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Abstract:
The Early Cretaceous (Albian) lower sandstone member of the Thermopolis Shale in the Bozeman,
Montana area has previously been interpreted as a transgressive marine shoreface sequence. Detailed
observation and interpretation of lithologies and sedimentary structures in the lower sandstone member
document deposition in a setting that more closely resembles modern shallow marine shelves rather
than the marine shoreface. The proposed shelf environment is characterized by simultaneous deposition
of sand and mud, with their distribution controlled by sediment availability, bathymetry, and
distribution of marine currents and storm paths. First order geomorphic features on this shelf consist of
sand ridges which exhibit a hierarchy of bedforms. Megaripples and ripples are the second and third
order bedforms, respectively. The sand ridges, as well as isolated sand bedforms, migrated upon a
substrate comprised of mud and complexly interbedded sand and mud (heterolithic deposits).
Heterolithic intervals are interpreted as storm deposits while the mud is thought to be deposited in low
energy environments where storm influence is minimal. The hydraulic regime controlling deposition on
the shelf was characterized by genetically related uni-directional and oscillatory currents, that share an
origin in storm events.

Documented transgressive processes recorded in the strata include ravinement, or shoreface erosion, of
marginal marine deposits between the lower sandstone member and underlying non-marine Kootenai
Formation. Additionally, rapid transgression subsequent to lower sandstone member deposition
resulted in the sharp contact separating the lower sandstone member from the overlying offshore
marine, middle shale member of the Thermopolis Shale. This transgression is also recorded by
deposition of a thin, discontinuous, argillaceous micrite near the base of the middle shale member. 
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ABSTRACT

The E arly C retaceous (A lbian) low er sandstone member o f  the  
Thermopolis Shale in  the Bozeman, Montana area has p rev io u sly  been 
in terp re ted  as a tr a n sg r e ss iv e  marine sh oreface sequence. D eta iled  
ob serv a tio n  and in te r p r e ta t io n  o f  l i t h o lo g ie s  and sedim entary  
s tr u c tu r e s  in  th e low er sandstone member document d e p o s it io n  in  a 
s e t t in g  th a t more c lo s e ly  resem bles modern shallow  marine sh e lv es  
ra th er  than the marine sh o re fa ce . The proposed s h e l f  environment i s  
ch ara cter ized  by sim ultaneous d ep o s it io n  o f  sand and mud, w ith  th e ir  
d is tr ib u t io n  c o n tr o lle d  by sedim ent a v a i la b i l i t y ,  bathymetry, and 
d is tr ib u t io n  o f  marine cu rren ts  and storm p ath s. F ir s t  order  
geomorphic fe a tu r e s  on t h is  s h e l f  c o n s is t  o f  sand r id g e s  which e x h ib it  
a h ierarch y  o f  bedforms. M egaripples and r ip p le s  are the second and 
th ird  order b e d fo r m s ,r e s p e c t iv e ly . The sand r id g e s , a s w e ll as 
i s o la t e d  sand bedforms, m igrated upon a su b stra te  comprised o f  mud and 
com plexly interbedded sand and mud ( h e te r p li th ic  d e p o s it s ) .  
H e te r o lith ic  in te r v a ls  are  in terp re ted  a s  storm d e p o s its  w h ile  the mud 
i s  thought to  be d ep o sited  in  low energy environm ents where storm 
in f lu e n c e  i s  m inim al. The h yd rau lic  regime c o n tr o ll in g  d ep o s it io n  on 
th e s h e l f  was ch a ra cter ized  by g e n e t ic a l ly  re la te d  u n i-d ir e c t io n a l and 
o s c i l la t o r y  c u r r e n ts , th a t share an o r ig in  in  storm e v e n ts .
Documented tr a n sg r e ss iv e  p ro cesses  recorded in  th e s tr a ta  include  
ravinem ent, or sh oreface e r o s io n , o f  m arginal marine d e p o s its  between 
th e low er sandstone member and underly ing  non-marine K ootenai 
Form ation. A d d it io n a lly , rapid tr a n sg r e ss io n  subsequent to  lower 
sandstone member d e p o s it io n  re su lte d  in  th e sharp co n ta ct separating  
the low er sandstone member from the o v er ly in g  o ffsh o r e  marine, middle 
sh a le  member o f  th e  Thermopolis S h a le . This tr a n sg r e ss io n  i s  a lso  
recorded by d e p o s it io n  o f  a th in , d isco n tin u o u s, a r g i l la c e o u s  m ier ite  
near th e base o f  th e  m id d le .sh a le  member.
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INTRODUCTION

Purpose

Previous s tr a t ig r a p h ic  in v e s t ig a t io n s  o f  Early C retaceous rocks 

in  the Bozeman, Montana area  in te r p r e t  th e  low er sandstone member o f  

th e Thermopolis Shale as a nearshore marine u n it d ep o sited  during 

i n i t i a l  tr a n sg r e ss io n  o f  the C retaceous seaway (F ig . I) in to  southw est 

Montana (R oberts, 1972; Schwartz, 1972, 1982; James, 1977; Vuke,

1982). However, th e se  e a r l ie r  in v e s t ig a t io n s  do not address in  d e ta i l  

the sedim entology  and h yd rau lic  regime o f  th e  d e p o s it io n a l environment 

o f  the low er sandstone member. Because tr a n sg r e ss iv e  m arginal marine 

d e p o s its  are ra r e ly  preserved  in  the rock record (Ryer, 1977), th is  

in v e s t ig a t io n  was undertaken to  examine th e sedim entology o f  what has 

been in terp re ted  as an a n c ien t tr a n sg r e ss iv e  sandstone.

The s p e c i f i c  g o a ls  o f  t h is  in v e s t ig a t io n  are to : I) t e s t  the 

v a l id i t y  o f e a r l ie r  tr a n sg r e ss iv e  marine in te r p r e ta t io n s  o f  the lower 

sandstone member; 2) d e fin e  a more s p e c i f i c  d e p o s it io n a l environment 

fo r  th e low er sandstone member; 3) determ ine types and mechanisms o f 

sedim ent tra n sp o rt in  the lower sandstone member; 4) ev a lu a te  p o ss ib le  

provenances o f  th e  low er sandstone member; and 5) c o n tr ib u te  to  

knowledge o f  E arly C retaceous paleogeography in  southw est Montana.

This study i s  based on d e ta ile d  comparison o f  sed im en to lo g ica l 

a t tr ib u te s  o f  the low er sandstone member w ith  c h a r a c te r is t ic s  o f

modern shallow  marine sands.



Figure I

From Williams and S te lck  (1 9 7 5 )

Map showing ex ten t o f  e a r ly  l a t e  Albian sea s  in  North 
America.
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Study Area

Exposures o f  th e  low er sandstone member occur in  the north end o f  

the G a lla tin  Range, B ridger Range, S ix teen m ile  area, Horseshoe H ills '  

and J e ffe r so n  Canyon in  G a lla t in , Park, J e ffe r so n  and Broadwater 

C ounties, southw est Montana (F ig . 2 ) .  Here, the lower sandstone  

member crops out a long s tr u c tu r e s  produced by Laramide and S ev ier  

s t y le  deform ation and subsequent Cenozoic Basin and Range ex ten sio n .

The d isp lacem ent o f  s t r a ta  a sso c ia te d  w ith  th ese  orogen ies has a 

p o te n t ia l fo r  d isru p tin g  f a c ie s  r e la t io n s  w ith in  the low er sandstone  

member. R estora tion  o f  s e c t io n  lo c a t io n s  to  th e ir  approximate 

d e p o s it io n a l p o s it io n s  (F ig . 3 ) was accom plished u sin g  es tim a tes  of 

disp lacem ent from Schmidt and o th ers  (19 8 1 ), Woodward (1 9 8 1 ), and D. 

Lageson, (p erson a l communication, 1985). Accuracy o f  th e  e stim a tes  o f  

te c to n ic  d isp lacem ent i s  u n certa in  due to  lim ite d  knowledge o f  

subsurface s tr u c tu r e s . The study area was d iv id ed  in to  th ree  

s tr u c tu r a lly  d is t in c t  geograp h ica l areas in  order to  a s s e s s  the amount 

o f d isp lacem ent. S tra ta  in  the Elkhorn Mountains and J e ffe r so n  Canyon 

have been d isp la ced  30-60 k ilo m eters  eastward by movement along the 

Lombard-Eldorado th ru st zone (Schmidt and o th ers , 1981; Woodward,

1981). The B ridger Range, Horseshoe H i l l s ,  and S ix teen m ile  area are  

part o f th e  fr o n ta l fo ld  and th ru st b e lt  where d isp lacem ent o f s tr a ta  

i s  to  the e a s t  and on the order o f  5 k ilo m eters  (Woodward, 1981; 

Lageson, D ., personal communication, 1985). S tra ta  in  th e northern  

G a lla tin  range have been d isp la ced  1-2 k ilo m eters  to  th e southw est by 

Laramide s t y le  basement u p l i f t  (Lageson, D ., personal communication, 

1985).
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Figure 2. Map o f  study area . L ines mark the outcrop tr a c e  o f  the 
low er sandstone member o f  the Thermopolis S h a le .
L e tter s  note the lo c a t io n s  o f measured s e c t io n s .

JG-Johnny Gulch 
JC -Jefferson  Canyon 
CG-Cottonwood Gulch 
NG-Nixon Gulch 
PR-Paddys Run
MF-Middle Fork S ix teen m ile  
FC-Fairy Creek

BC-Brackett Creek 
SB -Sluicebox  
RC-Rocky Canyon 
GP-Goose Pond 
SC -Strickland Creek 
WM-Wineglass Mountain 
PB-Park Branch
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Figure 3• Map showing p a lin s p a s t ic a l ly  restored  lo c a t io n s  o f  
measured s e c t io n s  o f the low er sandstone member, 
Thermopolis S h a le .

W ithin each s tr u c tu r a l area , s tr a ta  have undergone s im ila r  amounts 

o f d isp lacem ent. While the gen era l trend o f  the p a le o sh o r e lin e  may be 

somewhat a f fe c te d , major ju x ta p o s it io n  o f  d e p o s it io n a l environm ents 

w ith in  each s tr u c tu r a l area i s  not thought to  have occurred .

The amounts o f  d i f f e r e n t ia l  movement vary between th e s tru ctu ra l 

a r e a s . D if f e r e n t ia l  movement between s tr a ta  in  the fr o n ta l fo ld  and 

th ru st b e lt  and s tr a ta  in  the northern G a lla tin  Range i s  estim ated  to  

be on ly  6-7 k ilo m e te r s . The d e p o s it io n a l environment o f  the lower 

sandstone member in  th ese  two s tr u c tu r a l regimes i s  thought to  be 

s im ila r , as w i l l  be d iscu ssed  la t e r ,  and the d isp lacem ent i s  not 

thought to  juxtapose d e p o s it io n a l environm ents. On th e o ther hand, 

te c to n ic  movement in  the Elkhorn Mountains and a t J e ffe r so n  Canyon
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produced approxim ately 25-6.0 k ilo m eters  o f  te le sc o p in g  o f  s tr a ta  

r e la t iv e  to  th e fr o n ta l fo ld  and th ru st area . S tra ta  o f  the two 

reg io n s are much c lo s e r  to g eth er  than when they were d ep o sited .

D esp ite  th e eastward com pression, the Elkhorn Mountains and J efferso n  

Canyon exposures are s t i l l  lo c a te d  more than 15. k ilo m eters  w est o f the  

r e s t  o f  th e  study a rea . Thus, although the a b so lu te  p o s it io n  i s  not 

th e same, th e  r e la t iv e  ea s t-w e st  p o s it io n s  remain s im ila r .

