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ABSTRACT

C r o n i n ,  C h r i s t o p h e r ,  M . S . ,  June,  1988 Geology

S t r a t i g r a p h y  and Se d i me n t a t i on  o f  the R a v a l l i  
Group { M i d d l e  P r o t e r o z o i c  B e l t  Supergroup)  i n the 
M i s s i o n ,  Swan, and F l a t h e a d  Ranges,  Nor t hwest  
Montana

r  \
D i r e c t o r :  Don Winston

C o r r e l a t i o n  o f  l i t h o f a c i e s  w i t h i n  t he  Burke,  
R e v e t t ,  and St .  Regi s Format i ons  of  t he  Mi ssi on  
Range,  e a s t w a r d  t hrough t he  Swan Range and i n t o  
t h e  G r i n n e l l  Fm. o f  t he  F l a t h e a d  Range demonst rate  
t h a t  t he  e n t i r e  B u r k e - R e v e t t - S t .  Regi s  sequence 
c o r r e l a t e s  w i t h  the G r i n n e l l  Fm.

I n f o r ma l  s t r a t i g r a p h i e  U n i t  B i s  a very  f i n e 
g r a i n e d  q u a r t z i t e  between t he  P r i c h a r d  Fm. ,  and 
t h e  Burke Fm. and the B u r k e - c o r r e l a t i v e  i n t e r v a l  
o f  t he  G r i n n e l l  Fm. I n f o r ma l  s t r a t i g r a p h i e  U n i t  A 
i s  a green a r g i l l i t e  between the P r i c h a r d  Fm. and 
U n i t  B i n t he  F l a t h e a d  Range,  and i s  t e n t a t i v e l y  
c o r r e l a t e d  e a s t wa r d  wi t h  the uppermost  u n i t  of  the  
Appekunny Fm. In G l a c i e r  Par k .

The R a v a l l i  Group and U n i t  B are  i n t e r p r e t e d  to  
r e c o r d  I n t r a c r a t o n i c , a l l u v i a l  a p r o n - s a n d f l a t -  
p l a y a  m u d f l a t  e nv i r on me nt s .  E p i s o d i c  f l o o d s  from 
a we s t e r n  c o n t i n e n t  f l owe d  down va s t  a l l u v i a l  
aprons i n  b r a i d e d  s t reams.  The f l o w  broadened and 
s h a l l o w e d  as t he  apron s l ope dec r e as e d ,  formi ng  
s h e e t f l o o d s  which d e p o s i t e d  l a t e r a l l y  e x t e n s i v e  
f l a t - l a m i n a t e d  sand beds,  and minor  r r o s s - b e d s  
The s h e e t f l o o d s  t h i n n e d  and spread out  across the  
apron t o e ,  onto s a n d f l a t s ,  and f i n a l l y  across vast  
m u d f l a t s ,  d e p o s i t i n g  p r o g r e s s i v e l y  t h i n n e r  and 
f i n e r  l a y e r s  of  s i l t y - s a n d  and s i l t .  As f l o o d  
w a t e r s  ponded and p l a y a  l a k e s  spread across the 
m u d f l a t s ,  c l a y  s e t t l e d  o u t ,  f ormi ng c l a y s  caps.  
When t h e  p l a y a s  d r i e d - u p ,  t he  c l a y  l a y e r s  were 
s u n c r a c k e d .  S h e e t f l o o d s  t h a t  e n t e r e d  r a r e  
p e r e n n i a l  l a k e s  on the d i s t a l  s a n d f l a t s  formed  
t u r b i d  plumes which d e p o s i t e d  graded mud l a y e r s .  
O c c a s i o n a l  s h e e t f l o o d s  f rom the e a s t  f l owed across  
l o c a l i z e d  a l l u v i a l  aprons o f  coarse sand and 
spr e a d  out  across  the m u d f l a t s  and s a n d f l a t s ,  
d e p o s i t i n g  l a t e r a l l y  e x t e n s i v e  beds o f  coarse  
sand.
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Chapter  1 

INTRODUCTION

PURPOSE OF STUDY

Domi nant l y  f i n e - g r a i n e d  rocks of  the Mi d d l e  

P r o t e r o z o i c  B e l t  Supergroup outcrop across western  

Montana,  I daho ,  and e a s t e r n  Washington,  and e x t e n d  i n t o  

B r i t i s h  Columbia and A l b e r t a ,  where they are known as the 

P u r c e l l  Supergroup ( f i g u r e  1 ) .  In the Un i t e d  S t a t e s ,  the  

B e l t  compr i ses f our  maj or  s t r a t i g r a p h i e  s u b d i v i s i o n s :  1) 

Lower B e l t ,  2) R a v a l l i  Group,  3)  Mi dd l e  B e l t  Ca r bonat e ,

4)  Mi ssou l a  Group ( H a r r i s o n ,  1972) .  One of  the maj or  

s t r a t i g r a p h i e  problems r emai n i ng  in B e l t  r e s e a r c h  i s  

c o r r e l a t i n g  the R a v a l l i  Group from t he  west er n t o  the 

e a s t e r n  margin of  t h e  B e l t  ba s i n .

E a r l y  workers  d e s c r i b e d  s t r a t i g r a p h i e  s e c t i o n s  from 

t h r e e  w i d e l y  s e pe r a t e d  a r e a s :  1) t he  Helena Embayment

( W a l c o t t ,  1 8 9 9 ) ,  2) G l a c i e r  Na t i ona l  Park ( W i l l i s ,  1902) ,  

and 3) t he  Coeur d ' A l e n e  D i s t r i c t  (Ransome,  1905;  Ransome 

and C a l k i n s ,  1908)  ( f i g u r e  1 ) .  W a l c o t t  ( 1906)  c o r r e l a t e d  

a s e c t i o n  a t  R a v a l l i ,  Montana wi t h  t he  Burke,  R e v e t t ,  and 

S t .  Regis For mat i ons  o f  t h e  Coeur d ' A l e ne  D i s t r i c t ,  

e s t a b l i s h i n g  t he  group.  C o r r e l a t i o n  has pr ogressed  

out ward f rom the t h r e e  c e n t e r s ,  but  the r e l a t i o n s h i p s  

between t he  west ern R a v a l l i  sequence and each o f  the  

e a s t e r n  l o c a l i t i e s  have remai ned u n c e r t a i n  due t o  a lack  

o f  measured s e c t i o n s  or  out cr op  in t he  i n t e r v e n i n g  areas
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( f i g u r e  6 ) .  The p r i ma r y  goal  of  t h i s  study i s  t o  

c o r r e l a t e  l i t h o f a c i e s  w i t h i n  the Burke,  R e v e t t ,  and St .  

Regi s  Format i ons of  t he  Mi s s i on  Range east ward through  

the Swan Range and i n t o  the G r i n n e l l  (Spokane)  Format i on  

of  t he  F l a t h e a d  Range,  thus document ing the s t r a t i g r a p h i e  

r e l a t i o n s h i p s  between the western and n o r t h e a s t e r n  

sequences.  Compl ete s e c t i o n s  of  the R a v a l l i  Group were 

measured a t  Nor th Crow Creek in the Mi ss i on Range,  Bl a i ne  

Mount a i n in the n o r t h e r n  Swan Range,  and Deep Creek in  

t he  F l a t h e a d  Range.  A p a r t i a l  s e c t i o n  of  the R a v a l l i  

Group was measured a t  L i on Creek i n t he  southern Swan 

Range ( f i g u r e  2 ) .  The s e c t i o n s  were measured w i t h  a f i v e  

f o o t  Jacob' s  s t a f f  and s e d i me n t - t y pe s  recorded on a 

g r a p h i c a l  and w r i t t e n  l og a t  one inch equa l s  t en f e e t .  

L a t e r ,  the measured s e c t i o n s  were redrawn at  a sca l e  of  

one inch equal s  f i f t y  f e e t  f o r  use i n  s t r a t i g r a p h i e  

c o r r e l a t i o n  ( Appendi x E) .

The second o b j e c t i v e  o f  t h i s  p r o j e c t  was t o  

i n t e r p r e t  the d e p o s i t i o n a l  processes of  the R a v a l l i  Group 

sediments in the s t udy area  and to syn t he s i z e  an 

en v i r on me n t a l  model in l i g h t  of  the f a c i e s  t r e nds  to the 

west  and n o r t h e a s t .  The c o n t r o v e r s y  over  whether  the  

B e l t  was depos i t ed  i n  a mar i ne basin on a t r a i l i n g  

c o n t i n e n t a l  margin ( P r i c e ,  1964;  H a r r i s o n ,  1972)  or in a 

l a n d l o c k e d  i n t r a c r a t o n i c  bas i n  (Winston e t  a l . ,  1984;  

Wi nst on,  1986c;  G r o t z i n g e r ,  1986)  has cont i nue d  f rom the
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e a r l i e s t  days o f  B e l t  r e s e a r c h .  Whi l e  a f l u v i a l - a l l u v i a l  

i n t e r p r e t a t i o n  o f  the R a v a l l i  Group' s ba s i n - ma r g i n  

q u a r t z i t e s  i s  w i d e l y  accept ed ( A l l eman ,  1983;  Mauk,

1983;  Greene,  1984;  Whi te and Wi nston,  1982;  Bowden,

1977;  H o r o d y s k i ,  1983;  Kuhn,  1986;  C o l l i n s  and Smith,  

1 9 7 7 ) ,  bas i nwar d  q u a r t z i t e s ,  s i l t i t e s  and a r g i l l i t e s  have 

been i n t e r p r e t e d  as e i t h e r  t i d a l  f l a t  ( Whi pp l e ,  1980;

Raup e t  a l . ,  1983)  or  p l a y a - l a c u s t r i n e  d e p o s i t s  ( Wi nst on,  

1 9 8 6 c ) .

GEOLOGIC SETTING 

AGE

R a d i o me t r i c  da t es  o f  1430 m i l l i o n  y e a r s  f rom t he  

P r i c h a r d  For ma t i on  and 1100 m i l l i o n  y e a r s  f rom the lower  

p a r t  o f  t he  M i s s o u l a  Group are the on l y  c o n s t r a i n t s  on 

t he  age of  t he  R a v a l l i  Group ( Obradovi ch e t  a l . ,  1984) .  

LITHOLOGY

Rocks o f  the R a v a l l i  Group are commonly descr i bed  as 

a g r i l l i t e ,  s i l t i t e ,  and q u a r t z i t e  because d i a ge ne s i s  and 

g r e e n s c h i s t  f a c i e s  metamorphism have a l t e r e d  and 

i n d u r a t e d  t he  o r i g i n a l l y  muddy, s i l t y ,  and sandy 

sedi ments .  In a r e c e n t  p e t r o l o g i c  s t udy o f  Re v e t t  

q u a r t z i t e s ,  Herndon ( 1 98 3 )  found "an e a r l y  aut h i gen i c  

mi ne r a l  assembl age o f  q u a r t z - h e m a t i t e - s e r i c i t e  which 

i n d i c a t e s  R e v e t t  sands were i n i t i a l l y  i n  an o x i d i z i n g  and 

a p p r o x i ma t e l y  n e u t r a l  d i a g e n e t i c  e n v i r on me nt .

Subsequent ly formed a l b i t e - m i c r o c l i n e - p h e n g i te and l a t e r
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c a r b o n a t e - c h l o r  1 t e  i n d i c a t e  d i a g e n e t i c  wa t e r s  became 

p r o g r e s s i v e l y  more r educ i ng  and a l k a l i n e  as b u r i a l  

p r o c e e d e d . "  Wi de l y  o c c u r r i n g  m a g n e t i t e ,  b i o t i t e ,  and 

r u t i l e  were formed dur i ng b u r i a l  and r e g i o n a l  

metamorphisms (Herndon,  19 83 ) .  B i o t i t e  grade  

me t a morph ism i n  t he  P r i c h a r d  Format i on passes up to 

s e r i c i t e  grade metamorphism in the R a v a l l i  Group,  which 

d i mi n i s h e s  u p - s e c t i o n  and toward t he  e a s t .  Ser i  ci  t i c  

q u a r t z i t e ,  s i l t i t e ,  and a r g i l l i t e  in t he  study area  

possess a weak,  spaced c l eavage a t t r i b u t e d  to  

r e c r y s t a l l i z a t i o n  ( Herndon,  1983)  du r i n g  La t e  Cretaceous  

and Pa l eocene- Eocene  compressi onal  ep i s ode s  ( S e a r s ,

1 9 8 6 ) .  D e s p i t e  t hese d i a g e n e t i c  and metamorphic  

o v e r p r i n t s ,  sed i ment ar y  s t r u c t u r e s  are  f r e q u e n t l y  the  

most s t r i k i n g  f e a t u r e s  of  R a v a l l i  Group r ocks .

West o f  the Rocky Mountain Tr e nc h ,  r educed,  

d a r k - c o l o r e d  s i l t i t e s  and a r g i l l i t e s  of  t he  Pr i chard  

For mat i on  pass up to a t r a n s i t i o n a l  i n t e r v a l  of  q u a r t z i t e  

and s i l t i t e  c h a r a c t e r i z e d  by a change f rom sub-wavebase 

t o  s h a l l o w - w a t e r  f e a t u r e s  (Ransome and C a l k i n s ,  1908;  

Hobbs e t  a l . 1965;  Cressman,  1 9 8 5 ) .  The R a v a l l i  Group is 

domi nat ed by o x i d i z e d  ( g r e y ,  p u r p l e ,  r e d )  rocks and 

c h a r a c t e r i z e d  by sha l l ow wat er  f e a t u r e s  ( o s c i l l a t i o n  

r i p p l e s ,  s u n - c r a c k s ) .  Two major  c l a s t i c  wedges dominated 

by t he  f i n e -  to very f i n e - g r a i n e d  q u a r t z i t e  of  the lower  

and upper  R e v e t t  se par a t e  t h r e e  i n t e r v a l s  domi nated by
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s i l t i t e  and a r g i l l i t e  b e l on g i n g  to the  Burke,  mi ddl e  

R e v e t t ,  and S t .  Regi s  ( f i g u r e  3 ) .  The g r a i n - s i z e  and bed 

t h i c k n e s s  o f  a l l  t hese f o r m a t i o n s  decrease t o  the

n o r t h e a s t ,  passi ng t o  a r g i l l i t e  and s i l t i t e  where they

meet  i n t e r b e d s  of  medium- to c o a r s e - g r a i n e d  q u a r t z

a r e n i t e ,  which c o n v e r s e l y  t h i n  and pinch out  west ward.  

T h i s  bimodal  m i x t u r e  o f  mud and coarse q u a r t z i t e

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

Appekunny Format i ons  in G l a c i e r  Park,  and the G r i n n e l l  

(Spokane)  Format i on o f  t he  Swan and F l a t h e a d  Ranges.

Green a r g i l l i t e  and c a l c a r e o u s  green a r g i l l i t e  o f  the 

Empire Format i on c o nf o r ma b l y  o v e r l i e  the R a v a l l i  Group 

across  the basi n n e a r l y  t o  the Coeur d ' A l e ne  D i s t r i c t ,  

and r ecor ds  a t r a n s t i o n  t o  the more c o n t i n u o u s l y  

submerged Mi d d l e  B e l t  Car bona t e .  The Empire has been 

r ega r ded  as a p a r t  o f  t he  R a v a l l i  Group on the e a s t e r n  

s i de  of  the b a s i n ,  bu t  has r e c e n t l y  been t e n t a t i v e l y  

c o r r e l a t e d  w i t h  the l ower  p a r t  of  the Wal l ace Format i on  

t o  t he  west  (Connor e t  a l ,  19 84 ) .  Because i t s  basi nwi de  

c o r r e l a t i o n  i s  we l l  e s t a b l i s h e d ,  the Empire Format i on was 

not  i n c l u d e d  in t h i s  s t udy .

STRUCTURE

F a u l t s  a c t i v e  d u r i n g  B e l t  se d i ment a t i on  have been 

i d e n t i f i e d  or p o s t u l a t e d  ( H a r r i s o n ,  1972;  H a r r i s o n  e t  

a l . ,  1974;  Wi nst on,  1 9 8 6 a , d ) ,  but  no s y n d e p o s i t i o n a l  

f a u l t s  have been proposed i n  the study ar ea .
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N e a r l y  a l l  B e l t  s t r a t a  are  a l 1oc t hono us , having been 

t r a n s p o r t e d  east ward  as l a r g e  t h r u s t  s l a bs .  A Late  

Cr e t ac e ous  t h r u s t  b e l t  t r e n d s  n o r t h - s o u t h  across the 

west er n  p o r t i o n  o f  Montana,  wh i l e  a Pa l eocene- Eocene , 

e a s t e r n  t h r u s t  b e l t  forms the Rocky Mount ai n Fr ont  Ranges 

( H a r r i s o n  e t  a l . ,  1980;  Wi nst on,  1986a;  Sears,  1986)  

( f i g u r e  4 ) .  The d i s p l a c e me n t  on the major  t h r u s t  f a u l t s  

e a s t  o f  t he  study area  i s  e s t i m a t e d  t o  be 70 k i l o m e t e r s  

( E a r h a r t  e t  a l . ,  19 84 ) .  No t h r u s t  f a u l t s  have been 

mapped between t he  Mi ssi on and Swan Ranges,  i n d i c a t i n g  

t h a t  t hese r ocks  were t r a n s l a t e d  east ward by at  l e a s t  70 

k i l o m e t e r s  as p a r t  of  a l a r g e  c oher ent  p l a t e  moving on a 

d e c o l l m e n t .  Thus,  t he  s p a t i a l  r e l a t i o n s  between the 

Nor t h  Crow Cr eek ,  L i on  Cr e e k ,  and B l a i n e  Mountain 

s e c t i o n s  have not  be a f f e c t e d  by t h r u s t  f a u l t i n g .  The 

s t r u c t u r a l  r e l a t i o n s h i p  between t hese  s e c t i o n s  and the  

Deep Creek s e c t i o n  in the F l a t h e a d  range i s  l ess  c e r t a i n .  

Whi l e  H a r r i s o n  and o t h e r s  ( 1 9 80 )  map a high angle t h r u s t  

i n  the Swan and F l a t h e a d  V a l l e y s ,  o t he r  workers be l i e v e  

t h a t  t hese  f a u l t s  are e x c l u s i v e l y  of  normal d i spl acement  

(Mudge,  1970;  P r i c e  and K l u v v e r ,  1974;  Wi nston,  1986a) .

Because the M i s s i o n ,  Swan, and F l a t h e a d  Ranges were 

formed by normal  f a u l t i n g  dur i ng  the Cenozoic (Winston,  

1 9 8 6 a ) ,  t h e r e  i s  l i m i t e d  s t r u c t u r a l  e x t e n s i o n  between a l l  

t he  s e c t i o n s  i n t h i s  s t udy .  Consteni  ous ( 1981)  

a t t r i b u t e s  12 k i l o m e t e r s  of  e x t e n s i o n  t o  the F l a t h ea d



I 17' US'1Î
EXPLANATION 

FOLDS
Cut Banti

Overturned
anticline

y

AnticlineL>M>«
Ch«w«t«i> SaiHlp<wi

Clwh Fodi Synclme Overturned
aynclme

K«li»P«IK<>

"  ' U

Terrace
FAULTS

Thruai. aawteeth on 
upper plateA** Thompson 

F»w* AwfluawK 0*000
High angle, her and ban 

on down thrown aideSi Matioa

\  Tear, showing direction o* 
 ̂ relative movement

L̂wicoin
strata bound copper silver 

deposit
Moscow

50  K M

50 Ml

F i g u r e  4.  
H a r r i s o n  e t  al

S t r u c t u r e  
, 1980) .

map o f  the B e l t  Supergroup in t he  U n i t e d  S t a t e s  ( f rom



11

Normal  F a u l t  between t h e  W h i t e f i s h  and C l a r k  Ranges,  but  

t h i s  1s pr obab l y  an u n u s u a l l y  l a r g e  d i s p l a c e me n t  

( Wi ns t on ,  19 86a ) .

REVIEW OF THE STRATIGRAPHIC PROBLEM

C o r r e l a t i o n  of  t he  Burke,  R e v e t t ,  and St .  Regis 

f o r ma t i o n s  of  the R a v a l l i  Group east ward  I n t o  t he  Spokane 

and G r i n n e l l  f o r m a t i o n s  has been a maj or  s t r a t i  graph 1c 

problem o f  the B e l t  Supergroup ( Wi ns t on ,  1986b)  ( f i g u r e  

6 ) .  Accordi ng t o  p r e v i o u s  c o r r e l a t i o n s  by H a r r i s o n  

( 1 9 7 2 ) ,  t he  Burke c o r r e l a t e s  wi t h  the Appekunny 

F o r ma t i o n ,  the Re v e t t  p i nches  out  In the wes t er n  p a r t  of 

t he  b a s i n ,  and the S t .  Regi s c o r r e l a t e s  w i t h  t he  G r i n n e l l  

(Spokane)  Format i on ( f i g u r e  5 ) .  However ,  these  

c o r r e l a t i o n s  have r emai ned undocumented because o f  the  

l ack  of  measured s e c t i o n s  east  of  the Rocky Mount l an  

T r e n c h .

The Burke and R e v e t t  Format i ons have been mapped 

f rom the Coeur d ' A l e n e  D i s t r i c t ,  I daho ,  across western 

Montana I n t o  t he  M i s s i o n  Range (Hobbs e t  a l . ,  1965;  

H a r r i s o n  and Job 1n , 1963;  Har r i son  e t  a l . ,  1986 ) ,  Mauk

( 1 9 83 )  d e sc r i b e d  l ower  s i l t y  and upper  q u a r t z l t 1c 

I n f o r ma l  members of  t he  Burke Format i on between Idaho and 

the southern end o f  t h e  F l a t h e a d  I n d i a n  R e s e r v a t i o n . He 

a l s o  I n c l u d e d  In appendi x  form a study by Mike Li  s 

d e s c r i b i n g  l ower  s i l t y ,  mi ddl e  q u a r t z i t e ,  and upper  s i l t y  

members of  the Burke For mat i on  near  K a l l s p e l l ,  Montana
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( f i g u r e  7 ) .  The r e l a t i o n s h i p  between t hese  southern and 

n o r t h e r n  l o c a l i t i e s  of  the Burke remai ns u n c e r t a i n .

Whi te  and Wi nston ( 1 9 7 7 ,  1982)  r e c o g n i z e d  i n f o r ma l  lower  

q u a r t z i t i c ,  mi dd l e  s i l t y ,  and upper  q u a r t z i t i c  i n f or ma l  

members o f  t he  of  the Re v e t t  Format i on t h a t  have been 

c o r r e l a t e d  f rom t he  Coeur d ' A l e n e  D i s t r i c t  onto t he  

F l a t h e a d  I n d i a n  R e s e r v a t i o n  ( Greene,  1984;  Al l eman,  1983;  

Mauk,  1983)  ( f i g u r e  7 ) .  West of  t he  P u r c e l l  

A n t i c l i n o r i u m  ( f i g u r e s  2,  4)  and ea s t  of  i t  on the 

Montana N a t i o n a l  Bison Range, s i l t y  and a r g i l l a c e o u s  

r edbeds above t he  R e v e t t  Format i on ar e  mapped as St .

Regi s F o r m a t i o n .  To t he  e a s t ,  in t he  Mi s s i on  Range,  they  

ar e  mapped as Spokane Format i on ( H a r r i s o n  e t  a l . ,  1983,  

1986)  ( f i g u r e  8 ) .  The St .  Regis and Spokane f o r ma t i ons  

have been r e p o r t e d  t o  be " d i f f e r e n t  sedi ment ar y  pr isms  

[ d e r i v e d ]  f rom d i f f e r e n t  source d i r e c t i o n s  ( H a r r i s o n ,  

1 9 7 2 ) ,  a l t h o u g h  the e x a c t  r e l a t i o n s h i p  between the two 

f o r m a t i o n s  ( i n t e r f i n g e r i n g  or o v e r l a p )  has remained  

unknown ( H a r r i s o n  1972;  H a r r i s o n  e t  a l . ,  19 86 ) .  Harr i son  

and o t h e r s  ( 1 9 8 6 )  r e p o r t  t h a t  “ t he  Spokane Format i on i s  

1i t h o l o g i c a l l y  s i m i l a r  t o  the S t .  Reg i s ,  ex cep t  for  

d i s t i n c t i v e  w h i t e  w e l l - r o u n d e d  medium- t o c o a r s e - g r a i n e d  

q u a r t z i t e  beds a few i nches  t h i c k  t h a t  c h a r a c t e r i z e  the 

u n i t . "  However ,  "where no wh i t e  q u a r t z i t e  i s  p r e s e n t ,  no 

l i t h o l o g i e  c r i t e r i a  are  known t o d i s t i n g u i s h  Spokane from 

S t .  R e g i s . "  ( H a r r i s o n  e t  a l . ,  1986)  and,  as a r e s u l t ,  the
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F i gur e  8.  G e n e r a l i z e d  s t r a t i g r a p h i e  columns 
r e p r e s e n t i n g  the usage o f  the names S t .  Reg i s ,  Spokane,  
and G r i n n e l l .  *  -  S t .  Regi s  i s  mapped ea s t  of  the  
P u r c e l l  A n t i c l i n o r i u m  ont o the Na t i o na l  Bison Range.
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name a p p l i e d  t o  t he  redbeds above the R e v e t t  Format i on  

has o f t e n  been de c i ded  a r b i t r a r i l y  ( H a r r i s o n  e t  a l . ,  

1 9 8 6 ) .  In the Wa l l a c e  Quadrangle ( H a r r i s o n  e t  a l . ,  1986)  

and K a l i  s p e l l  Quadrangl e  ( H a r r i s o n  e t  a l . ,  1 9 8 3 ) ,  the  

P u r c e l l  a n t i c l i n o r i u m  I s  a d e - f a c t o  a r b i t r a r y  c u t - o f f  

( Wheel er  and M a l l o r y ,  1953;  North American Code of  

S t r a t i g r a p h i e  N o me n c l a t u r e ,  A r t i c l e  28c)  between the 

west er n  St .  Regi s  Format i on and e a s t e r n  Spokane 

F o r m a t l o n .

The names Burke and R e v e t t  are not  a p p l i e d  ea s t  of  

t he  Mi s s i on  Range,  and a l l  R a v a l l i - l e v e l  s t r a t a  In the  

Swan and F l a t h e a d  Ranges are  mapped as t he  Spokane (Mudge 

e t  a l . ,  1983;  H a r r i s o n  e t  a l . ,  1983;  1986)  or  G r i n n e l l  

(Ross,  1959)  For mat i ons  ( f i g u r e  8 ) .  Thus,  t he  Swan 

V a l l e y  between t he  Mi s s i o n  and Swan Ranges serves as a 

second a r b i t r a r y  c u t - o f f  between the western and east ern  

R a v a l l i  Group n o me n c l a t u r e s .  In a d d i t i o n ,  an unnamed 

q u a r t z l t e  u n i t  between t he  P r i c h a r d  and Spokane Format ion  

near  B l a i n e  Mount a i n  In t he  Swan Range ( H a r r i s o n  e t  a l . ,  

1983)  may a l s o  be l ong t o  t he  R a v a l l i  Group.

The t e r m i n o l o g y  used f o r  mapping on t he  e a s t  side of 

t he  B e l t  basi n I s  c u r r e n t l y  In d i sagr e ement .  The G l a c i e r  

N a t i o n a l  Park name G r i n n e l l  was p l aced In synonomy wi t h  

t h e  Helena Embayment name Spokane by H a r r i s o n  ( 1 9 7 2 ) .

The G l a c i e r  Park name Appekunny was p l ace d  I n  synonomy 

w i t h  the Helena Embayment name Greyson by Mudge ( 1 9 7 7 ) .
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However ,  some workers  c o n t i nue  t o  use the names Appekunny 

and G r i n n e l l  f o r m a t i o n s  ( H o r o d y s k i ,  1983;  Whi ppl e  e t  a l . ,  

1984 ;  Kuhn,  19 86 ) .  Si nce these two p a i r s  of  names are  

a p p l i e d  t o  t he  same l i t h i c  u n i t s ,  they are e s s e n t i a l l y  

i n t e r c h a n g a b l e . Because c o r r e l a t i o n s  between t he  Helena 

Embayment and G l a c i e r  Park remain u n c e r t a i n  ( H a r r i s o n ,  

1972;  Wi nst on,  1 9 8 6 b ) ,  and because beds o f  t he  

c o a r s e - g r a i n e d  q u a r t z  a r e n i t e  c h a r a c t e r i s t i c  o f  the park  

u n i t s  ex t end sout hwest ward i n t o  t he  F l a t h e a d ,  Swan, and 

Mi s s i o n  Ranges,  t he  names Appekunny and G r i n n e l l  

f o r m a t i o n s  are  used i n  t h i s  study.

Th i s  study was under t a ken  in c o o r d i n a t i o n  w i t h  J e f f  

Kuhn' s  ( 1 986 )  study o f  t he  G r i n n e l l  For mat i on  i n G l a c i e r  

N a t i o n a l  Park and t he  W h i t e f i s h  Range ( f i g u r e  7) as a 

j o i n t - e f f o r t  t o  r e s o l v e  t he  s t r a t i g r a p h y  o f  the R a v a l l i  

Group f rom R a v a l l i  t o  G l a c i e r  N a t i o n a l  Park .

P r e l i m i n a r y  c o r r e l a t i o n s  based on s e c t i o n s  in the 

M i s s i o n ,  Swan, W h i t e f i s h ,  C l a r k ,  and Lewis Ranges 

( C r o n i n ,  Kuhn,  and Wi ns t o n ,  1986)  ( Appendi x  A) ,  supported 

W i n s t o n ' s  (1986b)  h y p o t h e s i s  t h a t  t he  e n t i r e  

B u r k e - R e v e t t - S t .  Reg i s  sequence c o r r e l a t e s  w i t h  the 

G r i n n e l l ,  and perhaps t he  uppermost  Appekunny Format ion  

( f i g u r e  6 ) .  Th i s  study concl udes t h a t  the  

B u r k e - R e v e t t - S t .  Regi s sequence c o r r e l a t e s  w i t h  only the  

G r i n n e l l  Format i on ( F i g u r e  3 0 ) .
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REVIEW OF DEPOSITIONAL ENVIRONMENT CONTROVERSY

Because Winston ( 1986c)  and Wi ns t o n ,  Woods, and Byer

( 1 9 8 4 )  r e v i e w  the c o n t r o v e r s y  over  t h e  d e p o s i t i o n a l  

s e t t i n g  o f  the B e l t ,  onl y  a summary i s  i n c l ud e d  here.  

E s s e n t i a l l y ,  even the ba s i c  t e c t o n i c  env i r onment  of  the 

B e l t  bas i n  i s  i n  q u e s t i o n .  Some wor ke r s  cons i der  the 

B e l t  t o  be a mi og eo c l i ne  ( P r i c e ,  1964;  McMechan,  1981)  or 

an embayment o f  the P r o t e r o z o i c  Ocean ( H a r r i s o n  e t  a l . ,  

1974;  Rey nol ds ,  1 9 8 4 ) ,  w h i l e  o t her  wor k e r s  cons i der  i t  to 

be an i n t r a c r a t o n i c  bas i n  (Cressman,  1985,  1988;  Winston 

e t  a l . ,  1984;  Wi nst on,  1986c;  F r o s t  and Wi nst on,  1987) .  

Whether  t h e  B e l t  was de po s i t e d  on a t r a i l i n g  c o n t i n e n t a l  

mar g i n ,  or  i n  an i n l a n d  ba s i n  depends on the presence or  

absence o f  a c o n t i n e n t a l  landmass t o  t he  west o f  the  

Nor t h  Amer ican c r a t o n .  A southwest ern source i s  ascr i bed  

to t he  Lower B e l t ' s  P r i c h a r d  For mat i on  (Cressman,  1 9 85 ) ,  

t o  the Bur ke -  R e v e t t - S t .  Regis sequence ( H a r r i s o n ,  1972;  

Mauk,  1 9 8 3 ) ,  and t o  t he  Mi d d l e  B e l t  C a r b o n a t e ’ s Wal l ace  

Format i on ( G r o t z i n g e r ,  1 9 8 6 ) .  In t he  mar ine models,  the 

source t e r r a i n  to t he  southwest  i s  i n t e r p r e t e d  as a 

p e n i n s u l a r  or  i s l a n d  e x t e n s i o n  of  t he  Nor t h American 

c r a t on  ( H a r r i s o n  e t  a l . ,  1 9 7 4 ) ,  or as t he  seaward 

basement  r i m o f  a r i f t e d  c o n t i n e n t a l  margin ( G r o t z i n g e r ,

1 9 8 6 ) .  However ,  the t empora l  c o n t i n u i t y  and volume of  

t he  sout hwest er n sedi ment  suppl y ,  and the c o r r e l a t i o n  of 

t he  R a v a l l i  Group w i t h  e a s t w a r d - t h i n n i n g  q u a r t z i t e  wedges
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i n  the Cr e s t on  Format i on o f  Canada (McMechan,  1981)  

suggest s t o  some t h a t  a c o n t i n e n t  bounded the e n t i r e  

west e r n  s i de  o f  the B e l t  basi n (Cressman,  1985,  1988;  

Winston e t  a l . ,  1984;  Wi nst on,  1986c;  F r o s t  and Wi nston,

1 9 8 7 ) .

One p o i n t  of  unusual  agreement  i n  the source t e r r a i n  

c o n t r o v e r y  i s  t h a t  most workers c o n s i de r  the d i s t i n c t i v e ,  

w e s t w a r d - t h i n n i n g  i n t e r b e d s  of  medium- t o  c o a r s e - g r a i n e d  

q u a r t z  a r e n i t e  i n  t he  Appekunny and G r i n n e l l  Format i ons  

t o  have been d e r i v e d  f rom t he  North Amer ican cr a t on  

(Smi t h and Bar ne s ,  1966;  McMechan, 1981;  Hor odysk i ,  1983;  

Connor e t  a l . ,  1984;  Kuhn,  1986) .  However ,  t he  source of  

t he  a r g i l l i t e  and s i l t i t e  i n t e r bed de d  w i t h  the coar ser  

sands i s  s t i l l  be i ng deba t ed .  Whi le H a r r i s o n  (1972)  

proposes t h a t  the e n t i r e  G r i n n e l l  (Spokane)  Format i on is 

a d i s t i n c t  se d i me n t a r y  pr i sm d e r i v e d  f r om the e a s t ,  

Winston ( 1 9 8 6 c )  views the mudstones o f  the G r i n n e l l  as 

t he  d i s t a l  f a c i e s  o f  t he  B u r k e - R e v e t t - S t .  Regis sequence,  

w i t h  onl y t he  coarse sand coming f rom the c r a t o n .

Sed i me nt o l o g i c  i n t e r p r e t a t i o n s  of  the R a v a l l i  

Gr oup' s  d e p o s i t i o n a l  env i r onment  are a l s o  shar pl y  di v ided  

a l ong  the l i n e s  o f  t he  mar i ne  versus i n t r a c r a t o n i c  

c o n t r o v e r s y ,  and g e n e r a l l y  propose e i t h e r  a t i d a l  f l a t  or 

an a l 1u v i a l / p i a y a - 1 a c u s t r i ne model .

In G l a c i e r  N a t i o n a l  Par k ,  Horodyski  ( 1983)  and Kuhn 

( 1 9 8 6 )  concl uded t h a t  t he  G r i n n e l l  Format i on  r ecords
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d e p o s i t i o n  on an a l l u v i a l  p l a i n .  However ,  the  G r i n n e l l  

has a l s o  been i n t e r p r e t e d  as a t i d a l  f l a t  d e p o s i t  (Raup 

e t  a l . ,  1 9 8 3 ) ,  as has the Spokane-Empi re t r a n s i t i o n  zone 

of  w e s t - c e n t r a l  Montana ( Whi pp l e ,  1 9 8 0 ) .

The S t .  Regi s  Format i on was o r i g i n a l l y  i n t e r p r e t e d  

as a t u r b i d i t e  complex ( H r a b a r ,  1 9 7 3 ) ,  and the Rev e t t  

Format i on  has been i n t e r p r e t e d  as a b a r r i e r  i s l a n d  

complex ( W i n g e r t e r ,  1 9 8 2 ) ,  but  most workers  ( Whi t e  and 

Wi nst on,  1982;  Bowden, 1977;  Greene 1986)  concl ude that  

the Re v e t t  Format i on  in Idaho and west ern Montana  

r e p r e s e n t s  a b r a i d e d  s t ream system and a s s o c i a t e d  

f l o o d - p l a i n  d e p o s i t s .  Working eas t war d  onto t he  F l a t h e a d  

R e s e r v a t i o n  ( f i g u r e  7 ) ,  Al l eman ( 1983 )  and Mauk (1983)  

a l s o  i n t e r p r e t e d  t he  R e v e t t  Format i on as a f l u v i a l  

d e p o s i t ,  but  e x p l a i n e d  cop i ous ,  l a t e r a l l y  e x t e ns i v e  

f l a t - l a m i n a t e d  sand beds as ephemeral  s h e e t f l o o d  

d e p o s i t s .  Mauk ( 1 98 3 )  concl uded t h a t  t he  R e v e t t  f l u v i a l  

system f ed a l a r g e  t i d e - d o m i n a t e d  d e l t a ,  the t i d a l  mouth 

bars  and upper  p r o d e l t a  of  which are  r e p r e s e n t e d  by the 

Burke Fo r ma t i on .  In c o n t r a s t ,  Winston ( 1986c)  proposed an 

i n t e g r a t e d  ba s i nwi de  model of  R a v a l l i  Group de po s i t i o n  

t h a t  i n v o l v e s  an a l l u v i a l  a p r o n - s a n d f 1 a t s  complex 

r e p r e s e n t e d  by t he  R e v e t t  Format i on pass i ng eastward to 

p i a y a - 1 a c u s t r i ne mu d f l a t s  r e p r e s e n t e d  by the middle  

i n t e r v a l  o f  t he  G r i n n e l l  Fo r ma t i on .  He suggests that  

coarse sand f rom t he  c r a t o n  was t r a n s p o r t e d  i n t o  the
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b a s i n  by l ongs hor e  d r i f t  a l ong the s h o r t - l i v e d  

s h o r e l i n e s  of  t he  r e p e a t e d l y  c o n t r a c t i n g  and expanding  

l a k e .

Th i s  study concl udes t h a t  dur i ng t he  d e p o s i t i o n  of  

t he  R a v a l l i  Group,  ephemeral  br a i ded st reams from the  

south and west  passed downslope t o  s h e e t f l o o d s  t h a t  

spread out  nor t hwar d  and east ward across t e r r e s t r i a l  

s a n d f l a t s  and then m u d f l a t s .  Shal low s t and i ng  wat er s  

ponded on the f l a t s  a f t e r  each f l o o d  q u i c k l y  d r i e d  up,  

exposi ng a vas t  p l a i n .  Occas i ona l  s h e e t f l o o d s  f rom the  

c r a t o n  c a r r i e d  coarse sand i n t o  the basi n as they f lowed  

westward across the m u d f l a t s ,  and even out  onto the  

s a n d f l a t s  on t he  o t h e r  s i d e  of  the p l a i n  ( f i g u r e  32 ) .
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Chapter  2 

SEDIMENT-TYPES

METHODOLOGY

The s t r a t i g r a p h i e  s e c t i o n s  measured f o r  t h i s  study 

ar e  de scr i bed  in terms of  e i g h t  s e d i m e n t - t y p e s : 1)

cr oss- bedded sand,  2) f l a t - l a m i n a t e d  sand,  3)  even 

c o u p l e ,  4)  c o u p l e t ,  ( w i t h  two v a r i e t i e s :  l e n t i c u l a r  and 

even c o u p l e t s ,  and a s u b - v a r i e t y  of  even c o u p l e t s ,  alpha  

c o u p l e t s ) ,  5)  mudchip congl omer a t e ,  ( w i t h  sub- t ypes  1, 2, 

and 3 ) ,  6) coarse  sand,  ( w i t h  bedded and c r o s s - l a m i n a t e d  

s u b - t y p e s ) ,  7) bedded s i l t  and sand,  and 8)  mi c r o l a mi na .  

Each s e d i me n t - t y p e  r e p r e s e n t s  a r e c o g n i z a b l e  sediment  

t axon based on se d i men t a r y  s t r u c t u r e s ,  g r a i n - s i z e ,  and 

i n f e r r e d  se d i me nt a r y  mi ne r a l  composi t i on ( Wi ns t o n ,

1 9 8 6 c ) .  The s e d i m e n t - t y p e  methodology was i n t r o d u c e d  by 

Winston ( 1986c)  as a means f o r  d e s c r i b i n g  and 

i n t e r p r e t i n g  B e l t  s t r a t a  on a se d i me nt o l o g i c  basi s ,  

r a t h e r  than on t he  mi x t u r e  of  sed i ment o l ogy ,  d i a g e n e s i s ,  

and metamorphism which forms the basi s  of  f ormal  u n i t s  in 

t he  B e l t .  Th i s  new t e c h n i q u e  was f i r s t  used t o i n t e r p r e t  

t he  s e d i me n t a t i on  o f  the R a v a l l i  Group,  Mi d d l e  Be l t  

Car bonat e ,  and t he  Mi s s ou l a  Group ( Wi ns t on ,  1 9 8 6 c ) ,  and 

has subsequent l y  proven e f f e c t i v e  in 

s t r a t i g r a p h i c / s e d i m e n t o l o g i c  s t u d i e s  o f  the Shepard  

(Woods,  1986)  and G r i n n e l l  Format i ons (Kuhn,  1986) .

The m e r i t s  o f  us i ng s e d i m e n t - t y p e  t e r m i n o l o g y  r a t h e r
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than t he  r o c k - t y p e  v e r n a c u l a r  used In mapping and o t h e r  

g e o l o g i c  s t u d i e s  ( Wi ns t on ,  1978,  f o r  example)  are  

r e v i e wed  by Winston ( 1986c)  and Woods ( 1 9 8 6 ) .  B a s i c a l l y ,  

f o r m a t i o n s  are de f i ne d  on t he  bas i s  o f  g r a i n - s i z e ,  

c o mp o s i t i o n ,  and c o l o r .  L i t h i c  d e s c r i p t i o n s  i nc l ude  

t h e s e  f e a t u r e s ,  pl us wha t ev e r  d e s c r i p t i v e  a d j e c t i v e s  are 

deemed a p p r o p r i a t e ;  f o r  exampl e:  wh i t e  cross-bedded  

q u a r t z i t e ,  wavy-bedded p u r p l e  s i l t i t e ,  green l ami nat ed  

a r g i l l i t e .  Whereas l i t h o l o g y  i s  a pr oper  bas i s  f o r  

mapping,  l i t h o l o g i e  nomencl a t ure  does not  convey enough 

i n f o r m a t i o n  f o r  d e t a i l e d  s e d i me n t o l o g i c  c o r r e l a t i o n s  and 

f a c i e s  i n t e r p r e t a t i o n s .  Winston ( 1986b)  and Lemoine and 

Wi nston ( 1986)  have shown t h a t  f ormal  s t r a t i g r a p h i e  u n i t s  

cut  across s e d i m e n t o l o g i c a l l y  c o r r e l a t e d  u n i t s .

By emphasi z i ng sedi ment ar y  f e a t u r e s  i n s t e a d  of  t o t a l  

l i t h o l o g y ,  se d i me nt - t y pe s  focus a t t e n t i o n  on the p r i ma r y ,  

d e p o s i t o n a l  r e l a t i o n s h i p s  between bodi es of  sedi ment ary  

r o c k .  Since most f i e l d  d e s c r i p t i o n s  i n c l u d e  c o l o r ,  in 

a d d i t i o n  t o  s e d i me n t - t y p e , t hey  can be r e a d i l y  t r a n s l a t e d  

i n t o  f ormal  s t r a t i g r a p h y ,  whereas the r eve r se  procedure  

i s  very  d i f f i c u l t ,  and f r a u g h t  wi t h  u n c e r t a i n t i e s ,  

because formal  s t r a t i g r a p h i e  u n i t s  ar e  not  based on 

se d i men t a r y  s t r u c t u r e s .

