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Abstract:
Field verification of the applicability of bedload predictive formulas to coarse-bedload high-gradient
mountain streams has received relatively little study as compared to similar work in sand bed streams.
This study attempted to verify the applicability of two types of predictive bedload formulas, a
discharge type and a tractive force type, to Squaw Creek, a coarse bedload high-gradient mountain
stream. The Schoklitsch (1934) formula was chosen as a discharge type and the Meyer-Peter and
Muller (1948) formula was selected as a tractive force type. The predictions of these formulas were
also compared to predictions generated from Bagnold's simple theoretical expression for unit stream
power.

Discharge, water surface slope, bed slope, water density, bedload particle size and bedload quantity
were measured instantaneously during the 1983 and 1984 bedload transport events. A technique, which
proved very successful, was developed for simultaneously measuring water surface and bed slope. The
appropriate parameters were substituted into the formulas and the resulting predicted quantity of
bedload was compared to the quantity actually measured in the stream. Field observations of channel
features and changes in channel morphology were made to enable explanations for any variance
between predictions and measurements.

The catastrophic dispersal of an old log jam in the study reach was observed and recorded during the
1983 bedload event. The dispersal of this log jam and the resulting instantaneous changes in stream
power parameters had greater effect on bedload in Squaw Creek than any other parameter studied.
Approximately 730 metric tons of bedload passed through the study reach during the twenty-three day
1983 bedload event. Thirty percent of this bedload moved in a three day period and is directly
attributable to the burst of the log jam.

The Schoklitsch formula predictions were closest to measured values. The complex Meyer-Peter and
Muller formula yielded predictions very similar to those of the simple stream power expression. The
formulas overpredicted bedload in Squaw Creek by approximately two orders of magnitude. One order
of magnitude of the overprediction can be attributed to sampling and analysis error. The remaining
order of magnitude overprediction is attributed to the formulas' inability to account for variance in
sediment supply, sediment storage and spatial and temporal variations in bedload transport in a
high-gradient coarse-bedload stream. 
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ABSTRACT

F i e l d  v e r i f i c a t i o n  o f  t h e  a p p l i c a b i l i t y  o f  b e d l o a d  p r e d i c t i v e  
f o r m u la s  t o  c o a r s e - b e d l o a d  h i g h - g r a d i e n t  m o u n ta in  s t r e a m s  has  r e c e iv e d  
r e l a t i v e l y  l i t t l e  s t u d y  a s  c o m p a r e d  t o  s i m i l a r  w o rk  i n  s a n d  b e d  
s t r e a m s .  T h i s  s t u d y  a t t e m p t e d  t o  v e r i f y  t h e  a p p l i c a b i l i t y  o f  tw o  
t y p e s  o f  p r e d i c t i v e  b e d lo a d  f o r m u la s ,  a  d i s c h a r g e  ty p e  and a  t r a c t i v e  
f o r c e  t y p e ,  t o  Squaw C r e e k ,  a  c o a r s e  b e d l o a d  h i g h - g r a d i e n t  m o u n t a i n  
s t r e a m .  The S c h o k l i t s c h  (1934) f o r m u la  was c h o sen  a s  a  d i s c h a r g e  ty p e  
a n d  t h e  M e y e r - P e t e r  a n d  M u l l e r  (1948)  f o r m u l a  w a s  s e l e c t e d  a s  a 
t r a c t i v e  f o r c e  t y p e .  The p r e d i c t i o n s  o f  t h e s e  f o r m u l a s  w e r e  a l s o  
com pared  t o  p r e d i c t i o n s  g e n e r a t e d  f r o m  B a g n o l d ' s  s i m p l e  t h e o r e t i c a l  
e x p r e s s i o n  f o r  u n i t  s t r e a m  pow er.

. D i s c h a r g e ,  w a t e r  s u r f a c e  s l o p e ,  b ed  s lo p e ,  w a t e r  d e n s i t y ,  b e d lo a d  
p a r t i c l e  s i z e  a n d  b e d l o a d  q u a n t i t y  w e r e . m e a s u r e d  i n s t a n t a n e o u s l y  
d u r in g  t h e  1983 and 1984 b e d lo a d  t r a n s p o r t  e v e n ts .  A t e c h n i q u e ,  w h ic h  
p ro v ed  v e r y  s u c c e s s f u l ,  w a s  d e v e l o p e d  f o r  s i m u l t a n e o u s l y  m e a s u r i n g  
w a t e r  s u r f a c e  an d  b e d  s l o p e .  The a p p r o p r i a t e  p a r a m e t e r s  w e r e  
s u b s t i t u t e d  i n t o  t h e  f o r m u la s  and t h e  r e s u l t i n g  p r e d i c t e d  q u a n t i t y  o f  
b e d lo a d  w as com pared  t o  t h e  q u a n t i t y  a c t u a l l y  m easu red  i n  t h e  s t r e a m .  
F i e l d  o b s e r v a t i o n s  o f  c h a n n e l  f e a t u r e s  an d  c h a n g e s  i n  c h a n n e l  
m orpho logy  w e re  made t o  e n a b le  e x p l a n a t i o n s  f o r  any v a r i a n c e  b e tw e e n  
p r e d i c t i o n s  and m ea su re m e n ts .

T he  c a t a s t r o p h i c  d i s p e r s a l  o f  a n  o l d  l o g  j a m  i n  t h e  s t u d y  r e a c h  
w a s  o b s e r v e d  a n d  r e c o r d e d  d u r i n g  t h e  1983 b e d l o a d  e v e n t .  The 
d i s p e r s a l  o f  t h i s  lo g  ja m  and t h e  r e s u l t i n g  i n s t a n t a n e o u s  ch an g es  i n  
s t r e a m  p o w er  p a r a m e t e r s  had g r e a t e r  e f f e c t  on b e d lo a d  i n  Squaw Creek 
t h a n . any o t h e r  p a r a m e t e r  s t u d i e d .  A p p ro x im a te ly  730 m e t r i c  t o n s  o f  
b e d l o a d  p a s s e d  t h r o u g h  t h e  s t u d y  r e a c h  d u r i n g  t h e  t w e n t y - t h r e e  d a y  
1983 b e d lo a d  e v e n t .  T h i r t y  p e r c e n t  o f  t h i s  b e d lo a d  moved i n  a t h r e e  
day  p e r i o d  and i s  d i r e c t l y  a t t r i b u t a b l e  t o  t h e  b u r s t  o f  t h e  lo g  jam .

The S c h o k l i t s c h  f o r m u l a  p r e d i c t i o n s  w e r e  c l o s e s t  t o  m e a s u r e d  
v a l u e s .  T he  c o m p le x  M e y e r - P e t e r  a n d  M u l l e r  f o r m u l a  y i e l d e d  
p r e d i c t i o n s  v e r y  s i m i l a r  t o  t h o s e  o f  t h e  s i m p l e  s t r e a m  p o w e r  
e x p r e s s i o n .  The f o r m u l a s  o v e r p r e d i c t e d  b e d l o a d  i n  Squaw C re e k  b y  
a p p r o x i m a t e ly  tw o  o r d e r s  o f  m a g n i tu d e .  One o r d e r  o f  m a g n i tu d e  o f  t h e  
o v e r p r e d i c t i o n  c a n  b e  a t t r i b u t e d  t o  s a m p l in g  and a n a l y s i s  e r r o r .  The 
r e m a i n i n g  o r d e r  o f  m a g n i t u d e  o v e r p r e d i c t i o n  i s  a t t r i b u t e d  t o  t h e  
f o r m u l a s '  i n a b i l i t y  t o  a c c o u n t  f o r  v a r i a n c e  i n  s e d i m e n t  s u p p l y ,  
s e d i m e n t  s t o r a g e  an d  s p a t i a l  a n d  t e m p o r a l  v a r i a t i o n s  i n  b e d l o a d  
t r a n s p o r t  i n  a  h i g h - g r a d i e n t  c o a r s e - b e d l o a d  s t r e a m .



I

CHAPTER I 

INTRODUCTION 

P u rp o se  and Scope

C o arse  b e d lo a d  i n  h i g h - g r a d i e n t  ( s lo p e (S )  >0.01) m o u n ta in  s t r e a m s  

h a s  r e c e i v e d  l i t t l e  s t u d y  ( M c P h e r s o n ,  197 0; H o l l i n g s h e a d ,  1971 ; 

M ilhous  and K lin g em a n ,  1973; Nans on, 1974; L aronne  and C arson , 1976; 

A c k e r s  an d  W h i t e ,  1 9 8 0 ;  P a r k e r ,  K l i n g e m a n  an d  M c C le a n ,  1 9 8 2 ;  C u s t e r  

a n d  o t h e r s , 1 9 8 7 ;  R e id  a n d  F r o s t i c k ,  1987)  a s  c o m p a r e d  t o  b e d l o a d  i n  

s a n d -b e d  s t r e a m s .  A l th o u g h  o t h e r s  have  s t u d i e d  b e d lo a d ,  t h e i r  w orks  

have  b e e n  l a r g e l y  c o n f in e d  t o . s a n d - s i z e d  p a r t i c l e s  i n  f lu m e s  and lo w -  

g r a d i e n t  s t r e a m s .  T h e s e  w o r k e r s  h a v e  p r o p o s e d  m any t h e o r i e s  t o  

d e s c r i b e  b e d l o a d ,  a s  w e l l  a s  t h e o r e t i c a l  an d  e m p i r i c a l  f o r m u l a s  t o  

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

V e r i f i c a t i o n  o f  t h e  a p p l i c a b i l i t y  o f  t h i s  g roundw ork  t o  c o a r s e  ( g r a v e l  

t h r o u g h  b o u l d e r )  s e d i m e n t ,  h i g h - g r a d i e n t  s t r e a m s  h a s  o n l y  b e g u n  i n  

e a r n e s t  b y  a  f e w  w o r k e r s  i n  t h e  l a s t  tw o  d e c a d e s  ( S h u l i t s  an d  H i l l ,  

1968; W h ite ,  M i l l i  and C rabbe, 197 5 ) .  The a p p a r e n t  n e g l e c t  i s  due in  

p a r t  t o  s a m p l in g  d i f f i c u l t i e s .  The t re m en d o u s  s t r e a m  p o w e r  n e c e s s a r y  

t o  t r a n s p o r t  p e b b le ,  c o b b le ,  and b o u l d e r  s i z e  p a r t i c l e s  makes s e d im e n t  

s a m p l i n g  e x t r e m e l y  d i f f i c u l t  a n d  h a z a r d o u s  (N ovak , 1 9 5 7 ;  H u b b e l l ,  

1 9 6 4 ) .

The p u r p o s e  o f  t h i s  w o r k  i s  t o ;  ( I )  m e a s u r e  s t r e a m  p o w e r  p a r a ­

m e t e r s  i n  a  h ig h —g r a d i e n t  c o a r s e  b e d lo a d  s t r e a m ;  (2) m ea su re  q u a n t i t y
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o f  b e d l o a d ;  (3) a t t e m p t  t o  v e r i f y  a p p l i c a b i l i t y  o f  som e e x i s t i n g  

b e d lo a d  t r a n s p o r t  f o r m u la s  t o  s u c h  a  s t r e a m ;  and (4) t o  o f f e r  e x p la ­

n a t i o n s  f o r  v a r i a n c e  b e tw e e n  t h e  p r e d i c t e d  b e d lo a d  and  m ea su red  b e d ­

l o a d  t o  s e r v e  a s  t h e  b a s i s  f o r  f u r t h e r  r e f i n e m e n t  o f  t h e s e  m odels .

S i t e

Squaw C reek  i s  a  m a jo r  t r i b u t a r y  o f  t h e  W est G a l l a t i n  R iv e r ,  one 

o f  t h r e e  h e a d w a t e r  s t r e a m s  (W e s t  G a l l a t i n  R i v e r ,  J e f f e r s o n  R i v e r ,  

M a d is o n  R i v e r )  w h i c h  c o n v e r g e  t o  f o r m  t h e  M i s s o u r i  R i v e r .  The s t u d y  

s i t e  i s  i n  G a l l a t i n  C o u n ty ,  M o n ta n a  a b o u t  3 8 .4  k i l o m e t e r s  s o u t h  o f  

B o zem an  ( F i g u r e  I ) .  The s t u d y  s i t e  i s  a t  t h e  c o n f l u e n c e  o f  Squaw 

C r e e k  a n d  t h e  W e s t  G a l l a t i n  R i v e r  ( l a t i t u d e  4 5 ° 2 6 ,2 8 "  N, l o n g i t u d e  

1 1 1 ° 1 3 ' 2 0 "  W, i n  SE 1 / 4 ,  S e c .  3 3 ,  T .4  S . ,  R .4  E . ,  M o n t a n a )  i n  

h y d r o l o g i c  u n i t  1 0 - 0 2 - 0 0 - 0 8 .  T a b l e  I s u m m a r i z e s  som e o f  t h e  

q u a n t i f i a b l e  p h y s io g r a p h ic  and h y d r o lo g i c  c h a r a c t e r i s t i c s  o f  t h e  a re a .

1 C l im a te  and V e g e t a t i o n

The c l i m a t e  i s  t y p i c a l  o f  s u b - a l p i n e  t o  a l p i n e  a r e a s  a t  h i g h  

l a t i t u d e s .  Snow c o v e r  i s  i n t a c t  m o s t  o f  t h e  y e a r  w i t h  m i d - J u n e  

th r o u g h  l a t e  O c to b e r  b e in g  c l e a r  o f  snow i n  m ost o f  t h e  l o w e r  p a r t  o f  

t h e  b a s i n .  P r e c i p i t a t i o n  a v e r a g e s  81 .8  c e n t i m e t e r s  (cm) f o r  t h e  

d r a in a g e .  The mean b a s i n  a l t i t u d e  i s  2 ,268  m e te r s .  The g r e a t  r e l i e f ,  

a s  w e l l  a s  t h e  n o r t h e r n  and s o u th e r n  e x p o s u re s ,  c o n t r i b u t e  t o  g r e a t  

v a r i e t y  i n  v e g e t a t i v e  t y p e s .  The b a s i n  i s  m o s t l y  h e a v y  f o r e s t ,  b u t  

l a r g e  a r e a s  w i t h  s o u t h e r n  e x p o s u r e s  s u p p o r t  m a i n l y  s a g e b r u s h  a n d  

j u n i p e r .  The f o r e s t  t y p e s  v a r y  f ro m  a s p e n  i n  t h e  f o o t h i l l s  t o  D ouglas
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^ o x e r a a n  °  Bi l l i ngs  
t u d y  a r e a

Oqua  » C r o o k

S c a l e

F i g u r e  I .  L o c a t i o n  map o f  s t u d y  a r e a .  Squaw C r e e k ,  G a l l a t i n  C o u n ty ,  
M ontana. The s tu d y  l o c a t i o n  i s  r e p r e s e n t e d  b y  th e  s t a r .
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f i r  i n  t h e  s u b - a l p i n e  z o n e s  t o  E n g l e m a n  s p r u c e .  T y p i c a l  f o r e s t  

u n d e r s t o r y  p l a n t s  a r e  b l u e  h u c k le b e r r y  and g ro u s e  w h o r t l e b e r r y .

T a b le  I .  P h y s io g r a p h ic  and h y d r o lo g ic  c h a r a c t e r i s t i c s  o f  Squaw Creek 
s tu d y  s i t e .

D ra in a g e  b a s i n  a r e a 105 .7  s q u a r e  k i l o m e t e r s  (km^) ( 4 0 .4
s q u a r e  m i l e s  (m i^ ) )

R e l i e f 1 5 2 0 .0  m e te r s  (m) (4 .987  f e e t  ( f t ) )
Mean b a s i n  s lo p e 25 .0 °
S tream  o r d e r  ( S t r a h l e r ) 4 ,  b a s e d  on U .S .G .S .  t o p o g ra p h ic  

q u a d ra n g le
T o t a l  s t r e a m  l e n g t h 1 0 3 .6  k i l o m e t e r s  (km) ( 6 4 .4  mi)
Main c h a n n e l  l e n g t h 2 2 .0  km (1 3 .7  mi)
Mean p a r t i c l e  s i z e  (d^g) a rm or 94 m i l l i m e t e r s  (mm) (Dunne and 

L e o p o ld ,  1978)
Mean p a r t i c l e  s i z e  (d^g) b a r 43 .3  mm ( F o lk ,  1980)
Mean p a r t i c l e  s i z e  (d^p) 8 .5  mm ( a v e ra g e  1983 and 1984)

b e d lo a d  ( 7 6 .2  mm H-S) ( F o lk ,  1980)
Pcp (snow) 45 .7  c e n t i m e t e r s  (cm) ( 1 8 .0  in )
Pcp ( r a i n ) 3 5 .6  cm (1 4 .0  in )
B a n k fu l  d i s c h a r g e  (Q^ 5 ) 5 c u b ic  m e te rs  p e r  second  ( n r / s )

( 1 7 6 . 5 5 ' f t 3 / s )
W id th  (Ql i 5 ) 8 .6  m (2 8 .2  f t )
D e p th  (Q1 [5 ) 0 .3  m ( 1 .0  f t )
Lag t im e  (snow m e l t ) 7 h o u r s  (h r )  (peak  a r r i v e s  a t  

s i t e  20:00  h r)
Lag t im e  ( r a i n ) 1 .5  h r
Q a v e ra g e  a n n u a l  f low 1 .1  n r / s  (38 .7  c u b ic  f e e t  p e r  second)  

( f t q / s )
Q peak  f lo w  1959-1975 8 .5  n r / s  (298 .3  f t 3 / s )

H y d ro lo g ic  C h a r a c t e r i s t i c s

T a b le  I  g i v e s  some o f  t h e  q u a n t i f i a b l e  h y d r o lo g ic  c h a r a c t e r i s t i c s  

o f  Squaw C reek . Some q u a l i t a t i v e  d e s c r i p t i o n  o f  Squaw Creek i s  

a p p r o p r i a t e  b e c a u s e  i t  i s  t h e  v e ry  n a t u r e  o f  h ig h  g r a d i e n t  m oun ta in  

s t r e a m s  w h ic h  h a s  b o t h  l i m i t e d  t h e  amount o f  r e s e a r c h  done  on them and 

f r u s t r a t e d  s u c c e s s f u l  a p p l i c a t i o n  o f  many b e d lo a d  f o rm u la s  t o  them.
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M o st  o f  t h e  y e a r  Squaw C r e e k  i s  a  c a l m ,  c l e a r  m o u n t a i n  s t r e a m  

m oving l i t t l e ,  i f  any, s e d im e n t  lo a d .  ' Through m ost  o f  t h e  w a t e r  y e a r  

i t  i s  a b o u t  0.3 m d e e p  a n d  7 .6 2  m w i d e  a t  t h e  s t u d y  r e a c h .  The b e d  i s  

a  j u m b l e  o f  b o u l d e r s ,  c o b b l e s ,  p e b b l e s ,  s a n d ,  b e a v e r  dam s a n d  l o g  

j a m s .  Squaw C r e e k  f l o w s ,  i n  i t s  22 .0  km l e n g t h ,  f r o m  g r e a t e r  t h a n  

3 ,0 4 8  m a b o v e  m ean  s e a  l e v e l  a t  t h e  h e a d  o f  t h e  b a s i n  t o  1 , 6 7 6 'm a t  

t h e  mouth. Each s p r i n g  f ro m  a b o u t  m id—May t o  m id - J u n e  t h e  c h a r a c t e r  

o f  t h e  s t r e a m  c h a n g es  s u d d e n ly .

As t h e  w arm  d a y s  m e l t  t h e  s n o w p a c k ,  d i s c h a r g e  i n c r e a s e s  d r a ­

m a t i c a l l y  -  tw o  t o  t h r e e f o l d  i n  a  4 8 - h o u r  p e r i o d .  F o r  e x a m p l e ,  f r o m  

2 4 - 2 6  May, 1983 d i s c h a r g e  on t h e  r i s i n g  l i m b  o f  t h e  h y d r o g r a p h  r o s e  

f r o m  2 .0  t o  5 .0  m ^ / s .  F lo w  o v e r  t h e  b o u l d e r  a n d  c o b b l e  s t r e w n  b e d  

becom es e x t r e m e l y  t u r b u l e n t  and, th o u g h  l e s s  t h a n  0.6  m deep, i t  b e ­

comes un w ad ab le .  Due t o  t h e  v e r y  s t e e p  s lo p e ,  t h e  d i s c h a r g e s  p r e s e n t  

a r e  c a p a b le  o f  t r a n s p o r t i n g  t h e  c o b b le  and b o u ld e r  s i z e  bed  m a t e r i a l .  

The a u t h o r  h a s  w i t n e s s e d  c o b b le s  ( a p p r o x im a te ly  150 mm i n  d ia m e te r )  

b o u n c i n g  0.3 m a b o v e  t h e  . w a t e r  s u r f a c e ! I t  i s  t h i s  h i g h  e n e r g y ,  

e x p l o s i v e  n a t u r e  o f  h i g h - g r a d i e n t  m o u n ta in  s t r e a m s  t h a t  makes b e d lo a d  

s a m p l in g  b o t h  d i f f i c u l t  and h a z a rd o u s .
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CHAPTER 2

METHODS AND MATERIALS 

S i t e  P r e p a r a t i o n

T h e  s t u d y  r e a c h  c o n t a i n s  a  U n i t e d  S t a t e s  F o r e s t  S e r v i c e  

(U .S .F .S .)  s t r e a m  g a g i n g  s t a t i o n  (Squaw C re e k  B i b l e  Camp). The 

U .S .F .S . g a g i n g  s t a t i o n  w a s  u s e d  on  a  c o o p e r a t i v e  b a s i s  d u r i n g  t h e  

r e s e a r c h .  I t  c o n s i s t s  o f  a  s t a f f  g a u g e  an d  a  L e u p o l d —S t e v e n s  Type F 

M o d e l  68  r e c o r d i n g  s t r e a m  g a u g e  m o u n te d  on a  s t i l l i n g  w e l l .  The 

s t a t i o n  i s  l o c a t e d  a t  a  b r i d g e  w h i c h  c r o s s e s  Squaw C r e e k  a l l o w i n g  

a c c e s s  t o  t h e  cam p . I m m e d i a t e l y  u p s t r e a m  o f  t h i s  b r i d g e  a w o o d e n  

p l a n k  c a tw a l k  w as i n s t a l l e d  a c r o s s  t h e  s t r e a m  t o  p r o v id e  a  p l a t f o r m  

w h ic h  a l lo w e d  r e p e a t a b l e ,  s a f e ,  p o i n t  m e a su re m e n ts  o f  t h e  s tu d y  p a r a ­

m e te r s  d u r in g  p e a k  d i s c h a r g e .

S tream  Power P a r a m e te r s

V e l o c i t y

S tre a m  f lo w  v e l o c i t y  was m ea su red  f rom  t h e  c a tw a l k  w i t h  a G e n e ra l  

O c e a n ic s  v e l o c i t y  m e t e r  a t  0.6 s t r e a m  d e p t h  (U n ited  S t a t e s  D e p a r tm en t  

o f  t h e  I n t e r i o r ,  1 9 8 2 ) .  D i s c h a r g e  m e a s u r e m e n t s  t h u s  o b t a i n e d  w e r e  

com pared  w i t h  U.S.F.S. m e a s u re m e n ts ,  w h ic h  a t  low f lo w s  w e re  made on a 

w a d e d  c h a n n e l  t r a v e r s e  d o w n s t r e a m  o f  t h e  b r i d g e  w i t h  a S c i e n t i f i c  

I n s t r u m e n t s  P r i c e  AA c u r r e n t  m e t e r .  D u r i n g  p e a k  f l o w  U.S .F .S .
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m e a s u re m e n ts  w e re  made o f f  t h e  b r i d g e  w i t h  a c u r r e n t  m e t e r  a t t a c h e d  t o  

a  75 p o u n d  C o lu m b u s  w e i g h t  s u s p e n d e d  b y  c a b l e ,  i n  a c c o r d a n c e  w i t h  

s t a n d a r d  h y d r o m e t r i c  p r o c e d u r e  ( U n i t e d  S t a t e s  D e p a r t m e n t  o f  t h e  

I n t e r i o r ,  1 9 8 2 ) .

W ate r  D e n s i t y

W a te r  d e n s i t y  w a s  e s t i m a t e d  u s i n g  t e m p e r a t u r e  a n d  s u s p e n d e d  

s e d i m e n t .  W a t e r  t e m p e r a t u r e  w a s  t a k e n  u s i n g  a  h a n d - h e l d  m e r c u r y  

th e rm o m e te r .  Suspended s e d im e n t  lo a d  was m easu red  f rom  t h e  c a tw a l k  a t  

10 e v e n l y  s p a c e d  i n t e r v a l s  u s i n g  a  h a n d - h e l d  DH-48 s a m p l e r  ( U n i t e d  

S t a t e s  D e p a r tm e n t  o f  t h e  I n t e r i o r ,  1982). The s a m p l e r  was d ip p ed  i n t o  

t h e  f l o w  a t  e a c h  m e a s u r e m e n t  p o i n t  s o  t h a t  a  c r o s s - s e c t i o n a l l y  

i n t e g r a t e d  s a m p le  r e p r e s e n t a t i v e  o f  t o t a l  su spended  s e d im e n t  t r a n s p o r t  

w a s  o b t a i n e d .  The w a t e r  t e m p e r a t u r e  w a s  c o n v e r t e d  t o  p u r e  w a t e r  

d e n s i t y  u s i n g  d a t a  t a b l e s  (W e a s t  an d  o t h e r s ,  1 9 6 7 ) .  The s u s p e n d e d  

l o a d  ( m g / 1) w a s  a d d e d  t o  t h e  p u r e  w a t e r  d e n s i t y  t o  o b t a i n  t h e  w a t e r  

d e n s i t y  i n  t h e  s t r e a m .

S lope

B e d s l o p e  an d  w a t e r  s u r f a c e  s l o p e  w e r e  m e a s u r e d  s i m u l t a n e o u s l y  

(F ig u r e  2). S ta k e s  w e re  d r i v e n  i n t o  t h e  r i g h t  and l e f t  ban k s  u p s t r e a m  

o f  t h e  b r i d g e  and a l s o  i n t o  t h e  heavy  b r i d g e  a b u tm e n ts  a t  e i t h e r  end 

o f  t h e  c a tw a lk .  Nylon c o rd s  w e re  s t r e t c h e d  t a u t  a c r o s s  t h e  s t r e a m  a t  

t h e s e  two t r a v e r s e s .  L e v e l in g  o f  t h e  l i n e s  i n  1983 was i n i t i a l l y  done 

w i t h  a  B ru n to n  h a n d - t r a n s i t  (com pass) .  The compass was u s e d  b e c a u s e  a 

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

i n s t a l l a t i o n  w a s  n e c e s s a r y  t o  m e a s u r e  t h e  p a s s i n g  e v e n t .  The l i n e s
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w e re  l a t e r  r e s u r v e y e d  h o r i z o n t a l  by p l a n e  t a b l e  and e a r l i e r  m e a su re ­

m en ts  w e re  a d j u s t e d  t o  f i t  t h e  m ore  a c c u r a t e  su rv e y .  Nylon was c h o sen  

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

i n i t i a l  s t r e t c h  i s  t a k e n  o u t .  These  l i n e s  p r o v id e d  f i x e d  h o r i z o n t a l  

da tum  t o  w h ic h  d i s t a n c e - t o - b e d  and  d i s t a n c e - t o - w a t e r  s u r f a c e  m ea su re ­

m e n t s  c o u l d  e a s i l y  b e  m ade u s i n g  a  m e a s u r i n g  s t i c k .  T he  m e a s u r i n g  

s t i c k  i s  p l a c e d  i n t o  t h e  s t r e a m  and down t o  t h e  bed  p e r p e n d i c u l a r  t o  

t h e  n y l o n  d a tu m  l i n e  a n d  w a t e r  a n d  b e d  s u r f a c e s .  The d i s t a n c e  f r o m  

t h e  b e d  a n d  w a t e r  s u r f a c e  t o  t h e  d a t u m  l i n e  c a n  b e  r e a d  

s im u l t a n e o u s l y .  W h ile  u p s t r e a m  m e a s u re m e n ts  had t o  be made by w ad ing , 

d u e  t o  a  l a c k  o f  f u n d s  t o  c o n s t r u c t  a n o t h e r  c a t w a l k ,  t h e  d o w n s t r e a m  

m e a s u r e m e n t s  c o u l d  b e  m ade f r o m  t h e  c a t w a l k  a t  t h e  b r i d g e .  The b e d  

a n d  w a t e r ,  s u r f a c e  e l e v a t i o n s  (y^ a n d  y 2 ) a n d  t h e  d i s t a n c e  b e t w e e n  

n y lo n  datum  l i n e s  (x) a l l o w e d  e a sy  c a l c u l a t i o n  o f  bed  and  w a t e r  s u r ­

f a c e  s l o p e  (S= y2- y i / x ) .  The s l o p e  m e a s u r e m e n t s  w e r e  t a k e n  a t  f i v e  

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

b e e n  u se d  s u c c e s s f u l l y  by B r id g e  and  J a r v i s  (1982).

W a te r  s u r f a c e  s l o p e  m e a s u re m e n ts  w e re  checked  u s i n g  a  w a t e r  l e v e l  

m e th o d  ( F i g u r e  3 ) .  F l e x i b l e  p l a s t i c  t u b i n g ,  7 .9  m l o n g  a n d  1.6 cm 

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

w i t h  w a t e r .  The u p s t r e a m  e n d  o f  t h e  t u b e  w a s  t h e n  r a i s e d  u n t i l  i t s  

m e n is c u s  (x^) w as  l e v e l  w i t h  t h e  w a t e r  s u r f a c e .  The d ow nstream  end o f  

t h e  tu b e  w as  t h e n  a l s o  r a i s e d  v e r t i c a l l y .  Due t o  a tm o s p h e r i c  p r e s s u r e  

t h e  m e n i s c u s  a t  t h e  d o w n s t r e a m  e n d  o f  t h e  t u b e  (x^) w i l l  r i s e  t o  t h e  

same l e v e l  a s  t h e  u p s t r e a m  m e n isc u s .  The d i s t a n c e  f rom  t h e  dow nstream  

m e n i s c u s  t o  t h e  w a t e r  s u r f a c e  ( y 2~ y i )  I s  t h e n  m e a s u r e d  a s  i s  t h e
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d i s t a n c e  b e t w e e n  t h e  u p s t r e a m  and d o w n s t r e a m  m e n i s c u s  (x£ -  x 

(Ergenz inger ,  p e r s o n a l  communica t ion) .

me a s u r i n g  s t i ck

s u r v e y e d  h o r i z o n t a lt a u t  ny l on  d a t u m  l i ne
po i n t

w a t e r  s u r f a c e

wa t e r

s t r e a m  feed

Figure 2.  T e c h n i q u e s  f o r  m e a s u r in g  bed s l o p e  and w a ter  su r fa c e  
s lope simultaneously  (flow d ir e c t io n  normal to page, towards 
reader) .

h o r i z o n t a l

w a t e r  s u r f a c e

p l a s t i c  t u b i n g

s t r e a m  b e d

F i g u r e  3 .  Water  l e v e l  t e c h n i q u e  f o r  measur ing  w a t e r  s u r f a c e  s l ope .
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S ed im en t  Sam p ling  and A n a ly s i s

I n t r o d u c t i o n

Bed m a t e r i a l  was sam p led  w h i l e  i n  t r a n s p o r t  f rom  t h e  m ain  c h a n n e l  

a t  h i g h e r  d i s c h a r g e s .  Bed m a t e r i a l  was sam p led  w h i l e  im m o b ile  f rom  

b a r s ,  d r y  c h a n n e l s ,  and t h e  m ain  c h a n n e l  a t  low f lo w .  A v a r i e t y  o f  

s a m p l i n g  t e c h n i q u e s  w e r e  t e s t e d  f o r  s u i t a b i l i t y .  A d e s c r i p t i o n  o f  

t h e s e  f o l l o w s .