P revious S tra tig ra p h ic  I n v e s t ig a t io n s  

P revious s tr a t ig r a p h ic  in v e s t ig a t io n s  o f  th e  low er sandstone  

member d escr ib e  re g io n a l c o r r e la t io n s  and g iv e  gen era l environm ental ■ 

in te r p r e ta t io n s  (R oberts, 1965 and 1972; Schwartz, 1972 and 1982). A 

thorough review  o f the nom enclature! h is to r y  o f  the low er sandstone  

member i s  g iv e n 1by Roberts (1972, p .C l6 ) . This term inology fo r  the  

Lower C retaceous s tra tig ra p h y  in  the L iv in g sto n , Montana area i s  used 

h ere. R egional rock s tr a t ig r a p h ic  eq u iv a le n ts  (F ig . 4) o f  th e  lower 

sandstone member o f  the Thermopolis Shale in c lu d e the b asa l sandstone  

o f th e Flood Member o f  th e  B la c k lea f Formation in  northw est Montana 

(R oberts, 1965); In te r v a l A o f  the B la c k lea f Formation in  extreme 

southw est Montana (Schwartz, 1972); th e  F ir s t  Cat Creek Sand in  

c e n tr a l Montana (R ichards, 1957); the wRusty Beds" and G reybull 

Sandstone Member o f  th e  Thermopolis Shale in  cen tra l Wyoming (R oberts, 

1965); and the F a ll  R iver Formation o f  the Black H i l l s  in  n orth east  

Wyoming and w estern North Dakota (R oberts, 1965). Between cen tra l 

Montana and the Black H i l l s  t h is  in te r v a l changes to  a s i l t s t o n e  or 

sh a le  (R oberts, 1972).
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Figure 4. Stratigraphic correlation chart of Early Cretaceous rocks in Montana and Wyoming. 
Modified from Roberts (1965 and 1972) and Schwartz (1972).
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The low er sandstone member o f  th e  Thermopolis Shale has been 

d escrib ed  as a 15 to  30 meter th ick  sequence o f  interbedded very f in e  

to  medium grained q u a r tza ren ite , s i l t s t o n e  and sh a le  (R oberts, 1965 

and 1972; Schwartz, 19 72 ). The sandstones are th in  to  th ick  bedded and 

con ta in  a v a r ie ty  o f  sedim entary s tr u c tu r e s , in c lu d in g  crossbedding, 

r ip p le  cr o ss -la m in a tio n , and symmetric and asymmetric r ip p le  forms. 

Burrows and t r a i l s  w ith in  the low er sandstone member, in c lu d in g  

Ophiomorpha. are ascrib ed  to  marine bottom d w ellin g  organism s. Shales  

are dark gray and appear s im ila r  to  sh a le  in  the middle sh a le  member 

o f  the Thermopolis S h a le . Roberts (1972) and Schwartz (1972) both 

in te r p r e t  th e  low er sandstone member as a nearshore marine u n i t . 

d ep osited  during i n i t i a l  tr a n sg r e ss io n  o f  the C retaceous seaway in to  

southw est Montana.

Throughout c e n tr a l and w estern Montana the low er sandstone member 

i s  u n derla in  by the Lower C retaceous (A ptian) K ootenai Formation 

(S u ttn er , 1969; R oberts, 1972). R oberts (1972) d escr ib es  the upper 75 

m eters o f  the K ootenai Formation as a poorly  exposed sequence o f  

var ieg a ted  red , purp le, green and gray ca lcareou s s i l t s t o n e ,  

c la y s to n e , mudstone, lim eston e and t u f f  th a t con ta in s d iscon tin u ou s  

beds o f  ca lca reo u s sandstone. This sequence was d ep o sited  in  stream  

channels and upon a sso c ia te d  f lo o d  p la in s  o f  an e x te n s iv e  lowland 

w ith in  th e embryonic w estern in te r io r  foreland  b a sin . At th e top o f  

the in te r v a l i s  a b io m ic r ite  co n ta in in g  u n id e n t if ia b le  leached  f o s s i l  

molds and lo c a l ly  f o s s i l i f e r o u s  lim eston e con ta in in g  sm all fre sh  water 

gastrop ods, pelecypods and o stra co d es . The lim eston e was d ep osited  in  

a fr e sh  to  p o s s ib ly  brack ish  water lak e or s e r ie s  o f la k es  extending



9
from northw est Wyoming in to  Canada and as fa r  e a s t  as Harlowtown in  

c e n tr a l Montana (S u ttn er , 1969; R oberts, 1972; Holm and o th ers ,

1977).

The nature o f  th e  co n ta ct between th e K ootenai Formation and the 

o v er ly in g  Thermopolis Shale v a r ie s  throughout Montana. Roberts 

(1972) s t a t e s  th a t th e low er sandstone member commonly f i l l s  

topographic d ep ressio n s on an underly ing  e r o s io n a l su rfa ce  in  the  

L iv in g sto n , Montana area . The B lack lea f-K ooten a i co n tact i s  a lso  

disconform able on the Sw eetgrass. Arch in  northw est Montana (Cobban and 

o th ers , 1976). Schwartz (1972) observed the con tact to  be grad ation al 

in  westernm ost Montana and noted th a t i t  becomes more unconformable 

eastw ard . For th e purposes o f  t h is  stud y , the co n tact i s  recognized  

by the presence o f  n on-oalcareous q u a rtza ren ite  or g r a y .sh a le  o f .th e  

low er sandstone member, o v er ly in g  v a r ieg a ted , ca lca reo u s mudstone or 

b io m ic r ite  o f  the K ootenai Formation.

The middle sh a le  member o f  th e  Thermopolis Shale l i e s  in  sharp 

co n tact w ith  the u n derly in g  low er sandstone member. The m iddle sh a le  

member i s  composed o f  dark gray sh a le , co n ta in s  minor th in  sandstone 

le n s e s  and was d ep osited  in  an o ffsh o r e  marine environment su b ject to  

reducing c o n d itio n s  (R oberts, 1972; Vuke, 1982).

Methods

S tra tig ra p h ic  and l i t h o f a c ie s  data were gathered from outcrop  

exp osu res. Several o f  the exposures were c ite d  in  the l i t e r a t u r e  

(R oberts, 1972; Schwartz, 1972; James, 1977), most were lo c a te d  by 

recon n a issan ce . Fourteen s e c t io n s  (F ig . 2) were measured in  d e ta i l  

u sin g  a Jacobs s t a f f  or ta p e . Many other more poorly  exposed se c t io n s
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were b r ie f ly  d escr ib ed . L ith o logy  and p h y sica l and b io g en ic  

sedim entary s tr u c tu r e s  were described  in  d e t a i l .  Sandstones are named 

u sin g  th e c l a s s i f i c a t io n  scheme o f Folk (1 9 8 0 ). Mudrocks are 

c l a s s i f i e d  according to  th e method o f  Lundegard and Samuels (1980). 

Samples were c o l le c te d  o f  a l l  l i t h o lo g ie s  a t each measured s e c t io n .  

T hirty  th in  s e c t io n s  were prepared, o f  which f i f t e e n  were sta in ed  to  

determ ine potassium  fe ld sp a r  c o n te n t . In order to  a s s e s s  p o ss ib le  

provenance o f  the lower sandstone member, a l l  samples were stud ied  

w ith  a b in ocu lar  petrograph ic m icroscope and ten  th in  s e c t io n s  were 

p o in t counted to  determ ine r e la t iv e  abundances o f  d e t r i t a l  g ra in s .



FACIES DESCRIPTIONS

Roberta (1972) and Schwartz (1972) have both d escrib ed  general 

c h a r a c te r is t ic s  o f  the low er sandstone member and have a ssign ed  i t  to  

a nearshore marine s e t t in g .  This study expands upon t h e ir  work by 

p rovid in g  a more d e ta ile d  in te r p r e ta t io n  o f  the sed im entology and 

h yd rau lic  regime o f  th e  d e p o s it io n a l environment o f  th e  low er  

sandstone member. In order to  f a c i l i t a t e  in te r p r e ta t io n  o f  

d e p o s it io n a l p r o c e sse s , sev era l f a c ie s  have been d iscr im in ated  in  the  

low er sandstone member. A primary way in  which d if f e r e n t  d e p o s it io n a l  

p ro cesses  may be expressed  i s  in  the type o f  sedim ent d ep o sited  by 

each p ro cess . I n i t i a l  d iscr im in a tio n  o f  f a c ie s  ty p es i s  th erefo re  

based upon l i t h o lo g ie s  and l i t h o lo g ic  a s s o c ia t io n s  p r esen t. Sandstone 

and sh a le  are the primary l i t h o lo g ie s  in  the lower sandstone member 

and f a c ie s  are subdivided on the r e la t iv e  abundance o f  each . This 

method o f  f a c ie s  d iscr im in a tio n  i s  commonly used in  s i l i c i c l a s t i c  

f a c ie s  a n a ly s is  (Reading, 1978). F acies  typ es d efin ed  fo r  the lower 

sandstone member are: Sandstone (>90% san d), H e te r o lith ic  (50-90% sand 

and 10-50% mud) and Mud (>90% mud). These fa c ie s  rep resen t a near 

continuum o f p h y sica l energy co n d itio n s  w ith  the ex cep tio n  o f the  

absence o f  d e p o s its  w ith  10-50% sand and 50-90% mud. These 

l i t h o lo g ie s  may a c tu a lly  be present in  th e lower sandstone member but 

were not observed because o f  th e ir  low r e s is ta n c e  to  w eathering  

coupled w ith  the g e n e r a lly  incom plete exposures o f  th e  low er sandstone 

member. As w i l l  be shown la t e r ,  th ere  i s  no c o n s is te n t ,  reg io n a l
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sta ck in g  order to  th ese  f a c ie s  in  th e low er sandstone member and the  

order in  which they are d iscu sse d  does not imply any v e r t ic a l  order to  

th e low er sandstone member.

.Sandstone F acies

The sandstone f a c ie s  com prises 64% o f  the low er sandstone member 

and c o n s is t s  o f  >90% sand. Sandstones are composed of. very f in e  to  

medium gra in ed , ch er t-b ea r in g ,, s ilic a -c e m e n te d  q u a r tza ren ite . 

M udston e-clasts ( to  pebble s iz e )  are a minor, y e t  p e r s is t e n t ,  

component o f  t h is  f a c ie s  and occur as is o la t e d  c la s t s  or d iscon tin u ou s  

la g s  w ith in  sandstone sequences. Shale in terb ed s com prise <10% o f th e  

sandstone f a c ie s  and are u su a lly  p resen t as very th in  (<5 m illim e te r s  

th ic k ) ,  d isco n tin u o u s le n s e s  or s l i g h t ly  th ic k e r  (approxim ately I 

cen tim eter  th ic k ) ,  p e r s is te n t  beds.

Sandstones are medium to  th ick  bedded (to  2 m eters) and contain  

decim eter s c a le ,  h igh  angle (15-30 degree) tab u lar to  wedge planar  

(F ig . 5) and trough crossb ed s; h o r iz o n ta l to  low angle p lanar  

s t r a t i f i c a t i o n ; hummocky c r o s s - s t r a t i f ic a t io n ;  and r ip p le  c r o ss ­

lam in ation . S evera l typ es o f  r ip p le  cro ss -la m in a tio n  are present in  

the sandstone f a c ie s .  F oreset type c ro ss-la m in a tio n s  w ith  a tabu lar  

or trough geometry are p resen t but th e  most abundant cro ss-la m in a tio n  

type i s  ch a ra cter ized  by an in te r n a l s tr u c tu r e  o f s tr o n g ly  ta n g e n tia l  

cro ssr la m in a tio n s  which may form o ffs h o o ts  th a t ascend onto adjacent 

r ip p le s  (F ig . 6 ) .  These c ro ss -la m in a tio n s  have a v a r ia b le  angle o f  

repose and th e low er bounding su rface o f  r ip p le  s e t s  i s  scooping and 

uad u la tory . Even, low angle and undulatory lam in ation s are freq u en tly  

a sso c ia te d  w ith  th ese  c r o ss - la m in a tio n s . Symmetric and asymmetric,
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Figure 5. Planar crossb ed s in  the sandstone f a c ie s .  L ines on Jacob 
s t a f f  rep resen t 6 inch in te r v a ls .  From W ineglass Mountain 
exposure.

F igure 6 . Wave r ip p le  cro ss -la m in a tio n  in  crossbedded sandstone  
f a c ie s .  From W ineglass Mountain exposure.
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l in g o id  (F ig . 7) r ip p le  forms are common in  the sandstone fa c ie s  with  

symmetric forms the more common ty p e .