A b r i e f  overv i ew of  t h e  R a v a l l i  Gr oup ' s  sand 

component ,  and the na t ur e  o f  the  s ed i me n t - t y pe s  f o l l o ws .  

Then,  each se d i me nt - t y pe  i s  d e s c r i b e d  and i n t e r p r e t e d  in
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t e rms o f  i t s  own d e p o s i t i o n a l  pr ocesses .  The sequence of  

processes t h a t  de pos i t e d  each s e d i me n t - t y pe  are  ana l y z ed ,  

and then c o n s i de r e d  i n l i g h t  of  the hydrodynamic  

c o n d i t i o n s  i n f e r r e d  f o r  t he  a d j o i n i n g  s e d i men t - t ype s .

The s e d i me nt - t ype  env i r onme nt a l  i n t e r p r e t a t i o n s  are 

s y n t h e s i z e d  i n t o  a d e p o s i t i o n a l  model in c h a p t e r  4 of 

t h i s  t hesi s .

OVERVIEW

Two d i s t i n c t ,  m u t u a l l y  e x c l u s i v e  sand p o p u l a t i o n s  

occur  in the R a v a l l i  Group.  In both out crop and 

t h i n - s e c t i o n , t he  medium- to c o a r s e - g r a i n e d ,  rounded t o  

very we l l  rounded,  s l i g h t l y  f e l d s p a t h i c  (5 t o  10% 

f e l d s p a r )  sand o f  the coarse sand s e d i me n t - t y p e  c o n t r a s t s  

s har p l y  w i t h  the very f i n e -  t o  f i n e - g r a i n e d ,  sub- angul a r  

t o sub- rounded f e l d s p a t h i c  (10 to 20% f e l d s p a r )  sand of  

t he f i n e r  sand p o p u l a t i o n  t h a t  c h a r a c t e r i z e s  the  

cr oss- bedded sand,  f l a t - l a m i n a t e d  sand,  even coup l e ,  and 

bedded s i l t  and sand s e d i m e n t - t y p e s ,  and occurs in the 

s i l t y  p a r t  of  c o u p l e t s .  F i g u r e  9 c o n t r a s t s  the s i z e  and 

shape of  t he  c o a r s e r  and f i n e r  sands i n  a r a r e  mi xt ure  of 

the two a t  a bed c o n t a c t .

The f l a t - l a m i n a t e d  sand,  even coupl e ,  and coup l e t  

s e d i m e n t - t y p e s  s u bd i v i de  a cont inuum of  graded beds into  

t h i c k n e s s - r a n g e s  of  150-10  ( f l a t - l a m i n a t e d  sa nd) ,  10-3  

(even c o u p l e s ) ,  and 3 - 0 . 5  c e n t i m e t e r s  ( c o u p l e t s ) .  The 

boundar i es  between these  t h r e e  o r de r s  of  graded bedding
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Fi gur e  9.  The two sand speci es  - -  Photomicrograph  
showing a mi x t u r e  of  su b - a ng u l a r  to sub- rounded,  very 
f i n e - g r a i n e d  sand and rounded t o  very w e l l - r o u n d e d ,  
medium- to c o a r s e - g r a i n e d  sand.  Thin s e c t i o n  of  the 
i n t e r f a c e  between a f l a t - l a m i n a t e d  sand bed and a bed of  
the coarse sand s e d i m e n t - t y p e .
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a r e  u s e f u l  because beds in these  s i z e - r a n g e s  tend to  

occur  t o g e t h e r  i n  s e t s ,  and the i n c r e a s e  in the 

p r o p o r t i o n a l  t h i c k n e s s  of  mud l a y e r s  w i t h  decr eas i ng bed 

t h i c k n e s s  causes bed appearance t o change a t  about  these  

t h i c k n e s s  b o un da r i es .  For exampl e,  f l a t - l a m i n a t e d  sand 

beds commonly have a very  t h i n  mud cap,  or none at  a l l ;  

i n  t he  even coupl e  s i z e - r a n g e ,  mud l a y e r s  normal l y  occur  

and c o n s t i t u t e  a s i g n i f i c a n t  p o r t i o n  of  the beds; on the  

s c a l e  o f  c o u p l e t s ,  mud g e n e r a l l y  dominates over s i l t y  

l a y e r s .  D i f f e r e n t i a l  we a t h e r i n g  and c l eavage in the  

R a v a l l i  Group cause the muddy l a y e r s  cappi ng beds of  

t he se  s e d i me n t - t y p e s  to r e c e s s ,  a l l o w i n g  s t r a t a  t h i cknes s  

to be de t er mi ned even f rom t he  l i c h e n - e n c r u s t e d  out cr ops  

i n  some p a r t s  o f  measured s e c t i o n s .  In many exposures ,  

t he  weak,  spaced c l eavage  r e f r a c t s  through the muddy 

l a y e r s ,  dy i ng out  i n  the s i l t y  or  sandy l a y e r s .  In 

c o n t r a s t  t o  t he  graded beddi ng cont i nuum,  the  

cr os s - bedded  sand,  mu d c h i p - c o n g l o me r a t e , bedded s i l t  and 

sand,  mi c r o l a mi n a ,  and coarse sand s e d i me nt - t y pes  are  

each d i s t i n c t  t a xon .



CROSS-BEDDED SAND SEDIMENT-TYPE 

DESCRIPTION

Thi s  s e d i me n t - t y p e  I n c l u d e s  a l l  l a r g e - s c a l e  

c r os s - be d  set s  composed of  f o r e s e t  c r o s s - l a m i n a e  of  the 

very f i n e -  t o  f i n e - g r a i n e d  sand p o p u l a t i o n .  Two d i s t i n c t  

set  geomet r i es  are v i s i b l e  i n the domi nant l y  

t wo - d i me ns i ona l  o u t c r o p s :  sets bounded by e s s e n t i a l l y  

f l a t ,  p a r a l l e l  s u r f a c e s  ar e  r e f e r r e d  t o  as p l a n a r - t a b u l a r  

s e t s ,  w h i l e  t hose i n  which c r o s s - l a mi n a e  t oes  meet  

scoop-shaped basal  c o n t a c t s  are i d e n t i f i e d  as t rough sets 

( t e r m i n o l o g y  o f  A l l e n ,  1982,  v o l . l ,  p.  348)  ( f i g u r e  10 ) .

P l a n a r - t a b u l a r  se t s  range f rom 15 to 70 

c e n t i m e t e r s - t h i c k  and can o f t e n  be t r a c e d  across 10 or  

more meters of  out cr op b e f o r e  exposure i s  cover ed ,  

c r o s s - l a mi n a e  can no l o nge r  be d i s c e r n e d ,  or the set  

g r a d u a l l y  t h i n s  and passes t o  f l a t - l a m i n a t e d  sand.  

Cr o s s - l a mi na e  of  any s i n g l e  p l a n a r - t a b u l a r  set  are  

s t i k i n g l y  u n i f o r m,  but  commonly vary f rom se t  to set .  

Cr o s s - l a mi na e  are  f rom 1 t o  3 c e n t i m e t e r s  t h i c k ,  and 

range f rom s t r a i g h t  w i t h  a n g u l a r  toes ( f i g u r e  1 1 ) ,  to 

s t r a i g h t  w i t h  t a n g e n t i a l  t o e s ,  t o  concave w i t h  sweeping 

l ower  c o n t a c t s  ( f i g u r e  12 and f i g u r e s  1 0 a , b , c ) .  

S t r a i g h t - a n g u l a r  c r o s s - l a m i n a e  have n o n - e r o s i o n a l  basal  

c o n t a c t s ,  but  whet her  s t r a i g h t - t a n g e n t i a l  and concave 

c r o s s - l a mi n a e  meet a scoured or d e p o s i t i o n a l  p l a n a r  

s u r f a c e  i s  i n d e t e r m i n a t e .  The d i p  angl es  of  

c r o s s - l a m i n a e  i n  p l a n a r - t a b u l a r  se t s  range f rom 13 t o  44
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Planar-Tabular Cross-bed Sets

Oi, Straight- 
Angular 4  Straight- 

Tangential Concave

Trough Cross-bed Sets

Fi gure 10.  Geometry of p i a n a r - t a b u l a r  an d t r ough
c r o s s - b e d  se t s :  a , b . c - plan a r - t a b u l a r  cross- bed sets
showing v a r i a t i o n s  in the nat ure o f  c r o s s - l a mi nae; d -
t r ough cross - bed  set shown pe r p e n d i c u l a r  to f 1ow

(ad i r e c t ! on ; e -  t h r e e stac ked t r ough cr oss- bed sets
c o s e t ) shown p a r a l l e l to the f l ow d i r e c t i o n .
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F i g u r e  11.  Cross- bedded sand s e d i m e n t - t y p e .  
P l a n a r - t a b u l a r  set  w i t h  s t r a i g h t - a n g u l a r  c r o s s - l a m i n a e
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F i gur e  12.  Cross-bedded sand s e d i m e n t - t y p e .  
P l a n a r - t a b u l a r  set  w i t h  sweeping concave c r oss - be ds .  Set 
t h i n s  t o  t he  r i g h t .  Note t o p s e t  bed o f  f l a t - l a m i n a t e d  
sand ( p e r p e n d i c u l a r  to r u l e r ) .



32

degr ees  and average 28 degr ees ,  based on f o r t y - n i n e  

a t t i t u d e  measurements c o r r e c t e d  f o r  t e c t o n i c  t i l t  ( t a b l e  

1 ) .  In most p l a n a r - t a b u l a r  cr oss- bed se t s  the 

c r o s s - l a m i n a e  are more c l e a r l y  d e f i n e d  than t h e i r  upper  

p a r t s  and t he  c r o s s - l a mi n a e  are vaguel y  r e v e r s e - g r a d e d .  

However ,  in some c r os s - b e d  s e t s ,  c r o s s - l a mi n a e  are  

d i s t i n c t  f rom the upper  t o  the l ower  set  c o n t a c t ,  w h i l e  

i n  o t h e r s  the c r o s s - l a m i n a e  are  i n d i s t i n c t  along t h e i r  

e n t i r e  i n c l i n e .

Only s i x  t rough c r os s - b e d  sets were observed i n the  

measured s e c t i o n s .  The t h r e e  t rough set s  in the lower  

R e v e t t  Format i on a t  Nor th Crow Creek are  exposed 

p e r p e n d i c u l a r  t o  the f l o w  d i r e c t i o n  ( f i g u r e  l Od ) .  The 

s e t s  range f rom 1 . 0  t o  2 . 5  meters wide and from 0 . 3  to  

0 . 6  meters t h i c k .  The t h r e e  st acked t rough cross- bed  

s e t s  ( f i g u r e  lOe)  in the upper Rev e t t  c o r r e l a t i v e  

i n t e r v a l  o f  the G r i n n e l l  Format i on a t  Lion Creek 

(Appendi x  E) are exposed p a r a l l e l  t o  the  f low d i r e c t i o n .  

The l owe s t  set  i s  the l a r g e s t  and the upper sets  are  

p r o g r e s s i v e l y  s m a l l e r ,  as i l l u s t r a t e d  in f i g u r e  lOe.

No r e a c t i v a t i o n  s u r f a c e s  were observed in any of  the 

cr os s - be d  s e t s .  Some c r os s - b e d  se t s  pass up i n t o  

f l a t - l a m i n a t e d  sand w i t h o u t  a r e a c t i v a t i o n  sur face  

( f i g u r e  1 2 ) .

Sets of  the c r os s - bedded sand se d i me n t - t y p e  are  

i n t e r b e d d e d  w i t h  the t h i c k e r - b e d d e d  p a r t s  of
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f l a t - l a m i n a t e d  sand i n t e r v a l s  and t h e y  have two modes of  

o c c u r r e n c e :  1)  s o l i t a r y  cross- bed s e t s ,  and 2) cosets

composed o f  s t acked c r os s - bed  se t s .  The t h r e e  t rough  

cr os s - b e d  s e t s  in the Nor t h Crow Creek s e c t i o n  are  

s o l i t a r y ,  w h i l e  t he  t h r e e  in the Li on Creek se c t i on  form 

a c o s e t .  Most  of  the p l a n a r - t a b u l a r  s e t s  a t  Nor t h Crow 

Creek are  s o l i t a r y .  The mode of  occur r enc e  and f o r e s e t  

c r o s s - l a m i n a e  shape of  p l a n a r - t a b u l a r  sets  in the Revet t  

Format i on a t  Nor t h Crow Creek are shown in t a b l e  1.

The mode o f  oc cur r enc e  and c r o s s - b e d  shape of  

p l a n a r - t a b u l a r  se t s  in the Revet t  For mat i on  a t  Nor th Crow 

Creek are  shown in t a b l e  1.  No r e a c t i v a t i o n  sur f aces  

occur r ed  i n  any o f  the p l a n a r - t a b u l a r  or  t rough cross- bed  

se t s  observed i n t h i s  s t udy .

INTERPRETATION

S o l i t a r y  set s  o f  the cr oss-bedded sand sed i ment - t ype  

ar e  i n t e r p r e t e d  t o  be the product  of  i s o l a t e d  s t r a i g h t -  

or  s i n u o u s - c r e s t e d  l a r g e - s c a l e  bedf orms,  whereas,  cosets  

were p r o b a b l y  d e p o s i t e d  by t r a i n s  of  a c c r e t i n g  l a r ge  

sca l e  be df or ms.  The u n i f o r m i t y  and c o n t i n u i t y  of  

c r o s s - l a m i n a e  w i t h i n  se t s  of  the c r os s - b edde d  sand 

s e d i m e n t - t y p e  i n d i c a t e  t h a t  d e p o s i t i o n  oc cur r ed  by two 

i n t e r a c t i v e  processes  on the s l i p f a c e s  of  l a r g e - s c a l e  

bedf orms.  They are g r a i n f a l l  and g r a i n f l o w .  G r a i n f a l l  

i s  " t he s e t t l i n g  out  of  g r a i n s  t h r ough a f l u i d  moving 

t oo  s l o wl y  t o  form r i p p l e s  on the d e p o s i t i o n a l  s u r f a c e " .
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w h i l e  g r a i n f l o w  i s  "a form o f  sediment  g r a v i t y  f l ow in  

whi ch the g r a i n s  are  suppor t ed  by c o l l i s i o n s  between 

g r a i n s "  ( Hunt e r  and Kocureck ,  1 9 8 6 ) .  Much of  the bed and 

suspended load c a r r i e d  f rom the stoss s i des  of  

l a r g e - s c a l e  bedforms onto t h e i r  l ee  s i des  s e t t l e s  onto 

t he  s l i p f a c e s  by g r a i n f a l l .  G r a i n f a l l  d e po s i t s  b u i l d  up 

u n t i l  t he  angl e  of  i n i t i a l  y i e l d  i s  reached and gr a i ns  

f l o w  down t he  s l i p f a c e ,  r e mi x i n g  the g r a i n f a l l  sediments  

i n t o  g r a i n f l o w  l ami nae ( Re i neck  and S i ngh ,  1980;  Hunter  

and Kocureck ,  1986 ) .

The i n d i s t i n c t  upper p o r t i o n s  o f  most c r o s s - l a mi n a e  

i n  se t s  o f  t he  c r oss- bedded sand s e d i m e n t - t y p e  i n d i c a t e  

t h a t  g r a i n f l o w  high on the s l i p f a c e  was n e a r l y  cont i nuous  

because o f  t he  heavy g r a i n f a l l  s e d i me n t a t i o n  t h e r e ,  w h i l e  

t h e  more d i s t i n c t  l a m i n a t i o n  l ower  al ong c r o s s - 1 aminae 

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

produced r e v e r s e - g r a d e d  c r o s s - l a m i n a e  as a r e s u l t  of  

s h e a r - s o r t i n g  dur i ng  g r a i n f l o w  ( Re i neck  and Si ngh,  1980;  

Hunt er  and Kocureck,  1 9 8 6 ) .  C r o s s - l a m i n a e  d i s t i n c t  

a l ong  t h e i r  e n t i r e  i n c l i n e  a r e  e i t h e r  e r o s i o n a l  remnants,  

or  t h e  pr oduct  of  a r e l a t i v e l y  l ower  s e d i me nt a t i on  r a t e  

and f l o w v e l o c i t y ,  as i n d i c a t e d  by t h e  i n t e r m i t t e n t  

g r a i n f l o w  s e d i m e n t a t i o n .  Where c r o s s - s t r a t a  are  

i n d i s t i n c t  a l ong t h e i r  e n t i r e  i n c l i n e ,  a r e l a t i v e l y  

h i g h e r  s e d i me n t a t i on  r a t e  and f l o w  v e l o c i t y  are conf i rmed  

by t he  c o n t i n u a l  n a t u r e  o f  g r a i n f l o w  and g r a i n f a l l
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s e d i m e n t a t i o n  ( Re i nec k  and Si ngh,  1980;  Hunter  and 

Kocur eck ,  1 9 8 6 ) .

The shape o f  c r o s s - l a mi n a e  i n d i c a t e s  the na t ur e  of  

f l o w a t  t he  f r o n t  of  the bedforms and thus suggests t h e i r  

morphol ogy.  S t r a i g h t  f o r e s e t s  w i t h  a n g u l a r  co nt ac t s  

i n d i c a t e  t h a t  g r a i n f l o w s  h a l t e d  when t hey  a t t a i n e d  a 

s t a b l e  a ng l e  o f  repose and t h a t  the l e e - s i d e  eddy did not  

r e d i s t r i b u t e  t he  g r a i n s .  S t r a i g h t  c r o s s - l a m i n a e  wi t h  

t a n g e n t i a l  t o e s  and concave c r o s s - l a m i n a e  r e f l e c t  a 

s t r o n g e r  l e e  eddy t h a t  swept sedi ment  back onto the base 

of  t he  s l i p f a c e  ( J o p l i n g ,  1965;  Reineck and Si ngh,  1 9 8 0 ) .  

Th i s  suggests t h a t  sets wi t h  s t r a i g h t  f o r e s e t s  were 

g e n e r a l l y  d e p o s i t e d  i n r e l a t i v e l y  s l ower  an d / o r  deeper  

f l o ws  than t hose  w i t h  more concave f o r e s e t s .  Since  

i n c r e a s i n g  f l o w  v e l o c i t y  causes bedforms to devel op  

g r e a t e r  s i n u o s i t y  (Harms e t ,  a l , 1 9 8 2 ) ,  and l ee - eddy  

v i g o r  i n c r e a s e s  w i t h  g r e a t e r  o b l i q u e t y  of  the s l i p f a c e  t o  

the f l ow d i r e c t i o n  ( Hunt e r  and Kocur eck ,  1 9 8 6 ) ,  sets wi t h  

concave f o r e s e t s  were pr obabl y  de po s i t e d  by bedforms wi t h  

curved or  s i nuous f r o n t s .  The t r ough c r os s - be d  sets  

r e p r e s e n t  t he  c o n t i n u a t i o n  of  t h i s  p r o g r e s s i o n  in which a 

curved scour  p i t  devel oped i n f r o n t  o f  the bedforms.

Given t h a t  s e t s  of  t he  c r oss- bedded sand se di ment - t ype  

range f rom t a b u l a r  w i t h  s t r a i g h t  t o  concave c r o s s - s t r a t a ,  

t o  w e l l - d e v e l o p e d  t r ou ghs ,  i t  i s  c l e a r  t h a t  a complete  

spect rum f rom s t r a i g h t - c r e s t e d  t o  s i n u o u s - c r e s t e d
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bedforms d e p o s i t e d  t h e  cross- bedded sand s e d i me n t - t y p e .

These l a r g e - s c a l e  c r os s - bed  se t s  coul d r e p r e s e n t  

r e g u l a r l y  spaced me g a r i p p l e s  formed under  lower  f low  

regime e q u i l i b r i u m  c o n d i t i o n s  (Simons e t .  a l ,  19 6 5 ) ,  or 

coul d r e p r e s e n t  s o l i t a r y  or i r r e g u l a r l y  ar r anged bars 

u n r e l a t e d  t o  t he  f l o w regime ( Smi t h ,  1972;  Mi a l l  1977,  

1985;  B l o d g e t t  and S t a n t l e y ,  1980) ,  Because the  

m i g r a t i o n  o f  an i s o l a t e d  bar  nor mal l y  produces j u s t  a 

s i n g l e  se t  of  c r o s s - b e d s ,  s o l i t a r y  t a b u l a r  and t rough  

sets are i n t e p r e t e d  to be the de po s i t s  o f  i s o l a t e d ,  

s t r a i g h t -  t o  c u r v e - f r o n t e d  bars u n r e l a t e d  t o  the f l ow  

regi me.  T h i s  c o n c l u s i o n  i s  suppor ted by the occurrence  

of  a t o p s e t  bed o f  f l a t - l a m i n a t e d  sand on many s o l i t a r y  

cr os s - bed  s e t s .  Such t o p s e t s  are a normal  p a r t  of  bars  

growing downstream ( Cr owl e y ,  1 9 83 ) ,  but  are not  

c h a r a c t e r i s t i c  of  me ga r i p p l e s .

Cross - bed c o se t s  coul d be produced by a group of  

bars in which t o p s e t  beds were scoured dur i ng mi g r a t i o n ,  

or they  cou l d  be produced by a t r a i n  of  megar i pp l e s .  The 

c o o r d i n a t e d  downstream shr i nkage o f  t he  t h r e e  sets in the 

Li on Creek cose t  d e s c r i b e d  above ( f i g u r e  lOe)  suggests  

t h a t  t hese  t h r e e  bedforms were megar i pp l es  

hy d r o d y n a mi c a l l y  r e l a t e d  t o  each o t h e r  dur i ng wai ni ng and 

s h a l l o w i n g  f l o w  ( J one s ,  1977;  Rubin and H un t e r ,  1982) .  

However ,  such c o o r d i n a t e d  behav i or  i s  not  appar ent  in 

o t he r  c o s e t s ,  and d e p o s i t i o n  by groups of  bars  i s



37

f a v o r e d .

In c o n t r a s t  t o  t he  f l o w regime r e q u i r e me n t s  of  

m e g a r i p p l e s ,  bars  can deve l op wherever  l a t e r a l  or  

v e r t i c a l  f l ow expansi on occurs (Cant  and Wal ker ,  1978) ,  

because r a p i d  d e p o s i t i o n  on the l ee  f a ces  c r e a t e s  

t o pogr a ph y ,  which in t u r n  i n c r e a s e s  f l o w s e p e r a t i o n ,  thus  

b u i l d i n g  up a l a r g e  s l i p f a c e d  bedform ( Hunt er  and 

Kocureck ,  1 9 8 6 ) .  In t h i s  manner ,  a bed i r r e g u l a r i t y ,  or  

s i mpl y  the s p r e a d i n g - o u t  o f  a f l ow can g i ve  r i s e  t o  a 

b a r .

The absence of  r e a c t i v a t i o n  s u r f a ce s  in se t s  o f  the 

cr oss- bedded sand s e d i m e n t - t y p e  suggests t h a t  t hey  were 

de p o s i t e d  i n  i n d i v i d u a l  f l o o d  event s  c h a r a c t e r i z e d  by 

f l o w  d e c e l e r a t i o n  w i t h o u t  r a p i d  f l u c t u a t i o n s  or f l ow  

r e v e r s a l s .  Al though t he  downstream t e r m i n a t i o n  o f  only a 

few bedforms was o b s e r v e d ,  the gr adua l  t h i n n i n g  of  these  

s e t s  and t h e i r  passage t o  f l a t - l a m i n a t e d  sand suggests  

t h a t  the bedforms s i mpl y  f l a t t e n e d  as the f l ow seper a t i on  

decreased w i t h  the w a i n i n g  and s h a l l o wi n g  of  the f l o w.

In o t h e r  words,  t he  bedforms were not  l e f t  s t randed or  

r e a c t i v a t e d .  R a t h e r ,  t hey  deve l oped ,  advanced,  and 

f l a t t e n e d  w i t h i n  s i n g l e  f l o o d  e v e n t s .  The 15- 70  

c e n t i m e t e r - t h i c k  c r o s s - b e d  set s  i n d i c a t e  t h a t  f l o w  was a t  

l e a s t  sever a l  de c i e me t e r s  to one met er  deep.

Even where sets  and cose t s  o f  t he  cross- bedded sand 

s e d i me n t - t y p e  are  most abundant ,  t hey  are  s t i l l  a minor
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c o n s t i t u e n t  of  t he  s e c t i o n ;  the dominance of  

f l a t - l a m i n a t e d  sand beds suggests t h a t  s h e e t f l o o d s  were 

the dominant  mode o f  f l u i d  f l ow (see t he  f l a t - l a m i n a t e d  

sand s e d i m e n t - t y p e ) .  S t r a t i g r a p h i e  r e l a t i o n s  i mply t h a t  

br a i ded  r i v e r s  f l o w i n g  down vast  a l l u v i a l  aprons f l owi ng  

f rom the so u t h ,  so ut hwes t ,  and west  i n t o  t he  study area  

(Bowden,  1977;  A l l e man ,  1983;  Mauk, 1983;  Greene,  1984;  

Winston,  1 9 8 6 c ) ,  spread f rom d i s t i n c t  c h a n n e l s ,  to the  

p o i n t  t h a t  t h ey  are  b e t t e r  descr i bed  as st reams of  

br a i ded  f l o w  w i t h i n  pr ox i ma l  s h e e t f l o o d s ,  anal agous to 

f l oods  r e p o r t e d  by McKee and o t her s  ( 1 9 6 5 )  and S t e a r  

( 1 9 8 5 ) .  As t he  f l o o d s  spread out  across t he  toes  of  the 

a l l u v i a l  apron and out  onto vast  s a n d f l a t s  r e p r e s e n t e d  by 

the f l a t - l a m i n a t e d  sand s e d i m e n t - t y p e ,  t hey  d e c e l l e r a t e d  

and de p o s i t e d  i s o l a t e d  bars or groups o f  bars .

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

the na t ur e  o f  t he  f l o w system,  and i n d i c a t e s  t h a t  the 

d i r e c t i o n  o f  ne t  sedi ment  t r a n s p o r t  was t o  the no r t he a s t .  

PALEOCURRENTS

T h i r t y  t a b u l a r  se t s  o f  the cross- bedded sand 

s e d i me n t - t y p e  in t he  l ower  Reve t t  and two i n t he  upper 

Rev e t t  o f  Nor t h  Crow Creek y i e l d e d  f o r t y - n i n e  f o r e  set  

a t t i t u d e  measurement s.  Th i s  was the on l y  s e c t i o n  which 

c ont a i ne d  enough c r os s - b eds  t o  wa r r a n t  a sy s t e ma t i c  

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

p a l e o c u r r e n t  a n a l y s i s  i s  i n c l ud e d  in Appendix B:



39

P a l e o c u r r e n t  Met hodol ogy and Dat a .  B a s i c a l l y ,  the data 

were c o r r e c t e d  f o r  t e c t o n i c  t i l t  as per  P o t t e r  and 

P e t t i  John ( 1 9 7 7 ) ,  w h i l e  the v e c t o r  mean azimuth (0)  and 

t he  c o n s i s t e n c y  r a t i o  (L)  f o r  each set  were c a l c u l a t e d  

a c c or d i ng  t o  t he  w i d e l y - u s e d  method of  Curray ( 1 9 5 6 ) .  The

v e c t o r  mean,  0 ,  i s  a measure o f  the c e n t r a l  tendency of

t he  i n p u t  a z i mu t h s ,  w h i l e  the c ons i s t e nc y  r a t i o ,  L 

( 0 - 1 0 0 % ) ,  i s  a measure of  the d i s p e r s i o n  of  measurements 

about  the v e c t o r  mean. When L = 100%, a l l  the data are  

t he  same; when L = 0%, the dat a  i s  u n i f o r m l y  d i s t r i b u t e d  

about  t he  v e c t o r  mean. Tabl e  1 i n c l ud es  0 and L f o r  each 

s e t .

A f r eq ue n cy  d i s t r i b u t i o n  d i v i d e d  i n t o  t went y  degree  

i n t e r v a l s  ( 0 - 1 9 ,  2 0 - 3 9 ,  e t c . )  employed the v e c t or  mean 

az i mut h  o f  each s e t .  Because s o l i t a r y  set s  and cosets  

may r e c or d  h y d r o d y n a mi c a l l y  d i f f e r e n t  bedforms,  

p a l e o c u r r e n t  roses were c o n s t r u c t e d  f o r  each type

s e p e r a t e l y ,  and a l s o  combined.  The di agrams are

c o n s t r u c t e d  w i t h  the l i n e  segment r a d i u s  d i r e c t l y  

p r o p o r t i o n a l  t o  t he  s q u a r e - r o o t  of  t he  i n t e r v a l  

p e r c e n t a g e ,  so t h a t  the va l ue  p l o t t e d  i s  d i r e c t l y  

p r o p o r t i o n a l  t o  the i n t e r v a l  a r e a ,  r a t h e r  than to the 

segment  l e n g t h  ( M i a l l ,  1974;  Greene,  1 9 8 4 ) .  P a l e o c u r r e n t  

di agr ams f o r  a)  s o l i t a r y  s e t s ,  b) c o s e t s ,  and c) s o l i t a r y  

s e t s  + coset s  a r e  i n f i g u r e  13.

A f undament a l  assumpt ion o f  t h i s  a n a l y s i s  i s  t hat



Foot age
Cor r e c t e d  
A t t i  tude 0

Set
L Thi ckness
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F ore sets Occurrence

6468 02 0 / 2 1  se 
006 / 21se  
0 6 4 / 2 9s e  
046 / 32se

124 92 45 cm C s

6412 330 / 28ne 060 100 45 ST s
5292 320 / 42ne

306 / 38ne
281 / 31ne

032 96 40 C s

5265 074/24nw 344 100 10 ST s
5010 02 5 / 2 2s e 115 100 30 ST s
4850 330 / 31ne

286/ 21ne
079/23nw
327/ 29ne

031 87 70 C s

4800 358 / 34ne 088 100 60 ST s

4795 008 / 3 0se
0 1 0 / 2 4se

099 100 40 C s

4792 359 / 35ne
316/ 22ne

068 93 30 SA s

4758 004 / 3 9se
348/ 33ne

086 99 60 ST s

4650 059/30nw
281/ 25ne
029/23nw

333 87 70 ST s

4635 346 / 24ne 076 100 30 ST s

? 281/ 26ne
312 / 14ne

027 96 30 C s

? 314/ 28ne
083/13nw

019 90 20 C s

? 321/ 17ne 051 100 30 C s

Tabl e  1: P a l e o c u r r e n t  da t a  and s t a t i s t i c s  on t a b u l a r
c r o s s - b e d  set s  i n  the R e v e t t  Format i on a t  Nor t h Crow Creek,



3 3 3 / 3 0 n e 063 100 30 ST
< D

0 8 0 / 2 2 n w 350 100 50 ST

3 5 9 / 2 5 n e 089 100 40 ST
< D

3 4 2 / 3 8 n e 072 100 30 ST
< D

3 5 4 / 2 8 n e 084 100 40 ST
* 3 38 / 31SW 248 100 35 ST

< D* 32 8/ 27SW 238 100 20 SA
< D* 00 5/ 21SW 275 100 25 ST
< 0* 334/ 14SW 244 100 40 ST

★ 337/ 24SW 237 99 20 C
319/ 30SW
326/ 30SW < D

* 3 5 5 / 3 6  sw 265 100 15 C
< D* 3 49 / 31SW 259 100 6 C

* 3 3 7 / 3 9 n e 067 100 30 SA S

3 5 5 / 4 3 n e 085 100 70 C S

3 5 2 / 4 4 n e 082 100 25 C
< 0

3 3 1 / 2 5 n e 061 100 15 SA

3 4 9 / 4 0 n e 079 100 20 ST S
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Ta b l e  1 : P a l e o c u r r e n t  data  and s t a t i s t i c s  on p l a n a r - t a b u l a r
s e t s  of  t he  c r oss - b edded  sand s e d i me n t - t y p e  in the Revet t  Fm. 
at  Nor th Crow Creek .

0:  v e c t o r  mean a z i mut h ;  L : c o ns i s t e ncy  r a t i o
F o r e s e t s :  SA -  s t r a i g h t  a n g u l a r ;  ST -  s t r a i g h t  t a n g e n t i a l ;

C -  concave .
Occur rence:  S -  s o l i t a r y  s e t ;  < D -  d i r e c t  cont a c t  between

set s  f o r mi ng  a c o s e t .
? -  a r e  l i s t e d  by ascendi ng or der  i n t he  s e c t i o n ;  a l l  are

between 4500 and 5000 f t .  in the l ower  R ev e t t  sect i on.
*  -  a l l  t hese  ar e  l o c a t e d  in an i n t e r v a l  4 meters t h i c k .



Z r / /

F i gu r e  13.  P a l e o c u r r e n t  f r e q u e n c y  d i s t r i b u t i o n  
r ose s  f o r  p l a n a r - t a b u l a r  se t s  of  t he  cross-bedded sand 
s e d i men t - t ype  in t he  R e v e t t  For mat i on  a t  Nor th Crow 
Cr eek :  a)  s o l i t a r y  s e t s ,  b) c o s e t s ,  c )  s o l i t a r y  sets + 
cos e t s ,  n * number of  s e t s ,  0 = mean v ec t or  azimuth  
( a r r o w on rose d i a g r a m) ,  L = c o n s i s t e n c y  r a t i o .
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t h e  f l ow d i r e c t i o n  i s  p e r p e n d i c u a l r  t o  the s t r i k e  of  the 

f o r e s e t s .  S t u d i e s  i n  ephemeral  ( W i l l i a m s ,  1971)  and 

b r a i d e d  st reams ( S mi t h ,  1972)  i n d i c a t e  t h a t  f l ow a c t u a l l y  

crosses a hi gh p r o p o r t i o n  of  bar  s l i p f a c e s  a t  a l a r ge  

a n g l e ,  p r oduc i ng  a wide s c a t t e r  of  f o r e s e t  az imuths  

( Smi t h ,  1972;  High and P i c a r d ,  19 74 ) .  For exampl e.  Smith 

found t h a t  " on l y  30.5% o f  t he  f o r e s e t s  measured are  

o r i e n t e d  w i t h i n  5 degrees o f  the c u r r e n t  which formed 

them;  42.6% of  t he  di p d i r e c t i o n s  range w i t h i n  10 

degr ees ,  61.9% w i t h i n  20 degrees ,  72.8% w i t h i n  30 

degr ees ,  and 86.1% w i t h i n  45 d e g r e e s . "  This suggests  

t h a t  a l t hough  the t a b u l a r  set  az i mut hs in t h i s  

p a l e o c u r r e n t  study d i f f e r  somewhat f rom the mean f low 

d i r e c t i o n ,  as a gr oup,  t hey  r e p r e s e n t  the d i s p e r s i o n  

about  the mean f l o w  d i r e c t i o n  ( Smi t h ,  19 72) .  Since the 

s o l i t a r y  se t  da t a  i n f i g u r e  13a were g a t he r e d  from more 

t han a t housand f e e t  o f  s e c t i o n ,  y e t  does not  ev i dence  

s y s t e ma t i c  changes in f l o w  d i r e c t i o n  wi t h  t i me ,  t h e i r  

v e c t o r  mean az i mut h  (61 degr ees )  p r obab l y  r e f l e c t s  a 

r e g i o n a l  p a l e o s l o p e  and r ec or ds  net  sediment  t r a n s p o r t  to 

t he  n o r t h e a s t .

In t he  c o s e t  rose  di agram ( f i g u r e  13b) ,  the  

n o r t h e a s t  az i mut hs  suppor t  the e x i s t e n c e  of  a dominant  

p a l e o s l o p e  t o  t he  n o r t h e a s t ,  wh i l e  t he  nor t hwest er n  

az i mut h i s  c o n s i s t e n t  w i t h  the d i s p e r s i o n  of  f l ow on t hat  

s u r f a c e .  The sout hwest er n  az i mut hs are  de r i v e d  from two
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c o s e t s ,  one w i t h  f o u r  c r os s - bed  se t s  and t he  o t he r  wi t h  

t h r e e  s e t s ,  t h a t  occur  w i t h i n  a f our  meter  i n t e r v a l  (see 

t a b l e  1 ) .  They suggest  l o c a l i z e d  f l o w  opposed to the  

r e g i o n a l  p a l e o s l o p e .  Si nce ephemeral  s h e e t f l o o d s  f l owi ng  

onto f l a t  s u r f a c e s  spread out by the d r i v i n g  f o r c e  of  

t h e i r  h y d r a u l i c  head,  they  may f l ow in many d i r e c t i o n s .  

Because t he  wa t e r  su r f ac e  slope a f f e c t s  the f l ow  

d i r e c t i o n  more than the ground slope (Mader and Teyssen,  

1985;  Alam e t  a l . ,  1 9 8 5 ) ,  " f l ow r e v e r s a l  phenomena may be 

a c h a r a c t e r i s t i c  of  very  low g r a d i e n t  f l u v i a l  systems"  

(Alam e t  a l . ,  1 9 8 5 ) .  I ndeed,  b i p o l a r  c r o s s - b e d s ,  and even 

he r r i ngbo ne  c r os s - b e ds  have been r e p o r t e d  f rom ephemeral  

f l u v i a l  d e p o s i t s  (Mader  and Teyssen,  1985;  Alam e t .  a l ,  

1 9 8 5 ) .  They d i f f e r  f rom t i d a l  her r i ngbone  cross- beds  by 

l a c k i n g  r e a c t i v a t i o n  s u r f a c e s ,  and t he  l a t e r a l  a c c r e t i o n  

d e p o s i t s  c h a r a c t e r i s t i c  o f  t i d a l  channe l s .

FLAT-LAMINATED SAND SEDIMENT-TYPE 

DESCRIPTION

The f l a t - l a m i n a t e d  sand s e d i me n t - t y pe  in the R a v a l l i  

Group i s  c h a r a c t e r i z e d  by 10 t o 150 cm t h i c k ,  l a t e r a l l y  

c ont i nuous  and even,  f i n i n g - u p w a r d  beds composed of  f l a t ,  

p a r a l l e l  l a m i n a t i o n s  of  f i n e -  t o very f i n e - g r a i n e d  sand 

or s i l t y  sand and compares c l o s e l y  t o  Wi ns t on ' s  (1986c)  

d e f i n i t i o n  of  t he  s e d i m e n t - t y p e .  Ta b u l a r  f l a t - l a m i n a t e d  

sand beds can be t r a c e d  across ou t c r ops  more than 30
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met ers  wi de ,  and e x t e n d  even f a r t h e r  in the w a l l s  of  the  

Nor t h  Crow Creek and L i on Creek canyons.  I n t e r n a l  

l a m i n a t i o n s  of  beds a l s o  ex t end l a t e r a l l y  w i t h o u t  

i n t e r r u p t i o n  or  r e a c t i v a t i o n .

Whi le t h i c k e r  ( 3 0 - 1 5 0  cm) beds commonly c o n s i s t  of  

c l ean  sand f rom base t o  t o p ,  u p wa r d - i n c r e a s i n g  admi xtures  

of  s i l t ,  and t o  a much l e s s e r  e x t e n t  c l a y ,  occur  in the  

upper  few de c i me t e r s  o f  many t h i c k e r  beds.  In the f i e l d ,  

t he l ower  p a r t s  o f  some t h i c k e r  beds appear  

s t r u c t u r e l e s s ,  but  in most ,  un i f orm,  d e c i me t e r -  to 

me t e r - l o n g  f l a t - 1  ami n a t i o n s  formed by s ubt l e  g r a i n - s i z e  

v a r i a t i o n s  ( f i g u r e  14)  are  d i s c e r n a b l e  t h r o u g h o u t ,  and in 

some p l aces  are  enhanced by heavy mi ner a l  l ami nae .

Most t h i n n e r  ( 1 0 - 3 0  cm) f l a t - l a m i n a t e d  sand beds 

i n c l u d e  u p w a r d - i n c r e a s i n g  admi x t ur es  o f  s i l t  and minor  

c l a y .  The most d i s t a l  t h i n n e r  beds c o n t a i n  up t o  f i f t y  

p e r c e n t  s i l t  and perhaps two or t h r e e  per cent  c l a y .

T h i nn e r  beds f i n e  upward,  and f l a t - 1  ami na t i ons  are  

v i s i b l e  t hr oughout  most o f  these beds.

Basal  c o n t a c t s  of  f l a t - l a m i n a t e d  sand beds are 

s har p l y  d e f i n e d  above the f i n e r  tops of  the un de r l y i ng  

beds.  Most of  the basa l  sand c o nt a c t s  are r emarkabl y  

f l a t  w i t h  l i t t l e  e v i dence  of  scour ( f i g u r e  14) .  Rare 

u n d u l a t i n g  s u r f ac e s  w i t h  a few c e n t i m e t e r s  of r e f l i e f  

r e c o r d  s l i g h t  scour .  More commonly,  symmet r i cal  or 

asymmet r i ca l  r i p p l e s  a r e  pr eser ved on bedding sur f aces .
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F i g u r e  14.  F l a t - l a m i n a t e d  sand s e d i m e n t - t y p e .  
F l a t - l a m i n a t e d  sand beds wi t h  p l a na r  c o n t a c t s .



Figure 15. Flat-laminated sand sediment-type. Apparently structureless 
fine-grained sand overlain by climbing ripples; depositional-stoss ripples pass 
upward to progressively smaller erosional-stoss ripples.
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i n d i c a t i n g  a d e p o s i t i o n a l  c o n t a c t .

Al t hough f l a t - 1  ami n a t i o n s  c h a r a c t e r i z e  t h i s  

s e d i m e n t - t y p e ,  o t h e r  f e a t u r e s  i n c l u d e :  l oad s t r u c t u r e s ,

mud c h i p s ,  c l i m b i n g  r i p p l e s ,  s h r i n k a g e - c r a c k e d  muddy 

t o p s ,  and l e i  si  gang bands.  Load s t r u c t u r e s  a t  the bases 

of  some f l a t - l a m i n a t e d  sand beds are sunken down as load  

c a s t s  i n t o  sand or s i l t y  sand below.  Flame s t r u c t u r e s  

commonly e x t e n d  i n t o  t he  upper bed bounding each l oad,  

and i n d i c a t e  t h a t  t he  r e d i s t r i b u t i o n  of  sediment  was 

upward as w e l l  as downward.  Some sand p i l l o w s  thus  

c r e a t e d  are s t r u c t u r e l e s s ,  but  o t her s  have i n t e r n a l  

l a m i n a t i o n s  p a r a l l e l i n g  t h e i r  e x t e r n a l  f orm.  Load casts  

a l s o  commonly occur  w i t h i n  the lower  s t r u c t u r e l e s s  p a r t  

of  t h i c k e r  sand beds,  or  a t  the i n t e r f a c e  between t h e i r  

s t r u c t u r e l e s s  and f l a t - l a m i n a t e d  p a r t s .

Cl i mbi ng r i p p l e  c r o s s - l a m i n a t i o n s  form as much as 

the upper  t h i r d  o f  o c ca s i ona l  f l a t - l a m i n a t e d  sand beds.

In most ca s es ,  e r o s i o n a l - s t o s s  c l i mb i ng  r i p p l e s  (Type A 

of  J o p l i n g  and Wa l ke r ,  1968)  pass upward to  

d e p o s i t i o n a l - s t o s s  c l i m b i n g  r i p p l e s  (Type B) ,  but  in rare  

i n s t a n c e s  d e p o s i t i o n a l - s t o s s  c l i mb i ng  r i p p l e s  pass upward 

t o  e r o s i o n a l - s t o s s  c l i m b i n g  r i p p l e s ,  w i t h  a concomi tant  

decr ease  o f  r i p p l e  s i z e  ( f i g u r e  1 5 ) .  S l i g h t l y  sinuous-  

t o  s t r a i g h t - c r e s t e d  asymmet r i ca l  r i p p l e s  capping cl i mbi ng  

r i p p l e  coset s  a r e  o c c a s i o n a l l y  exposed on bedding p l anes ,  

but  s t r a i g h t - c r e s t e d  symmet r i ca l  r i p p l e s  more commonly
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f o r m t he  upper  bedding su r f a c e s  o f  f l a t - l a m i n a t e d  sand 

beds.  The symmet r i cal  r i p p l e s  ar e  l e s s  than a cent i met er  

h i g h ,  w i t h  wave l engt hs  r ang i ng  f rom one t o four  

c e n t i m e t e r s .