Bedload

M o d i f i e d  M u l h o f f e r  B a s k e t .  D u r i n g  t h e  1982  r u n o f f  a  m o d i f i e d  

M u l h o f f e r  b a s k e t  ( E r g e n z i n g e r  a n d  C u s t e r ,  1983) w i t h  c o a r s e  ( I  cm x  

I  cm) mesh s c r e e n i n g  w as u s e d .  The b a s k e t  was m ounted t o  t h e  b r i d g e  

o v e rh e a d  i n  a  m anner  s u c h  t h a t  i t  c o u ld  b e  swung f o rw a r d  and down i n t o  

p o s i t i o n  a g a i n s t  a  lo g  f a s t e n e d  f l u s h  t o  t h e  s t r e a m b e d .  D ur ing  peak  

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

a g a i n s t  t h e  c u r r e n t .

H e l l e y - S m i t h  B r id g e-M o u n te d  S a m p le r . I n  1983 and 1984 a H e l l e y -  

S m i t h  b r i d g e - m o u n t e d  ( 7 .6 2  cm x  7 .6 2  cm) b e d l o a d  s a m p l e r  w a s  a l s o  

t r i e d  ( E m m e t t ,  1 9 8 0 ) .  T h i s  c o n s i s t e d  o f  t h e  H e l l e y - S m i t h  p r e s s u r e  

d i f f e r e n t i a l  s a m p l e r  n o z z l e  and b ag  m ounted t o  a heavy  s t e e l  w e ig h t .  

The s a m p l e r  h a s  v a n e s  a t t a c h e d  t o  t h e  r e a r  t o  keep  t h e  n o z z l e  p o i n t i n g  

u p s t r e a m  i n t o  t h e  f lo w .  I t  i s  lo w e re d  t o  t h e  s t r e a m  b o t to m , on a  c a b l e  

f rom  a  b r i d g e  by  means o f  a  hand w in c h  m ounted on a  t r o l l e y .

H e l l e y - S mi t h  Hand-Held  S a m p le r .  The t h i r d  s a m p l i n g  t e c h n i q u e ,  

t e s t e d  i n  1 983 a n d  1984  w a s  a  H e l l e y — S m i t h  (7 .6 2  cm x  7 .6 2  cm) h a n d —

/
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h e ld  s a m p le r  (Em m ett ,  1980). The s a m p l e r  was u s e d  i n  c o n j u n c t i o n  w i t h  

t h e  c a t w a l k ,  w h i c h  w a s  m a rk e d  a t  0 .3 0  m i n t e r v a l s  a c r o s s  t h e  s t r e a m  

w i d t h  t o  d e f i n e  23 r e p e a t a b l e  s a m p l in g  s i t e s .  To o b t a i n  c r o s s  c h a n n e l  

i n t e g r a t e d  s a m p l e s ,  e v e r y  o t h e r  m a rk e d  s i t e  w a s  s a m p l e d  f o r  30 

s e c o n d s ,  y i e l d i n g  a  t o t a l  o f  10 s i t e s  i n  5 m in u te s .

P r o b l e m s  w e r e  e n c o u n t e r e d  i n  u s i n g  e a c h  s a m p l e r .  T h e s e  w i l l  b e  

e l a b o r a t e d  upon i n  t h e  r e s u l t s  and . d i s c u s s i o n  s e c t i o n s .

F r e s h l y  D e p o s i te d  Sedim ent

S t a t i c  bed  m a t e r i a l  s a m p le s  w e r e  g a th e r e d  a f t e r  d e p o s i t i o n  r e ­

s u l t i n g  f rom  b e d lo a d  e v e n t s  o f  19 83 and 1984. The s a m p le s  w ere  t a k e n  

f r o m  r e p r e s e n t a t i v e  l o c i  o f  new d e p o s i t i o n ,  i . e . ,  c e n t e r  o f  new b a r ,  

c e n t e r  o f  c h a n n e l ,  u p s t r e a m  o f  a  new l o g  j a m .  A v o l u m e  o f  m a t e r i a l  

s u f f i c i e n t  t o  f i l l  a  3 .8  l i t e r  p l a s t i c  m i lk  j u g  was c a r e f u l l y  dug o u t  

t o  s a m p l e  b o t h  t h e  a r m o r  a n d  s u b a r m o r  l a y e r s .  The a r m o r  l a y e r  i s  a 

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

t r a n s p o r t a b l e  by  t h e  d i s c h a r g e s  p r e s e n t  d u r in g  m ost o f  t h e  y e a r .  Only 

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

g r a i n e d ,  m a t r i x  f i l l i n g  s e d im e n t  t r a p p e d  be low  i n  t h e  s u b a rm o r  as  w e l l  

a s  t h e  c o a r s e r  a r m o r  m a t e r i a l  t o  b e  e n t r a i n e d  a s  b e d l o a d .  I t  i s  

i m p o r t a n t  t o  s a m p l e  b o t h  l a y e r s  t o  a v o i d  o b t a i n i n g  a  s a m p l e  b i a s e d  

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

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

b e d lo a d .  The s a m p le s  w e r e  t h e n  d r i e d  and s i e v e d  f o r  s i z e  a n a l y s i s .
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B e d lo a d  G r a in  S iz e  A n a l y s i s

S ie v in g  w as  done u s in g  a  1 / 4  P h i  i n t e r v a l  e x c e p t  when i m p o s s ib l e  

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

f r a c t i o n  due t o  a  p re p o n d e ra n c e  o f  c o a r s e  m a t e r i a l .  C o a r s e r  m a t e r i a l  

w as hand  s i e v e d ,  w h i l e  t h e  sand  and s i l t  s i z e s  w e re  s i e v e d  on a  Ro-Tap 

f o r  15 m i n u t e s  p e r  s i e v e  s t a c k .  E a c h  f r a c t i o n  w a s  t h e n  w e i g h e d  a n d  

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

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

t h e  sa m p le ,  c a u s in g  t h e  c u rv e  t o  b e g in  a t  t h e  s i z e  c l a s s  r e p r e s e n t e d  

by  t h e  c o b b l e .  I n  t h i s  c a s e  t h e  g r a i n  s i z e  d i s t r i b u t i o n  p l o t  w a s  

e x t r a p o l a t e d  f rom  t h i s  known p o i n t  t o  t h e  x - a x i s ,  a t  t h e  p o i n t  r e p r e ­

s e n t i n g  t h e  n e x t  l a r g e s t  P h i  s i z e ,  t o  c o m p le te  t h e  p l o t .

Bed Armor

The b e d  a r m o r  o f  Squaw C r e e k  i s  t o o  l a r g e  b o t h  t o  f a c i l i t a t e  

t r a n s p o r t  o f  bed  s a m p le s  t o  t h e  l a b  and  f o r  s i e v e  a n a l y s i s .  A random 

p o i n t - c o u n t  m ethod  s u g g e s t e d  by Dunne and L e o p o ld  (1978) was em ployed  

i n s t e a d .  S a m p l i n g s  w e r e  c o n d u c t e d  by  w a d i n g  t h e  s t u d y  r e a c h  

d o w n s tream  o f  t h e  b r i d g e  on random t r a n s e c t s ,  s to p p in g  e v e ry  c o u p le  o f  

s t e p s  and  m e a s u r in g  t h e  b - a x i s  o f  t h e  p a r t i c l e  t o u c h e d  by t h e  t o e  o f  

t h e  s a m p l e r ' s  b o o t .  T he  p a r t i c l e s  a r e  g r o u p e d  i n t o  s i z e  c l a s s e s  t o  

w h i c h  a n  a v e r a g e  w e i g h t  f o r  p a r t i c l e s  i n  t h e  c l a s s  h a s  b e e n  

d e te r m in e d .  A s a m p le  o f  102 p a r t i c l e s  w as  used.

. Channel M orphology

The c h a n g es  i n  c h a n n e l  m orphology  w e re  r e c o r d e d  by. two m ethods. 

P la n e  t a b l e  m app ing  o f  t h e  s tu d y  r e a c h  b e f o r e  and a f t e r  b e d lo a d  e v e n t s
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was augm en ted  by  a e r i a l  p h o to s  a l s o  t a k e n  b e f o r e  and a f t e r  t h e  e v e n t s  

o c c u r r e d .  A t i m e  l a p s e  p h o t o  s e q u e n c e  a l s o  r e c o r d e d  c h a n n e l  

m orpho logy  c h a n g es  r e s u l t i n g  f rom  t h e  c a t a s t r o p h i c  d i s p e r s a l  o f a  lo g  

j a m  d u r i n g  t h e  1983 s p r i n g  r u n o f f .  I n  a d d i t i o n  t o  t h e s e  m e t h o d s ,  

b e d lo a d  e v e n t s  w e re  a l s o  v e r i f i e d  u s i n g  an  i n - s t r e a m  m a g n e t ic  c o b b le  

c o u n t e r .

M agnetic  C obble  C o u n te r

A m a g n e t ic  c o b b le  c o u n t e r  ( E r g e n z in g e r  and C u s t e r ,  1983) was u s e d  

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

s a m p le s ,  e s p e c i a l l y  d u r in g  s a m p l in g  o f  s t r e a m  p a r a m e t e r s .

B edIoad F o rm u las

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

e x p r e s s i o n  b a s e d  on c o n c e p t s  f rom  g e n e r a l  p h y s ic s  (B agno ld ,  1966), a 

d i s c h a r g e  f o r m u l a  ( S c h o k l i t s c h ,  1934)  a n d  a  t r a c t i v e  f o r c e  f o r m u l a
it

( M e y e r -P e te r  and M u l l e r ,  1948). A d i s c u s s i o n  of e a c h  f o r m u la  and t h e  

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

S tream  Power E x p r e s s io n

I n  1966  R.A. B a g n o ld  p r o p o s e d  t h a t  t h e  p r o b l e m  o f  b e d l o a d  p r e ­

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

He re a s o n e d  t h a t  u n i t  s t r e a m  po w er ,  (w), t h e  pow er  o f  a s t r e a m  t o  move 

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

( q ) , w a t e r  s u r f a c e  s l o p e  ( S ) , w a t e r  d e n s i t y  ( P ) , an d  t h e  f o r c e  o f  

g r a v i t y  ( g ) .  T h a t  i s .

w = q S p g .
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I f  we a s s u m e  t h a t  g r a v i t y  i s  e s s e n t i a l l y  c o n s t a n t  o v e r  a  r e a c h  

and  w a t e r  d e n s i t y  v a r i e s  n e g l i g i b l y ,  s t r e a m  power can  be c o n c e iv e d  o f  

a s  a  f u n c t i o n  o f  s l o p e ,  d i s c h a r g e  a n d  a  c o n s t a n t .  B a g n o ld  (1966) 

n o t e d  t h a t  s t r e a m  p o w e r  i s  s t r o n g l y  r e l a t e d  t o  b e d l o a d  t r a n s p o r t .  

P e r f e c t  e f f i c i e n c y  o f  t r a n s p o r t ,  i n d e e d ,  i s  r e l a t e d  t o  s t r e a m  p o w e r  

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

i n d e x  o f  t r a n s p o r t  c a p a c i t y .  S i n c e  s t r e a m s  a r e  n o t  p e r f e c t l y  

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

u s i n g  a). A l t h o u g h  B a g n o l d ' s  1966 to e x p r e s s i o n  w a s  i n t e n d e d  t o  

q u a n t i f y  u n i t  s t r e a m  p o w e r ,  n o t  t o  p r e d i c t  q u a n t i t y  o f  b e d l o a d  

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

s t u d y ,  b e d l o a d  w a s  p r e d i c t e d  u s i n g  a n  e x p r e s s i o n  b a s e d  on  t h e  u n i t  

s t r e a m  pow er c o n c e p t .  T h a t  i s ,

t>u>= cI s Pg-

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

u s i n g  t h e  u n i t  s t r e a m  p o w e r  e x p r e s s i o n  f r o m  B a g n o l d ' s  (1966) s t r e a m  

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

r e f e r e n c e  w i t h  w h ic h  t o  com pare  t h e  p r e d i c t i v e  f o r m u la s .  By co m p ar in g  

m ore com plex  f o r m u la s  w i t h  t h i s  s im p l e ,  f u n d a m e n ta l  c o n c e p t  i t  can  be 

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

f o r m u la s  r e a l l y  im p ro v e  p r e d i c t i v e  a c c u r a c y  i n  a  c o a r s e  b e d lo a d ,  h i g h -  

g r a d i e n t  m o u n ta in  s t r e a m .

S h u l i t s  and H i l l  (1968) p r o v id e  a n  e x c e l l e n t  summary of b e d lo a d  

f o r m u l a s .  R e v ie w  o f  t h e i r  w o r k  s h o w e d  t h a t  tw o  f o r m u l a s ,  t h e
Tl

S c h o k l i t s c h  (193 4) a n d  M e y e r—P e t e r  a n d  M u l l e r  (1948 )  w o u ld  b e  m o s t  

l i k e l y  t o  y i e l d  a c c e p t a b l e  r e s u l t s  o n  Squaw C r e e k .  A d e s c r i p t i o n .
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su m m a riz ed  f ro m  S h u l i t s  and H i l l  (1968), o f  t h e s e  two f o r m u la s ,  w h ic h  

w e re  o r i g i n a l l y  p u b l i s h e d  i n  German, f o l l o w s .

S c h o k l i t s c h  (1934) Form ula

The S c h o k l i t s c h  (1934) f o r m u la  i s  o f  t h e  d i s c h a r g e  ty p e .  In  t h i s  

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

f u n c t i o n  o f  d i s c h a r g e .  I n  m e t r i c  u n i t s  t h e  f o rm u la  c a n  be  e x p re s s e d  

as

G1=7000 [S3 / 2/ d 1 / 2 ] (Q1-Q0 1 )

w here

G1 = b e d lo a d  t r a n s p o r t  r a t e  p e r  u n i t  s t r e a m  w i d t h  (kg/m ^s)

S = w a t e r  s u r f a c e  s lo p e  

d = g r a i n  s i z e  (mm, a p p r o x im a te ly  <!3 5 )

Q1 = d i s c h a r g e  p e r  u n i t  w i d t h  (m3 / s /m )

Q01 = c r i t i c a l  d i s c h a r g e  (m^/s/m)

= 0 .0 0 0 0 I 9 4 4 d /S A/3

A c o r r e c t i v e  f a c t o r  f o r  g r a i n  s i z e  v a r i a t i o n  i s  i n c l u d e d  

(g 3 / 2 / d l / 2 ) a s  l s  t h e  c o n c e p t  o f  c r i t i c a l  d i s c h a r g e  (Q0 1 ) . C r i t i c a l  

d i s c h a r g e  a d d r e s s e s  t h e  i d e a  t h a t  n o t  a l l  a v a i l a b l e  d i s c h a r g e  i s  u sed  

up i n  s e d im e n t  t r a n s p o r t  a s  b e d lo a d .  Thus c r i t i c a l  d i s c h a r g e  (Q01) ,  

t h a t  t h r e s h o l d  d i s c h a r g e  a t  w h i c h  b e d l o a d  t r a n s p o r t  i n i t i a t e s ,  i s  

s u b t r a c t e d  f ro m  t o t a l  d i s c h a r g e  (Q1) t o  y i e l d  t h a t  p a r t  o f  t h e  t o t a l  

(Q l -Q 0 1 ) w h i c h  i s  a v a i l a b l e  t o  move s e d i m e n t  a s  b e d l o a d .  T h i s  

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

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

v a r i e t y  o f  d a t a  s e t s  ( S h u l i t s  and H i l l ,  1968).
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M e y e r - P e te r  and M u l l e r  (1948) Form ula

The M e y e r - P e t e r  an d  M u l l e r  (1 9 4 8 )  f o r m u l a  i s  o f  t h e  t r a c t i v e  

f o r c e  ty p e ,  t h a t  i s ,  b e d lo a d  t r a n s p o r t  i s  c o n s id e r e d  a  f u n c t i o n  o f  t h e  

t r a c t i v e  f o r c e  o f  t h e  s t r e a m .  I t  i s  t h e  r e s u l t  o f  14  y e a r s  o f  w o rk  

c o m b in in g  b o t h  f i e l d  and f lu m e  d a t a .  The f o r m u la  may b e  w r i t t e n  a s

Gh1273 = v  [QbZQ] [Kb/K g] 3 / 2 HS -  0 .0 4 7 v " s dE

0 .2 5  [v Z g ]1Z3

i n  t h e  m e t r i c  s y s te m ,  w here

v  = s p e c i f i c  w e ig h t  o f  w a t e r  ( m e t r i c  tonsZm3 )

Qb = bed  d i s c h a r g e  ( I i t e r s Z s )

Q = t o t a l  d i s c h a r g e  ( I i t e r s Z s )

Kg = S t r i c k l e r  ro u g h n e ss  c o e f f i c i e n t  f o r  t h e  bed  

(m1/ 3 Zs)

= Qb /■ Ab Rb 2Z3 S1/ 2 = !Zn , 

n = Manning bed  ro u g h n ess  

Kg = p a r t i c l e  o r  g r a i n  ro u g h n ess  (m*/3 Zs)

= 26Z [d90] 1/ 6 

H = d e p t h  ( w a t e r ,  m)

S = s lo p e  ( w a te r  s u r f a c e )

V 11s  = subm erged s p e c i f i c  w e ig h t  o f  se d im e n t  ( m e t r i c  

tonsZm3 )

= Vg -  v  = s p e c i f i c  w e ig h t  i n  a i r  o f  se d im e n t  

-  s p e c i f i c  w e ig h t  i n  w a t e r  of se d im e n t  

dE = e f f e c t i v e  d i a m e te r  o f  t h e  bed  m a t e r i a l  (m) 

g = a c c e l e r a t i o n  due t o  g r a v i t y  (mZs2)

G"^ = immersed b e d lo a d  t r a n s p o r t  r a t e  ( m e t r i c  to n sZ s-m)
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I n  t h i s  fo rm u la  vHS i s  t h e  t r a c t i v e  f o r c e  te rm  upon  w h ich  t h e  

fo rm u la  i s  b a s e d .  The o t h e r  t e rm s  o f  t h e  fo rm u la  r e d u c e  t o t a l  

t r a c t i v e  f o r c e  o f  t h e  s t r e a m  t o  t h a t  amount o f  f o r c e  a c t u a l l y  

a v a i l a b l e  f o r  b ed  lo a d  t r a n s p o r t .  [Qf3ZQ] a c c o u n t s  f o r  t h e  f a c t  t h a t  

o n ly  a  p a r t  o f  t h e  t o t a l  d i s c h a r g e  a c t s  on t h e  b e d .  [Ky/Kg]^Z2 a 

r e d u c in g  f a c t o r  t o  a c c o u n t  f o r  t r a c t i v e  f o r c e  l o s s e s  t o  form  

r e s i s t a n c e s ,  s u c h  a s  b a r s  and r i p p l e s .  The te rm  0 .0 4 7 v " gdg i s  t h e  

c r i t i c a l  t r a c t i v e  f o r c e ,  t h a t  a t  w h ic h  t h e  bed  i s  j u s t  b a r e l y  a t  r e s t .  

When t h i s  c r i t i c a l  t r a c t i v e  f o r c e  i s  s u b t r a c t e d  from  t h e  t o t a l  

t r a c t i v e  f o r c e  o f  t h e  s t r e a m  t h e  r e m a in d e r  i s  t h e  f o r c e  a v a i l a b l e  t o  

move s e d im e n t  a s  b e d lo a d .

The M e y e r - P e te r  and M u l le r  (1948) fo rm u la  was i n c l u d e d  b e c a u s e  i t  

h a s  b e e n  shown t o  b e  i n  a g re e m e n t  w i t h  a  w ide  r a n g e  o f  t r a c t i v e  f o r c e  

fo rm u la s  ( S h u l i t s  and H i l l ,  1968) and b e c a u s e  i t  i s  o f t e n  u se d  by  

w o rk e rs  s tu d y i n g  b e d lo a d  t r a n s p o r t .
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CHAPTER 3 - 

RESULTS •

I n t r o d u c t i o n

M easu rem en t  o f  q u a n t i t i e s  and s i z e  o f  m a t e r i a l  t r a n s p o r t e d  w i t h i n  

t h e  c h a n n e l  a l lo w e d  c o m p a r is o n  w i t h  m a t e r i a l  d e p o s i t e d  d u r in g  changes  

i n  c h a n n e l  m orpho logy  t o  h e lp  i d e n t i f y  i n - s t r e a m  s o u r c e s  o f  m a t e r i a l  

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

i n v e s t i g a t i o n  a r e  su m m arized  i n  T a b le s  2 - 4  and F i g u r e s  4 -5 .

T a b le  2 .  Com parison  o f  t o t a l  b e d lo a d  t r a n s p o r t  p r e d i c t i o n s .  and 
m easu rem en ts  and c o e f f i c i e n t  o f  a d ju s tm e n t  k .

Sample ty p e  P r e d i c t e d
(number o f  c o m p le te  s e t s  o f  B ed load
m easured  p a r a m e te r s  u s e d  ( m e t r i c  to n s

t o  d e te r m in e )  d ry )

M easured 
B ed load  

( m e t r i c  to n s  
d ry )

k
Z m easured  X ■ 
\ p r e d i c t e d J

1983 E n t i r e  c h a n n e l  w i d t h  Lm
S tream  power fo rm u la  (13 s e t s )

= 2 4 4 ,022 727 3 . 0  X IO-3

1983 E n t i r e  c h a n n e l  w i d t h  Ĝ .
S c h o k l i t s c h  fo rm u la  (12 s e t s )

= 136 ,610 7 27 5 .3  X ICT3

1983 E n t i r e  c h a n n e l  w i d t h  G ^
MPM fo rm u la  (12 s e t s )

= 2 9 2 ,2 6 8 7 27 2 .5  X IO"3

1984 E n t i r e  c h a n n e l  w i d t h  h^
S tream  power fo rm u la  (9 s e t s )

= 195 ,225  • 522 2.7  X IO"3

1984 E n t i r e  c h a n n e l  w i d t h  Ĝ
S c h o k l i t s c h  f o rm u la  (9 s e t s )

= 6 5 ,7 7 5 522 7 .9  X IO"3

II
1984 E n t i r e  c h a n n e l  w i d t h  G ^
MPM fo rm u la  (9 s e t s )

= 1 7 2 ,529 522 3 .0  X IO"3
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T a b le  3 .  A v e r a g e  v a l u e s  (k) o f  c o e f f i c i e n t ,  k ,  f o r  1983 a n d  1984  and  
p e r c e n t  v a r i a t i o n  f rom  a v e ra g e .

Formula

(
, k 1983 . 
measured \  /

,  k 1984 1 x /  
measured X Zk

_  % v a r i a t i o n
k  \  /  _  from k

1983 + k I 98411 (k -k  1983 o r  1984) X 100)
\ p re d ic te d J \^predictedy \

2 k

Stream power 3 .0  X 10 ^ 2.7 X IO"3 2 .9  X IO"3 5

S c h c k li ts c h  5 .3 X IO-3 7 .9  X 10~3 6 .6  X 10"3 20

MPM 2.5  X IO"3 3 .0  X 10"3 2.8  X IO"3 9

T a b le  4 .  E r r o r  a n a l y s i s •
'

V a r i a b l e T y p i c a l  e r r o r  . P e r c e n t  change  i n  b e d lo a d  p r e d i c t e d  
i n  m easurem ent by  fo rm u la s  due t o  i n t r o d u c t i o n  o f  
o f  v a r i a b l e  (%) e r r o r  i n  p a ra m e te r

1983
Steam power S c h o k l i t s c h  

1984 1 983 1 984 1 983 1 984
MPM

1983 1 984

W a te r  d e n s i t y , 5 5 0 .5 0 .5 - - -

D i s c h a r g e ,  Q 5 5 4 4 5 5 . 7 7

W ater  s u r f a c e  
s l o p e ,  S

10 5 0 0 15 8 17 10

Mean p a r t i c l e  
s i z e ,  d50

10+30* 10+30* 5 5 0 0

P a r t i c l e  s i z e  
d90 10+30* 10+30* — . — - 3 3

W ater  d e p th . h 10 5 —  — - 17 10

V a r i a b l e s  combined 
i n  w o r s t  p o s s i b l e  
c a s e

+15 +10 +16 +8 +52 +31

W ith  s a m p le r  b i a s  
added

— 58 47 21 3

*10% f o r  s i e v e  a n a l y s i s  and 30% f o r  s a m p le r  b i a s  ( s e e  D i s c u s s i o n  t e x t )
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Schoklitsch 1934 Formula 

Meyer-Peter-Muller Formula

S t r e a m  P o w e r  F o r mu l a
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1983 predicted bedload transport rate.
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May June
1983 measured bedload transport rate

F i g u r e  4 .  Graph o f  m easu red  and p r e d i c t e d  b e d lo a d  d u r in g  1983 e v e n t .
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D Schoklitsch 1934 Formula 

O Mever-Peter-Muller Formula

A Stream Power Formula

June

1984 predicted bedload transport rate

0.5 .

1984 measured bedload transport rate

F ig u r e  5 .  Graph of m easured  and p r e d i c t e d  b e d lo a d  d u r in g  1984 e v e n t .
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A l l  t h r e e  o f  t h e  f o r m u la s  t e s t e d  w i t h  Squaw Creek  d a t a  p r e d i c t e d  

b e d l o a d . o v e r  tw o  o r d e r s  o f  m a g n i t u d e  g r e a t e r  t h a n  t h a t  w h i c h  w a s  

m e a s u r e d .  The b e d l o a d  m e a s u r e m e n t  t e c h n i q u e s  a r e  d i s c u s s e d  l a t e r .  

The S c h o k l i t s c h  (1 9 3 4 )  f o r m u l a  p r e d i c t i o n  w a s  c l o s e r  t o  m e a s u r e d  

b e d l o a d  f o r  b o t h  t h e  1 983 a n d  1984  d a t a  s e t s .  The s t r e a m  p o w e r  a n d  

M e y e r - P e te r  and M u l l e r  (MPM) f o r m u la s  gave  v e r y  s i m i l a r  r e s u l t s  f o r  

b o t h  y e a r s ,  MPM b e in g  20% g r e a t e r  t h a n  t h e  s t r e a m  pow er  p r e d i c t i o n  i n  

1983 and 12% l e s s  t h a n  t h e  s t r e a m  pow er p r e d i c t i o n  i n  1984, a s  d e t e r ­

m ined  from  T a b le  2.

C o lum n t w o ,  i n  T a b l e  2 ,  l i s t s  t h e  m e t r i c  t o n s  o f  b e d l o a d  p r e ­

d i c t e d  by e a c h  o f  t h e  f o r m u la s  and  co lum n t h r e e ,  i n  T a b le  2 ,  l i s t s  t h e  

m e t r i c  t o n s  o f  b e d l o a d  m e a s u r e d  f o r  t h e  1983 a n d  1984  t r a n s p o r t  

e v e n ts .  The i n s t a n t a n e o u s  t r a n s p o r t  r a t e s  p e r  u n i t  w i d t h  w e re  m ul­

t i p l i e d  by t h e  p e r i o d  o f  t im e  t h e  s t r e a m  m a i n t a i n e d  t h a t  r a t e  and t h e  

s t r e a m  w i d t h  t o  y i e l d  m e t r i c  t o n s  o f  b e d lo a d .  These  c a l c u l a t i o n s  a r e  

b a s e d  upon  c o m p le te  s e t s  o f  m easu red  p a r a m e t e r s ,  a s  a p p l i c a b l e  t o  e a ch  

f o r m u la .  (Many p a r a m e t e r s  h a d  t o  b e  m e a s u r e d  " i n s t a n t a n e o u s l y "  a n d  

p ro b le m s  o f t e n  c a u se d  d e l a y s  i n  m e a su re m e n t  of one o r  m ore p a r a m e t e r s  

r e s u l t i n g  i n  an  i n c o m p le t e  s e t  o f  " i n s t a n t a n e o u s "  m e a su rem e n ts .)  The 

f o u r t h  colum n l i s t s  t h e  e m p i r i c a l l y  d e te r m in e d  a d ju s t m e n t  c o e f f i c i e n t ,  

k ,  w h i c h  a d j u s t s  t h e  b e d l o a d  p r e d i c t e d  by t h e  f o r m u l a s  t o  t h a t  

a c t u a l l y  m ea su red  i n  t h e  s t r e a m .  The c o e f f i c i e n t  k  i s  d e te r m in e d  by 

d i v i d i n g  t h e  m e a su re d  b e d lo a d  by t h e  p r e d i c t e d  b e d lo a d .

The k  v a l u e s  f o r  e a c h  f o r m u la  i n  T a b le  2 v a ry  from  y e a r  t o  y e a r .  

The c o n s i s t e n c y ,  o f  e a c h  f o r m u la ' s  p r e d i c t i o n  f ro m  y e a r  t o  y e a r  can  be 

c a l c u l a t e d  a s  t h e  p e r c e n t  v a r i a t i o n  f r o m  e a c h  f o r m u l a ' s  a v e r a g e  k
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v a l u e  (T ab le  3).  The s t r e a m  p o w er  p r e d i c t i o n  was more c o n s i s t e n t  from  

y e a r  t o  y e a r  v a r y i n g  +5% from  i t s  a v e ra g e  k  v a lu e .