Figure 7 . Asymmetric l in g o id  r ip p le  marks in  the sandstone fa c ie s .
From W ineglass Mountain exposure.

A sso c ia tio n s  o f  sedim entary s tr u c tu r e s  w ith in  the sandstone  

fa c ie s  are h ig h ly  v a r ia b le . Many sandstone in te r v a ls  are composed 

e n t ir e ly  o f  one type o f  sedim entary s tr u c tu r e . These in te r v a ls  may 

c o n s is t  o f  e i th e r  s in g le  bed or m u ltip le  bed seq u en ces. In a d d ition , 

some sandstone in te r v a ls  c o n s is t  o f  interbedded sedim entary  

s tr u c tu r e s , e s p e c ia l ly  decim eter s c a le  crossb ed s, p lanar lam inations  

and c r o ss - la m in a tio n s . No ordered s p a t ia l  arrangement o f  th ese  

s tr u c tu r e s  was ob served . This may in  part be due to  the o fte n  poor 

exposure o f  sedim entary s tr u c tu r e s . R e la tiv e  abundance o f  these
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s tru c tu res  i s  h ig h ly  v a r ia b le . In g en era l, tab u lar  to  wedge-planar 

crossb ed s are most common, w hile  trough crossb ed s, r ip p le  c r o ss ­

lam in ation , and h o r iz o n ta l to  low angle s t r a t i f i c a t io n  are l e s s  

abundant. Hummocky c r o s s - s t r a t i f ic a t io n  i s  p resen t on ly  in  the Elkhorn 

M ountains. The geometry o f  th ese  sandstone in te r v a ls  i s  m ostly  

obscured because sandstone in te r v a ls  u s u a lly  p e r s is t  beyond the l im it s  

o f most exposures. Where observed (W ineglass Mountain exp osu re), the  

geometry i s  markedly planoconvex, w ith  a f l a t  base and convex-up, 

furrowed, upper-bounding su rface (F ig . 8 ) .  The in te r n a l  

s t r a t i f i c a t io n  o f  the sandstone b od ies i s  form d iscord an t and i s  

comprised o f  crossb ed s, c r o ss - la m in a tio n s , and planar lam in ation s.
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B iotu rb ation  in  th e sandstone f a c ie s  takes two form s. In  

g e n e r a l, tra ce  f o s s i l s  are r a r e , but where observed are u su a lly  

c u r v ilin e a r , w rink led , knobby c y lin d e r s , 1 -1 .5  cen tim eters  in  diam eter  

and se v e r a l cen tim eters  lon g  th at emerge o b liq u e ly  from bedding 

p la n es . These are probably a form o f  Ophiomorpha. A co n cen tra tion  o f  

la r g e r  Ophiomorpha. 5 cen tim eters in  d iam eter and 30 cen tim eters long  

i s  p resen t a t  th e  top o f  a crossbedded sandstone in te r v a l a t  the 

B rackett Creek s e c t io n .  H orizon ta l, c u r v ilin e a r , non-branching to  

s l i g h t ly  branching burrows, 1-2 m illim e te r s  in  diam eter and severa l 

cen tim eters  lo n g , occur in  convex e p i -  and h y p o -r e lie f  a t  many 

sa n d sto n e /sh a le  c o n ta c ts . These u n id e n t if ie d  t r a i l s  are common 

fe a tu r e s  throughout the low er sandstone member.

Sandstone in te r v a ls  may a lso  be thoroughly b iotu rb ated  w ith  

in te n s e ly  d is tu r b e d . lam in ation s or a m ottled  tex tu re  o f  w hite  sand 

b leb s in  a gray sandstone m atrix . V e r tic a l burrows, sev era l 

m illim e te r s  in  d iam eter, are presen t in  sev era l b ioturbated  beds ■ 

though in  g en era l, in d iv id u a l burrows cannot be d is t in g u ish e d  in  th ese  

beds. Where b ioturbated  sandstone beds o v e r l ie  and are in  sharp 

con tact w ith  sh a le  in te r v a ls  th e  sandstone bed freq u en tly  con ta in s  

numerous U-shaped burrows on i t s  lower bounding'su r fa ce .

Sandstone F acies  In te r p r e ta tio n

The sandstone f a c ie s  i s  in terp re ted  to  have been d ep o sited  under 

a v a r ie ty  o f  flow  c o n d it io n s . Tabular to  wedge-planar decim eter s c a le  

crossb ed s (F ig . 5) in  th e sandstone f a c ie s  were produced by m igrating  

s tr a ig h t  cr e ste d  m egaripp les. ( Reineck and Singh, 1980, p . 3 8 ) .  

D ecim eter s c a le  trough crossbeds are a ttr ib u te d  to  m igratin g  dunes or
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lu n a te  m egaripples (Reading, 1978, p. 233; Reineck and S ingh , 1980, p. 

3 9 ) .

M egaripples are low er flow  regime bedforms, produced under u n i­

d ir e c t io n a l flow  c o n d it io n s , which have dim ensions o f  60 cen tim eters  

to  30 m eters in  len g th  and 6 cen tim eters to  1 .5  m eters in  height 

( Reineck and Singh, 1980, p . 4 1 ). Lower flow  regime bedform 

development i s  m ostly  dependent on flow  v e lo c ity  and gra in  s iz e ,  w ith  

a r e la t iv e ly  minor in f lu e n c e  by water depth in  w e ll sorted, quartz 

sands l ik e  th ose  o f  th e  low er sandstone member. For f in e  to  medium 

sands, v e l o c i t i e s  o f  40-70 cm /sec are n ecessary  fo r  s tr a ig h t -c r e s te d  

m egaripple form ation w h ile  lu n a te  m egaripples req u ire  s l i g h t ly  h igher  

flow  v e l o c i t i e s ,  m ostly  more than 70 cm /sec in  water depths o f  more 

than 2 m eters (Reineck and Singh, 1980, p. 4 3 ) .

R ipple c ro ss -la m in a tio n  in  the sandstone fa c ie s  i s  d ia g n o stic  o f  

both o s c i l la t o r y  and u n i-d ir e c t io n a l cu rre n ts . W ave-generated r ip p le  

c ro ss-la m in a tio n s  (F ig . 6) were recogn ized  u sin g  c r i t e r ia  developed by 

Boersma (1970; c ite d  in  Reading, 1978, p. 2 5 0 ). These c r i t e r ia  

in c lu d e c ro ss-la m in a tio n s  th a t are c h a r a c t e r is t ic a l ly  form d iscordant  

w ith in te r n a l s tru c tu re  th a t may: I) con ta in  bundled upbuild ing where 

bundles are  th in  and o p p o s ite ly  d ip p in g , 2) con ta in  s tr o n g ly  

ta n g e n tia l c r o ss  lam in a tio n s which in  extreme ca ses  form o ffsh o o ts  

th a t sweep up and ascend onto adjacent r ip p le s ,  3) have a v a r ia b le  

angle o f  rep ose , and/or 4) have cro ss-la m in a tio n  s tr u c tu r e  which 

d i f f e r s  in  sep arate c r o ss  s e c t io n s  through a s in g le  r ip p le .  In  

a d d itio n , th e  low er bounding su rface o f  r ip p le  s e t s  i s  scooping and 

undulatory and the s tr u c tu r e s  are freq u en tly  a sso c ia te d  w ith  even



18
lam ination  o f  th e  s t r a ig h t , hummocky or low angle ty p e . Symmetrical 

and l e s s  freq u en t asym m etrical r ip p le  marks (F ig . 7) are a sso c ia ted  

w ith  th e r ip p le  c r o ss - la m in a t io n s .• This v a r ie ty  o f  r ip p le  s tru ctu re  

in d ic a te s  th a t bedform development during d ep o s it io n  o f the lower 

sandstone member was in flu en ced  by both u n i-d ir e c t io n a l and 

o s c i l la t o r y  f lo w s .

Some th in  sequences o f  r ip p le  cro ss -la m in a tio n , interbedded w ith  

m egaripple cro ssb ed s, e x h ib it  sharp b asa l co n ta c ts  and interw oven  

upper c o n ta c ts  w ith  th e r ip p le  fo r e s e t s  d ipping in  a d ir e c t io n  

o p p o site  to  the o v er ly in g  m egaripple f o r e s e t s .  These sm all r ip p le s  

were probably formed by backflow cu rren ts  in  the flow  sep a ra tio n  zone 

to  the l e e  o f  m igratin g  m egaripples ( Reineck and Singh, 1980, p. 28 ).

H orizontal to  low -an g le  planar s t r a t i f i c a t io n  may be a ttr ib u ted  

to  e i th e r  u n i-d ir e c t io n a l or o s c i l la t o r y  flo w . A ssocia ted  symmetrical 

r ip p le  forms su ggest th a t th ese  s tr u c tu r e s  were probably produced 

under o s c i l la t o r y  flow  c o n d it io n s . However, i f  h o r iz o n ta l 

s t r a t i f i c a t io n  was produced under u n i-d ir e c t io n a l flow  co n d itio n s ,  

flow  v e l o c i t i e s  o f  >100 cm /sec (Harms and o th ers , 1982, p. 2-14) must 

have been common during d ep o s it io n  o f  th e  low er sandstone member.

Hummocky c r o s s - s t r a t i f ic a t io n ,  which was observed o n ly  in  the 

Elkhorn M ountains, i s  a ttr ib u te d  to  storm wave a c tio n  w ith  surges o f  

g rea te r  d isp lacem ent and v e lo c ity  than th o se  required to  form wave 

r ip p le s  (Harms and o th e r s , 1982, p. 7 - 9 ) .  Hummocky c r o s s ­

s t r a t i f i c a t io n  i s  t y p ic a l  o f  a wave-dominated sh oreface s e t t in g  

(Reineck and Singh, 1980, p. 398; Harms and o th ers , 1982, p. 7 -9 ) .

H ighly b ioturbated  sandstones in d ic a te  p eriod s o f  slow
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d e p o s it io n . The low sed im entation  r a te s  may be due to  lo c a l  fa c to r s  

which cause sed im ent-bearing  cu rren ts to  circum vent th e area or low 

r a te s  o f  subsidence th a t in h ib it  accum ulation o f  sedim ent.

M ultip le-bed  sandstone in te r v a ls  ( e .g .  a t  W ineglass Mountain 

exposure) are ch a ra cter ized  by th e presence o f  interbedded crossbeds  

and c ro ss-la m in a tio n s  th a t are form -discordant to  the sandstone  

b o d ie s ’ planoconvex geom etry. This r e f l e c t s  a h ierarchy o f  bedforms 

in  which the la r g e , f i r s t  order fe a tu r e s  are the sand b od ies  

th em selves . The in te r n a l s tru c tu re  o f  th ese  sandstone b od ies i s  form 

d isco rd a n t, as the s tr u c tu r e s  were produced by the sm aller  m egaripples  

and r ip p le s  which rep resen t the second and th ird  order bedforms, 

r e s p e c t iv e ly .

While most sedim entary s tru c tu res  in  th e sandstone f a c ie s  are / 

a ttr ib u te d  to  bedload tra n sp o r t, th ere  i s  a ls o  ev idence fo r  c e ssa tio n  

o f flow . The presence o f  sh a le  in terb ed s w ith in  some sandstone  

in te r v a ls  documents q u ie t  p er io d s , as do h o r izo n ta l f o s s i l  t r a i l s  

produced by d ep o sit  feed er s  ty p ic a l o f  low energy c o n d it io n s  (Howard, 

1978).

D irec t ev idence fo r  marine in flu e n c e  in  the sandstone fa c ie s  i s  

la ck in g  due to  the absence o f  body f o s s i l s  in  the low er sandstone  

member. The occurrence o f  Ophiomorpha i s  u su a lly  in d ic a t iv e  o f a high  

energy marine environm ent, though i t  has a ls o  been found in  tu r b id ite s  

and f lu v ia l  d e p o s its  (Hoyt and Weimer , 1965; Frey and o th e r s , 1978).