Beds o f  t h i s  s e d i me n t - t y p e  f r e q u e n t l y  grade up to  

t h i n  ( 0 . 5  -  2 c e n t i m e t e r )  mud caps which are  cut  i n t o  

w e l l - d e f i n e d  pol ygons.  Some l a r g e  mud polygons ( t o  10 

c e n t i m e t e r s  a c r os s )  are o u t l i n e d  by wide cracks ( t o  1 

c e n t i m e t e r  ac r os s )  and are cut  i n t o  s m a l l e r  polygons by 

one or more o r de r s  of  p r o g r e s s i v e l y  na r r ower  cr acks .

These cr acks  range f rom Y-shaped t o  p a r a l l e l - s i d e d ,  and 

t hey  are  f i l l e d  by sedi ment  f rom the o v e r l y i n g  bed.  

Rounded,  m a t r i x - s u p p o r t e d  mudchips o f  r eworked mud 

pl yygons occur  w i t h i n  the l ower  t h i r d  of  some sand beds.

Lei  si gang bands,  a p o s t - d e p o s i t i o n a l  he ma t i t e  

c o n c e n t r a t i o n ,  commonly occur  i n  f l a t - l a m i n a t e d  sand 

beds.  U s u a l l y ,  narrow purp l e  or  b l a ck  l e i s i g a n g  bands 

a c c e n t u a t e  c e r t a i n  f l a t - l a m i n a e .  In t h i n n e r ,  s i l t y  beds,  

h o r i z o n t a l  l e i s i g a n g  bands o f t e n  r e v e a l  f l a t - 1  ami na t i ons  

not  o t h e r w i s e  v i s i b l e  t e x t u r a l l y  in t he  f i e l d .  Hemat i te  

c o n c e n t r a t i o n s  i n f r e q u e n t l y  c r e a t e  a v a r i e t y  of  i r r e g u l a r  

pa t ches  and p a t t e r n s ,  i n c l u d i n g  sets o f  cu r v i ng  l i n e s  

whi ch resembl e c r o s s - b e d d i n g ,  though they cut  across  

f l a t - 1  ami n a t i o n s .  The c o l o r  o f  f l a t - l a m i n a t e d  sands 

ranges  f rom w h i t e  to grey to p u r p l e  t o r e d ,  or uncommonly 

f rom green to g r e y - g r e e n .
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Most f l a t - l a m i n a t e d  sand beds occur  in me t e r -  to  

t e n s  o f  m e t e r s - s c a l e  s e t s .  Three types of  v e r t i c a l  

sequences occur  w i t h i n  bed se t s :  1) t h i n n i n g  and f i n i n g

upward,  2) t h i c k e n i n g  and coarseni ng upward,  and 3) f i r s t  

t h i c k e n i n g ,  but  then t h i n n i n g  upward.  Sets of  the  

cr oss- bedded sand s e d i m e n t - t y p e  occur  l o c a l l y  in the 

t h i c k e r ,  c oar se r  p a r t s  of  these sequences.  Sets grade  

upward or  downward t o  se t s  o f  even coup l es ,  or l e s s  

f r e q u e n t l y ,  pass s h a r p l y  t o  sets of  even c o u p l e t s .  

Uncommonly,  i s o l a t e d  f l a t - l a m i n a t e d  sand beds occur  

w i t h i n  sequences of  even coupl es  or even c o u p l e t s .  Based 

on v e r t i c a l  sequences and s t r a t i g r a p h i e  c o r r e l a t i o n s ,  

t h i c k e r  c l e an  sand beds g e n e r a l l y  pass n o r t h e a s t w a r d  to  

somewhat t h i n n e r  beds w i t h  s i l t y - s a n d  upper p o r t i o n s ,  

which pass i n  t u r n  t o  t h i n n e r  beds whol l y  composed of  

s i l t y - s a n d ;  t hese then pass to beds of  the even couple 

sedi  m e n t - t y p e .

INTERPRETATION

D e t a i l e d  a n a l y s i s  of  i t s  sedi ment ary f e a t u r e s  

r e v e a l s  t h a t  the f l a t - l a m i n a t e d  sand sediment  type was 

d e p o s i t e d  e p i s o d i c a l l y  by s ha l l ow,  t e r r e s t r i a l  

s h e e t f l o o d s .  Thi s  i n t e r p r e t a t i o n  is based on an a na l ys i s  

o f  t he  f o l l o w i n g  c o n s i d e r a t i o n s :  1) l a t e r a l  c o n t i n u i t y

o f  beds,  2) bed c o n t a c t s ,  3)  c l ean sands,  4)  s i l t y - s a n d s ,  

5) l o a d  s t r u c t u r e s ,  6)  c l i mb i n g  r i p p l e s ,  7) symmet r ical  

r i p p l e s ,  8)  muddy caps,  9)  shr i nkage c r a c k s ,  10) c o l o r .
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11)  absence of  l a r g e - s c a l e  c r oss - b eds ,  and 12) f l ow  

r e g i  me.

1) L a t e r a l  c o n t i n u i t y  of  beds. The g r e a t  l a t e r a l  

e x t e n t  and i n t e r n a l  c o n t i n u i t y  of  f l a t - l a m i n a t e d  sand 

beds i n d i c a t e s  t h a t  they  were depos i t ed  f rom unconf i ned  

f l o w s  across ve r y  br oad,  f l a t  s u r f ac e s .  Th i s  

i n t e r p r e t a t i o n  i s  conf i rmed by the absence of  scoured  

s u r f a c e s  or o t h e r  d i s c o n t i n u i t i e s  w i t h i n  beds which 

c h a r a c t e r i z e  c h a n n e l l i z e d  f l ow.

2) Bed c o n t a c t s . L o c a l i z a t i o n  of  basal  scoured 

s u r f a c e s  i n d i c a t e  t h a t  in some pl aces the f l o o d  moved as 

l o c a l  surges whi ch swept  and cut  the sedi ment  sur f aces  

i r r e g u l a r l y .  P l a n a r  e r o s i o n a l  c o nt a c t s  r ec o r d  the  

passage of  u n c o n f i n e d  f l o w capable of  u n i f o r m l y  scour ing  

e a r l i e r  d e p o s i t s .  Non - e r os i ona l  c o n t a c t s  i n d i c a t e  

c o n t i n u a l  d e p o s i t i o n  du r i ng  the f l ow.

3) Clean s a nds . Where sands are e s s e n t i a l l y  f r ee  of  

s i l t  and c l a y ,  s o r t i n g  by p r o t r a c t e d  bedl oad t r a n s p o r t  

and d e p o s i t i o n  a r e  c o n f i r me d .  F l a t - 1  ami n a t i o n s  can be 

devel oped in v e r y  f i n e -  to f i n e - g r a i n e d  c l ean  sands by 

a g g r a d a t i o n  o f  an upper  pl ane bed (Harms and Fahnest ock,  

1965;  Moss e t .  a l ,  1980;  A l l e n ,  1984b;  Cheel  and 

M i d d l e t o n ,  1986)  or  by t he  m i g r a t i o n  of  very  low r e l i e f  

bedforms under  ve r y  sh a l l ow (< 10 cm) f l o w a t  or near  

upper  p l ane  bed c o n d i t i o n s  ( J o p l i n g ,  1964;  Smi t h,  1971;  

McBr i de  e t .  a l ,  1975;  Moss e t .  a l ,  1980;  Cheel  and
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M i d d l e t o n ,  1 9 8 6 ) .  The absence o f  oc c as i on a l  

" m i c r o " - c r o s s - l a mi n a t i o n s  or very smal l  r i p p l e s  

( L i ndhol m,  1982)  and t he  l a c k  of  c o a r s e r - g r a i n e d  l enses  

t y p i c a l  of  b e d f o r m - d e p o s i t e d  laminae ( A l l e n ,  1984b)  

i n d i c a t e  t h a t  bedform m i g r a t i o n  was not  a s i g n i f i c a n t  

d e p o s i t i o n a l  mechanism f o r  t h i s  sedi ment  t y pe .  I n s t ea d ,  

upper  p l ane  bed c o n d i t i o n s  are i n d i c a t e d  f o r  the  

f l a t - l a m i n a t e d  sand s e d i me n t - t y p e  by t he  l a t e r a l  e x t en t  

and evenness o f  the  l a mi n a e ,  and by oc cas i ona l  

m a r t r i X - s u p p o r t e d  mud- pebbl es (Fahenst ock and Ha us h i l d ,  

1962;  Moss,  1 9 7 2 ) .

Most sandstone beds in o t he r  rocks  which appear  

massive in the f i e l d  are  found to be f l a t - l a m i n a t e d  or 

c r o s s - l a m i n a t e d  when examined by X - r ay  or e t c h i n g  

t e c hn i q u e s  ( Hambl i n  1962a ,  1962b) .  The s t r u c t u r e l e s s  

l ower  p o r t i o n  of  some t h i c k e r  beds may a c t u a l l y  be 

f l a t - l a m i n a t e d  because ,  i f  g r a i n s  de pos i t e d  on an upper 

pl ane  bed ar e  not  s egr ega t ed  by s i z e ,  no h o r i z o n t a l  

l a m i n a t i o n s  form (Simons e t .  a l ,  1965;  McBride e t .  a l ,  

1 9 7 5 ) .  Si nce t he  nar row s i z e  range f rom very f i n e  to  

f i n e  sand i s  d i f f i c u l t  t o  s o r t  i n t o  r e c o g n i z a b l e  l aminae,  

the  s t r u c t u r e l e s s  sand l a y e r s  p r obab l y  r ecord  h i g h e r  f l ow  

v e l o c i t i e s  under  which l ami nae  aggraded too r a p i d l y  to be 

we l l  s o r t e d .  The upward g r a d a t i o n  f rom a p p a r e n t l y  

s t r u c t u r e l e s s  t o  f l a t - l a m i n a t e d  c l ean sands thus records  

f l o w  d e c e l e r a t i o n .  Some s t r u c t u r e l e s s  sands may, on the
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Ot he r  hand be t r u l y  homogenous de po s i t s  formed by 

compact ion d e wa t e r i n g  dur i ng  very r a p i d  se d i ment a t i on  

( Re i neck  and S i ngh ,  1 9 8 0 ) ,  s t i l l  c o n f i r m i n g  a wai ni ng  

f l o w  i n t e r p r e t a t i o n .

4) S i l t y - s a n d s . F l a t - l a m i n a t e d  sand wi t h  

u p w a r d - i n c r e a s i n g  admi x t ur es  of  s i l t  and smal l  amounts of  

c l a y  can be formed by two processes:  1) p a r t i c l e s

s e t t l i n g  d i r e c t l y  out  o f  suspension in s t a n d i n g  w a t e r ,  or

2) suspension s e d i me n t a t i o n  from f l o w i n g  w a t e r .  The 

d e p o s i t s  of  t h e s e  two processes can be d i s t i n g u i s h e d  by 

d i f f e r e n c e s  i n t he  sharpness of  the r e s u l t i n g  st acked  

l ami nae .

Admi xt ures f rom d i r e c t  suspension s e d i me n t a t i o n  

produce sedi ment s  i n  which coarser  and f i n e r  l ami nae are 

j ux t apos ed  ( S i n g h ,  1 9 7 2 ) .  Since the f l a t - l a m i n a t i o n s  of  

s i l t y  sand beds in the f l a t - l a m i n a t e d  sand sedi ment - t y pe  

are  c h a r a c t e r i s t i c a l l y  s u b t l e  and o f  u n i f o r m t e x t u r e ,  

t hey  are not  the  pr oduc t  o f  d i r e c t  suspensi on  

s e d i m e n t a t i o n .

I n s t e a d ,  t he  d e p o s i t i o n  of  f l a t - l a m i n a t e d  s i l t y - s a n d  

r e s u l t s  f rom suspensi on s e d i me nt a t i on  in c u r r e n t  

v e l o c i t i e s  c a pa b l e  of  bedl oad t r a c t i o n ,  whereby sediments  

s e t t l e  i n t o  t he  bedl oad (Kuenen,  1966b,  1967;  Mi d d l e t on ,  

1967;  Kuenen and Sengupta,  1970;  Lowe, 1982;  Harms e t .  

a l ,  19 82 ) .  The bedl oad l a y e r  i s  fed by p a r t i c l e s  

s e t t l i n g  f rom a f l ow whose c a p a c i t y  f o r  r e t a i n i n g
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suspended l oad i s  exceeded by d e c e l e r a t i o n  of  the f low 

(Lowe,  1 9 8 6 ) .  In dr oppi ng the excess l oa d ,  a l l  

g r a i n - s i z e s  i n suspension are d e p o s i t e d ,  but  the hi gher  

s e t t l i n g  r a t e  o f  the c o a r s e r  g r a i n s  causes the suspended 

l oad t o  f i n e  p r o g r e s s i v e l y  as i t  t r a v e l s  downstream 

(Kuenen,  1966b,  1967;  Kuenen and Sengupta,  1970;  Ghosh 

e t .  a l ,  1 9 8 6 ) .  Th i s  process produces a d i s t a l l y - f i n i n g  

d e p o s i t .  Because the f l o w ' s  l e a d i n g  edge t r a v e l s  across 

any s u r f a c e  a t  a h i g h e r  v e l o c i t y  than does i t s  t r a i l i n g  

edge,  t he  i n i t i a l  c u r r e n t s  are charged wi t h  sediment .

But ,  w i t h  d e c e l e r a t i o n ,  the f l ow becomes p r o g r e s s i v e l y  

d e p l e t e d  in c o a r s e r  g r a i n s  and thus d e p o s i t s  a 

f i n i n g - u p w a r d  l a y e r .  The f l a t - 1  ami na t i o n  of  these graded 

beds i s  produced by accumul a t i on  t h a t  i s  slow enough to 

s o r t  t he  g r a i n s  (Kuenen,  1966a;  B a n e r j e e ,  19 7 7 ) .  Thus,  

the g r a d a t i o n  f rom c l e a n  f l a t - l a m i n a t e d  sand t o  s i l t y  

f l a t - l a m i n a t e d  sand r ecor ds  f l ow d e c e l e r a t i o n  which 

f o r c e d  t he  suspended load to accumul a t e .

The d e p o s i t i o n  of  bedl oad sand,  s i l t ,  and c l ay  

t o g e t h e r  in i n d i v i d u a l  l ami nae i s  c o n t r o l l e d  by hydr aul i c  

and pack i ng p r oc e s s e s .  H y d r a u l i c a l l y , p u l s a t i o n s  in 

n e a r - b e d  t u r b u l e n c e ,  and the e x i s t e n c e  o f  a t h i n  l a y e r  of  

l a m i n a r - f l o w  a t  t he  bed pe r mi t  d e p o s i t i o n  of  s i l t ,  and 

even c l a y ,  d i r e c t l y  onto or i n t o  the bed (Simons et  a l . ,  

1963;  Kuenen and sengupt a ,  1 9 7 0 ) .  However ,  the packing 

of  g r a i n s  i n t o  a f ramework f rom a bedl oad domi nated by
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g r a i n  c o l l i s i o n s  i s  e q u a l l y  or more i mp o r t a n t  than t h e i r  

h y d r a u l i c  s e l e c t i o n  (Moss,  19 7 2 ) .  T h e r e f o r e ,  s i l t  i s  

r e a d i l y  accept ed  i n t o  sandy l ami nae ,  o f t e n  t o  the p o i n t  

t h a t  a bimodal  sedi ment  i s  produced (Moss,  1 9 7 2 ) .  

F u r t h e r mo r e ,  c l a y  and f i n e  s i l t  are i n c o r p o r a t e d  i n t o  

f l a t - 1  aminae because t hey  are  t r apped between 

a c c umul a t i ng  g r a i n s  a t  a c o n c e n t r a t i o n  s i m i l a r  t o  t h a t  in 

t he  suspended load (Simons e t .  a l ,  1963;  Kuenen,  1966b;  

Kunenen and Sengupta,  1970;  Moss,  1972 ) .

Some f i n e  s i l t  and c l a y  pr obabl y  ent ered  

f l a t - l a m i n a t e d  sands by t he  i n f i l t r a t i o n  of  slow moving 

or ponded t u r b i d  f l o o d  w a t e r .  I n f i l t r a t i o n  i s  

c h a r a c t e r i s t i c  o f  t e r r e s t r i a l  s h e e t f l o o d s  (McGee,  1897;  

Wal ker  e t  a l . ,  1978;  T u r n e r ,  1980;  Mo l e n aa r ,  1986;  F l i n t ;  

1 9 8 7 ) .  F i n a l l y ,  a u t h i g e n i c  c l a y  mi n e r a l s  c o n t r i b u t e  to  

t he  d i r t y  appearance o f  some f l a t - l a m i n a t e d  sand beds 

( He r nd on , 1 9 8 3 ) .

5) Load s t r u c t u r e s . Load s t r u c t u r e s  w i t h i n  the  

l ower  s t r u c t u r e l e s s  p a r t s  of  t h i c k e r  sand beds,  or at  the 

i n t e r f a c e  between t h e i r  s t r u c t u r e l e s s  and f l a t - l a m i n a t e d  

p a r t s  r e s u l t  f rom s l o w l y  d e p o s i t e d ,  dense l y  packed l ayer s  

d e p o s i t e d  f rom t r a c t i o n ,  l o a d i n g  down i n t o  more r a p i d l y  

d e p o s i t e d ,  more l o o s e l y  packed l a y e r s  a l so d e p o s i t e d  from 

t r a c t i o n .  Load s t r u c t u r e s  a t  t he  bases of  f l a t - l a m i n a t e d  

sand beds r ecor d  dense l y  packed f l a t - l a m i n a t e d  sand 

d e p o s i t e d  by t r a c t i o n  t h a t  loaded down i n t o  more l oose l y
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packed l ower  regi me or  sus pe ns i on - wi t h  t r a c t i o n  deposi t s  

(Moss,  1972;  V i s h e r  and Cunningham,  1981)  of  the previous  

de p o s i t o n a l  e v e n t .  I n  both cases,  r a p i d  d e p o s i t i o n  and 

l o a d i n g  f o r c e d  pore f l u i d s  t o f low up through p i l l a r s  

between t he  l o a d s ,  up t o  t he  s e d i me n t / w a t e r  i n t e r f a c e ,  

l i q u e f y i n g  t he  p i l l a r s  (Lowe,  1975;  V i s h e r  and 

Cunningham,  1 9 8 1 ) .  In some load s t r u c t u r e s ,  the l oadi ng  

l a y e r  was a l s o  l i q u i f i e d  by the ascendi ng f l u i d s ,  and i t s  

dewat e r i ng  and r e - p a c k i n g  dest r oyed pr i ma r y  l a m i n a t i o n s .

In o t he r  l o ad  s t r u c t u r e s ,  c o n f i n i n g  pr e s s ur e  was 

s u f f i c i e n t  t o  m a i n t a i n  t he  f l a t - 1  ami n a t i o n s  of  the  

l o a d i n g  l a y e r ,  so t h a t  t he  l a m i n a t i o n s  p a r a l l e l  the 

e x t e r n a l  f orm of  t he  l oad c a s t  ( V i s h e r  and Cunningham,  

1 9 8 1 ) .  The c o n t i n u i t y  of  load de f o r mat i o n  up i n t o  

f l a t - 1  a mi n a t i o n s  show t h a t  l oadi ng o c c u r r e d  dur i ng  

d e p o s i t i o n ,  not  as l a t e r ,  l a r g e - s c a l e  d i s r u p t i o n  of  the 

sediment  package by de wa t e r i ng  and compact i on ,  or seismic  

shocks (Lowe,  1975;  M i l l s ,  1983) .

6)  C l i mb i n g  r i p p l e s . The common upward t r a n s i t i o n  

f rom e r o s i o n a l - s t o s s  to d e p o s i t i o n a l - s t o s s  c l i mb i ng  

r i p p l e s  r e c o r d s  t he  de cr e a s i n g  bedl oad t r a c t i o n  r a t e  and 

i n c r e a s i n g  suspensi on s e t t l i n g  r a t e  o f  a wa i n i ng  f l ow.  

( J o p l i n g  and Wa l k i ng ,  1968;  Ashely e t .  a l ,  1 9 8 2 ) .  The 

very  r a r e ,  o p p o s i t e  upward t r a n s i t i o n  f rom 

d e p o s i t i o n a l - s t o s s  to e r o s i o n a l - s t o s s  c l i mb i n g  r i p p l e s  

r e q u i r e s  t h a t ,  w i t h  t i m e ,  the suspension s e t t l i n g  r a t e
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decr eased r e l a t i v e  t o the bedload t r a n s p o r t  r a t e ,  wh i l e  

the upward decr ease  in g r a i n -  and r i p p l e - s i z e  i n d i c a t e s  

d e c e l e r a t i n g  f l o w  ( J o p l i n g  and Wa l k e r ,  1 9 6 8 ) .  Th i s  

sequence i s  i n t e r p r e t e d  to record w a i n i n g  f l o w which held 

p r o g r e s s i v e l y  l e s s  sedi ment  in suspe ns i on ,  as di scussed  

in t he  p r e c e d i n g  a n a l y s i s  o f  s i l t y  f l a t - l a m i n a t e d  sands.

7) Symmet r i ca l  r i p p l e s . The s t r a i g h t - c r e s t e d  

symmet r i ca l  r i p p l e s  which cap some f l a t - l a m i n a t e d  sand 

beds are i n t e r p r e t e d  t o  have formed by w a v e - o s c i 11a t i on  

i n ponded w a t e r .  The smal l  s i ze  and wave l e ngt h  of  the  

o s c i l l a t i o n  r i p p l e s  i n d i c a t e  t h a t  t hey  were produced in 

sha l l ow w a t e r  ( Re i neck  and Singh,  1 9 8 0 ) .

8)  Muddy c a p . The common upward t r a n s i t i o n  from 

f l a t - l a m i n a t e d  s i l t y - s a n d  to a t h i n  muddy cap r ecords the 

change f rom s u s p e n s i o n - w i t h - t r a c t i o n  t o  d i r e c t  suspension  

s e d i m e n t a t i o n  brought  on by f l ow too slow t o  t r a n s p o r t  

sedi ment  as be d l oad ,  y e t  s t i l l  ca pab l e  o f  t r a n s p o r t i n g  

and d e p o s i t i n g  c l a y  f rom suspensi on.  U l t i m a t e l y ,  the  

l o c a l  pondi ng o f  the t u r b i d  wat er s  a l l o w e d  the f i n e s t  

suspended m a t t e r  t o s e t t l e  out  in s t i l l  w a t e r .

9)  Shr i nk age  c r a c k s . Al t hough t h e r e  i s  some 

o v e r l a p  i n  morphology between s u b a e r i a l l y -  and 

subaqueous i y -  or  s u b s t r a t a l l y - f o r m e d  shr i nka ge  cracks  

(Plummer and G o s t i n ,  1 9 8 1 ) ,  those de f or mi ng  the muddy 

caps o f  f l a t - l a m i n a t e d  sand beds c o n s i s t e n t l y  possess 

q u a l i t i e s  i n d i c a t i v e  o f  d e s i c c a t i o n .  They are s t r a i g h t
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and o u t l i n e  w e l l - d e f i n e d  pol ygons ,  and some mud l a y e r s  

are  cut  by s e v e r a l  o r de r s  of  c r a c k s ,  r e c o r d i n g  d i f f e r e n t  

g e n e r a t i o n s  of  c r a c k i n g ,  a process unique to d e s i c c a t i o n  

( P i c a r r d  and Hi gh ,  1973;  Reineck and S i ngh ,  1980;  Plummer 

and G o s t i n ,  1 9 8 1 ) ,  The upward c u r v a t u r e  of  many 

mud- pol ygons,  and t he  d e r i v a t i o n  o f  c r a c k - f i l l  f rom above 

a l s o  i n d i c a t e  s u b a e r i a l  d e s i c c a t i o n .  Deep d r y i n g  of  

s u n- c r a c ke d  muds produces wi de ,  deep,  V-shaped cracks and 

a c o n s i d e r a b l e  s hr i n ka ge  in sedi ment  volume.  In 

a d d i t i o n ,  the mud c l a s t s  w i t h i n  f l a t - l a m i n a t e d  sand beds 

are  p r o b a b l y  d e r i v e d  f rom d r i e d ,  d u r a b l e ,  r i p p e d - u p  mud 

pol ygons .

Cracks produced by s y n a e r e s i s ,  the subaqueous 

de w a t e r i n g  of  c l a y  m i n e r a l s ,  are u n l i k e  those observed in 

t h i s  s t udy .  S y n a e r e s i s  cr acks are r e p o r t e d  have a 

si nuous or  s p i n d l e  pl an shape (Donovan and F o s t e r ,  1972;  

P i c a r d  and Hi gh ,  1973;  Plummer and G o s t i n ,  1 9 8 1 ) ,  and 

t hey  r a r e l y  deve l op i n t o  pol ygonal  p a t t e r n s  ( B u r s t ,  1965;  

Rei neck and s i n gh ,  1 9 8 0 ) .  Subaqueous and s u b s t r a t a l  

s y n a e r e s i s  c r ac ks  do not  c u r l  a t  t h e i r  edges,  and can be 

f i l l e d  f rom below as w e l l  as above (Plummer and Gost i n ,

1 9 8 1 ) .  S y n a e r e s i s  produces narrow f i s s u r e s  ( B u r s t ,  1965;  

Rei neck and S i ngh ,  1 9 8 0 ) ,  and thus i n v o l v e s  l ess  

w a t e r - 1  OSS and c o n t r a c t i o n  than d e s i c c a t i o n  does.  

Compact ion o f  b u r i e d  s y na e r e s i s  c r a c k s  i s  l i k e l y  to widen 

and crumpel  them (Donovan and F o s t e r ,  1 9 7 2 ) ,  because the
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m o i s t u r e  co n t e n t  of  c l a y s  i s  s t i l l  r e l a t i v e l y  hi gh.

10) Col o r a t i o n . The p r e v a l e n t  g r e y ,  p u r p l e ,  and red 

c o l o r s  o f  f l a t - l a m i n a t e d  sand beds (and R a v a l l i  Group 

r ocks  in g e n e r a l )  are due t o he ma t i t e  d i ssemi na t ed  

t h r oughou t  t he  rocks as pore  f i l l i n g  and g r a i n - r i m s .  The 

h e m a t i t e ,  an a u t h i g e n i c  mi n e r a l  and a l t e r a t i o n  pr oduct  of  

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

o x i d i z i n g  d i a g e n e t i c  c o n d i t i o n s  (Herndon,  1983)  

c h a r a c t e r i s t i c  of  d e p o s i t i o n  a l t e r n a t i n g  wi t h  s u b a e r i a l  

exposure ( T u r n e r ,  1980;  Mo l e n a a r ,  1986;  F l i n t ,  19 87 ) .  

A c c o r d i n g l y ,  h o r i z o n t a l  l e i s i g a n g  bands most ly p a r a l l e l  

o x i d i z e d  heavy mi ner a l  l a m i n a e ,  w h i l e  c o n c e n t r i c  

l e i s i g a n g  p a t t e r n s  p r ob a b l y  r e cor d  d i f f u s i o n  t hrough the  

l oose  sedi ment .

11) Absence of  l a r g e - s c a l e  be d f o r ms . The common 

v e r t i c a l  t r a n s i t i o n  f rom upper  pl ane bed l a m i n a t i o n  to 

l ower  regime r i p p l e - b e d d i n g  w i t h o u t  i n t e r v e n i n g  

l a r g e - s c a l e  c r o s s - s t r a t i f i c a t i o n  i s  c o n t r a r y  to the 

e q u i l i b r i u m  f l o w  regime model  (Simons e t .  a l ,  1 9 65 ) .

Three  f a c t o r s  p r oba b l y  c o n t r i b u t e d  t o  sk i pp i ng  the  

me ga r i pp l e  s t age :  1) t he  v i r t u a l  i n a b i l i t y  of  very

f i n e - g r a i n e d  sands t o  form megar i pp l e s  (Harms e t .  a l ,

1 9 8 2 ) ,  2)  d i s e q u i l i b r i u m  between t he  f l ow and t he  bed 

( A l l e n ,  1973;  A l l e n  and C o l l i n s o n ,  1 9 7 4 ) ,  and 3)  

sha l l owness  of  the f l o w  ( S i n g h ,  1 9 7 2 ) .

M e g a r i p p l e s  would no t  be a f a v o r e d  bedform simply
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because v e r y  f i n e - g r a i n e d  sand i s  t he  dominant  

c o n s t i t u e n t  of  t he  f l a t - l a m i n a t e d  sand sedi ment  type.  

However ,  s i nce  f i n e - g r a i n e d  sand i s  l o c a l l y  abundant  in 

t hese  d e p o s i t s ,  and the f o r mat i on  of  ve ry  f i n e - g r a i n e d  

megar i pp l e s  i s  p o s s i b l e ,  a l t hough uncommon, t h i s  f a c t o r  

does not  in i t s e l f  e x p l a i n  t h e i r  absence f rom the  

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

Due t o  t h e i r  s i z e ,  the b u i l d - u p  and ma i n t a i nenc e  of  

mega r i p p l e s  r e q u i r e  t h a t  the proper  f l o w  c o n d i t i o n s  

p e r s i s t  f o r  a l e n g t h y  t i me pe r i od  ( A l l e n ,  1973,  A l l e n  and 

C o l l i n s o n ,  1 9 7 4 ) .  Thus,  t he  absence o f  l a r g e - s c a l e  

c r o s s - s t r a t i f i c a t i o n  may i n d i c a t e  t h a t  t he  unconf i ned  

f l ow d e c e l e r a t e d  too q u i c l y  f o r  me g a r i p p l e s  to devel op.

The high s e d i m e n t a t i o n  r a t e  recorded by load s t r u c t u r e s  

and c l i mb i n g  r i p p l e s  c o n f i r m  t h a t  f l o w wai ned r a p i d l y .

A f l o w  depth o f  s e v e r a l  de c i met e r s  or more i s  

necessary  f o r  me ga r i pp l e  development  ( S i n g h ,  1972) .

Si nce upper  p l ane  bed s t a b i l i t y  r e q u i r e s  i n c r e a s i n g  f l ow  

v e l o c i t y  w i t h  i n c r e a s i n g  dept h ,  p l ane  beds are l ess  

abundant  than l ower  f l o w  regime bedforms in deeper  f lows  

(Harms e t .  a l ,  1 9 8 2 ) .  The overwhelming dominance of  upper 

pl ane  l a m i n a t i o n s  i n  t h i s  sediment  t y p e  t h e r e f o r e  

i n d i c a t e s  t h a t  the d e p o s i t i n g  f l ow was no r ma l l y  shal low;  

t he  abscence of  me g a r i p p l e s  suggests t h a t  the f l ow was 

u s u a l l y  l e s s  than a few dec i met er s  deep.

W a v e - o s c i 11a t i o n  r i p p l e s  a l s o  i n d i c a t e  shal l ow wat er
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d e p o s i t i o n ,  and mudcracks i n d i c a t e  subsequent  exposure of  

f l a t - l a m i n a t e d  sand beds.

12)  Flow r e g i m e . The p l a n a r  bed phase of  the  

f l a t - l a m i n a t e d  sand beds suggests t h a t  upper  pl ane bed 

c o n d i t i o n s  domi nated t h i s  system by m a i n t a i n i n g  a bal ance  

between f l o w depth and v e l o c i t y  through aggr ada t i on  of  

t h e  bed.  However ,  the upper p o r t i o n  of  many s i l t y  sands 

were d e p o s i t e d  under  l ower  regime f l o w ,  in which the  

devel opment  o f  r i p p l e s  and me g a r i p p l e s  was suppresed by 

t h e  uns t e a d i ne s s  of  unc onf i n ed  f l o w  (Moss,  1972) ,  and the  

hi gh appa r e n t  v i s c o s i t y  o f  t he  bedl oad l a y e r ,  which 

dampens t u r b u l e n c e  near  t he  bed t o  t he  p o i n t  t h a t  

bedforms are  not  s t a b l e  ( A l l e n  and L e e d e r ,  1980) .

Loadi ng i n t o  bed tops suggest s  t h a t  s i l t y - s a n d s  

f r e q u e n t l y  possessed the g r a i n - p a c k i n g  o f  lower f low  

r eg i me  sedi ments d e s p i t e  t h e i r  p l ane  bed s t r a t i f i c a t i o n  

(Moss,  1 9 7 2 ) .  Occasi onal  c l i mb i n g  r i p p l e  sets  

de monst r a t e  a success f u l  t r a n s i t i o n  f rom an upper to a 

l o w e r  regi me bed phase,  and r e - a f f i r m  t he  concl usi on t h a t  

s i l t y  sands were d e r i v e d  f rom suspens i on,  but  emplaced as 

b e d l o a d .

Concl usi on : The p r e c ed i ng  c o n s i d e r a t i o n s  i n d i c a t e

t h a t  beds o f  t he  f l a t - l a m i n a t e d  sand se d i ment - t y pe  were 

d e p o s i t e d  by e p i s o d i c ,  s h a l l o w ,  u n c o n f i n e d ,  domi nant ly  

upper  regi me f l o w s  which i n und a t e d  b r o a d ,  f l a t  sur faces  

as c o n t i n u a l l y  d e c e l e r a t i n g  sheet s  o f  t u r b i d  wat er .  The
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predomi nance of  upper regi me f l o w ,  the high suspended 

sedi ment  c o n t e n t ,  and t he  g r e a t  l a t e r a l  e x t e n t  of  beds 

i n d i c a t e  t h a t  the f l ows  were of  a f l o o d  magni tude;  and 

conform t o  t he  concept  o f  s h e e t f l oo ds  as a "sheet  of  

un c o n f i n e d  f l o o d  wa t e r  moving down a sl ope"  (Hogg,  1982) .  

I n t e r v e n i n g  mud l a y e r s ,  w a v e - o s c i l l a t i o n  r i p p l e s ,  and 

s u n - c r a c k s  c o n f i r m t h a t  t he  f l ows were d i s c r e t e ,  

ephemeral  f l o o d  event s  se pa r a t e d  by t i me  i n t e r v a l s .

Where t hese  f e a t u r e s  are absent  between sand beds,  f l o o d  

w a t e r s  may have i n f i l t r a t e d  q u i c k l y  w i t h o u t  pondi ng,  they 

may have been scoured by the next  s h e e t f l o o d ,  or st acked  

beds were de p o s i t e d  by d i f f e r e n t  pu l ses  of  a s i n g l e  f l ood  

e v e n t  (McKee e t .  a l ,  1967;  S t e a r ,  1 9 8 5 ) .

The f r o n t s  of  some s h e e t f l o o d s  were capabl e  of  

sc our i ng t he  ground s u r f a c e ,  but  as f l ow i nundat ed  a 

p r o g r e s s i v e l y  l a r g e r  a r e a ,  i t  t h i nne d  and d e c e l e r a t e d ,  

f o r c i n g  sedi ment  to d e p o s i t  c o n t i n u a l l y .  Wi th each 

f l o o d ,  a wa t e r  mass surged out  onto a sandy p l a i n ,  

becoming t he  h i ghe s t  t o p o p r a p h i c  f e a t u r e  in the a r e a .

The r e s u l t i n g  h y d r a u l i c  head caused t he  f l u i d  t o  spread 

out  e v e n l y  in many d i r e c t i o n s ,  wa i n i ng  c o n t i n u a l l y  as i t  

f l o w e d ,  and d e p o s i t i n g  t he  v e r t i c a l l y  and l a t e r a l l y  

f i n i n g  beds of  the f l a t - l a m i n a t e d  sand sediment  t ype .

The term s a n d f l a t  ( H a r d i e  e t  a l . ,  1978)  descr i bes  the  

g e n t l y  s l o p i n g  sandy apron de pos i t e d  by shee t f l oods  

d i s t a l  f rom b r a i d e d  c h a n n e l s .
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S h e e t f l o o d s  have been observed in r e c e n t  t i mes  

(McGee,  1897;  Rahn,  1 9 6 7 ) ,  but  t h e i r  ephemeral  and 

c a t a s t r o p h i c  n a t u r e  l e a v e s  t he  study o f  r e c e n t  (McKee 

e t .  a l ,  1967;  W i l l i a m s ,  1971;  Tu nbr i dge ,  1983;  B l a i r ,

1987)  ) and a n c i e n t  s h e e t f l o o d  d e p o s i t s  ( H a r d i e  e t  a l ,  

1978;  Tunbr i dge  1981,  1984;  Huber t  and Hyde,  1982;  Sneh,  

1983;  Smoot ,  1983;  Chead l e ,  1986;  Demicco and Kordesch,  

1986;  F l i n t ,  1987)  as the on l y  p r a c t i c a l  means to  

d i s c o v e r  t h e i r  d e p o s i t i o n a l  pr oc ess es .  Modern and 

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

s i m i l a r  t o  t hose  of  the f l a t - l a m i n a t e d  sand sediment  

t y p e .  M i a l l  ( 1 98 5 )  r e c o g n i z e s  s h e e t f l o o d s  t o  be p a r t  of  

t he  spect rum o f  f l u v i a l  systems.

EVEN COUPLE SEDIMENT-TYPE 

DESCRIPTION

The even couple s e d i m e n t - t y p e  i s  c h a r a c t e r i z e d  by 3 

t o  10 cm t h i c k ,  l a t e r a l l y  e x t e n s i v e ,  even,  graded beds 

whi ch c o n t a i n  sandy or  s i l t y  lower  l a y e r s ,  and muddy 

upper  l a y e r s  ( f i g u r e s  16 and 1 7 ) .  Even coupl es  can o f t en  

be t r a c e d  ac r oss  30 met ers  of  out cr op  w i t h o u t  t h i n n i n g ,  

and appear  t a b u l a r  in s m a l l e r  ou t c r op s .  The lower  l a y e r s  

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

s a n d y - s i l t ,  or  s i l t ,  and commonly i n c l u d e  

m a t r i x - s u p p o r t e d  mudchips.  R a r e l y ,  mudchips are  

c o n c e n t r a t e d  a t  the bases o f  even c o u p l e s ,  f ormi ng l a y e r s
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Fi gur e  16.  Couple s e d i me n t - t y p e .  Couples wi t h  
cracked c l a y  l a y e r s .  Mudchip congl omerate  l a y e r  ( cent e r )  
forms the base of  a t h i c k  coupl e wi t h  a graded s i l t  l a y e r  
and a t h i n ,  sun- cracked c l a y  cap.
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F i g u r e  17.  Couple s e d i m e n t - t y p e .  Couples wi t h  
f l a t - l a m i n a t e d  s a n d y - s i l t  l a y e r s  and t h i n ,  sun-cracked  
c l a y  l a y e r s .  Bands of  d i a g e n e t i c  h e m a t i t e  c o n c e n t r a t i o n s  
a c c e n t u a t e  f l a t - 1  a mi n a t i o n s .



66

o f  i n t r a f o r m a t i o n a l  congl omerate ( see  f i g u r e  1 6 ) .

F l a t - 1  a m i n a t i o n s  c h a r a c t e r i z e  the s i l t y  l a y e r s  (see 

f i g u r e  1 7 ) ,  bu t  some are simply g r ade d ,  w h i l e  o t h e r s ,  

l e s s  common ones,  are r i p p l e  c r o s s - l a m i n a t e d  (see f i g u r e  

1 6 ) .  The upper  muddy l a y e r s  are c o n t i n u a t i o n s  of  the  

f i n i n g - u p w a r d  s i l t  be l ow,  but  they s t a nd  out  as d i s t i n c t  

l a y e r s  because t he  f i n e  s i l t  and c l a y  c o n t e n t  o f  the  

sedi ment  i n c r e a s e s  d r a m a t i c a l l y .  Symmet r i ca l  r i p p l e s  

o c c a s i o n a l l y  cap the s i l t y  l a y e r  and have a sharp 

boundary w i t h  t he  o v e r l y i n g  muddy l a y e r .  The muddy 

l a y e r s  are  g e n e r a l l y  l e s s  than a t h i r d  o f  an even 

c o u p l e ' s  t h i c k n e s s ,  and are commonly mudcracked ( f i g u r e  

16 and 1 7 ) .  The c r ac ks  are s i m i l a r  t o  t hose de scr i bed  

w i t h  the f l a t - l a m i n a t e d  sand s e d i me n t - t y p e  and are  

i n t e r p r e t e d  t o  be d e s i c c a t i o n  cr ac ks  f o r  t he  reasons  

c i t e d  f o r  t he  f l a t - l a m i n a t e d  sand mudcracks.

Bedding c o n t a c t s  bounding even c o u p l e s  are  shar p l y  

marked.  Most  c o n t a c t s  are p l a n a r ,  and d e t e r mi n i n g  

whet her  one i s  a d e p o s i t i o n a l  su r f a ce  or  a pl ane of  minor  

scour  i s  o f t e n  d i f f i c u l t .  Where mud pol ygons of  a 

cr acked l a y e r  are  d i s l o c a t e d ,  a scoured c o n t a c t  is  

co n f i r me d .

The d i s t i n c t i o n  between the c o a r s e r  and f i n e r  l ay e r s  

of  even coup l es  i s  a c ce n t ua t e d  by the d i f f e r i n g  co l or  or 

shade o f  t h e i r  s i l t y  and muddy l a y e r s .  In terms of  the 

c o a r s e r - t o - f i n e r  c o u p l i n g ,  co l or s  range f rom
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g r e y - t o - p u r p l e  t o  l i g h t e r  and d a r k e r  shades o f  purp l e  or 

r e d ,  and uncommonly,  gr een.  G e n e r a l l y ,  t he  s i l t y  l a y e r  

of  even c oup l es  are  l i g h t e r  and p a l e r ,  g r ad i ng  upward to  

more b r i l l a n t  h e m a t i t i c  ( p u r p l e  or r e d )  or  c h l o r i t i c  

( g r e e n )  muddy l a y e r s .

Even coup l es  u s u a l l y  form m e t e r s - s c a l e  se t s  which 

pass v e r t i c a l l y  t o  sets  o f  c o u p l e t s  or  f l a t - l a m i n a t e d  

sand beds,  but  o c c a s i o n a l ,  i s o l a t e d  even coupl es  do occur  

w i t h i n  se t s  o f  t hese  two s e d i m e n t - t y p e s .  Based on 

v e r t i c a l  sequences and s t r a t i g r a p h i e  c o r r e l a t i o n s  (see  

c h a p t e r  on s t r a t i g r a p h y ) ,  even coupl es  t h i c k e n  and 

coarsen t o  t h e  south and west ,  and t h i n  and f i n e  t o the  

n o r t h  and e a s t .  S i m i l a r l y ,  even coupl es  pass southward 

and west ward t o  f l a t - l a m i n a t e d  sand beds,  and t o  c oup l e t s  

nor t hwa r d  and eas t war d .

INTERPRETATION

Both even coupl es  and t h i n ,  s i l t y  f l a t - l a m i n a t e d  

sand beds c o n t a i n  a f i n i n g - u p w a r d  l a y e r s  composed of  

f 1 a t - 1 a mi na e , but  even coupl es are  t h i n n e r ,  

f i n e r - g r a i n e d ,  and have a n o t i c e a b l y  t h i c k e r  muddy caps.  