Some o f  t h e  o v e r p r e d i c t i o n  and y e a r l y  v a r i a t i o n  i n  t h e  f o r m u la ’s 

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

R e s u l t s  o f  a n a l y s i s  o f  t h i s  p a r a m e t e r  m easu rem en t  e r r o r  a r e  p r e s e n t e d  

i n  T a b le  4. The S c h o k l i t s c h  f o r m u la  w as l e a s t  a f f e c t e d ,  by  a  s l i g h t  

m a rg in  o v e r  t h e  s t r e a m  pow er  p r e d i c t i o n ,  by  e r r o r  i n  m easu rem en t  o f  

t h e  p a r a m e t e r s .  P r e d i c t i o n s  by  t h e  S c h o k l i t s c h  f o r m u la  v a r i e d  +16% 

i n  t h e  w o r s t  p o s s i b l e  c a s e  f o r  1983 d a t a  an d  +8% f o r  t h e  1984  w o r s t  

p o s s i b l e  c a s e .  The MPM f o rm u la  w as t h e  m ost a f f e c t e d  v a r y i n g  +52% and 

+31% f o r  t h e  same d a t a .  E r r o r  a n a l y s i s  i s  d i s c u s s e d  l a t e r .

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

s e n t e d  i n  F i g u r e s  4 and 5. F i g u r e  4 p l o t s  tw e lv e  p r e d i c t e d  p o i n t s  and 

F i g u r e  5 p l o t s  n i n e  p o i n t s .  I n  m a k in g  t h e  m any i n s t a n t a n e o u s  

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

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

c o n d i t i o n s .  T h is  r e s u l t e d  i n  m any s e t s  o f  i n c o m p l e t e  i n s t a n t a n e o u s  

p a r a m e t e r  m e a s u re m e n ts .  The p o i n t s  p l o t t e d  i n  F i g u r e s  4 and 5 r e p r e ­

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

s i m u l t a n e o u s l y  -  t h e r e  a r e  no e s t i m a t e d  v a l u e s . As a  r e s u l t ,  a l l  o f  

t h e  d a t a  o b t a i n e d  i n  t h e  f i e l d  w a s  n o t  u s e d  t o  p l o t  F i g u r e s  4 an d  5 . 

T h e re  a r e  12 c o m p le te  s e t s  o f  i n s t a n t a n e o u s  p a r a m e t e r  m ea su rem e n ts  f o r  

1983 a n d  9 f o r  1 9 8 4  c o n t a i n e d  i n  A p p e n d i c e s  A-D. To t e s t  t h e  e f f e c t  

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

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

c o m p le te  p a r a m e t e r  s e t s  u s in g  e s t i m a t e d  v a l u e s  a s  n e c e s s a r y .  A l th o u g h
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n o t  shown h e r e ,  t h e  e s t i m a t e d  d a t a  s e t s  p r o v id e d  146 p o i n t s  f o r  1983 

an d  87 p o i n t s  f o r  1 9 8 4 .  The e s t i m a t e d  a n d  n o n - e s t i m a t e d  d a t a  s e t s  

y i e l d e d  p r e d i c t i o n s  w i t h i n  20% o f  e a c h  o t h e r .  The 20% d i f f e r e n c e  

b e tw e e n  t h e  e s t i m a t e d  and n o n - e s t i m a t e d  d a t a  s e t s  i s  i n s i g n i f i c a n t  a s  

com pared  t o  t h e  tw o o r d e r s  o f  m a g n i tu d e  o v e r p r e d i c t i o n .  Based upon 

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

num ber o f  c o m p le te  d a t a  s e t s  w e re  v a l i d  f o r  t h e  s tu d y  and d id  n o t  run  

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

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

a t t r i b u t a b l e  t o  e r r o r ,  a s  m e n t i o n e d  a b o v e ,  w a s  a f f e c t e d  b y  t h e  

f o l l o w i n g  f a c t o r s  t o  v a r y i n g  d e g r e e s .  E f f e c t s  o f  t h e s e  f a c t o r s  an d  

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

d i s c u s s e d  i n  d e t a i l  i n  C h a p te r  4.

D i s c h a r g e

D is c h a r g e  was v e r y  a c c u r a t e l y  and e a s i l y  m easu red  f rom  t h e  c a t -  

w a lk .  The c o n v e rg e n c e  o f  f lo w  by  t h e  b r i d g e  a b u tm e n ts  was p ro v e d ,  by  

c o m p a r is o n  w i t h  U.S.F.S. m e a su re m e n ts  t a k e n  d o w n s tre a m  o f  t h e  b r i d g e ,  

t o  n o t  a d v e r s e l y  a f f e c t  a c c u r a c y  o f  t h e  m e a s u r e m e n t s .  M e a s u r in g  

d i s c h a r g e  f ro m  t h e  c a tw a l k  d i d ,  h o w e v e r ,  im prove  t h e  e a s e  and s a f e t y  

w i t h  w h ic h  t h e  m e a su re m e n ts  w e re  made.

W ater  D e n s i ty

V a r i a t i o n s  i n  w a t e r  d e n s i t y  c a u se d  by  change  i n  t e m p e r a t u r e  and 

su sp e n d e d  s e d im e n t  w e re  found  t o  c hange  s t r e a m  p o w er  an  i n s i g n i f i c a n t
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am ount (0.01%) on Squaw Creek. A c o n s t a n t  v a l u e  o f  1 ,000  kg/m ^ can  be 

u s e d  w i t h  n e g l i g i b l e  e r r o r  i n  t h e  s t r e a m  pow er e x p r e s s io n .

D atum -L ine  S lope  M easurement T echn ique

The datum  l i n e  s lo p e  m ea su rem e n t  t e c h n iq u e  u sed  p ro v ed  t o  be very- 

p r e c i s e  a n d  e a s y  t o  u s e .  I t  w a s  c h e c k e d  by  t h e  w a t e r  l e v e l  m e th o d  

o n l y  t w i c e  b e c a u s e  tw o  p e o p l e  w e r e  n e c e s s a r y  t o  u s e  t h e  w a t e r  l e v e l  

m e th o d .  B o t h  t i m e s  t h e  w a t e r  l e v e l  m e th o d  y i e l d e d  w a t e r  s u r f a c e  

s l o p e s  50-100% l a r g e r  t h a n  t h e  datum  l i n e  m ethod. T h is  d i f f e r e n c e  i n  

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

w a t e r  s u r f a c e  s l o p e  on  t h e  s t u d y  r e a c h ,  n o t  t o  g r e a t  d i f f e r e n c e s  i n  ' 

t h e  p r e c i s i o n  o f  t h e  tw o  m e t h o d s .  The t u b i n g  u s e d  t o  m e a s u r e  w a t e r  

s u r f a c e  s l o p e s  by t h e  w a t e r  l e v e l  m ethod  w as  7.9 m from  T h is

i s  o n ly  a  f r a c t i o n  o f  t h e  d a tu m - l i n e  m ethod  y ^ -y ^  d i s t a n c e  o f  38.1 m. 

The c e n t r a l  s e c t i o n  o f  t h e  s tu d y  r e a c h  m easu red  by t h e  w a t e r  l e v e l  was 

a  r i f f l e .  The s t e e p e r  w a t e r  s u r f a c e  s lo p e s  m ea su red  t h e r e  by t h e  w a t e r  

l e v e l  m ethod  p ro b a b ly ,  r e f l e c t  l o c a l  v a r i a t i o n  i n  w a t e r  s u r f a c e  s lo p e  

due t o  t h e  g r e a t e r  bed  s lo p e  a t  t h e  r i f f l e .  The w a t e r  s u r f a c e  s lo p e s  

o b t a i n e d  by t h e  w a t e r  l e v e l  m ethod w e re  v e r y  c l o s e  t o  bed  s lo p e  v a l u e s  

o b t a i n e d  by t h e  d a t u m . l i n e  method.

B ed load  S am plers

M o d if ie d  M u lh o f fe r  B a s k e t

The M u l h o f f e r  s a m p l e r  b a s k e t  p r o v e d  i n e f f e c t i v e  a s  t u r b u l e n c e  

c r e a t e d  by f lo w  t h r o u g h  t h e  b a s k e t  m e s h .w a s  g r e a t  enough  t o  w ash  o u t  

b e d lo a d  t h a t  was c a p tu r e d .
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B r id g e —M ounted H e l le y - S m i th

The b r id g e - m o u n te d  H e l l e y - S m i t h  s a m p l e r  a l s o  p ro v ed  i n s u f f i c i e n t .  

I t  had  t h e  a d v a n ta g e  o f  e a s y  r e t r i e v a l  d u r in g  peak  f l o w s ,  b u t  i t s  u s e  

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

p o s s i b l e .  As s o o n  a s  t h e  s a m p l e r  f r a m e  on i t s  c a b l e  c o n t a c t e d  t h e  

w a t e r  s u r f a c e  i t  was sw e p t  to w a rd s  t h e  t h a lw e g  f r u s t r a t i n g  a t t e m p t s  t o  

m ea su re  b e d lo a d  a t  d e s i r e d  p o i n t s  a c r o s s  t h e  c h a n n e l  w id th .

Hand-Held H e l l e y - S m i th

The c a t w a l k  p r o v i d e d  a  s o l i d  p l a t f o r m  f o r  m e a s u r e m e n t  and  w a s  

v e r y  b e n e f i c i a l  i n  a l l o w i n g  r e p e a t a b l e  p o i n t  s a m p l in g  o f  b e d lo a d .  At 

peak  f lo w s  a  g r e a t  d e a l  o f  s t r e n g t h  was needed  t o  m a i n t a i n  c o n t r o l  o f  

t h e  7 6 .2  mm n o z z l e  h a n d - h e l d  H e l l e y - S m i t h  s a m p l e r .  H a n d l i n g  w a s  

e n h a n c e d  b y  t h e  a d d i t i o n  o f  a  h a n d l e  e x t e n s i o n  m ade f r o m  g a l v a n i z e d  

s t e e l  f e n c e  r a i l  s t o c k .  The added w e i g h t  and l e n g t h  im proved  c o n t r o l  

s u b s t a n t i a l l y .  E v e n  w i t h  t h i s  m o d i f i c a t i o n ,  m o s t  f i e l d  a s s i s t a n t s  

c o u ld  n o t  m a i n t a i n  c o n t r o l  o f  t h i s  s a m p le r  a t  peak  f lo w .  T h is  s a m p le r  

p ro v ed  m ost  e f f e c t i v e  and w as u s e d  t o  m ea su re  b e d lo a d .

S p a t i a l  V a r i a t i o n  i n  Bedload

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

s t r e a m  b e d .  B e d l o a d  w a s  c o n s i s t e n t l y  g r e a t e s t  a p p r o x i m a t e l y  5 .8  m 

f r o m  t h e  l e f t  b a n k  i n  e a r l y  1983 an d  3 .8  m f ro m  t h e  l e f t  b a n k  a f t e r  

t h e  c h a n n e l  c h a n g es  r e s u l t i n g  f ro m  t h e  d i s p e r s a l  of t h e  lo g  jam . These  

p o i n t s '  ro u g h ly  c o i n c i d e  w i t h  t h e  th a lw e g .  Only 83% o f  t h e  s t r e a m  w i d t h  

was in v o lv e d  i n  s e d im e n t  t r a n s p o r t  a s  b e d lo a d .
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Sedim ent Supply

S e d i m e n t  s u p p l y  g r e a t l y  a f f e c t e d  b e d l o a d  t r a n s p o r t  on Squaw 

Creek. P r e d i c t i o n s  made u s in g  t h e  f o r m u la s  assum e a  c o n s t a n t  s u p p ly  

o f  t r a n s p o r t a b l e  s e d im e n t .  B agno ld  (1966, p. 129) n o t e d  t h a t  a  r i v e r  

may t r a n s p o r t  " l e s s  s e d i m e n t  t h a n  i t  c o u l d  i f  m o re  t r a n s p o r t a b l e  

s e d im e n t  w e re  a v a i l a b l e "  and  t h a t  t h i s  " d e f i c i e n c y  o f  s e d im e n t  su p p ly "  

m ig h t  c a u s e  p r e d i c t e d  t r a n s p o r t  r a t e s  t o  be  c o n s i d e r a b l y  l a r g e r  th a n  

m ea su red  t r a n s p o r t  r a t e s .  To d e t e r m i n e  i f  such  a  s e d im e n t  d e f i c i e n c y  

e x i s t e d  a t  Squaw C reek  d u r in g  t h e  p e r i o d  o f  t h e  s tu d y ,  t h e  ch a n n e l  and 

i t s  t r i b u t a r y  s t r e a m s ,  w h i c h  c u t  m ap p e d  l a n d s l i d e s  u n i t s ,  w e r e  

s e a r c h e d  by f o o t  and  v e h i c l e  f o r  e x t r a —c h a n n e l  s e d im e n t  s o u rc e s ,  s u c h  

a s  a v a l a n c h e s ,  r o c k  s l i d e s ,  and d e b r i s  f lo w s .  No f r e s h  e x t r a - c h a n n e l  

s e d im e n t  s u p p ly  z o n e s  w e re  i d e n t i f i e d  i n  t h e  b a s i n  s u g g e s t i n g  Squaw 

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

t h i s  s tu d y .  S m a ll  a r e a s  o f  bank  f a i l u r e  c o u ld  be  fo u n d  u p s t r e a m  and 

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

F i g u r e s  9 a n d  10 show  w h e r e  b a n k  f a i l u r e  o c c u r r e d  w i t h i n  t h e  s t u d y  

r e a c h  i n  1 9 8 3 .  The o n l y  new l o a d  i d e n t i f i e d  w a s  r e w o r k e d  s e d i m e n t  

i n t r o d u c e d  by bank  f a i l u r e .

Sed im ent S to ra g e

S ed im en t  s t o r a g e  a l s o  had  g r e a t  a f f e c t s  on b e d lo a d .  B ed lo ad  i s  

s t o r e d  w i t h i n  thie c h a n n e l  a t  Squaw Creek i n  t h e  bed  a rm o r ,  p o o l s  and  

l o g  j a m s ,  a n d  b e d f o r m s .  The a r m o r  l a y e r  r e m a i n e d  c o h e s i v e  a t  m o s t  

d i s c h a r g e s  d u r i n g  1983 a n d  1984  p r e v e n t i n g  r e l e a s e  o f  t h e  s u b a r m o r
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m a t e r i a l .  The a rm o r  was b ro k en  f o l l o w i n g  th e  d i s p e r s a l  o f  a lo g  jam  

in  1983 r e s u l t i n g  i n  t h e  r e l e a s e  o f  s e d im e n t  s t o r e d  in  th e  subarm or.

Bed load  i n c r e a s e d  as  s e d im e n t  was r e l e a s e d  from  s t o r a g e  in  p o o l s  

on r i s i n g  l im b s  o f  r u n o f f  h y d ro g ra p h s .  As t h e s e  e v e n t s  s u b s id e d  th e y  

w e re  f o l l o w e d  by a d e c r e a s e  i n  b e d lo a d  u n t i l  th e  n e x t  s e d im e n t  i n p u t .  

T h is  can  be s e e n  by c o m p a r in g  F i g u r e s  4-5  and 6 -7 .

May June

Date

F i g u r e  6 .  1983 h y d r o g r a p h  d u r i n g  b e d l o a d  e v e n t .
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Much o f  t h e  b e d lo a d  t r a n s p o r t  o b s e rv e d  was r e l a t e d  t o  r e l e a s e  o f  

c h a n n e l  s t o r a g e .  On 28 May 1983 t h e  a u t h o r  and two f i e l d  a s s i s t a n t s  

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

r e a c h  o f  Squaw C r e e k .  At 1 8 :4 5  we w e r e  f i n i s h i n g  s u p p e r  a t  o u r  t e n t  

cam p a b o u t  7 0 m  f r o m  t h e  b r i d g e .  I t  w a s  e v e n i n g ,  t h e  g a t h e r i n g  

d a r k n e s s  was c l o s i n g  i n  a ro u n d  o u r  camp. A l l  o f  a  su d d e n ,  we h e a rd  a 

t r e m e n d o u s ,  "BOOM", a s  i f  a  s t i c k  o f  d y n a m i t e  h a d  e x p l o d e d  a t  t h e  

s t r e a m .  Huge am oun ts  o f  d e b r i s  w e re  t h e n  o b s e rv e d  f l o a t i n g  down t h e  

c r e e k .  I t  becam e c l e a r  t h a t  a  lo g  ja m ,  w h ic h  had b e e n  em placed  j u s t  

u p s t r e a m  o f  t h e  s t u d y  r e a c h  a t  l e a s t  tw o  y e a r s  e a r l i e r ,  h a d  j u s t  

b u r s t .

We h u r r i e d l y  c o m p l e t e d  i n s t a l l a t i o n  and began  s a m p l in g  th r o u g h  

t h e  n i g h t .  A r e c o n n a i s s a n c e  o f  t h e  r e a c h  r e v e a l e d  a  t re m en d o u s  b e d ­

l o a d  e v e n t  w a s  t a k i n g  p l a c e .  A lo n g  t h e  r i g h t  b a n k ,  d i r e c t l y  a c r o s s  

f r o m  w h e r e  t h e  j a m  h a d  b e e n ,  f i s t - s i z e d  an d  l a r g e r  c o b b l e s  w e r e  

b o u n c i n g  a  f o o t  a b o v e  t h e  w a t e r  s u r f a c e .  H a v in g  n e v e r  w i t n e s s e d  a  

c a t a s t r o p h i c  b e d l o a d  e v e n t  on Squaw C r e e k ,  no  o n e  knew  how l o n g  i t  

w ould  c o n t i n u e  a t  t h i s  i n t e n s i t y .

W h i l e  r e l a t i n g  t h e  e v e n t s  o f  t h e  p r e v i o u s  e v e n i n g  t o  a n o t h e r  

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

t r u d i n g  above  t h e  w a t e r  s u r f a c e  u p s t r e a m  ( F ig u r e  16). Y e t t h e  s t a f f  

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

m a t e r i a l  was t a k i n g  p l a c e  b e f o r e  o u r  eyes!

The d i s p e r s a l  o f  t h i s  l o g  j a m  t r i g g e r e d  t h e  m o s t  s i g n i f i c a n t  

b e d lo a d  t r a n s p o r t  e v e n t  o b s e rv e d  i n  t h r e e  y e a r s  o f  s tu d y .  Changes i n  

c h a n n e l  m o rpho logy  w e re  r e c o r d e d  by  p l a n e  t a b l e  m apping ( F ig u r e s  8 , 9,
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a n d  10) a n d  a e r i a l  ( F i g u r e s  11 a n d  12) a n d  g r o u n d  p h o t o  s u r v e y  

( F i g u r e s  13 an d  1 4 ) .  The l o g  j a m  a c t e d  a s  b o t h  a  t e m p o r a r y  s e d i m e n t  

s t o r a g e  a r e a  a n d  l o c a l  b a s e  l e v e l .  I t s  d i s p e r s a l  r e l e a s e d  l o o s e  

s e d im e n t  i n t o  t h e  s e d im e n t  d e f i c i e n t  s t r e a m .  Much o f  t h i s  s e d im e n t  

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

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

a  new b a s e  l e v e l  ( F ig u r e  14) . T h is  i n c i s i o n  r e s u l t e d  i n  t h e  b r e a k in g  

o f  t h e  a rm o r  l a y e r  and r e l e a s e  o f  a d d i t i o n a l  s e d im e n t .  The d i s p e r s a l  

o f  t h i s  l o g  jam  had g r e a t e r  e f f e c t  on b e d lo a d  t r a n s p o r t  a t  Squaw Creek 

th a n  any o t h e r  f a c t o r  s t u d i e d .

The b e d fo rm s  i d e n t i f i e d  a t  Squaw Creek w e re  du n es  and c l u s t e r  

b e d fo rm s .  B edfo rm s c a u se d  s p a t i a l  and t e m p o r a l  v a r i a t i o n s  i n  b e d lo a d ,  

a f f e c t i n g  b o t h  p r e d i c t i o n s  and m e a su re m e n ts .

The b e d lo a d  e v e n t  a t  Squaw C reek  l a s t e d  a b o u t  21 d ay s  i n  1983 and 

1984 w i t h  g r e a t  v a r i a b i l i t y  i n  p a r t i c l e  s i z e  and m ass o f  m a t e r i a l  i n  

t r a n s p o r t .  T o t a l  m ea su red  b e d lo a d ,  a s  p r e s e n t e d  i n  T a b le  2 above , was 

7 27 t o n s  i n  1 983 an d  522  t o n s  i n  1 98 4 .  B e d lo a d  m oved d u r i n g  t h i s  

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

d i s c o n t i n u o u s  b u r s t s .
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IFLOW

W Viewpoint for Figures 16-21

F i g u r e  8 .  S tudy r e a c h  p r i o r  t o  d i s p e r s a l  o f  log  jam  ( p r i o r  t o  28 May 
1983) .

Zone o f  bank eros ion

-  O u t l i n e  of o r i g i n a l  b a r

12.2 m

S c a l e

F i g u r e  9 .  S tudy r e a c h  a f t e r  d i s p e r s a l  of log  jam  and p r i o r  to  c h a n n e l  
i n c i s i o n  ( p r i o r  t o  5 J u n e  1 9 8 3 ) .
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Iqggj Portion of original bar remaining after burst of log jam 

Zone  o f  bank eros ion 0
L_

12.2 m

S c a l e

F i g u r e  10 . S tudy  r e a c h  a f t e r  d e p o s i t i o n  o f  new b a r s ,  s h i f t  o f  f low  t o  
l e f t  b a n k  and  c h a n n e l  i n c i s i o n  ( a f t e r  5 J u n e  1 9 8 3 ) .  A l l  
l e g e n d  m a t e r i a l  same as  F i g u r e  9 u n l e s s  o t h e r w i s e  n o t e d .
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F ig u r e  11. A e r i a l  p h o to  o f  s tu d y  r e a c h  p r i o r  t o  28 May, 1983.

F i g u r e  1 2 . A e r i a l  p h o t o  o f  s t u d y  r e a c h  a f t e r  19 J u n e ,  1 9 8 3 .
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F i g u r e  13 . View l o o k in g  u p s t r e a m  p r i o r  t o  28 May, 1983 show ing  f lo w  
a lo n g  r i g h t  b a n k .

F i g u r e  14 . View lo o k in g  u p s t r e a m  a f t e r  19 J u n e ,  1983 show ing  d e p o s i ­
t i o n  a lo n g  r i g h t  bank  and c h a n n e l  i n c i s i o n .
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CHAPTER 4 

DISCUSSION 

I n t r o d u c t i o n

A l l  t h r e e  o f  t h e  f o r m u l a s  t e s t e d  p r e d i c t e d  m uch  m o re  b e d l o a d  

t r a n s p o r t  i n  Squaw C reek  th a n  was m easu red  (T ab le  2). The S c h o k l i t s c h  

(1934) f o r m u la  p r e d i c t i o n  was t h e  c l o s e s t  t o  m easu red  b e d lo a d ,  b e in g  

two o r d e r s  o f  m a g n i tu d e  h ig h .  The s t r e a m  pow er  and M e y e r - P e te r  and 

M u l l e r  f o r m u l a s  b o t h  p r e d i c t e d  q u a n t i t i e s  196% h i g h e r  t h a n  

S c h o k l i t s c h ,  on t h e  a v e r a g e ,  f o r  1983 an d  a v e r a g e d  280% h i g h e r  i n  

1 9 8 4 .  S i m i l a r  r e s u l t s  h a v e  b e e n  f o u n d  b y  E r g e n z i n g e r  ( p e r s o n a l  

c o m m u n i c a t i o n )  i n  o t h e r  h i g h  g r a d i e n t  m o u n t a i n  s t r e a m s .  S t a l l ,  

R upan i ,  and Kandaway (1958) checked  t h r e e  f o rm u la s  on a  l o w e r  g r a d i e n t  

s t r e a m  w i t h  s m a l l e r  p a r t i c l e  s i z e  an d  a l s o  f o u n d  t h e  S c h o k l i t s c h  

(193 4) f o r m u l a  t h e  b e s t  a t  31% h i g h .  T hey  f o u n d  t h e  E i n s t e i n  (1950)  

f o r m u la  225% h i g h  and t h e  Duboys (187 9) f o r m u la  776% h ig h .

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

s i d e r e d  i n  tw o  p a r t s  -  m e a s u r e m e n t  e r r o r ,  a n d  i n a b i l i t y  o f  t h e  

f o rm u la s  t o  a c c o u n t  f o r  s e v e r a l  i m p o r t a n t  f a c t o r s :  s p a t i a l  v a r i a t i o n

i n  b e d lo a d  t r a n s p o r t ;  v a r i a t i o n s  i n  s e d im e n t  s u p p ly  and s t o r a g e ;  and 

t e m p o r a l  v a r i a t i o n s  in  b e d lo a d  t r a n s p o r t .
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O v e r p r e d i c t i o n  Due t o  E r r o r

M easurement E r r o r

The f i r s t  of  t h e s e  s o u r c e s  o f  e r r o r  (m easurem ent)  o c c u r s  b o t h  i n  

m ea su rem e n t  o f  t h e  p a r a m e t e r s  u s e d  i n  t h e  p r e d i c t i v e  f o r m u la s  and  i n  

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

m ea su rem e n t  o f  t h e  f o r m u la  p a r a m e te r s .

E r r o r  i n  S lope  M easu rem en t . The s lo p e  m ea su rem e n t  t e c h n iq u e  u sed  

p r o v id e d  v e r y  c o n s i s t e n t  r e s u l t s .  M easu rem en ts  made on a d ry  c h a n n e l  

g i v e  an  i n d i c a t i o n  o f  t h e  a c c u r a c y  and c o n s i s t e n c y  o f  t h e  te c h n iq u e .  

S ix  m e a s u re m e n ts  a t  one p o i n t  on t h e  u p s t r e a m  datum  l i n e  t a k e n  o v e r  a 

1 4 -day  p e r i o d  v a r y  by l e s s  t h a n  Imm o r  0.2%. M easu rem en ts  made a t  t h e  

w a t e r  s u r f a c e  ( se e  F i g u r e  4) i n  f l o w i n g  w a t e r  w e re  m ore d i f f i c u l t  due 

t o  t u r b u l e n c e .  Even a l l o w i n g  f o r  10 t i m e s  t h e  e r r o r  o f  d ry  m ea su re ­

m en t ,  e r r o r  i s  s t i l l  l e s s  t h a n  5%.

T h e s e  m e a s u r e m e n t s  do n o t  l e n d  t h e m s e l v e s  w e l l  t o  s t a t i s t i c a l  

a n a l y s i s  b e c a u s e  e a c h  m e a s u r e m e n t  i s  a t  a  d i f f e r e n t  d i s c h a r g e  a n d ,  

t h e r e f o r e ,  a t  a  d i f f e r e n t  d e p t h .  I f  m e a s u r e m e n t s  w e r e  t a k e n  a t  t h e  

same d i s c h a r g e ,  t h e  s t a n d a r d  d e v i a t i o n  c o u ld  be d e te r m in e d  f o r  e a c h  

m easu rem en t.  T h is  w as  n o t  done b e c a u s e  o f  t im e  c o n s i d e r a t i o n s  -  t h e  

num ber o f  p a r a m e t e r s  w h ic h  w e re  b e in g  m ea su red  s i m u l t a n e o u s l y  a l lo w e d  

v e r y  l i t t l e  t i m e  f o r  m e a s u r e m e n t  r e p l i c a t i o n  t o  o b t a i n  s t a t i s t i c a l  

p o p u l a t i o n s .

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

i n t r o d u c e d  i n  1983 when t h e  c a t a s t r o p h i c  d i s p e r s a l  o f  an  u p s t r e a m  lo g  

jam  t w i c e  w ashed  o u t  u p s t r e a m  datum  l i n e  s t a k e s .  F o r t u n a t e l y ,  each
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t im e  t h i s  o c c u r r e d  one o f  t h e  p a i r  o f  s t a k e s  r e m a in e d  i n  i t s  o r i g i n a l  

p o s i t i o n  a l l o w i n g  t h e  r e p l a c e m e n t  s t a k e  t o  be  r e f e r e n c e d  t o  i t .  The 

datum  l i n e  w as r e l e v e l e d  u s i n g  a  B ru n to n  h a n d - t r a n s i t  d u r in g  t h e  f i e l d  

s e a s o n .  At t h e  end o f  t h e  s e a s o n  t h e  datum  l i n e  w as  r e s u r v e y e d  l e v e l  

by p l a n e  t a b l e  and  a d j u s t m e n t s  w e re  made t o  th e  d a t a  b a s e d  upon t h i s  

more a c c u r a t e  su rv e y .  A l th o u g h  g r e a t  c a r e  w as e x e r c i s e d  e a ch  t im e  i n  

r e l o c a t i n g  t h e  d a tu m  l i n e ,  i t  i s  p r o b a b l e  t h a t  t h e r e  w a s  som e 

d e v i a t i o n  i n t r o d u c e d .  F o r  t h i s  r e a s o n  t h e  1983 s l o p e  d a t a  i s  l e s s  

c e r t a i n .  The 1984 d a t a  w as  n o t  s u b j e c t  t o  t h i s  e r r o r .

E r r o r  i n  W a t e r  D e n s i t y  M e a s u r e m e n t . V a r i a t i o n  i n  w a t e r  d e n s i t y  

w as  m e a su re d  t o  d e t e r m i n e  i f  i t  s i g n i f i c a n t l y  a f f e c t e d  s t r e a m  power on 

Squaw C r e e k .  I t  w a s  t h o u g h t  t h a t  t h e  f o r e s t  l i t t e r ,  a l g a e ,  a n d  f i n e  

s e d im e n t s  w h ic h  had  a c c u m u la te d  s i n c e  t h e  p r e v io u s  f l o o d  e v e n t ,  com­

b i n e d  w i t h  w a t e r  t e m p e r a t u r e  e f f e c t s ,  m i g h t  i n c r e a s e  t h e  e f f e c t i v e  

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

so , t h e  s t r e a m  pow er  m ig h t  be a f f e c t e d  by t h i s  d e n s i t y  v a r i a t i o n .

To d e te r m in e  t h e  e f f e c t i v e  s p e c i f i c  g r a v i t y ,  su s p e n d e d  l o a d  and 

w a t e r  t e m p e r a t u r e  w e re  m ea su red  s im u l t a n e o u s  t o  t h e  c o l l e c t i o n  o f  d a t a  

on t h e  o t h e r  s tu d y  p a r a m e t e r s .  W a te r  d e n s i t y  w as t h e n  c a l c u l a t e d  a s  

t h e  m ass  o f  a  u n i t  vo lu m e  o f  w a t e r  a t  t h e  m easu red  w a t e r  t e m p e r a t u r e  

p l u s  t h e  m ass  o f  t h e  s u sp e n d e d  lo a d ,  t h i s  q u a n t i t y  w as t h e n  d iv id e d  by  

a  u n i t  vo lu m e  o f  w a t e r .