In th e absence o f  body f o s s i l s ,  Oohiomoroha i s  the b est faunal 

evidence fo r  marine in f lu e n c e  in  the low er sandstone member.
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. The h e t e r o l i t h ic  f a c ie s  com prises 14% o f  the low er sandstone  

member and c o n s is t s  o f  50-90% very f in e  to  f in e  gra in ed , ch ert and 

m u d ston e-clast bearing q u a rtza ren ite  interbedded w ith  gray sh a le . ■ 

F ine-gra in ed  carbonaceous d eb ris  i s  a common, y e t  minor component o f 

t h i s  f a c ie s  and i s  u su a lly  concentrated  on lam ination  or bedding 

su r fa c e s . Trace f o s s i l s  vary in  abundance from n o n -e x is te n t  to  

abundant on bedding su r fa c e s . They in c lu d e  sm all h o r iz o n ta l t r a i l s  

and l e s s  freq u en t U-shaped burrows. Where U-shaped burrows are 

p resen t, they  are abundant and u su a lly  merge in to  v e r t i c a l  burrows in  

th e  o v er ly in g  sandstone bed. Sm all, h o r iz o n ta l T h a la ss in o id es  burrows 

are p resen t a long sa n d sto n e-sh a le  co n ta c ts  a t sev era l s e c t io n s .  The 

h e t e r o l i t h ic  f a c ie s  i s  fu r th er  subdivided in to  th e  -sand-dominated and 

mixed s u b - fa c ie s  on the b a s is  o f  r e la t iv e  abundances o f  sand and mud.

The sand-dominated su b -fa c ie s  c o n s is t  o f  75-90% sand w ith  the  

remainder being mud. This s u b -fa c ie s  i s  ch a racter ized  by tab u lar to  

s l i g h t ly  le n t ic u la r ,  p e r s is te n t  sandstone beds, 5-25 cen tim eters  

th ic k , separated  by sh a le  in te r v a ls  approxim ately 5 m illim e te r s  th ick  

(F ig . 9 ) .  Sandstone beds are t y p ic a l ly  in  sharp co n ta ct w ith  the 

ad jacen t sh a le  and upper bedding su r fa c e s  are freq u en tly  symmetrical 

and. s l i g h t ly  asym m etrical rippie-m arked. H or izon ta l  ̂ p a r a lle l  

lam in ation s are presen t in  the low er 1/3 o f  sandstone beds. The 

m iddle and upper p o rtio n s  o f each bed u su a lly  appear m assive, though 

some e x h ib it  d iscon tin u o u s r ip p le  c r o ss -la m in a tio n . Sm all, h orizon ta l 

t r a i l s  are common on upper r ip p led  bedding su rfa ces  as are minor 

amounts (<1%) o f  f in e -g r a in e d  carbonaceous d e b r is . This su b -fa c ie s

Heterolithic Facies
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Figure 9. Sandstone beds separated by th in  sh a le  in te r v a ls  in  sand- 
dominated s u b - fa c ie s .  From outcrop along South Fork 
S ix teen m ile  Creek.

u su a lly  forms r e p e t i t iv e  sequences o f a lte r n a t in g  sandstone and shale  

in  bed s e t s  up to  3 m eters th ic k .

The mixed s u b -fa c ie s  con ta in s 50-75$ sand and 25-50$ mud. This 

s u b - fa c ie s  i s  u su a lly  comprised o f  r ip p le  cross-lam in ated  sandstone 

w ith  a sso c ia te d  sym m etrical and asym m etrical r ip p le  forms (F ig . 10). 

Again, r ip p le  c ro ss -la m in a tio n s  w ith  ta n g e n tia l c ro ss -la m in a tio n s  and 

scooping to  undulatory low er bounding su rfa ces  are more abundant than 

fo r e s e t  type c ro ss-la m in a tio n s  ch ara cter ized  by a ta b u la r  or trough  

geom etry. H or izon ta l, p lanar to  wavy lam inated and s tr u c tu r e le s s  

th in ly-b ed d ed  sandstones are a sso c ia ted  w ith  the r ip p le  c r o s s -  

lam inated sandstone. Shale i s  presen t as drapes, th in  le n s e s ,  or
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Figure 10. F la se r  bedded sandstone and sh a le  in  the mixed s u b - fa c ie s . 
From W ineglass Mountain s e c t io n .

p e r s is te n t  beds g e n e r a lly  <1 cen tim eter  th ic k . This v a r ie ty  o f  

com plexly interbedded sandstone and sh a le  i s  o ften  re fe rred  to  as 

f la s e r  bedding (Reading, 1978, p. 233; Reineck and Singh, 1980, p. 

113). Fining-upward sequences th at are lo c a l ly  presen t w ith in  th is  

s u b -fa c ie s  are ch a ra cter ized  by a basal bed, 5-30 cen tim eters  th ick , 

which u su a lly  appears s tr u c tu r e le s s  but may contain  h o r iz o n ta l, planar 

to  wavy la m in a tio n s. The basal bed i s  o v e r la in  by se v e r a l cen tim eters  

o f th in ly  le n ticu la r -b ed d ed , planar to  wavy lam inated and c r o ss -  

lam inated sandstone w ith  minor interbedded sh a le . Shale con ten t

in c r e a se s  upward in  th ese  sequences.
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D ep o sitio n  o f  com plexly interbedded sandstone and sh a le  req u ires  

high energy e v e n ts , in  which sand i s  in trod u ced , a lte r n a t in g  w ith  

q u ie t p er io d s , during which c la y  i s  d ep osited  from su sp en sion . In 

shallow  marine environm ents, th ese  requirem ents may be met by t id a l  

a c tio n  (A lle n , 1982, p . 511) or e p iso d ic  storm even ts (G oldring and 

B ridges, 1973; De Raaf and o th e r s , 1977).

G oldring and B ridges (1973) d escr ib e  a s e r ie s  o f  th in , sh eet 

san d ston es, which they r e fe r  to  as s u b l i t t o r a l  sh eet san dston es, that 

are common to  a n cien t sandy s h e lf  sequences. T y p ica lly  the main part 

o f  th e sandstone bed i s  f in e  to  very f in e ,  w e ll so r ted , p a r a lle l  

lam inated sandstone. W ave-generated r ip p le  c ro ss -la m in a tio n s  may be 

p resen t near th e top  o f  sandstone beds and upper bounding su rfa ces  may 

be m odified  by organ ic burrowing. Because only  the to p s  o f  sandstone  

beds are burrowed, i t  i s  thought th a t th e se  sandstone beds are s in g le  

event d e p o s its .  G oldring and B ridges (1973.) su ggest th a t storm waves, 

p o ss ib ly  in  com bination w ith  ebb t id a l  cu rren ts or storm su rg es, were 

im portant p ro cesse s  during d ep o s it io n  o f  s u b l i t to r a l  sh ee t sandstones. 

Shallow water tu r b id ity  cu rre n ts , r ip  cu rrents and tsunam is may have 

a lso  played a r o le  in  th e ir  d e p o s it io n . G oldring and B ridges (1973) 

n ote  th a t s u b l i t t o r a l  sh ee t sandstones occur e ith e r  as amalgamations 

o f  in d iv id u a l sandstone beds separated  by th in  sh a le  in te r v a ls  or as 

amalgamated beds w ith  l i t t l e  or no interbedded sh a le . They suggest 

th a t amalgamated beds th a t lack  interbedded sh a le  are a sso c ia te d  w ith  

sh o r e lin e s  w h ile  sh ee t sandstones separated  by sh a le  in terb ed s are 

c h a r a c te r is t ic  o f  a shallow  marine open s h e l f .  In. the low er sandstone

Heterolithic Facies Interpretation
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member, d e p o s its  o f  th e  sand dominated su b -fa c ie s  are s im ila r  to  

G oldring and B ridges' (1973) shallow  marine open s h e l f ,  sh eet  

san d ston es. The sand-dominated su b -fa c ie s  i s  th ere fo re  in terp reted  as 

a storm - and w ave-generated sequence d ep osited  in  a sh a llow  marine 

open s h e l f  s e t t in g .

F la se r  bedded sandstone and s h a le , c h a r a c te r is t ic  o f th e  mixed 

s u b - fa c ie s ,  i s  g e n e r a lly  considered to  be ev idence o f  a t id a l l y  

in flu en ced  d e p o s it io n a l s e t t in g  (A llen , 1982, p. 511) .  However, De 

Raaf and o th ers  (1977) have demonstrated th a t f la s e r  bedding can a lso  

be produced in  a wave dominated environment p r a c t ic a l ly  devoid  o f u n i­

d ir e c t io n a l c u rre n ts . Their model i s  based on in te r p r e ta t io n  o f  

sedim entary s tr u c tu r e s  in  f la s e r  bedding in  the Lower C arboniferous 

near Cork, Ire la n d . They su ggest th a t the presence o f  w ave-generated  

c ro ss-la m in a tio n  and near absence o f  u n i-d ir e c t io n a l cu rrent generated  

c ro ss-la m in a tio n  in  f la s e r  bedding i s  d ia g n o stic  o f  a wave dominated 

environm ent.

Ripple c ro ss -la m in a tio n  stru c tu re  in  the mixed s u b -fa c ie s  o f the  

low er sandstone member i s  in terp re ted  as being dom inantly wave­

generated  (w ave-generated c ro ss-la m in a tio n  stru c tu re  i s  d iscu ssed  in  

sandstone f a c ie s  in te r p r e ta t io n  s e c t io n ) . U n i-d ir e c t io n a l current 

generated  c ro ss-la m in a tio n  i s  p resen t, but not n early  as abundant. 

Furthermore, symmetric r ip p le  forms are much more common than 

asymmetric r ip p le  forms in  the mixed s u b - fa c ie s .  This ev idence  

in d ic a te s  th a t the mixed s u b -fa c ie s  was d ep osited  in  a wave dominated 

rath er than t id a l l y  in flu en ced  s e t t in g .
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The mud f a c ie s  com prises 22% o f  th e low er sandstone member and i s  

ch ara cter ized  by l i g h t  to  medium gray c la y  and mud sh a le  w ith  <10% 

interbedded very f in e  grained  sandstone and s i l t s t o n e .  The sandstone 

u su a lly  occurs as sym m etrical and rarer asym m etrical r ip p led  le n se s  <1 

cen tim eter  th ic k  and se v e r a l cen tim eters lon g . These le n s e s  con tain  

h o r iz o n ta l to  wavy lam in ation s and r ip p le  c r o ss - la m in a tio n s , or may be 

s t r u c tu r e le s s .  Rare, more p e r s is t e n t ,  s tr u c tu r e le s s  sandstone and 

s i l t s t o n e  beds up to  se v e r a l cen tim eters th ick  are a ls o  p resen t.

Sm all, h o r iz o n ta l t r a i l s  in  convex e p i-  and h y p o -r e lie f  are f a ir ly  

abundant a t  some sa n d sto n e /sh a le  c o n ta c ts . Minor amounts o f f in e  

carbonaceous d eb ris  are  presen t on many o f  the lam ination  su r fa c e s .

Mud F acies  In te r p r e ta tio n

The presence o f  both sh a le  and h o r iz o n ta l f o s s i l  t r a i l s  in d ic a te s  

a q u ie t d e p o s it io n a l s e t t in g  th a t p e r io d ic a lly  experienced  minor low 

energy ev en ts  in  which sand was introduced  arid worked in to  r ip p le  

form s. The u n i-d ir e c t io n a l cu rrents required  fo r  sand tran sport onto  

the mud su b stra te  were probably storm induced as sym m etrical, wave- . 

generated  r ip p le  forms dom inate. The gray sh a le  in  th e lower 

sandstone member i s  alm ost id e n t ic a l  to  marine, sh a le  in  the.m iddle  

sh a le  member and does not resem ble th e v a r ieg a ted , ca lca reo u s mudstone 

presen t in  the non-marine Kootenai Formation. This supports  

in te r p r e ta t io n  o f  a marine environment fo r  th e lower sandstone member.

Mud Facies
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O bservation and in te r p r e ta t io n  o f  f a c ie s  r e la t io n s  in  the lower 

sandstone member i s  hampered by g e n e r a lly  sp o tty  and incom plete  

exp osu res. Complete, w e ll exposed s e c t io n s  are presen t a t  only two 

lo c a t io n s  ( Rocky Canyon and Paddys Run) and even th ese  are  not 

l a t e r a l ly  e x te n s iv e . D esp ite  the poor exposure, the f a c ie s  r e la t io n s  

observed provide v a lu a b le  in form ation  in  d eciph erin g  the d ep o s it io n a l  

h is to r y  o f  t h is  u n i t .