These s i m i 1a r i t i t i e s  i n d i c a t e  t h a t  t h e i r  d e p o s i t i o n a l  

processes  were s i m i l a r ,  w h i l e  t hese  d i f f e r e n c e s  show t ha t  

even co up l e s  a r e  the pr oduct  of  more d i s t a l  

s e d i m e n t a t i o n .  A c c o r d i n g l y ,  the s i l t y  l a y e r  of  a even 

coup l e  i s  i n t e r p r e t e d  as an upper  f l o w  regi me pl ane bed 

aggraded by s u s p e n s i o n - w i t h - t r a c t i o n  s e d i me n t a t i o n  w i t h i n
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a s h a l l o w ,  wa i n i ng  s h e e t f l o o d  ov e r l oa de d  wi t h  suspended 

sedi ment  (see d i s c u s s i o n  of  the f l a t - l a m i n a t e d  sand 

s e d i m e n t - t y p e ) .  The r i p p e d - u p  and t r a n s p o r t e d  mudchips 

a t t e s t  to the v i g o r  of  t he  shee t f l oods "  e a r l y  s t a g e s .  As 

i n  f l a t - l a m i n a t e d  sand beds,  r i p p l e  c r o s s - l a m i n a t i o n s  

r e c o r d  a s h i f t  to l ower  f l o w  regime c o n d i t i o n s .

The a b r u p t  i n c r e a s e  in c l ay  d e p o s i t i o n  and the  

suspension s e d i m e n t a t i o n  o f  the mud l a y e r  i n d i c a t e  a 

sharp drop I n  c u r r e n t  s t r e n g t h  f o l l o w e d  by pondi ng,  as 

w a t e r  rose and p r o g r e s s i v e l y  i nundat ed the a l l u v i a l  

s a n d f l a t s .  Mudcracked even couples i n d i c a t e  t h a t  the  

s ha l l ow body o f  wa t e r  r e s u l t i n g  from t he  s h e e t f l o o d s  

e v e n t u a l l y  receded and exposed the s a n d f l a t s  to  

d e s i c c a t i o n .  Subsequent  s h e e t f l o o d s  o f t e n  swept these  

broken s u r f a c e s ,  r i p p i n g - u p  mud po l ygons ,  and 

t r a n s p o r t i n g  them a s h o r t  d i s t a n c e .  The mudchips were 

d e p o s i t e d  e a r l y  on,  t owar ds  the base o f  beds,  because the 

f l o o d ' s  r a p i d  expans i on ac r oss  the ve r y  f l a t  su r f a c e  

caused t he  f l o w  t o  t h i n  and d e c e l e r a t e  c o n t i n u a l l y .  Flow 

ca pab l e  o f  sc our i ng  and t r a n s p o r t i n g  mudchips p r o x i m a l l y  

was thus f o r c e d  t o  d e p o s i t  them d i s t a l l y .

In even coupl es  w i t h  symmet r i cal  r i p p l e s  a t  the top 

of  t h e  s i l t y  l a y e r ,  waves in t he  s t an d i ng  wat er  l e f t  

a f t e r  f l o o d i n g  i mpi nged on the sediment  s u r f a c e ,  

wi nnowi ng and r e wo r k i n g  sedi ment  i n t o  o s c i l l a t i o n  

r i p p l e s .  E v e n t u a l l y ,  ca l me r  c o n d i t i o n s  a l l owed t he  mud
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t o  s e t t l e  out  o f  t he  s h a l l o w ,  t u r b i d  w a t e r ,  d e p o s i t i n g  

t he  s h a r p l y  bounded,  o v e r l y i n g  mud l a y e r .  Through 

i n f i l t r a t i o n  and e v a p o r a t i o n ,  the w a t e r  d i s a p p e a r e d ,  

l e a v i n g  a dry s u r f a c e  which was commonly s u n- c r a ck e d .  

COUPLET SEDIMENT-TYPE 

DESCRIPTION

The c o u p l e t  s e d i m e n t - t y p e  in t he  R a v a l l i  Group i s  

c h a r a c t e r i z e d  by 0 . 3  t o  3 cm t h i c k ,  l a t e r a l l y  e x t e n s i v e ,  

s h a r p l y  bounded,  f i n i n g - u p w a r d  beds composed o f  a lower  

f l a t - l a m i n a t e d ,  r i p p l e  c r o s s - l a m i n a t e d ,  or s i mpl y graded 

s i l t y  l a y e r  g r a d a t i o n a l l y  or  sha r p l y  o v e r l a i n  by a c l ayey  

upper  l a y e r  (see f i g u r e s  18 ,  19,  2 0 ) .  The l ower  l a y e r s  

range f rom very  f i n e - g r a i n e d  s i l t y  sand,  t o s i l t ,  t o  

c l a y e y  s i l t ,  and commonly c o n t a i n  rounded,  

m a t r i x - s u p p o r t e d  mudchi ps.  Cracks commonly cu t  the upper  

c l a y e y  l a y e r s  i n t o  mud pol ygons .  Where mud pol ygons are 

d i s l o c a t e d ,  or  t he  l o we r  s i l t y  l a y e r s  c o n t a i n  r i ppe d - up  

mudchi ps,  l o c a l  basal  scour  i s  r e c or d ed ,  but  most coupl et  

bases show no e v i de nc e  of  be i ng scoured.  Coupl e t s  are  

t a b u l a r  and c o n t i n u o u s  i n  smal l  exposur es ,  and i n d i v i d u a l  

c o u p l e t s  can o f t e n  be t r a c e d  across ou t c r ops  10 meters  

wi d e .

Both t he  l e n t i c u l a r  and even c o u p l e t  s e d i ment - t y pe s  

d e f i n e d  by Winston ( 1 9 8 6 c )  ar e  i n c l ud e d  i n  t he  coup l e t  

s e d i m e n t - t y p e  as r e c o g n i z e d  here because,  a l t hough  

d i f f e r e n t i a l  w e a t h e r i n g  and c l eavage r e f r a c t i o n  make



Fi gur e  18.  Coupl et  s e d i me n t - t y p e .  Even and 
l e n t i c u l a r  c h l o r i t i c  c o u p l e t s .  Note o s c i l l a t i o n  
r i p p l e s  cappi ng the t h i c k  s i l t  l a y e r s . o
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F i g u r e  19.  Coupl e t  s e d i m e n t - t y p e .  Even and 
l e n t i c u l a r  c h l o r i t i c  c o u p l e t s .  Note d a r k e r  symmetr ical  
r i p p l e s  o v e r l a i n  by l i g h t e r  mud.



Figure 20.  Couplet  sediment type and mudchip conglomerate sedi ment - t ype ,  
sub-type 1 ( top of  photo to the r i g h t ) .  The base of  t h i s  boulder  consists of  
he ma t i t i c ,  mudcracked even couplets o v e r l a i n  by a bed of  sub- type 1 mudchip 
conglomerate.  Spindle-shaped,  s e d i m e n t - f i l l e d  cracks of  vary i ng v e r i t i c a l  
extents  are widest  in the st ratum composed of stacks of  cur l ed even cou p l e t s ,  
and d i e - o u t  in the over l y i ng  set of f l a t - l y i n g ,  mudcracked even couplets .

ro
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c o u p l e t s  e v i d e n t  i n  o u t c r o p ,  c l e av age  and l i c h e n s  o f t e n  

obscure t he  d e t a i l s  o f  i n t e r n a l  l a y e r i n g ,  making i t  

d i f f i c u l t  t o  c o n s i s t e n t l y  de t er mi ne  whet her  t h e  lower  

s i l t y  l a y e r s  are  o f  c o n s t a n t  t h i c k n e s s ,  as in even 

c o u p l e t s  ( f i g u r e  18 ,  2 0 ) ,  or  compr ise t he  

s t r a i g h t - c r e s t e d  symmet r i ca l  r i p p l e s  o f  l e n t i c u l a r  

c o u p l e t s  ( f i g u r e  18 ,  1 9 ) .  Thus,  t he  c o u p l e t  

s e d i m e n t - t y p e  as used here i s  s i m i l a r  t o the  

f l a t - l a m i n a t e d  sand and coupl e s e d i m e n t - t y p e s  i n t h a t  

some beds i n c l u d e  symmet r i ca l  r i p p l e s ,  and o t h e r s  do not .

A d i s t i n c t i v e  s u b - v a r i e t y  o f  even c o u p l e t s  

r e c o g n i z e d  in t h i s  s t udy i s  termed t he  a l pha  c o u p l e t  

v a r i e t y .  Alpha c o u p l e t s  are c o n t i n u o u s l y  gr aded and r i c h  

i n c l a y  f rom base t o  t o p ,  so t h e i r  upper  and l ower  l a y e r s  

ar e  l e s s  d i s t i n c t  t han  those of  r e g u l a r  even c o u p l e t s .

The l ower  s i l t y  l a y e r s  o f  a l pha c o u p l e t s  do no t  conta i n  

f l a t - 1  a m i n a t i o n s ,  c r o s s - l a m i n a t i o n s ,  or  mudchi ps,  and 

t h e i r  upper  l a y e r s  a r e  not  mudcracked.  Oc c a s i ona l  s t r a t a  

up t o  4 c e n t i m e t e r s  t h i c k  are composed o f  b r o a d l y  

U- shaped p i l l o w s  o f  c o n c e n t r i c a l l y  deformed a l pha  

c o u p l e t s  s e p a r a t e d  by s t r u c t u r e l e s s  mud p i l l a r s .

L e n t i c u l a r  and even c oup l e t s  range f rom gr ey  to 

p u r p l e  t o  r e d ,  and l e s s  commonly t h e y  are g r e e n .  Very 

r a r e l y ,  green s i l t y  l a y e r s  are o v e r l a i n  by p u r p l e  c layey  

l a y e r s .  A l l  a l pha  c o u p l e t s  are g r ee n .  G e n e r a l l y ,  the  

l ower  s i l t y  l a y e r s  o f  c o u p l e t s  are  l i g h t e r  i n  c o l o r ,  and
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grade up t o  t h e  d a r k e r  c o l o r e d  c l a y e y  l a y e r s  (see f i g u r e s  

18,  2 0 ) ,  but  d a r k e r - t o - 1  i g h t e r  c o u p l e t i n g  occurs  l o c a l l y  

( f i g u r e  1 9 ) .

Red,  p u r p l e ,  and gr ey  c o up l e t s  are h e m a t i t i c ,  and 

green c o u p l e t s  are  c h l o r i t i c .  The h e ma t i t e  and c h l o r i t e  

ar e  d i a g e n e t i c  m i n e r a l s  (Herndon,  1983)  formed under  

o x i d i z i n g  and r e duc i n g  c o n d i t i o n s ,  r e s p e c t i v e l y ,  so the 

c o l o r  o f  c o u p l e t s  i s  a pr oduct  o f  d i a g e n e s i s .  However,  

l e n t i c u l a r  c o u p l e t s  are  most commonly c h l o r i t i c ,  whi l e  

even c o u p l e t s  are most commonly h e m a t i t i c ,  and h e m a t i t i c  

c o u p l e t s  are  more commonly mudcracked than c h l o r i t i c  

c o u p l e t s .

L e n t i c u l a r  and even c o up l e t s  u s u a l l y  form met er -  to  

t ens  of  m e t e r s - s c a l e  se t s  which pass v e r t i c a l l y  to sets  

o f  coupl es  o r ,  uncommonly,  t o  set s  o f  f l a t - l a m i n a t e d  sand 

beds.  Occas i ona l  i s o l a t e d  c oup l e t s  occur  w i t h i n  sets of  

coup l es  or  f l a t - l a m i n a t e d  sand beds.  T h i c k l y  coupl e t ed  

i n t e r v a l s  i n  the G r i n n e l l  Format i on o f  the e a s t e r n  side  

of  t he  study area  pass westward t o  i n t e r v a l s  o f  even 

coupl es  (see f i g u r e  2%) .  L e n t i c u l a r  and even c o up l e t s  are 

g e n e r a l l y  t h i c k e r  and si  1 t i e r  t oward t he  w e s t ,  and 

t h i n n e r  and muddi er  t owar d the e a s t .

Alpha c o u p l e t s  form d i s t i n c t i v e ,  s har p l y - bounded  

s e t s  up t o  a meter  t h i c k .  The sets o f  a l pha  c o u p l e t s  and 

t he  d i s t i n c t i v e  u n d e r l y i n g  and o v e r l y i n g  sandy sediments  

a r e  e a s i l y  r e c o g n i z e d  in ou t c r op ,  and ar e  used as keybeds
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i n  t h e  s t r a t i g r a p h i e  c o r r e l a t i o n s  ( f i g u r e  2 Ï ,  Appendix  

F ) .  One keybed oc cur s  i n  t he  upper R e v e t t  Format i on  of  

Nor t h  Crow Creek;  a n o t h e r  c o r r e l a t e s  between t h e  St .

Reg i s  Format i on of  Nor t h  Crow Creek and the c o r r e l a t i v e  

p a r t  o f  t he  G r i n n e l l  For mat i on  a t  L i on Creek (see  f i g u r e  

2 Î ,  Appendix F ) .  The on l y  e a s i l y  a c c e s s i b l e  out cr ops of  a 

s t r a t i g r a p h i e  keybed are  near  t he  base o f  Li on Creek  

s u b - s e c t i o n  4 (Appendi x  C) .

In o u t c r o p ,  a w e l l - d e v e l o p e d ,  c l o s e l y  spaced  

c l e a v a ge  p e n e t r a t e s  t he  e n t i r e  set  of  a l pha c o u p l e t s  at  a 

hi gh a n g l e ,  and i s  q u i t e  d i s t i n c t  f rom the much l es s  

cont i nuous  c l e av a ge  i n even and l e n t i c u l a r  c o u p l e t s .  The 

p e n e t r a t i v e  c l e a v a ge  r e f l e c t s  a l pha  c o u p l e t s '  hi gh  

c l a y - c o n t e n t  and u n i f o r m  s t r a t i f i c a t i o n .

The sandy sedi ment s  which bound se ts  of  a l pha  

c o u p l e t s  above and bel ow are c h a r a c t e r i s t i c a l l y  green.  In 

t he  upper  keybed a t  Nor t h  Crow Creek ,  a few de c i met e r s  of  

s t r u c t u r e l e s s ,  g r e e n ,  ve r y  f i n e - g r a i n e d  s i l t y  sand above 

a s e t  o f  a l pha  c o u p l e t s  i s  sh a r p l y  o v e r l a i n  by a bed of  

s t r u c t u r e l e s s ,  g r e y ,  v e r y  f i n e - g r a i n e d  s i l t y  sand;  deep,  

broad l oads o f  t he  g r e y  sand ar e  s e pe r a t e d  by narrow 

f l ame s t r u c t u r e s  o f  t he  green sand.  In the l ower  keybed 

a t  Nor t h  Crow Creek and t h e  one a t  Li on Creek ,  the green 

c o l o r  of  the mudcracked even coupl es and f l a t - l a m i n a t e d  

sand beds bounding s e t s  of  a l pha  c o u p l e t s  f ades away from 

t he  se t s  and passes t o  m o t t l e d  green and r e d ,  and then to
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j u s t  red w i t h i n  two met er s .  In the m o t t l e d  a r e a s ,  the  

segments o f  cracked c l a y  l a y e r s  are o f t e n  red w i t h  green 

r i ms .  I n  a d d i t i o n ,  i n  the lower  North Crow Creek keybed,  

a d e c i m e t e r - t h i c k  bed of  green coarse sand d i r e c t l y  

o v e r l y i n g  t he  set  o f  a l pha  coup l e t s  i n c l u d e s  a n g u l a r ,  

w h i t e ,  p e b b l e - s i  zed mudchips,  and the mudcracked l ayers  

of  t he  f i r s t  few o v e r l y i n g  green even coupl es are  al so  

whi te .

INTERPRETATION

Overview Coup l e t s  are i n t e r p r e t e d  to be the most 

d i s t a l  pr oduc t s  of  t he  s h e e t f l o o d s  which de po s i t e d  

f l a t - l a m i n a t e d  sand beds and couples on the a l l u v i a l  

aprons and s a n d f l a t s  (see f i g u r e  3 2 ) .  As the f l ood s  

crossed onto the d r i e d  mudf l a t s  beyond the s a n d f l a t s ,  

t hey  t h i n n e d  and d e c e l e r a t e d ,  de p o s i t i n g  the l ower  s i l t y  

l a y e r s  o f  even c o u p l e t s .  Clay s e t t l i n g  out  of  ponded 

f l o o d w a t e r s  formed t he  upper  c l ayey  l a y e r s  of  even 

c o u p l e t s .  Where the sha l l ow st andi ng wat e r s  p e r s i s t e d  

f o r  some t i m e ,  w a v e - c u r r e n t s  reworked t he  s i l t  of  even 

c o u p l e t s  i n t o  t he  sy mmet r i ca l  r i p p l e s  which c h a r a c t e r i z e  

l e n t i c u l a r  c o u p l e t s ,  and t h e i r  upper c l a ye y  l a y e r s  

s e t t l e d  out  as the t u r b u l e n c e  subsi ded.  Where the  

s h e e t f l o o d s  f l owed i n t o  p e r e n n i a l  l a k e s ,  t h e i r  sediment  

l oad co n t i nue d  t r a v e l i n g  as suspension c l ouds and the  

s i l t  and c l a y  t h a t  s e t t l e d  f rom the muddy s t and i ng  water
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formed a l pha  c o u p l e t s .  Suppor t  f o r  t hese  i n t e r p r e t a t i o n s  

comes f rom even c o u p l e t s ,  l e n t i c u l a r  c o u p l e t s ,  and alpha  

c o u p l e t s .

Even c o u p l e t s In c i r c u l a r  f l ume s t u d i e s  o f  

suspensions o f  s i l t y  sedi ment  s i m i l a r  to t h a t  in the 

c o u p l e t  sedi ment  t y p e ,  Ba n e r j e e  ( 1 9 77 )  found t h a t :  1)

ver y  r a p i d  d e c e l e r a t i o n  o f  a s i l t y  suspension produces a 

n o n - l a mi n a t e d  gr aded s i l t  l a y e r  o v e r l a i n  by a c l ay  

suspension cap;  2)  l e s s  r a p i d  d e c e l e r a t i o n  d e p o s i t s  a 

f l a t - l a m i n a t e d  gr aded s i l t  l a y e r  w i t h  a suspension  

sediment  cap;  and 3)  moderat e  to slow d e c e l e r a t i o n  y i e l d s  

a graded l a y e r  c o n t a i n i n g  r i p p l e  c r o s s - l a m i n a t e d  s i l t  

capped by a c l a y  suspens i on b l a n k e t .  Both t he  

n o n - l a mi n a t e d  and f l a t - l a m i n a t e d  graded s i l t  l a y e r s  are 

aggraded upper  p l a ne  beds,  w h i l e  the r i p p l e s  r ec o r d  

a g g r a d a t i o n  i n  l o wer  r egi me f l ow ( B a n e r j e e ,  1 9 7 7 ) .

Al though B a n e r j e e ' s  ( 1 9 7 7 )  study was unde r t aken  to 

model t u r b i d i t y  f l o w s ,  t h e  processes accompanying  

d e c e l e r a t i o n  i n  a c i r c u l a r  f lume (Kuenen,  1966;  Baner j ee ,  

1977)  are  a l s o  ana l a gous  t o  those o p e r a t i n g  in 

s h e e t f l o o d s  (see t he  f l a t - l a m i n a t e d  sand s e d i m e n t - t y p e ) .  

Cummins ( 1 9 5 6 )  f i r s t  r e c o g n i z e d  t h a t  t he  s i m i l a r  

d e p o s i t i o n a l  p r ocess es  o f  t u r b i d i t y  f l ows  and s he e t f l oods  

produce s i m i l a r  d e p o s i t s .  Al though both t u r b i d i t y  

c u r r e n t s  and s h e e t f l o o d s  produce even c o u p l e t s ,  those  

di scussed  here  a r e  i n t e r p r e t e d  as d i s t a l  s h e e t f l o o d
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d e p o s i t s  because s u n - c r a c k s  show t h a t  t he  sedi ment  

s ur f ace  was o f t e n  s u b a e r i a l l y  exposed,  and because of 

t h e i r  d i s t a l  p o s i t i o n  r e l a t i v e  to f l a t - l a m i n a t e d  sands 

and even c o u p l e s ,  which ar e  i n t e r p r e t e d  as more proximal  

s h e e t f l o o d  d e p o s i t s .

The abundance o f  sun- cracks  and mudchip i n c l u s i o n s  

i n even c o u p l e t s  i n d i c a t e s  t h a t  the t h i n n e d ,  d i s t a l  par t s  

of  do mi na n t l y  upper  regi me s h e e t f l o o d s  scoured dry 

m u d f l a t s ,  r i p p i n g - u p  mud pol ygons,  and d e p o s i t i n g  them in 

f i n i n g - u p w a r d  s i l t y  l a y e r s  as f l ow wa i ned .  The abrupt  

upward i n c r e a s e  i n  c l a y  c o nt e n t  r ec or ds  t he  t r a n s i t i o n  

f rom f l o w i n g  f l o o d w a t e r  capabl e  of  t r a c t i o n  t r a n s p o r t ,  t o  

s t and i ng  wa t e r  t h a t  de p o s i t e d  suspended sedi ment  d i r e c t l y  

onto t he  bed.  S t a t e d  a n o t h e r  way,  t he  t r a n s i t i o n  records  

the expansi on o f  a sha l l ow wat e r  body across  the mudf lats  

(Smoot ,  1 9 8 3 ) .  As t he  ponded wat e r s  i n f i l t r a t e d  and 

e v a p o r a t e d  between f l o o d s ,  the mu d f l a t s  were exposed to 

desi  c c a t i o n .

Smoot ( 1 9 85 )  s t u d i e d  mudcracki ng processes  on modern 

pl aya  m u d f l a t s  in Nevada and C a l i f o r n i a ,  and found t h a t  

the 0 . 5 - 4 . 0  c e n t i m e t e r - t h i c k  graded s i l t y - m u d  or  

l a m i n a t e d  m u d d y - s i l t  beds de pos i t e d  a t  m u d f l a t  margins 

e x h i b i t  a n g u l a r ,  open c r a c k s ,  which are  c o mp l e t e l y  f i l l e d  

by sedi ment  i n t he  ne x t  f l o o d  ev ent .  The mudcracks only  

p e n e t r a t e  a s i n g l e  c l a y  l a y e r  because t he  u n d e r l y i n g  

sedi ments a r e  not  s a t u r a t e d  by f l o o d  w a t e r s  (Smoot ,



79

1 9 8 5 ) .  The v a s t  m a j o r i t y  o f  d e s i c c a t e d  even c o u p l e t s  (and 

c o u p l e s )  are  c r acked i n  t h i s  manner (see the mudcracked 

even c o u p l e t s  a t  t he  bot t om o f  f i g u r e  2 0 ) ,  suggest i ng  

t h a t  they formed t h r ough  s i m i l a r  processes .

D i s t a l l y ,  and between sources o f  sediment  i n f l u x ,  

open mudcracks t r a p  w a t e r s  f l o o d i n g  modern pi ay as (Smoot,  

1 9 8 5 ) .  Si nce t he  f l o o d  wa t e r s  c a r r y  only a smal l  amount  

of  sedi ment ,  the c r a c k s  a r e  u s u a l l y  onl y  p a r t i a l l y  f i l l e d  

w i t h  sed i ment ,  w h i l e  t h e  r e s t  of  t he  s ur f ace  r e c e i v e s  a 

t h i n  l a y e r  o f  se d i ment .  Occas i ona l  f l o o d s  erode and 

broaden mudcracks,  b u t  most  are m o d i f i e d  a f t e r  f l o o d i n g  

as wa t e r  s a t u r a t e s  t he  pol ygon edges and causes them to 

slump or f l o w .  D r a i n a g e  r i l l s  deve l op across polygon  

edges as wa t e r  d r a i n s  f rom t he  polygon sur f ace  by seeping 

t h rough t he  c r acks  i n t o  t h e  u n d e r l y i n g  sedi ment .  Because 

t he  p a r t i a l l y - f i l l e d  c r a c k  depr ess i ons  host  t he  only  

w e l l - s a t u r a t e d  s e d i me n t s ,  d e s i c c a t i o n  cracks r e p e a t e d l y  

deve l op in t he  same po l y gona l  p a t t e r n .  Where un de r l y i ng  

beds become s a t u r a t e d ,  t h i s  p a t t e r n  p e n e t r a t e s  e a r l i e r  

d e p o s i t s  (Smoot ,  1 9 8 5 ) .  These processes form rounded  

s t acks  of  mud pol ygons s e p a r a t e d  by U-shaped t roughs  

which c h a r a c t e r i z e  p a r t s  of  s l owl y  aggr adi ng p l ay a  

s u r f a c e s  (Smoot ,  1 9 8 5 ) .  In c r o s s - s e c t i o n ,  the mudcracks 

ar e  o f t e n  s p i n d l e - s h a p e d  and ex t end to d i f f e r e n t  depths 

and h e i g h t s .  Smoot ( 1 9 8 5 )  b e l i e v e s  t h a t  many of  the  

d e s i c c a t i o n  f a b r i c s  he obser ved are  commonly i n t e r p r e t e d
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as d e wa t e r i ng  s t r u c t u r e s .

The s t r a t um composed o f  s t acks  of  c u r l e d ,  even 

c o u p l e t s  in f i g u r e  20 i s  i n t e r p r e t e d  t o  r e p r e s e n t  stacks  

o f  mud pol ygons separ a t ed  by s e d i m e n t - f i l l e d  s u n - c r a c k s ,  

and t o  have formed by pr ocesses  s i m i l a r  t o  those  

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

i n  the pol ygon s t r a t um c o n f i r ms  t h a t  t h i s  p a r t  o f  the  

m u d f l a t  r e c e i v e d  only minor  i n f l u x e s  o f  sedi ment  f o r  many 

f l o o d s ,  w h i l e  the abundance o f  sun- c r a cke d  even c o up l e t s  

t h r o u g h o u t  f i g u r e  20 i n d i c a t e s  t h a t  t he  m u d f l a t  was 

f r e q u e n t l y  d e s i c c a t e d .  The f a c t  t h a t  t he  c r acks  are  

w i d e s t  in t h e  mud polygon s t r a t um r e c o r d s  t h a t  the s i des  

o f  the pol ygons s t acks  f l owed  and slumped i n t o  open 

c r a c k s .  T h e i r  s p i n d l e  shape and d i f f e r i n g  v e r t i c a l  

di mensi ons i n d i c a t e  t h a t  the mudcracks p e n e t r a t e d  

u n d e r l y i n g  s a t u r a t e d  sedi ment s  and i n f l u e n c e d  c r a c k i n g  in  

o v e r l y i n g  c o u p l e t s  to v a r y i n g  e x t e n t s ,  and prove t h a t  

t h e y  are  not  d i kes  formed by e x p l o s i v e  de wat e r i ng  o f  the  

s u b - t y p e  1 mudchip cong l omer at e  bed.  I n s t e a d ,  the  

cong l omer at e  bed may have been produced i n - s i  t u  by the  

r e p e a t e d  devel opment  of  d i f f e r e n t  po l ygona l  p a t t e r n s  on a 

s l o w l y  or n o n - a gg r a d i ng  m u d f l a t ,  or  i t  may be a mudflow 

d e p o s i t  ( see  sub- t ype  1 o f  t he  mudchip congl omerat e  

s e d i m e n t - t y p e ) .  N e v e r t h e l e s s ,  t h e  p o s s i b i l i t y  t h a t  wa t e r  

moved upward t hrough the c r ac ks  a t  t i me s  i s  not  

d i s c o u n t e d ,  s i nce  p l a y a  mudcracks o f t e n  a c t  as condui t s
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f o r  o c c a s i o n a l l y  or  s e a s o n a l l y  r i s i n g  groundwat ers  

( E u g s t e r  and H a r d i e ,  1978;  Mui r  e t  a l . ,  19 78 ) .

L e n t i c u l a r  c o u p l e t s  The sy mmet r i ca l  p r o f i l e  and 

s t r a i g h t  c r e s t s  o f  t he  r i p p l e s  which c h a r a c t e r i z e  

l e n t i c u l a r  c o u p l e t s  i n d i c a t e s  t h a t  t hey  were devel oped by 

o s c i l l a t o r y  (wave)  c u r r e n t s  (Harms e t  a l . ,  1 9 8 2 ) .  Given  

t h e i r  i n t e r b e d d i n g  w i t h  even c o u p l e t s ,  l e n t i c u l a r  

c o u p l e t s  are  i n t e r p r e t e d  t o  have been de pos i t e d  when the 

sedi ment  t r a n s p o r t e d  ont o t he  mu d f l a t s  by a s h e e t f l o o d  

remai ned submerged long enough f o r  w i n d - g e n e r a t e d  waves 

to rework t he  sedi ment  d e p o s i t e d  as even c o u p l e t s  i n t o  

o s c i l l a t i o n  r i p p l e s .  Where s i l t y  sedi ment  was abundant ,  

t he  symmet r i ca l  r i p p l e  aggraded ( f i g u r e  1 8 ) ;  where s i l t  

was s c a r c e ,  unconnect ed,  “ s t a r ve d"  r i p p l e  l enses  formed 

( f i g u r e  1 9 ) .  P e r i o d i c a l l y ,  the  wat e r  q u i e t e d  t o t he  

p o i n t  t h a t  suspended c l a y  s e t t l e d - o u t ,  f ormi ng the  

cappi ng c l a y  l a y e r .  Oc c a s i o na l  sun- c r acked  l e n t i c u l a r  

c o u p l e t s  ev i dence  t i me s  when the mu d f l a t  was exposed long 

enough t o  be t h o r o u g h l y  d r i e d  and d e s i c c a t e d .

Alpha c oup l e t s  T h e i r  high c l a y  cont ent  and simply  

graded i n t e r n a l  s t r u c t u r e  i n d i c a t e  t h a t  a l pha c o u p l e t s  

were d e p o s i t e d  as sedi ment  s e t t l e d  f rom t u r b i d  st andi ng  

w a t e r  d i r e c t l y  onto t h e  bed.  The i n d i s t i n c t  c o u p l e t i n g  

t hus  r ec or ds  the gr adua l  e x h a u s t i o n  o f  the suspens i on ' s  

f i n e  s i l t  supp l y ,  such t h a t  on l y  s l o w e r - s e t t l i n g  c l a y  

p a r t i c l e s  remai ned t o  f orm t he  cappi ng l a y e r .  The
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absence of  f l a t - 1  a m i n a t i o n s ,  r i p p l e  c r o s s - l a m i n a t i o n s ,  

and t r a n s p o r t e d  mudchips conf i r ms  t h a t  a l pha  coup l e t s  

were d e p o s i t e d  i n  s t i l l  w a t e r .  The l a c k  o f  o s c i l l a t i o n  

r i p p l e s  suggests t hey  were deposi t ed below f a i r  weather  

wave base,  p o s s i b l y  as much as a few met er s  deep.  The 

reduced s t a t e  o f  a l pha  c o u p l e t s ,  ev i denced  by t h e i r  green 

c o l o r ,  i s  c o n s i s t e n t  w i t h  d e p o s i t i o n  in a s t a gn an t  wat er  

body wi t h  an a n o x i c  bot tom l a y e r  a n d / o r  s u b s t r a t e .

Deformed s e t s  o f  a l p h a  c o u p l e t s  i n d i c a t e  t h a t  the  

sedi ment  s u r f a c e  sank t o  form p i l l o w  s t r u c t u r e s  and 

d i s p l a c e d  s a t u r a t e d  mud be l ow which rose upward as 

p i l l a r s .  They show t h a t  t he  sediment  remai ned "soupy" 

f o r  ext ended p e r i o d s  of  t i m e ,  pr obab l y  r e f l e c t i n g  

s t a nd i ng  w a t e r ,  a l s o  c o r r o b o r a t e d  by t he  absence of  

mudcracked a l p h a  c o u p l e t s .

Because t h e  s e t s  o f  a l pha  c o u p l e t s  a r e  i n t e r c a l a t e d  

w i t h  even coup l es  and f l a t - l a m i n a t e d  sand beds deposi t ed  

on d e s i c c a t e d  s a n d f l a t s  or  m u d f l a t s ,  t he  wa t e r  body i s  

i n t e r p r e t e d  t o  have been a p e r e n n i a l  l a k e .  Ac c o r d i n g l y ,  

where t he  s h e e t f l o o d s  whi ch de po s i t e d  beds o f  the  

f l a t - l a m i n a t e d  sand,  even coup l e ,  and even c o up l e t  

s e d i me n t - t y p e s  f l o we d  i n t o  a p e r e n n i a l  l a k e ,  t h e i r  

sedi ment  l oad c o n t i n u e d  t r a v e l i n g  as suspensi on clouds  

which muddied t h e  s t a n d i n g  w a t e r .  S e t t l i n g  f i n e  s i l t  and 

c l a y  formed t h e  l ower  l a y e r s  of  a l pha c o u p l e t s ,  w h i l e  the 

s l o we s t  s e t t l i n g  c l a y  p a r t i c l e s  became t h e  upper  l a y e r s .
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Th a t  t he  p e r e n n i a l  l a k e s  were sur rounded by 

d e s i c c a t e d  s a n d f l a t s  and mu d f l a t s  t h a t  were washed by 

ephemeral  s h e e t f l o o d s  suggests t h a t  t he  l a k e s  were 

s u s t a i n e d  by s p r i n g s .  That  a l pha c o u p l e t  sets a r e  so 

t h i n  (< 1 m e t e r )  i n d i c a t e s  t h a t  t h e  p e r e n n i a l  l a k es  were 

r e l a t i v e l y  s h o r t - l i v e d .  The s c a r c i t y  of  a l pha  c oup l e t  

s e t s  i n d i c a t e s  t h a t  p e r e n n i a l  l a k e s  were uncommon on the  

R a v a l l i  Group d e p o s i t i o n a l  l a nds cape ,  but  the f a c t  t h a t  

one s t r a t i g r a p h i e  keybed ex t ends  f rom Nor t h  Crow Creek  

t o  L i on  Creek ,  p r e s e n t l y  a d i s t a n c e  o f  15 m i l e s ,  

i n d i c a t e s  t h a t  when p e r e n n i a l  l a k e s  d i d  e x i s t ,  they could  

be q u i t e  l a r g e .

The l a r g e  l oads  o f  grey  s i l t y  sand i n  t he  

s t r u c t u r e l e s s  green s i l t y  sand above t he  set  of  alpha  

c o u p l e t s  i n  t he  upper  Nor t h  Crow Creek keybed i n d i c a t e  

t h a t  r a p i d  d e p o s i t i o n  of  t he  grey sand bed induced abrupt  

compact  1 o n - d e w a t e r i n g  o f  the l ower  sand bed,  s i nce r i s i n g  

r i s i n g  pore f l u i d s  l i q u e f i e d  sediment  t h a t  rose to form 

f l ame s t r u c t u r e s ,  w h i l e  t he  o v e r l y i n g  bed sank as load  

s t r u c t u r e s  (see  the d i s c u s s i o n  o f  l oad s t r u c t u r e s  in the 

f l a t - l a m i n a t e d  sand s e d i m e n t - t y p e ) .

Fadi ng o f  t he  green c o l o r a t i o n  away f rom set s  of  

a l pha  c o u p l e t s ,  and t h e  passage t o  m o t t l e d  green and r ed ,  

and them r ed sedi ment s  suggests t h a t  oxygen- poor  f l u i d s  

f rom t he  a l p h a  c o u p l e t s  d i f f u s e d  i n t o  t he  sur roundi ng  

o x i d i z e d  sedi ment s  and reduced them.  The red mud
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pol ygons w i t h  green r ims In t he  mo t t l e d  ar eas  suppor t  

t h i s  i n t e r p r e t a t i o n .  A c c o r d i n g l y ,  t he  w h i t e  mudchips in 

the coar se  sand bed and t he  w h i t e ,  mudcracked c l a y  l a y e r s  

s e t t i n g  above the  a l pha c o u p l e t  set  in the lower  keybed 

a t  Nor t h  Crow Creek r e co r d  b l e a c h i n g  near  the set  of  

a l pha  c o u p l e t s ,  where the reduci ng a c t i o n  was most  

i n t e n s e .

MUDCHIP CONGLOMERATE SEDIMENT-TYPE 

DESCRIPTION

The mudchip congl omer at e  se d i me n t - t y p e  occurs as 2 

to 10 c e n t i m e t e r  t h i c k ,  h e m a t i t i c ,  t a b u l a r  beds 

c h a r a c t e r i z e d  by abundant  sub- rounded t o  rounded  

mudchips.  Three sub- t ype s  of  mudchip congl omerat e  are 

r ecogni  zed.

Sub- t ype  1 congl omer a t e  beds ( f i g u r e  20)  c o n s i s t  of  

p o o r l y  s o r t e d ,  randomly o r i e n t e d  mudchips suppor ted in a 

mud m a t r i x .  S c a t t e r e d  g r a i n s  o f  the  R a v a l l i  Group' s  

medium- to c o a r s e - g r a i n e d  sand p o p u l a t i o n  occur  in some 

beds.  The c ong l omer a t e  beds range f rom be i ng dominated 

by mudchips,  to be i ng most l y  mud wi t h  onl y  s c a t t e r e d  

mudchips.

Sub- t ype  2 cong l omer at e  beds c o n t a i n  modera t e l y  

w e l l - s o r t e d ,  f l a t - l y i n g  and i m b r i c a t e  mudchips supported  

by a s i l t y - m u d  m a t r i x  ( f i g u r e s  21 and 2 2 ) .  Uncommonly,  

t h i n  ( 1 - 2  c e n t i m e t e r ) ,  cracked mud l a y e r s  shar pl y



F i gu r e  21.  Mudchip congl omerat e  s e d i m e n t - t y p e ,  sub- t ype  2. Note t h a t  the  
upper mud l a y e r  is b r e c c i a t e d  i n - s i  tu and the l ower  cracked mud l a y e r  is  
scoured away to e i t h e r  s i de  of  the photograph.
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Figure 22. 
sediment-type, 
(lower right),

Mudchip conglomerate sediment-type, sub-type 2 and coarse sand 
bedded sub-type. Note the remnant of a sun-cracked mud layer 
and the coarse sand bed's irregularly scoured base.
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o v e r l i e  sub- t ype  2 cong l omer a t e  beds ( f i g u r e  2 1 ) .

In sub- t ype  3 c ong l omer a t e s ,  w e l l - s o r t e d  mudchips 

are c l a s t - s u p p o r t e d , w i t h  l i t t l e  or  no mud m a t r i x .  Most  

of  the mudchips a r e  e q u i - d i m e n s i o n a l ,  so no sedi ment ary  

s t r u c t u r e s  are a p p a r e n t  w i t h i n  beds,  but  some beds 

i n c l u d e  oc cas i ona l  f l a t - l y i n g  or i m b r i c a t e ,  p l a t y  

mudchips.

The mudchip cong l omer a t e  s e d i me n t - t y p e  i s  d i s t i n c t  

f rom the mudchip l a y e r s  which occur  a t  the base of  some 

coupl es and c o u p l e t s  i n t h a t  mudchip cong l omer a t e s  are  

not  p a r t  of  a graded s t r a t u m,  and are not  t hemse l ves  

graded.

In smal l  o u t c r o p s ,  beds of  the mudchip congl omerat e  

s e d i me n t - t y p e  appear  t a b u l a r ,  wi t h  p l a n a r  basal  c o n t a c t s ,  

and i n  some p l a ce s  ex t end across ou t c r ops  a few meters  

wi d e .  Most mudchip beds are i n t e r bedde d  w i t h  t h i n  ( 0 . 5  

to 2 c e n t i m e t e r ) ,  muddy,  h e m a t i t i c  even c o u p l e t s ,  which 

are commonly s u n - c r a c k e d .  O c c a s i o n a l l y ,  beds of  the 

mudchip congl omerate  s e d i me n t - t y p e  o v e r l i e  one anot her  

d i r e c t l y ,  formi ng s e t s  ( f i g u r e  2 2 ) .

Mudchip c ong l omer a t e s  are v o l u m e t r i c a l l y  a minor  

c o n s t i t u e n t  of  the measured sect i ons  and each subtype i s  

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

s u b - t y p e  1 cong l omer a t es  occur  in the p a r t  o f  the  

G r i n n e l l  Format i on t h a t  c o r r e l a t e s  w i t h  t he  S t .  Regis  

For mat i on  of  the L i on  Cr e ek ,  B l a i n e  Mo u n t a i n ,  and Deep
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Creek s e c t i o n s ,  but  t hey  a l s o  occur  a t  B l a i n e  Mountain in 

t he  u n i t  t h a t  c o r r e l a t e s  w i t h  the Upper R e v e t t  Format i on.  

Sub- t ype  2 congl omer a t e  beds occur  on l y  i n  t he  redbed  

i n t e r v a l  low in t he  Empi re Format ion a t  B l a i n e  Mountain,  

and sub- t ype  3 c ong l omer a t e  beds occur  on l y  in the l owest  

redbed i n t e r v a l s  in the Empire Format i on a t  Lion Creek 

(Appendix E ) .

Mudchip beds are u s u a l l y  poor l y  exposed because they  

are  c l o s e l y  c l e a v e d .  T h e i r  crumbly o u t c r o p  and the f a c t  

t h a t  mudchip cong l ome r a t e s  occur  in the h i g h e s t ,  most  

i n a c c e s s i b l e  p a r t s  of  the measured s e c t i o n s  makes t h e i r  

d e t e c t i o n  and c a r e f u l  s t udy d i f f i c u l t .  As a r e s u l t ,  

mudchip congl omer at e  beds may be more abundant  i n  the 

u n i t s  i n  which t h e y  occur  than i s  d e p i c t e d  in the  

s t r a t i g r a p h i e  s e c t i o n s  (Appendix D) .

INTERPRETATION

Overvi  ew. Some s u b - t y p e  1 mudchip congl omer a t e  beds 

pr obab l y  r ec or d  cohes i ve  d e b r i s  f l o ws ,  w h i l e  o t he r s  are 

pr obabl y  d e s i c c a t i o n  congl omer at es  produced i n - s i  t u ;  

sub- t ype  2 c ong l omer a t e s  ar e  s h e e t f l oo d  d e p o s i t s ;  and 

sub- t ype  3 c ong l omer a t e s  are  i n t e r p r e t e d  as l a c u s t r i n e  

beaches or shoa l s  washed by waves.

Sub- t ype  1.  Some sub- t ype  1 mudchip congl omerates  

pr ob a b l y  r ecor d  s e d i me n t - c h a r ge d ,  d i s t a l  s h e e t f l o o d s  t ha t  

scoured mud pol ygons f rom the d e s i c c a t e d  m u d f l a t s ,  

a t t a i n i n g  the c o n s i s t e n c y  o f  Lowe's ( 1 9 8 2 )  type A
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c ohe s i v e  d e b r i s  f l o w s .  These are  a form o f  sediment  

g r a v i t y  f l ow in which c l a s t s  are  suppor t ed by the

buoyancy and cohes i veness  of  t h e i r  c l a y - w a t e r  m a t r i x .  As

l i t t l e  as f i v e  p e r c e n t  c l a y  in the f l o w  volume prov i des  

buoyant  u p l i f t ,  r educ i ng  t he  e f f e c t i v e  we i g h t  o f  the  

c l a s t s ,  and l u b r i c a t e s  g r a i n s ,  p r e v e n t i n g  f r i c t i o n a l  

l o c k i n g  (Lowe,  1 9 8 2 ) .  Type A cohes i ve  d e b r i s  f l ows  

congeal  as f l ow d e c e l e r a t e s ,  formi ng s t r u c t u r e l e s s ,  

m a t r i x - s u p p o r t e d ,  pebbl y  mudstone (Lowe,  1982)  s i m i l a r  to  

sub- t ype  1 mudchip congl omerat e .