W a te r  d e n s i t y  w as fo u n d  t o  v a r y  a b o u t  0.01% d u r in g  Squaw C re e k 's  

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

p o w e r .  D e n s i t y  d i f f e r e n c e s  w e r e  a l s o  d i s c o u n t e d  a s  a  s i g n i f i c a n t
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f a c t o r  i n  bed  l o a d  e v e n t s  by  Nanson (1974),  w o rk in g  on a  s t r e a m  s i m i l a r  

t o  Squaw C r e e k .  I f  s u s p e n d e d  s e d i m e n t  s a m p l i n g  a n d  a n a l y s i s  and  

t e m p e r a t u r e  m ea su rem e n t  w e re  o f f  by  a  f a c t o r  o f  100, e r r o r  w ould  s t i l l  

b e  l e s s  th a n  5%. A 5% v a r i a t i o n  i n  w a t e r  d e n s i t y  w ou ld  change s t r e a m  

pow er  (m) by  o n l y  0.5%, an i n s i g n i f i c a n t  am ount. S in c e  w a t e r  d e n s i t y  

was found  t o  v a r y  n e g l i g i b l y ,  t h e  r e m a in in g  f u n c t i o n a l  p a r a m e t e r  o f  

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

E r r o r  i n  D i s c h a r g e  M easu rem en t . One p o s s i b l e  s o u r c e  o f  e r r o r  i n  

d i s c h a r g e  m ea su rem e n t  w as t h e  m ethod o f  s t r e a m  v e l o c i t y  m easu rem en t.  

The s t u d y  d i s c h a r g e  d a t a  w as  o b t a i n e d  f r o m  t h e  c a t w a l k  m o u n te d  

im m e d i a t e l y  u p s t r e a m  o f  t h e  b r i d g e .  H ere  t h e  f lo w  w as c o n s t r a i n e d  on 

e i t h e r  b a n k  b y  t h e  b r i d g e  a b u t m e n t s  an d  on t h e  b e d  b y  t h e  l o g  u p o n  

w h ic h  t h e  m a g n e t ic  d e t e c t o r s  w e re  m ounted . T here  was some c o n c e rn  a s  

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

d i s c h a r g e  m e a s u r e m e n t s  a s  c o m p a r e d  t o  t h e  U .S .F .S . s i t e ,  w h i c h  w a s  

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

s t a g e / d i s c h a r g e  r a t i n g  c u r v e s  w e re  com pared  w i t h  l i k e  d a t a ,  o b t a in e d  

b y  t h e  U .S .F .S . ,  f o r  t h e  s a m e  s t r e a m f lo w s  o f  Squaw C r e e k .  The tw o  

p a i r s  o f  d a t a  w e r e  c o m p a r e d  u s i n g  t h e  U .S .F .S . r e g r e s s i o n  RATER 

c o m p u te r  p ro g ra m . The d a t a  w e re  found  t o  have r^  v a l u e s  o f  0.996 f o r  

1983 and 0.987 f o r  1984. D i s c h a r g e  m ea su rem e n t  a t  t h e  b r i d g e ,  from  t h e  

c a t w a l k ,  was n o t  i n f l u e n c e d  by  t h e  l o c a t i o n  a t  w h ic h  t h e  m easu rem en t  

w a s  t a k e n .  T h i s  i n d i c a t e s  t h a t ,  w h e r e  p o s s i b l e ,  d i s c h a r g e  c a n  b e  

m ea su red  w i t h o u t  t h e  i n c o n v e n ie n c e  and d a n g e r  o f  w ad ing  t h e  s t r e a m .  

D i s c h a r g e  m e a s u re m e n t ,  h a v in g  b e e n  shown t o  b e  a c c u r a t e ,  w as a s s i g n e d  

a  t y p i c a l  m ea su rem e n t  e r r o r  o f  5%, a  r e a l i s t i c  v a l u e  f o r  m ea su rem e n ts
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s h o w n  t o  p o s s e s s  a  h i g h  d e g r e e ,  o f  a c c u r a c y .  The e f f e c t  on  s t r e a m  

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

m e a s u re m e n ts  c a n  b e  d e te r m in e d .

T a b le  4 shows t h e  p e r c e n ta g e  change  i n  b e d lo a d  p r e d i c t i o n s  by  e a c h  

f o r m u la  when e r r o r  i n  t h e  v a r i a b l e s  h a s  b e e n  in t r o d u c e d .  One v a r i a b l e  

i s  a t  t h e  m axim um  p r o b a b l e  e r r o r  v a l u e  u s e d  i n  t h i s  s t u d y  and  t h e  

o t h e r  v a r i a b l e s  a r e  h e l d  c o n s t a n t .  The v a l u e s  u s e d  t o  c o m p u te  t h e  

t a b l e s  a r e  f rom  d a t a  m easu red  01 :41 , 28 May 1983 on Squaw Creek. Also, 

s h o w n  i s  t h e  w o r s t  p o s s i b l e  c a s e ,  w h e n  a l l  t h e  v a r i a b l e s  i n  t h e  

f o r m u l a  a r e  a t  t h e i r  m axim um  e r r o r  v a l u e .  The S c h o k l i t s c h  1 9 3 4  

f o r m u la  p r e d i c t i o n  i s  l e a s t  a f f e c t e d  by  t h i s  e r r o r  a s  can  be  s e e n  i n  

T a b l e  4 ,  b e i n g  +16% i n  1983 a n d  +8% i n  1 9 8 4 .  The m o s t  c o m p le x  

f o r m u l a ,  t h e  MPM, w a s  a f f e c t e d  t h e  m o s t  b y  t h i s  p o s s i b l e  e r r o r  

y i e l d i n g  v a l u e s  +52% i n  1 983 an d  +31% i n  1 9 8 4 .  T h i s  a m o u n t  o f  

d e v i a t i o n ,  w h i l e  g r e a t ,  d o es  n o t  a p p ro a c h  t h e  two o r d e r s  o f  m a g n i tu d e  

d i f f e r e n c e  b e tw e e n  t h e  f o r m u la s '  p r e d i c t i o n s  and sa m p le d  b e d lo a d .  The 

d i f f e r e n c e  b e t w e e n  t h e  p r e d i c t e d  an d  m e a s u r e d  v a l u e s  c a n n o t  b e  

a c c o u n te d  f o r  by  m ea su rem e n t  e r r o r  a lo n e .

E r r o r  i n  B ed load  S am pling . S am p le r  e r r o r  d i d  a f f e c t  b o t h  f o r m u la  

p r e d i c t i o n s  and sa m p le d  b e d lo a d  r a t e .  T h is  was n o t  due  t o  t h e  H e l l e y -  

S m ith  s a m p le r  d e s ig n ,  b u t  r a t h e r  t h e  s a m p l in g  e f f i c i e n c y  o f  th e  76 .2  

mm n o z z l e  i n  Squaw Creek . Emmett (1980) found s a m p l e r  e f f i c i e n c y  t o  

b e  n e a r  100% when m ed ian  p a r t i c l e  d i a m e t e r  was 1/5 n o z z l e  s i z e .  T h is  

m e a n s  t h e  s a m p l e r  u s e d  w a s  100% e f f i c i e n t  w hen  m e d i a n  p a r t i c l e  

d i a m e t e r  w a s  16 mm o r  l e s s .  I t  w a s  p o s s i b l e  t o  c h e c k  s a m p l e r  

e f f i c i e n c y  on Squaw C reek  w i t h  a  h i g h  d e g r e e  o f  c o n f id e n c e .
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In  1983 t h e  a u t h o r  w as f o r t u n a t e  enough t o  w i t n e s s  and r e c o r d  a 

c a t a s t r o p h i c  b e d lo a d  e v e n t .  D uring  t h i s  e v e n t  t h e  h a n d - h e ld  H e l l e y -  

S m ith  s a m p le r  w as u s e d  t o  s a m p le  t h e  b e d lo a d  a s  new c h a n n e l  b a r s  w e re  

fo rm in g .  C u m u la t iv e  g r a i n  s i z e  d i s t r i b u t i o n s  w e r e  c o m p u t e r  p l o t t e d  

f o r  42 in -c h a n r ie l  H e l l e y - S m i t h  s a m p le s  and 8 new c h a n n e l  b a r  sam p les .  

The c u rv e s  assum e a  v a r i e t y  o f  s h a p e s  d e p e n d in g  on t h e  b e d lo a d  t r a n s ­

p o r t  e v e n t  b e i n g  s a m p l e d .  F i g u r e  15 s h o w s  t h r e e  o f  t h e  c u r v e s .  The 

c u r v e s  from  t h e  H e l l e y - S m i t h  c h a n n e l  s a m p le s  t a k e n  w h i l e  t h e  b a r s  w ere  

f o rm in g  and t h o s e  f rom  t h e  new ly  fo rm ed  b a r s  a r e  n e a r l y  i d e n t i c a l ,  a s  

c a n  b e  s e e n  on  t h e  tw o  c u r v e s  t o  t h e  l e f t  i n  F i g u r e  15. T h i s  c h a r ­

a c t e r i s t i c  s h a p e  o f  t h e  g r a i n  s i z e  d i s t r i b u t i o n  c u r v e s  i s  a " s i g ­

n a t u r e "  i d e n t i f y i n g  t h e  tw o  s a m p le s  a s  h a v in g  b e e n  i n  t r a n s p o r t  d u r in g  

t h e  same b e d lo a d  e v e n t .  The 18 A p r i l  1984 p l o t  i s  a  s i e v e  a n a l y s i s  of 

a s a m p l e  t a k e n  f r o m  a  c h a n n e l  b a r  d e p o s i t e d  d u r i n g  t h e  28 May, 1983 

b e d l o a d  e v e n t .  The s h a p e  o f  t h e  c u r v e s  o r  " s i g n a t u r e "  o f  t h e  tw o  

s a m p l e s ,  1 8 : 2 8 ,  28 May, 1983 a n d  New b a r  (S a m p le  3 ,  APPENDIX D) i s  

u n m i s t a k a b l e  a s  c o m p a r e d  t o  t h e  o t h e r  c u r v e  r e p r e s e n t i n g  a s a m p le  

t a k e n  e a r l i e r  t h e  sa m e  d a y  p r i o r  t o  t h i s  b e d l o a d  t r a n s p o r t  e v e n t .  

N o te ,  h o w e v e r ,  t h a t  t h e  1 8 : 2 8 ,  28 May c u r v e  h a s  s l i g h t l y  l e s s  c o a r s e  

m a t e r i a l  and s l i g h t l y  m ore  f i n e  m a t e r i a l  t h a n  th e  c u rv e  from  New Bar 

#3, w h ic h  was b e in g  d e p o s i t e d  d u r in g  t h i s  e v e n t .  T h is  i s  e x a c t l y  w hat 

o n e  w o u l d  e x p e c t  i f  t h e  s a m p l e r  n o z z l e  w e r e  t o o  s m a l l .  T h i s  i n t e r ­

p r e t a t i o n  i s  s u p p o r t e d  by t h e  f a c t  t h a t  i n  t h e  two y e a r s  of s a m p l in g  

t h e  n o z z le  w ou ld  o f t e n  be c o m p le te ly  b lo c k e d  by a  s i n g l e  l a r g e  c o b b le  

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

b e d l o a d  b e i n g  s a m p l e d  w a s  f i n e r  t h a n  t h a t  b e i n g  d e p o s i t e d .  B e c a u s e
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1 0 0  „

= 7 0  .

Q  6 0  .

% 5 0 .

> 4 0 .

E 3 0 .

ZSC.^

H e l le y - S m i th  Samples

Ph i  s i z e T  ^  I ^  ^

D e p o s i t  Sample

□  28 May 1983 , 01 :41  O  New b a r  sam pled
( b e f o r e  dam b u r s t )  a f t e r  dam b u r s t  on

18 A p r i l  1984
A  28 May 1983 , 1 8 :28  

( a f t e r  dam b u r s t )

F i g u r e  15. C u m u l a t i v e  g r a i n  s i z e  d i s t r i b u t i o n  f o r  t h r e e  b e d l o a d  
s a m p le s .
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t h e  H e l l e y - S m i t h  h a s  b e e n  shown t o  f u n c t i o n  n e a r  100% e f f i c i e n c y  when 

s a m p l e r  s i z e  i s  c o r r e c t l y  m a t c h e d  t o  b e d l o a d  ( E m m e t t ,  1980) arid 

b e c a u s e  t h e  n o z z l e  w a s  o f t e n  b l o c k e d  b y  a  s i n g l e  c o b b l e ,  t h e  

i n t e r p r e t a t i o n  t h a t  t h e  s a m p l e r  w a s  t o o  s m a l l  an d  s o  d i d  n o t  s a m p l e  

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

The s a m p l e s  t a k e n  f r o m  t h e  g r a v e l  b a r  a f t e r  t h e  e v e n t  h ad  an  

a v e r a g e  m ed ian  p a r t i c l e  s i z e ,  o r  d^Q o f  43 mm, much l a r g e r  th a n  th e  16 

mm s i z e  n e c e s s a r y  f o r  100% s a m p l e r  e f f i c i e n c y .  A ppendix  D c o n t a i n s  

a d d i t i o n a l  s i e v e  d a t a .  The d a t a  i n  F i g u r e  15 a r e  r e p r e s e n t a t i v e  o f  

t h e  g e n e r a l  s i z e  a n d  d i s t r i b u t i o n  o f  t h e  b e d  m a t e r i a l .  T h i s  30% 

d i f f e r e n c e  b e tw e e n  a c t u a l  b e d lo a d  d^Q, a s  o b t a in e d  f ro m  t h e  f r e s h l y  

d e p o s i t e d  b a r  g r a v e l  a f t e r  t h e  e v e n t ,  an d  s a m p l e d  d^Q h a s  a  g r e a t  

e f f e c t  on b o t h  t h e  f o r m u la ' s  p r e d i c t i o n s  and sam p led  b e d lo a d .  I f  t h e  

s a m p l e r  i s  i n e f f i c i e n t ,  t h e n  t h e  t o t a l  m easu red  t r a n s p o r t  r a t e  w i l l  b e  

s m a l l e r  t h a n  i t  s h o u l d  b e .  I f  t h e  d^Q o b t a i n e d  f r o m  t h e  s a m p l e r  i s  

t o o  s m a l l ,  t h e n  t h e  S c h o k l i t s c h  f o r m u l a  w i l l  p r e d i c t  t o o  m uch
M

t r a n s p o r t  a n d  t h e  M e y e r—P e t e r  a n d  M u l l e r  f o r m u l a  w i l l  p r e d i c t  t o o  

l i t t l e  t r a n s p o r t .  T a b le  4 shows how t h e  s a m p le r  b i a s  o f  30% i n c r e a s e s  

t h e  S c h o k l i t s c h  f o r m u la  e r r o r  and d e c r e a s e s  t h e  MPM e r r o r .  T h is  b i a s  

i s  a lw a y s  a  n e g a t i v e  b i a s ,  t h a t  i s ,  t h e  76.2 mm H e l le y - S m i t h  sa m p le s  

a r e  a l w a y s  30% s m a l l e r  t h a n  a c t u a l  b e d l o a d  o n  S quaw  C r e e k .  

C om pensa t ing  f o r  t h i s  s a m p l e r  e r r o r  s h i f t s  t h e  p r e d i c t i o n s  by  f o rm u la s  

w i t h  g r a i n  s i z e  p a r a m e t e r s .  M easured  b e d lo a d  q u a n t i t y ,  when a d j u s t e d  

f o r  t h i s  30% s a m p l e r  b i a s ,  i n c r e a s e s .  The s a m p l e r  b i a s  a f f e c t d d  

bed  lo a d  m e a s u re m e n ts  and b e d lo a d  p r e d i c t i o n s  b y  t h e  S c h o k l i t s c h  a n d

MPM f o r m u la s .
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E f f e c t  o f  M easu rem en t  E r r o r  on F o rm u la  P r e d i c t i o n s ,. When a p p l i e d  

t o  b o t h  t h e  f o r m u la s  and sa m p le d  b e d lo a d ,  t h e s e  c o r r e c t i o n s  a c c o u n t  

f o r  one o r d e r  o f  m ag n i tu d e  i n  d i s c r e p a n c y  b e tw e e n  p r e d i c t e d  b e d lo a d  

and m ea su red  b e d lo a d ,  a s  can  be  s e e n  f rom  th e  new k - v a l u e s  i n  T a b le  5. 

Column t h r e e  o f  T a b le  5 shows t h e  ran g e  o f  p o s s i b l e  p r e d i c t e d  b e d lp a d  

t r a n s p o r t  c a l c u l a t e d  by  a d d in g  and s u b t r a c t i n g  t h e  w o r s t  p o s s i b l e  p e r  

c e n t  e r r o r  f r o m  T a b l e  4 t o  o r  f r o m  t h e  p r e d i c t e d  b e d l o a d  v a l u e s  i n  

T a b l e  2 . The f o u r t h  c o lu m n  o f  T a b l e  5 s h o w s  t h e  i n c r e a s e  i n  m a s s  o f  

m easu red  b e d lo a d  r e s u l t i n g  f rom  a  30% i n c r e a s e  i n  p a r t i c l e  d i a m e te r .  

T h is  v a l u e  w as e s t i m a t e d  c o n s i d e r i n g  t h e  p a r t i c l e  t o  b e  s p h e r i c a l  i n  

s h a p e .  A l t h o u g h  d i a m e t e r  i n c r e a s e d  b y  a  f a c t o r  o f  0 .3  (30% ), v o l u m e  

i n c r e a s e d  b y  a  f a c t o r  o f  3 (300%) b e c a u s e  v o l u m e  i s  c a l c u l a t e d  b y  

r a i s i n g  t h e  r a d i u s  t o  t h e  t h i r d  p o w e r .  M ass  i s  c a l c u l a t e d  a s  t h e  

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

c o n s t a n t  (2 .94 g/cm ^ on t h e  s tu d y  r e a c h ) , mass i n c r e a s e s  by  t h e  f a c t o r  

o f  3 (300%) d u e  t o  t h e  3 0% i n c r e a s e  i n  p a r t i c l e  d i a m e t e r .  M e a s u r e d  

b e d lo a d  v a l u e s  a r e  s u b j e c t  t o  a n a l y t i c  e r r o r  a s  w e l l  a s  t h i s  s a m p le r  

b i a s .

C o lum n f i v e  a d d s  a  10% a n a l y s i s  e r r o r  t o  t h e . 30% s a m p l e r  b i a s .  

A 10% a n a l y s i s  e r r o r  was c h o sen  t o  r e p r e s e n t  th e  w o r s t  p o s s i b l e  c a s e .  

These  v a l u e s  r e p r e s e n t  t h e  maximum p r o b a b l e  e r r o r  i n  m easu red  b e d lo a d  

o b t a i n e d  w i t h  t h e  76 .2  mm h a n d -h e ld  H e l l e y - S m i th  s a m p l e r  u se d  i n  t h e  

s tu d y .

The new k - v a l u e s  i n  t h e  s i x t h  co lum n o f  T a b le  5 a r e  c a l c u l a t e d  by  

d i v i d i n g  t h e  m e a s u r e d  b e d l o a d  v a l u e s  a d j u s t e d  t o  m axim um  p r o b a b l e  

e r r o r  (co lum n f i v e )  by  t h e  p r e d i c t e d  bed  lo a d  f rom  t h e  low end o f  t h e
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e r r o r  r a n g e  i n  c o lu m n  t h r e e .  T h e s e  v a l u e s ,  r e f l e c t i n g  t h e  m axim um  

p r o b a b l e  e r r o r  d u e  t o  m e a s u r e m e n t  e r r o r  and  s a m p l e r  e r r o r ,  v a r y ’ on e  

o r d e r  o f  m a g n i tu d e  f ro m  th e  k - v a l u e s  i n  T a b le  2.

T a b le  5 .  Range o f  p o s s i b l e  p r e d i c t e d  b e d lo a d  b a s e d  on p r o b a b le  
e r r o r s .

Bedload
Bedload when 
when 30% H-S 

30% H-S b i a s  + 10% 
b ia s  i s  a n a ly s i s  

accounted e r r o r  i s

k -v a lu es  
ad jus ted  

f o r  30% 
H-S b i a s

Range of p o s s ib le  f o r  accounted f o r  and 10% 
p re d ic te d  bedload (m etric  (m etric  tons  a n a ly s is
(m etric  tons  dry) tons  dry) dry) e r r o r

Stream 1983 b u 207,418 - 280,625 3323 3656 1.8  X IO-2
power 1984 b a) 175,702 - 214,747 2834. 2622 1;5 X IO"2

S chdk li tsch  1983 G1 57,376*- 215,843 3323 3656 6 .4  X IO"2
1984 G1 32,403 - 200,817 23 84 2622 3 .6  X IO"2

MPM 1983 G^1 230,892 - 353,644 3323 3656 1.6 X IO"2
MPM 1984 G I 166,663 - 178,395 23 84 2622 1.6  X 10"2

*More l i k e l y  v a r i a t i o n .

H e l l e y - S m i th  sa m p le s  t a k e n  on t h e  C le a r w a te r  R iv e r  (Bagno l d ,  

1977) i n  1974 w i t h  a  1 5 2 .4  mm s a m p le r  w e re  a l s o  one o r d e r  o f  m ag n i tu d e  

g r e a t e r  t h a n  t h o s e  t a k e n  i n  1972 w i t h  a  7 6 .2  mm s a m p le r .

M easurem ent e r r o r  and s a m p le r  e r r o r  can  e x p l a i n  one o r d e r  o f  

m ag n i tu d e  o f  t h e  f o r m u la s '  o v e r p r e d i c t i o n .  The re m a in in g  o r d e r  of 

m ag n i tu d e  o v e r p r e d i c t i o n  m ust b e  a t t r i b u t a b l e  t o  f a c t o r s  n o t  con­

s i d e r e d  i n  t h e  f o r m u la s .
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O v e r p r e d i c t i o n  Due t o  F orm ula  I n a d e q u a c ie s  

S p a t i a l  V a r i a t i o n

The m odel i m p l i e d  i n  many b e d lo a d  f o r m u la s  i s  t h a t  o f  p a r t i c l e s  

a t  r e s t  on t h e  s t r e a m b e d  u n t i l  s t r e a m  pow er  r e a c h e s  a  minimum v a l u e  

( t h r e s h o l d )  n e c e s s a r y  t o  e n t r a i n  th e m .  When s u c h  a  s t r e a m  p o w e r  i s  

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

l a r g e r ,  u n t i l ,  a t  some s t r e a m  po w er ,  t h e  e n t i r e  bed  i s  i n  m o tio n  i n  a 

k i n d  o f  "m oving c a r p e t "  (Duboys, 187 9; S h i e l d s ,  1936; E i n s t e i n ,  1950). 

Such b e h a v i o r  h a s  b e e n  o b s e rv e d  i n  f lu m e s  w i t h  e q u a l  d i a m e t e r  s p h e r e s  

and san d  s i z e  p a r t i c l e s  and may a l s o  b e  c o r r e c t  f o r  sandbed  s t r e a m s .

Some w o r k e r s  a c know ledge  t h a t  i n s t r e a m  f lo w  i s  n o t  s t e a d y ,  b u t  

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

G r i f f i t h s  and S u t h e r l a n d  (1977) s u g g e s t  s t e a d y  f lo w  b e d lo a d  f o r m u la s  

c o u ld  w ork  i f  a d j u s t e d  f o r  t h e s e  p e a k s  and s e d im e n t  s u p p ly  c o n d i t i o n s .  

W orking w i t h  p a r t i c l e  s i z e s  a s  l a r g e  a s  7 and 25 mm Y a l in  (1963) found 

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

t h a t  " c r i t i c a l  t r a c t i v e  f o r c e  i s  n o n - e x i s t e n t "  (1963, p. 223).

I n  Squaw C r e e k  b e d l o a d  w a s  n o t  o b s e r v e d  t o  b e  s p a t i a l l y  c o n ­

t i n u o u s .  N a n so n  (197 4 ) ,  w o r k i n g  i n  a  s m a l l ,  s t e e p  m o u n t a i n  s t r e a m  

v e r y  s i m i l a r  t o  Squaw C reek , found  b e d lo a d  c o n s i s t e n t l y  g r e a t e s t  a t  

t h e  l e f t  b a n k  a n d  c e n t e r  o f  t h e  s t r e a m .  U s in g  p r e s s u r e  s e n s i t i v e  

d e v ic e s  m ounted i n  t h e  s t r e a m b e d ,  B rayshaw , F r o s t i c k  and Reid (1983) 

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

B agnold  (1977) r e c o g n iz e d  t h a t  c h a n n e l  s h a p e ,  c h a n n e l  c r o s s  s e c t i o n ,  

and d i v e r g i n g  and c o n v e rg in g  f lo w  a r e  n o t  c o n s t a n t  i n  n a t u r a l  r i v e r s ,  

so  i d e a s  b a s e d  on f lu m e  o b s e r v a t i o n s  a r e  " n o t  n e c e s s a r i l y  a p p l i c a b l e
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t o  r i v e r s ” (1 9 7 7 ,  p .  3 0 5 ) .  He s u g g e s t e d  t h a t  " s t r e a m s  o f  s o l i d s  

w a n d e r  a t  random l a t e r a l l y  o v e r  t h e  bed"  (1977, p. 307) .

At Squaw C reek  b e d lo a d ,  was c o n s i s t e n t l y  g r e a t e s t  i n  e a r l y  1983 i n  

a  z o n e  1.3 m w id e  and c e n t e r e d  5.8 m from  t h e  l e f t  bank . As an exam ple  

o f  t h i s ,  i n  o n e  s a m p l e  t r a v e r s e  e i g h t  3 0 - s e c o n d  s a m p l e s  h a d  f i l l e d  

o n ly  a b o u t  10 cm o f  t h e  H e l l e y - S m i t h  s a m p le  bag. When t h e  p o i n t  5.8 m 

f rom  t h e  l e f t  bank  w as r e a c h e d  t h e  r e m a in d e r  o f  t h e  bag  and t h e  e n t i r e  

s a m p l e r  n o z z l e  c o m p l e t e l y  f i l l e d  i n  30 s e co n d s .

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

a b o u t  5 J u n e  1 9 8 3 ,  b e d l o a d  s h i f t e d  t o w a r d s  a  p o i n t  3 .7  m f r o m  t h e  

l e f t  b a n k  w h e r e  t h e  g r e a t e s t  v o lu m e  c o n t i n u e d  t o  f l o w  i n  1984  a n d  

1985. C u s t e r  and o t h e r s  (1987) a l s o  show t h a t  b e d lo a d  i s  n o t  l a t e r a l l y  

c o n t in u o u s  a c r o s s ' t h e  s t r e a m ,  b u t  i s  c o n f in e d  l a r g e l y  t o  t h i s  p o i n t .

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

s t r e a m  w i d t h ,  b e d l o a d  p r e d i c t i o n s  b a s e d  on  m u l t i p l y i n g  u n i t  s t r e a m  

po w er  by  t o t a l  s t r e a m  w i d t h  w i l l  b e  i n  e r r o r .  They w i l l  o v e r p r e d i c t  

b y  t h e  r a t i o  o f  t o t a l  w i d t h  t o  a c t u a l  b e d l o a d  z o n e .  A t Squaw C r e e k  

o n l y  a b o u t  83% o f  th e ,  e n t i r e  s t r e a m  w i d t h  i s  a c t i v e l y  i n v o l v e d  i n  

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

o b s e r v a t i o n  o f  q u a n t i t y  o f  b e d lo a d  o b t a i n e d  a t  m arked O J  m i n t e r v a l s  

on  t h e  c a t w a l k  a c r o s s  t h e  s t r e a m  w i d t h  d u r i n g  1983 and  1 9 8 4 .  

M u l t i p l y i n g  p r e d i c t e d  b e d lo a d  t r a n s p o r t  r a t e s  ppir] b y  t o t a l  w i d t h  w i l l  

o v e r p r e d i c t  by a b o u t  17% on Squaw C reek . Leopold  and  Em mett a l s o  u s e d  

o n l y  p a r t  o f  t h e  s t r e a m  w i d t h  i n  t h e i r  E a s t  F o r k  R i v e r  s t u d y  (197 6) 

r e c o g n i z i n g  t h a t  o n l y  a  p o r t i o n  o f  t h e  s t r e a m  w i d t h  i s  i n v o l v e d  i n  

b e d l o a d  t r a n s p o r t .
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V a r i a t i o n s  i n  Sed im ent Supply  and S to ra g e

Sed im ent s u p p ly  and s t o r a g e  w i l l  a l s o  a f f e c t  p r e d i c t i o n s  o f  

s e d im e n t  y i e l d  b a s e d  on t h e  f o r m u la s .  I f  r a t e  o f  s e d im e n t  s u p p ly  o r  

r e l e a s e  from s t o r a g e  i s  l e s s  t h a n  t r a n s p o r t  r a t e ,  sam pled  b e d lo a d  w i l l  

b e  l e s s  th a n  p r e d i c t e d .  Sed im ent c a n  be  s u p p l i e d  t o  h i g h  m oun ta in  

s t r e a m s  s u c h  a s  Squaw Creek from  e x t r a - c h a n n e l  s o u r c e s  i n c l u d in g  

l a n d s l i d e s ,  d e b r i s  f l o w s ,  a v a la n c h e s  and s tre a m b a n k  f a i l u r e .  Sedim ent 

can  be  s t o r e d  w i t h i n  t h e  c h a n n e l  by  bed  a rm o r ,  p o o l  s t o r a g e ,  lo g  jam s 

and b e d fo rm s .  The e f f e c t  o f  e x t r a - c h a n n e l  s e d im e n t  su p p ly ,  on b e d lo a d  

t r a n s p o r t  p r e d i c t i o n s  on Squaw C reek  w i l l  be  d i s c u s s e d  f i r s t .