26 .

V e r tic a l F a c ies  R ela tio n s

V e r tic a l f a c ie s  r e la t io n s  w ith in  the low er sandstone member are  

very s im ila r  throughout, th e  study area w ith  th e ex cep tio n  o f  exposures 

in' the Elkhorn Mountains and J e ffe r so n  Canyon. The fo llo w in g  

d e sc r ip t io n  covers a l l  exposures except th ese  anomalous s e c t io n s .

A ll f a c ie s  are  thought to  be p resen t a t  each outcrop , though 

sometimes l e s s  r e s is ta n t  h e t e r o l i t h ic ,  b ioturbated  sandstone, and 

sh a le  in te r v a ls  are covered a t  the poorer exposures. V e r t ic a l fa c ie s  

changes w ith in  th e low er sandstone member ty p ic a l ly  occur on a 

decim eter to  meter s c a le  (s e e  s tr a t ig r a p h ic  columns o f  measured 

s e c t io n s  in  A ppendix). No apparent s ta ck in g  order was observed fo r  the  

low er sandstone member as a whole, as each f a c ie s  can occur a t  any 

v e r t ic a l  p o s it io n  w ith in  th e s e c t io n .

In spite of the absence of an overall, vertical stacking order to
the lower sandstone member, potential exists for smaller scale facies
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tren d s . In order to  determ ine the presence o f  th ese  tren d s, Markov 

chain  a n a ly s is  was ap p lied  to  f a c ie s  t r a n s it io n s  w ith in  the lower 

sandstone member (Table I ) .  In t h is  method, observed tr a n s it io n  

p r o b a b il i t ie s  are determ ined and random tr a n s it io n  p r o b a b il i t ie s  are 

c a lc u la te d . Random tr a n s it io n  p r o b a b il i t ie s  depend on ly  on the  

a b so lu te  abundance o f  the variou s f a c ie s  and can be c a lc u la te d  u sin g

th e  equation  r . . = n ./(N -n . ) where r . . i s  th e  random p r o b a b ility  o f
1J J 1 1J

t r a n s it io n  from f a c ie s  i  to  fa c ie s  j j  n^ and n  ̂ are th e number o f  

occurrences o f  f a c ie s  i  and j r e s p e c t iv e ly ,  and N i s  the t o t a l  number 

o f occurrences o f  a l l  f a c ie s  (Walker, 1979, p. 3 ) .  The d if fe r e n c e  

between the num erical v a lu es  o f  observed tr a n s it io n  p r o b a b il i t ie s  and 

random tr a n s it io n  p r o b a b il i t ie s  i s  used to  determ ine whether 

t r a n s it io n s  are more common than random. For fa c ie s  t r a n s it io n s  which 

occur more freq u en tly  than random, th e observed minus random 

t r a n s it io n  p r o b a b il i t ie s  are g rea ter  than zero . Those tr a n s it io n s  

which have a p o s it iv e  num erical va lu e fo r  observed minus random 

t r a n s it io n  p r o b a b il i t ie s  in  th e  low er sandstone member are those  

t r a n s it io n s  from th e h e t e r o l i t h ic  to  th e sandstone f a c ie s  and from the  

mud to  the sandstone f a c ie s  (Table I ) .  These trends in d ic a te  the 

occurrence o f  coarsening-upward c y c le s  th a t term inate in  development 

o f  sandstone in te r v a ls .

V e r tic a l f a c ie s  r e la t io n s  a t exposures in  J e ffe r so n  Canyon d i f f e r  

from th a t p a ttern . Here crossbedded, p lanar lam inated and c r o ss -  

lam inated sandstones are rare and in stea d  the sequence i s  dominated" by 

b io tu r bated sandstone. A d d itio n a lly , the low er sandstone member i s  

th in n er  than average, being  only 10-15 m eters th ic k .
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TO

FROM

S ' H M

S — .43 .57

H .83 — .17

M .95 .05

S — — — .42 .58

H .60 — — .40

M .67 .33 —— —

S — — — .01 - .0 1 .

H ' C
O

CXJ — — —

C
O

O
JI

M
C

OCXJ I ro C
O

Observed T ra n sitio n  

P r o b a b ilit ie s

C alcu lated  Random 

T ra n sition  P r o b a b il it ie s

Observed Minus Random 

T ra n sitio n  P r o b a b il it ie s

Table I . Markov chain  a n a ly s is  o f  f a c ie s  tr a n s it io n  w ith in  the lower 
sandstone member. S=Sandstone f a c ie s ,  H = H etero lith ic  
f a c ie s ,  M=Mud f a c ie s .

Exposures in  the Elkhorn Mountains d i f f e r  in  th a t a 5 meter th ick  

in te r v a l o f  p lanar lam inated sandstone caps the low er sandstone  

member. This i s  th e  on ly  occurrence o f  a sandstone body in  th e lower 

sandstone member in  which planar lam in ation s are the dominant 

sedim entary s tr u c tu r e . Symmetrical r ip p le  forms and hummocky c r o ss ­

s t r a t i f i c a t io n  are in te r c a la te d  w ith  the planar lam inated sandstone. 

The low er 12 m eters o f  s e c t io n s  in  th e Elkhorn Mountains are comprised 

o f  interbedded sh a le , and crossbedded and r ip p le  cross-lam in ated  

sandstone ty p ic a l  o f  o th er exposures o f  th e  lower sandstone member.
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L atera l f a c ie s  changes are r a r e ly  observed on outcrop s c a le .

Most th ick  (>3 meter) sandstone b od ies can be traced  fo r  a t le a s t  

se v e r a l hundred m eters, and a t  se v e r a l lo c a le s ,  such as the cen tra l 

B ridger Range (se e  s tr a t ig r a p h ic  columns fo r  B rackett Creek and Fairy  

Creek in  Appendix) and the n orth eastern  G a lla tin  Range, some sandstone 

in te r v a ls  are b e liev ed  to  c o r r e la te  a cro ss  sev era l outcrops fo r  

d is ta n c e s  o f  a t  l e a s t  5 k ilo m e ters . This c o r r e la t io n  i s  based on 

v is u a l c o r r e la t io n  o f  s tr a t ig r a p h ic  p r o f i le s  and w alking out 

sandstone in te r v a ls  between the measured outcrops where p o s s ib le .  The 

sandstone in te r v a ls  may, and probably do, p e r s is t  beyond the  

co rr e la ted  s e c t io n s ,  but the lack  o f  exposure prevents fu r th er  

c o r r e la t io n . The sandstone body a t W ineglass Mountain, which i s  

ch a ra cter ized  by a planoconvex geom etry, i s  ty p ic a l o f  th ese  th ick , 

p e r s is te n t  sandstone in te r v a ls .  H e te r o lith ic  in te r v a ls  which bound 

th ese  co r r e la te d  sandstones probably have an eq u iv a len t la t e r a l  

e x te n t . Thinner f a c ie s  in te r v a ls  o fte n  do not c o r r e la te  from one 

outcrop to  the next and the p r e c ise  ex te n t o f  th ese  th in n er  sequences 

cannot be a sc e r ta in e d . In g en era l, th ick  sandstone sequences are  

s h e e t - l ik e ,  w ith  a planoconvex geometry observed a t  the edge o f  

sandstone b od ies as suggested  by outcrops a t W ineglass Mountain (F ig . 

8 ) . These sandstones o c c a s io n a lly  have a la t e r a l  ex ten t o f  a t  l e a s t  5 

k ilo m eters  w h ile  th in n er  sequences e x h ib it  more la t e r a l  v a r ia b i l i t y .

F a c ies  R ela tio n s In te r p r e ta tio n

The sharp co n tact a t  the base o f  th e  low er sandstone member i s  

probably a r e s u lt  o f  sh oreface ero s io n  which occurred during

Lateral Facies Relations
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tr a n sg r e ss io n  o f th e  sea  a cro ss  non-marine c o a s ta l p la in  d e p o s its  o f  

th e K ootenai Form ation. This type o f  d iscon form ity  has been termed a 

ravinement (S w ift , 1968) where observed on th e U .S. A tla n t ic  c o a s t .  

Marginal marine d e p o s its  such as t id a l  in le t  f i l l s ,  dune sands, beach 

sands, and sh oreface sands are not p resen t and were presumably removed 

by sh oreface er o s io n  due to  wave a c t io n .

The sharp con tact a t th e  top  o f  th e  low er sandstone member marks 

a change from a sand-dominated shallow  marine environment in  the lower 

sandstone member to  a mud-dominated o ffsh o r e  marine environment 

(R oberts, 1972; Schwartz, 1972). Schwartz (1972) s t a t e s  t h a t .t h is  

r e s u l t s  from fu rth er  westward tr a n sg r e ss io n  o f  the se a . The th in ,  

d isco n tin u o u s, m ic r ite  near the base o f  the m iddle sh a le  member 

supports t h is  in te r p r e ta t io n  as lim eston e d ep o s it io n  i s  a common 

response to  a rapid  tr a n sg r e ss io n , during which c l a s t i c  sediment 

supply to  th e o ffsh o r e  environment i s  g r e a t ly  reduced (Ryer, 1977).

The d e p o s it io n a l environment fo r  the lower sandstone member was 

probably a shallow  marine s e t t in g  s im ila r  to  modern marine sh e lv es  in  

d e p o s it io n a l p rocess and s t y l e .  Mud and sand were d ep osited  

sim u lta n eo u sly , w ith  t h e ir  d is tr ib u t io n  c o n tr o lle d  by sedim ent 

a v a ila b il i ty , .b a th y m e tr y , and d is tr ib u t io n  o f marine cu rren ts  and ■ 

storm p a th s . Sandstone was d ep osited  by m igration  o f  in d iv id u a l 

bedforms, in c lu d in g  r ip p le s  and m egaripp les, and by m igration  o f  

bedforms a sso c ia te d  w ith  sand bod ies which may have had a la t e r a l  

ex te n t o f  a t  l e a s t  5  k ilo m eters  as in d ica te d  by c o r r e la t io n  o f  

sandstone in t e r v a ls .  However, th e  ex ten t o f  sandstone b od ies in  the  

low er sandstone member may not merely rep resen t the dim ensions o f  the
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sand b od ies as they appeared during d e p o s it io n . The observed  

dim ensions may in  part be due to  la t e r a l  a c c r e t io n  o f  th e  sand body as 

i t  m igrated on the bottom . These sand b od ies con ta in  crossb ed s, 

planar lam in ation s and c ro ss-la m in a tio n s  th a t are form d iscord an t to  

sand body geom etry..

F ie ld  ( 1980) d esc r ib e s  a sand ridge topography which i s  a dominant 

fea tu re  o f  the e n t ir e  U .S. A tla n tic  inner co n tin e n ta l s h e l f .  These 

sand r id g e s  t y p ic a l ly  e x h ib it  6-9 m eters o f  r e l i e f ,  and vary from 9-15  

k ilo m eters  in  le n g th  and 1-3 k ilo m eters  in  w idth. S w ift and F ie ld  

(1981) n o te  asymmetric and symmetric r ip p le  forms from th e se  ridge  

c r e s t s  and symmetric r ip p le s ,  m egaripples and sandwaves in  r id ge  

trou gh s. Much o f  th e  r id ge  su rface has been bulldozed  smooth by 

ech in o id s  (sand d o l la r s ) .  F ie ld  and o th ers  (1981) d escr ib e  s im ila r  

sand r id g e s  in  the Northern Bering Sea. They note a h ierarchy o f  

th ree  s i z e s  o f  superimposed bedforms in c lu d in g  la rg e  sand waves, 

(h eigh t 2 m eters, spacing  200 m eters), sm aller  sand waves (h eigh t 1 

m eter, sp acin g  200 m eters) and o s c i l la t o r y  and u n i-d ir e c t io n a l current 

generated  r ip p le s .  Sand r id g es  in  both th e North A tla n t ic  and 

Northern Bering Sea e x h ib it  documented h is t o r ic a l  m igration  (F ie ld , 

1980; F ie ld  and o th e r s , 1981). F ie ld  and o th ers (1981) sp ecu la te  th at 

sand r id g e s  in  th e a n c ien t rock record would c o n s is t  o f  le n s e s  o f  

sand, 10-15 m eters th ic k , encased in  a sandy sh a le . Sedimentary 

s tr u c tu r e s  in  the sand b od ies should c o n s is t  o f  r ip p le  c r o s s ­

lam in ation s and ta b u la r - and wedge-shaped crossb ed s. Bedding planes 

should show evidence o f  l in g o id  and p o s s ib le  o s c i l la t o r y  r ip p le s .