Ot her  sub- t y pe  1 mudchip cong l omer a t e s  were probably  

produced i n p l ace  by r epeat ed w e t t i n g  and d r y i n g  on 

s l owl y  aggr ad i ng  m u d f l a t .  In s t u d i e s  o f  modern p l aya  

m u d f l a t s ,  Smoot and Katz ( 1985)  found t h a t  “where f l ood

wa t e r s  pond and the  sediment  are  u n i f o r m l y  s a t u r a t e d ,  new

pol ygona l  crack  p a t t e r n s  randomly c r o s s - c u t  the o l d . "

“The mudcracks have i n t e r p e n e t r a t i n g  f i l l i n g s  i n d i c a t i v e  

of  r e c r a c k i n g  of  mudcrack f i l l s ,  and compl ex,  branchi ng  

and si nuous c r o s s - s e c t i o n s  produced by super imposed crack  

p a t t e r n s  and s o f t  sediment  f l o w a g e . "  The r e p e t i t i o n  of  

mudcracki ng processes “ de s t r oy s  any p r e - e x i s t i n g  

l a y e r i n g ,  l e a v i n g  only i s o l a t e d  f r agment s  surrounded by 

cr ack  f i l l i n g s .  These d e po s i t s  ar e  s o i l - l i k e  in  

c h a r a c t e r  and r e f l e c t  the c o n d i t i o n s  o f  low sediment  

a c c umul a t i o n  r a t e s . "  (Smoot and K a t z ,  1 9 8 2 ) .  S i m i l a r  

d e s i c c a t i o n  congl omer a t es  are r e p o r t e d  f rom pl ayas  in
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the Coorong Regi on o f  A u s t r a l i a  (Mui r  e t  a l . ,  19 7 8 ) .

I n t e r e s t i n g l y ,  some p a r t s  of  the mud polygon st ratum 

in f i g u r e  20 i n t e r p r e t e d  t o be polygon s t acks separat ed  

by d e s i c c a t i o n  c r a c k - f i l l i n g s  (see the c o u p l e t  

s e d i me n t - t y p e )  are  s i m i l a r  t o  the s u b - t y pe  1 congl omerate  

bed,  sugg es t i ng  t h a t  p a r t s  of  the c r acked s t ra t um were 

al so  b r e c c i a t e d  by r e pe a t e d  cr ack i ng and f i l l i n g .

Some s u b - t y p e  1 mudchip congl omerat e  beds contain  

f l o a t i n g  coar se  sand g r a i n s  t r a n s p o r t e d  by s h e e t f l o o d s .

Sub- t ype  2 . Sub- t ype  2 congl omerat es  are  

i n t e r p r e t e d  t o  r e c o r d  unus ua l l y  t u r b u l e n t  d i s t a l  

s h e e t f l o o d s  t h a t  f l owed across d e s i c c a t e d  mudf l a t s .  

A c c o r d i n g l y ,  t he  muddy f l ows  scoured t he  cracked sur f a c e ,  

e n t r a i n i n g  mudchips i n t o  bedload and t a k i n g  a d d i t i o n a l  

s i l t  and c l a y  i n t o  suspensi on.  As the f l o ws  spread out  

across  the m u d f l a t s ,  t u r b u l e n c e  d i mi n i s h e d  and the  

over l oaded suspended sedi ment  s e t t l e d  out  r a p i d l y ,  

i n c o r p o r a t i n g  t he  bedl oad and br i ng the f l o w t o a haul t .  

The m a t r i X - s u p p o r t e d ,  f l a t - l y i n g  and i m b r i c a t e  c l a s t s  of  

s u b- t yp e  2 cong l omer a t e s  i n d i c a t e  f l o w  was in the uppeer  

regime when i t  r a p i d l y  ceased (Moss,  1972;  Fahenstock and

H a s u s h i l d ,  1 9 6 2 ) .

Where t u r b i d  w a t e r  e x p e l l e d  f r o m  t h e  f l o w  ponded,  a 

t h i n  mud l a y e r  s e t t l e d  a t o p  t h e  s h e e t f l o o d  d e p o s i t s .

A f t e r  t h e  w a t e r  d r i e d - u p ,  t h e  mud l a y e r  was s u n - c r a c k e d .  

F r e q u e n t l y ,  t h e  mud l a y e r  was s c o u r e d - u p  by t h e  n e x t
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s h e e t f l o o d  ( f i g u r e s  21,  2 2 ) ,  c o n t r i b u t i n g  c l a s t s  to the  

ne x t  congl omerat e  bed.

Sneh ( 1983)  r e p o r t s  t h a t  mudchip d e b r i s  beds are  

commonly formed on the  t e r m i n a l  f l o o d p l a i n  o f  the  

ephmeral  s h e e t f l o o d  system d r a i n i n g  o n e - t h i r d  o f  the  

S i n a i  P e n i n s u l a .

Sub- type 3 . Sub- t ype  3 congl omerat es  are  

i n t e r p r e t e d  to have d e p o s i t e d  on wave-washed l a c u s t r i n e  

shoal s  or beaches,  where smal l  b r eak i ng  waves eroded  

mud-polygons f rom t he i n u n d a t e d ,  d e s i c c a t e d  mudf l a t s .  

O s c i l l a t i o n  o f  b r e a k i n g  waves t r a n s p o r t e d  t he  c l a s t s  

beachward,  wi nnowi ng away f r e e  s i l t  and mud, and breaki ng  

and roundi ng most c l a s t s  t o  e q u i - d i m e n s i o n a l  shapes.  

Oc c a s i o n a l ,  l a r g e r ,  f l a t - l y i n g  and i m b r i c a t e  c l a s t s  l i e  

f l a t  on aggraded shoa l s  or  are g e n t l y  i m b r i c a t e  on 

f o r e s h o r e  s l opes o f  p r o g r a d i n g  smal l  beaches.

Beds o f  w e l l - s o r t e d ,  c l a s t - s u p p o r t e d  beach 

congl omer at e  occur  in T r i a s s i c  l a c u s t r i n e  d e p o s i t s  of  

South Wales ( T u c k e r ,  1 9 7 8 ) .  Eugst er  and Ha r d i e  (1975)  

i n t e r p r e t  5 t o  20 c e n t i m e t e r  t h i c k  mudchip congl omerate  

beds as t r a n s g r e s s i v e  l ag d e p o s i t s  formed when a very  

s ha l l ow l ake  expanded over  an exposed m u d f l a t ,  reworki ng  

mud-pol ygons by wave e r o s i o n .
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COARSE SAND SEDIMENT-TYPE 

DESCRIPTION

The coar se  sand s e d i m e n t - t y p e  compr i ses l a t e r a l l y  

c o n t i nu o us ,  2 t o  10 c e n t i m e t e r  t h i c k  beds o f  w e l l - s o r t e d ,  

rounded t o  w e l l - r o u n d e d ,  s l i g h t l y  f e l d s p a t h i c  (5 t o  10% 

f e l d s p a r ) ,  medium- to c o a r s e - g r a i n e d  sand ( f i g u r e  9 ) .  

M a t r i x - s u p p o r t e d  mudchips are a common, minor  

c o n s t i t u e n t .  The beds have no i n t e r n a l  r e a c t i v a t i o n  

s u r f a c e s ,  can o f t e n  be t r a c e d  across out cr ops 30 meters  

t h i c k ,  and r a r e l y  p i n c h - o u t  on an out crop s c a l e .  Most  

coarse sand beds have p l a n a r ,  d e p o s i t i o n a l  or  s l i g h t l y  

scoured l ower  c o n t a c t s  ( f i g u r e  2 3 ) ,  but  r a r e  basal  

s u r f a ce s  a r e  c u t  and scoured ( f i g u r e s  22,  2 4 ) .

The coar se  sand se d i me nt - t y pe  i s  s u b - d i v i d e d  i n t o  a 

bedded s u b - t y p e  and a c r o s s - 1 ami nated s u b - t y p e .  Most  

coarse sand beds of  the bedded sub- t ype  appear  

s t r u c t u r e l e s s ,  due t o  t h e i r  un i f or m g r a i n - s i z e  and the  

absence o f  heavy mi ne r a l  l ami nae ,  but  in some beds of  the 

bedded s u b - t y p e ,  f l a t - 1  ami na t i ons  are  r e v e a l e d  by subt l e  

g r a i n - s i z e  v a r i a t i o n s .  Most  coarse sand beds are of  the 

bedded s u b - t y p e .  Coarse sand beds in which c r o s s - l a mi na e  

can be d i s c e r n e d  are p l aced in the c r o s s - l a m i n a t e d  

s u b - t y p e .  Many c r o s s - l a m i n a e  are  p o o r l y  d e f i n e d ,  but  are  

v i s i b l e  because o f  s u b t l e  g r a i n - s i z e  v a r i a t i o n s ,  or by 

i n c l i n e d  mudchips r e s t i n g  on f o r e s e t s  ( f i g u r e  2 4 ) .

C o a r s e  sand bed s  o f  t h e  bedded s u b - t y p e  r a n g e  f rom



Figure 23. Coarse sand sediment-type, bedded sub-type. Note the accreted 
roudballs in, and the irregularly scoured contact between, the lowest two beds; 
also, sun-cracked mud layers (towards top of photo).
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Figure 24. Coarse sand sediment-type, cross-bedded sub-type. Note 
mudchips resting on foresets (right center) and topset current ripples.
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l e s s  than one,  up to 15 c e n t i m e t e r s  t h i c k .  Most i nc l ude  

f l a t - l y i n g  or i m b r i c a t e ,  a n g u l a r  t o  rounded,  

m a t r i x - s u p p o r t e d  mudchips ( f i g u r e s  22 ,  2 3 ) .  Accret ed  

mudba l l s  f rom 3 t o  10 c e n t i m e t e r s  in d i a me t e r  are an 

i n t e r e s t i n g ,  a l b e i t  very  r a r e  c o n s t i t u e n t  of  bedded 

coar se  sands ( f i g u r e  2 3 ) .  The b a l l s  c o n s i s t  of  a mudchip 

n u c l e i  w i t h  c o n c e n t r i c a l l y  a c c r e t e d  mudchips and 

s c a t t e r e d  medium t o  coarse sand g r a i n s .

The c r o s s - l a m i n a t e d  coarse sand sub- t ype  occurs as 

s o l i t a r y ,  p l a n a r - t a b u l a r  se t s  r ang i ng f rom 3 t o  15 

c e n t i m e t e r s  t h i c k  ( f i g u r e  1 0 ) .  C r o s s - 1 aminae are  

g e n e r a l l y  high angl e  (> 20 degr ees)  and range from 

s t r a i g h t  w i t h  angu l a r  t o e s ,  t o  s t r a i g h t  wi t h  t a n g e n t i a l  

t o e s ,  t o  concave.

Coarse sand beds o f  e i t h e r  s u b - t y pe  are very r a r e l y  

t opped by s i n u o u s - c r e s t e d ,  asymmet r i ca l  r i p p l e s .  

Uncommonly,  one or two c e n t i m e t e r - t h i c k  mudcracked mud 

drapes  sh a r p l y  o v e r l i e  coar se  sand beds ( f i g u r e  2 3 ) .

Most  beds o f  the coar se  sand s e d i me n t - t y p e  are 

t i g h t l y  q u a r t z  cemented and w h i t e ,  a l t hough  minute  

amounts o f  h e ma t i t e  or  c h l o r i t e  i mp a r t  a p u r p l e ,  red or  

green t i n t  to some beds.  Rar e ,  medium- t o  c oa r s e - g r a i n e d  

sand beds ar e  car bona t e  cemented and weat her  tan or l i g h t  

br own.

Coarse sand beds are  u s u a l l y  i s o l a t e d  w i t h i n  sets of  

c o u p l e t s ;  l e s s  f r e q u e n t l y  w i t h i n  se t s  of  coupl es;  and
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r a r e l y  w i t h i n  s e t s  o f  t he  f l a t - l a m i n a t e d  sand 

s e d i m e n t - t y p e . O c c a s i o n a l l y ,  stacked beds of  the bedded 

coarse sand s u b - t y p e  form de c i me t e r s -  t o  m e t e r s - t h i c k  

se t s  ( f i g u r e  2 3 ) ,  but  a t  Deep Creek in the S t .  Regis  

c o r r e l a t i v e  i n t e r v a l  o f  t he  G r i n n e l l  For mat i on  they form 

t e n s - o f - m e t e r s  t h i c k  sequences ( f i g u r e  28 ,  Appendix E or 

F ) .

The numbers o f  coarse sand beds decrease  from east  

t o  west  in the t he  Burke c o r r e l a t i v e  G r i n n e l l  i n t e r v a l ,  

t he  R ev e t t  For ma t i on  and i t s  c o r r e l a t i v e  G r i n n e l l  

i n t e r v a l ,  the S t .  Regis Format i on and i t s  c o r r e l a t i v e  

G r i n n e l l  i n t e r v a l  ( f i g u r e  28,  Appendix E or  F ) .  Beds of  

t he  coarse sand s e d i me n t - t y p e  occur in U n i t  A, and in 

U n i t  B on l y  a t  Deep Creek (Appendix E or F ) .

INTERPRETATION

0 v e r v i e w . Coarse sand beds of  the bedded and 

c r o s s - l a m i n a t e d  sub- t ype s  are i n t e r p r e t e d  t o be deposi t s  

of  s h e e t f l o o d s  f rom a d i f f e r e n t  source than t hose which 

de p o s i t e d  beds o f  t he  f l a t - l a m i n a t e d  sand,  even coupl e ,  

and c o u p l e t  s e d i m e n t - t y p e s .  Beds of  the bedded coarse  

sand sub- t ype  a r e  aggraded upper pl ane beds,  w h i l e  beds 

of  t he  c r o s s - l a m i n a t e d  coarse sand sub- t ype  r ecor d  the  

m i g r a t i o n  of  a s l i p f a c e  a t  the downstream edge of  

d e p o s i t i o n a l  s h e e t s ,  or i s o l a t e d  bars w i t h i n  the  

s h e e t f l o o d s .

Bedded s u b - t y p e  C o a r s e - g r a i n e d  f l a t - l a m i n a t e d  sand
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beds w i t h  f l a t - l y i n g  and i m b r i c a t e ,  m a t r i x  suppor ted  

mudchips ar e  i n t e r p r e t e d  as upper r egi me pl ane bed 

d e p o s i t s .  The a p p a r e n t l y  s t r u c t u r e l e s s  coarse sand beds 

wi t h  m a t r i x - s u p p o r t e d  mudchips are a l s o  i n t e r p r e t e d  as 

aggraded upper  p l ane  beds which were d e p o s i t e d  so r a p i d l y  

t h a t  t i me  d i d  not  p e r m i t  s o r t i n g  of  t he  un i f o r m bedload  

i n v o l v e d  i n t o  w e l l - f o r m e d  laminae (Simons e t  a l . ,  1965;  

McBr ide e t  a l . ,  1 9 7 5 ) .  The absence o f  heavy mi ner a l  

l a mi n a e ,  which so o f t e n  ac cent ua t e  l a m i n a t i o n s  in the  

even coupl e  and f l a t - l a m i n a t e d  sand s e d i m e n t - t y p e s ,  makes 

s t r u c t u r e s  w i t h i n  coar se  sand beds e s p e c i a l l y  d i f f i c u l t  

t o see i n  t he  f i e l d .

The g r e a t  l a t e r a l  e x t e n t  and i n t e r n a l  c o n t i n u i t y  of  

medium- t o  c o a r s e - g r a i n e d  sand beds i n d i c a t e s  t h a t  they 

are sheet  sands d e p o s i t e d  over  b r oa d ,  f l a t  s u r f ace s  

dur i ng  d i s c r e t e  d e p o s i t i o n a l  event s .  Because coarse sand 

beds o f  bot h  s u b - t y p e s  i n t e r c a l a t e  w i t h  sun- cracked  

sedi ments and are o c c a s i o n a l l y  d i r e c t l y  o v e r l a i n  by 

d e s i c c a t e d  mud d r a p e s ,  t he  unconf i ned f l ows  are  

i n t e r p r e t e d  as t e r r e s t r i a l  s h e e t f l o o d s .

The m u t a i l y  e x c l u s i v e  s t r a t i g r a p h i e  r e l a t i o n s h i p  

between t he  R a v a l l i  Gr oup ' s  medium- to c o a r s e - g r a i n e d  and 

very f i n e -  t o  f i n e - g r a i n e d  sand p o p u l a t i o n s  (see the  

"Overv i ew"  s e c t i o n  of  Chapt er  2,  S e d i m e n t - T y p e s ) .  

i n d i c a t e s  t h a t  t hey  are  no t  simply s o r t i n g  pr oduct s  of  a 

s i n g l e  sand p o p u l a t i o n .  I n s t e a d ,  t he  westward decrease
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i n  the numbers o f  coar se  sand beds,  and t h e i r  r e s t r i c t i o n  

t o the e a s t e r n  margi n of  the basin i n  U n i t  A and U n i t  B 

i n d i c a t e s  t h a t  t he  coar se  sand p o p u l a t i o n  was de r i v e d  

f rom the e a s t ,  w h i l e  e a s t w a r d - t h i n n i n g  and - f i n i n g  

s t r a t i g r a p h i e  i n t e r v a l s  and beds o f  t he  f i n e - g r a i n e d  sand 

p o p u l a t i o n  ( r e p r e s e n t e d  i n the cross- bedded sand,  

f l a t - l a m i n a t e d  sand,  c o u p l e ,  and c o u p l e t  s e d i men t - t y pe s )  

i n d i c a t e  t h a t  t he  f i n e  sand p o p u l a t i o n  was d e r i v e d  from 

t he  west  or  sout hwes t .  P a l e o c u r r e n t  s t u d i e s  of  the  

c r o s s - l a m i n a t e d  coar se  sand sub- type ( be l ow)  and the 

cr oss- bedded sand s e d i me n t - t y p e  a t  Nor t h  Crow Creek  

conf i r m t h e s e  i n t e r p r e t a t i o n s ,  since t he  d i r e c t i o n  of  net  

sediment  t r a n s p o r t  f o r  t he  coarse sands was w e s t e r l y  and 

f o r  the f i n e  sands,  n o r t h e a s t e r l y .  A c c o r d i n g l y ,  

unconf i ned f l o o d s  char ged wi t h  a bedl oad of  medium- t o  

c o a r s e - g r a i n e d  sand f rom an e as t e r n  source surged onto,  

and spread ou t  across  v a s t  f l a t s  composed pr edomi na nt l y  

o f  f i n e - g r a i n e d  sedi ment  ( c o u p l e t s ,  c o u p l e s ,  and t h i n n e r  

beds of  t h e  f l a t - l a m i n a t e d  sand s e d i m e n t - t y p e ) .  Most of  

t hese  s h e e t f l o o d s  f l o o d e d  only the e a s t e r n  margin of the 

mudf l a t s  b e f o r e  t hey  had spread out  t o  t h e i r  f u l l  e x t e n t ,  

so coarse sand beds domi nant l y  occur i n t e r b e d d e d  wi t h  the 

most d i s t a l  p r o d u c t s  o f  the western s h e e t f l o o d s ,  coup l e t s  

( f i g u r e  3 2 ) .  However ,  occas i ona l  l a r g e  e a s t e r n  

s h e e t f l o o d s  spread c l e a r  across the v a s t  R a v a l l i  Group 

p l a i n ,  i n u n d a t i n g  t he  mudf l a t s  and t hen  f l o w i n g  even
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f a r t h e r  west  t o  cover  t h e  s a n d f l a t s .  The coarse sand 

beds thus d e p o s i t e d  on t he  s a n d f l a t s  became i n t e r bedde d  

w i t h  coupl es  or  t h i n  f l a t - 1  aminated sand beds.

The s h e e t f l o o d s  scoured mud pol ygons and 

i n c o r p o r a t e d  them i n t o  t he  bedl oad.  Rounded,  pasty  

mudcl asts r o l l i n g  along t he  bed g a t h e r e d  mudchips and 

sand g r a i n s ,  f o r mi ng  a c c r e t e d  mudba l l s .  Each f l o o d  

t h i nn ed  and d e c e l e r a t e d  as i t  spread out  across the  

f l a t s ,  and as a r e s u l t  o f  the wi despr ead r e d u c t i o n  in 

f l ow competence,  t he  sedi ment  was r a p i d l y  de po s i t e d  over  

a broad a r e a .  Because o f  the s i mul t aneous  t h i n n i n g ,  

s l owi ng ,  and bed a g g r a d a t i o n ,  upper f l o w  regime  

c o n d i t i o n s  were m a i n t a i n e d  even as t he  f l o w  wai ned.  The 

s c a r c i t y  o f  r i p p l e s  at op coarse sand beds suggests t h a t  

l ower  f l o w  r egi me c o n d i t i o n s  seldom e x i s t e d ,  but  some 

coarse sand was p r obab l y  too coarse t o  form r i p p l e s  

(Harms e t  a l . ,  1982)  .

The e x i s t e n c e  o f  upper  plane bed c o n d i t i o n s  

t h r oughout  s h e e t f l o o d  e v e n t s  suggests t h a t  t h e i r  waters  

were g e n e r a l l y  r a t h e r  s h a l l o w ,  s i nce deep wa i n i ng  f l ows  

nor ma l l y  form m e g a r i p p l e s ,  or  at  l e a s t  r i p p l e s  atop t h e i r  

e a r l i e r  upper  p l a ne  bed de po s i t s  ( W i l l i a m s ,  1 9 7 1 ) .  Whi le  

i t  i s  t r u e  t h a t ,  due t o  t h e i r  l a r g e  s i z e ,  megar i pp l es  

r e q u i r e  t h e  p r ope r  f l o w c o n d i t i o n s  t o  p e r s i s t  f o r  some 

t i me  in o r d e r  t o  deve l op ( A l l e n ,  1973;  A l l e n  and 

C o l l i n s o n ,  1 9 7 4 ) ,  i t  i s  u n l i k e l y  t h a t  t h e  s h e e t f l o o d s
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al ways wai ned too r a p i d l y  f o r  t hese  bedforms to grow.  

Thus,  the absence of  t r ough c r os s - bedd i ng  f rom the upper  

p a r t  o f  coar se  sand beds suggest s  t h a t  t he  f a l l i n g  stages  

were o f t e n  l e s s  than a met er  deep.  S i m i l a r l y ,  a l t hough  

r i p p l e  g e n e r a t i o n  may have somet imes been suppressed by 

t he  un s t e a d i ne s s  o f  un conf i ned  f l ow (Moss,  1 9 7 2 ) ,  or the  

hi gh a ppa r e n t  v i s c o s i t y  o f  t he  bedl oad l a y e r  ( A l l e n  and 

Le e de r ,  1 9 8 0 ) ,  or sand be i ng  too coarse to form r i p p l e s  

(Harms e t  a l . ,  1 9 8 2 ) ,  t h e  s c a r c i t y  o f  r i p p l e s  suggests  

t h a t  the f i n a l  f l o w i n g  w a t e r s  were o r d i n a r i l y  only a few 

c e n t i m e t e r s  deep.

A suspension b l a n k e t  o f  mud o v e r l y i n g  some coarse  

sand beds i n d i c a t e s  t h a t  the s h e e t f l o o d s  o c c a s i o n a l l y  

scoured up enough s i l t  and c l a y  to devel op a c o n s i d e r a b l e  

suspended l o a d ,  which s e t t l e d  out  of  the l o c a l l y  ponded 

w a t e r s  l e f t  a f t e r  t he  s h e e t f l o o d s  f i n i s h e d ,  as in the  

1981 f l o o d s  o f  South A f r i c a  descr i bed by S t e a r  ( 1 9 8 5 ) .  

Wi th dr y i ng  o f  t hese s t a n d i n g  bodi es  of  w a t e r ,  the  

m u d f l a t  s u r f a c e  was sun- c r a c k e d  (see the "shr i nkage  

cracks' *  s e c t i o n  of  t he  f l a t - l a m i n a t e d  sand se d i ment - t y pe  

f o r  i n t e r p r e t a t i o n ) .

C r o s s - l a m i n a t e d  s u b - t y pe  The s o l i t a r y  d i s t r i b u t i o n  

o f  beds o f  the c r o s s - l a m i n a t e d  coarse sand sub- t ype  

i n d i c a t e s  t h a t  t hey  were d e po s i t e d  by the advance of  an 

i s o l a t e d ,  s l i p f a c e d  bedform and not  by t r a i n s  of  lower  

f l o w  regi me dunes,  which d e p o s i t  coset s  of  cross- beds
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(Rubi n  and H u n t e r ,  1 9 8 2 ) .

The l a t e r a l  e x t e n t .  I n t e r n a l  c o n t i n u i t y ,  and 

I n t e r c a l a t i o n  o f  c r o s s - l a m i n a t e d  coarse sands wi t h  

d e s i c c a t e d  sedi ments I n d i c a t e s  t h a t  each c r os s - bed  set  

was de pos i t ed  d u r i n g  a s i n g l e  t e r r e s t r i a l  s h e e t f l o o d .  As 

di scussed In t he  c r o s s - b e dd e d  sand s e d i m e n t - t y p e ,  any 

mound or de pr e ss i on  In t he  path of  a s h e e t f l o o d  could  

cause a s l i p f a c e  t o  de ve l op because o f  the r e s u l t i n g  f low  

s e p e r a t i o n .  Thus,  a s l i p f a c e  coul d be gener a t ed  where 

p a r t  o f  s h e e t f l o o d ' s  l e a d i n g  edge encount ered s u f f i c i e n t  

t opography on the m u d f l a t s .  In t h e i r  study o f  modern 

s h e e t f l o o d  d e p o s i t s  a t  B i j o u  Creek ,  Col orado ,  McKee,  

Crosby,  and Ber ry  hi  1 1 ( 1967 ) found t h a t  low t o  hi gh  

a n g l e ,  p l a n a r - t a b u l a r  c r o s s - b e d  sets  were commonly formed 

al ong the o u t e r  mar g i ns  o f  d e p o s i t i o n a l  sheet s "where 

wa t e r  t h a t  had l o s t  some o f  i t s  f o r c e  d e po s i t e d  sand 

a l ong a s l o p i ng  sedi ment  f r o n t . "  S i m i l a r l y ,  i s o l a t e d ,  

s l i p f a c e d  bars  c ou l d  form w i t h i n  s h e e t f l o o d s  due t o l oc a l  

r a p i d  d e p o s i t i o n  as t he  f l o w  spread out  across the  

m u d f l a t s .  W i l l i a m s  ( 1 9 7 0 )  r e p o r t s  t h a t  f l o o d  de po s i t s  of  

ephemeral  st reams I n c e n t r a l  A u s t r a l i a  i n c l u d e  I s o l a t e d  

s e t s  o f  p l a n a r - t a b u l a r  bar  c r oss- beds  which ex t end  

l a t e r a l l y  f o r  t ens  o f  me t e r s .

PALEOCURRENTS

Due t o  t h e i r  t i g h t  q u a r t z  c e me nt a t i o n ,  i l l - d e f i n e d  

c r o s s - b e d s ,  and s c a r c i t y ,  o b t a i n i n g  a c c u r a t e  measurements
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f rom c r o s s - l a m i n a t e d  coar se  sands i s  ext rememl y  

d i f f i c u l t .  N o n e t h e l e s s ,  the a t t i t u d e s  of  t w e l v e  sets of  

t he  c r o s s - l a m i n a t e d  coar se  sand sub- t ype  i n a 600 '  

i n t e r v a l  of  t he  upper  R e v e t t  Format i on at  Nor t h  Crow 

Creek were measured and a n a l y z e d  as de s c r i be d  in Appendix  

B: P a l e o c u r r e n t  Me t h o d o l og y .  The p e r t i n e n t  da t a  and 

r e s u l t s  compr i se t a b l e  2;  f i g u r e  25 i s  the f r equency  

d i s t r i b u t i o n  r o s e ,  f o r  which n = 12,  0 = 271 ,  and L = 

3 3 . 6 .

Al though t he  se t  a z i m u t h ' s  in t h i s  a n a l y s i s  must  

d i f f e r  somewhat f rom the mean f l ow d i r e c t i o n  o f  the  

c u r r e n t s  t h a t  d e p o s i t e d  them,  t aken as a gr oup,  they  

r e p r e s e n t  the d i s p e r s i o n  about  the mean f l o w  d i r e c t i o n  

( Smi t h ,  1 9 7 2 ) .  Thus ,  the v e c t o r  mean az i mut h  of  271 

degrees and the f a c t  t h a t  ni ne of  the t we l ve  cross- bed  

se t s  r e p r e s e n t e d  here  have a westward component  suggest  

t h a t  the net  f l o w  and sedi ment  t r a n s p o r t  d i r e c t i o n s  were 

w e s t e r l y .

The wide s c a t t e r  ( l ow c ons i s t e nc y  r a t i o ,  L) of  set  

az i mut hs  i n d i c a t e s  t h a t  the c u r r e n t s  d e p o s i t i n g  coarse  

sand cr os s - bed  se t s  f l o we d  i n  a broad spect rum of  

d i r e c t i o n s .  Th i s  i s  as expect ed si nce ephemeral  

s h e e t f l o o d s  f l o w i n g  out  ont o  a f l a t  sur f ac e  spread out  by 

t he  d r i v i n g  f o r c e  o f  t h e i r  h y d r a u l i c  head,  and t h e r e f o r e  

f l o w  in a l l  d i r e c t i o n s ,  even up g e n t l e  s l o p e s .  On ne a r l y  

f l a t  su f ac es ,  t he  w a t e r  s u r f a c e  slope d e t e r mi n e s  the f l ow
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C o r r e c t e d  Set
FOOTAGE A t t i t u d e  £  I  Thi  ckness F or e s e t s  Occurrence

S

S

S

s
2 7 8 / 2 1 ne

007 /32se 097 100 4 cm SA

042/44nw 312 100 3 C

025/42se 115 100 4 ST

342/40SW 310 85 6 SA

312/25sw 222 100 4 SA S

036/40nw 306 100 5 C S

345/34ne 075 100 10 ST S

318/38SW 228 100 6 C S

323/25SW 233 100 5 C S

332/32SW 242 100 4 SA S

018/34nw 288 100 3 SA S

284/ lOsw 194 100 6 ST s
026/40nw 296 100 3 C s

086/12nw 356 100 7 C s

2: Pa le o c ur re nt data and s t a t i s t i c s  on sets of
t he  c r o s s - l a m i n a t e d  coarse sand sub- t ype  in the upper  
R e v e t t  For mat i on  a t  Nor t h Crow Cr eek .

0:  v e c t o r  mean az i mut h;  L:  c o n s i s t e n c y  r a t i o
Foot a ge s :  ? -  f o o t a g e s  unknown; data are  l i s t e d  by

ascendi ng or de r  in t he  s e c t i o n .
F o r e s e t s :  SA -  s t r a i g h t  a n g u l a r ;  ST -  s t r a i g h t  t a n g e n t i a l ;

C -  concave .
Occ ur r e nc e :  S -  s o l i t a r y  se t .
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N

F i gur e  25.  P a l e o c u r r e n t  f r equency d i s t r i b u t i o n  
r ose  f o r  the cr os s - bedded coarse sand sub- t ype  in the 
upper  Re v e t t  For mat i on  a t  Nor th Crow Creek,  n = number 
o f  s e t s ,  0 *  mean v e c t o r  azimuth ( a r r ow on rose  
d i a g r a m) ,  L = c o n s i s t e n c y  r a t i o .
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d i r e c t i o n ,  t o  a g r e a t e r  e x t e n t  than the ground slope  

(Mader  and Teyssen ,  1985;  A1am e t  a l . ,  1 9 8 5 ) .  Thus,  a 

s l i p f a c e  a t  t he  downstream edge of  a s h e e t f l o o d ' s  

d e p o s i t i o n a l  s h e e t ,  or  a bar  w i t h i n  a s h e e t f l o o d  w i l l  

advance i n  any d i r e c t i o n  d i c t a t e d  by the f l o w ' s  l oca l  

e xpans i on .  S i m i l a r l y  w i d e l y  d i spersed f l o w p a t t e r n s  are 

r e p o r t e d  f rom o t h e r  a n c i e n t  s h e e t f l o o d  d e p o s i t s  ( Huber t  

and Hyde,  1982;  Che a d l e ,  19 86 ) .

The ext reme case o f  wide f l ow d i s p e r s a l ,  set  

az i mut hs opposing the v e c t o r  mean a z i m u t h ' s  d i r e c t i o n  (as 

i n f i g u r e  25)  o f t e n  causes g e o l o g i s t s  t o i n t e r p r e t  the  

sediments i n v o l v e d  as t i d a l  de po s i t s ,  r e g a r d l e s s  o f  t h e i r  

o t h e r  q u a l i t i e s  (NlcMechan, 1981;  Mauk,  1 9 8 3 ) .  However,  

r e c e n t  advances i n our underst andi ng of  the na t ur e  of  

f l ow in very low g r a d i e n t  f l u v i a l  systems (Alam e t  a l . ,  

1985;  Mader and Teyssen ,  1985)  a c t u a l l y  p r e s c r i b e  t h a t  

l o c a l  f l ow opposed t o  t he  net  f l ow d i r e c t i o n  are to be 

expec t ed  in s h e e t f l o o d  systems.  I ndeed,  b i p o l a r  

c r o s s - b e d s ,  and even he r r i ng bo ne  cr os s - beds  have been 

r e p o r t e d  f rom ephemeral  f l u v i a l  depos i t s  (Mader  and 

Teyssen,  1985;  Alam e t  a l . ,  1 9 8 5 ) ,  and W i l l i a m s  (1971)  

r e p o r t s  t h a t  ba r s  i n  r e c e n t  ephemeral  f l o ws  l o c a l l y  had 

s l i p f a c e s  f a c i n g  upst r eam.
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BEDDED SI LT AND SAND SEDIMENT-TYPE 

DESCRIPTION

The bedded s i l t  and sand s e d i me n t - t y p e  compr ises  

l a t e r a l l y  c o n t i n u o u s ,  s h a r p l y  bounded,  bedded sediments  

rang i ng f rom c l a y e y  s i l t ,  t o  s i l t ,  t o  sandy s i l t ,  t o  very  

f i n e  g r a i n e d  sand.  Most  s i l t  and sand beds t h i c k e n  and 

t h i n  s l i g h t l y ,  bu t  n o t i c e a b l y ,  across o u t c r o p s ,  a l t hough  

even beds are  common. Because s i l t y  beds can be 

d i s t i n g u i s h e d  f rom sand beds in t he  f i e l d ,  t h e i r  r e l a t i v e  

abundance i s  not ed in the s t r a t i g r a p h i e  s e c t i o n  of  

Appendix E.

S i l t y  beds range f rom 1 to 15 c e n t i m e t e r s  t h i c k ;  

g r a i n  s i ze  g e n e r a l l y  decreases wi t h  bed t h i c k n e s s  so t h a t  

t h i n n e r  beds o r i g i n a l l y  cont a i ne d  more c l a y ,  and many 

t h i c k e r  beds c o n t a i n  sand.  S i l t y  beds range f rom dark 

g r e y ,  to dark  g r e y - g r e e n ,  t o  dark g r e e n .  Some ca l car eous  

s i l t y  beds we a t he r  tan or  l i g h t  brown.

Beds of  v e r y  f i n e - g r a i n e d  sand and s i l t y - s a n d  range  

f rom 5 t o  30 c e n t i m e t e r s  t h i c k .  Most sand i s  w e l l - s o r t e d  

and w h i t e ,  b u t  gr ey  s i l t y - s a n d  i s  common.

I n d i v i d u a l  beds of  t he  bedded s i l t  and sand 

s e d i me n t - t y p e  can be t r a c e d  across o u t c r op s  up to 10 

met ers  wi de ,  and none p i n c h - o u t  on an ou t c r op  sca l e .

Whi l e  beds o f  t h i s  s e d i me n t - t y p e  f i n e  upward,  in most 

cases the g r a d i n g  i s  very  weak.  Because a l l  exposures of  

bedded s i l t  and sand a r e  t h o r ou g h l y  l i c h e n - e n c r u s t e d  or
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l l m o n i t e - s t a i  ned due t o  t he  we a t he r i n g  o f  d i sse mi na t ed  

p y r i t e ,  d e t e r m i n i n g  the  i n t e r n a l  s t r u c t u r e  of  beds i s  

g e n e r a l l y  i m p o s s i b l e .  I n t e r n a l  l a m i n a t i o n s  were  

d i s c e r n a b l e  on l y  in a few sawed samples,  and i n  very 

r a r e ,  s m a l l ,  c l e a n  o u t c r op  patches ( f i g u r e  26)  t o t a l i n g  

l e s s  than f i v e  square f e e t  in area i n  t he  upper  i n t e r v a l  

o f  U n i t  B. I n t e r n a l  s t r u c t u r e  of  s t r a t i  g r a p h i c a l l y  lower  

s i l t  and sand beds i s  unknown.

The few c l e a n  o u t c r o p  patches and sawed samples 

r e v e a l  f e a t u r e l e s s  or  weak l y  l ami nat ed  s i l t  and sand wi t h  

occas i ona l  t h i n l y - c o n n e c t e d  t o unconnect ed,  symmet r i cal  

l e nse s  of  c oar se  s i l t  t o  very f i n e  sand s h a r p l y  o v e r l a i n  

by l a m i n a t i o n s  o f  f i n e r  sediment  p a r a l l e l i n g  t h a t  

u n d u l a t i n g  s u r f a c e .  The coar ser  l e ns e s  commonly occupy 

swales i n t h e  l a m i n a t e d  l a y e r s  (see f i g u r e  2 6 ) .  In 

t wo - d i me n s i o n a l  v i e ws ,  s i l t  l enses ar e  3 t o 15 

c e n t i m e t e r s  wi de and l e s s  than 2 c e n t i m e t e r s  h i gh.

Though most show no i n t e r n a l  s t r u c t u r e ,  some l enses  have 

l a m i n a t i o n s  p a r a l l e l  t o  t he  upper or t h e  l ower  bounding 

s u r f a c e s  ( f i g u r e  2 6 ) .  These sediments d i f f e r  most c l e a r l y  

f rom l e n t i c u l a r  c o u p l e t s  i n the much g r e a t e r  wi d t h  of  

t h e i r  l e n s e s ,  t he  f a c t  t h a t  t h e i r  l e ns e s  do not  occur  in 

t r a i n s ,  and i n  t h e i r  l a c k  o f  a graded muddy cap.

M e t e r - t h i c k ,  f i n i n g -  and t h i n n i n g - u p w a r d  se t s  of  

bedded s i l t  o v e r l a i n  by s e t s  of  mi c r o l a mi n a  comprise the  

l ower  u n i t  o f  t he  P r i c h a r d  Format ion a t  B l a i n e  Mount ai n;
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F i g u r e  26.  Bedded s i l t  and sand s e d i me n t - t y p e .  
R a r e ,  c l e a n  outcrop showing i n t e r n a l  s t r u c t u r e  of  beds. 
Note c o a r s e r  l enses ( c e n t e r  and c e n t e r  r i g h t )  occupying  
swal es  i n  f i n e r ,  l a mi n a t e d  l a y e r s .
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t h e  P r i c h a r d  F o r m a t i o n ' s  upper  u n i t  a t  B l a i n e  Mount a i n ,  

L i on  Cr eek ,  and Nor t h Crow Creek c o n s i s t s  o f  bedded s i l t s  

and sands i n no p e r c e p t i b l e  p a t t e r n ,  or  r a r e l y ,  in 

p o o r l y - d e f i n e d ,  f i n i n g - u p w a r d  and coar sen i ng - upwar d  

p a t t e r n s .  The bedded sands and s i l t s  i n t e r c a l a t e ,  wi t h  

sand beds becoming more abundant  u p - s e c t i o n .  

INTERPRETATION

The l a t e r a l  e x t e n t  o f  s i l t  and sand beds i n d i c a t e s  

t h a t  they were de po s i t e d  f rom unconf i ned  f l ows across  

broad f l a t  s u r f a c e s ,  w h i l e  t h e i r  sharp c o n t a c t s  r evea l  

t h a t  d e p o s i t i o n  oc cur r ed  as a s e r i e s  o f  d i s c r e t e  event s .  

The f i n e  g r a i n - s i z e d  compr i s i ng  t h i s  s e d i me n t - t y p e  

suggest  t h a t  most of  the sedi ment  was t r a n s p o r t e d  in 

suspens i on.  The gr ad i ng  o f  s i l t  and sand beds r ecords a 

s t ead y  decr ease  i n  the sedi ment  t r a n s p o r t  dur i ng the  

d e p o s i t i o n a l  e v e n t s ,  w h i l e  t he  s l i g h t  t h i n n i n g  and 

t h i c k e n i n g  o f  beds i s  p r oba b l y  due t o  l o a d i n g ,  and 

suggests  r a p i d  s e d i me n t a t i o n  on a s o f t ,  s a t u r a t e d  

s u b s t r a t e .  The absence o f  o s c i l l a t i o n  r i p p l e s  conf i rms  

t h a t  s e d i me n t a t i o n  oc cur r e d  below normal  wave base in 

w a t e r  on the o r de r  of  s e v e r a l  meters t o  t ens  of  meters 

deep.

As t he  above i n f e r e n c e s  b a s i c a l l y  d e s cr i b e  

d e p o s i t i o n  f rom t u r b i d i t y  c u r r e n t s ,  t he  bulk of  bedded 

s i l t s  and sands are  i n t e r p r e t e d  as t u r b i d i t e s .  

A c c o r d i n g l y ,  t u r b i d  un d e r f l o ws  scoured t he  sediment
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s u r f a c e  s l i g h t l y  and d e p o s i t e d  f i n i n g - u p w a r d  beds as the  

f l o w  wai ned.

Because t he  l e n t i c u l a r  sed i ment ary  s t r u c t u r e s  in 

some bedded s i l t s  and sands in the upper  u n i t  of  the  

P r i c h a r d  For mat i on  a r e  c h a r a c t e r i z e d  by spor ad i c  

o c c u r r e n c e ,  oc c up a t i on  of  swales,  and ma n t l i n g  b l a n k e t  of  

l a mi n a t e d  f i n e r  s e d i ment ,  they are i n t e r p r e t e d  as a form 

o f  hummocky s t r a t i f i c a t i o n  (Harms e t  a l . ,  1 9 8 4 ) .  

A c c o r d i n g l y ,  l a r g e  waves dur i ng storms scoured the bottom 

i n t o  o s c i l l a t o r y  suspensi on and bedload t r a n s p o r t .  

Decreased c u r r e n t  s t r e n g t h  or t r a n s p o r t  i n t o  deeper  wat er  

( A l l e n ,  1984 ,  v o l .  I I ) ,  depos i t ed  the be dl oad i n swales,  

w h i l e  o s c i l l a t o r y  c u r r e n t s  produced symmet r i ca l  bedforms.  

F i n e r  sedi ment  s e t t l e d  d i r e c t l y  onto t h e  un d u l a t o r y  

s u r f a c e  or  w i t h  b r i e f  t r a c t i o n  s o r t i n g  i n t o  l a m i n a t i o n s .

Many o f  t he  w e l l - s o r t e d ,  very f i n e - g r a i n e d  sand beds 

i nc l ud e d  i n  t h i s  s e d i m e n t - t y p e  are s i m i l a r l y  i n t e r p r e t e d  

as storm d e p o s i t s .  Ot he r  cl ean sand beds pr obab l y  

r e p r e s e n t  sedi ment s  t r a c t i o n - t r a n s p o r t e d  by near  shore 

c u r r e n t s .  The i n c r e a s i n g  numbers of  c l e a n  bedded sands 

u p - s e c t i o n  i n t h e  upper  u n i t  of  the P r i c h a r d  Format i on  

r ec or ds  p r o g r e s s i v e  s h a l l o w i n g .

MICROLAMINA SEDIMENT-TYPE 

d e s c r i p t i o n

The m i c r o l a m i n a  sedi ment  t ype  i s  c h a r a c t e r i z e d  by
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e v e n ,  s h a r p l y  bounded,  l a t e r a l l y  c o n t i n u o u s ,  

mi l  1 1 m e t e r - s e a l e  beds which grade f rom a t a n ,  f i n e  s i l t  

l o w e r  l a y e r  t o  a b l a c k ,  c l a y e y  upper  l a y e r .  Mi c r o l ami na e  

r ange  f rom l e s s  than 0 . 2 5  m i l l i m e t e r s  up t o  about  3 

m i l l i m e t e r s  t h i c k  and can be t r a c e d  a c r oss  out cr ops  a few 

met e r s  wi de.