L a n d s l i d e s ,  D e b r i s  F lo w s ,  A v a la n c h e s ,  S tream bank F a i l u r e . W orkers 

i n  . d r a i n a g e  b a s i n s  v e ry  s i m i l a r  t o  Squaw C reek  have  n o te d  t h a t  

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

s l i d e s ,  d e b r i s  f lo w s  and a v a la n c h e s  ( G r i f f i t h s ,  1 9 8 0 ) ,  mudflows 

(M cPherson , 1970) and s t r e a m b a n k  f a i l u r e  ( G r i f f i t h s ,  1980; L aronne  and 

C a rso n ,  1 9 7 6 ) .  The g e o lo g i c  map o f  t h e  Squaw C reek  b a s i n  .(McMannis 

and Chadw ick, 1964) shows f i v e  Q u a te rn a r y  l a n d s l i d e  u n i t s  w h ic h  a r e  

c u t  by  Squaw C reek  o r  i t s  t r i b u t a r y  s t r e a m s .  Two l a r g e  a v a la n c h e  

c h u te s  on G a rn e t  M oun ta in  t e r m i n a t e  t h e i r  r u n o u t  z o n e s  a b r u p t l y  a t  

Squaw C re e k .  A f i e l d  check  of t h e s e  s e d im e n t  s u p p ly  s i t e s  shows t h a t  

t h e  s t r e a m s  have  done m ost o f  t h e i r  w ork moving t h e  new m a t e r i a l  and 

a d j u s t i n g  t h e i r  c o u r s e s  p r i o r  t o  t h e  p e r i o d  of t h i s  s t u d y .  Load from  

e x t r a - c h a n n e l  s o u r c e s  was i n t r o d u c e d  i n t o  Squaw C reek  d u r in g  th e  s tu d y  

p r i m a r i l y  by  ban k  f a i l u r e .  The r i p a r i a n  zone i s  w e l l  e s t a b l i s h e d  

a lo n g  Squaw C reek  c o n t r i b u t i n g  t o  bank  s t a b i l i t y .  Thus t h e  e x t r a  

c h a n n e l  s e d im e n t  s u p p ly  r a t e  i n t o  Squaw Creek may b e  l e s s  th a n  t h e
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p o t e n t i a l  t r a n s p o r t  r a t e  a c c o u n t i n g  f o r  so m e  o f  t h e  a p p a r e n t  o v e r -  

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

d v e r p r e d i c t e d  by  s i m i l a r  a m o u n ts ,  a s  c a n  b e  s e e n  by  the . k  f a c t o r s  in  

T a b le  2 ,  i n  b o t h  1983 when t h e  lo g  jam  b u r s t  and i n  1984 when no s u c h  

e v e n t  o c c u r r e d  on t h e  s tu d y  r e a c h .  T h is  shows t h a t  w h i l e  t h e  b u r s t i n g  

o f  t h e  lo g  jam  w as an  i m p o r t a n t  e v e n t ,  t h e  amount o f  s e d im e n t  s t o r e d  

b e h i n d  t h e  j a m  w a s  n o t  g r e a t  e n o u g h  t o  c o m p e n s a t e  f o r  t h e  l a c k  o f  

s t e a d y  e x t r a - c h a n n e l  s e d im e n t  s u p p ly  and b r i n g  m easu red  t r a n s p o r t  r a t e  

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

lo g  jam  b u r s t  i s  t h a t  i t  d e m o n s t r a t e s  a  m echanism  b y  w h ic h  a  s e d im e n t  

d e f i c i e n t  s t r e a m  c a n  i n i t i a t e  t h e  b r e a k  up  o f  b e d  a r m o r  an d  t h e  

r e l e a s e  o f  s e d im e n t  s t o r e d  t h e r e .

S i n c e  t h e  s u p p l y  o f  e x t r a - c h a n n e l  s e d i m e n t  l o a d  t o  Squaw C r e e k  

a p p e a r s  t o  b e  l i m i t e d , . t h e  b e d lo a d  w h ic h  does  move m ust  b e  s t o r e d  f rom  

e v e n t  t o  e v e n t  w i t h i n  t h e  s t r e a m  c h a n n e l .  A t Squaw C r e e k  s e v e r a l  

i n t r a - c h a n n e l  s t o r a g e  a r e a s  c a n  b e  i d e n t i f i e d :  t h e  b e d  a r m o r ,  p o o l s  

and lo g  j a m s ,  and b e d fo rm s .

Bed Ar m o r . O t h e r  w o r k e r s  i n  g r a v e l  b e d  s t r e a m s  h a v e  n o t e d  t h a t  

b ed  a rm o r  h o ld s  s e d im e n t  beyond c a l c u l a t e d  t h r e s h o l d  v a l u e s  of s t r e a m  

p o w e r  ( Y a l in ,  197 2; M ilh o u s  and K lin g em a n ,  1973; LaRonne and C arson , 

1 976 ; P a r k e r  a n d  o t h e r s ,  1 982 ;  B r i d g e  a n d  J a r v i s ,  1 9 8 2 ;  G r i f f i t h s ,  

1980). T hese  r e s e a r c h e r s  a r e  i n  a g re e m e n t  t h a t  when t h e  pavem en t i s  

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

s o u r c e s .  P a r k e r  and o t h e r s ,  (1982) have  found  t h a t  t h e  c o a r s e  s u r f a c e  

p a v e m e n t  h a s  t y p i c a l l y  1 .5  t o  3 t i m e s  t h e  m ean  p a r t i c l e  s i z e  o f  t h e
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su b p a v em e n t.  They have  found  th e  subpavem ent d^Q t o  be  c h a r a c t e r i s t i c  

o f  most o f  t h e  b e d lo a d  t h e  s t r e a m  t r a n s p o r t s .

T h is  r e l a t i o n s h i p  i s  s e e n  a t  Squaw C reek  w here  t h e  bed a rm or h a s  a 

d^Q v a l u e  o f  94  mm, v e r s u s  t h e  subpavem ent v a lu e  o f  43 mm, a  r a t i o  o f  

2 . 2 : 1 .  Bed a rm o r in g  can  a c c o u n t  f o r  p r e d i c t e d  v a l u e s  o f  b e d lo a d  a t  

l e a s t  one o r d e r  o f  m ag n i tu d e  above  m easured  v a l u e s  (M ilhous and 

K lingem an , 1973; P a r k e r  and o t h e r s ,  1 9 8 2 ) .  T h is  e f f e c t  was 

d e m o n s t r a te d  when p a i n t e d  s t o n e s  throw n i n t o  a  s t r e a m  moved b e f o r e  t h e  

same s i z e  m a t e r i a l  i n  t h e  bed  a rm or  i n  an  e x p e r im e n t  p e rfo rm ed  b y  

LaRonne and C arson  ( 1 9 7 6 ) .  Once t h e  a rm or l a y e r  i s  b r o k e n  b e d lo a d  i s  

a g a in  g o v e rn e d  b y  h y d r a u l i c s .  M ilhous  and K lingem an (1973) a t t r i b u t e d  

t h e  d i f f e r e n c e  i n  d i s c h a r g e  on t h e  r i s i n g  and f a l l i n g  l im b s  o f  t h e  

h y d ro g ra p h  n e c e s s a r y  t o  a t t a i n  a  g iv e n  b e d lo a d  t o  t h e s e  a rm or l a y e r  

e f f e c t s .  Nanson (1974) d i s c o u n t e d  t h i s  a rm or l a y e r  e f f e c t  b e c a u s e  he 

o b s e rv e d  l e s s  b e d lo a d  d u r in g  p o s t - p e a k  d i s c h a r g e s .

To d e te r m in e  i f  s u c h  an  a rm or l a y e r  e f f e c t  was p r e s e n t  on Squaw 

C reek  an a n a l y s i s  o f  b ed  s l o p e ,  p r e d i c t e d  b e d lo a d ,  s t r e a m  power ( w ) 

v e r s u s  m easu red  b e d lo a d ,  and f i e l d  o b s e r v a t i o n s  was u n d e r t a k e n .  I f  

s u c h  an  a rm or  l a y e r  e f f e c t  was p r e s e n t ,  s t r e a m  power and p r e d i c t e d  

b e d lp a d  s h o u ld  b e  v e r y  h ig h  compared t o  m easured  b e d lo a d  u n t i l  t h e  

a rm o r  was b r o k e n ,  a t  w h ic h  t im e  b e d lo a d  s h o u ld  o c c u r  a t  much lo w e r  

v a l u e s  o f  s t r e a m  pow er .  When t h e  a rm or  b r e a k s ,  t h e  s e d im e n t  d e f i c i e n t  

s t r e a m  s h o u ld  b e g i n  t o  i n c i s e  i t s  c h a n n e l .  S ince  c h a n n e l  e r o s i o n  i s  

h eadw ard , t h e  e f f e c t  on a  r e a c h  s c a l e  would  be  t o  lo w e r  bed  s l o p e .  

The bed  s h o u ld  c hange  from  a  h a r d ,  c o h e s iv e  pavem ent c a p a b le  o f
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s u p p o r t i n g  a  p e r s o n s  w e i g h t  w h i l e  w a d in g ,  t o  a s o f t ,  n o n - c o h e s iv e  mush 

l i k e  a  f r e s h l y  g r a v e l e d  d r iv e w a y .

I n  m a k in g  t h e  s l o p e  m e a s u r e m e n t s ,  t h e  s t r e a m  w a s  t r a v e r s e d .  

F i e l d  n o t e s  show o b s e r v a t i o n  o f  t h e  bed  b e in g  l o o s e  t w i c e .  On 28 May 

1983 a  s o f t  b o t t o m  w a s  n o t e d  6 .4  t o  7 .0  m f r o m  t h e  l e f t  b a n k .  T h i s  

o b s e r v a t i o n  i s  a t t r i b u t a b l e  t o  s e d im e n t  f i l l i n g  a  s c o u r  h o l e  t h a t  was 

a t  t h a t  l o c a t i o n  i n  1982, 1983, and 1984 -  n o t  t o  t h e  a rm o r  b re a k in g .  

The s e c o n d  o b s e r v a t i o n  o c c u r r e d  on  5 J u n e  1983 w h e n  t h e  a u t h o r  s a n k  

i n t o  t h e  b e d  a p p r o x i m a t e l y  5 cm w i t h  e a c h  s t e p  a c r o s s  t h e  e n t i r e  

c h a n n e l  w i d t h .  At t h i s  t i m e  t h e  a r m o r  w a s  b r o k e n ,  t h i s  o b s e r v a t i o n  

b e in g  s u p p o r t e d  by t h e  bed  s lo p e  d a ta .

The a n a l y s i s  o f  b e d  s l o p e  d a t a  f o r  t h i s  p e r i o d ,  28  May -  5 J u n e  

1983 i s  shown i n  T a b le  6. The d a t a  i s  f o r  two l o n g i t u d i n a l  bed  s lo p e  

p r o f i l e s ,  5 - 3  a n d  4 - 2  ( s e e  A p p e n d ix  C). N o te  t h e  d i s t i n c t  b r e a k  i n  

b e d  s l o p e  v a l u e s  b e t w e e n  5 J u n e  a n d  11 J u n e  1983 . T h e r e  a r e  tw o  

p r o b a b le  e x p l a n a t i o n s  f o r  t h e  change  i n  s lo p e .  One i s  t h a t  t h e  a rm o r  

w as  b r o k e n  a t  a b o u t  5 June . 1983 and t h e  s lo p e  changed  i n  r e s p o n s e  t o  

t h i s  e v e n t .  A se co n d  h a s  t o  do w i t h  t h e  e r o s i o n  and r e s e t t i n g  o f  t h e  

u p s t r e a m  s lo p e  datum  l i n e  s t a k e .

As m e n t io n e d  e a r l i e r ,  an  u p s t r e a m  datum l i n e  s t a k e  w as w ashed  

i n t o  t h e  s t r e a m  t w i c e  a n d  on  e a c h  o c c a s i o n  t h e  l i n e  w a s  r e s u r v e y e d  

l e v e l .  The p o s s i b i l i t y  e x i s t s  t h a t  e r r o r  i n  r e l e v e l i n g  t h e  datum l i n e  

c o u ld  a c c o u n t  f o r  t h e  b r e a k  i n  bed  s l o p e  v a l u e s .  The f i r s t  r e s e t t i n g  

o f  t h e  l i n e  w as  on  31 May 1983 and t h e  se co n d  i n  t h e  p e r i o d  5 -11  J u n e  

1983. Each t i m e  t h e  l i n e  w as r e s e t  i t  w as checked  s e v e r a l  t im e s  f o r  

l e v e l .  A l t h o u g h ,  a s  m e n t i o n e d  e a r l i e r  i n  t h e  e r r o r  d i s c u s s i o n .
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T a b le  6 .  Bed s l o p e  v a l u e s  f o r  s t r e a m w is e  p r o f i l e s  5—3 and 4 - 2 .  Note  
d e c r e a s e  i n  s l o p e  a t  a b o u t  5 J u n e  1983 when s t r e a m  i n c i s e d
and b r o k e  bed a rm o r .

D a te S lope  P r o f i l e  
5-3  
(%)

S lope  P r o f i l  
4 -2  
(%)

28 May 1983 2 .9 1 ct5_3 = 0 .1 5 4 .5 2
29 May 1983 2 .8 6 Range 2 °5_3 4 .1 0
30 May 1983 2 .7 0 = 2 .4 5 - 3 .0 5 3 .9 8
30 May 1983 2 .5 5 3 .8 1
31 May 1983 2 .63 3 .57

5 J u n e 1983 2 .87 3 .3 9

11 J u n e 1983 Not w ad a b le 3 .2 0

12 J u n e 1983 0 .7 5 — 0 .0 6 2 .9 4
18 J u n e 1983 0 .8 9 Range 2 O5^ 2 .7 9
19 J u n e 1983 0 .8 3 = 0 .7 0 - 0 .9 4 2 .7 0
19 J u n e 1983 0 .7 6 2 .6 5
25 J u n e 1983 0 .8 6 2 .6 2

"4-2= 0 .4 5
Range 2 

= 2 .9 0 - 4 .7 0

4 -2 0 .13
Range 2 
.= 2 .4 8 - 3 .0 0

r e s e t t i n g  t h e  datum  l i n e s  c o n t r i b u t e d  t o  l e s s  c e r t a i n t y  i n  t h e  1983 

s lo p e  d a t a ,  s l o p e  v a l u e s  from  30 May, 31 May and 5 J u n e  show no 

s i g n i f i c a n t  s t a t i s t i c a l  v a r i a t i o n  ( s e e  T a b le  6 ) .

F u r t h e r  c o n f i r m a t i o n  t h a t  t h i s  change  i n  bed  s l o p e  i s  due t o  t h e

s t r e a m  b r e a k i n g  i t s  c h a n n e l  a rm or and i n c i s i n g  and n o t  due  t o  e r r o r  i n  

r e s e t t i n g  th e  da tum  l i n e  can  b e  found  i n  T a b le  6 .  Note t h a t  t h e  

v a r i a t i o n  i n  s l o p e  p r o f i l e  4 -2  i s  -0 .45%  from 5 J u n e  t o  12 J u n e .  From 

12 J u n e  t o  t h e  end  o f  t h e  s tu d y  s e a s o n  p o i n t  4 ,  t h e  u p s t r e a m  datum  

p o i n t ,  was on a  d ry  b a r  and m easured  t h e  same e l e v a t i o n  e a c h  d a y .  The 

d e c r e a s e  i n  s l o p e  a lo n g  p r o f i l e  4 -2  i s  due  t o  a g g r a d a t i o n  a t  p o i n t  2 .  

D u r in g  t h e  p e r i o d  5 J u n e  t o  12 J u n e  t h e  v a r i a t i o n  i n  s lo p e  p r o f i l e  5-3  

i s  -2 .1 2 % , o r  n e a r l y  f i v e  t im e s  a s  g r e a t  a s  a t  p r o f i l e  4 - 2 .  T h is  

d i f f e r e n c e  o c c u r r e d  when p o i n t  4 m easu rem en ts  c o u ld  b e used as  a
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c o n t r o l  and p ro v e d  c o n s t a n t .  C l e a r l y  t h e  d a t a  s u p p o r t s  t h a t  lo w e r in g  

o f  b ed  s l o p e  o c c u r r e d  a lo n g  p r o f i l e  5 -3  around  5 June. 1983.

P r i o r  t o  5 J u n e  1983 t h e  r i g h t  c h a n n e l  c o m p l e t e l y  f i l l e d  w i t h  

b e d l o a d ,  m uch o f  w h i c h  had  b e e n  s t o r e d  b e h i n d  a  l o g  j a m .  (When 

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

i n  a c c o rd a n c e  w i t h  h y d r o lo g ic  c o n v e n t io n ,  t o  mean r i g h t  and l e f t  t o  an 

o b s e r v e r  f a c i n g  dow nstream .)  The c a t a s t r o p h i c  d i s p e r s a l  o f  t h i s  lo g  

jam , w h ic h  was d e s c r i b e d  e a r l i e r  and w h ic h  t r i g g e r e d  a  m a jo r  b e d lo a d  

e v e n t ,  w i l l  b e  d e s c r i b e d  i n  more d e t a i l  i n  a  s e p a r a t e  s e c t i o n .  When 

t h e  s e d i m e n t  s t o r e d  b y  t h e  l o g  j a m  w a s  moved a n d  d e p o s i t e d  i n  t h e  

r i g h t  c h a n n e l .  Squaw C reek  was a g a in  d e f i c i e n t  i n  s e d im e n t .  D i s c h a r g e  

now s h i f t e d  e n t i r e l y  t o  t h e  l e f t  c h a n n e l ,  t h a t  i s ,  t h e  s t r e a m  

s t r a i g h t e n e d  i t s  c o u r s e  and b eg an  t o  i n c i s e  and e n t r a i n  b e d lo a d .  The 

p r o c e s s  j u s t  d e s c r i b e d  w a s  a l s o  r e c o r d e d  i n  a  s e r i e s  o f  t i m e  l a p s e  

p h o to g ra p h s  ( s e e  F i g u r e s  16-21).  F i g u r e s  16-18  p h o t o g r a p h i c a l l y  r e c o r d  

t h e  p r o c e s s  w h i c h  w a s  r e p r e s e n t e d  e a r l i e r  a s  p l a n e  t a b l e  m aps  i n  

F i g u r e s  8 a n d  9 . F i g u r e s  1 9 -2 1  r e c o r d  t h e  p r o c e s s  r e s u l t i n g  i n  t h e  

c h a n n e l  c o n f i g u r a t i o n  m apped  i n  F i g u r e  1 0 .  The p r o c e s s  c a n  b e  m o re  

c l e a r l y  u n d e r s to o d  b y  co m p a r in g  t h e  p h o to g ra p h s  w i t h  t h e  p l a n e  t a b l e  

m a p s .  N o te  t h a t  t h e  m a in  p r o c e s s  o c c u r r i n g  i n  F i g u r e s  1 6 - 1 8  i s  

a g g r a d a t i o n  o f  m a t e r i a l  a lo n g  t h e  r i g h t  c h a n n e l .  T h is  m a t e r i a l  was 

i n i t i a l l y  d e r i v e d  f ro m  s t o r a g e  b e h in d  t h e  lo g  jam  and w as s u p p le m e n te d  

b y  m a t e r i a l  f ro m  a  z o n e  o f  bank  c o l l a p s e  and from  u p s t r e a m .  F i g u r e s  

1 9 - 2 1  show  t h e  e n t i r e  f l o w  f o r c e d  t o  t h e  l e f t  b a n k  a n d  t h e  s t r e a m  

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

b r e a k i n g  o f  t h e  a r m o r ,  t r i g g e r e d  b y  t h e  l o g  j a m  e v e n t ,  c a u s e d
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F i g u r e  16 . 13 :35 . 29 May, 1983. B ar a g g r a d a t i o n  b e g in n in g .  View from  
r i g h t  bank  to w a rd  lo g  jam  l o c a t i o n .  View p o i n t  f o r  p h o to s  
i n  F i g u r e s  16-21 i s  i d e n t i c a l .  See F ig u r e  8 f o r  v iew  p o i n t  
l o c a t i o n .

F i g u r e  1 7 .  I n d e f i n i t e  t im e  b e tw e e n  18 :40 . 29 May and 11 :26 , 30 May, 
1983. Bar a g g r a d a t i o n  c o n t i n u e s  w i t h  r i s i n g  d i s c h a r g e .
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F i g u r e  1 8 .  1 1 :26 , 30 May, 1983. D is c h a r g e  i s  s t i l l  r i s i n g .  Aggrada­
t i o n  i s  f i l l i n g  r i g h t  c h a n n e l .

F ig u r e  1 9 .  1 1 :00 , 11 J u n e ,  1983. R ig h t  c h a n n e l  f i l l e d .  D i s c h a r g e  i s  
w an ing  and i n c i s i o n  has  begun.
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F i g u r e  2 0 .  13 :29 , 12 J u n e ,  1983. Flow c o n f in e d  t o  l e f t  bank . Compare 
l o w e r  l e v e l  of w e t t e d  g r a v e l  a t  s t r e a m 's  edge w i t h  h ig h e r  
l e v e l  o f  new b a r .  New b a r  m a t e r i a l  i s  d r y i n g  an d  a p p e a r s  
l i g h t e r  i n  c o l o r .

F i g u r e  2 1 .  1 4 :1 5 ,  19 J u n e ,  1983. B edload  t r a n s p o r t  e v e n t  has  ended.
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s i g n i f i c a n t ,  b e d lo a d  t o  be r e l e a s e d  f rom  i n s t r e a m  s t o r a g e  from  5 Ju n e  -  

19 J u n e  1983. T h is  r e a c t i o n  o f  a  s t r e a m  t o  n o n - e q u i l i b r i u m  t r a n s p o r t  

c o n d i t i o n s  was o b s e rv e d  by G r i f f i t h s  and S u t h e r l a n d  (1977) w ork ing  i n  

a  f lu m e  w i t h  d^g = 4 mm p a r t i c l e s .

I f  t h i s  i n t e r p r e t a t i o n  i s  c o r r e c t ,  a  g ra p h  o f  s t r e a m  pow er v e r s u s  

m e a su re d  b e d lo a d  s h o u ld  show h ig h  s t r e a m  pow er r e l a t i v e  t o  m easu red  

b e d l o a d  u n t i l  t h e  a r m o r  i s  b r o k e n ,  a t  w h i c h  t i m e  b e d l o a d  s h o u l d  

i n c r e a s e  r e l a t i v e  t o  s t r e a m  pow er. , C om parison  o f  a  g ra p h  o f  p r e d i c t e d  

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

t r a n s p o r t  r a t e  v e r s u s  t i m e  c o n f i r m s  t h i s  i n t e r p r e t a t i o n  ( F i g u r e  4).  

I n i t i a l l y ,  f rom  28 May -  29 May 1983, a s  s t r e a m  pow er r i s e s , m e a s u r e d  

b e d lo a d  f o l l o w s .  T h is  i s  due t o  t h e  i n s t a n t a n e o u s  r e l e a s e  of s t o r e d  

s e d im e n t  from  t h e  l o g  jam . As m a t e r i a l  f i l l s  t h e  r i g h t  c h a n n e l ,  f rom  

29 May -  5 J u n e  1 9 8 3 ,  s t r e a m  p o w e r  v a l u e s  r e m a i n  h i g h ,  b u t  m e a s u r e d  

b e d lo a d ,  d ro p s  a s  t h e  a rm o r  r e m a in s  i n t a c t  and l i t t l e  new s e d im e n t  i s  

s u p p l i e d .  T hen  on  5 J u n e ,  a s  t h e  a r m o r  b e g i n s  t o  b r e a k ,  m e a s u r e d  

b e d l o a d  i n c r e a s e s  w h i l e  s t r e a m  p o w e r  d e c r e a s e s ,  g i v i n g  l e s s  

d i s c r e p a n c y  b e t w e e n  s t r e a m  p o w e r  a n d  m e a s u r e d  b e d l o a d  a s  e x p e c t e d .

A l t e r n a t i v e l y ,  t h e  d iv e r g e n c e  o f  s t r e a m  pow er f ro m  m easu red  b ed ­

l o a d  c o u l d  b e  e x p l a i n e d  i n  t e r m s  o f  a  new w av e  o f  s e d i m e n t  s u p p l y  

a r r i v i n g  f r o m  u p s t r e a m .  F i g u r e  4 d o e s  show w h a t  N a n s o n  (1974) 

r e p o r t e d ;  l e s s  b e d lo a d  a f t e r  peak  s t r e a m  pow er, b u t  t h i s  h y p o t h e s i s  

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

m e a su re d  bed  s lo p e  change  and  s u b j e c t i v e  ju d g m e n t  t h a t  t h e  a rm o r  had  

becom e n o n - c o h e s iv e .  F i g u r e  5 ,  f o r  t h e  1984 r u n o f f ,  a l s o  shows l e s s  

b e d l o a d  a f t e r  p e a k  s t r e a m  p o w e r ,  b u t  h e r e  m e a s u r e d  b e d l o a d  f o l l o w s
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s t r e a m  p o w e r  th r o u g h  t h e  e n t i r e  r u n o f f .  The a rm o r  was n o t  b ro k e n  i n  

t h e  s tu d y  r e a c h  i n  1984 and b e d lo a d  beh av ed  a s  Nanson o b s e rv e d ,  p e r ­

haps  o f f e r i n g  an  e x p l a n a t i o n  f o r  h i s  o b s e r v a t i o n .

In  a d d i t i o n  t o  a rm o r ,  p o o l s  and lo g  ja m s  a r e  a  s eco n d  c a t e g o r y  o f  

i n s t r e a m  s e d i m e n t  s t o r a g e .  The d i s t i n c t i o n  i s  m ad e  b e t w e e n  th e m  

b e c a u s e ,  a l t h o u g h  lo g  ja m s  fo rm  p o o l s  and r e t a i n  s e d im e n t ,  th e y  do n o t  

f i l l  an d  e m p ty  b y  h y d r a u l i c  c o n t r o l  a l o n e .  The r e l e a s e  o f  s e d i m e n t  

s t o r e d  by  a  lo g  jam  i s  a l s o  c o n t r o l l e d  by  t h e  s t r u c t u r a l  i n t e g r i t y  o f  

t h e  lo g  jam .

P o o l  S t o r a g e . The p o o l - r i f f l e  s e q u e n c e  o f  a  c o a r s e - p a r t i c I e  

m o u n ta in  s t r e a m  i s  w e l l  known. T h e re  a r e  5-7  c h a n n e l  w i d t h s  b e tw e e n  

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

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

c o a r s e r  m a t e r i a l  th a n  t h a t  w h ic h  f i l l s  t h e  p o o l s  (Dunne and L eopo ld ,  

197 8 ) .

The s tu d y  r e a c h  a t  Squaw C reek  m easu red  5.2 c h a n n e l  w id th s  f rom  

r i f f l e  t o  r i f f l e .  P l o t s  o f  w a t e r  s u r f a c e  s lo p e  v e r s u s  d i s c h a r g e  o v e r  

t h e  s tu d y  r e a c h  f o r  t h e  s tu d y  p e r i o d s  o f  1983 and 1984 show a  d e c r e a s e  

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

h y d r a u l i c s .

P o o l s  t e n d  t o  b e  s c o u r e d  o f  t h e i r  f i n e  m a t e r i a l  d u r i n g  r i s i n g  

s t a g e  (B agno ld ,  1977). A f t e r  t h i s  s e d im e n t  h as  moved th r o u g h  a r e a c h ,  

b e d l o a d  d r o p s  m a r k e d l y  u n t i l  a n o t h e r  s e d i m e n t  i n p u t  ( G r i f f i t h s ,  

1980). T h is  i s  t h e  b e h a v i o r  o b s e rv e d  on Squaw Creek . C om parison  o f  

d a t a  i n  A p p e n d i c e s  A an d  D f o r  t h e  p e r i o d s  22 -  30  May 1983 an d  28 

May -  2 J u n e  1984 shows t h i s  b e h a v io r .  D u r in g  t h e  r i s i n g  l im b s  o f
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e a c h  m a jo r  f lo o d ,  e v e n t  t h e  p r o p o r t i o n  o f  f i n e s  r e l a t i v e  t o  c o a r s e  

i n c r e a s e d .  A f t e r  1 -2  day s  t h i s  f i n e  m a t e r i a l  was much l e s s  e v id e n t

and t o t a l  b e d lo a d  a l s o  d ro p p e d ,  even  though  s t r e a m  power rem ained  

h ig h  ( s e e  F i g u r e s  4 and 5 ) ,  i n d i c a t i n g  l i t t l e  new s e d im e n t  in p u t  and 

rem oval o f  s e d im e n t  s t o r e d  i n  p o o l s  w i t h i n  t h e  c h a n n e l .

Log J a m s . A lo g  jam  b o t h  s t o r e s  s e d im e n t  and a c t s  a s  a tem p o ra ry  

l o c a l  b a s e  l e v e l  t o  w h ic h  t h e  s t r e a m  g r a d e s .  A l th o u g h  lo g  jam s a r e  

s i m i l a r  t o  p o o l s  i n  t h a t  th e y  b o t h  s t o r e  s e d im e n t ,  th e y  s h o u ld  p e rh a p s  

more p r o p e r l y  b e  c o n s id e r e d  s e p a r a t e l y .  T h is  i s  b e c a u s e  o f  t h e i r  ■ 

a b i l i t y  t o  e f f e c t  i n s t a n t a n e o u s ,  c a t a s t r o p h i c  c h a n g es  i n  s t r e a m  power 

v a r i a b l e s  and s e d im e n t  s u p p ly .  T h a t  l o c a l  c h a n n e l  g r a d i e n t  

s i g n i f i c a n t l y  a f f e c t s  p a r t i c l e  m o b i l i t y  i n  g r a v e l  bed  s t r e a m s  was a l s o  

r e c o g n iz e d  b y  L a ro n n e  and C arson  ( 1 9 7 6 ) .  How t h e  d i s p e r s a l  o f  a  l o g  

jam  c a u se d  an i n s t a n t a n e o u s  change  i n  l o c a l  b a s e  l e v e l  r e s u l t i n g  i n  

b r e a k i n g  o f  t h e  a rm o r ,  i n c i s i o n  and r e l e a s e  o f  i n t r a - c h a n n e l  s t o r a g e  

was d i s c u s s e d  e a r l i e r  i n  t h e  s e c t i o n  on i n t r a - c h a n n e l  s t o r a g e  i n  bed  

a rm o r .  I t  s h o u ld  b e  n o t e d  t h a t  t h e  lo g  jam  r e l e a s e d  t h e  se d im e n t  t h a t ,  

was s t o r e d  i n  i t s  p o o l  and w h ic h  c o n t r i b u t e d  t o  b lo c k a g e  o f  t h e  r i g h t  

c h a n n e l  s e v e n  day s  p r i o r  t o  t h e  b r e a k i n g  o f  t h e  a rm o r .  Log jams can  

th u s  p r o d u c e  com bined e f f e c t s  on b e d lo a d  t r a n s p o r t  w h ich  a r e  n o t  

p ro d u ce d  b y  p o o l  s t o r a g e .  In  t h r e e  y e a r s  o f  f i e l d  r e s e a r c h  a t  Squaw 

C reek  t h e  l a r g e s t ,  m ost s i g n i f i c a n t  b e d lo a d  e v e n t  o b s e rv e d  by t h e  

a u t h o r  was t r i g g e r e d  by  t h e  c a t a s t r o p h i c  d i s p e r s a l  o f  a  lo g  jam  

im m e d ia te ly  u p s t r e a m  o f  t h e  s tu d y  r e a c h .  T h is  e v e n t  p r o v id e s  an 

e x c e l l e n t  exam ple  o f  t h e  s i g n i f i c a n c e  o f  lo g  jam s i n  e f f e c t i n g  

v a r i a t i o n s  i n  s e d im e n t  s u p p ly  and s t o r a g e .
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The s i g n i f i c a n c e  o f  t h e  lo g  jam  c a n  b e  d e te rm in e d  b y  c a l c u l a t i n g  

■ t h e  b e d lo a d  t r a n s p o r t  d i r e c t l y  a t t r i b u t a b l e  t o  t h e  c h a n g es  t r i g g e r e d  

by  i t s  d i s p e r s a l . ■ The s e r i e s  o f  t i m e - l a p s e  p h o to g ra p h s  ( F ig u r e s  16-  

21) was begun  a t  t h e  t im e  o f  lo g  jam  d i s p e r s a l  t o  r e c o r d  t h e  ch an g es  

i n  c h a n n e l  m orpho logy . P r i o r  t o  t h e  e v e n t  t h e  c h a n n e l  had b e e n  

a c c u r a t e l y  mapped b y  p l a n e  t a b l e  ( F ig u r e  6 ) ,  and r e c o r d e d  on a e r i a l  

and g ro u n d  p h o to g r a p h s .  These r e c o r d s  w ere  u s e d  t o  d e te r m in e  t h e  

s u r f a c e  a r e a  o f . f r e s h l y  d e p o s i t e d  se d im e n t  by  t h e  c u t  and w e ig h  

m ethod . T h ic k n e s s  o f  t h e  f r e s h  s e d im e n t  was d e te rm in e d  by  

s t r a t i g r a p h i c  r e l a t i o n s h i p s  b e tw e en  new m a t e r i a l  and o ld  b a r  and 

c h a n n e l  m a t e r i a l  ( F ig u r e s  2 2 - 2 3 ) .  New m a t e r i a l  was e a s i l y ,  

i d e n t i f i a b l e  b y  l a c k  o f  f i n e  g r a i n e d  m a t r ix  and b y  f r e s h l y  washed 

p a r t i c l e  s u r f a c e s ,  t y p i c a l  o f  t h e  H e l l e y - Sm ith  s e d im e n t  t r a n s p o r t  

s a m p le s .  Having d e te r m in e d  t h i c k n e s s  and a r e a  o f  t h e  new b a r  m a t e r i a l  

i t  was a  s im p le  m a t t e r  t o  c a l c u l a t e  t o t a l  volume o f  b e d lo a d  d e p o s i t e d  

d u r in g  t h i s  e v e n t ,  and from  t h i s  and t h e  a v e ra g e  d e n s i t y  o f  t h e  

s e d im e n t  t o  d e te r m in e  mass o f  b e d lo a d .