Their d e sc r ip t io n  i s  remarkably s im ila r  to  th e sedim entary stru ctu res
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and geometry o f  sand b od ies observed in  th e  low er sandstone member. 

Thus, th e  m u ltip le  bed sandstone bod ies in  the low er sandstone member 

are in terp re ted  as sand r id g e s .

M igration  or co n str u c tio n a l u pbu ild ing  o f  sand r id g e s  and 

in d iv id u a l sand bedforms upon a sso c ia te d  muds and storm d ep o s its  

r e su lte d  in  th e coarsen ing-up  sequences suggested  by Markov chain  

a n a ly s is .  The absence o f  an o v e r a ll  v e r t i c a l  trend or s ta ck in g  o f  

f a c ie s  in  th e low er sandstone member in d ic a te s  th a t th ere  was no 

d ir e c t io n a l change in  d e p o s it io n a l environm ent, such as a change in  

sea  l e v e l ,  during d e p o s it io n  o f  th e  low er sandstone member.

S im ilar  sand r id g e s  e x i s t  where s u f f i c i e n t  u n i-d ir e c t io n a l  

cu rren ts are generated by storm (S w ift and o th ers , 1971; S tah l and 

o th e r s , 1974; S tu b b le f ie ld  and o th e r s , 1975; Hunt and o th e r s , 1977; 

S w ift and o th e r s , 1979; F ie ld , 1980; F ie ld  and o th ers , 1981; Sw ift and 

F ie ld , 1981) or t id a l  p ro cesses  (S w ift , 1975; S w ift, 1976). The 

presence o f  interbedded storm sequences and w ave-generated r ip p le  

s tr u c tu r e s  w ith  sand r id g e  d e p o s its  in  the low er sandstone member 

su g g ests  th a t sand ridge development and maintenance was due to  storm 

and wave-dominated p r o c e sse s . A dd ition al support fo r  in te r p r e ta t io n  

o f  th e  h yd rau lic  regime can be found in  re la te d  nearshore d e p o s its  and 

p a le o d isp e r sa l p a tte r n s .

Because they are fa r th e r  w est,, s e c t io n s  o f  the low er sandstone 

member in  the Elkhorn Mountains must have been d ep osited  nearer the 

in ferr ed  p a le o sh o r e lin e  during low er sandstone member d e p o s it io n  

(Vuke, 1984). These s e c t io n s  are capped by a sequence o f  h or izo n ta l 

to  low a n g le , p lanar lam inated , and sym m etrical r ip p le  marked
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sandstone. Hummocky c r o s s - s t r a t i f ie d  sandstone i s  p resen t near the  

base o f  t h i s  capping sequence. This v a r ie ty  o f  sedim entary s tru ctu res  

i s  ty p ic a l  o f  wave dominated upper sh oreface  sequences (Reineck and 

Singh, 1980). Thus the presence o f  wave generated , ra th er  than t id a l ,  

nearshore d e p o s its  supports a model in  which storms dominated the  

h ydrau lic  regime in  t h i s  part o f  the seaway.

P a leo d isp e rsa l p a ttern s  in  th e low er sandstone member were 

obtained  from decim eter s c a le  planar cro ssb ed s. The lim ite d  sample 

p op u lation  (n=l4) i s  due to  th e gen era l lack  o f  th ree-d im en sion a l 

exposures o f  sedim entary s tr u c tu r e s . Q u a lita t iv e  o b serv a tio n  o f  two- 

dim ensional exposures o f  crossb ed s su g g ests  th a t the observed  

p a le o d isp e r sa l p a ttern s  are probably s im ila r  to  tren d s th a t would be 

obtained  from a la r g e r  p o p u la tion . P a leo d isp e rsa l d ir e c t io n s  range 

from 329 to  75 d egrees azimuth w ith  no modes to  the sou th  (F ig . 11).

A bimodal d isp e r sa l p attern  would be expected  from t id a l  d e p o s its  

though a unimodal p a ttern  does not preclude the p o s s i b i l i t y  o f  t id a l  

in flu en ce  (Reading, 1978, p . 2 3 7 ). However, trends o f  sym m etrical 

r ip p le  c r e s t s  are s tr o n g ly  ea s t-w e st  (F ig . 11) and markedly 

perp en d icu lar to  dominant p lanar crossbed  d ip s . This su g g ests  a 

g e n e t ic  r e la t io n s h ip  between the u n i-d ir e c t io n a l cu rren ts  which formed 

th e  m egaripples and th e o s c i l la t o r y  flo w s which produced the ' 

sym m etrical r ip p le s .  Such a r e la t io n sh ip  has a lso  been noted in  la t e  

Pre-Cambrian s h e l f  d e p o s its  in  Norway. There, a model was developed  

in  which u n i-d ir e c t io n a l cu rren ts were g e n e t ic a l ly  r e la te d  to  wave 

a c t iv i t y  (L e v e l l ,  1980). Such a model may a ls o  apply to  lower 

sandstone member d e p o s it io n  where th e h yd rau lic  regime was probably
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Trend of Planar  C r o s s b e d s
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S c a l e  in p e r c e n t

Trend of Symmetr ica l  Ripple C r e s t s
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Figure 11. Rose diagrams showing both th e trend o f p lanar crossbeds  
and the trend o f  sym m etrical r ip p le  c r e s t s  in  the lower 
sandstone member o f th e  Thermopolis S h a le . X rep resen ts  
the v ec to r  mean, S the standard d ev ia tio n  and S.E.M. the 
standard error o f  the mean. Data from exposures a t Fairy  
Creek, Rocky Canyon, S tr ick lan d  Creek, Nixon Gulch, 
Cottonwood Gulch, Paddys Run, S lu iceb ox , and W ineglass  
Mountain.
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ch a ra cter ized  by g e n e t ic a l ly  r e la te d  u n i-d ir e c t io n a l and o s c i l la t o r y  

flow  c o n d itio n s  which shared an o r ig in  in  e p iso d ic  storm ev en ts . The 

.e p is o d ic ity  o f  th ese  ev en ts  i s  r e f le c te d  in  th e presence o f  sh a le  

interbedded w ith  the sandstone.

In te r p r e ta tio n  o f  f a c ie s  r e la t io n s  fo r  th e low er sandstone member 

in  the Bozeman area a ls o  c a r r ie s  reg io n a l sed im en to log ic  im p lic a tio n s .  

A reg io n a l d e p o s it io n a l model fo r  th e low er sandstone member, In te rv a l 

A o f  the B la c k le a f Formation (Schwartz, 1972), in  southw est Montana 

has been presen ted  by Schwartz (1972 and 1982). In t h is  model, two 

d is t in c t  E arly C retaceous d e p o s it io n a l p rovin ces in  southw est Montana 

have been d efin ed  (F ig . 1 2 ). They are: I) a w estern p rov in ce , lo ca ted  

w est and southw est o f  the Boulder b a th o lith ;  and 2) an ea stern  

province c o n s is t in g  o f  th e  area e a s t  and sou th east o f  th e  Boulder 

b a th o lith . The study area  fo r  t h is  in v e s t ig a t io n  i s  lo c a te d  in  the 

ea stern  p rov in ce .

Schwartz (1972 and 1982) n otes marked d if fe r e n c e s  in  d ep o s it io n a l 

environment fo r  the low er sandstone member between the ea stern  and 

w estern p ro v in ces . In the w estern p rov in ce , th e  low er sandstone  

member i s  comprised o f  interbedded very f in e  to  f in e  grained  

l i t h a r e n i t e ,  s i l t s t o n e  and s h a le . I t  i s  in terp re ted  a s  a mixed 

d i s t a l - f l u v i a l  and la c u s tr in e  c l a s t i c  sequence d ep osited  in  a fr e sh -  

to  brack ish -w ater s e t t in g .  In c o n tr a s t , th e  low er sandstone member in  

the e a s te r n  province c o n s is t s  o f  f in e  grained  q u a rtza ren ite  and 

subordinate s u b - l i th a r e n it e interbedded w ith  minor amounts o f  

s i l t s t o n e  and sh a le . Schwartz (1972 and 1982) and Vuke (1982) 

in te r p r e t  th e  low er sandstone member in  th e ea stern  province as being
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Figure 12. Isopach map of the lower sandstone member of the Thermopolis Shale in southwest Montana.
All sections are restored to their approximate depositional locations. Also depicted 
are locations of western province (non-marine) and eastern province (marine). Data 
outside of study area from Schwartz (1982) and Vuke (1982).



37
d ep osited  in  a tr a n sg r e ss iv e  marine sh oreface s e t t in g .

O bservations and in te r p r e ta t io n s  presented  in  t h is  paper in d ic a te  

th a t the low er sandstone member in  th e Bozeman, Montana area was 

d ep osited  in  a shallow  marine s h e l f  ra th er  than the expected  

tr a n sg r e ss iv e  sh oreface s e t t in g .  This fa c t  does not n e c e s s a r ily  

in v a lid a te  the model o f  Schwartz (1 9 8 2 ). Because o f  sh oreface erosion  

during tr a n sg r e ss io n , m arginal and nearshore marine in te r v a ls  such as 

lagoon a l and sh oreface d e p o s its  were reworked and l e f t  no d e p o s it io n a l  

record . D ep o sitio n  o f th e  lower sandstone member in  th e  Bozeman area  

i s  th ere fo re  a ttr ib u te d  to  an in f lu x  o f  sedim ent in to  a sh a llow  marine 

s e t t in g  where d e p o s it io n  was co n tr o lle d  by shallow  marine p ro cesse s , 

ra th er  than tr a n sg r e s s iv e  reworking o f  sedim ent in  a nearshore  

environment.. S ince eq u iv a len t sh o r e lin e  d e p o s its  were not 

recogn ized , i t  i s  d i f f i c u l t  to  a sc e r ta in  actu a l sh o r e lin e  f lu c tu a t io n s  

and p o s s ib le  in flu e n c e  o f  tr a n sg r e s s iv e  p rocesses  during low er  

sandstone member d e p o s it io n . Because d e sc r ip t io n s  o f  the lower 

sandstone member in  th e  r e s t  o f  the ea stern  province (Schw artz, 1972; 

Vuke, 1982) c lo s e ly  resem ble the low er sandstone member in  the Bozeman 

area , i t  i s  l i k e l y  th a t much o f  th e  low er sandstone member in  the  

remainder o f  th e  ea ste r n  province was a ls o  d ep osited  in  a shallow  

marine ra th er than tr a n sg r e ss iv e  sh oreface s e t t in g .