Thi n s e c t i o n s  r e v e a l  nar row p l ane s  o f  homogenized 

sedi ment  up t o  one c e n t i m e t e r  long c u t t i n g  across  

l a y e r i n g  a t  h i gh  a n g l e s ,  and i s o l a t e d  g r a i n s  o f  the  

medium- t o c o a r s e - g r a i n e d  sand p o p u l a t i o n  r e s t i n g  atop 

t he  c l a y e y  l a y e r s  o f  mi c r o l ami nae  ( f i g u r e  2 7 ) .

The on l y  occur r ences  o f  mi c r o l a mi n a e  are in the 

l ower  u n i t  o f  t he  P r i c h a r d  Format i on  a t  t he  base of  the  

Mt .  B l a i n e  s e c t i o n  ( f i g u r e  28 ,  Appendix E ) ) ,  where 

f i n i n g -  and t h i n n i n g - u p w a r d ,  d e c i m e t e r s - t h i c k  set s  cap 

t h i n n i n g -  and f i n i n g - u p w a r d ,  m e t e r - t h i c k  se t s  of  bedded 

s i l t  (see t he  bedded s i l t  and sand s e d i m e n t - t y p e ) .  

INTERPRETATION

M i c r o l a mi n a e  r e co r d  suspensi ons o f  f i n e  s i l t  and 

c l a y  s e t t l i n g  out  over  broad a r e a s .  S i l t  g r a i n s  

d e p o s i t e d  a c c or d i ng  t o  t h e i r  s e t t l i n g  v e l o c i t i e s  formed 

t he  l ower  l a y e r s  o f  mi c r o l a mi n a e .  E v e n t u a l l y ,  the  

p r o g r e s s i v e l y  d e p l e t e d  suspensi ons c o n t a i n e d  onl y  c l ay  

p a r t i c l e s ,  which de p o s i t e d  s l owl y  to form the upper  

l a y e r s  o f  m i c r o l a mi n a e .

The absence of  scour s ,  r i p p l e  c r o s s - l a m i n a t i o n s ,  and
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F i g u r e  27.  M i c r o l a mi n a  s e d i m e n t - t y p e .  Note high 
a ngl e  zone o f  homogenized sediment  and s c a t t e r e d  grains  
of  medium sand.
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f l a t - 1  ami n a t i o n s  c o n f i r ms  t h a t  m i c r o l a mi n a  were not  

d e p o s i t e d  by t r a c t i o n  t r a n s p o r t ;  t he  absence o f  

o s c i l l a t i o n  r i p p l e s  i n d i c a t e s  t h a t  t he  sedi ment  sur f ace  

was below f a i r w e a t h e r  wavebase.

I n s t e a d ,  mi c r o l a mi n a e  are i n t e r p r e t e d  as the  most  

d i s t a l  de pos i t s  of  t he  t u r b i d i t y  c u r r e n t s  which deposi t ed  

beds o f  t he  bedded s i l t  and sand s e d i m e n t - t y p e . The 

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

t hey  r e cor d  t he  l i n g e r i n g  suspension which r o l l e d  outward  

f rom the t e r mi nus  o f  a c t i v e  t u r b i d i t y  c u r r e n t  t r a n s p o r t .

The r u p t u r e s  c r o s s - c u t t i n g  some mi c r o l a mi n a e  are  

i n t e r p r e t e d  as s y n - s e d i me n t a r y  d i k e ! e t s formed by 

s e t t l i n g ,  d e w a t e r i n g ,  or  degass i ng.

Because t he  g r a i n s  of  medium- t o  c o a r s e - g r a i n e d  sand 

s c a t t e r e d  among mi c r o l a mi n a e  do not  occur  i n t he  bedded 

s i l t  t u r b i d i t e s  and coul d not  have been t r a n s p o r t e d  by 

the  weak suspension c l ouds  d e p o s i t i n g  m i c r o l a m i n a ,  they  

were more pr obabl y  blown f rom exposed s a n d f l a t s  to the  

e a s t  (Freeman and Wi ns t on ,  1987)  (see  t he  coarse sand 

s e d i m e n t - t y p e ) .  The f a c t  t h a t  the sand g r a i n s  r e s t  atop 

mi c r o l a mi n a e  i n d i c a t e s  t h a t  they were g e n e r a l l y  depos i t e d  

i n  t he  t i me  i n t e r v a l s  between t u r b i d i t y  f l o w s ,  r a t h e r  

than du r i ng  t he  r e l a t i v e l y  b r i e f  p e r i o d s  the mi cr o l ami nae  

r e p r e s e n t .
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CHAPTER 3 

STRATIGRAPHY 

T h i s  c h a p t e r  d e s c r i b e s  the methods o f  l i t h o -  

s t r a t i g r a p h i c  c o r r e l a t i o n ,  and pr ov i de s  an over v i ew of  

t he  c o r r e l a t i o n s  and a u n i t  by u n i t  d i s c u s s i o n  of  the  

s t r a t i g r a p h i e  u n i t s .

METHODS

Some s t r a t i g r a p h i e  i n t e r v a l s  in t he  f o u r  measured 

s e c t i o n s  in t h i s  study are  dominated by a s i n g l e  

s e d i m e n t - t y p e ,  w h i l e  o t h e r s  are c h a r a c t e r i z e d  by 

combi nat i ons  of  two s e d i me n t - t y pe s .  These r epe a t e d  

i n t e r v a l s  o f  s i n g l e  or  p a i r e d  s e d i me n t - t y p e s  are here  

grouped i n t o  n i ne  l i t h o f a c i e s  which form wi despread  

s t r a t i g r a p h i e  i n t e r v a l s  and are t h e r e f o r e  the basi c  

e l ement s  o f  c o r r e l a t i o n  between measured s e c t i o n s  ( f i g u r e  

28 ,  Appendix F in p o c k e t ) .  The ni ne l i t h o f a c i e s  are:  1) 

c r oss - bedded and f l a t - l a m i n a t e d  sand,  2)  f l a t - l a m i n a t e d  

sand,  3)  f l a t - l a m i n a t e d  sand and even co up l e s ,  4)  even 

coupl es  and h e m a t i t i c  c o u p l e t s ,  5)  h e m a t i t i c  c o u p l e t s ,  6)  

c h l o r i t i c  c o u p l e t s ,  7)  coarse sand,  8)  bedded s i l t  and 

sand,  and 9)  m i c r o l a mi n a  and bedded s i l t .  L i t h o f a c i e s  

ar e  c o r r e l a t e d  between measured s e c t i o n s  on the basi s  of :  

1) d i r e c t  c o r r e l a t i o n  of  the same f a c i e s ,  and 2) gradual  

changes i n f a c i e s  ( f i g u r e  2 8 ) .  C o r r e l a t i o n s  based on 

gr adua l  f a c i e s  changes f o l l o w  the i n t e r p r e t a t i o n  

devel oped i n  t he  c h a p t e r  2 on s e d i me n t - t y p e s  t h a t
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cr oss - bedded sands pass l a t e r a l l y  t o  f l a t - l a m i n a t e d  

sands,  which pass t o even c o up l e s ,  which pass t o  

c o u p l e t s .  The mudchip congl omer at e  s e d i m e n t - type does 

not  form c o nt i nuo us  i n t e r v a l s  t h a t  can be c o r r e l a t e d  f rom 

s e c t i o n  t o  s e c t i o n .

Sets  o f  a l pha  c o u p l e t s  and the d i s t i n c t i v e  bounding 

green sandy sedi ments form s t r a t i g r a p h i e  keybeds (see the  

c o u p l e t  s e d i m e n t - t y p e )  which are  e a s i l y  r e c o g n i z e d  in  

o u t c r o p .  Two keybeds occur  in the Nor t h  Crow Creek 

s e c t i o n ,  and one of  t hese i s  c o r r e l a t e d  w i t h  the keybed 

i n  the Li on Creek s e c t i o n  ( f i g u r e  2 8 ) .

OVERVIEW

F i g u r e  28 and Appendix F i l l u s t r a t e  the l i t h o f a c i e s  

c o r r e l a t i o n s .  F i g u r e  29 shows pr e v i ou s  f ormal  assignment  

o f  t he  s t r a t i g r a p h i e  u n i t s ,  and f i g u r e  30 shows my 

proposed t r e a t m e n t  o f  f ormal  s t r a t i g r a p h i e  u n i t s  based on 

t he  1 i t h o s t r a t i g r a p h i c  c o r r e l a t i o n s .

The Bur ke ,  l ower  R e v e t t ,  middle R e v e t t ,  upper  

R e v e t t ,  S t .  R e g i s ,  and Empi re For mat i ons  ( Whi t e  and 

Wi nst on,  1982;  A l l eman ,  1983;  Mauk,  1983;  H a r r i s o n  e t .  

a l ,  1986)  can be i d e n t i f i e d  in the Mi s s i o n  Range ( f i g u r e s  

28 ,  3 0 ) .  However ,  t o  the e a s t  in the Swan and F l a t h e a d  

Ranges,  q u a r t z i t e  i n t e r v a l s  o f  the R e v e t t  have not  been 

mapped s e p e r a t e l y  and the e n t i r e  R a v a l l i  Group has been 

mapped as t he  Spokane or G r i n n e l l  For mat i on  o v e r l a i n  by 

t he  Empire For mat i on  ( Wi ns t on ,  1986b;  Cr on i n  e t .  a l .
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u n it

F i g u r e  29.  P r e v i o u s  authors d e s i g n a t i o n s  of  
formal  s t r a t i g r a p h i e  u n i t s  p l o t t e d  on the  
1 i t h o s t r a t i g r a p h i c  c o r r e l a t i o n s  of  f i g u r e  28.
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M is s io n
Aange Flathead

Range
no rthe rn  

Swan Range

A  O

S t. Regis 
Fm.

upper
R eve tt

Fm.

m idd le
R eve tt

Fm.

low er
R evett

Fm.

U n it A

Burke
Fm.

U n it B

P ric h a rd
Fm.

F i g u r e  30 .  Proposed a p p l i c a t i o n  of  formal  
s t r a t i g r a p h y  t o  t he  l i t h o s t r a t i g r a p h i c  c o r r e l a t i o n s  of 
f i g u r e  28.
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1986;  Mudge e t .  a l ,  1983;  Ha r r i so n  e t .  a l ,  1983;  Ross,  

1959)  ( f i g u r e s  29 ,  3 0 ) .  Thus,  the Swan V a l l e y  between 

t he  Mi s s i o n  and Swan Ranges serves as an a r b i t r a r y  

c u t - o f f  ( Whee l er  and M a l l o r y ,  1953;  Nor t h  American Code 

of  S t r a t i g r a p h i e  Nomencl a t ure ,  a r t i c l e  28c)  between the 

wes t er n  and e a s t e r n  R a v a l l i  Group no me nc l a t u r e s .  Because 

t he e n t i r e  B u r k e - R e v e t t - S t .  Regis sequence c o r r e l a t e s  

w i t h  t he  G r i n n e l l  (Spokane)  Format i on ( f i g u r e s  28,  3 0 ) ,  

not  j u s t  the S t .  Regis Format i on as has been proposed  

( H a r r i s o n ,  1972)  ( f i g u r e  5 ) ,  t h i s  t h e s i s  r e f e r s  to “ the 

R e v e t t  For mat i on  and the c o r r e l a t i v e  G r i n n e l l  Format ion  

i n t e r v a l " ,  f o r  example.

The uppermost  P r i c h a r d  Format i on was i n c l u d e d  in the 

measured s e c t i o n s  because i t  bounds the l owermost  R a v a l l i  

Gr oup . However , the two u n i t s  o v e r l y i n g  t he  P r i c h a r d  in 

the st udy ar ea  are  i n f o r m a l l y  de s i g na t e d  U n i t s  A and B 

because t h e i r  r e l a t i o n s h i p s  w i t h  the  f ormal  s t r a t i g r a p h i e  

u n i t s  i n the sur r oundi ng area are u n c e r t a i n  ( f i g u r e  30 ) .  

PRICHARD FORMATION

The P r i c h a r d  Format i on has been mapped in the Swan 

Range ( H a r r i s o n  e t  a l . ,  1 9 8 3 ) ,  but  not  in the Mi ssi on and 

F l a t h e a d  Ranges.  Nor th of  the study a r e a ,  the Pr i c ha r d  

has a l s o  been mapped in the W h i t e f i s h  Range,  and is  

t e n t a t i v e l y  r e c o g n i z e d  on the west  s i de  of  G l a c i e r  

N a t i o n a l  Park ( Whi ppl e  e t  a l . ,  19 8 4 ) .

The P r i c h a r d  Format i on in the Swan Range is here
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s u b d i v i d e d  i n t o  i n f o r ma l  l ower  and upper  u n i t s  at  B l a i n e  

Mount a i n .  These two u n i t s  pr obabl y  occur  in the upper  

p a r t  o f  the  8 , 0 0 0  f o o t - t h i c k  P r i c h a r d  (Ransome and 

C a l k i n s ,  1908;  Hobbs e t  a l . ,  1965) .  The upper  u n i t  a l s o  

out cr ops  a t  Nor t h  Crow Creek and Deep Creek .  C o r r e l a t i o n  

of  t hese u n i t s  w i t h  the sur roundi ng ar ea  can not  be 

a t t empt e d  w i t h  the a v a i l a b l e  dat a;  the f o l l o w i n g  

d e s c r i p t i o n s  are  r ecor ded  as an a i d  to f u t u r e ,  more 

d e t a i l e d  s t u d i e s .

LOWER UNIT

Less than one hundred f e e t  of  i n t e r c a l a t e d  

mi c r o l a mi na  and a r g i l l a c e o u s  s i l t  beds a t  the base of  the  

B l a i n e  Mount ai n s e c t i o n  compr i se the l owest  exposed u n i t  

of  t he  P r i c h a r d  For mat i on  in the study area  ( f i g u r e  2 8 ) .  

S c a t t e r e d  medium t o  coarse sand g r a i n s  occur  in t h i n  

s e c t i o n s  o f  the mi c r o l a mi n a .

Th i s  u n i t  c o n t a i n s  ca r bona t e  rhombs and p y r i t e  

cubes,  and i s  r u s t y  w e a t h e r i n g .  The c o n t a c t  between the  

l ower  u n i t  and t he  upper u n i t  i s  p l aced a t  the top of  the  

h i g h e s t  set  o f  m i c r o l a m i n a e .  Thi s  u n i t  i s  mapped as 

P r i c h a r d  Format i on  a t  B l a i n e  Mountai n ( H a r r i s o n  e t  a l . ,  

1983)  ( f i g u r e  2 9 ) .

UPPER UNIT

The uppermost  u n i t  o f  the P r i c h a r d  Format i on in the  

study area  c o n s i s t s  o f  bedded s i l t s t o n e  and very  

f i n e - g r a i n e d  sandstone i n c l u d e d  in t he  bedded s i l t  and
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sand s e d i m e n t - t y p e .  In a l l  t h r e e  s e c t i o n s ,  a r g i l l a c e o u s  

s i l t y  beds decr eas e  upward,  wh i l e  c l e a n ,  bedded very  

f i n e -  t o  f i n e - g r a i n e d  sand i n c r e a s e  g r e a t l y  toward the  

top of  the P r i c h a r d .  At  B l a i n e  Mount a i n ,  t he  upper u n i t  

i s  420 f e e t  t h i c k .

Th i s  u n i t  i s  a l s o  c h a r a c t e r i z e d  by d i s s e n i ma t e d  

p y r i t e  cubes t h a t  i mp a r t  a r us t y  ca s t  t o t he  out crops  

upon w e a t h e r i n g ;  a t  B l a i n e  Mountain and Deep Creek i t  

i n c l u d e s  abundant  c a r b o na t e  rhombs and t h e i r  c a s t s .  Some 

b r o w n - w e a t h e r i n g ,  c a l c a r e o u s  s i l t y  beds occur  a t  Deep 

C r e e k .

The c o n t a c t  w i t h  t he  very f i n e - g r a i n e d ,  

f l a t - l a m i n a t e d  sand beds o f  U n i t  B i s  g r a d a t i o n a l  and i s  

p l a c e d  a t  t he  h i g h e s t  bedded s i l t  c h a r a c t e r i s t i c  of  the  

P r i c h a r d  F o r m a t i o n .  Thus,  the cont a c t  i s  p l a c e d  by the  

same c r i t e r i o n  used i n t he  type a r e a ,  t he  Coeur  d ' Al ene  

D i s t r i c t  (Ransome and C a l k i n s ,  1908;  Hobbs e t  a l . ,  1965) .  

T h i s  c o n t a c t  c o i n c i d e s  w i t h  the l owest  appearance of  

ma g n e t i t e  in t he  s e c t i o n .  The upper u n i t ' s  c o n t a c t  wi t h  

U n i t  A at  Deep Creek i s  cover ed .

Al though t he  upper  u n i t  i s  mapped as P r i c h a r d  

For mat i on  a t  B l a i n e  Mount a i n  ( H a r r i s o n  e t  a l . ,  1 9 83 ) ,  a t  

Nor t h  Crow Cr e e k ,  H a r r i s o n  e t  a l .  ( 1986 )  mapped i t  as 

Burke Fo r ma t i o n ;  and a t  Deep Creek ,  Ross ( 1 9 5 9 )  mapped i t  

as G r i n n e l l  Fo r mat i on  ( f i g u r e  29 ) .

U n i t  A
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U n i t  A i s  a 100 f o o t - t h i c k  i n t e r v a l  c h a r a c t e r i z e d  by 

1-3 c e n t i m e t e r - t h i c k  even and l e n t i c u l a r  c h l o r i t i c  

c o u p l e t s ,  bu t  i n c l u d i n g  a few sets o f  h e m a t i t i c  even 

c o u p l e t s  and r a r e  coar se  sand beds.  T h i s  u n i t  i s  l i m i t e d  

t o the  Deep Creek s e c t i o n  where i t  occurs between the  

P r i c h a r d  Fo r mat i on  and U n i t  B ( f i g u r e  3 0 ) .  The lower  

c o n t a c t  o f  U n i t  A i s  covered and i t s  u p p e r c o n t a c t  i s  

pl aced a t  the base of  t he  l owest  f l a t - l a m i n a t e d  sand bed 

of  U n i t  B. Ross ( 1959 )  i nc l ude d  t h i s  u n i t  in the  

G r i n n e l l  For mat i on  ( f i g u r e  29) .

To t h e  e a s t .  U n i t  A may c o r r e l a t e  w i t h  member 5 of  

the Appekunny For mat i on  (Whi ppl e e t  a l . ,  1 9 8 4 ) ,  a b r i g h t  

green a r g i l l i t e  u n i t  c h a r a c t e r i z e d  by t h i n  c o u p l e t s  and 

mi cr o l a mi nae  which forms the uppermost  member of  the  

Appekunny For mat i on  on t he  east  s i de  of  G l a c i e r  Na t i ona l  

Par k ,  and s e p a r a t e s  t he  P r i c h a r d ( ? )  For mat i on  f rom the 

G r i n n e l l  For mat i on  on the  west  s i de o f  G l a c i e r  Na t i ona l  

Park ( Whi pp l e  e t  a l . ,  1 9 8 4 ) .  More d e t a i l e d  study of  t h i s  

u n i t  i s  r e q u i r e d  t o  c o n f i r m  t h i s  i d e n t i f i c a t i o n  and 

c o r r e l a t i o n .  The d e t a i l s  o f  U n i t  A ' s  p i nchout  between 

Deep Creek and B l a i n e  Mount ai n are unknown.

U n i t  B

In i t s  be s t  exposure  a t  Nor th Crow Cr eek ,  U n i t  B 

c o n s i s t s  o f  1600 f e e t  of  f l a t - l a m i n a t e d  sand o v e r l a i n  by 

200 f e e t  o f  f l a t - l a m i n a t e d  sand,  even c o up l e s ,  and 

h e m a t i t i c  c o u p l e t s  ( f i g u r e  2 8 ) .  At  B l a i n e  Mount a i n ,  300
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f e e t  o f  f l a t - l a m i n a t e d  sand w i t h  a few se t s  of  h e m a t i t i c  

c o u p l e t s  i s  o v e r l a i n  by 120 f e e t  of  h e m a t i t i c  and 

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

sand.  In t he  Deep Creek s e c t i o n ,  450 f e e t  of  s i l t y  

f l a t - l a m i n a t e d  sand,  even coupl es  and coup l e t s  i n c l ud e s  

o c c as i ona l  s i n g l e  beds and se t s  of  coarse sand.  In a l l  

t h r e e  s e c t i o n s ,  sun- c r a c ke d  mud drapes are  common, and 

are  e s p e c i a l l y  abundant  t o wa r d  the top of  the u n i t .  

O s c i l l a t i o n  and c u r r e n t  r i p p l e s  on beddi ng planes occur  

t h r o ugh ou t  U n i t  A a t  Nor t h  Crow Creek and Bl a i ne  

Mo unt a i n ,  and a t  Nor t h Crow Creek t he  upper  i n t e r v a l  i s  

p a r t i c u l a r l y  r i c h  in se t s  o f  c l i mb i ng  r i p p l e s .  In a l l  

s e c t i o n s ,  t he  upper  c o n t a c t  o f  U n i t  B w i t h  the even 

coupl es  and the c o u p l e t s  o f  the Burke Format i on or the  

G r i n n e l l  For mat i on  i s  g r a d a t i o n a l  and p l aced at  the top 

of  t he  h i g h e s t  i n t e r v a l  o f  f l a t - l a m i n a t e d  sand beds.

At  Nor t h Crow Creek U n i t  B i s  mapped as the R ev e t t  

For mat i on  ( H a r r i s o n  e t  a l . ,  1 9 8 6 ) ,  bu t  t h e r e  i s  no doubt  

t h a t  U n i t  B in t he  Mi s s i o n  Range i s  not  the Revet t  

Format i on  r e p e a t e d  by f a u l t i n g  ( f i g u r e  2 9 ) ,  as i n d i c a t e d  

on t he  Wa l l a ce  t wo - de gr e e  sheet  ( H a r r i s o n  e t .  a l ,  19 86 ) .  

Al t hough U n i t  8 and t he  R e v e t t  Format i on resemble each 

o t h e r  s u p e r f i c i a l l y .  U n i t  B i s  a s i n g l e ,  t h i c k  i n t e r v a l  

composed a l most  e n t i r e l y  o f  f l a t - l a m i n a t e d  sand,  wh i l e  

t h e  R e v e t t  compr i ses t h r e e  members.  The members i nc l ude  

an abundance o f  f l a t - l a m i n a t e d  sand,  but  they d i f f e r  from



124

U n i t  B in t h a t  t he  l ower  R e v e t t  a l s o  c o n t a i n s  abundant  

se t s  of  the c r os s - b e dd e d  sand,  even co up l e ,  and c oup l e t  

s e d i m e n t - t y p e s ,  and beds of  the coarse sand 

s e d i m e n t - t y p e ,  and t he  mi dd l e  and upper  R e v e t t  a l so  

i n c l u d e  copi ous s e t s  o f  even coup l e s ,  and c o u p l e t s ,  and 

coarse sand beds ( Appendi x  E or F ) .

At  B l a i n e  M o u n t a i n ,  U n i t  B i s  mapped as an unnamed 

f o r ma t i o n  ( H a r r i s o n  e t  a l . ,  1983) ;  c l i f f  exposur es  of  

U n i t  B a t  t he  measured s e c t i o n  c onf i r m t h a t  i t  i s  not  

r e pe a t e d  by f a u l t i n g  as i n d i c a t e d  on the p r e l i m i n a r y  

K a l i  s p e l l  sheet  ( f i g u r e  2 9 ) .

At  Deep Cr e ek ,  U n i t  B i s  i n c l u d e d  in t he  G r i n n e l l  

Format i on  (Ross,  1959)  ( f i g u r e  2 9 ) .

The s t a t u s  o f  t h i s  s i g n i f i c a n t  q u a r t z i t e  u n i t  I s  

u n c e r t a i n ,  thus  I d e s i g n a t e  i t  i n f o r m a l l y  as U n i t  B.

In t h e i r  study o f  the Coeur d ' A l e n e  D i s t r i c t ,  Hobbs,  

G r i g g s ,  W a l l a c e ,  and Campbel l  ( 1965)  d e s c r i b e  the  

t r a n s i t i o n  zone between t he  P r i c h a r d  and Burke Format i ons  

as a q u a r t z i t e - d o m i n a t e d  i n t e r v a l  w i t h  mudcracks,  r i p p l e  

marks,  and c r o s s - s t r a t i f i c a t i o n .  They p l ace  the  

P r i c h a r d / B u r k e  c o n t a c t  a t  the top of  the h i g h e s t  

l a mi n a t e d  dark gr ay  a r g i l l i t e  i n t e r v a l  c h a r a c t e r i s t i c  of  

t he  P r i c h a r d ;  g r e e n i s h  grey a r g i l l i t e  beds c h a r a c t e r i s t i c  

o f  t he  Burke occur  among t he predomi nant  q u a r t z i t e  of  the  

l o we r  Burke For mat i on  (Hobbs e t  a l . ,  1 9 6 5 ) .  Th i s  

q u a r t z i t e  zone t h i n s  f rom a maximum of  2000 f e e t  in the
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Coeur  d ' A l e n e  D i s t r i c t ,  t o  300 f e e t  i n  the Li bby  

Qu a dr a n g l e ,  Montana ( G i bso n ,  1 9 4 8 ) .  F a r t h e r  eas t  i n t o  

no r t h we s t e r n  Montana,  t he  zone does not  i n c l ud e  

q u a r t z i t e s  (Mauk,  1983;  H a r r i s o n  e t  a l . ,  1 9 86 ) .  I n s t e a d ,

t h e  t r a n s i t i o n  zone t h e r e  c o n s i s t s  of  " P r i c h a r d - t y p e  

l a mi n a t e d  a r g i l l i t e  i n t e r b e d d e d  wi t h  B u r k e - t y p e  green to  

g r a y i s h - g r e e n ,  t h i c k l y - 1 a m i n a t e d  t o t h i n l y  bedded 

ma g n e t i f e r o u s  s i l t i t e  u n i t s  wi t h  mi 111 m e t e r - s e a l e  

a r g i l l i t e  ca p s . "  (Mauk,  1983 p.  3 2 ) ;  t he  l ower  p a r t  o f  

t he  Burke c o n s i s t  o f  B u r k e - t y p e  s i l t i t e s  and a r g i l l i t e s  

(Mauk,  1 9 8 3 ) .

F o l l o w i n g  t he  d e f i n i t i o n  t h a t  t he  h i g h e s t  

P r i c h a r d - t y p e  l i t h o l o g y  marks the top of  t h a t  f o r ma t i o n  

(Ransome and C a l k i n s ,  1908;  Hobbs e t  a l . ,  1965;  Mauk,  

1983;  H a r r i s o n  e t  a l . ,  1 9 8 6 ) ,  U n i t  B bel ongs in the Burke

F o r ma t i o n ,  s i n c e ,  by d e f i n i t i o n  i t  c o n t a i n s  no 

P r i c h a r d - t y p e  l i t h o l o g i e s  and i n s t e a d  i n c l u d e s  h e m a t i t i c  

and c h l o r i t i c  a r g i l l i t e  c h a r a c t e r i s t i c  of  the Burke.  On 

t h e  the o t h e r  hand,  assi gnment  of  U n i t  B t o  the Burke i s  

i n c o n s i s t e n t  w i t h  t h a t  f o r m a t i o n ' s  c h a r a c t e r  e l sewhere in 

west er n  Montana.

The southward t h i c k e n i n g  of  U n i t  B f rom Bl a i ne  

Mount a i n  and Deep Creek ,  t o  the Mi ss i on  Range,  and i t s  

a p p a r e n t  absence to t he  i mmedi a t e  west  (Mauk,  1983;  

H a r r i s o n  e t .  a l ,  1 9 8 6 ) ,  suggests t h a t  sedi ments of  t h i s  

u n i t  were d e r i v e d  f rom t he  sout h.  Thus U n i t  B may be a
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d i s t i n c t  q u a r t z i t e  lobe a t  the same s t r a t i g r a p h i e  l e v e l  

as t h a t  in the Coeur  d ' A l e n e  d i s t r i c t  (Ransome and 

C a l k i n s ,  1908;  Hobbs e t  a l . ,  1965)  and the S a l i s h  

Mount ai ns of  n o r t h w e s t e r n  Montana (Loos,  1 9 8 5 ) ,  but  

s p a t i a l l y  s e p a r a t e d  f rom i t .  A d d i t i o n a l  d e t a i l e d  work on 

t h i s  s t r a t i g r a p h i e  l e v e l  in and around the study area i s  

r e q u i r e d  t o  d e f i n e  t he  f ormal  s t r a t i g r a p h y  o f  U n i t  B and 

r e s o l v e  the c o m p l e x i t i e s  o f  the P r i c h a r d -  Burke 

boundary.

BURKE FM.AND CORRELATIVE GRINNELL FM. INTERVAL

Most o f  t he  Burke Format i on  i s  covered a t  Nor th Crow 

Creek .  Only t he  basa l  150 f e e t  of  even coupl es  and 

h e m a t i t i c  c o u p l e t s  o v e r l a i n  by 90 f e e t  of  h e m a t i t i c  

c o u p l e t s ,  even c o u p l e s ,  and f l a t - l a m i n a t e d  sand beds are 

exposed ( f i g u r e  2 8 ) .  The c o n t a c t  w i t h ,  and l ower  p o r t i o n  

o f ,  t he  o v e r l y i n g  l o we r  R e v e t t  Format i on are  a l so  

cover ed.  The t h i c k n e s s  o f  t h i s  l a r g e  covered i n t e r v a l  

was appr ox i mat ed by p r o j e c t i n g  the un i f o r m d i p s  of  the  

l ower  Burke and l owe r  R e v e t t  s t r a t a  t h a t  were exposed 

( Appendix D) .

Si nce beddi ng a t t i t u d e s  are c o n s i s t e n t  across the 

supposed f a u l t ,  t h e r e  i s  no evidence f o r  a n o r t h - s o u t h  

normal  f a u l t  t h r ough  t h i s  covered i n t e r v a l  as p r o j e c t e d  

by H a r r i s o n  and o t h e r s  ( 1 9 8 6 )  ( f i g u r e  3 0 ) .  That  f a u l t  

was mapped i n  t he  mi s i d e n t i f i c a t i o n  of  U n i t  B as the 

R e v e t t  Fo r mat i on ;  i t s  i n f e r e n c e  was demanded t o  e x p l a i n
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t he  a p p a r e n t  r e p e t i t i o n  o f  the R e v e t t .  Thus,  a l t hough  

t he  1500 f e e t  o f  Burke a t  Nor th Crow Creek i s  

appr ox i mat ed f rom d i ps  near  the base and w i t h i n  the Burke 

(Appendix D ) ,  and by p r o j e c t i n g  the boundary o f  the Burke 

and l ower  R e v e t t  c o r r e l a t i v e  i n t e r v a l s  o f  the G r i n n e l l  

Format i on f rom B l a i n e  Mount ai n ( f i g u r e  2 8 ) ,  i t s  t h i ckness  

i s  pr oba b l y  r e l i a b l e  w i t h i n  100 t o  150 f e e t .

The l ower  i n t e r v a l s  of  even coup l es  and h e m a t i t i c  

c o u p l e t s  exposed a t  Nor t h  Crow Creek ex t e nd  i n t o  the  

Bl a i n e  Mount a i n  and Deep Creek s e c t i o n s ,  where the upper  

i n t e r v a l s  o f  t he  Burke c o r r e l a t i v e  i n t e r v a l  of  the  

G r i n n e l l  c o n s i s t s  o f  h e m a t i t i c  c o u p l e t s  w i t h  r a r e  coarse  

sand beds,  A 25 f o o t - t h i c k  coarse sand i n t e r v a l  occurs  

near  the c e n t e r  o f  t he  Burke c o r r e l a t i v e  i n t e r v a l  of  the  

G r i n n e l l  F o r ma t i on  a t  Deep Creek ( f i g u r e  2 8 ) .

At  Nor t h  Crow Cr e e k ,  the Burke i s  mapped as the  

Spokane and Burke For mat i on  j u x t aposed  by t he  i n f e r r e d  

f a u l t  d i s mi s s e d  above ( f i g u r e  3 0 ) .  At  B l a i n e  Mountain  

and Deep Cr e e k ,  t h i s  i n t e r v a l  i s  mapped as p a r t  of  the  

Spokane ( H a r r i s o n  e t  a l . ,  1983)  and G r i n n e l l  (Ross,  1959)  

Fo r ma t i on s .

REVETT FM. AND CORRELATIVE GRINNELL FM. INTERVAL 

LOWER REVETT FM. AND CORRELATIVE GRINNELL FM. INTERVAL

The l o we r  p a r t  o f  t he  lower  R e v e t t  For mat i on  i s  not  

exposed a t  Nor t h  Crow Creek and the l ower  p a r t  of  the 

c o r r e l a t i v e  G r i n n e l l  i n t e r v a l  i s  no t  exposed a t  Lion



128

Cr eek .  However ,  c o r r e l a t i n g  the s e c t i o n s  a t  B l a i n e  

Mount a i n and Deep Creek w i t h  the l ower  R e v e t t  and 

c o r r e l a t i v e  G r i n n e l l  i n t e r v a l s  t h a t  do out cr op at  Nor t h  

Crow Creek and Li on Creek p e r mi t s  e x t r a p o l a t i o n  of  the  

l ower  p a r t  o f  the lower  R e v e t t  c o r r e l a t i v e  G r i n n e l l  

i n t e r v a l  i n t o  the sout hern Swan Range and i n t o  the l ower  

R e v e t t  o f  t he  Mi s s i on  Range ( f i g u r e  2 8 ) .

The upper  p a r t  of  t he  lower  R e v e t t  t h a t  does out crop  

a t  Nor t h Crow Creek compr i ses two i n t e r v a l s  of  

cr oss- bedded sand and f l a t - l a m i n a t e d  sand separat ed by an 

i n t e r v a l  o f  f l a t - l a m i n a t e d  sand ( f i g u r e  28 or Appendix

F ) .  The l ower  i n t e r v a l  o f  cross- bedded and

f l a t - l a m i n a t e d  sand and t h e  bounding i n t e r v a l s  of  

f l a t - l a m i n a t e d  sand pass nor thward t o  a t h i c k  i n t e r v a l  of  

f l a t - l a m i n a t e d  sand and even coupl es a t  B l a i n e  Mountain  

( f i g u r e  2 8 ) .  The upper i n t e r v a l  of  c r oss- bedded and 

f l a t - l a m i n a t e d  sand and t h e  bounding i n t e r v a l s  of  

f l a t - l a m i n a t e d  sand a t  Nor t h  Crow Creek pass to an 

i n t e r v a l  o f  f l a t - l a m i n a t e d  sand and even coup l es ,  and an

i n t e r v a l  of  f l a t - l a m i n a t e d  sand at  Li on Creek ,  and to an

i n t e r v a l  o f  f l a t - l a m i n a t e d  sand and even coupl es at

B l a i n e  Mount a i n ( f i g u r e  2 8 ) .  The basal  i n t e r v a l  of  

f l a t - l a m i n a t e d  sand,  and t h e  mi ddl e  and upper  i n t e r v a l s  

o f  f l a t - l a m i n a t e d  sand and even coupl es  a t  Bl a i ne  

Mount a i n  pass t o  t h r e e  i n t e r v a l s  o f  f l a t - 1  aminated sand 

and even coupl es  at  Deep Creek .  The coar se  sand beds
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p r e s e n t  In a l l  f o u r  s e c i t o n s  of  the l ower  R e v e t t  and 

c o r r e l a t i v e  G r i n n e l l  become more abundant  t owar d  the  

n o r t h e a s t  (Appendi x  F ) .

Al l eman ( 1 9 8 3 )  p l ac e s  the upper  c o n t a c t  o f  the lower  

R e v e t t  "where v i t r e o u s  w h i t e  q u a r t z i t e  of  t he  lower  

R e v e t t  passes upward t o  m e t e r s - t h i c k  i n t e r v a l s  of  

t h i n l y - l a m i n a t e d  si 1t i t e - a r g i 11i t e  r o c k - t y p e  separ a t ed  by 

v i t r e o u s  w h i t e  q u a r t z i t e  beds c e n t i m e t e r s  t h i c k . "  Whi l e  

t h e r e  i s no s e d i m e n t - t y p e  analog f o r  the  

si  1t i t e - a r g i 11 i t e  r o c k - t y p e ,  t h a t  c l a s s i f i c a t i o n  does 

i n c l u d e  c o u p l e t s .  Thus,  a l t hough A l l e m a n ' s  d e f i n i t i o n  

cannot  be a p p l i e d  here e x a c t l y  because of  f a c i e s  changes 

i n the f o r m a t i o n ,  h i s  concept  i s  p r es er ved  by p l a c i n g  the  

c o n t a c t  where f l a t - l a m i n a t e d  sands of  t he  l o we r  Re v e t t  

pass upward to m e t e r s - t h i c k  i n t e r v a l s  of  even coupl es  and 

c o u p l e t s .  At  Nor t h Crow Creek,  t he  l o we s t  occur r ence  of  

s i g n i f i c a n t  t h i c k n e s s e s  of  even coupl es and c o u p l e t s  i s  

q u i t e  d i s t i n c t  ( Appendi x  E or F ) .

The l ower  R e v e t t  Format i on  a t  Nor t h  Crow Creek i s  

mapped as the R e v e t t  Format i on  on t he  Wa l l a ce  Quadrangle  

by H a r r i s o n  e t  a l .  ( 1 9 8 6 ) ,  but  i s  i n c l u d e d  i n  the Spokane 

Format i on  on t he  Choteau sheet  (Mudge e t  a l . ,  1983)  

( f i g u r e  3 0 ) .  In t h e  Swan and F l a t h e a d  Ranges,  t h i s  u n i t  

i s  i n c l u d e d  i n  t he  Spokane ( H a r r i s o n  e t  a l . ,  1986;  Mudge 

e t  a l . ,  1983)  and G r i n n e l l  Format i ons ( Ross,  1 9 5 9 ) .
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MIDDLE REVETT FM. AND CORRELATIVE GRINNELL FM. INTERVAL

In t he  Mi s s i o n  Range,  the mi ddl e  R e v e t t  Format i on  

compr ises t h r e e  i n t e r v a l s  of  f l a t - l a m i n a t e d  sand and even 

coup l es ,  i n t e r s t r a t i f i e d  w i t h  i n t e r v a l s  o f  even couples  

and h e m a t i t i c  c o u p l e t s  ( f i g u r e  2 8 ) .  The l o wes t  and 

t h i c k e s t  c o a r s e r  i n t e r v a l  c a r r i e s  e a s t wa r d  i n t o  the  

southern Swan Range,  w h i l e  the upper  two c o a r s e r  

i n t e r v a l s  pass t o  i n t e r v a l s  of  even coup l es  and h e m a t i t i c  

c o u p l e t s .  No r t h e a s t wa r d  i n t o  the n o r t h e r n  Swan Range,  

a l l  t h r e e  c o a r s e r  i n t e r v a l s  pass t o  i n t e r v a l s  of  the even 

coupl es and h e m a t i t i c  c o u p l e t s .  In t h e  F l a t h e a d  Range,  

the l owest  c o a r s e r  u n i t  i s  r e p r e s e n t e d  as an i n t e r v a l  of  

even coupl es  and h e m a t i t i c  c o u p l e t s ,  w h i l e  t he  upper  two 

u n i t s  pass t o  h e m a t i t i c  c o u p l e t s .  The i n t e r v a l s  of  even 

coupl es and h e m a t i t i c  c o u p l e t s  between t he  c o a r s e r  u n i t s  

of  the mi dd l e  R e v e t t  Format i on pass t o  h e m a t i t i c  and 

c h l o r i t i c  c o u p l e t s  t o  t he  eas t  and n o r t h e a s t .  The beds 

of  coarse  sand which occur  in a l l  f o u r  s e c t i o n  of  the  

mi ddl e R e v e t t  and c o r r e l a t i v e  G r i n n e l l  For mat i on  become 

i n c r e a s i n g l y  abundant  t owar d  the n o r t h e a s t ,  and the top 

of  t he  u n i t  ( Appendi x  F ) .

The c o n t a c t  o f  t he  mi ddl e R e v e t t  w i t h  t he  upper  

Re v e t t  a t  Nor t h  Crow Creek co i nn c i de s  w i t h  " t he  base of  

t he l o w e s t  o f  a s e r i e s  of  t h i c k - b e d d e d  q u a r t z i t e  

i n t e r v a l s  above t he  f i n e r - g r a i n e d  r o c k - t y p e s  

[ s e d i m e n t - t y p e s ]  o f  t he  mi ddl e  R e v e t t  ( A l l e m a n ,  1983 p.
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3 9 ) "  t o  t he  we s t .  Th i s  c o n t a c t  i s  s h a r p l y  marked by the  

l owest  appearance of  a 120 f o o t - t h i c k  u n i t  of  

t h i c k - b e d d e d  f l a t - l a m i n a t e d  sand.

The mi dd l e  R e v e t t  Format i on a t  Nor t h  Crow Creek i s  

i n c l u d e d  i n  t he  i n t e r v a l  mapped as t he  Spokane Format i on  

(Mudge e t  a l . ,  1 9 8 3 ) ;  a t  Lion Creek and B l a i n e  Mount a i n ,  

t he  u n i t  i s  i n c l u d e d  in the Spokane Fo r ma t i o n  (Mudge et  

a l . ,  1983;  H a r r i s o n  e t  a l . ,  1986) ;  and a t  Deep Creek i t  

occurs i n an a r e a  t h a t  was not  mapped by Ross ( 1959)  

( f i g u r e  3 0 ) .

UPPER REVETT FM. AND CORRELATIVE GRINNELL FM. INTERVAL

The upper  R e v e t t  Format i on in t he  Nor t h  Crow Creek 

se c t i o n  compr i ses f o u r  i n t e r v a l s  o f  f l a t - l a m i n a t e d  sand 

s e par a t ed  by i n t e r v a l s  o f  the f l a t - l a m i n a t e d  sand and 

even c o up l e s .  The t h r e e  h i gher  c o a r s e r  u n i t s  ex t end  

eaast war d  i n t o  the sout hern Swan Range.  N o r t h e a s t w a r d ,  

t he upper  two pass t o an i n t e r v a l  o f  f l a t - l a m i n a t e d  sand 

and even c o u p l e s ,  w h i l e  one c a r r i e s  t h r o ugh  t he  no r t he r n  

Swan Range and passes t o  the i n t e r v a l  o f  f l a t - l a m i n a t e d  

sand and even coupl es  which r e p r e s e n t s  t he  upper  R e v e t t  

i n the F l a t h e a d  Range.  A l l  f our  s e c t i o n s  i n c l u d e  beds of  

coarse sand,  which become more abundant  t o  t he  n o r t h e a s t .  

The B l a i n e  Mount a i n  s e c t i o n  i s  e s p e c i a l l y  r i c h  in coarse  

sand beds and s e t s ,  and i nc l ude s  s u b - t y p e  1 mudchip 

cong l omer a t e  beds in i t s  coup l e t e d  i n t e r v a l s .  A 

s t r a t i g r a p h i e  keybed ( t he  coup l e t  s e d i m e n t - t y p e )  occurs
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hi gh i n  t he  Mi ss i on  Range s e c t i o n  ( f i g u r e  2 8 ) .

Mauk' s ( 1983 )  p l acement  of  the upper  R e v e t t - S t .  