F o r  exam ple .  F i g u r e  22 shows b a r  m a t e r i a l  a g g ra d in g  i n  an  a r c  

from  t h e  b u s h  a t  t h e  u p p e r  l e f t  t o  t h e  lo w e r  r i g h t .  The dog i n  F i g u r e  

23 i s  s t a n d i n g  n e a r  t h e  r i g h t  bank  a t  a b o u t  t h e  p o i n t  o f  t h e  lo w e r  

r i g h t  c o r n e r  o f  F i g u r e  22 , w h ic h  was v iew ed  from  a  d i f f e r e n t  a n g le  i n  

F i g u r e  2 0 .  A l l  t h e  b a r  m a t e r i a l  b e h in d  t h e  dog was d e p o s i t e d  i n  an 

e le v e n  day  p e r i o d  f rom  30 May 1983 t o  I l  J u n e  1983 . In  F i g u r e  23 

t h e  d o g ' s  f r o n t  paws' a r e  a b o u t  h a l f  way down t h e  t h i c k n e s s  o f  new ly  

d e p o s i t e d  m a t e r i a l .  The t h i c k n e s s  o f  t h i s  new ly  d e p o s i t e d  m a t e r i a l  

was m u l t i p l i e d  by  t h e  mapped s u r f a c e  a r e a  o f  t h e  new b a r  t o  o b t a i n  t h e
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F ig u r e  22 . A g g r a d a t i o n  o f  b a r  a l o n g  r i g h t  b a n k  d u r i n g  1983 b e d l o a d  
e v e n t .

F i g u r e  2 3 .  B a r  m a t e r i a l  d e p o s i t e d  d u r i n g  1983 e v e n t  o v e r  o l d e r  
c h a n n e l  m a t e r i a l .  View u p s t r e a m  a lo n g  r i g h t  b ank .
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vo lum e o f  new ly  d e p o s i t e d  s e d im e n t .  New b a r  m a t e r i a l  w as t h e n  sam p led  

t o  o b t a i n  a n  e s t i m a t e  o f  i t s  b u l k  d e n s i t y .  The b a r  m a t e r i a l  w a s  

s o l i d l y  p acked  i n  an  a rm o r  and had  an a v e ra g e  p a r t i c l e  d e n s i t y  o f  2.94 

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

c o b b l e s .  A b u l k  d e n s i t y  o f  2 .1  w a s  a s s u m e d  t o  b e  r e a l i s t i c  

c o n s i d e r i n g  t h e  n a t u r e  o f  t h e  m a t e r i a l  and d e p o s i t .  T h is  b u lk  d e n s i t y  

v a l u e  w a s  m u l t i p l i e d  by  t h e  b a r  v o l u m e  t o  y i e l d  t h e  w e i g h t  o f  n e w l y  

d e p o s i t e d  s e d im e n t  i n  t h i s  b a r .

T h is  m ass o f  f r e s h l y  d e p o s i t e d  m a t e r i a l  p r o v id e s  a  known l o w e r  

l i m i t  t o  b e d lo a d  f o r  t h e  1983 se aso n .  D uring  t h e  7- d a y  p e r i o d  from  28 

May t o  5 Ju n e  1983, 50 m e t r i c  t o n s  o f  c o a r s e  b e d lo a d  w as  d e p o s i t e d  i n  

t h e  s tu d y  r e a c h ,  by  19 J u n e ,  an  a d d i t i o n a l  23 m e t r i c  t o n s  added  f o r  a 

t o t a l  of 73 m e t r i c  t o n s  d u r in g  t h i s  2 2 -d ay  p e r io d .

An e x a m i n a t i o n  o f  F i g u r e s  4 a n d  5 sh o w s  t h e  h i g h e s t  m e a s u r e d  

t r a n s p o r t ,  r a t e  d u r in g  t h e  1983 and 1984 s e a s o n s  o c c u r r e d  when t h e  l o g  

j a m  b u r s t .  P eak  b e d l o a d  w a s  m e a s u r e d  t h e n  e v e n  t h o u g h  t h e  s t r e a m  

pow er  a t  b u r s t  (o)=13 k g / m - s ) ,  was e x c ee d e d  f o r  m ost o f  t h e  r e m a in in g  

21 d a y s  o f  . b e d l o a d  e v e n t  i n  1983 a n d  e x c e e d e d  o r  e q u a l e d  f o r  2 1 /2  

days  i n  1984. M u l t i p l y i n g  t h e  g r a p h i c  d a i l y  mean t r a n s p o r t  r a t e  v a l u e s  

f ro m  F ig u r e  4 by th e  num ber  o f  se c o n d s  i n  t h e  day and t h e  s t r e a m  w i d t h  

y i e l d s  t h e  d a i l y  m e a s u r e d  b e d l o a d .  A s s u m in g  t h a t  o n l y  t h e  i n i t i a l  

t h r e e  days  of b e d lo a d ,  28 -  30 May 1983, a r e  d i r e c t l y  a t t r i b u t a b l e  t o  

t h e  b u r s t  of t h e  l o g  ja m ,  we can  say  t h a t  t h i s  e v e n t  a c c o u n te d  f o r  221 

m e t r i c  t o n s  o f  b e d l o a d .  T h i s  i s  30% o f  t h e  t o t a l  m e a s u r e d  1983 

b e d l o a d .  G r e a t e r  s t r e a m  p o w e r  t h a n  t h a t  w h i c h  t r a n s p o r t e d  t h i s  

b e d l o a d  w a s  m e a s u r e d  i n  1983 a n d  1 9 8 4 ,  b u t  w i t h o u t  t h e  l o g  j a m
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d i s p e r s a l  b e d lo a d  t r a n s p o r t  was f a r  l e s s .  The lo g  jam  was very- 

s i g n i f i c a n t  i n  e f f e c t i n g  v a r i a t i o n  i n  s e d im e n t  s u p p ly  and s t o r a g e .

The ways t h a t . t h e  l o g  jam  e f f e c t e d  v a r i a t i o n s  i n  s e d im e n t  s u p p ly  

and s t o r a g e  may b e  sum m arized a s  f o l l o w s .  The c a t a s t r o p h i c  d i s p e r s a l  

o f  t h e  l o g  jam  s i m u l t a n e o u s l y  i n c r e a s e d  s e d im e n t  s u p p ly  and changed  

t h e  l o c a l  c h a n n e l  g r a d i e n t  o f  t h e  s tu d y  r e a c h .  The s u b s e q u e n t  

a d ju s tm e n t  o f  bed  s l o p e  t o  t h e  new b a s e  l e v e l  c a u se d  t h e  a rm or t o  b e  

b r o k e n  a b o u t  5 Ju n e  1983 a g a in  i n c r e a s i n g  s e d im e n t  l o a d .  These 

c h a n g es  had more e f f e c t  on b e d lo a d  t r a n s p o r t  and c h a n n e l  m orphology 

th a n  any o t h e r  f a c t o r  s t u d i e d .  F o r  t h e s e  r e a s o n s  i t  may be  p r u d e n t  

t o  c o n s i d e r  t h e  p r e s e n c e  o r  a b s e n c e  o f  lo g  jam s a s  a  s i g n i f i c a n t  

f a c t o r  i n  b e d lo a d  p r e d i c t i v e  f o rm u la s  f o r  h i g h - g r a d i e n t  m o u n ta in  

s t r e a m s .

B e d fo rm s . Bedform s w ere  i d e n t i f i e d  a s  a n o t h e r  s o u r c e  o f  v a r i a t i o n  

i n  s e d im e n t  s u p p ly  and s t o r a g e  i n  Squaw C reek . The e x i s t e n c e  o f  

b e d fo rm s  i n  c o a r s e - s e d im en t  a l l u v i a l  c h a n n e l s  h a s  t r a d i t i o n a l l y  b e e n  

d e n ie d .  As l a t e  a s  1982 P a r k e r ,  K lingem an and McClean a s s e r t e d  t h a t  

t h e  low r e l a t i v e  s h e a r  s t r e s s e s  i n  g r a v e l  bed  s t r e a m s  meant t h a t  

b e d fo rm s  c o u ld  n o t  b e  c r e a t e d .  Few w i l l  a rg u e  t h a t  t h e  r i p p l e s  and 

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

c o a r s e r  g r a i n e d  c h a n n e l s .

A g row ing  num ber o f  w o rk e rs  a r e  i d e n t i f y i n g  d i f f e r e n t  b e d fo rm s  

c h a r a c t e r i s t i c  o f  c o a r s e - s e d i m e n t  a l l u v i a l  c h a n n e l s  w h ic h  may h a v e  

s i g n i f i c a n t  im pac t  on b e d lo a d  and p r e d i c t i v e  b e d lo a d  fo rm u la s  by  

c a u s in g  v a r i a t i o n s  i n  s e d im e n t  s u p p ly  and s t o r a g e .  W orking i n  a  f lum e  

w i t h  g r a v e l  s i z e  s e d im e n t  Cd^Q=A mm) G r i f f i t h s  and S u th e r l a n d  (1977)
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saw t h e  f o r m a t i o n  o f  d u n e s  up t o  0 .2  m i n  h e i g h t  and 1 .2 5  m lo n g .  S ix  

d i f f e r e n t  b ed  s t r u c t u r e s  w ere  i d e n t i f i e d  by  L aronne  and C arson  (1976) 

i n  a  s t r e a m  w i t h  90—150 mm mean p a r t i c l e  s i z e  b a r  m a t e r i a l  and s l o p e s  

v a r y i n g  l o c a l l y  from  0 .0 2 1 - 0 .0 8 6  -  a  s t r e a m  v e r y  s i m i l a r  t o  Squaw 

C re e k .  C l u s t e r ,  b e d fo rm s  w ere  i d e n t i f i e d  b y  B rayshaw , F r o s t i c k  and 

R eid  (1 9 8 3 ) .  Are' t h e s e  bed fo rm s  p r e s e n t  i n  Squaw C reek  a nd , i f  s o ,  

how do t h e y  a f f e c t  b e d lo a d  th e r e ?

On Squaw C reek  t h e  p r e v i o u s l y  d e s c r i b e d  bed  s l o p e  m easurem ents  

r e c o r d e d  t h e  p a s s a g e  o f  a  "d u n e"  t y p e  fo rm  o r  s lu g  o f  b e d lo a d  th r o u g h  

t h e  s tu d y  r e a c h  f o l l o w i n g  t h e  d i s p e r s a l  o f  t h e  lo g  ja m .  The te rm  s lu g  

m ig h t  b e  p r e f e r r e d  by  some a s  t h e  c o a r s e  p a r t i c l e  s i z e  and s c a l e  o f  

t h e  b e d fo rm  re d u c e  t h e  r e s o l u t i o n  o f  t h e  b e d fo rm  and may th u s  l e a d  t o  

c o n f u s i o n  t o  t h o s e  a c cus tom ed  t o  v i s u a l i z i n g  sand  s i z e  p a r t i c l e  dune 

b e d fo r m s .  The e l e c t r o m a g n e t i c  c o b b le  d e t e c t o r s  a t  Squaw Creek a l s o  

r e c o r d e d  t h e  p a s s a g e  o f  l o n g - d u r a t i o n ,  c o n t in u o u s  b e d lo a d  ( C u s te r  and 

o t h e r s ,  1 9 8 7 ) .  The te rm  "dune"  i n  q u o t a t i o n s  s h a l l  b e  u se d  t o  

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

more f a m i l i a r  u s a g e  i n  s a n d -b e d  s t r e a m s .

The p a s s a g e  o f  " d u n e s "  o f  b e d lo a d  a f f e c t s  b o t h  . p r e d i c t i v e  

m easu rem en ts  and q u a n t i t a t i v e  s a m p l in g .  M easurem ents  o f  b ed  h e ig h t  o r  

w a t e r  d e p th  t a k e n  on t h e  c r e s t  o f  a  "d u n e"  w i l l  b e  an o m a lo u s ,  a s  w i l l  

w a t e r  s u r f a c e  s l o p e  m easu rem en ts  t a k e n  n e a r  a  p a s s i n g  "dune"  when 

w a t e r  d e p th  does  n o t  g r e a t l y  ex c ee d  "d u n e"  h e i g h t  (Dunne and L e o p o ld ,  

1 9 7 8 ) .  B ed load  sa m p le s  t a k e n  d u r in g  t h e  p a s s a g e  o f  a  "d u n e"  w i l l  be  

v e r y  h i g h  a s  com pared t o  t h o s e  t a k e n  i n  a  t r o u g h .  The p a s s a g e  o f  a
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"d u n e"  may w e l l  e x p l a i n  t h e . l o n g  d u r a t i o n ,  c o n t in u o u s  b e d lo a d  e v e n t s  

r e c o r d e d  by  t h e  m a g n e t ic  c o b b le  d e t e c t o r .

As m en t io n e d  e a r l i e r ,  s e v e r a l  o t h e r  t y p e s  o f  b e d fo rm s  have b e e n  

i d e n t i f i e d  i n  c o a r s e  b e d lo a d  s t r e a m s .  Bedforms s i m i l a r  t o  t h o s e  

i d e n t i f i e d  b y  L a ro n n e  and C arson  (1976) and Brayshaw , F r o s t i c k  and 

R eid  (1983) w ere  o b s e rv e d  i n  Squaw C re e k ,  a l t h o u g h  t h e s e  w ere n o t  

c l a s s i f i e d .  Some o f  t h e  b ed  s t r u c t u r e s  i d e n t i f i e d  b y  Laronne and 

C arson  ( 1 9 7 6 ) ,  s u c h  a s  " t i g h t  s t r u c t u r e s "  and " i m b r i c a t e  s t r u c t u r e s "  

f u n c t i o n  t o  pack  b ed  p a r t i c l e s  more t i g h t l y  t o g e t h e r  and th u s  i n c r e a s e  

a rm or l a y e r  e f f e c t s ,  c a u s in g  o v e r - p r e d i c t i o n  by  b e d lo a d  fo rm u la s  b a s e d  

on l o o s e  s e d im e n t .  The c l u s t e r  fo rm s s t u d i e d  b y  Brayshaw , F r o s t i c k  

and R eid  (1983) and t h e  r e m a in d e r  o f  L aronne  and C a r s o n 's  (1976) 

s t r u c t u r e s ,  a r e  v e r y  s i m i l a r .  T hese  c l u s t e r  ty p e  s t r u c t u r e s  have  a  

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

s t r e a m  pow ers g r e a t e r  th a n  t h o s e  a t  w h ich  b e d lo a d  fo rm u la s  p r e d i c t  

movement. R eid  and F r o s t i c k  w o rk in g  a t  T urkey  Brook w i t h  D^q= H  mm 

b e d lo a d ,  c o n c lu d e d  t h a t  " . . .  t h e  m ost s i g n i f i c a n t  c a u s e s  o f  t h i s  

m ism atch  b e tw e e n  b e d lo a d  and w a t e r  d i s c h a r g e s  i n c l u d e  t h e  e f f e c t s  o f  

p e b b le  c l u s t e r s  and  o t h e r  bed  m ic ro fo rm s  on e n t r a i n m e n t . . . "  (1987, p ,  

1 5 ) .  L a ronne  and C a rso n  (1976) s t a t e  t h a t  t h r e s h o l d  f o r c e s  f o r  t h e  

i n i t i a t i o n  o f  movement o f  p a r t i c l e s  i n  c lo s e d  s t r u c t u r e s  a r e  

d e f i n i t e l y  l a r g e r  t h a n  t h o s e  commonly assumed i n  m ost h y d r a u l i c  

f o rm u la e .  They a l s o  r e p o r t  t h a t  c l u s t e r  form s t e n d  t o  r e t a i n  t h e  

l a r g e s t  and f i n e s t  g r a i n  s i z e s  im p a r t i n g  t h e  g r e a t e s t  m o b i l i t y  t o  

m ed iu m -s iz e d  p a r t i c l e s .  B ed load  f o rm u la s  u s in g  a  g r a i n  s i z e  p a ra m e te r  

a s  t y p i c a l  o f  s e d im e n t  i n  t r a n s p o r t  w i l l  t h e r e f o r e  o b t a i n  d i f f e r e n t
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v a l u e s  u s i n g  i d e n t i c a l  h y d r a u l i c  p a r a m e t e r s  d e p e n d in g  on th e  p r e s e n c e  

o r  a b s e n c e  o f  c l u s t e r  fo rm s .

R e c e n t  w o r k e r s  a r e  i n  a g r e e m e n t  t h a t  v a r i a t i o n  i n  i n - c h a n n e l  

s e d im e n t  s u p p ly  and s t o r a g e  h a s  a  v a r i e t y  o f  e f f e c t s  on b e d lo a d  w h ic h  

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

p r e d i c t i o n s  b a s e d  on t h e  s tu d y  f o r m u la s  (M ilhous  and K lin g em a n ,  1973), 

( P a r k e r  and o t h e r s ,  1982) and o b s e r v a t i o n s  d u r in g  t h i s  s tu d y  s u g g e s t  

t h a t  many of t h e s e  e f f e c t s  o p e r a t e  on b e d lo a d  i n  Squaw Creek.

Tem poral  V a r i a t i o n

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

t e m p o r a l  v a r i a t i o n .  F o rm u la s  i n c o r p o r a t i n g  e x p o n e n t i a l  v a l u e s  d e r i v e d  

f r o m  p l o t s  o f  f i e l d  d a t a  s y n t h e s i z e  a  v a r i e t y  o f  s t r e a m  e f f e c t s  t o  

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

n a t u r e  c a u s e  o v e r p r e d i c t i o n  on so m e  s t r e a m s  and  u n d e r p f e d i c t i o n  on 

o t h e r s .  The f o r m u l a s  m ake  no  p r o v i s i o n  f o r  a d j u s t m e n t  i n  s t r e a m  t o  

s t r e a m  v a r i a t i o n  i n  t i m i n g  and d u r a t i o n  o f  b e d lo a d  e v e n t s .  The " l a r g e  

and i n c o n s i s t e n t  v a r i a b i l i t y  i n  t im e  and s p a ce "  n o t e d  b y  (Laronne and 

C arson  (1976, p. 7 1 ) ,  o f  h y d r a u l i c  p a r a m e t e r s  d o es  have  some i d e n ­

t i f i a b l e  f e a t u r e s .

In  c o a r s e  s e d im e n t  lo a d  h ig h  m o u n ta in  s t r e a m s  b e d io a d  i s  c o n f in e d  

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

f l o o d .  M c P h e r s o n 's  (197 0) m e a s u r e m e n t s  i n  Two O1C l o c k  C re e k  i n  t h e  

Rocky M o u n ta in s  o f  Canada show t h a t  65% o f  th e  b e d lo a d  o c c u r r e d  i n  a 

s e v e n  d a y  p e r i o d  a n d  7 9% i n  t h i r t e e n  d a y s .  On Squaw C r e e k  m o s t  b e d ­

l o a d  o c c u r r e d  i n  23 d a y s  i n  1983 a n d  19 d a y s  i n  198 4 .  I f  s a m p l i n g  t o



67

d e te r m in e  fo rm u la  p a r a m e te r s  i s  done o u t s i d e  t h i s  s m a l l  and v a r i a b l e  

p e r io d , ,  b e d lo a d  p r e d i c t i o n s  w i l l  be  i n  e r r o r .

B ed load  e v e n t s  a l s o  v a r y  t e m p o r a l l y  i n  much s m a l l e r  u n i t s  o f  t im e  

t h a n  d a y s .  The e l e c t r o m a g n e t i c  d e t e c t o r s  on Squaw Creek a l s o  

d e m o n s t r a te d  t h a t  b e d lo a d  d o es  n o t  o c c u r  a s  a  c o n t in u o u s  moving c a r p e t  

o v e r  t h e  w hole  w i d t h  o f  t h e  s t r e a m ,  b u t  r a t h e r  a s  d i s c o n t i n u o u s  b u r s t s  

o f  s h o r t  and  lo n g  d u r a t i o n .  P u l s e s  o f  b e d lo a d  w ere  a l s o  o b se rv e d  b y  

R eid  and F r o s t i c k  (1987) who s u g g e s te d  t h i s  d i s c o n t i n u o u s  n a t u r e  ' o f  

c o a r s e  b e d lo a d  t r a n s p o r t  may b e  a  m a jo r  d i f f e r e n c e  b e tw e en  b e d lo a d  

t r a n s p o r t  p r o c e s s e s  i n  s a n d -b e d  and g r a v e l - b e d  streams.

T h e re  i s  some c o n t r o v e r s y  a s  t o  w h e th e r  b e d lo a d  i s  g r e a t e r  on t h e  

r i s i n g  o r  f a l l i n g  l im b  o f  t h e  h y d ro g ra p h .  I t  i s  i m p o r ta n t  t h a t  t h i s  

p rob lem  b e  c o n s id e r e d  when s a m p lin g  b e d lo a d  so  t h a t  sam ples  w i l l  

r e f l e c t  t h e  t r u e  c h a r a c t e r  o f  b e d lo a d  th r o u g h o u t  a  s t r e a m 's  h y d ro -  

g r a p h .  M ilhous  and K lingem an  (1973) found  b e d lo a d  on Oak Creek t o  b e  

g r e a t e r  on t h e  f a l l i n g  l im b .  Nanson (1974) found l e s s  b e d lo a d  on t h e  

f a l l i n g  l im b ,  a  c o n d i t i o n  he  a t t r i b u t e d  t o  lo w e r  s e d im e n t  a v a i l a b i l i t y  

l a t e r  i n  t h e  s e a s o n .  Working i n  a  f lu m e , G r i f f i t h s  and S u th e r l a n d  

(1977) found  no d i f f e r e n c e  i n  b e d lo a d  on t h e  r i s i n g  and  f a l l i n g  l im b s  

and t h a t  b e d lo a d  was d i s t r i b u t e d  s y m m e t r i c a l ly  a b o u t  t h e  p e a k .  I t  i s  

l i k e l y  t h a t  r e a l  d i f f e r e n c e s  w i t h i n  t h e  r e a c h e s  s t u d i e d  gave  r i s e  t o  

t h e s e  d i f f e r e n t  o b s e r v a t i o n s .

The f lum e work by  G r i f f i t h s  and S u th e r l a n d  ( 1 9 7 7 ) ,  was b a s e d  on 

an  u n c o n s o l i d a t e d  b e d .  B ed load  r e s p o n d e d  d i r e c t l y  t o  h y d r a u l i c s .  I t  

h a s  b e e n  shown i n  t h e  s e c t i o n  on v a r i a t i o n s  i n  s e d im e n t  s u p p ly  and 

s t o r a g e  t h a t  t h e  r e l e a s e  o f  se d im e n t  s t o r e d  i n  an  a rm ored  bed  i s  n o t
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g o v e rn e d  by  s im p le  h y d r a u l i c s .  I t  i s  im p o r ta n t  t o  r e a l i z e  t h a t  

b e c a u s e  an arm or l a y e r  c a n  c a u s e  t h e s e  v a r i a t i o n s ,  i t  c a n  a l s o  a f f e c t  

t h e  t im in g  o f  b e d lo a d  e v e n t s .  Beyond t h e  mere p r e s e n c e  o f  an a rm or  

l a y e r  one must a l s o  c o n s i d e r  t h e  c o n d i t i o n  o f  t h i s  l a y e r .  The l a r g e r  

and more i n f r e q u e n t  a  f l o o d  e v e n t  i s ,  t h e  more s t a b l e  w i l l  b e  t h e  

r e s u l t a n t  bed  s u r f a c e  (L aronne  and C a rso n ,  1 9 7 6 ) .  T h is  e f f e c t  o f  t h e  

a rm or e x p l a i n s  t h e  common o b s e r v a t i o n  t h a t  a n o m a lo u s ly  h ig h  s t r e a m  

powers a r e  o f t e n  n e c e s s a r y  t o  p ro d u c e  the . f i r s t  m a jo r  b e d lo a d  e v e n t  o f  

a  f l o o d  h y d ro g ra p h .  I n  o r d e r  t o  o b t a i n  r e p r e s e n t a t i v e  s a m p le s ,  

s a m p lin g  s h o u ld  b e  done c o n s i d e r i n g  w h e th e r  o r  n o t  t h e  bed  i s  

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

e v e n t .

C l u s t e r  b e d fo rm s  a l s o  may a f f e c t  t e m p o ra l  v a r i a t i o n  i n  b e d lo a d  a s  

a  r e s u l t  o f  t h e i r  s e d im e n t  s t o r a g e  f u n c t i o n .  These  bed fo rm s  c r e a t e  

l i f t  f o r c e s  b e tw e e n  them  a s  w a t e r  f lo w s  o v e r  them c a u s in g  p a r t i c l e  

e n t r a in m e n t  a t  some d i s c h a r g e .  The l i f t  e x e r t e d  on b e d  p a r t i c l e s  i n  a  

c o a r s e  a l l u v i a l  c h a n n e l  was found  t o  v a r y  a s  a  f u n c t i o n  o f  t h e  s p a c in g  

o f  t h e  c o a r s e s t  n e ig h b o r i n g  p a r t i c l e s  (Brayshaw , F r o s t i c k  and R e id ,  

1 9 8 3 ) .  As p a r t i c l e s  a r e  removed t h e  p a c k in g  a ro u n d  t h e  c e n t r a l ,  l a r g e  

p a r t i c l e  o f  t h e  c l u s t e r  i s  removed and i t  . a l s o  becom es e n t r a i n e d .  

When t h i s . c l u s t e r  h a s  b e e n  removed t h e  s p a c in g  r e l a t i o n s h i p  be tw e en  

t h e  a d j a c e n t  c l u s t e r s  i s  ch a n g ed ,  c a u s in g  c l u s t e r s  t o  e n t r a i n  i n  a  

s p o r a d i c  m anner, r a t h e r  t h a n  a  "dom ino" ty p e  s e q u e n c e .  E n t ra in m e n t  o f  

b e d lo a d  i n  t h i s  m anner m ig h t  e x p l a i n  some o f  t h e  s h o r t  d u r a t i o n  

d i s c o n t i n u o u s  e v e n t s  r e c o r d e d  by  t h e  m a g n e t ic  d e t e c t o r  ( C u s te r  and 

o t h e r s ,  1 9 8 7 ) .  R e id  and  F r o s t i c k  (1987) a l s o  s u g g e s t  t h a t  p a r t i c l e
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r e l e a s e  i s  a  f u n c t i o n  o f  p a r t i c l e  p o s i t i o n  w i t h i n  t h e  b e d f o r m  a n d  

c o n t r i b u t e s  t o  t e m p o r a l  v a r i a t i o n  i n  b e d lo a d  t r a n s p o r t .

Tem pora l  v a r i a t i o n s  a l s o  a f f e c t  b e d lo a d  s a m p l in g .  Sam ples t a k e n  

d u r in g  t h e  p a s s a g e  o f  a  dune c r e s t  w i l l  be  a n o m a lo u s ly  h ig h  i n  b e d lo a d  

a s  com pared  t o  t h o s e  t a k e n  l a t e r  i n  t h e  t r o u g h  b e tw e e n  dunes. Sam ples 

t a k e n  a f t e r  t h e  d i s p e r s a l  o f  a  l o g  ja m  o r  i n j e c t i o n  o f  new s e d im e n t  by 

b a n k  c o l l a p s e ,  d e b r i s  f l o w ,  a v a l a n c h e ,  w i l l  a l s o  b e  a n o m a l o u s  i n  

q u a n t i t y  and s o r t i n g .  B agno ld  (1977) h a s  fo u n d  b e d lo a d  t o  v a ry  o v e r  4 

o r  5 m a g n i t u d e s  a n d  s t r e a m  p o w e r  " o v e r  a  100 f o l d  r a n g e "  (1 9 7 7 ,  p. 

3 0 4 ) .  I f  a n o m a l o u s  p a r t i c l e  s i z e  d i s t r i b u t i o n s  r e s u l t  f ro m  t h e s e  

t e m p o r a l  v a r i a t i o n s ,  t h e n  p ro b le m s  w i l l  r e s u l t  i n  f o r m u la s  r e q u i r i n g  

d a t a  on a s p e c i f i c  p a r t i c l e  s i z e .

W o r k e r s  on  o t h e r  s t r e a m s  h a v e  r e p o r t e d  d e g r e e s  o f  t e m p o r a l  

v a r i a t i o n  i n  g r a i n  s i z e  d i s t r i b u t i o n .  On t h e  P l a t t e  R i v e r  i n  

N eb rask a ,  E s c h n e r  and K i r c h e r  (1984) fo u n d  l i t t l e  v a r i a t i o n  i n  g r a i n  

s i z e  d i s t r i b u t i o n  w i t h  d i s c h a r g e .  C o n t r a s t i n g  t h i s  i s  t h e  f i n d i n g s  o f  

B r i d g e  a n d  J a r v i s  (1982)  t h a t  s t r e a m s  a d j u s t  t o  v a r i a t i o n  i n  s h e a r  

s t r e s s  by  c h a n g i n g  g r a i n  s i z e  a n d  n o t  s e d i m e n t  t r a n s p o r t  r a t e .  