Schwartz (1982) a ls o  n o tes  the e x is te n c e  o f E arly C retaceous 

foreland  s tru c tu res  in  southw est Montana th a t in flu en ced  d e p o s it io n a l  

p a tte r n s . The presence o f  an a c t iv e  p o s it iv e  elem ent in  

southw esternm ost Montana i s  in d ica ted  by an isopach map o f th e  lower 

sandstone member (F ig . 1 2 ). This p o s i t iv e  elem ent i s  co in c id en t w ith



th e  northw esternmost ex p ressio n  o f  Laramide, basement in volved  u p l i f t s  

in  Montana. Though th ere  i s  no ev idence th a t t h is  elem ent contributed  

sediment during low er sandstone member d e p o s it io n , i t  does appear to  

have been an area  o f  slow er subsidence as r e f le c te d  by the th inn ing o f  

th e low er sandstone member. Exposures o f  th e  lower sandstone member 

in  J e ffe r so n  Canyon occur along the northern edge o f  t h is  tren d . The 

low er subsidence r a te s  th ere  may have been instrum ental in  producing 

the anomalous s e c t io n  o f  b io tu r bated sandstone, which i s  u su a lly  

in d ic a t iv e  o f  slow  d e p o s it io n .
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PETROGRAPHY AND PROVENANCE

The provenance fo r  th e low er sandstone member in  th e  Bozeman area  

has not been w e ll d e fin ed . Schwartz (1982) su g g ests  th a t sands in  the  

low er sandstone member o f  th e  ea stern  province were derived  dominantly 

from the d ir e c t io n  o f  tr a n sg r e ss io n . I t  i s  u n clear whether th is  means 

th a t sedim ent was d erived  by tr a n sg r e ss iv e  reworking o f  underlying  

sedim ent or i f  the southward tr a n sg r e ss in g  sea  was a c t iv e ly  

tra n sp o r tin g  sedim ent from th e north . The fo llo w in g  d is c u s s io n  

review s the petrography and p a le o d isp e r sa l p a ttern s o f  the lower 

sandstone member in  order to  a s s e s s  p o s s ib le  provenance fo r  the lower 

sandstone member.

Petrographic D escr ip tio n

Petrographic a n a ly s is  o f  th e  low er sandstone member in c lu d es  

p o in t co u n ts, to  determ ine r e la t iv e  abundances o f d e t r i t a l  m ineral 

g r a in s , o f  10 sam ples c o l le c te d  from va r io u s exposures in  the study  

area (Table 2 ) .  Cursory exam ination o f  20 more samples in d ica ted  no 

d if fe r e n c e s  th a t warranted fu rth er  d e ta ile d  exam ination. Coarser 

grained samples were chosen fo r  petrograph ic a n a ly s is  in  order to  

provide c o n s is te n c y  in  sam pling and because th ese  sam ples g en era lly  

con ta in  a g rea ter  v a r ie ty  o f  framework g ra in s  and so should more 

a c cu ra te ly  r e f l e c t  com position  o f  the source a rea . Most samples 

average f in e  sand s iz e  though they range from very f in e  to  medium

sand.



Mean
Sample

location
Sand
Size

Mmo
Quartz

Poly
Quartz Chert Feldspar

Mid
Clasts

Mid
Matrix FeO Biotite Muscovite Zircon Tourmaline Porosity

Wineglass
Mauntain fine 76 2 2 - I - 2 - I tr - 15

Strickland
Creek fine 70 4 I - 5 I - - tr - - . 18

Johnny
Creek

very
fine 81 3 4 - 9 3 I - tr tr -

Cottomood
Gulch fine 86 2 I - 8 2 - tr tr - -

Nixon
Gulch fine 72 . 5 2 tr 6 12 2 - I - - -

N. Fork 
Brackett fine 72 6 I - 4 5 I - - - - .10

Paddys
Run fine 90 4 2 - tr 2 tr - tr tr - I

Jefferson
Canyon

very
fine 54 I 3 tr - 38 tr tr - tr tr -

Rocky
Canyon

fine 86 5 2 tr I I tr - tr -

N. Fork 
16-mile medium 71 8 7 tr 12 - — I tr ' - tr -

Table'2. Data set from point counts of thin sections of the lower sandstone member.
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The fa b r ic  o f  th e  sandstone i s  ch ara cter ized  by lon g  grain  

c o n ta c ts , squashed mud c l a s t s  and g e n e r a lly  low p o r o s ity . Quartz 

overgrowths are abundant in  a l l  but one sample, which was c la y  

cemented. Quartz i s  th e  most common cement ty p e , though c la y , which 

was probably derived  from squashed detr ib a l  mud c l a s t s ,  a c t s  as a 

patchy m atrix or cement. P o ro sity  i s  h ig h ly  v a r ia b le , ranging from 0-  

18 percent and i s  b e s t  developed in  th ic k e r  sandstone bod ies in  the  

n orth eastern  G a lla tin  Range. Q u a lita t iv e  ob servation  o f  th in  s e c t io n s  

in d ic a te s  th a t sandstones are m ostly w e ll sorted  and d e t r i t a l  g ra in s  

are subrounded in d ic a t in g  a h igh  degree o f  te x tu r a l m aturity  

(P e ttijo h n  and o th e r s , 1972, p. 5 8 8 ) ..

Quartz typ es p resen t in clud e m on ocrysta llin e  and p b ly c r y s ta ll in e  

q u artz . A uth igen ic quartz i s  common as quartz overgrow ths, but due to  

th e d i f f i c u l t y  in  d is t in g u is h in g  i t  from d e t r i t a l  g r a in s , i t  i s  

in clud ed  in  the m on ocrysta llin e  quartz ca teg o ry . For r e la t iv e  

abundances o f d e t r i t a l  g r a in s , see  T a b le .2.

M udston e-clasts are the second most common c la s t - ty p e  observed . 

They t y p ic a l ly  co n ta in  s i l t - s i z e d  quartz g r a in s . In d iv id u a l mudstone-r 

c la s t s  may range up to  pebble s i z e .  Because o f  the com positional and 

te x tu r a l m aturity o f  t h i s  sandstone, mudstone c l a s t s  are thought to  be 

in tra form atio n a l and have no d ir e c t  bearing on provenance 

determ ination  fo r  the low er sandstone member. Chert i s  p resen t in  a l l  

sam ples, but i s  a minor component and exceeds 5% in  on ly  one sample. 

M uscovite and b i o t i t e are p resen t in  tra ce  amounts in  most sam ples. 

Mica p la te s  are u su a lly  bent around competent g r a in s . M icrocline and 

potassium  fe ld sp a r s  are p resen t in  tra ce  amounts in  se v e r a l o f  the
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sam ples. Z ircon i s  a ls o  p resen t in  tra ce  amounts as i s  tourm aline, 

which i s  alw ays w e ll rounded. Clay m inerals are u su a lly  confined  to  

mud c l a s t s ,  though in  one sample the c la y  m atrix amounted to  37? o f 

the sam ple. This c la y  did not appear to  be w e ll c r y s t a l l iz e d  and was 

probably introduced in to  th e sandstone bed by burrowing.

Provenance In te r p r e ta tio n

Provenance o f  th e  low er sandstone member i s  d i f f i c u l t  to  

a sc e r ta in  due to  the com p osition a l m aturity o f the sandstone.

P o ss ib le  sources in c lu d e exposed land areas to  the w est o f  th e  Western 

I n te r io r  C retaceous Seaway as w e ll as tr a n sg r e s s iv e  reworking o f .th e  

underly ing  K ootenai Form ation. S ince th e  K ootenai Formation had a 

source in  the S ev ier  orogen ic b e lt  (R oberts, 1972; Su ttn er and o th ers , 

1981), th e  o r ig in a l source o f  sedim ent fo r  th e lower sandstone member 

should be w est o f  the Western I n te r io r  C retaceous Seaway. The 

fo llo w in g  d is c u s s io n  ev a lu a te s  t h is  h y p o th e sis .

MacKenzie and Poole (1962) d e lin e a te  two p e tr o lo g ic  s u it e s  o f 

d e t r i t a l  framework g ra in s in  Dakota Group sandstones o f th e  Western 

I n te r io r ,  in c lu d in g  Wyoming, South Dakota, Nebraska, Colorado and 

Kansas. The low er sandstone member o f  th e  Thermopolis Shale i s  

l i th o s tr a t ig r a p h ic  eq u iv a len t to  Dakota Group sandstones they stud ied  

in  Wyoming. They found an "eastern" s u i t e  which was d erived  from the  

C ontin en ta l Block Province e a s t  o f the C retaceous seaway and a 

"western" s u i t e  which was derived  from th e  S ev ier  orogen ic b e lt  w est 

o f  the seaway. Both s u i t e s  are ch a ra cter ized  by very h igh  quartz 

abundance. In a d d itio n , th e  "eastern" s u i t e  c o n ta in s , on the average, 

2% fe ld sp a r  and on ly  tr a c e  amounts o f  c h e r t . The heavy m ineral
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fr a c t io n  i s  dominated by z irco n , tourm aline, r u t i l e  and c h lo r ito id .

The "w estern” s u it e  c o n ta in s , on th e average, about 15% ch ert and only  

tra ce  amounts o f  fe ld sp a r . The heavy m ineral fr a c t io n  i s  comprised 

m ostly  o f  z irco n  and tourm aline. Tourmaline g ra in s found in  the 

"western" s u it e  are g e n e r a lly  more rounded than tourm alines in  the  

"eastern" s u i t e .

W ithin th e low er sandstone member, quartz g ra in s  are the  

p r in c ip le  component and ch ert ranks second in  abundance o f  d e t r i t a l  

g r a in s . Feldspar i s  p resen t in  on ly  tra ce  amounts in  a few o f the  

sam ples. Zircon and tourm aline are the on ly  heavy m in era ls  observed  

and th e tourm aline i s  w e ll  rounded. In comparison w it h .MacKenzie and 

P o o le ’s (1962) stud y , the com position  and th ere fo re  provenance fo r  the 

low er sandstone member most c lo s e ly  resem bles th at o f  th e  "western" 

s u it e  whose source was th e S ev ier  orogen ic  b e lt  to  the w est. Support 

fo r  t h is  in te r p r e ta t io n  can be found in  a p lo t  o f mean framework modes 

o f  the low er sandstone member and th e ir  r e la t io n sh ip  to  d if fe r e n t  

t e c to n ic  provenances (F ig . 13) as determ ined by D ickinson  and Suczek 

(19 7 9 ). Though most sam ples p lo t  between defin ed  provenances, some 

occur in  th e  reg ion  occupied by th e recy c led  orogen provenance w hile  

none occur in  the c o n tin e n ta l block provenance. This in d ic a te s  that 

th e o r ig in a l source fo r  the lower sandstone member was l i k e l y  the  

S ev ier  erogen ic  b e lt  ra th er  than the ea ste r n  co n tin e n ta l block  

provenance.

The S ev ier  orogen ic b e lt  may have provided sediment to  the lower 

sandstone member by two d if f e r e n t  mechanisms. F ir s t ,  because the  

source fo r  th e  underly ing  K ootenai Formation was the S e v ie r  orogenic
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Figure 13. Ternary diagram showing mean framework modes o f  the lower 
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b e lt  (R oberts, 1972; S u ttn er and o th ers , 1981), tr a n sg r e ss iv e  

reworking o f  th e  K ootenai Formation may have supplied  sedim ent to  the  

low er sandstone member. A lte r n a t iv e ly , f lu v ia l  p ro cesses  may have 

tran sported  sedim ent from the S ev ier  erogen ic  b e lt  to  the c o a s t . Once 

th e r e , th e  sedim ent may have been r e d is tr ib u te d  by c o a s ta l  p rocesses  

and incorporated  in to  the lower sandstone member.

The K ootenai Formation v a r ie s  from a ch ert-b ea r in g  q u artzaren ite  

to  a c h e r t-r ic h  l i t h a r e n it e  w ith  upper K ootenai san dston es becoming 

p r o g r e ss iv e ly  more quartz r ich  upwards (Suttner and o th e r s , 1981). 

Reworking o f  th ese  sands in  a sh oreface and shallow  marine s e t t in g  

could  con ceivab ly  r e s u lt  in  ch er t-b ea r in g  q u a rtza ren ite s  s im ila r  to  

th ose  in  th e low er sandstone member. K ootenai sandstones in  the  

Bozeman area occur approxim ately 30 m eters below the co n ta ct w ith the  

low er sandstone member and are separated  from the low er sandstone  

member by an in te r v a l o f  v a r ie g a te d , ca lca reo u s mudstone and 

b io m ic r ite . No K ootenai sandstones were observed between the lower 

sandstone member and th e mudstone and lim esto n e a t th e  top  o f  the 

K ootenai Formation. I t  i s  p o s s ib le  th a t another in te r v a l o f  sandstone  

was p resen t a t the top  of. th e  K ootenai Formations but was t o t a l ly  

reworked by th e tr a n sg r e ss in g  sea . However, no ev idence was observed  

which supported t h is  h yp o th esis  and no mention o f another sandstone  

in te r v a l above the lim eston e a t  the top o f  the K ootenai Formation was 

found in  th e l i t e r a t u r e  (S u ttn er , 1969; R oberts, 1972; James, 1977; 

S uttner and o th e r s , 1981).