Regi s c o n t a c t  a t  the t op  o f  “ t he  h i g h e s t  t h i c k  i n t e r v a l  

of  t h i c k - b e d d e d  q u a r t z i t e . "  cannot  be f o l l o w e d  p r e c i s e l y  

because,  due t o  f a c i e s  changes,  t he  upper  q u a r t z i t i c  

member a t  Nor t h  Crow Creek i s  domi nated by t h i n - b e d d e d  

q u a r t z i t e s .  However ,  h i s  concept  o f  t he  upper  R e v e t t  i s  

pr es er ved  by p l a c i n g  the c o n t a c t  a t  t he  top of  the  

h i g h e s t  t h i n - b e d d e d  q u a r t z i t e  i n t e r v a l .  At  Nor th Crow 

Creek t h i s  c o n t a c t  i s  c l e a r l y  d e f i n e d ,  as the o v e r l y i n g  

St .  Regis Format i on i s  de vo i d  o f  t he  f i n e - g r a i n e d  

q u a r t z i t e  beds which domi nat e  the upper  R e v e t t .

The upper  R e v e t t  For ma t i on  a t  Nor t h  Crow Creek i s  

i n c l u d e d  in t he  i n t e r v a l  mapped as Spokane Format i on  

(Mudge e t  a l ,  1 9 8 3 ) .  At  Li on Creek Mudge e t .  a l ,  1983)  

and B l a i n e  Mount ai n ( H a r r i s o n  e t .  a l ,  1986)  the upper  

R e v e t t  c o r r e l a t i v e  i n t e r v a l  of  the G r i n n e l l  Formaion i s  

i n c l u d e d  in t he  Spokane F o r m a t i o n ,  and a t  Deep Creek i t  

occurs i n  an a r ea  t h a t  was not  mapped by Ross ( 1959)  

( f i g u r e  3 0 ) .

ST. REGIS FM AND CORRELATIVE GRINNELL FM. INTERVAL

The name St .  Regis i s  a p p l i e d  t o  t he  redbeds  

o v e r l y i n g  t he  R e v e t t  For mat i on  a t  Nor t h  Crow Creek even 

though t hey  are  i n c l u d e d  i n  t he  i n t e r v a l  mapped as the  

Spokane For mat i on  (Mudge e t .  a l ,  1983)  ( f i g u r e  29)  

because t he  l i t h o f a c i e s  c o r r e l a t i o n s  ( f i g u r e  28)
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demonst ra t e  t h a t  the G r i n n e l l  (Spokane)  For mat i on  i s  the  

e a s t e r n  f a c i e s  of  the B u r k e - R e v e t t - S t .  Regi s  sequence,  

and not  a s e p a r a t e  c l a s t i c  wedge t h a t  c o r r e l a t e s  s o l e l y  

w i t h  the S t .  Regi s ( H a r r i s o n ,  1972;  H a r r i s o n  e t .  a l ,  

1 9 8 6 ) .  Si nce  t he  R e v e t t ,  which a l l o w s  t r i p a r t i t e  

d i v i s i o n  o f  t he  R a v a l l i  Group,  has been i d e n t i f i e d  i n  the  

Mi ss i on Range ( H a r r i s o n  e t .  a l ,  1986;  t h i s  s t u d y ) ,  i t  i s  

a p p r o p r i a t e  t h a t  a l l  t h r e e  western names be employed.

The S t .  Regi s Format i on in the M i s s i o n  Range 

compr ises i n t e r v a l s  of  c h l o r i t i c  c o u p l e t s ,  h e m a t i t i c  

c o u p l e t s ,  and even coupl es  and h e m a t i t i c  c o u p l e t s  ( f i g u r e  

2 8 ) .  The two even c o u p l e - b e a r i n g  i n t e r v a l s  e x t end  i n t o  

the  sout hern Swan Range.  A s t r a t i g r a p h i e  keybed (see the  

c o u p l e t  s e d i m e n t - t y p e ) in the upper c o u p l e - b e a r i n g  

i n t e r v a l  a l s o  ext ends f rom Nor th Crow Creek i n t o  Lion  

Creek ( f i g u r e  2 8 ) .  In the nor t her n  Swan Range,  t he  St .  

Regis c o r r e l a t i v e  i n t e r v a l  of  the G r i n n e l l  Format i on  

c o n s i s t s  o f  h e m a t i t i c  and c h l o r i t i c  c o u p l e t s .  Both Swan 

Range s e c t i o n s  i n c l u d e  l o c a l l y  abundant  su b- t ype  1 

mudchip congl omer a t e s  (Appendix E ) .  Coarse sand beds 

occur  in a l l  f o u r  s e c t i o n  (Appendix F ) ,  but  become 

s t r i k i n g l y  more abundant  t o  the n o r t h e a s t ,  u n t i l  a t  Deep 

Cr eek ,  m e t e r s - t h i c k  se t s  of  coarse sand compr i se  n e a r l y  

h a l f  o f  t he  u n i t ' s  t h i c k n e s s .

As i m p l i e d  by H a r r i s o n ' s  ( 1 9 7 2 ,  p.  1222)  d i scu ss i on  

o f  the green beds below t he  Mi ddl e  B e l t  C a r b o n a t e ,  no
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w i d e l y  accept ed l i t h o l o g i e  c r i t e r i a  f o r  d e f i n i n g  the  

upper c o n t a c t  o f  the S t .  Regis and Spokane For ma t i ons  

e x i s t s .  “T r a d i t i o n a l l y ,  the c o n t a c t  bet ween t he  Spokane 

[and St .  Re g i s ]  For mat i onCs]  and the Empi re  For mat i on  i s  

pl aced a t  t he  boundary where the d o mi n a t i n g  c o l o r  of  the  

sec t i on  changes f rom red t o  g r e e n . "  ( W h i p p l e ,  1 9 8 0 ) .  

Despi t e  t he  i n c o n s i s t e n c i e s  in mapping and c o r r e l a t i o n  

t h a t  r e s u l t  f rom usi ng t h i s  d i a g e n e t i c a l l y - p r o d u c e d  

par amet er ,  t he  c o l o r  change remains t he  p r i n c i p a l  

c r i t e r i o n  f o r  drawi ng t h a t  cont ac t  ( W h i p p l e ,  1980;  

Winston,  1 9 8 7 a ) .

The d i l emna of  t h i s  c o n t a c t  i s  i l l u s t r a t e d  by t h r e e  

r ecent  s t u d i e s  i n t he  e a s t e r n  B e l t  b a s i n .  In a d e t a i l e d  

study of  t he  Spokane-Empi re  t r a n s i t i o n  i n  t he  Rocky 

Mountain D i s t u r b e d  B e l t  o f  w e s t - c e n t r a l  Mont ana ,  Whipple  

( 1980)  found t h a t  a t r a n s i t i o n  zone o f  a l t e r n a t i n g  r ed-  

and gr ee n- b ed  sequences bounds the two f o r m a t i o n s .  He 

pl aced t h i s  zone in the  Spokane F o r m a t i o n ,  thus drawi ng  

the c o n t a c t  a t  t he  top o f  the h i g h e s t  t h i c k  redbed  

sequence.  However ,  on t he  Choteau q u a d r a n g l e  and 

p a r t i c u l a r l y  a t  Nor t h  Crow Creek,  “p u r p l e  beds of  

p r e d o mi n a n t l y  a r g i l l i t e  occur  in the l o w e r  p a r t  of  the 

[ E mpi r e ]  f o r m a t i o n  (Mudge e t  a l ,  1 9 8 3 ) . " ,  and on the 

Wal l ace  s hee t  ( H a r r i s o n  e t  a l . ,  1 9 8 6 ) ,  r e d  a r g i l l i t e  

i n t e r v a l s  occur  near  the mi ddl e of  t h e  Empi re  For mat i on .

I n  t h i s  t h e s i s ,  the  S t .  Regis boundar y  i s  p l aced a t
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the top o f  t he  h i g h e s t  t h i c k  i n t e r v a l  o f  h e m a t i t i c  

c o u p l e t s ,  above which the dominant  c o l o r  o f  t he  s e c t i o n  

i s  green.  The r e s u l t i n g ,  r emar kab l y  c o n s i s t e n t  t h i c k n e s s  

of  the S t .  Regi s  Format i on  and c o r r e l a t i v e  G r i n n e l l  

Format ion acr oss  the study area suggest s  t h a t ,  a t  l e a s t  

in the t h r e e  ranges i n v o l v e d ,  the c o l o r  change a t  t h i s  

boundary i s  c l o s e l y  r e l a t e d  to o r i g i n a l  s t r a t i f i c a t i o n  

un i t s

The redbeds in the l ower  t h i r d  o f  t he  S t .  Regis  

Format i on a t  Nor t h  Crow Creek were mapped as t he  Spokane 

Format ion by Mudge e t  a l .  ( 1 9 8 3 ) ,  w h i l e  t he  a l t e r n a t i n g  

h e m a t i t i c  and c h l o r i t i c  u n i t s  f ormi ng the  upper  

t w o - t h i r d s  o f  t he  S t .  Regi s  were i n c l u d e d  i n t he  Empire  

Format ion by Mudge e t  a l .  (1983)  ( f i g u r e  3 0 ) .  At  Lion  

Creek,  Mudge e t  a l . ,  ( 1983)  mapped t h e  Spokane-Empi re  

boundary more than 1500 s t r a t i g r a p h i e  f e e t  h i g h e r  than  

the boundary ass i gned here ;  a t  B l a i n e  Mo u n t a i n ,  the  

boundary as mapped by Ha r r i s o n  e t  a l .  ( 1 9 8 3 )  c o i n c i d e s  

wi t h  t h a t  used her e ;  and a t  Deep C r e e k ,  i t  occurs in an 

area  not  mapped by Ross ( 1 9 5 9 ) .

EMPIRE FORMATION

In a l l  s e c t i o n s ,  the Empire Fo r ma t i on  compr i ses the  

green and c a l c a r e o u s  green a r g i l l i t e - d o m i n a t e d  u n i t  above 

the r e db ed- domi na t e d  St .  Regis Fo r mat i on  and c o r r e l a t i v e  

G r i n n e l l  For ma t i on  i n t e r v a l  ( f i g u r e  28 and Appendi x F ) .  

A l l  s e c t i o n s  o f  t he  Empire i n c l ud e  co a r s e  sand beds.
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The lowermost  200 f e e t  of  t he  Empi re Format i on  

measured a t  the Nor th Crow Creek s e c t i o n  i n c l u d e s  

r e c e s s i v e - w e a t h e r i n g  c a l c i t e  nodul es c h a r a c t e r i s t i c  o f  

t h a t  f o r ma t i o n  ( H a r r i s o n  e t  a l , ,  1 9 8 6 ) ,  and are  o v e r l a i n  

by a t  l e a s t  500 f e e t  of  unmeasured c a l c a r e o u s  green- beds  

which i n c l u d e  l o c a l l y  abundant  c a l c i t e  nodul es  and p y r i t e  

cubes up t o  3 c e n t i m e t e r s  across .

At Li on Creek,  green and c a l c a r e o u s  green a r g i l l i t e  

domi nat es t he  Empire F o r m a t i o n ,  a l t h o ug h  a 180 f o o t - t h i c k  

redbed sequence occurs 200 f e e t  above t he  base of  the  

f o r ma t i o n  ( f i g u r e  2 8 ) .  The c o u p l e t s  c o n s t i t u t i n g  most of  

t h a t  sequence are d i s t i n c t l y  t h i n n e r  ( g e n e r a l l y  < 1 

c e n t i m e t e r )  and muddier  t han  those in t he  u n d e r l y i n g  

Spokane Fo r mat i on ,  and t h e  i n t e r b e d d e d  s ub- t ype  2 mudchip 

congl omer at es  are unique t o  the Empi re (Appendi x  E ) .  The 

redbed i n t e r v a l s  which occur  h i ghe r  i n  t he  f o r ma t i o n  

i n c l u d e  copi ous  c a l c a r e o u s  green a r g i l l i t e  sequences 

(Appendi x  E or F ) ,  and t h e  uppermost  150 f e e t  of  the Lion  

Creek s e c t i o n  i n c l ude s  r e c e s s i v e - w e a t h e r i n g  c a l c a r e ous  

nodul es c h a r a c t e r i s t i c  o f  t he  Empire ( H a r r i s o n  e t  a l . ,  

1 9 8 6 ) .  P o s s i b l y ,  a red bed sequence even h i ghe r  in t h a t  

f o r m a t i o n  l e d  Mudge e t  a l .  ( 1983)  t o  draw the  

Spokane/ Empi r e  c o n t a c t  w i t h i n  t he  Empi re Format i on  

( f i g u r e  3 0 ) .

The Empi re / Spokane c o n t a c t  mapped a t  B l a i n e  Mountain  

by H a r r i s o n  e t  a l .  ( 1 9 83 )  c o i n c i d e s  w i t h  my p l acement .
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However ,  the d o w n - t o - t h e - w e s t  f a u l t  mapped by H a r r i s o n  e t  

a i .  (1983)  r e p e a t i n g  t he  upper  Spokane above t he  lower  

Empi re ,  a p p a r e n t l y  t o  account  f o r  t he  r edbeds above the  

green beds of  t he  l ower  Empi re was not  e v i d e n t  where the  

s e c t i on  was measured,  as beddi ng di pped u n i f o r m l y  across  

t he  i n f e r r e d  f a u l t .  In a d d i t i o n ,  the d i s t i n c t i v e  

sub- t ype  3 mudchip congl omer at e  beds t h a t  c h a r a c t e r i z e  

the supposedly f a u l t - r e p e a t e d  redbeds do no t  occur  i n the  

Spokane and t hus  demonst r a t e  t h a t  t he  uppermost  redbeds  

are not  f a u l t - r e p e a t d  Spokane,  but  ar e  a d i s t i n c t  

h e m a t i t i c  u n i t  low i n  t he  Empi re .  C o r r e l a t i o n  of  t h i s  

i n t e r v a l  w i t h  an i n t e r v a l  o f  a l t e r n a t i n g  r e d -  and 

green-beds w i t h i n  t he  Empi re Format i on a t  L i on Creek 

suppor ts t h i s  c o n c l u s i o n  ( f i g u r e  2 8 ) .

The 150 f e e t  of  t he  l owermost  Empi re Format i on  

measured at  the top of  t he  Deep Creek s e c t i o n  compr ises  

sequences of  green and c a l c a r e o u s  green a r g i l l i t e  

i n t e r c a l a t e d  w i t h  d e c i m e t e r s -  t o m e t e r s - t h i c k  se t s  of  

coarse sand.  Gr een- beds c o n t i n u e d  upward i n  c l i f f s  f o r  

a t  l e a s t  250 f o o t - t h i c k  above the top of  t he  measured 

s e c t i  on.



138

Chapter  4 

SYNTHESIS 

SEDIMENTQLOGIC INTERPRETATION

Winston ( 1986c )  devel oped t he  s e d i m e n t - t y p e  

methodology used in t h i s  study.  He a l s o  proposed a 

d e p o s i t i o n a l  model f o r  the west ern f a c i e s  of  the R a v a l l i  

Group and s p e c u l a t e d  about  s e d i me n t a t i o n  on t he  e a s t e r n  

side o f  t he  B e l t  b a s i n .  In t h i s  s e c t i o n ,  Wi ns t on ' s  

( 1986c)  bas i nwi de  d e p o s i t i o n a l  model i s  r e v i e w e d ,  

f o l l o we d  by a d e p o s i t i o n a l  model f o r  the  e a s t e r n  side of  

the basi n based on data and i n t e r p r e t a t i o n s  of  t h i s  

st udy.  F i n a l l y ,  my d e p o s i t i o n a l  model i s  compared w i t h  

Wi n s t o n ' s

WINSTON’ S DEPOSITIONAL MODEL

Winston ( 1 9 8 6 c )  demonst ra t ed t h a t  h i s  c r oss- bedded  

sand s e d i me n t - t y p e  passed downslope ( n or t hwa r d  and 

east war d )  t o  t he  f l a t - l a m i n a t e d  sand s e d i me n t - t y p e  and 

s p e c u l a t ed  t h a t  i n  t he  R a v a l l i  Group t hese passed 

basi nward t o  t he  even coupl e  and d i s c o n t i n u o u s  l a y e r  

s e d i m e n t - t y p e s ,  and t h a t  both of  t hese  passed basi nward  

to t he  even c o u p l e t  and l e n t i c u l a r  c o u p l e t  

s e d i m e n t - t y p e s .  He observed t h a t  t h e  R a v a l l i  Gr oup' s  

medium- t o  c o a r s e - g r a i n e d  sand p o p u l a t i o n  was 

c o n c e n t r a t e d  a l ong the n o r t h e a s t e r n  s i de  of  the ba s i n ,  

and s p e c u l a t e d  t h a t  t hese  sands o c c u r r e d  domi na n t l y  in  

t he  form o f  t he  l o c a l l y  o o l i t i c ,  l o w - a n g l e  c r oss- bedded
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l e ns e s  and beds compr i s i ng  h i s  coar se  sand and i n t r a c l a s t  

s e d i m e n t - t y p e . Wi nston (1986c p. 106)  i n t e r p r e t e d  t h i s  

basi nward p r o g r e s s i o n  of  s e d i me n t - t y p e s  in the f o l l o w i n g  

manner :

“Fl oods t h a t  d r a i n e d  u p l i f t e d  b l ocks  south and west  of  

the basi n c a r r i e d  medium to f i n e  sand and mud nor t hward  

and east ward  (Mauk,  1983)  i n t o  the ba s i n  t hrough channels  

1 t o  2 meters  (3 t o 6 f t . )  deep t h a t  t r a v e r s e d  the middle  

p a r t s  o f  l a r g e  a l l u v i a l  aprons.  Fl ow in t hese  channel s  

was in both the upper  p a r t  o f  the l ower  f l o w r eg i me ,  

f ormi ng p l a n a r  c r os sbe ds ,  and the upper  r eg i me ,  formi ng  

e p s i l o n  crossbeds in which laminae conform t o the channel  

o u t l i n e s .  Dur i ng f l o o d s ,  wa t e r  may have s p i l l e d  out  onto 

l a t e r a l  f l o o d  p l a i n s ,  d e p o s i t i n g  f i n e  sand,  s i l t  and c l ay  

of  the d i s c o n t i n u o u s  l a y e r  sediment  t y p e .  As channel s  

descended across the a l l u v i a l  aprons,  s l ope and f l ow  

v e l o c i t y  d i m i n i s h e d ,  so t h a t  onl y f i n e  sand and mud were 

t r a n s p o r t e d .  Flow depth decreased,  and f l o w s h i f t e d  to  

the upper r e g i me ,  f or mi ng  s h e e t f l o o d s  t h a t  de pos i t e d  beds 

of  the f l a t - l a m i n a t e d  sand sediment  t y pe  on the apron toe  

and de po s i t e d  t he  l ower  sandy l a y e r s  o f  the even couple  

sedi ment  t ype  out  on the s a n d f l a t s .  Fl ow con t i nu e d  out  

onto exposed m u d f l a t s ,  r i p p i n g  up d r i e d  mud pol ygons and 

d e p o s i t i n g  f i n e  sand and s i l t  h a l f - c o u p l e t s  of  the even 

c o u p l e t  sedi ment  t y p e .  Where wa t e r s  ponded,  c l a y  s e t t l e d  

f rom suspens i on ,  f o rmi ng c l a y  caps.  As s h e e t f l o o d s  on
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the a l l u v i a l  aprons began t o wane,  v e l o c i t y  d i m i n i s h e d ,  

so t h a t  f l ow s h i f t e d  t o  t he  lower  p a r t  o f  t he  l o we r  f l o w  

r egi me,  d e p o s i t i n g  r i p p l e d  s i l t  and c l a y  o f  t he  

d i s c o n t i n uo u s  l a y e r  sedi ment  t y pe .  Flow ceased,  ponds 

d r i e d ,  and t he  c l a y  soon d e s i c c a t e d  and c r a c k e d .  Where 

wat er  l i n g e r e d  f o r  l o n g e r  p e r i o d s ,  s i l t  and c l a y  were 

reworked I n t o  r i p p l e s  o f  the l e n t i c u l a r  c o u p l e t  sediment  

t y p e ,  and beaches and shoa l s  of  the coar se  sand and 

I n t r a c l a s t  sedi ment  t y pe  were b u i l t ,  most l y  a l ong the  

e as t e r n  margin o f  the b a s i n .  D i s t a l  s u r f a c e s  t h a t  were 

c o n t i n u o u s l y  submerged o c c a s i o n a l l y  r e c e i v e d  t h i n  l a y e r s  

of  the mi c r o l a mi n a  s e d i m e n t - t y p e . "  ( Wi n s t o n ,  1 9 8 6 c ) .  

PROPOSED DEPOSITIONAL MODEL

The l i t h o f a c i e s  c o r r e l a t i o n s  ( f i g u r e  28)  and 

v e r t i c a l  sequences I n t he  measured s e c t i o n s  ( Appendi x  E) 

I n d i c a t e  the f o l l o w i n g  basi nward p r o g r e s s i o n  o f  the  

dominant  R a v a l l i  Group s e d i me n t - t y p e s  across  t he  study  

a r e a :  1) c ross- bedded sand I n t e r be d de d  w i t h

f l a t - l a m i n a t e d  sand,  2) f l a t - 1  ami nat ed sand,  3)  even 

coupl es ,  and 4)  even and l e n t i c u l a r  c o u p l e t s  w i t h  

I n t e r b e d s  o f  coarse sand,  and l e s s  commonly,  su b - t y pe  1 

mudchip c ong l ome r a t e .  I n t e g r a t i n g  t he  d e p o s i t i o n a l  

processes o f  t hese s e d i m e n t - t y p e s  w i t h  t h e i r  bas i nwar d  

pr o g r e s s i on  on the s c a l e  of  a s i n g l e  f l o o d - e v e n t  produces  

a s i n g l e ,  h y p o t h e t i c a l  f l o o d  d e p o s i t  ( f i g u r e  3 1 ) ,  wh i l e  

I n t e g r a t i n g  them on a ge og r a p h i c a l  s c a l e  produces a model
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F i g u r e  31.  
h y p o t h e t l c a l

D i a g r a ma t i c  s e d i me n t - t y p e  c r o s s - s e c t i o n  of  a 
f l o o d  de p o s i t  In the R a v a l l i  Group f rom

down across  the p l aya mu d f l a t s  ( m o d i f i e d  f rom Wi ns t on ,  
f i g u r e  32 t e x t . )

s i n g l e ,  
low on the a l l u v i a l  apron,  

1 9 8 6 c ) .  (Al so see
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F i g u r e  32 .  H y p o t h e t i c a l  b l ock  di agram o f  the 
R a v a l l i  Group d e p o s i t i o n a l  env i r onment  and s e d i ment - t y pe  
f a c i e s  t r a c t :  i n t e r b e d d e d  cr oss- bedded sand and
f l a t - l a m i n a t e d  sand s e d i m e n t - t y p e s ,  d e p o s i t e d  by b r a i d e d  
st reams and pr ox i ma l  s h e e t f l o o d s  low on t he  a l l u v i a l  
aprons c h a r a c t e r i z e  the west er n and souther n p a r t s  of  the  
ba s i n .  Th i s  f a c i e s  passes bas i nwar d onto the toe of  the  
a l l u v i a l  apron and the s a n d f l a t s  t o  t he  f l a t - l a m i n a t e d  
sand s e d i me n t - t y p e  de p o s i t e d  by s h e e t f l o o d s .  Fl ood  
d e p o s i t s  t h i n n e d  bas i nwar d to the even coupl e  
s e d i m e n t - t y p e ,  which accumul ated f rom t he  s a n d f l a t ,  out  
onto the margi ns of  the p l aya  m u d f l a t s .  Across the  
m u d f l a t s ,  i n d i v i d u a l  f l o o d  d e p o s i t s  c o n t i nue d  t o  t h i n  and 
became even c o u p l e t s .  Submerged s u r f a c e s  were l o c a l l y  
reworked by waves i n t o  the  l e n t i c u l a r  c o u p l e t  
s e d i m e n t - t y p e . Rare p e r e n n i a l  l akes  on the s a n d f l a t s  
were muddied by s h e e t f l o o d s  f l o w i n g  i n f rom t he  south and 
sout hwest ,  and s i l t  and c l a y  s e t t l e d  f rom suspension to  
form a l pha  c o u p l e t s .  Occas i ona l  s h e e t f l o o d s  f rom the  
eas t  f l owed down l o c a l i z e d  a l l u v i a l  aprons and spread out  
across t he  exposed m u d f l a t s ,  d e p o s i t i n g  medium- to  
c o a r s e - g r a i n e d  sand d e r i v e d  f rom the c r a t o n  as beds of  
the coarse sand s e d i me n t - t y p e  ( t e x t  and di agram mod i f i ed  
f rom Wi ns t on ,  1 9 8 6 c ) .
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CHARACTERISTIC
SEDIMENT-TYPES

E3 Cross-bedded sand
Flat-laminated sand

E 3  Even couple
Q  Even and lenticular couplet 

Alpha couplet 
6̂] Coarse sand

DEPOSITIONAL 
SUB-ENVIRONMENT
Alluvial Aprons
Apron Toe and Sandflats
Sandflats
Mudflats
Perennial Lake
Alluvial Aprons and Mudflats

F i g u r e  32. CO
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of  the R a v a l l i  Group d e p o s i t i o n a l  e n v i r onme nt  ( f i g u r e  

3 2 ) .

A c c o r d i n g l y ,  b r a i d e d  r i v e r s  f l o w i n g  down vas t  

a l l u v i a l  aprons t h a t  s l oped i n t o  the study a r ea  f rom the  

south and sout hwest  (Bowden,  1977;  Mauk,  1983;  Al l eman,  

1983;  Greene,  1984;  Wi ns t on ,  1986c)  ( f i g u r e  32)  became 

p r o g r e s s i v e l y  l e s s  c h a n n e l i z e d  and passed downstream to  

br a i ded  f l ow w i t h i n  s h e e t f l o o d s  as the a p r o n ' s  slope  

decreased.  Bars of  f i n e -  t o very f i n e - g r a i n e d  sand 

m i g r a t i n g  in t he  b r a i d e d  f l o w  w i t h i n  the pr ox i ma l  

s he e t f l oo ds  d e p o s i t e d  se t s  of  the c r os s - be dde d  sand 

s ed i ment - t ype  i n t e r b e d d e d  wi t h  beds of  t he  f l a t - l a m i n a t e d  

sand s e d i me n t - t y p e  ( f i g u r e  3 1 ) .  Flow v e l o c i t y  and f l ow  

depth decreased as t he  s h e e t f l o o d s  spread out  across the  

toe of  the a l l u v i a l  apron and out  onto s a n d f l a t s .  

W e l l - s o r t e d ,  f i n e -  t o  v e r y - f i n e  g r a i ned  sand t r a n s p o r t e d  

as bedl oad was de p o s i t e d  i n f l a t - l a m i n a t i o n s  as the f l ow  

s t r engt h  di mi nshed and t he  upper pl ane bed aggr aded,  

formi ng c l e a n  beds o f  t he  f l a t - l a m i n a t e d  sand 

s e d i me n t - t y p e .  Cont i nued d e c e l e r a t i o n  and t h i n n i n g  of  the  

f l o w caused i t s  c a p a c i t y  f o r  suspended sedi ment  to  

p r o g r e s s i v e l y  d i m i n i s h ,  so very f i n e  sand,  s i l t ,  and c l ay  

s e t t l e d  t owar d  the upper  p l ane bed f rom t he  ov e r l oa de d  

supensi on.  These f i n e  sediments underwent  b r i e f  t r a c t i o n  

t r a n s p o r t ,  and were d e p o s i t e d  t o g e t h e r  as t he  bed r a p i d l y  

aggraded,  f o r mi n g  t he  s i l t y - s a n d  beds o f  the
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f l a t - l a m i n a t e d  sand s e d i m e n t - t y p e ,  and t he  lower  

s a n d y - s i l t  l a y e r s  o f  the even coupl e s e d i me n t - t y p e  

( f i g u r e s  31 ,  3 2 ) .  Al t hough in dr oppi ng t he  excess  

suspended l o a d ,  a l l  g r a i n - s i z e s  p r e s e n t  were i n c l u d e d  in 

the d e p o s i t ,  t he  h i ghe r  s e t t l i n g  r a t e  o f  the coar ser  

g r a i n s  caused the suspended l oad to f i n e  p r o g r e s s i v e l y  as 

i t  t r a v e l e d .  Because of  the bas i nwar d d e p l e t i o n  of  

c o a r s e r  g r a i n s ,  a d i s t a l l y - f i n i n g  f l o o d  d e p o s i t  was 

formed.

The e v e r - e x p a n d i n g ,  e v e r - t h i n n i n g ,  muddy, upper  

regi me s h e e t f l o o d s  f l owed across the s a n d f l a t s  and out  

onto exposed m u d f l a t s .  The va s t  sheet  of  f l o w i n g  wat er  

r i p p e d - u p  d r i e d  mud polygons l i t t e r i n g  t he  sur f a ce  of  the  

mudf l a t s  and t r a n s p o r t e d  them as be d l o a d .  The c o n t i n u i n g  

d e c e l e r a t i o n  of  t he  f l ow f o r c e d  the mudchips and the s i l t  

and c l a y  s e t t l i n g  i n t o  the bedl oad f rom t he over l oaded  

suspension t o  be d e p o s i t e d ,  thus f ormi ng the lower  s i l t y  

l a y e r s  of  even c o u p l e t s  ( f i g u r e s  31 ,  3 2 ) .  Occas i ona l  

s h e e t f l o o d s  on t he  d i s t a l  mu d f l a t s  scour ed- up enough 

mudchips t o  a t t a i n  the c o ns i s t e nc y  o f  cohes i ve  de br i s  

f l o w s ,  and s i mpl y  congeal ed upon d e c e l e r a t i o n  t o  form 

some beds o f  the  su b- t ype  1 mudchip congl omer at e  

sedi  ment - t yp e

Waters ponded l o c a l l y  on t he  s a n d f l a t s  and over  vast  

t r a c t s  of  the m u d f l a t s  as each f l o o d  wa i ned .  Where 

s t a n d i n g  w a t e r  l i n g e r e d  f o r  long p e r i o d s ,  s i l t  and c l ay
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were reworked by waves I n t o  t he  sy mme t r i c a l  r i p p l e s  which 

cap some even coupl es and f l a t - l a m i n a t e d  sand beds,  and 

which comprise the l ower  l a y e r s  o f  l e n t i c u l a r  c o u p l e t s .  

Clay s e t t l e d  f rom muddy s t a nd i ng  w a t e r  d i r e c t l y  onto the  

bed,  formi ng the c l a y  l a y e r s  cappi ng l e n t i c u l a r  c o u p l e t s ,  

even c o u p l e t s ,  even c o up l e s ,  and many f l a t - l a m i n a t e d  sand 

beds.  As the ponds d r i e d - u p ,  t he  c l a y  l a y e r s  d e s i c c a t e d  

and cracked.  The r epe a t e d  devel opment  o f  d i f f e r e n t  crack  

p a t t e r n s  on a l t e r n a t e l y  s a t u r a t e d  and d e s i c c a t e d ,  s l owl y  

aggradi ng p a r t s  of  the d i s t a l  mu d f l a t s  b r e c c l a t e d  the  

upper few c e n t i m e t e r s  of  the  m u d f l a t s  and formed o t h e r  

beds of  the sub- t ype  1 mudchip cong l omer a t e .

R a r e l y ,  l a r g e  p e r e n n i a l  l ak es  f ed  by spr i ngs  

occupied broad sha l l ow de pr ess i ons  i n the d i s t a l  

s a n d f l a t s  or  prox i mal  m u d f l a t s .  S h e e t f l o o d s  f l o w i n g  I n t o  

the l akes  muddled t h e i r  w a t e r s ,  and s i l t  and c l a y  

s e t t l i n g  f rom the suspension formed a l pha  c o u p l e t s  

( f i g u r e  3 2 ) .

Upper regime s h e e t f l o o d s  f rom t he  e a s t  c a r r y i n g  

medium- t o c o a r s e - g r a i n e d  q u a r t z  sand f l o we d  down l o c a l  

a l l u v i a l  aprons and spread out  across t he  exposed 

mu d f l a t s .  The f l o o d s  scoured up mud pol ygons f rom the  

mu df l a t s  and t r a n s p o r t e d  them w i t h  t he  coarse sand 

bedl oad .  As the s h e e t f l o o d s  t h i nn e d  and d e c e l e r a t e d ,  the  

mudchips and coarse sand were d e p o s i t e d  on t he  aggr adi ng  

upper  p l ane  bed,  f ormi ng beds of  the bedded coarse sand
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s u b- t yp e .  Advancing s l i p - f a c e s  a t  t he  l e a d i ng  edge of  

the d e p o s i t i o n a l  s h e e t s ,  and i s o l a t e d  bars w i t h i n  the  

s h e e t f l o o d s  de po s i t e d  s e t s  of  the c r oss- bedded coarse  

sand s ub- t ype .  Occas i ona l  e a s t e r n  s h e e t f l o o d s  i nundat ed  

and crossed t he  m u d f l a t s ,  r e a c h i n g  t he  s a n d f l a t s ,  or  even 

the apron toe on the we s t e r n  side of  the b a s i n ,  so t h a t  

coarse sand beds were i n t e r b e d d e d  w i t h  beds of  the even 

couple or f l a t - l a m i n a t e d  sand s e d i me n t - t y p e s .

That  s h e e t f l o o d s  f l o w i n g  in f rom the south,  

sout hwest ,  and eas t  a l l  crossed the same mu d f l a t s  

conf i rms t h a t  t he  R a v a l l i  Group landscape was a vast  

p l a i n ,  and r e q u i r e s  t h a t  s t and i ng wa t e r  di d not  impede 

the f l ow o f  s h e e t f l o o d s  across  t h a t  p l a i n .  A p p a r e n t l y ,  

the wat er  co n t a i n e d  in t h e  s h e e t f l o o d s  spread out  over  

such a l a r g e  ar ea  t h a t  t he  p l aya  l a k e s  which f ormed,  

q u i c k l y  e v a p o r a t e d ,  or  were absorbed and became 

subsur f ace f l o w  which l e f t  the b a s i n .  Many s h e e t f l o o d s  

pr obab l y  c ont i nue d  s p r e a d i ng  out  across  the f l a t s  u n t i l  

t hey  simpl y t h i n n e d  and v a n i s he d .  Dur i ng R a v a l l i  Group 

t i me t h en ,  what  has been c a l l e d  t he  B e l t  “ sea" ( Wi ns t on ,  

1986c)  was pr obab l y  on l y  a s e r i e s  o f  g e o g r a p h i c a l l y  

br oad,  but  onl y  c e n t i m e t e r s - d e e p ,  ephemeral  p l aya s  on the  

vas t  m u d f l a t s .  Since t h e  t erm sea g i v e s  the i mpr ess i on  

t h a t  a s i n g l e ,  deep,  p e r e n n i a l  wat er  body e x i s t e d  dur i ng  

t he  d e p o s i t i o n  of  the R a v a l l i  Group,  the s c a t t e r e d ,  

ephemeral  p l a y a s  e n v i s age d  her e ,  t aken t o g e t h e r ,  are
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i n s t e a d  r e f e r r e d  t o  as t he  ephemeral  B e l t  l a k e .

I n t e r e s t i n g l y ,  a l l  t he  s t r a t i g r a p h i e  u n i t s  t h i n  

s l i g h t l y  t o  t he  no r t h  and e a s t  ( f i g u r e  3 0 ) .  Mor eover ,  the  

basi nward t h i n n i n g  of  t h e i r  f i n e  sand,  s i l t ,  and c l ay  

component i s  a c t u a l l y  even g r e a t e r ,  s i nce  t he  abundance  

of  coarse sand beds decr eases  to the we s t .  Thus,  the  

a l l u v i a l  a p r o n - s a n d f l a t s - m u d f l a t s  complexes t h a t  de r i v e d  

f rom the south and southwest  t h i n  and f i n e  in the d i s t a l  

d i r e c t i o n ,  as i s  c h a r a c t e r i s t i c  of  a l l u v i a l  systems.

And, the s l i g h t n e s s  of  the t h i n n i n g ,  r e l a t i v e  t o  the  

l a t e r a l  d i s t a n c e s  i n v o l v e d  ( t e n s  o f  m i l e s ) ,  c on f i r ms  t h a t  

the slope of  t he  d e p o s i t i o n a l  sur f ace  was a s t o n i s h i n g l y  

l ow,  and t h a t  t he  R a v a l l i  Group d e p o s i t i o n a l  envi ronment  

was indeed a v a s t  p l a i n .

COMPARISON

In both t he  model proposed here and t he  one proposed  

by Winston ( 1 9 8 6 c ) ,  b r a i d e d  r i v e r s  t r a v e r s i n g  l a r g e  

a l l u v i a l  aprons pass downstream t o s h e e t f l o o d s  which  

spread out  across  v a s t  s a n d f l a t s  and m u d f l a t s ,  and l e f t  

ponded wat e r s  on t he  f l a t s  a f t e r  the f l o o d s  ended.  

However,  a l t hough  the two i n t e r p r e t a t i o n s  ar e  in general  

agreement ,  t h e r e  a r e  some i mp o r t a n t  d i f f e r e n c e s  in t h e i r  

d e t a i l s ,  and s e v e r a l  f e a t u r e s  of  the d e p o s i t i o n a l  system 

are newly r e c o g n i z e d  by t h i s  s t udy .  The p o i n t s  of  

c o n t r a s t  and t h e  new concept s  are  enumerat ed and 

di scussed in t h e  o r d e r  o f  t h e i r  p o s i t i o n  i n the
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p r o x i ma l - t o - d i s t a l  de po s i t o n a l  p r o g r e s s i o n  de s cr i b ed  

above.

1) Because Wi ns t on ' s  s t u d i e s  of  the R e v e t t  

Format i on ( Whi t e  and Wi nst on,  1982;  W h i t e ,  Wi ns t on ,  and 

Mauk, 1984;  Wi ns t on ,  1986c)  c o n c e n t r a t e d  on i t s  more 

proximal  west ern f a c i e s ,  hi s  cr oss- bedded sand

s e d i me nt - type compr i sed the e p s i l o n  c r os s - b e ds  formed by 

l a t e r a l  channel  m i g r a t i o n ,  pl us t he  me g a r i p p l e  and bar  

cr oss- beds de p o s i t e d  w i t h i n  those c h a n n e l s .  In c o n t r a s t ,  

the cr oss- bedded sand s e d i me n t - t y pe  o f  t h i s  t h e s i s  i s  

i n t e r p r e t e d  t o r e c o r d  the m i g r a t i o n  o f  bars  where 

c h a n n e l l i z e d  b r a i d e d  f l ow graded t o  s h e e t f l o o d s ,  or what  

has been r e f e r r e d  t o h e r e i n  as b r a i d e d  f l o w  w i t h i n  

proxi mal  s h e e t f l o o d s .

2)  Th i s  study i n c l u d e s  the new i n t e r p r e t a t i o n  t h a t  

sus p e n s i o n - w i t h - t r a c t i o n  s e d i me nt a t i on  c h a r a c t e r i z e d  

d e p o s i t i o n  f rom the southern and sout hwest er n  

s h e e t f l o o d s .  A c c o r d i n g l y ,  the cont i nuous  d e c e l e r a t i o n  of  

the s h e e t f l o o d s  decreased t h e i r  c a p a c i t y  f o r  suspended 

sediment  so t h a t  f i n e  sand,  s i l t ,  and c l a y  s e t t l e d  toward  

the bed f rom t he  ov er l oaded  suspensi ons and b r i e f l y  

became p a r t  of  the be d l oa d ,  d e p o s i t i n g  t he  f l a t - l a m i n a t e d  

sand s e d i m e n t - t y p e  and the lower  l a y e r s  of  t he  even 

coupl e  and even c o u p l e t  s e d i m e n t - t y p e s . The p r e f e r e n t i a l  

d e p o s i t i o n  of  t he  c oa r se r  g r a i n s  ups l ope  produced a 

d i s t a l l y  f i n i n g  l oad and d e p o s i t .  Thus,  t h e o r e t i c a l l y ,  a
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f l a t - l a m i n a t e d  sand bed passes bas i nwar d  to the l ower  

f i n e  s a n d y - s i l t  l a y e r  of  an even c o u p l e ,  which passes to 

t he  l o we r ,  t h i n ,  s i l t y  l a y e r  of  an even c o u p l e t .

3)  Wi ns t on ' s  i n t e r p r e t a t i o n  of  the d i s c o n t i n u o u s ,  

f i n e  sand and s i l t  r i p p l e  c r o s s - b e d s ,  and vaguely d e f i n e d  

mud l enses t h a t  c h a r a c t e r i z e  h i s  d i s c o n t i n u o u s  l a y e r  

s e d i me nt - t y pe  as d i s t a l  s h e e t f l o o d  d e p o s i t s  i s  not  borne 

o u t ,  because the p r o g r e s s i o n  of  f l a t - l a m i n a t e d  sand to  

even coupl es cont i nue s  bas i nwar d t o  c o u p l e t s  w i t h o u t  

passi ng through a t r a c t  o f  the d i s c o n t i n u o u s  l a y e r  

s e d i me n t - t y p e .  Since t he  d i s c o n t i n u o u s  l a y e r

s e d i me n t - t y pe  has proven t o  be a pr ox i ma l  sedi ment ar y  

s p e c i es ,  Wi ns t on ' s  o t h e r  i n t e r p r e t a t i o n s  of  i t  as wai n i ng  

stage or overbank d e p o s i t s  of  the b r a i d e d  st reams are  

more pr obab l y  c o r r e c t .

4)  Mudchip congl omer at e  beds are  a newly r ec ogn i z e d  

sedi ment ar y  taxon in t he  R a v a l l i  Group.  Sub- t ype 1 

mudchip congl omerat es  are  i n t e r p r e t e d  as cohesi ve  d e b r i s  

f l ows  or as d e s i c c a t i o n  b r e c c i a s ;  sub- t ype  2 

congl omerat es  are i n t e r p r e t e d  as s h e e t f l o o d  d e p o s i t s ;  and 

sub- t ype  3 congl omer at es  are  i n t e r p r e t e d  as l a c u s t r i n e  

beaches or  shoal s washed by waves.

5) The most i m p o r t a n t  d i f f e r e n c e  between the two 

e n v i r onme nt a l  i n t e r p r e t a t i o n s  compared here concerns the  

ponded wa t e r s  l e f t  on the mu d f l a t s  a f t e r  f l o o d s ,  and the  

s i g n i f i c a n c e  o f  the R a v a l l i  Gr ou p ' s  coarse sand beds.
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Winston ( 1986c )  spe c u l a t e s  t h a t  an e s s e n t i a l l y  permanent  

l a k e  or sea r e g u l a r l y  expanded and r e t r e a t e d  across the  

R a v a l l i  Group m u d f l a t s .  Coarse sands f rom a t h i c k  

b l a n k e t  on the c r y s t a l l i n e  basement  n o r t h  o f  the Helena  

Embayment ( Wi ns t on ,  1986c;  F r o s t  and Wi ns t on ,  1987;  

Freeman and Wi ns t on ,  1987)  was t r a n s p o r t e d  around the  

basi n by l ongshore  d r i f t  and worked i n t o  smal l  beaches  

and shoal s al ong the temporary s h o r e l i n e s .  In c o n t r a s t ,  

t h i s  study concl udes t h a t  the B e l t  l ak e  u s u a l l y  d r i e d  up 

q u i c k l y  and c o mp l e t e l y  a f t e r  f l o o d s ,  and t he  p l a y a  f l o o r  

was a c t u a l l y  dry most of  the t i m e .  S h e e t f l o o d s  f rom the  

cr a t on  c a r r i e d  coarse sand across the exposed m u d f l a t s ,  

and even as f a r  west  as the s a n d f l a t s  and apron t o e .

6) In a d d i t i o n  to the v a s t ,  p l a y a  l a k e s  t h a t  

p e r i o d i c a l l y  covered the m u d f l a t s ,  t h i s  study proposes  

t h a t  the R a v a l l i  Group l andscape r a r e l y  i n c l u d e d  the t r u e  

p e r e n n i a l  l a k e s  in which a l pha  c o u p l e t s  accumul at ed.