M i l h o u s  a n d  K l i n g e m a n  (1973)  f o u n d  t h a t  f i n e s  a r e  r e l e a s e d  f ro m  t h e  

a r m o r  a t  e x t r e m e l y  h i g h  f l o w s ,  q u i t e  i n  c o n t r a s t  t o  t h e  i d e a  o f  

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

M ilhous  and  K lingem an  (1973) a l s o  n o t e d  t h a t  w hen  s i g n i f i c a n t . s h e a r  

s t r e s s  i s  r e a c h e d  f o r  s e d im e n t  e n t r a i n m e n t ,  o n ly  1 /3  o f  t h e  s i z e s  a r e  

i n  m o tio n .  P a r k e r ,  K l ingem an , and  McClean (1982) seem t o  c o n t r a d i c t  

t h i s  i d e a  when th e y  s t a t e  t h a t  once t h e  a rm o r  i s  b ro k e n  a l l  s i z e s  a r e  

o f  e q u a l  t r a n s p o r t a b i l i t y .  The d i f f e r e n c e s  i n  r e s u l t s  may b e
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a t t r i b u t e d  t o  t h e  c h a r a c t e r i s t i c s  o f  t h e  s t r e a m  bed  b e in g  d i s c u s s e d . 

I t  does  seem t h a t  on m ost s t r e a m s  w o rk e rs  do f i n d  t h a t  g r a i n  s i z e  

v a r i e s  w i t h  t im e .  T h is  t e m p o ra l  v a r i a t i o n  o f  p a r t i c l e  s i z e  was a l s o  

o b s e rv e d  a t  Squaw C re e k .

At Squaw Creek  t h e  m ost d r a m a t i c  exam ple o f  t h i s  phenomena was i n  

t h e  h o u r s  p r e c e d in g  t h e  b u r s t  o f  t h e  lo g  jam . I n  t h e  two days  

p r e c e d in g  t h e  b u r s t ,  mean p a r t i c l e  s i z e  was 2 - 4  mm. A b r u p t ly ,  a t  

0 1 :4 1  28 May, 1983 , p a r t i c l e  s i z e  d ro p p ed  t o  0 .5 8  mm. One and o n e -  

h a l f  h o u rs  l a t e r  mean p a r t i c l e  s i z e  was up t o  5mm and 16 h o u rs  a f t e r  

t h a t ,  j u s t  two h o u rs  p r i o r  t o  t h e  b u r s t ,  d^Q was up t o  17 mm. I n  t h e  

s p a c e  o f  16 .5  h o u rs  d^g had i n c r e a s e d  34 t i m e s I G ra in  s i z e  a l s o  

v a r i e s  w i t h  t im e  i n  some s t r e a m s  and t h e r e f o r e  r e q u i r e s  c a r e f u l  

s a m p lin g  i f  d a t a  i s  t o  b e  u s e d  i n  a  p r e d i c t i v e  fo rm u la  i n c o r p o r a t i n g  

some g r a i n  s i z e  p a r a m e t e r s .



71

CHAPTER 5 

CONCLUSIONS

The f o r m u la s  t e s t e d  a l l  o v e r p r e d i c t e d  b e d lo a d  t r a n s p o r t  on Squaw 

Creek. The S c h o k l i t s c h  (193 4) f o r m u la  y i e l d e d  p r e d i c t i o n s  c l o s e s t  to  

m ea su red  v a l u e s  i n  1983 and 1984, b u t  s t i l l  o v e r p r e d i c t e d  b e d lo a d  b y  

tw o o r d e r s  o f  m a g n i tu d e .  The s t r e a m  pow er  and M e y e r - P e te r  and M u l l e r  

(1948) f o r m u la s  y i e l d e d  v e r y  s i m i l a r  r e s u l t s  f o r  b o t h  y e a r s  a v e ra g in g  

196% h i g h e r  t h a n  t h e  S c h o k l i t s c h  p r e d i c t i o n  i n  1 983 a n d  280% h i g h e r  

t h a n  t h e  S c h o k l i t s c h  p r e d i c t i o n  i n  1984 . E r r o r  i n  p a r a m e t e r  

m ea su rem e n t  and s a m p l e r  b i a s  c o u ld  a c c o u n t  f o r  one o r d e r  o f  m a g n i tu d e  

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

o v e r p r e d i c t i o n  by  t h e  f o r m u la s  t e s t e d .

The r e m a in in g  d i s c r e p a n c y  b e tw e e n  p r e d i c t e d  b e d lo a d  and m easu red  

b e d lo a d  may b e  a c c o u n te d  f o r  b y  i n a b i l i t y  o f  t h e  f o r m u la s  t o  a c c o u n t  

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

t e m p o r a l  v a r i a t i o n s  i n  b e d io a d  t r a n s p o r t  w h ic h  o c c u r r e d  a t  Squaw C reek  

an d  w h i c h  may b e  c h a r a c t e r i s t i c  o f  c o a r s e - b e d l o a d  h i g h - g r a d i e n t  

s t r e a m s .

Squaw C reek  was d e f i c i e n t  i n  e x t r a - c h a n n e l  s e d im e n t  lo a d  d u r in g  

t h e  p e r i o d  o f  t h e  s tu d y  and th u s  p ro d u ce d ' l e s s  b e d lo a d  t r a n s p o r t  t h a n  

t h e  f o r m u la s  w h ic h  a ssum e  s u p p ly  i s  n o t  a  l i m i t i n g  f a c t o r .  S ed im en t 

s t o r e d  u n d e r  bed  a rm o r  c o u ld  n o t  b e  r e l e a s e d  d u r in g  m ost s t r e a m  f lo w s  

i n  t h e  s tu d y  p e r i o d .  S ed im en t  s t o r e d  i n  p o o l s ,  lo g  j a m s ,  and b e d fo rm s



was n o t  r e l e a s e d  i n  a  u n i f o r m ,  c o n t in u o u s  m anner, b u t  s p o r a d i c a l l y  and 

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

B ed load  o c c u r r e d  o v e r  o n ly  83% o f  t h e  s t r e a m  w i d t h  a c c o u n t in g  f o r  

17% o v e r p r e d i c t i o n  b y  f o r m u l a s  i n  w h i c h  u n i t  s t r e a m  p o w e r  i s  

m u l t i p l i e d  by  t o t a l  bed  w i d t h  t o  y i e l d  t o t a l  b e d lo a d .

B e d l o a d  w a s  n o t  t e m p o r a l l y  c o n s t a n t  o n c e  i n i t i a t e d .  B e d lo a d  

o c c u r r e d  d u r i n g  a  v e r y  s h o r t  p e r i o d  o f  t h e  w a t e r  y e a r  -  3 w e e k s .  

S am pling  t o  d e t e r m i n e  f o r m u la  p a r a m e t e r s  m ust be  done th ro u g h o u t  t h i s  

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

t e m p o r a l  v a r i a t i o n  c r e a t e d  a  p ro b le m  i n  t h e  u s e  o f  g r a i n  s i z e  d a t a  i n  

p r e d i c t i v e  f o r m u la s .  A b e d lo a d  s a m p le  may r e p r e s e n t  t h e  r e l e a s e  o f  

f i n e s  f r o m  a  p o o l  o r  l o g  j a m ,  t h e  p a s s a g e  o f  a  c o a r s e  w a v e  o f  

s e d im e n t ,  t h e  d i s p e r s a l  o f  a  c l u s t e r  b e d fo rm , o r  a  p e r i o d  of l a p s e  i n  

b e d lo a d ,  e a c h  o f  w h ich , w i l l  y i e l d  d i f f e r e n t  p a r t i c l e  s i z e  d i s t r i b u t i o n  

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

The c a t a s t r o p h i c  d i s p e r s a l  o f  a  l o g  j a m  h ad  g r e a t e r  e f f e c t  on 

b e d lo a d  th a n  any o f  t h e  p a r a m e t e r s  u se d  i n  t h e  f o r m u la s .  The lo g  jam  

d i s p e r s a l  f u n c t i o n e d  a s  a  t r i g g e r  w h ic h  c a u se d  i n s t a n t a n e o u s  ch an g es  

i n  t h e  f a c t o r s  a f f e c t i n g  b e d lo a d  t r a n s p o r t .  T h is  e v e n t  acco u n te d  f o r  

30% o f  t h e  1983 b e d l o a d .  E ven  d u r i n g  t h i s  e v e n t  t h e  f o r m u l a s  

o v e r p r e d i c t e d  b e d lo a d  t r a n s p o r t  on Squaw C reek .

The com plex  m a t h e m a t i c a l  m a n i p u l a t i o n s  o f  t h e  M e y e r - P e t e r  an d  

M u l l e r  f o r m u la  i n te n d e d  t o  i n c r e a s e  p r e d i c t i v e  a c c u r a c y  by  a c c o u n t in g  

f o r  fo rm  r e s i s t a n c e ,  g r a i n  s i z e  e f f e c t s ,  bed  ro u g h n e s s ,  and c r i t i c a l  

t r a c t i v e  f o r c e  d i d  n o t  im prove  a c c u r a c y  as  com pared  t o  t h e  s i m p l e s t  

t h e o r e t i c a l  e x p r e s s i o n ,  t h e  s t r e a m  p o w e r  e x p r e s s i o n .  B e d lo a d
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p r e d i c t i v e  f o r m u la s  o f  t h e  fo rm  u) = abcqS , w here  a ,  b ,  and c r e p r e s e n t  

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

s u p p l y  a n d  p r e s e n c e  o r  a b s e n c e  o f  a n  a r m o r  l a y e r ,  l o g  j a m s ,  o r  b e d  

f o r m s ,  may y i e l d  b e t t e r  r e s u l t s  f o r  c o a r s e  b e d l o a d ,  h i g h - g r a d i e n t  

m o u n ta in  s t r e a m s .



7 4

BIBLIOGRAPHY



75

BIBLIOGRAPHY

A c k e r s ,  P . ,  a n d  W h i t e ,  W.R., 1 9 7 3 ,  S e d i m e n t  t r a n s p o r t :  new a p p r o a c h  
a n d  a n a l y s i s : J o u r n a l  o f  t h e  H y d r a u l i c s  D i v i s i o n ,  A m e r i c a n  
S o c i e t y  o f  C i v i l  E n g i n e e r s ,  v .  9 9 ,  no .  HY. 2 ,  p .  2 0 4 1 - 2 0 6 0 .

------------ 1980, Bed m a t e r i a l  t r a n s p o r t :  a  t h e o r y  f o r  t o t a l  lo a d  and i t s
v e r i f i c a t i o n :  I n t e r n a t i o n a l  S ym p o s iu m  on R i v e r  S e d im e n ta t io n ,  
B e i j i n g ,  C h ina ,  p .  3 0 1 - 3 1 6 .

B agno ld , R.A., 1966»An a p p ro a c h  t o  t h e  s e d im e n t  t r a n s p o r t  p ro b le m  from  
g e n e r a l  p h y s i c s :  U.S. G e o lo g ic a l  Su rvey  P r o f e s s i o n a l  P a p e r  422-1 .

------------- 1 9 7 7 ,  B e d l o a d  t r a n s p o r t  b y  n a t u r a l  r i v e r s :  W a t e r  R e s o u r c e s
R e s e a r c h ,  v .  1 3 ,  p .  3 0 3 - 3 1 2 .

B ake r  V.R., an d  R i t t e r ,  D .F . , 1 9 7 5 ,  C o m p e te n c e  o f  r i v e r s  t o  t r a n s p o r t  
c o a r s e  b e d lo a d  m a t e r i a l :  G e o l o g ic a l  S o c i e ty  o f  A m erica  B u l l e t i n ,  
v .  8 6 .  p .  97 5 -9 7  8.

B a t u c a ,  D .,  1 9 8 0 ,  S p e c i f i c  b e d l o a d  r e l a t i o n s h i p s  f o r  so m e  R o m a n ia n  
r i v e r s :  I n t e r n a t i o n a l  Symposium on R iv e r  S e d im e n ta t io n ,  B e i j i n g ,  
C h i n a ,  p .  3 3 5 - 3  46 .

B i s h o p ,  A.A., S im o n s ,  D.B ., an d  R i c h a r d s o n ,  E.V., 1 9 6 5 ,  T o t a l  b e d  
m a t e r i a l  t r a n s p o r t :  J o u r n a l  o f  t h e  H y d r a u l i c s  D i v i s i o n ,  A m erican  
S o c ie ty  o f  C i v i l  E n g i n e e r s ,  v .  9 1 ,  n o .  HY 2 ,  p .  17 5 - 1 9 1 .

B rayshaw , A.C., F r o s t i c k ,  L.E., and R e id ,  ' I . ,  1983, The h yd rodynam ics  
o f  p a r t i c l e  c l u s t e r s  and s e d im e n t  e n t r a in m e n t  i n  c o a r s e  a l l u v i a l  
c h a n n e l s :  S e d i m e n t o l o g y ,  v .  3 0 ,  n o .  I ,  p .  1 3 7 - 1 4 3 .

B r i d g e ,  J . S . , a n d  J a r v i s ,  J . ,  1 9 8 2 ,  The d y n a m i c s  o f  a  r i v e r  b e n d :  a  
s tu d y  i n  f lo w  and s e d im e n ta r y  p r o c e s s e s :  S e d im e n to lo g y ,  v .29 , no. 
4 ,  p .  4 9 9 - 5 4 3 .

C olby , B.R., and H u b b e lI ,  D.W., 1961, S i m p l i f i e d  m ethods  f o r  co m p u tin g  
t o t a l  s e d im e n t  d i s c h a r g e  w i t h  t h e  m o d i f i e d  E i n s t e i n  p r o c e d u r e :  
G e o lo g ic a l  Survey  W a te r  Supply  P a p e r  1593, p. 1 -1 7 .

C u s t e r ,  S.G., B u g o s h ,  N., E r g e n z i n g e r ,  P .E . ,  a n d  A n d e r s o n ,  B.C., 1 9 8 7 ,  
E l e c t r o m a g n e t i c  d e t e c t i o n  o f  p e b b l e  t r a n s p o r t  i n  s t r e a m s :  A 
m e th o d  f o r  m e a s u r e m e n t  o f  s e d i m e n t  t r a n s p o r t  w a v e s ,  i n  R e c e n t  
D e v e l o p m e n t s  i n  F l u v i a l  S e d i m e n t o l o g y ,  S o c i e t y  o f  E c o n o m ic  
P a l e o n t o l o g i s t s  and M i n e r a l o g i s t s ,  S p e c i a l  P u b l i c a t i o n  no . 39 , p. 
2 1 -2 6 .

Dr a c o s ,  T . ,  1 9 8 0 ,  Some f i e l d  a n d  l a b o r a t o r y  m e a s u r e m e n t s  c o n c e r n i n g  
t h e  m e c h a n ic s  of s e d im e n t  t r a n s p o r t :  I n t e r n a t i o n a l  Symposium on 
R iv e r  S e d i m e n ta t io n ,  B e i j i n g ,  C h in a ,  p. 1043-1066.



76

DuBoys, P . ,  1879, Le Rhone e t  I e s  r i v i e r e s  a  l i t  a f f o n i l l a b l e ,  A n n a le s  
d e s  p o n t s  e t  C h a u s s e e s , P a r i s ,  F r a n c e ,  S e r i e s  5 ,  Tom. X V II I ,  
Al p p .

D unne, T. and L e o p o ld ,  L . B . , 1978 , W ater  i n  e n v i r o n m e n ta l  p l a n n i n g ,  
W.H. Freem an and Company, New Y ork , New y o r k ,  818 p p .

E i n s t e i n ,  H .A . , 1950 , The b e d - l o a d  f u n c t i o n  f o r  se d im e n t  t r a n s ­
p o r t a t i o n  i n .  open c h a n n e l  f l o w s .  T e c h n ic a l  B u l l e t i n  No. 1026 , 
U n i te d  S t a t e s  D e p a r tm e n t  o f  A g r i c u l t u r e ,  W ash in g to n , D .C . ,  p.  1 0 .

Emmett, W.W., 1980 , A f i e l d  c a l i b r a t i o n  o f  t h e  s e d im e n t  t r a p p i n g
c h a r a c t e r i s t i c s  o f  t h e  H e l l e y - S m i th  b e d lo a d  s a m p le r :  W ash ing ton ,
U n i te d  S t a t e s  Government P r i n t i n g .  O f f i c e ,  44 p p .

E rg e n z i n g e r ,  P . J . ,  and C u s t e r ,  S.G. , 1983 , D e t e r m in a t io n  o f  b e d lo a d  
t r a n s p o r t  u s i n g  n a t u r a l l y  m a g n e t ic  t r a c e r s : f i r s t  e x p e r i e n c e s  a t
Squaw C re e k ,  G a l l a t i n  C oun ty , M ontana: W ate r  R e so u rc e s  R e s e a rc h ,  
v .  19 , n o .  I ,  p .  1 87 -193 .

E s c h n e r ,  T . R . , and K i r c h e r ,  J . E . j  1984 , I n t e r p r e t a t i o n  o f  g r a i n —s i z e  
d i s t r i b u t i o n s  from  m easured  s e d im e n t  d a t a ,  P l a t t e  R i v e r ,  
N e b ra sk a :  S e d im e n to lo g y ,  v .  3 1 ,  n o .  4 ,  p .  5 6 9 -5 7 4 .

F o l k ,  R . L . , 1980, P e t r o l o g y  o f  s e d im e n ta r y  r o c k s ,  H em ph il l  P u b l i s h i n g
Company, A u s t in ,  T e x a s ,  p .  1 5 -6 1 .

G r i f f i t h s ,  G . ,  1980 , S t o c h a s t i c  e s t i m a t i o n  o f  bed  l o a d  y i e l d  i n  p o o l -  
a n d - r i f f l e  m o u n ta in  s t r e a m s :  W a te r  R e so u rce s  R e s e a rc h ,  v .  16 ,  n o .  
5 ,  p .  931 -937 .

G r i f f i t h s ,  G . ,  and S u t h e r l a n d ,  A .J . ,  1977, B ed load  t r a n s p o r t  by  
t r a n s l a t i o n  w a v e s : J o u r n a l  o f  t h e  H y d r a u l i c s  D i v i s i o n ,  A m erican
S o c ie ty  o f  C i v i l  E n g i n e e r s ,  v .  1 0 3 ,  n o .  HY 2 ,  p .  1279 -1291 .

H a y a s h i ,  T . ,  and S a c h io , 0 . ,  1980 , On t h e  s a l t a t i o n  h e i g h t s  and s t e p  
l e n g t h s  o f  s e d im e n t  p a r t i c l e s  i n  t h e  b e d - l o a d  l a y e r :  I n t e r ­
n a t i o n a l  Symposium on R iv e r  S e d im e n ta t io n ,  B e i j i n g ,  C h ina ,  p .  
2 0 6 -2 1 3 .

Hey, R .D . ,  B a t h u r s t ,  J . C . ,  and T h o m e ,  C .R . , 19 8 2 ,  G rave l  -  bed  
r i v e r s : New Y ork , Jo h n  W iley and Sons , 875 p p .

H o l l i n g s h e a d , A .B . , 1971 , Sedim ent t r a n s p o r t  m easu rem en ts  i n  g r a v e l
r i v e r s : J o u r n a l  o f  t h e  H y d r a u l i c s  D i v i s i o n ,  A m erican  S o c ie ty  o f
C i v i l  E n g i n e e r s ,  v .  97 ,  n o .  HY 11 , p .  1817-1834 .

H u b b e l l , D .W ., 1964 , A p p a ra tu s  and t e c h n i q u e  f o r  m e a s u r in g  b e d - l o a d .
U n i te d  S t a t e s  G e o lo g ic a l  Survey  W ate r  Supply  P a p e r  1748 , U n i te d  
S t a t e s  Government P r i n t i n g  O f f i c e ,  W ash ing ton , D .C . ,  74 pp .



77

Ib b e k e n , H . ,  and S c h l e y e r ,  R . ,  1986 , P h o t o - s i e v i n g :  a  method f o r
g r a i n - s i z e  a n a l y s i s  o f  c o a r s e - g r a i n e d ,  u n c o n s o l i d a t e d  b e d d in g  
s u r f a c e s :  E a r t h  S u r f a c e  P r o c e s s e s  and L and fo rm s , v .  11 , p .  1 -1 9 .

L a ro n n e , J . B . ,  and C a rso n ,  M .A ., 1976 , I n t e r r e l a t i o n s h i p s  betw een  bed
m orphology  and bed  m a t e r i a l  t r a n s p o r t  f o r  a  s m a l l ,  g r a v e l  bed  
c h a n n e l : S e d im e n to lo g y ,  v .  2 3 ,  p .  6 7 - 8 5 .

L e o p o ld ,  L . B . , and Emmett, W.W., 1976, B ed load  m e a su rem e n ts .  E a s t  F o rk  
R i v e r ,  Wyoming: P r o c e e d in g s  o f  t h e  N a t io n a l  Academy o f  S c ie n c e ,
v .  7 3 ,  p .  1 000 -1004 .

McMannis, W .J. and Chadwick, R .A . , 1964 , Geology o f  t h e  G arne t  
M oun ta in  q u a d r a n g l e ,  G a l l a t i n  C oun ty ,  M ontana, B u l l e t i n  43, S t a t e  
o f  M ontana , B ureau  o f  M ines and G eo lo g y ,  47 p p .

M cPherson , H .J . , 1 970 -1971 , D i s s o lv e d ,  su sp en d e d  and bed  lo a d  movement 
p a t t e r n s  i n  Two O 'C lo ck  C re e k ,  Rocky M o u n ta in s ,  Canada, Summer, 
1969: J o u r n a l  o f  H yd ro lo g y ,  v .  1 1 -1 2 ,  p .  2 2 1 -2 3 3 .

M e y e r - P e te r ,  E. and M u l l e r ,  P . ,  1948 , F o rm u las  f o r  b e d - l o a d  t r a n s p o r t .  
I n t e r n a t i o n a l  A s s o c i a t i o n  f o r  H y d ra u l ic  R e s e a rc h ,  S tockholm ,
Sweden, p .  1 1 8 -1 4 9 .

c
M ilh o u s ,  R . T . , and K lin g em an , P . C . ,  1973, Sedim ent t r a n s p o r t  i n  a 

g r a v e l - b o t to m e d  s t r e a m :  A m erican  S o c ie ty  o f  C i v i l  ' E n g in e e r s ,
H y d r a u l i c  E n g in e e r in g  and t h e  E n v iro n m en t;  P r o c e e d in g s  o f  t h e  
2 1 s t  A nnual H y d r a u l i c s  D i v i s i o n  S p e c i a l t y  C o n f e re n c e ,  Bozeman, 
MT, p .  2 9 3 -3 0 4 .

Nanson, G .C . ,  1974 . B ed load  and su sp en d e d  lo a d  t r a n s p o r t  in  a  s m a l l ,
s t e e p  m o u n ta in  s t r e a m :  A m erican  J o u r n a l  o f  S c i e n c e ,  v .  274, p .
4 7 1 -4 8 6 .

Novak, P . ,  1957 , B e d - lo a d  m e te r s  -  deve lopm en t o f  a  new ty p e  and
d e t e r m i n a t i o n  o f  t h e i r  e f f i c i e n c y  w i t h  t h e  a i d  o f  s c a l e  m o d e ls .  
I n t e r n a t i o n a l  A s s o c i a t i o n  f o r  H y d r a u l i c  R e s e a rc h ,  S e v e n th  G e n e ra l  
M e e t in g ,  L i s b o n ,  P o r t u g a l ,  28 p p .

Omang, R . J . ,  H u l l ,  J . A . , and P a r r e t t , C . ,  1979, A nnual peak  d i s ­
c h a r g e s  from  s m a l l  d r a i n a g e  a r e a s  i n  Montana f o r  s t a t i o n s  d i s c o n ­
t i n u e d  b e f o r e  1978 , U n i te d  S t a t e s  G e o lo g ic a l  Survey  O p e n - f i l e  
r e p o r t  7 9 -5 1 0 ,  p .  14 .

P a r k e r ,  G . ,  K lingem an , P . C . ,  and M cClean, D.G. , 198 2 ,  Bedload s i z e  
d i s t r i b u t i o n  i n  paved  g r a v e l - b e d  s t r e a m s :  J o u r n a l  o f  t h e
H y d r a u l i c s  D i v i s i o n ,  A m erican  S o c i e t y  o f  C i v i l  E n g i n e e r s ,  v .  108 , 
n o .  HY 4 ,  p .  5 4 4 -5 7 1 .

P r e s t e g a r d , K . L . ,  1983 , V a r i a b l e s  i n f l u e n c i n g  w a t e r - s u r f a c e  s lo p e s  i n
g r a v e l - b e d  s t r e a m s  a t  b a n k f u l  s t a g e :  G e o lo g ic a l  S o c ie ty  o f
Am erica  B u l l e t i n ,  v .  9 4 ,  p .  6 7 3 -6 7 8 .



78

R e id ,  I . ,  F r o s t i c k , .  L ,.E .,  and Layman, J . T . , 1985, The i n c i d e n c e  and 
n a t u r e  o f  b e d lo a d  t r a n s p o r t  d u r in g  f lo o d  f lo w s  i n  c o a r s e - g r a i n e d  
a l l u v i a l  c h a n n e l s : E a r t h  S u r f a c e  P r o c e s s e s  and L and fo rm s , v .  10 ,
p .  3 3 - 4 4 .

R e id ,  I .  and F r o s t i c k ,  L . E . , 1987 , Toward a  b e t t e r  u n d e r s t a n d in g  o f
b e d lo a d  t r a n s p o r t ,  i n  r e c e n t  d ev e lo p m en ts  i n  f l u v i a l  
s e d im e n to lo g y ,  S o c i e ty  o f  Economic P a l e o n t o l o g i s t s  and 
M i n e r a l o g i s t s ,  S p e c i a l  P u b l i c a t i o n ,  n o .  3 9 ,  p .  1 3 -1 9 .

R ob erso n ,  . J . A . , and W r ig h t ,  S . J . , 1973 , A n a ly s i s  o f  f low  i n  c h a n n e ls  
w i t h ,  g r a v e l  b e d s :  H y d r a u l i c  E n g in e e r in g  and t h e  E n v iro n m e n t ,
A m erican  S o c i e t y  o f  C i v i l  E n g i n e e r s ,  C o n fe re n c e  P r o c e e d in g s ,  p .  
6 3 -7 2 .

S c h o k l i t s c h ,  A . ,  1934 , D er  g e s c h i e b e t r i e b  und d i e  g e s c h i e b e f r a c h t ,
W a s s e r k r a f t  and W a s s e r w i r t s s c h a f t ;  v .  29 ,  n o .  4 ,  p . 37-43  (F eb . 
1 6 ,  1934) .

S h i e l d s ,  A . ,  1936 , An wendung d e r  a h n l i c h e i t s m e c h a n i k  und d e r
t u r b u l e n z f o rsh u n g  a u f  d i e  g e s c h i e b ebewegung, M i t t e i l u n g e n  d e r  
P r e u s s i s c h e n  V e r s u c h s a u s t a l t  f u r  W assenbau und S c h i f f b a u ,  B e r l i n ,  
Germany, 108 p p .

S h u l i t s , S . ,  and H i l l ,  R . D . J r . ,  1968 , Bedload  f o r m u la s :  H y d r a u l i c s
L a b o r a t o r y  B u l l e t i n ,  P e n n s y lv a n ia  S t a t e  U n i v e r s i t y ,  212 p p .

S t a l l ,  J . B . ,  R u p a n i ,  N . L . , and Kandaswamy, P . K . , 1958 , Sediment
t r a n s p o r t  i n  Money C reek :  P r o c e e d in g s  Am erican S o c i e t y  o f  C i v i l
E n g i n e e r s „ J o u r n a l  o f  t h e  H y d r a u l i c s  D i v i s i o n ,  v .  8 4 ,  no . HY I ,  
p a p e r  n o .  1531, p .  3 1 8 -3 4 3 .

S t e l c z e r ,  K . ,  1981 , B e d - lo a d  t r a n s p o r t :  L i t t l e t o n  C o lo ra d o ,  W ater
R e s o u rc e s  P u b l i c a t i o n s ,  295 p p .

U n i te d  S t a t e s  D e p a r tm e n t  o f  t h e  I n t e r i o r ,  1982, N a t i o n a l  handbook o f  
recommended m ethods  f o r  w a t e r - d a t a  a c q u i s i t i o n .  U n i te d  S t a t e s  
G e o lo g ic a l  S u rv e y .

V irm a n i , J . K . , P e t e r s o n ,  D . F . ,  and W a t t e r s ,  G .Z . ,  1973 , D is c h a r g e ,  
s l o p e ,  bed  e le m e n t  r e l a t i o n s  i n  s t r e a m s : H y d r a u l i c  E n g in e e r in g
and t h e  E n v iro n m e n t ,  A m erican  S o c ie ty  o f  C i v i l  E n g in e e r s ,  
C o n fe re n c e  P r o c e e d i n g s ,  p .  7 3 - 8 4 .

V i s h e r ,  G .S . ,  1969 , G ra in  s i z e  d i s t r i b u t i o n  and d e p o s i t i o n a l
p r o c e s s e s :  J o u r n a l  o f  S e d im e n ta ry  P e t r o l o g y ,  v .  3 9 ,  p . 1074-1106 .

Weast ,  R .C . ,  and o t h e r s ,  1967 , Handbook o f  c h e m is t r y  and p h y s i c s .  The 
C hem ica l  R ubber C o . , C le v e la n d ,  O hio , f o r t y - e i g h t h  e d i t i o n ,  p p .  
F 2 - F 5 .



79

W h ite ,  W .R ., M i l l i , H . ,  and C ra b b e ,  A.D. ,  1975, Sedim ent t r a n s p o r t
t h e o r i e s :  a  r e v ie w :  P r o c e e d in g s  o f  t h e  I n s t i t u t i o n  of C i v i l
E n g i n e e r s ,  v .  5 9 ,  p a r t  2 ,  p a p e r  n o .  778 3 ,  p .  2 6 5 -292 .

Y a l i n ,  M .S . ,  1963 , An e x p r e s s i o n  f o r  b e d - l o a d  t r a n s p o r t a t i o n .  J o u r n a l  
o f  t h e  H y d r a u l i c s  D i v i s i o n ,  P r o c e e d in g  o f  A m erican  S o c ie ty  o f  
C i v i l  E n g i n e e r s ,  v .  8 9 ,  no .  HY 3 ,  p .  2 21 -249 .

Y a l i n ,  M .S . , 1972, M echan ics  o f  s e d im e n t  t r a n s p o r t ,  Pergamon P r e s s ,
O x fo rd ,  E n g la n d ,  290 pp .