The S ev ier  erogen ic  b e lt  may a ls o  have supplied  sedim ent to  the  

low er sandstone member in  a more d irect, manner. Sediment may have
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been f l u v i a l l y  transported  to  the co a st and d is tr ib u te d  by c o a s ta l 

p ro cesses  to  th e  s h e l f  where i t  was incorporated  in to  th e lower 

sandstone member. Evidence fo r  t h is  h yp o th esis  can be found in  

f lu v ia l  eq u iv a le n ts  o f  the lower sandstone member.

D is t a l - f lu v ia l  and la c u s tr in e  rock s tr a t ig r a p h ic  e q u iv a le n ts  o f  

the low er sandstone member in  the w estern  province in c lu d e very f in e  

to  f in e  gra ined , l i t h a r e n it e s  and s u b - l ith a r e n ite s  o f  In te r v a l A o f  

the B la c k le a f Formation (Schwartz, 1972, 1982). In te r v a l A sandstones  

are composed dom inantly o f  quartz and l i t h i c  fragm ents o f  " d e tr ita l  

carbonate c l a s t s  w ith  minor presence o f  c h e r t , q u a r tz ite ,  

q u a rtza ren ite  and quartz wacke fragments" ( Schwartz, 1972). Winn and 

o th ers  (1984) have shown th a t s ig n i f ic a n t  com p osition al d if fe r e n c e s  

can e x i s t  between f lu v ia l  and marine sandstones derived  from the same 

sou rce . They found th a t marine sands o f  the Late C retaceous F ron tier  

Formation in  southw estern Wyoming, con tained  18% more m on ocrysta llin e  

q u artz, 8 % l e s s  ch ert and p o ly c r y s ta l l in e  quartz and 9% l e s s  other  

rock fragm ents than r e la te d  f lu v ia l  d e p o s it s .  Causes o f  t h i s  are: I) 

trapp ing o f  the co a rser , more rock fragment r ic h  sedim ent in  f lu v ia l  

environm ents and 2) d e s tr u c tio n  o f  s o f t e r  rock fragm ents by wave 

a c tio n  in  e ith e r  a beach or o ffsh o r e  s e t t in g .  Thus fu r th er  reworking 

o f  In te r v a l A sands In a high energy nearshore s e t t in g  could  r e su lt  in  

ch ert bearing q u a r tza ren ite s  s im ila r  to  th ose  observed in  the lower 

sandstone member.

Though low er sandstone member eq u iv a le n ts  in  the w estern  province 

may have su p p lied  some sedim ent to  the low er sandstone member in  the 

ea stern  p rov in ce , Schwartz (1982) su g g e sts  th a t p o s it iv e  elem ents in
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southw estern Montana may have acted  as b a r r ie r s  to  p a leodis p e r s a l  from 

th e  w estern  to  th e ea stern  p rov in ce . Thus, th ere  may have been other  

lo c a le s  in  th e S ev ie r  erogen ic  b e lt  th a t con trib u ted  sedim ent to  the 

low er sandstone member in  the ea ste r n  p rov in ce . F igure 12 

dem onstrates a r e la t iv e ly  th ic k e r  reg ion  o f  th e  low er sandstone member 

th a t extends from the Bozeman area south  so u th ea st in to  Y ellow stone  

N ational Park. P a leocurrent data in  th e Bozeman area (F ig . 11 and 12) 

su g g e sts  th a t sand d e r iv a tio n  may have been from the so u th -so u th e a st . 

These p a leocu rren t data are not d e f in i t i v e  s in c e  they r e ly  upon such a 

sm all sample p op u lation  (n = l4 ) . A la r g e r  sample p op u la tion  was not 

obtained  due to  th e lack  o f  w e ll exposed , th ree-d im en sion a l exposures 

o f  sedim entary s tr u c tu r e s  n ecessary  fo r  paleocurrent measurement.
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SUMMARY

I n i t i a l  tr a n sg r e ss io n  o f  th e  C retaceous seaway in to  southw est 

Montana was accompanied by sh oreface ero s io n  which produced the sharp 

co n tact or ravinement th a t sep ara tes non-marine d e p o s its  o f the  

K ootenai Formation from the sha llow  marine low er sandstone member o f  

th e  Thermopolis S h a le . Subsequent to  tr a n sg r e ss io n , d e p o s it io n  o f the  

low er sandstone member occurred in  a sh a llow  marine environm ent.o f  low  

r e l i e f .  Sediment was probably su pp lied  to  t h is  s e t t in g  by two 

p r o c e sse s . F ir s t ,  reworking o f upper K ootenai Formation sands in  the  

sh oreface environment and u ltim a te  stran d in g  o f  the d e tr i tu s  on the  

s h e l f  by tr a n sg r e ss io n  may have provided some o f  the sedim ent in  the 

low er sandstone member. Second, sedim ent may have been introduced by 

f lu v ia l  system s to  the co a st from the S ev ier  erogen ic b e lt  lo ca ted  

w est o f th e  seaway. C oastal storm p ro cesses  then transported  sediment 

o ffsh o r e  to  the s h e l f  where i t  was incorporated  in to  the low er 

sandstone member.

F ir s t  order geomorphic fe a tu r e s  on t h is  s h e lf  are la r g e  sc a le  sand 

r id g e s , w ith  dim ensions o f  up to  5 k ilo m e te r s . The sand r id g e s  are 

ch a ra cter ized  by an in h erent heirarchy o f  bedforms. M egaripples and 

r ip p le s  are second and th ird  order fe a tu r e s  r e s p e c t iv e ly .  The 

in te r n a l s tru c tu re  o f  sand r id g e s  i s  form d iscord an t and c o n s is t s  o f a 

potpourri o f  interbedded decim eter s c a le  crossb ed s, r ip p le  c r o ss ­

lam in ation s and h o r iz o n ta l to  low angle p lanar la m in a tio n s . Decim eter 

s c a le  p lanar crossbeds are the most abundant s tru c tu re  in  sand ridge
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d e p o s it s .  Development and maintenance o f  sand r id g e s  i s  a ttr ib u ted  to  

storm -induced u n i-d ir e c t io n a l cu rren ts w ith  a dominant northwestward 

(341 +.4 d egrees) flow  d ir e c t io n .. Some sandstone in te r v a ls  occur as 

is o la te d  beds bounded b y-o ther f a c ie s  in t e r v a ls .  The crossbedded, 

cro ss-lam in ated  and p lanar-lam inated  sedim entary s tr u c tu r e s  in  the  

sandstone f a c ie s  thus rep resen t both sand r id g es  and is o la te d  sand 

bedform s.

Storm d e p o s its ,  b io tu r bated sandstone and sh a le  occur in  areas 

not occupied by sand r id g e s  o r . is o la t e d  sand bedforms. The storm  

d e p o s its  are represented  by in te r v a ls  o f  th e  h e t e r o l i t h ic  f a c ie s .  .

B ioturbated  sandstones rep resen t d e p o s it io n  in  area s o f  low 

sed im en tation  r a te s ,  a llo w in g  th e fauna to  t o t a l l y  d isru p t in tern a l 

s tr u c tu r e s .  Low sed im en tation  r a te s  may be accounted fo r  by reg io n a l 

low subsidence r a te s ,  as in  th e J e ffe r so n  Canyon area , or lo c a l  

fa c to r s  such as absence o f  sedim ent laden  cu rren ts or temporary 

b a rr iers  which in h ib ite d  sedim ent accum ulation. Mud was lo c a l ly  

d ep osited  in  low energy or sh e lte r e d  environm ents where storm  

in flu en ce  was minim al.

M igration or repeated  development and abandonment o f  sand ridges  

upon r e la te d  d e p o s its  r e su lte d  in  a complex v e r t ic a l  sequence o f  

sedim ents ch a ra cter ized  by interbedded sandstone, h e t e r o l i t h ic  and mud 

f a c ie s  in t e r v a ls .  These lo c a l  tem poral changes may r e f l e c t  changes in  

sedim ent supply , storm p ath s, d is tr ib u t io n  o f  marine c u rre n ts , sea  

l e v e l ,  or a com bination o f  th ese  fa c to r s .  Because o f  r e in te r p r e ta t io n  

o f  th e  low er sandstone member as a shallow  marine ra th er than 

sh oreface sequence, i t  i s  not p o s s ib le  to  a sc e r ta in  whether the lower
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sandstone member i s  an a c tu a l tr a n sg r e ss iv e  d e p o s it .  This would 

req u ire  re c o g n itio n  o f  eq u iv a len t sh o r e lin e  d e p o s its  and 

in te r p r e ta t io n  o f  sh o r e lin e  f lu c tu a t io n s  during low er sandstone member 

d e p o s it io n .

Subsequent to  low er sandstone member d e p o s it io n , tra n sg ress io n  

reduced sedim ent supply to  the.m arine environm ent. This produced the 

sharp co n tact sep ara tin g  th e  low er sandstone member from th e o ffsh ore  

m arine, m iddle sh a le  member o f  the Thermopolis S h a le . The low c l a s t i c  

sed im en tation  r a te  a ls o  allow ed carbonate d e p o s it io n  to  lo c a l ly  

p r e v a il ,  r e s u lt in g  in  the th in , d iscon tin u ou s a r g i l la c e o u s  m ic r ite  bed 

near the base o f  th e  middle sh a le  member.

Though t h is  study d e sc r ib e s  the h yd rau lic  regime and d ep o s it io n a l  

c h a r a c te r is t ic s  o f  th e  low er sandstone member in  the Bozeman area, 

l i t t l e  i s  known o f the reg io n a l sed im en to log ic  p a ttern s  o f  t h is  s h e lf  

environm ent. Future work in  the Crazy Mountains Basin and along the  

north  fla n k  o f  the B eartooth  u p l i f t  would h elp  in  d e fin in g  the la t e r a l  

lon gsh ore as w e ll  a s o ffsh o r e  ex ten t o f  th e  paleo-sand ridge  

topography. Such work should prove u s e fu l in  determ ining mechanisms 

o f sedim ent tran sp ort as w e ll as p r e d ic t iv e  models fo r  an c ien t sand 

r id g e  f i e l d s .
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Figure 14. Location and stratigraphic column
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Brackett Creek 
NE 1/4 Sec. 35 T2N R6E

Fairy Creek
NW 1/4 Sec. 24 T2N R6E

1
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Thermopoila Shale

I S -

Kootenai Formation

Figure 15. Locations and stratigraphic columns of Brackett Creek and
Fairy Creek outcrops.
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Nixon Gulch 
NE 1/4 Sec. I T2N R3E

Cottonwood Gulch 
SW 1/4 Sec. 13 T2N R2E
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Figure 16. Locations and stratigraphic columns of Nixon Gulch and
Cottonwood Gulch outcrops.
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Paddys Run
NW 1/4 Sec. 32 T5N R4E
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SE 1/4 Sec. 19 T3S R9E
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Figure 17. Locations and stratigraphic columns of Paddys Run and
Strickland Creek outcrops.
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Park Branch Wineglass Mountain
NE 1/4 Sec. 28 T3S R9E SE 1/4 Sec. 15 T3S R9E

Figure 18. Locations and stratigraphic columns of Park Branch and
Wineglass Mountain outcrops.
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Johnny Gulch 
NE 1/4 Sec. 22 T5N RlW

Jefferson Canyon 
Sec. 25 TlS R2W

Lower sandstone member, 
Thermooolls Shale

Kootenai Formation

-K
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Figure 19. Locations and stratigraphic columns of Johnny Gulch and 
Jefferson Canyon sections.
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Rocky Canyon 
SW 1/4 Sec. 20 T2S R7E

Goose Pond
NE 1/4 Sec. 3 T3S R7E

Middle shale member. 
Thermooolis Shale

Lower sandstone member, 
Thermopolla Shale

Kootenai Formation

Figure 20. Locations and stratigraphic columns of Rocky Canyon and 
Goose Pond sections.
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Middle Fork Sixteenmile 
NW 1/4 Sec. 11 T4N R6E

Figure 21. Location and stratigraphic column of Middle Fork
Sixteenmile outcrop




