.

. P etro logy and Chronology

P etro g rap h icaI l y v the th ree  described in tru s iv e s  are  q u ite  

s im ila r  suggesting th a t  they are  comagmatic. The th ree  in tru s iv e s  

are  products o f normal d i f fe r e n t ia t io n  o f a c a lc -a Ik a l in e  magma. ^ 

Each o f these rock types contains p la g io c la s e , hornblende, b io t i t e ,  

q u a rtz , and m agnetite  or p y r ite  phenocrysts. However, the  p roportion , 

o f these phenocrysts d i f fe r s  in  a l l  th re e  cases. These d iffe re n ce s  

r e f le c t  the  degree o f magmatic d i f fe r e n t ia t io n  th a t occurred as each 

in tru s iv e  ascended to  the  upper c ru s t o r surface  from i t s  probable  

source in  the upper m antle or lower c ru s t . The abundance o f quartz  

and p re v a le n c e .o f b io t i t e  in  the b io t i t e  d a c ite , suggest th a t  d i f ­

fe r e n t ia t io n  progressed fu r th e r  than in  the o ther rock, types. Bowen 

(1928) describes q u artz  and b io t i t e  as la t e  stage d if fe r e n t ia te s  in  

cooling  b a s a lt ic  magmds. Hornblende has a h igher c r y s ta l l iz a t io n  

tem perature and commonly appears a t  an in te rm ed ia te  stage in  the 

d i f fe r e n t ia t io n  process. Thus, the  ho rn b len d e-b io t i t e  d a c ite

/



85

represents an in te rm ed ia te  stage in  the d i f fe r e n t ia t io n  process. .

The remnant augite . in  the hornb le n d e -b iq t ite  andesite  suggests th a t , 

c r y s ta l ] iz a t ib n  was Completed a t a y e t  h igher tem perature when 

d if fe r e n t ia t io n  was less advanced, the  magma th a t  produced these! 

in tru s iv e S  was probably r ic h  in  w ater as a re s u lt  o f  d i f fe r e n t ia t io n  

as w e ll as c ru s ta l contam ination o f the magma during i t s  ascent. . The 

high w ater content in flu en ced  d i f fe r e n t ia t io n  by low ering  the c r y s ta l­

l i z a t io n  tem perature o f a l l  components in  the magma.

Cross c u ttin g  re la tio n s h ip s  and recogn izab le  x e n o lith s  pro­

v id e  evidence fo r  the. order o f  emplacement o f the described in tru s iv e s .  

These re la tio n s h ip s  are  best observed on the north f la n k  o f  Cinnabar . 

Mountain about 0 .5  m iles, west o f  Corwin S prings, where a d ike  o f . 

hornbl ende-bi o t i t e  da c i t e  cuts b io t i t e  d a c ite  d ikes . A few .hornblende-, 

b io t i t e  an d es ite  dikes up to  20 fe e t  in  thickness cu t both dacites  

(P la te  1 4 ). The su p erp o s itio n  o f h o rn b len d e-b io t i t e  d a c ite  flows on 

b io t i t e  d a c ite  in tru s iv e s  0 .2 5  m iles north east o f  Corwin Springs 

fu r th e r  support these age re la t io n s h ip s . Andesite dikes are  c le a r ly ,  

the la t e s t  in tru s iv e s  a t  a ! I lo c a l i t ie s  examined.

C o rre la tio n  o f In tru s iv e s

The m inera log ies  and te x tu re s  o f the Corwin Springs d a c ite  

dikes resemble those o f the Cinnabar-Mol Heron and L i t t l e  T r a i l  Creek 

d a c ite . in tru s iv e s  described- by Shaver (1974) and' suggest th a t these .
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PLATE 14. A ndesite d ike  co n ta in in g  c la s ts  o f Precambrian g ra n it ic  
gneiss (G) and b io t i t e  d a c ite  (D) about .5  m iles  west 
o f Corwin Springs.
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in tru s iv e s  are  the same age. However, the  s tra t ig ra p h ic  p o s itio n s  

o f these in tru s iv e s  d i f f e r .  The. Cinnabar-Mol Heron d ac ites  appear to  

cut the an d es ite  breccias f i l l i n g  Cinnabar. Basin (S haver, 1974 ), whereas 

th e  Corwin Springs d a c ite  dikes are  probably covered unconformably 

by the b re cc ias . These breccias have been te n ta t iv e ly  id e n t i f ie d  

by Chadwick (personal communication, 1975) a5 the Golmeyer Creek 

Volcam'cs which l i e  d i r e c t ly  on the Corwin Springs d ac ites  and 

beneath the  younger H y a lite .P e a k  V o lcam'cs. Chadwick (1969) suggests 

th a t the Golmeyer Creek Volcanics are  about 53 m il l io n  years o ld .

This age, according to  Prostka and Smedes (1 9 7 2 ), dates the  Golmeyer 

Creek Volcanics as E arly  Eocene, and th e re fo re  dates the Corwin Springs 

d a c ite  dikes as E arly  Eocene or o ld e r . Since the G ard iner f a u l t  does 

not s ig n if ic a n t ly  f ra c tu re  the Corwin Springs d a c ite  d ik e s , the la t e s t  

possib le  tim e fo r  m ajor reverse  displacem ent along the G ardiner fa u lt ,  

zone is  the  E arly  Eocene.
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