Z a g h o u l , N .A . , 198 2 ,  An e v a l u a t i o n  o f  bed  t r a n s p o r t  and r e s i s t a n c e
e q u a t i o n s  i n  f l u v i a l  h y d r a u l i c s :  1982 Symposium on S u r fa c e
M ining H y d ro lo g y ,  S ed im en to lo g y  and R e c la m a t io n ,  p .  3 1 5 -3 2 3 .



80

APPENDICES



81

APPENDIX A . 

DISCHARGE DATA



82

T a b le  7 .  Squaw C reek  d i s c h a r g e  and  s t a g e  d a t a  f o r  1983 and 
1984 b e d lo a d  t r a n s p o r t  e v e n t s .

D ate Time
(h o u rs )

S tag e
( f t )

D is c h a r g e ,  Q 
( f t  / s )  ( n r / s )

22 May 1983 1 6 :00 0 .6 8 .71 2 .0

23 May 1983 0 0 :0 0 0 .6 8 71 2 .0
0 8 :00 0 .6 7 68 1 .9
16 :00 0 .7 5 86 2 .4

24 May 1983 0 0 :0 0 0 .6 6 66 1 .9
0 8 :0 0 0 .6 6 66 1 .9
1 6 :00 0 .7 3 81 2 .3

25 . May 1983 0 0 :0 0 1 .0 0 154 4 .4
0 8 :0 0 1 .0 7 177 5 .0
16 :00 1 .1 8 216 • 6 .1

26 May 1983 0 0 :0 0 0 .9 9 151 4 .3
0 8 :00 0 .9 6 142 4 .0
1 6 :00 0 .9 6 142 4 .0

27 May 1983 0 0 :00 1 .1 1 191 5 .3
0 8 :00 0 .9 1 127 3 .6
16 :00 1 .0 6 174 4 .9

28 May 1983 0 0 :0 0 1 .17 212 5 .9
0 8 :0 0 0 .9 1 127 3 .6
1 6 :00 0 .9 5 139 3 .9

29 May 1983 0 0 :0 0 1 .0 6 174 4 .9
-■ 0 8 :0 0 1 .2 0 223 6 .2

16 :00 1 .1 2 194 5 .4

30 May 1983 0 0 :0 0 1 .1 0 187 5 .2
0 8 :00 1 .23 235 6 .6
1 6 :00  . 1 .3 2  . 271 7 .6

31 May 1983 0 0 :0 0 1 .2 9 258 7 .2
0 8 :0 0 1 .2 7 250 7 .0
16 :00 1 .2 5 242 6 .8

01 J u n e  1983 0 0 :0 0 1 .3 0 263 7 .4
0 8 :00 1 .1 5 205 5 .7
16 :00 1 .13 198 5 .5
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T a b l e  7 .  C o n t in u e d .

D ate Time
(h o u rs )

S ta g e  
( f t )  ■

D is c h a r g e ,  Q 
( f t ^ / s )  ( n r / s )

02 Ju n e  1983 0 0 :0 0 1 .2 8 254 7 .1
0 8 :0 0 1 .2 6 .. 246 6 .9
1 6 :00 1 .2 4  . 240 6 .7

03 J u n e  1983 0 0 :0 0 1 .2 0 223 6 .2
0 8 :0 0 1 .2 9  ' 258 7 .2
16 :00 1 .2 7 250 7 .0

04 J u n e  1983 0 0 :0 0 1 .2 9 258 7 .2
0 8 :0 0 1 .2 8 254 7 .1
16 :00 1 .2 4 240 6 .7

05 J u n e  1983 0 0 :0 0 1 .1 4 201 5 .6
0 8 :0 0 1 .1 3 198 5 .5
1 6 :00 1 .1 1 191 5 .3

06 J u n e . 1983 0 0 :0 0 1 .0 9 184 5 .1
0 8 :0 0 1 .0 8 180 5 .0
1 6 :00 1 .0 8 180 5 .0

07 J u n e  1983 0 0 :0 0 1 .1 6 208 5 .8
0 8 :0 0 1 .1 5 205 5 .7
1 6 :00 1 .1 1 191 5 .3

08 J u n e  1983 0 0 :0 0 1 .1 4 201 5 .6
0 8 :0 0 1 .13 198 5 .5
16 :00 1 .1 3 198 5 .5

09 J u n e  1983 0 0 :0 0 1 .0 9 184 5 .1  .
0 8 :0 0 0 .9 4 136 3 .8
16 :00 1 .0 6 174 4 .9

.1 0  J u n e  1983 0 0 :0 0 1 .0 9 184 5 .1
0 8 :0 0 1 .13 198 5 .5
16 :00 1 .0 9 184 5 .1

11 J u n e  1983 0 0 :0 0 1 .13 198 5 .5
0 8 :0 0 1 .17 212 . 5 .9
16 :00 1 .15E 205 5 .7

12 J u n e  1983 0 0 :0 0 . 1 .15E 175 4 .9
08 :00 1 .24E 175 4 .9
1 6 :00 1 .27 190 5 .3

E = E s t im a te d  v a l u e
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T a b l e  7 .  C o n t in u e d .

D ate  . Time S ta g e  D i s c h a r g e ,  Q
( h o u rs )  , ( f t )  ( f t  / s )  ( n r / s )

13 Ju n e 1983 0 0 :0 0 1 .3 0 200 5 .6
0 8 :0 0 1 .3 1 205 5 .7
1 6 :00 1 .3 0 200 5 .6

14 Ju n e 1983 0 0 :0 0 1 .3 0 200 5 .6
0 8 :0 0 1 .27 191 5 .3
1 6 :0 0 1 .2 8 194 5 . 4

15 Ju n e 1983 0 0 :0 0 1 .27 190 5 .3
0 8 :0 0 1 .2 6 188 5 .3
16 :00 1 .2 6  . 188 5 .3

16 J u n e 1983 0 0 :0 0 1 .3 5 215 6 .0
0 8 :00 1 .3 1 205 5 .7
16 :00 1 .3 1 205 5 .7

17 Ju n e 1983 0 0 :0 0 1 .3 0 200 5 .6
0 8 :00 1 .3 0 200 5 .6
16 :00 1 .3 1 205 5 .7

18 Ju n e 1983 0 0 :0 0 1 .3 0 200 5 .7
0 8 :00 1 .2 9 195 5 .5
16 :00 1 .3 0 200 5 .7

19 Ju n e 1983 0 0 :0 0 1 .3 0 200 5 .7
0 8 :0 0 1 .3 0 200 5 .7
16 :00 1 .2 8 192 5 .4

16 May 1984 0 0 :0 0 . 1 .3 2 228 6 .4
0 8 :0 0 1 .3 5 241 . 6 .7
16 :00 1 .3 4 237 6 .6

17 May 1984 0 0 :0 0 1 .2 8 212 5 .9
0 8 :0 0 1 .23 193 5 . 4
16 :00 1 .1 9 178 5 .0

18 May 1984 0 0 :0 0 1 .1 9 178 5 .0
0 8 :0 0 1 .1 6 168 • 4 .7
16 :00 1 .1 2 154 4 .3

19 May 1984 0 0 :0 0 1 .1 5 164 4 .6
0 8 :0 0 1 .1 2 154 4 .3
16 :00 1 .1 0 148 ■ 4 .1
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T a b l e  7 .  C o n t in u e d .

D ate  Time S ta g e  D i s c h a r g e ,  Q
• (h o u rs )  ( f t )  ( f t 3 / s)  ( n r / s )

20 May 1984 0 0 :0 0 1 .2 2 189 5 .3
0 8 :0 0 1 .21 186 5 .2
16 :00 1 .23 193 5 .4

21 May 1984 0 0 :0 0 1 .2 0 182 5 .1
0 8 :0 0 1 .2 1 186 5 .2
16 :00 1 .1 9 178 5 .0

22 May 1984 0 0 :0 0 1 .2 0 182 5 .1
0 8 :0 0 1 .1 9 178 5 .0

.1 6 :0 0 1 .1 6 168 4 .7

23 May 1984 0 0 :0 0 1 .2 2 189 5 .3
0 8 :0 0 1 .2 1 186 5 .2
1 6 :00 1 .2 1 186 5 .2

24 May 1984 0 0 :0 0 1 .2 5 201 5 .6
0 8 :0 0 1 .25 201 5 .6
16 :00 1 .2 4 197 5 .5

25 May 1984 0 0 :0 0 1 .23 193 5 . 4
0 8 :0 0 1 .2 1 186 5 .2
1 6 :00 1 .1 9 178 5 .0

26 May 1984 0 0 :0 0 1 .1 9 178 5 .0
0 8 :0 0 1 .17 171 4 .8
16 :00 1 .1 5 164 4 .6

27 May 1984 0 0 :0 0 1 .1 4 161 4 .5
0 8 :0 0 1 .1 5 164 4 .6
1 6 :00 1 .13 . 158 4 .4

28  May 1984 0 0 :0 0 1 .1 4 161 4 .5
0 8 :0 0  . 1 .1 2 154 4 .3
16 :00 1 .1 2 154 4 .3

29 May 1984 0 0 :0 0 1 .2 0 182 5 .1
0 8 :0 0 1 .1 7 171 4 .8
16 :00 1 .1 6 168 4 .7

30 May 1984 0 0 :0 0 1 .3 4 237 6 .6
0 8 :0 0 1 .3 2 228 6 .4
16 :00 1 .33 233 6 .3
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T a b le  7 . C o n c lu d e d .

D ate Time
(h o u rs )

S ta g e
( f t )

D is c h a rg e . Q 
( f t ^ / s )  ( n r / s )

31 May 1984 0 0 :0 0 1 .3 9 258 7 .2
0 8 :0 0 1 .3 5 241 6 .8
1 6 :00 1 .4 0 263 7 .6

01 J u n e  1984 0 0 :0 0 1 .3 6 245 6 .9
0 8 :0 0 1 .3 6 245 6 .9
1 6 :00 . 1 .3 4 234 6 .6

02 Ju n e  1984 0 0 :0 0 1 .3 3 233 6 .5
0 8 :0 0 1 .2 9 216 6 .1
1 6 :0 0 1 .2 8 212 5 .9

03 Ju n e  1984 0 0 :0 0 1 .2 8 212 5 .9
0 8 :0 0 1 .2 5 201 5 .6
1 6 :00 1 .2 3 193 5 .4

04 Ju n e  1984 0 0 :0 0 1 .2 5 201 5 .6
0 8 :0 0 1 .2 3 193 5 .4
1 6 :0 0 1 .2 1 186 5 .2

05 Ju n e  1984 0 0 :0 0 1 .1 9 178 5 .0
0 8 :0 0 . 1 .2 0 182 5 .1
1 6 :0 0 1 .1 9 178 5 .0
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APPENDIX B

water' d e n s it y  Data
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T a b le  8 . T o ta l  su sp en d e d  s o l i d s  and  w a te r  t e m p e r a tu r e  d a ta  
f o r  1983 and 1984 b e d lo a d  t r a n s p o r t  e v e n ts .

D ate

r

Time
(h o u rs )

T o ta l  Suspended 
S o l id s  

(mg/1)

W ate r
T e m p era tu re

(0 C)

22 May 1983 1 6 :3 8 1 0 .3 7 1 0 .8

27 May 1983 1 2 :0 0 1 1 5 .6 9 5 .0

28 May 1983 0 1 :2 0 2 6 0 .0 0 4 .8

28 May 1983 1 5 :0 0 2 8 6 .0 4 4 .6

28 May 1983 1 8 :40 1 1 3 .2 8 4 .4

28 May 1983 2 2 :0 0 6 8 0 .2 4 4 .5

29 May 1983 1 2 :3 4 4 0 5 .8 6 7 .7

29 May 1983 2 1 :4 0 6 9 9 .8 6 6 .0

30 May 1983 11 :56 5 0 8 .1 4  ■ 5 .6

31 May 1983 2 1 :58 167 .15 5 .8

05 Ju n e 1983 18 :00 1 6 .3 1 7 .6

11 Ju n e 1983 11 :17 1 0 5 .6 2  . 6 .0

12 Ju n e 1983 13 :45 62 .9 3 5 .1

18 Ju n e 1983 2 0 :57 . 2 2 .5 2 7 .3

19 Ju n e 1983 14 :50 2 2 .8 4 7 .5

19 Ju n e 1983 1 6 :4 4 1 0 .8 7 7 .5

25 Ju n e 1983 18 :50 3 .6 5 1 2 .0

30 Ju n e 1983 18:07 3 3 8 .6 5 —  ™
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T a b le  8 .  C o n c lu d e d .

D ate Time
(h o u rs )

T o ta l  Suspended 
• S o l id s  

(m g/1)

W ate r
T em p era tu re

( 0C)

16 May 1984 17 :15 . 2 4 5 .7 9 4 .3

17 May 1984 2 0 :0 0 8 7 .3 0 5 .5

19 May 1984 11 :15 1 0 .9 4 5 .4

20 May 1984 1 0 :3 0 5 3 .4 2 5 .0

22 May 1984 . 1 2 :0 0 1 1 .6 7 6 .0

23 May 1984 1 5 :0 0 1 2 .5 7 6 .5

27 May 1984 1 3 :3 0 16 .9 5 7 .0

28 May 1984 1 1 :50 19 .37 7 .0

29 May 1984 1 1 :40 1 0 .9 6 7 .5

29 May I-
*

k
O

0
0

4
> 2 3 :00 2 0 5 .9 0 6 .0

30 May 1984 2 1 :1 0 163 .31 6 .5

31 May 1984 2 3 :3 4 265 .96 5 .0

01 Ju n e 1984 1 3 :00 1 7 4 .5 9 6 .5

02 Ju n e 1984 1 2 :0 0 1 0 0 .5 9 6 .0

02 Ju n e 1984 2 4 :0 0 1 1 2 .3 9 5 .0

03 Ju n e 1984 2 1 :4 0 4 2 .6 0 6 .0
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T a b le  9 . B e d s lo p e  a n d  w a t e r  s u r f a c e  s l o p e  d a t a  f o r  l o n g i t u d i n a l  
p r o f i l e s  th ro u g h  s tu d y  r e a c h  f o r  1983 and 1984.

D is ta n c e s  B etw een  S lo p e  Datum L in e s

P r o f i l e ( f t )
1-1 1 2 9 .4
2-1 1 2 4 .8
3 -1 1 2 2 .8
4-2 1 2 3 .1
K-3 . 12 3 .8
5 -3 1 2 2 .0

Date
(tim e)

P ro f i le
slope

D iffe ren ce  
(72-71^

in  bed e le v a tio n  
( f t )

D iffe ren ce  (y2- 7 i)  
w a te r su rface  

e le v a tio n  
( f t )

Bed
slope

(%)

W ater
su rfa c e

slope
(%)

28 May 1983 4-2 5.56 2.18 4.52 1.77
(22:00) 5-3 3.55 1.84 2.91 1.51

29 May 1983 4-2 5 .05 2.57 4 .10 2.09
(13:50) 5-3 3 .49 2.70 2.86 2.21

30 May 1983 4-2 4.90 2.16 3 .98 1.75
(11:30) 5-3 3 .30 2.55 2.70 2.09

(17:39) 4-2 4.69 1.97 3,81 1.60
5-3 3.11 1.56 2.55 1.28

31 May 1983 1-1 4.35 4.07 3 .36 3.15
(20:30) 1-2 3.83 3 .60 3.07 2.88

1-3 3.27 3 .61 2.66 2.94
4-2 4.40 2.41 3 .57 1.96
5-3 3,21 2 .58 2.63 2.11

05 June 1983 1-1 3 .48 2.20 2.68 1.70
(17:52) 1-2 4 .29 2.31 3 .44 1.85

1-3 4.43 3.41 3.61 2.78
4-2 4.17 3.37 3.39 2 ,74
5-3 3 .50 3 .44 2.87 2.82.

11 June 1983 1-1 3 .42 1.76 2 .64 1.36
(11:00) 1-2 3 .56 2.08 2.85 1.67

1-3 3 .00 1.38 2 .44 1 .12
4-2 3 .9 4  ■ 2.28 3.20 1.85
5-3 Not A v ailab le 1.85E

E = E s t im a te d  v a lu e
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T a b le  9 . C o n t in u e d .

Date
(tim e)

P ro f i le
slope

D iffe ren ce
(y2- y i )

in  bed e le v a tio n  
( f t )

D iffe ren ce  (yg-y^) 
w a te r su rface  

e le v a tio n  
( f t )

Bed
slope

(%)

W ater
su rface

slope
(%)

12 June 1983 1-1 3 .40 1 .54 2.63 1.19
(13:30) 1-2 3 .11 1.57 2.49 1.26

1-3 2 .68 1 .24 2.18 .1.01
4-2 3 .62 2 .04 2.94 1.66
5-3 0.92 1 .60 0.75 1.31

18 June 1983 1-1 ' 3 .21 2.48
(21:00) 1-2 2.92 2.37

1-3 2.68 2.18
4-2 3.43 2.79 .
5-3 1.08 1.97 0.89 1.61

19 June 1983 1-1 3 .3 2 2.57
(14:05) 1-2 2.81 2.25

1-3 2.75 2 .24
4-2 3 .32 2.70
5-3 1.01 1.79 0.83 1.47

(16:40) 1-1 3.41 2 .64
1-2 2.75 2.20
1-3 2.67 2.17
4-2 3.26 2.65

. 5-3 0.93 1.79 0.76 1.47

25 June 1983 1-1 3 .39 2.62
(17:55) 1-2 2.71 2.17

1-3 2.69 2.19
• 4-2 3 .22 2.62

5-3 1.05 1.86 0.86 1.52

27 May 1984 1-1 3 .14 1.19 2.43 0.92
(13:30) 2-1 4.40 2.41 3.53 1.93

3-1 3 .90 1.91 3 .18 1.56
4-2 3 .0 4 1.94 . 2.47 1.58
5-3 2.00 2.00 1.64 1 .64

28 May 1984 1-1 3.07 1 .24 2.37 0.96
(12:00) 2-1 4 .32 2.46 3.46 1.97

3-1 3 .76 1.90 3 .06 1.55
4-2 2.89 1.95 2.35 1.58
5-3 1.93 1.95 1.58 1.60
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T a b le  9 . C o n t in u e d .

Date
(tim e)

P ro f i le
slope

D iffe ren ce

^ 2 _y i )
in  bed e le v a tio n  

( f t )

D iffe ren ce  (yg-y^) 
w ater su rface  

e le v a tio n  
( f t )

Bed
slope

(%)

W ater
su rfa c e

slope
(%)

29 May 1984 1-1 2.80 1.28 2.16 0.99
(12:00) 2-1 4.17 2.47 3 .34 1.98

3-1 3 .68 1.98 3 .00 1.61
4-2 3 .08 1.97 2.50 1.60

(23:45) 1-1 2.71 0.41 2.09 0.32
2-1 4.01 1.53 3.21 1.23
3-1 : 3 .48 1.27 2.83 1.03
4-2 . 3 .00 1.92 2 .44 1.56
5-3 0.61 2.20 0.50 1.80

31 May 1984 1-1 2.92 0.42 2.26 0.32
(00:00) 2-1 4.20 1 .60 3.37 1 .28

3-1 3 .70 1.41 3.01 1.15
4-2 2 .94 1.48 2.39 1.20
K-3 2 .34 1.18 1.89 1.53

01 June 1984 1-1 2.91 0.63 2.25 0.49
(13:00) 2-1 4.02 1.66 3 .22 1.33

3-1 3 .6 4 1.70 2.96 . 1 .38
4-2 3.13 2.05 2 .54 1.67

02 June 1984 1-1 2 .94 0.90 2.27 0.70
(12:15) 2-1 . 4 .04 1.94 3 .24 1.55

3-1 3 .68 1.87 3 .00 1.52
4-2 2.61 0.83 2.12 0.67
K-3 2 .32 2.06 1.87 1.66

03 June 1984 1-1 2.86 0.78 ' 2.21 0 .60
(00:15) 2-1 3.96 1 .74 3.17 1.39

3-1 4 .34 1.76 3.53 1.43
4-2 2.89 1.93 2.35 1.57
K-3 2.66 2.18 2.15 1.76

(17:00) 1-1 2.92 0.99 2.26 0.77
2-1 4.02 1.96 3 .22 1.57
3-1 3 .78 1.91 3 .08 1.56
4-2 2 .8 8 . 2.08 2 .34 1.69
K-3 2.53 2.17 2.04 1.75
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T a b le  9 . C o n c lu d e d .

Date
(tim e)

P ro f i le
slope

D iffe ren ce

(y2™yi)
in  bed e le v a tio n  

( f t )

D iffe ren ce  ( ^ - Yi) 
w a te r su rface  

e le v a tio n  
( f t )

Bed
slope

(%)

W ater
su rfa c e

slope
(%)

*03 June 1984 1-1 2.23 0 .69
(2150) 2-1 3.28 1.58

3-1 3.03 1.48
4-2 2.43 1.67 .
K-3 2.00 1.76
5-3 2.02 1.77

05 June 1984 1-1 2.26 0 .7 4
(14:30) 2-1 3.23 1.59

3-1 3.01 1.49
4-2 2.40 1.62
K-3 1.91 1.79

#12 June 1984 1-1 2.29 1.17
(20:05) 2-1 3.33 2.07

3-1 3 .04 1.78
4-2 2.48 1.86
K-3 2.55 2.25
5-3 2.22 1.78

4W ater su rfa c e  s lope  a t  3-1 and 4-2 measured 3.42% by w a te r  le v e l  method. 
^Water su rfa c e  s lope  a t  3-1 and 4-2 m easured 2.66% by w a te r  le v e l  method.
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APPENDIX D 

PARTICLE SIZE DATA
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T a b le  10 . S ie v e  a n a l y s e s  ( F o lk ,  1 9 80 ) o f  i n s t a n t a n e o u s  H e l l e y - S m i t h  
b e d lo a d  t r a n s p o r t  s a m p le s  a n d  b a r  a n d  c h a n n e l  m a t e r i a l  
sa m p le s .

E .C . = Sam ple i n t e g r a t e d  a c r o s s  e n t i r e  c h a n n e l w id th . 

AS.8  = P o in t  sam ple  ta k e n  5 .8  m e te rs  from  l e f t  b an k .

^type of Cumulative w eight p e rcen t c o a rs e r  th an  (Phi) 
Date Time Sample 95 84 75 50 25 16 5

18 'Mayxl9_83/17700xJjh-Gr""— 0 7 2 5 ' -1 7 6 5 - - 3 . 7 5 - 5 . 2 0 —5 ."50——5.7-5——5e.90

22 May 1983 16:25 E.C. 0.95 0 .30 -0 .6 5  -2 .3 0 -3 .9 5 -4 .3 0  -4 .7 5 -^
20:00 E. C. 0.85 -0 .5 0 -1 .9 5  -4 .0 0 -5 .3 0 -5 .5 0  -5 .9 0  /

24 May 1983 22:00 E.C. 1.80 1 .60 1.05 -0 .4 5 -3 .1 5 -3 .7 0  -4 .2 5  Z

25 May 1983 20:34 E.C. 1.70 1.40 0 .90  -2 .6 0 -4 .6 0 -5 .1 0  -5 .7 5

27 May 1983 11:30 E.C. 1.70 1.45 1.05 . -0 .45 -4 .2 5 -4 .6 0  -5 .2 5

28 May 1983 .01:41 E. C. 2.55 1.70 1.50 0.90 0.20 -0 .3 5  -2 .65
02:54 E.C. 1.85 1.35 0.85 -3 .25 -4 .9 0 -5 .2 5  -5 .75
18:28 E. C. 0.05 -2 .9 5 -3 .4 5  -4 .20 -4 .9 5 -5 .2 0  -5 .5 0  Z
22:25 AS .8 1.35 -0 .2 0 -1 .9 5  -3 .65 -4 .7 5 -5 .2 5  -6 .1 0  -

29 May 1983 14:13 E.C. 0 .80 - 1 .60 -3 .2 0  -4 .6 0 -5 .3 0 -5 .5 0  -5 .8 5  ^
14:02 AS.8 1.00 -0 .6 0 -2 .2 0  -3 .5 0 -4 .4 0 -4 .7 0  -5 .3 0  ,

30 May 1983 12:15 E. C. 1.30 0.25 -1 .1 5  -3 .25 -4 .7 5 -5 .0 0  -5 .6 5  - Z
12:10 AS .8 0.70 -0 .5 5 -1 .9 5  -3 .45 -4 .5 0 —4.80 —6.00
18:23 E.C. 1.75 1.35 0.85 -2 .9 0 -4 .5 5 -4 .85  -5 .25  Z

05 June 1983 18:35 E.C. 1.50 0.90 -0 .1 5  -1 .8 5 -3 .1 0 -3 .4 5  * -3 .9 0  Z
18:35 AS .8 1.45 0.45 -0 .5 0  -2 .15 -4 .6 0 -5 .1 0  -5 .7 0  ^

11 June 1983 11:40 E.C. 1.50 0.75 -0 .4 0 . -2 .85 -4 .3 0 -5 .0 0  -6 .0 0
11:35 A6.1 1.00 0.35 -0 .8 0  -3 .55 -4 .5 5 -4 .8 0  -5 .7 5  i / -

12 June 1983 15:00 E.C. 1.35 ■ 0.15 -1 .3 0  -3 .7 0 -5 .8 0 -6 .0 0  -6 .3 0  Z "

18 June 1983 21:50 E.C. 1.05 0.25 -0 .5 5  -2 .0 0 -3 .3 0 -3 .6 5  -4 .1 0
21:41 AS.8 -0 .55 -2 .1 0 -2 .7 5  -3 .75 -4 .5 5 -5 .0 0  -5 .6 5

19 June 1983 15:00 E. C. 1.15 0.35 -0 .5 0  -2 .1 0 -3 .55 -4 .2 5  -5 .3 5  %
15:00 AS.8 1.15 0.85 0 .20  -1 .4 0 -3 .2 0 -3 .7 5  -4 .5 0  Z
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T a b le  1 0 . C o n c lu d e d .

Type of Cum ulative w eight percen t c o a rse r  than  (Phi) 
Date Time Sample 95 84 75 50 25 16 5

14 May 1984 20:23 E.C. 2.15 1.85 1.45 0 .30 -1 .95 -3 .0 5 -4 .5 0

16 May 1984 17:40 E.C. 1.05 -2 .4 5 -3 .45 -4 .4 0 -5 .1 0 -5 .5 0 -5 .9 0

17 May 1984 17:40 E. C. 1.85 0.90 0.30 -1 .5 0 -3 .1 0 -3 .95 -5 .0 0

27 May 1984 14:00 
14:10

E.C.
AS.8

1.20
1.60

0 .00
1.05

-1 .7 0
0 .5 0

-4 .0 0
-1 .55

-4 .8 0
-4 .1 0

-5 .1 5
-4 .4 0

-5 .7 0
-9 .85

28 May 1984 12:00 
12:15

E.C.
AS.8

-3 .5 0
1.90

-4 .95
1.50

-5 .1 0
1.20

-5 .3 5
0 .70

-5 .6 5
0.00

-5 .7 5
-0 .5 5

-6 .0 0
-2 .3 0

29 May 1984 23:15 
23:25

E.C.
AS .8

1.80
1.80

1.35
1.35

0.90
0.90

-1 .3 0
-3 .1 0

-4 .1 5
-5 .4 5

-4 .8 0
-5 .6 5

-5 .6 0
-5 .9 0

30 May 1984 21:05 
.21:05

E.C.
AS.2

1.50
1.80

0.85
1.45

-0 .2 5
1.10

-1 .8 5
0.50

-3 .2 0
-1 .6 0

-3 .7 0
-2 .3 0

—4.80 
-3 .4 5

31 May 1984 23:45 
23:45

E.C.
AS.8

1.75
1.80

1 .20
1.60

0.70
1.20

-1 .15
0.50

-3 .5 0
-0 .9 0

-5 .0 0
-1 .9 0

-5 .7 0
-4 .1 0

02 June 1984 01:00 
02:00

E. C.
AS .2

1.50
1.50

0.40
0.25

-1 .3 0
-3 .2 0

-3 .9 0
-5 .1 0

-4 .5 5
-5 .7 0

-5 .3 5
-5 .9 5

-5 .9 0
-6 .3 5

03 June 1984 21:15 
21:20

E. C.
AS .2

1.60
1.85

1.10
1.45

0.30
0.90

-1 .5 0
-0 .8 0

-3 .3 0
-3 .0 0

-3 .8 5
-3 .2 5

-4 .75
-3 .8 0
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T a b le  11. S ie v e  a n a l y s e s  o f  s a m p le s  t a k e n  f r o m  d e p o s i t s  f o r m e d  b y  
Squaw C reek.

Post 19 June 1983

Sample
# L ocation

Cumulative w eight percen t c o a rse r  th an  (Phi) 
95 84 75 50 25 16 5

I R ight bank channel 
lo w e r ' end o f main 
b a r  above b rid g e

0.90 -1 .7 0  -4 .2 0 -7 .0 0  -7 .5 0 -7 .7 0  -7 .95

2 Upstream end of 
main b a r  above 
b rid g e

-2 .6 0 -4 .6 0  -6 .2 0 -6 .8 0  -7 .2 0 -7 .3 0  -7 .5 0

3 Right bank channel 
a t  head of main ' 
b a r  above b rid g e

0.25 -3 .6 0  -4 .2 0 -4 .7 5  -5 .4 0 -5 .7 0  -6 .2 0

4 Upstream end of 
b a r  below b rid g e  
a t  r ig h t  bank

1.60 -1 .95  -3 .3 5 -4 .5 5  -5 .3 0 -5 .6 5  -6 .3 0

5 Channel a long  r ig h t  
bank a t  low er end 
of Sample #4 b a r

1 .70 -0 .7 0  -3 .3 0 -4 .6 0  -5 .3 5 -5 .7 0  -6 .3 0

6 Upstream end of 
b a r  below o ld  lo g  
jam

-2 .8 0 -5 .2 0  -5 .9 5 -7 .0 0  -7 .5 0 -7 .6 5  -7 .95

7 Dcwnstream end of 
b a r  belcw o ld  log  
jam

-4 .6 0 -5 .0 0  -5 .3 5 -5 .9 0  -6 .4 5 -6 .7 0  -7 .0 0

8 Upstream end of 
b a r  a t  mouth of 
Squaw Creek

0.75 -1 .9 5  -3 .4 5 -4 .8 0  —5.90 -6 .2 0  -6 .7 0

9 Bed armour 
(Leopold)

-6 .5 0 -7 .2 5  -7 .5 5 -8 .1 0  -8 .5 0 -8 .6 5  -8 .9 0  '



M O N TA N A  S T A T E  U N IV E R SIT Y  L IB R A R IE S

3 762 101 >332 9

¥