7) Winston (1986c)  i n t e r p r e t s  a p p a r e n t  b i p o l a r  

cross- beds o f  h i s  coarse sand and i n t r a c l a s t  

s e d i me n t - t y p e  as beach f o r e s e t s  and t he  accompanying  

washover fan c r o s s - b e d s .  In c o n t r a s t ,  b i p o l a r i t y  in the  

p a l e o c u r r e n t  r oses  of  both the coarse sand and 

cr oss- bedded sand s e d i me n t - t y p e s  of  t h i s  study i s  

i n t e r p r e t e d  p r i m a r i l y  as a r e s u l t  of  t he  R a v a l l i  Group's  

n e a r l y  l e v e l  g r a d i e n t .  That  i s ,  s h e e t f l o o d s  f l o w i n g  out  

onto t he  f l a t s  are  b e l i e v e d  t o  have been t he  h i g he s t
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t opographi e  f e a t u r e s  on the R a v a l l i  Group p l a i n ,  and to  

have thus spread out  in many d i r e c t i o n s  by the d r i v i n g  

f o r ce  of  t h e i r  h y d r a u l i c  head.

DEPOSITIONAL HISTORY

The d e p o s i t i o n a l  h i s t o r y  of  U n i t  A,  U n i t  B, and the  

R a v a l l i  Group o f  t he  study area i s  i n t e r p r e t e d  by 

sy n t h es i z i ng  t h e  d e p o s i t i o n a l  model ( f i g u r e s  31 ,  32)  and 

the l i t h o f a c i e s  c o r r e l a t i o n s  ( f i g u r e  2 8 ) .

The c oa r s e n i ng - up wa r d  sequence r e c o r d e d  by the  

upward p r o g r e s s i o n  f rom the mi crol ami na  s e d i me n t - t y p e  to 

the bedded s i l t  and sand se d i ment - t y pe  in t he  upper u n i t s  

of  the P r i c h a r d  Format i on  record s h a l l o w i n g  upward 

i n t e r p r e t e d  by Loos ( 1985)  and Fi nch and Baldwin (1984)  

as a pr ogr ad i ng  t u r b i d i t e  fan complex t h a t  prograded down 

the ax i s  of  t he  B e l t  b a s i n ,  and f i l l e d  t he  deep,  

per enni a l  B e l t  l a k e .  The nor t hward-  and e a s t w a r d - f i n i n g  

and - t h i n n i n g  beds of  the f l a t - l a m i n a t e d  sand,  even 

coupl e ,  and c o u p l e t  se d i ment - t y pes  o f  U n i t  B r e cor d  

t e r r e s t r i a l  s h e e t f l o o d s  t h a t  f l owed f rom the  south,  

t r a n s p o r t i n g  f i n e  sand,  s i l t ,  and c l a y ,  and f ormi ng an 

a l l u v i a l  a p r o n - s a n d f l a t - m u d f l a t  complex.  Occas i ona l  

s h e e t f l oo ds  f rom t he  e as t  t r a n s p o r t e d  coar se  sand from 

the c r a t o n ,  r i p p e d  up mud pol ygons,  and d e p o s i t e d  beds of  

the coarse sand s e d i m e n t - t y p e  as they f l o we d  across the 

de s i c c a t e d  m u d f l a t s  (Appendix F ) .  Whether  t he  even and 

l e n t i c u l a r  c o u p l e t s  o f  U n i t  A are a mudf 1 a t  d e p o s i t  at



153

the d i s t a l  end o f  t h i s  a l l u v i a l  system,  or  a sha l l ow  

p l a t f o r m  de pos i t  mar g i na l  t o  the P r i c h a r d  t u r b i d i t e  fan 

complex should be c l e a r e r  w i t h  a d d i t i o n a l  s t udy .  As the  

a l l u v i a l  apron and s a n d f l a t s  o f  U n i t  B r e t r e a t e d ,  the  

mudf l a t s  expanded t o  t he  south and sout hwes t ,  d e p o s i t i n g  

the even coupl es ,  and even and l e n t i c u l a r  c o u p l e t s  of  the  

Burke Format ion and t he  c o r r e l a t i v e  i n t e r v a l  o f  the  

G r i n n e l l  Fo r ma t i on .  The advance o f  a smal l  a l l u v i a l  

apron from the e a s t  d e p o s i t e d  a t h i c k  set  of  coarse sand 

beds near the mi dd l e  of  t he  Burke c o r r e l a t i v e  i n t e r v a l  of  

the G r i n n e l l  For mat i on  a t  Deep Creek ( f i g u r e  2 8 ) .

A major advance of  a l l u v i a l  aprons f rom t he  

southwest  i s  r e c o r d e d  by t he  lower  R e v e t t  F o r m a t i o n .  Two 

i n t e r v a l s  composed of  s e t s  the cr oss- bedded sand 

sedi ment - t ype  i n t e r b e d d e d  w i t h  beds of  the f l a t - l a m i n a t e d  

sand s ed i ment - t y pe  r e c o r d  t he  f a r t h e s t  advance of  shal l ow  

br a i de d  st reams down t he  a l l u v i a l  aprons.  The lower  

R ev e t t  apron s l oped n o r t h e a s t w a r d  i n t o  the de pocent er  

along the e a s t e r n  p a r t  o f  t he  b a s i n ,  passi ng t o the  

s a n d f l a t s  and a l t e r n a t e l y  submerged and exposed mudf l a t s  

recorded by beds of  t he  f l a t - l a m i n a t e d  sand,  even coupl e ,  

and coup l e t  s e d i m e n t - t y p e s  of  the c o r r e l a t i v e  i n t e r v a l  of  

the G r i n n e l l  F o r m a t i o n .  Occas i ona l  s h e e t f l o o d s  f rom the 

east  deposi t ed  c oa r se  sand beds on the m u d f l a t s ,  and even 

as f a r  west  as t h e  s a n d f l a t s  and toes  o f  t he  l ower  Revet t  

a l l u v i a l  apron ( Appendi x  F ) .
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The m u d f l a t s  expanded southwestward over  the  

s a n d f l a t s  and a l l u v i a l  apron,  a l t hough t h r e e  minor  

advances o f  t he  s a n d f l a t s  de pos i t e d  t he  wedges of  

f l a t - l a m i n a t e d  sand and even couples in the mi dd l e  Rev e t t  

Format i on .  The a l l u v i a l  pul ses are r e f l e c t e d  in the  

c o r r e l a t i v e  i n t e r v a l  of  the G r i n n e l l  For mat i on  as t h r e e  

coarser  i n t e r v a l s  o f  even couples and h e m a t i t i c  cou p l e t s  

i n t e r c a l a t e d  w i t h  i n t e r v a l s  of  even and l e n t i c u l a r  

coup l e t s  ( f i g u r e  2 8 ) .  Occasi onal  s h e e t f l o o d s  f rom the  

crat on d e p o s i t e d  beds of  the coarse sand s e d i me n t - t y p e  on 

the m u d f l a t s .

Dur i ng t he  d e p o s i t i o n  of  the upper  R e v e t t  For mat i on ,  

a l l u v i a l  aprons and s a n d f l a t s  advanced across the

study ar ea  f rom the southwest  in f o u r  p u l s e s ,  and 

depos i t ed  t he  i n t e r v a l s  of  f l a t - l a m i n a t e d  sand in the  

upper R e v e t t ,  and f l a t - l a m i n a t e d  sand and even coupl es in 

the c o r r e l a t i v e  i n t e r v a l  o f  the G r i n n e l l  For mat i on  

( f i g u r e  2 8 ) .  A s h o r t - l i v e d  p e r e n n i a l  l a k e  on t he  upper  

Revet t  d i s t a l  s a n d f l a t s  i s  recorded by a se t  o f  al pha  

coup l e t s  in t he  l ower  s t r a t i g r a p h i e  keybed a t  Nor t h Crow 

Creek ( f i g u r e  2 8 ) .  S h e e t f l o o d s  f rom t he  e a s t  crossed the  

mudf l a t s  and s a n d f l a t s ,  d e p o s i t i n g  beds o f  the coarse  

sand s e d i m e n t - t y p e .  Wi th the f i n a l  r e t r e a t  o f  the upper  

Re v e t t  a l l u v i a l  a pr on ,  the mudf l a t s  expanded t o  the  

sout hwest ,  and even and l e n t i c u l a r  c o u p l e t s  accumul ated  

to form t h e  S t .  Regi s  Format i on and much o f  t he
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c o r r e l a t i v e  I n t e r v a l  o f  t h e  G r i n n e l l  Format i on { f i g u r e  

2 8 ) .  The two s t r a t i g r a p h i e  i n t e r v a l s  w i t h  i n t e r b e d s  of  

even couples ( f i g u r e  28)  r e f l e c t  very  minor  a l l u v i a l  

pul ses from the sout hwest ,  and the s t r a t i g r a p h i e  keybed 

which extends f rom Nor th Crow Creek t o  Li on Creek records  

a l a r g e  p e r e n n i a l  l ake  in which a set  o f  a l pha c o u p l e t s  

was de pos i t e d .  Large a l l u v i a l  aprons advanced i n t o  the  

B e l t  basin f rom t he e a s t ,  f ormi ng t h i c k  wedges of  coarse  

sand t h a t  compr i se n e a r l y  h a l f  of  t he  t h i c k n e s s  of  the  

St .  Regis c o r r e l a t i v e  i n t e r v a l  of  the G r i n n e l l  Format i on  

at  Deep Creek .  S h e e t f l o o d s  commonly f l owed across the  

exposed m u d f l a t s ,  r i p p i n g  up mud po l ygons ,  and d e p o s i t i n g  

beds of  the coarse sand s e d i m e n t - t y p e  as i n t e r b e d s  wi t h  

the s i l t  and c l a y  of  even and l e n t i c u l a r  c o u p l e t s  d e r i v e d  

f rom t he sout hwest .

Dur i ng t he  d e p o s i t i o n  o f  the Empi re F o r ma t i o n ,  

l e n t i c u l a r  and even c o u p l e t s  were d e po s i t e d  on the  

mu d f l a t s .  The B e l t  l a k e  was l a r g e r  and began t o  be 

p e r e n n i a l ,  as mud polygons f rom the m u d f l a t s  were l o c a l l y  

reworked i n t o  e s t a b l i s h e d  beaches and s h oa l s ,  formi ng  

beds of  the sub- t ype  3 mudchip congl omerat e  

s e d i me n t - t y p e .  S h e e t f l o o d s  c r os s i n g  the d e s i c c a t e d  

mudf l a t s  r i p p e d  up abundant  mud po l ygons ,  and depos i t ed  

them wi t h  s i l t  and c l a y  as beds of  the sub- t ype  2 mudchip 

congl omerat e  s e d i m e n t - t y p e  (Appendix E ) .  The 

u p w a r d - i n c r e a s i n g  c a r b on a t e  c o n t e n t  of  the Empire
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Format ion and t h e  d e p o s i t i o n  of  the o v e r l y i n g  Mi dd l e  B e l t  

Carbonate r e c o r d s  the begi nni ng of  the maj or  

t r a n s g r e s s i o n  o f  the B e l t  l ake  across t h e  bas i n  ( Wi nst on,  

1 9 8 6 c ) .

DISCUSSION

The p r e c e d i n g  s e d i me n t o l o g i c  i n t e r p r e t a t i o n s  and 

l i t h o f a c i e s  c o r r e l a t i o n s  c l a r i f y  t h r e e  p o i n t s  of  

cont r over sy  i n t he  R a v a l l i  Group: 1) t h e  t e c t o n i c

envi r onment ,  2)  t he  s i g n i f i c a n c e  of  h e m a t i t e / c h l o r i t e  

c ont e n t ,  and 3)  the t i d a l  f l a t  i n t e r p r e t a t i o n .

TECTONIC ENVIRONMENT

That  v a s t  q u a n t i t i e s  of  f i n e  sand,  s i l t ,  and c l ay  

were t r a n s p o r t e d  i n t o  the B e l t  basin f rom t he  south and 

southwest  d u r i ng  t he  d e p o s i t i o n  of  the R a v a l l i  Group,  

wh i l e  onl y  modest  amounts of  coarse sand were d e r i v e d  

f rom the c r a t on  suppor t s  the i n f e r e n c e  t h a t  a landmass of  

c o n t i n e n t a l  p r o p o r t i o n s  bounded the we s t e r n  margin of  the  

B e l t  Basin (Cressman,  1985,  1988;  Wi nston e t .  a l ,  1984;

Wi nston,  1 9 8 6 b , c ;  F r o s t  and Winston,  1 9 8 7 ) .  The minor  

changes in t he  t h i c k n e s s  o f  the Burke,  R e v e t t ,  and St .  

Regis For mat i ons  and t h e i r  c o r r e l a t i v e  p a r t s  o f  the  

G r i n n e l l  For mat i on  ( f i g u r e  29)  across t he  a r ea  i n d i c a t e  

t h a t  the e a s t e r n  s i de  of  t h i s  i n t r a c r a t o n i c  bas i n  was 

t e c t o n i c a l l y  s t a b l e ,  in c o n t r a s t  to t he  w e s t e r n  and 

southern s i d e s ,  i n  which s y n d e p o s i t i o n a l  f a u l t s  have been 

i d e n t i f i e d  ( Wi n s t o n ,  1 9 8 6 a ) .  In a d d i t i o n ,  t he  minor
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changes i n t h i c k n e s s  and the r e ma r k ab l y  d e t a i l e d  

l i t h o f a c i e s  c o r r e l a t i o n s  across t he  a r ea  ( F i g u r e  28;  

Appendix F) suggest  t h a t  l a t e r a l  d i s p l a c e me n t  on Cenozoic  

normal  f a u l t s  between the measured s e c t i o n s  ( f i g u r e  4) i s  

minor .

SIGNIFICANCE OF HEMATITE/CHLORITE CONTENT

Al though h e m a t i t e / c h l o r i t e  co n t e n t  i s  a pr oduct  of  

d i a g e n e s i s ,  two aspec t s  o f  the l i t h o f a c i e s  c o r r e l a t i o n s  

suggest  t h a t  i t  o f t e n  r e f l e c t s  some p r i ma r y  d i f f e r e n c e  in  

the o r i g i n a l  c h e mi s t r y  of  the se d i ment s .  One aspect  i s  

t h a t  c o up l e t e d  i n t e r v a l s  d i s t i n g u i s h e d  s o l ey  on the basi s  

of  t h e i r  h e m a t i t e / c h l o r i t e  c ont e n t  c o r r e l a t e  between 

measured s e c t i o n s .  Anot her  aspect  i s  t h a t  d e f i n i n g  the  

St .  Re g i s - Spoka ne / Empi r e  boundary a t  the change in the 

dominant  c o l o r  o f  c o u p l e t s  from red t o  green produces a 

r emar kabl y  c o n s i s t e n t  t h i c k n e s s  of  the St .  Regi s and the  

c o r r e l a t i v e  i n t e r v a l  of  t he  G r i n n e l l  For mat i on  ( f i g u r e  

28) .

In a d e t a i l e d  s e d i me n t o l o g i c  st udy o f  the  

Spokane/ Empi re t r a n s i t i o n  zone of  w e s t - c e n t r a l  Montana,  

Whipple ( 1 9 8 0 )  found t h a t  s u b a e r i a l  sed i me nt a r y  

s t r u c t u r e s  such as sun- c r acks  c h a r a c t e r i z e d  the red beds,  

whereas green beds r e f l e c t  an absence o f  d e s i c c a t i o n .  In 

the R a v a l l i  Group rocks of  t h i s  s t u d y ,  l e n t i c u l a r  

c o u p l e t s ,  which r e c o r d  long submergence,  are  more 

commonly c h l o r i t i c  ( r e d u c e d ) ,  w h i l e  even c o u p l e t s ,  which
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are f r e q u e n t l y  s u n - c r a c k e d ,  are  more commonly h e m a t i t i c  

( o x i d i z e d )  Thus,  t he  o x i d a t i o n  s t a t e  o f  t he  sediments  

and enc l os i ng  pore wa t e r s  i s  d i r e c t l y  r e f l e c t e d  in 

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

w i t h i n  the R a v a l l i  Group ( f i g u r e  28)  may r e p r e s e n t  

t o p o g r a p h i c a l l y  l ower  p a r t s  of  the m u d f l a t s  on which 

pl ayas were o f t e n  f i l l e d  f o r  r e l a t i v e l y  l ong pe r i o d s  of  

t i me ,  and the change t o the dominant  green c o l o r  of  the  

Empire Format i on r e f l e c t s  a bas i nwi de  t r a n s g r e s s i o n  of  

the Be l t  l a k e .  C o n v e r s e l y ,  h e m a t i t i c  s t r a t i g r a p h i e  

i n t e r v a l s  w i t h i n  t he  Empire ( f i g u r e  28)  may r e c o r d  p a r t s  

of  the mudf l a t s  t h a t  were exposed.  A l t hough  

h e m a t i t e / c h l o r i t e  c o n t e n t ,  and thus c o l o r ,  are d i a g e n e t i c  

f e a t u r e s ,  the d e s i c c a t e d  sediments of  t he  m u d f l a t s  

probabl y  di d not  g e n e r a t e  g r e a t  q u a n t i t i e s  o f  d i a g e n e t i c  

f l u i d s ,  and the c l a y  l a y e r s  pr obabl y  r e s t r i c t e d  movement  

of  f l u i d s  t h a t  were produced,  thus p r e s e r v i n g  the  

o r i g i n a l  che mi s t r y  o f  the sediments on a r e g i o n a l  s c a l e .  

Al though c o l o r  can by no means be used as an a b s o l u t e  

i n d i c a t o r  of  t he  dominant  env i r onment a l  c o n d i t i o n s  of  

coupl e t ed  i n t e r v a l s ,  n e i t h e r  should i t  be a u t o m a t i c a l l y  

di scount ed as i n s i g n i f i c a n t ,  e s p e c i a l l y  on a 

s t r a t i g r a p h i e  s c a l e .

TIDAL FLAT INTERPRETATION

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

i n t e r p r e t a t i o n s  i n d i c a t e  t h a t  the f i n e  sedi ment s  of  the
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G r i n n e l l  are t h e  d i s t a l  f a c i e s  of  the e n t i r e  

B u r k e - R e v e t t - S t . Regi s  sedi ment ary  pr i sm.  Thus,  the  

Burke,  R e v e t t ,  and S t .  Regi s  Format i ons were not  

deposi t ed s i m u l t a n e o u s l y  as d i f f e r e n t  sub- env i r onment s  of  

a l a r ge  t i d e - d o m i n a t e d  d e l t a  t h a t  prograded i n t o  the B e l t  

bas i n ,  as suggested by Boyce (1973)  and Mauk ( 1 9 8 3 ) .

T i da l  m u d f l a t s  a r e  c h a r a c t e r i z e d  by channe l s  t h a t  

funnel  the d a i l y  f l o w  both onto and o f f  o f  t he  f l a t s  

(Reineck and S i ng h ,  1 9 8 0 ) .  As t i d a l  channel s  mi gr a t e  

l a t e r a l l y  they e r ode  the mudf l a t s  and d e p o s i t  l a t e r a l  

a c c r e t i o n  c r o s s - b e d s  ( Re i neck  and Si ngh,  1980;  Weimer  

e t .  a l ,  19 82 ) .  Thompson' s ( 1968 ,  1975)  r e p o r t  t h a t  the  

t i d e  f l a t s  b o r d e r i n g  t he  e s t u a r y  of  the Col orado R i ve r  

l acked t i d a l  c h a nn e l s  i s  o f t e n  c i t e d  t o excuse the  

absence of  t i d a l  channel  d e p o s i t s  in the B e l t  (Boyce,  

1973;  Mauk, 1 9 8 3 ) ,  but  " i n  a subsequent  study of  the  

Colorado R i v e r  d e l t a ,  Meckel  (1975)  p o i n t s  out  t h a t  the  

channels in the d e l t a  ar e  in f a c t  ma i n t a i n e d  by t i d a l  

f l o w ,  not  by t h e  ema s c u l a t e d  Col orado R i v e r "  ( Wi nst on,  

1986c,  p. 1 1 6 ) .  Thus,  s i nc e  the R a v a l l i  Group mudf1 at  

depos i t s  are t o t a l l y  de v o i d  of  t i d a l  channel  d e p o s i t s ,  

they cannot  be r e c o n c i l e d  w i t h  a t i d a l  i n t e r p r e t a t i o n .  

C l e a r l y ,  i n u n d a t i n g  and d r a i n i n g  t i d a l  m u d f l a t s  as vast  

as those r ec or ded  i n the R a v a l l i  Group,  d i u r n a l l y ,  f o r  

m i l l e n i a  w i t h  no c h a n n e l l i z e d  f l ow seems i m p o s s i b l e .  In 

c o n t r a s t ,  the s h e e t f l o o d e d  mudf l a t s  o f  a p i a y a - 1 a c u s t r i ne
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basin are  broad f l a t  s u r f a ce s  w i t h o u t  channe l s  ( Ha r d i e  

e t .  a l ,  1 9 7 8 ) ,  and numerous a n c i e n t  p i a y a - 1 a c u s t r i ne 

mudf l a t  d e p o s i t s  show no ev i dence o f  c h a n n e l l i n g  ( Smoot,  

1983;  Demicco and Kor desch,  1986;  F l i n t ,  1985;  Cheadl e ,  

1986;  Huber t  and Hyde,  19 8 2 ) .

L o c a l l y  opposed cr os s - bed  se t s  in the R a v a l l i  Group,  

such as t hose in the cross-bedded sand and coarse sand 

s e d i ment - t ypes  a t  Nor t h  Crow Creek ,  have a l s o  been c i t e d  

as c l e a r  ev i de nce  o f  t i d a l  f l ow (Mauk,  1 9 8 3 ) ,  but  r ece nt  

s t udi es  by Mader and Teyssen ( 1985)  and Alam and ot her s  

(1985)  concl ude t h a t  b i - p o l a r  c r os s - be ds  are  a l so  

c h a r a c t e r i s t i c  o f  very  low g r a d i e n t  f l u v i a l  systems.  The 

sets of  the cr oss- bedded sand s e d i me n t - t y p e  

i n t e r s t r a t i f i e d  w i t h  l a t e r a l l y  e x t e n s i v e  beds of  the  

f l a t - l a m i n a t e d  sand s e d i m e n t - t y p e , and of  se t s  o f  the  

cr oss- bedded coarse sand sub- t ype  w i t h  unc h a nn e l l e d  

mudf l a t  d e p o s i t s  of  even and l e n t i c u l a r  c o u p l e t s  are  

i n c o n s i s t e n t  w i t h  a t i d a l  i n t e r p r e t a t i o n ,  but  s t r o n g l y  

support  the p l a ya  model proposed here and by Winston 

( 1 9 8 6 c ) .

S y n t h e s i s  o f  the s e d i me n t - t y p e  f a c i e s  t r a c t s  ( f i g u r e  

32)  r e v e a l s  t h a t  each ephemeral ,  t e r r e s t r i a l  s h e e t f l o o d  

depos i t e d  an i n d i v i d u a l  b a s i n w a r d - t h i n n i n g  and - f i n i n g  

sedi mentary  l a y e r  ( f i g u r e  3 1 ) .  C l e a r l y ,  U n i t  8,  and the 

Burke,  R e v e t t ,  and S t .  Regis f o r m a t i o n s  and t h e i r  

r e s p e c t i v e  c o r r e l a t i v e  i n t e r v a l s  o f  t he  G r i n n e l l
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Format i on r e cor d  an i n t r a c r a t o n i c  a l l u v i a l  

a p r o n - s a n d f 1 a t - p l aya  m u d f l a t  system.
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Chapt er  5 

CONCLUSIONS

L i t h o f a c i e s  c o r r e l a t i o n s  f rom t h e  Mi s s i o n  Range,  

through the Swan Range,  and i n t o  the F l a t h e a d  Range 

i n d i c a t e  t h a t  t he  e n t i r e  B u r k e - R e v e t t - S t . Regi s  sequence 

c o r r e l a t e s  w i t h  the G r i n n e l l  (Spokane)  Format i on ( f i g u r e  

3 0 ) ,  not  j u s t  t he  St .  Regis For mat i on  as proposed by 

H a r r i s o n  ( 1 972 )  ( f i g u r e  5 ) .

A ma j o r ,  i n f o r ma l  s t r a t i g r a p h i e  u n i t  domi nated by 

f i n e -  t o  very  f i n e - g r a i n e d  q u a r t z i t e  occurs  between the  

P r i c h a r d  F o r ma t i o n ,  and the Burke For mat i on  and the  

c o r r e l a t i v e  i n t e r v a l  of  the G r i n n e l l  (Spokane)  Format i on  

and i s  c a l l e d  U n i t  B ( f i g u r e  3 0 ) .

The u n i t  o f  domi nant l y  green a r g i l l i t e  w i t h  a few 

beds o f  medium- t o c o a r s e - g r a i n e d  q u a r t z  a r e n i t e  t h a t  

occurs between U n i t  B and t he  P r i c h a r d  For mat i on  in the  

F l a t h e a d  Range i s  de s i g na t e d  i n f o r m a l  U n i t  A and i s  

t e n t a t i v e l y  c o r r e l a t e d  eas t ward  w i t h  t he  uppermost  member 

of  t he  Appekunny Format i on of  G l a c i e r  N a t i o n a l  Park,  

member 5 (Whi ppl e  e t .  a l ,  1 9 8 4 ) .  U n i t  A p i nches  out  

westward,  so t h a t  in the Swan Range U n i t  B d i r e c t l y  

o v e r l i e s  the P r i c h a r d  Format i on ( f i g u r e  2 9 ) .  Thus,  the  

Appekunny For mat i on  does not  c o r r e l a t e  w i t h  t he  Burke 

F or ma t i on ,  as proposed by H a r r i s o n  ( 1 9 7 2 )  ( f i g u r e  5) and 

i s  not  p a r t  of  t he  R a v a l l i  Group.  I n s t e a d ,  U n i t  A 

c o r r e l a t e s  w i t h  t he  P r i c h a r d  For mat i on  or  w i t h  U n i t  B.



163

The R a v a l l i  Group and U n i t  B are  i n t e r p r e t e d  to  

r ecord  i n t r a c r a t o n i c , a l l u v i a l  a p r o n - s a n d f l a t - p l a y  a 

mudf l a t  env i r onme nt s .  E p i s o d i c  f l o o d s  f rom a west er n  

c o n t i n e n t  f l o wi ng  down b r a i d e d  st reams across vast  

a l l u v i a l  aprons t h a t  s l oped  i n t o  t he  basi n f rom t he  south 

and southwest  ( f i g u r e  32)  broadened and shal l owed  

p r o g r e s s i v e l y  downstream t o  s h e e t f l o o d s  as the s l ope of  

the apron decreased.  I s o l a t e d  bars  o f  f i n e -  to very  

f i n e - g r a i n e d  sand m i g r a t i n g  in the upper r eg i me,  b r a i d e d  

f l ow w i t h i n  prox i mal  s h e e t f l o o d s  de pos i t e d  se t s  of  the  

cross-bedded sand s e d i m e n t - t y p e  i n t e r  s t r a t i f i e d  w i t h  beds 

of  the f l a t - l a m i n a t e d  sand s e d i me n t - t y p e .  The s h e e t f l o o d s  

t h i nned and spread out  a c r oss  t he  t oe  of  the a l l u v i a l  

apron and onto s a n d f l a t s ,  d e p o s i t i n g  beds of  the  

f l a t - l a m i n a t e d  sand s e d i m e n t - t y p e ,  and the l ower  l a y e r s  

of  the even couple s e d i m e n t - t y p e . Fl owi ng out  across  the  

mu df l a t s ,  t he  s h e e t f l o o d s  co n t i nue d  t o  t h i n  and 

d e c e l e r a t e ,  d e p o s i t i n g  t h e  lower  l a y e r s  of  even c o u p l e t s .  

As f l o o d  wat e r s  ponded and p l ay a  l a k e s  spread across the  

mu df l a t s ,  c l a y  s e t t l e d  f rom suspensi on,  formi ng c l a y  

caps.  Some p l ay a  bot toms d r i e d ,  and the c l a y  l a y e r s  were 

soon de s i c c a t e d  and c r a c k e d .  Areas of  the p l aya  t h a t  

remained submerged were l o c a l l y  reworked by waves i n t o  

the l e n t i c u a l r  c o u p l e t  s e d i m e n t - t y p e .  S h e e t f l o o d s  t h a t  

ent er ed  r a r e  p e r e n n i a l  l a k e s  on t he  d i s t a l  s a n d f l a t s  

formed t u r b i d  plumes t h a t  s e t t l e d  out  to form a l pha



164

c o u p l e t s .  Occas i ona l  s h e e t f l o o d s  f rom t he  e a s t  f l o wed  

across l o c a l i z e d  a l l u v i a l  aprons of  medium- to 

c o a r s e - g r a i n e d  sand and spread out  ac r oss  the exposed  

m u d f l a t s ,  d e p o s i t i n g  beds o f  the coarse sand 

s e d i ment - t y p e . Rare e a s t e r n  s h e e t f l o o d s  crossed t he  

mudf l a t s  and reached the s a n d f l a t s  and even the t oe  of  

t he  f i n e - g r a i n e d  a l l u v i a l  apron on t he  west ern si de of  

the b a s i n ,  so t h a t  beds o f  the coarse sand s e d i me n t - t y p e  

were i n t e r c a l a t e d  w i t h  beds of  the even couple or  

f l a t - l a m i n a t e d  sand s e d i m e n t - t y p e s . Thus,  the sand

wedges of  U n i t  B, the l ower  R e v e t t  and i t s  c o r r e l a t i v e  

G r i n n e l l  i n t e r v a l ,  and t he  upper R e v e t t  and i t s  

c o r r e l a t i v e  G r i n n e l l  i n t e r v a l  r e co r d  a l l u v i a l  advances  

i n t o  the B e l t  b a s i n ,  w h i l e  the Burke,  mi dd l e  R e v e t t ,  and 

St .  Reg i s ,  and t h e i r  c o r r e l a t i v e  p a r t s  o f  the G r i n n e l l  

Format i on r ecor d  ep i sodes of  a l l u v i a l  r e t r e a t  and the  

expansion o f  t he  p l aya  m u d f l a t s  t o  t he  south and 

s out hwe s t .
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STRATIGRAPHY OF THE RAVALLI GROUP (MIDDLE PROTEROZOIC 
BELT SUPERGROUP) BETWEEN THE COEUR D'ALENE DISTRICT.
IDAHO. AND GLACIER NATIONAL PARK. MONTANA

CRONIN, Chistopher, KUHN, Jeffrey A., and WINSTON, Don, (all 
authors) Geology Dept., Univ. of Montana, Missoula, MT 59812 

The Burke Formation (lower Ravalli) of the Coeur d'Alene district is 
currently correlated with the Appekunny Formation of the Lewis Range in 
Glacier National Park; the St. Regis Formation (upper Ravalli) of the 
Coeur d'Alene district is correlated with most of the Grinnell 
Formation of Glacier National Park; while the Revett Formation (middle 
Ravalli) of the Coeur d'Alene district pinches out eastward within the 
Appekunny-Grinnell sequence. In the eastern part of the basin the names 
Greyson and Spokane have been used somewhat interchangeably with 
Appekunny and Grinnell respectively.

Measured sections from the Mission, Swan, Whitefish, Clark, and 
Lewis ranges indicate that the Burke Formation of the Coeur d'Alene 
district extends eastward as siltite, fine quartzite, and argillite 
intervals which may correlate partially with the uppermost Appekunny, 
but which correlate mostly with the lower Grinnell in the Lewis Range. 
The lower Revett quartzite passes eastward to purple siltite and 
argillite mixed with beds of coarse quartzite within the lower Grinnell 
of the Lewis Range. The middle Revett siltite of the Coeur d'Alene 
district passes to red argillite and mudstone of the middle part of the 
Grinnell in the Lewis Range, and the upper Revett quartzite units pass 
to very fine quartzite, siltite and argillite of the Lewis Range mixed 
with beds of coarse quartzite that increase upward. The St. Regis 
Formation passes eastward to argillite and coarse quartzite beds in the 
Swan Range, correlating with only the uppermost siltite, argillite and 
coarse quartzite of the Grinnell in the Lewis Range. Correlation of 
the Burke, Revett, and St. Regis with the uppermost Appekunny and the 
Grinnell may simplify formal stratigraphie usage.
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APPENDIX 8 

PALEOCURRENT METHODOLOGY 

P a l e o c u r r e n t  a n a l y s i s  o f  t he  c r os s - b e dd e d  sand 

s e d i ment - type and the cr oss- bedded s u b - t y p e  of  the coarse  

sand s e d i me n t - t y p e  i n  the R e v e t t  For mat i on  a t  Nor th Crow 

Creek u t i l i z e d  measurements of  t a b u l a r  c r o s s - b e d  s e t s .  A 

4"x6' '  p l e x i g l a s s  panel  was l a i d  d i r e c t l y  on t he  s t e e p e s t  

p a r t  of  an exposed f o r e s e t  p l ane and i t s  di p and s t r i k e  

were measured w i t h  a Brunton compass.  In most cases the  

a t t i t u d e  o f  c r o s s - s t r a t a  i n a set  remai ned e s e n t i a l l y  

c o n s t a n t ,  so on l y  one f o r e  set  was measured,  but  where 

a t t i t u d e s  v a r i e d ,  sever a l  f o r e s e t s  were measured a t  1-3  

meter  spaci ngs across  the o u t c r op .  The a t t i t u d e  of  

r e g u l a r  bedding was a l so  r ecor ded.  Dat a  was t aken from 

a l l  t a b u l a r  c r os s - b ed  se t s  encount ered  i n t he  measured  

s e c t i o n .  I n  o r d e r  to i n c r e a s e  t h i s  da t a  base,  the Reve t t  

was scouted up an ot her  r o u t e ,  w i t h  measurements made 

wherever  p o s s i b l e .  He i g ht  i n  the s e c t i o n ,  c o r r e c t e d  

f o r e s e t  a t t i t u d e ,  set  t h i c k n e s s ,  f o r e s e t  shape,  mode of  

oc c ur r e nc e ,  v e c t o r  mean az i mut h and c o n s i s t e n c y  r a t i o  f or  

each set  a r e  l i s t e d  i n t a b l e s  1 and 2.

To c o r r e c t  the e f f e c t s  t h a t  t e c t o n i c  t i l t i n g  has had 

on t he c r o s s - s t r a t a ' s  o r i g i n a l  a t t i t u d e ,  the  bedding  

c o n t a i n i n g  each c r oss- bed set  was r e t u r n e d  t o  h o r i z o n t a l .  

For  each c r o s s - b e d  a t t i t u d e  measurement ,  a Schmidt  

e q u a l - a r e a  s t e r e o n e t  was used f o r  the f o l l o w i n g  procedure
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( P o t t e r  and P e t t i j o h n ,  1 9 7 7 ) :  1) t he  po l es  t o  bedding

and cross- beddi ng ar e  p l o t t e d ,  2) w i t h  the beddi ng pole  

on the E-W l i n e ,  t he  c r o s s - b e d  po l e  i s  "moved" a l ong i t s  

smal l  c i r c l e  in the d i r e c t i o n  and by the number of  

degrees r e q u i r e d  t o  r e t u r n  the beddi ng pol e  t o  the  

s t e r e on e t  c e n t e r ,  3)  the r e s t o r e d  c r os s - bed  po l e  is  

p l o t t e d  and the c o r r e c t e d  f o r e s e t  s t r i k e  and di p i s  

recorded.  However ,  because po ss i b l e  r o t a t i o n a l  aspects  

of  Mesozoic t h r u s t  f a u l t i n g  and Cenozoi c normal  f a u l t i n g  

can not  be c o r r e c t e d - f o r  g i ven the i mp r e c i s e  knowledge of  

the s t r u c t u r e s  a f f e c t i n g  t he  study a r e a ,  t he  az i mut hs  may 

not  be f u l l y  r e s t o r e d  to t h e i r  o r i g i n a l  o r i e n t a t i o n s .

To a r r i v e  a t  t he  p a l e o c u r r e n t  az i mut h o f  each 

measured c r o s s - b e d ,  n i n e t y  degrees was e i t h e r  added to,  

or s ubt r ac t ed  f r om,  t he  c o r r e c t e d  f o r e s e t  s t r i k e  ( t a b l e s  

1 and 2 ) ,  as the d i p  d i r e c t i o n  o f  each c r o s s - b e d  

r e q u i r e d .  The w i d e l y - u s e d  ( Gr eene ,  1984;  Bowden,  1977;

Mi a l l ,  1974)  v e c t o r  method o f  Curray ( 1956 ) was employed 

to f u r t h e r  process t h i s  p a l e o c u r r e n t  da t a .

Each c r oss- bed set  c o n t r i b u t e s  a s i n g l e  p a l e o c u r r e n t  

azimuth t o  the c a l c u l a t i o n  of  an o v e r a l l  p a l e o c u r r e n t  

r ose ,  so the v e c t o r  mean az i mut h of  each set  which  

y i e l d e d  more than one measurement  was c a l c u l a t e d .  The 

v e c t o r  mean i s  a measure of  the c e n t r a l  t endency of  the 

i n p u t  az i mut hs ,  and was c a l c u l a t e d  w i t h  the f o l l o w i n g  

e q u a t i o n  ( C u r r a y ,  19 56 ) :
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0 = a r c t a n  Sin 0^./  Sin Cos 0̂ . 

where 0 1s the v e c t o r  mean a z i m u i t h ;  n e qua l s  the number 

of  o b s e r v a t i o n s ;  and 0  ̂ equa l s  the az i mut h of  the  

f o r e s e t  dip d i r e c t i o n  ( C u r r a y ,  1956) .

Because the  a r c t a n  f u n c t i o n  r e t u r n s  the v e c t o r  mean 

az i mut h ( 0 )  as a n e g a t i v e  number I n t he  f o u r t h  quadr ant ,  

or a p o s i t i v e  number In t he  f i r s t  q u a d r a n t :  I f  the ve c t o r  

r e s u l t i n g  f rom t h i s  equa t i on  should be In the SW or SE 

qua dr an t s ,  add 180 t o 0;  I f  t he  r e s u l t a n t  v e c t o r  mean 

az i mut h bel ongs In the NW qua dr a n t ,  add 360 t o 0;  I f  I t  

bel ongs In t he  NE qu a d r a n t ,  the va l ue  o f  0 I s  c o r r e c t  

unmodi f i ed .

Since v e c t o r s  possess magni tude as we l l  as 

d i r e c t i o n ,  I t  I s  necessary t o c a l c u l a t e  the vec t or  

magni tude of  each r e s u l t a n t  v e c t o r .  The v e c t o r  magni tude  

I s  a measure of  the c o n c e n t r a t i o n  of  the az i mut hs  as they  

are a r r anged about  t he  ve c t or  mean,  and I s  c a l c u l a t e d  

usi ng the f o l l o w i n g  equat i on  ( C u r r a y ,  1 9 5 6 ) :  

r = ( ( 2  n sin 0^)^ + ( Z n  Cos 0 ^ ) ^ ) ^ ^ ^  

where r I s  the v e c t o r  magni tude.

Since t he  v e c t o r  magni tude I s  a u n i t  l ess  number,  the  

s i g n i f i c a n c e  of  which I s  d i f f i c u l t  to v i s u a l i z e ,  the 

c o ns i s t e nc y  r a t i o ,  or v e c t o r  magni tude I n  terms of  

p e r c e n t .  I s  c a l c u l a t e d  by the f o l l o w i n g  e x p r e s s i on  

( C u r r a y ,  1 9 5 6 ) :

L = r / Z n  X 100
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where L i s  t he  c o n s i s t e n c y  r a t i o ;  r e qua l s  the v e c t o r  

magni tude;  and n equa l s  t he  number o f  o b s e r v a t i o n s .

The cons i s t e ncy  r a t i o  ( 0 - 100%)  i s  a measure of  

d i s p e r s i o n  o f  measurements about  the v e c t o r  mean. For  

example:  when L=100%,  a l l  t he  da t a  are the same; when

L=0%, the data i s  u n i f o r m l y  d i s t r i b u t e d  about  the vec t or  

mean. Ta bl es  1 and 2 l i s t s  0 ,  and L f o r  each c r os s - be d  

s e t .

In c o n s t r u c t i n g  a r ose  d i agr am,  each c r os s - be d  sets  

was r e p r e s e n t e d  by i t s  v e c t o r  mean az i mut h ,  and a 

f r equency d i s t r i b u t i o n  was c o n s t r u c t e d .  The az i mut hs  

were grouped i n t o  t went y  degree i n t e r v a l s  ( 0 - 1 9 ,  2 0 - 2 9 ,  

e t c . ) ,  and t he  number i n  each i n t e r v a l  was c o nv e r t e d  to a 

percent age  by d i v i d i n g  i t  by the t o t a l  number of  

az i mut hs .  The rose d i agr am was c o n s t r u c t e d  on p o l a r  

c o o r d i n a t e  paper  wi t h  t h e  l i n e  segment r a d i u s  d i r e c t l y  

p r o p o r t i o n a l  t o  the s q u a r e - r o o t  o f  the i n t e r v a l  

pe r c ent age  ( Greene,  1984;  Mi a l l ,  1 9 7 4 ) ,  so t h a t  t he  value  

p l o t t e d  i s  d i r e c t l y  p r o p o r t i o n a l  t o the i n t e r v a l  a r ea  

r a t h e r  than to the segment  l e n g t h .
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a p p e n d i x  C: LOCATION OF MEASURED SECTIONS

Legend

Em -  Empire Format i on

SR -  S t .  Regis Fm. and c o r r e l a t i v e  G r i n n e l l  Fm.

uR -  upper R e v e t t  Fm. and c o r r e l a t i v e  G r i n n e l l  Fm.

mR -  mi ddl e  R e v e t t  Fm. and c o r r e l a t i v e  G r i n n e l l  Fm

1R -  l ower  R e v e t t  Fm. and c o r r e l a t i v e  G r i n n e l l  Fm.

Bu -  Burke Fm. and c o r r e l a t i v e  G r i n n e l l  Fm.

B -  U n i t  B

A -  U n i t  A

uP -  upper  u n i t  o f  P r i c h a r d  Fm.

IP -  lower  u n i t  o f  P r i c h a r d  Fm.

(D -  Subsect i on number
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APPROXIMATION OF THE THICKNESS OF THE NORTH CROW CREEK

COVERED INTERVAL 

A l a r g e  f o r e s t e d  a r ea  w i t h  l i t t l e  ou t c r o p  covers 

most o f  the Burke Format i on and t he  l ower  p a r t  of  the  

l ower  R e v e t t  Format i on  a t  Nor t h Crow Cr eek .  The 

t h i c k n e s s  of  t h i s  covered i n t e r v a l  was appr ox i mat ed  

usi ng the c o n s t r u c t i o n  shown in f i g u r e  40.

F i r s t ,  a t o pog r a p h i c  c r o s s - s e c t i o n  was c o n s t r u c t e d  

a l ong l i n e  A- A* .  Nex t ,  the bases o f  s u b - s e c t i o n s  2 and

3 were l o c a t e d  on the cross s e c t i o n .  L i n e s  i n c l i n e d  at

the di p of  beddi ng were drawn from t hese  two p o i n t s ,  

and f rom the top of  su b - s ec t i on  1. The t h i c k n e s s  

between the top o f  s ub - s e c t i on  1 and the base of  

s u b- s e c t i o n  2 i s  appr ox i ma t e l y  500 f e e t ,  and t he  gap 

between the bases of  s u b - s e c t i o n s  2 and 3 i s  

a p p r o x i ma t e l y  1500 f e e t .  Covered i n t e r v a l s  o f  these  

t h i c k n e s s e s  were i n s t a l l e d  in t he  Nor t h  Crow Creek  

s t r a t i g r a p h i e  s e c t i o n .
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