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SYNOPSIS 

The g e o m o r p h i c  r e s p o n s e  o f  a c h a n n e l  t o  slope movements d e p e n d s  on t h e  r a t e  o f  c o l l u v i u m  d e l i v e r y  
from h i l l s l o p e s  r e l a t i v e  t o  t h e  r a t e  o f  removal  by f l u v i a l  p r o c e s s e s .  For s l o p e  movements r a n g i n g  
from e x t r e m e l y  s l o w  t o  slow ( less  t h a n  1.5 m / m o ) .  t h e  b a l a n c e  between s l o p e  and  f l u v i a l  i n f l u e n c e s  
c a n  be  c o n s i d e r e d  i n  t e r m s  o f  t h e  c h a n n e l  c o n s t r i c t i o n  r a t i o ,  d e f i n e d  a s  t h e  r a t i o  o f  s l o p e  movement 
t o  c h a n n e l  w i d t h ,  e x p r e s s e d  a s  % / y r :  S i t e s  w i t h  f a s t e r  c o n s t r i c t i o n  r a t i o s  may e x p e r i e n c e  more 
f r e q u e n t  stream bank i n s t a b i l i t y  and s e d i m e n t  p r o d u c t i o n .  Rapid  s l o p e  movements d i s c h a r g i n g  l a r g e  
volumes of c o l l u v i u m  i n t o  c h a n n e l s  c a n  form dams. Darn volume, r i v e r  d i s c h a r g e ,  and  s i z e  
d i s t r i b u t i o n  of dam m a t e t i a l  d e t e r m i n e  t h e  p o t e n t i a l  f o r  dam f a i l u r e  and r e l e a s e  o f  w a t e r  f rom 
impounded l a k e s .  The i m p l i c a t i o n s  f o r  h a z a r d  p r e d i c t i o n  and  m i t i g a t i o n  a r e  d i s c u s s e d .  

INTRODUCTION 

S l o p e  movements o f  s o i l  and  r o c k  ( u s i n g  t h e  
t e r m i n o l o g y  o f  V a r n e s .  1978)  a r e  major 
environmental h a z a r d s  of n a t i o n a l  p r o p o r t i o n s  i n  
J a p a n ,  and  t h e y  a l s o  p o s e  v e r y  s i g n i f i c a n t  
h a z a r d s  i n  p o r t i o n s  o f  t h e  e a s t e r n  and  w e s t e r n  
U n i t e d  S t a t e s  a n d  i n  o t h e r  t e c t o n i c a l l y  a c t i v e  
t e r r a n e s .  T h e s e  p r o c e s s e s  s c u l p t  l a n d f o r m s ,  
produce s e d i m e n t ,  a n d  e n d a n g e r  human l i f e  and  
p r o p e r t y .  The  e f f e c t  o f  s l o p e  movements is f e l t  
n o t  o n l y  i n  t h e  a r e a  of t h e  moving hillslopes, 
b u t  a l s o  where  t h e  movement e n c r o a c h e s  on  r i v e r  
c h a n n e l s ,  c h a n g i n g  u p s t r e a m  a n d  downst ream 
c o n d i t i o n s .  

S l o p e  movements h a v e  a g r e a t  v a r i e t y  o f  
e f f e c t s  on r i v e r  c h a n n e l s .  Most e f f e c t s  a r e  
s u b t l e  c a t c h i n g  t h e  e y e  o n l y  o f  t h e  
g e o m o r p h o l o g l s t .  A few a r e  q u i t e  newswor thy ,  
p a r t i c u l a r l y  where  r i v e r s  a r e  dammed, c a u s i n g  
f l o o d i n g  i n  u p s t r e a m  a r e a s ,  s u c h  a s  a t  t h e  
T h i s t l e  ( 1 9 8 2 ,  Utah  U S A ) ,  Nakayama ( 1 8 8 9 ,  
J a p a n ) ,  and Kamenose L a n d s l i d e s  (1931-1932,  
J a p a n ) .  Of g r e a t e r  h a z a r d ,  b e c a u s e  o f  t h e  r a p i d  
r i s e  o f  w a t e r ,  is f l o o d i n g  downst ream a f t e r  
f a i l u r e  o f  a l a n d s l i d e  dam, a s  e x p e r i e n c e d  a t  
Nagano C i t y  on  t h e  S a i  R i v e r .  J a p a n ,  i n  1847. 
L e s s  d r a m a t i c  e f f e c t s  o f  s l o p e  movement i n c l u d e  
c h r o n i c  p r o d u c t i o n  o f  s e d i m e n t  and  damage t o  
f i s n  h a b i t a t  by  a l t e r i n g  b o t h  c h a n n e l  s t r u c t u r e  
and  s t r e a m s i d e  v e g e t a t i o n .  High s e d i m e n t  
production a n d  c h a n n e l  i n s t a b i l i t y  d u r i n g  f l o o d s  
i n  p a r t  r e f l e c t s  s e d i m e n t  d e l i v e r y  by  s l o p e  
movement s i n c e  t h e  p r e v i o u s  major f l o o d .  

L i t t l e  r e s e a r c h  h a s  been  c o n d u c t e d  on  t h e  
e f f e c t s  o f  s l o p e  movement on c h a n n e l s .  
S y s t e m a t i c  o b s e r v a t i o n s  o f  c h a n n e l  c o n d i t i o n s  i n  
t h e  v i c i n i t y  Of s l o p e  movements w i t h  known 
h i s t o r i e s  a r e  e s p e c i a l l y  r a r e ,  b e c a u s e  b o t h  
h i l l s l o p e  a n d  f l u v i a l  p r o c e s s e s  a r e  i n v o l v e d  
wnich a r e  t r a d i t i o n a l l y  s t u d i e d  s e p a r a t e l y .  I n  
t h i s  p a p e r  w e  d raw on a few f i e l d  e x a m p l e s  from 
t h e  n o r t h w e s t e r n  U n i t e d  S t a t e s  and J a p a n  t o  

d e v e l o p  a g e n e r a l  scheme f o r  c l a s s i f y i n g  and  
a n a l y z i n g  e f f e c t s  o f  a r a n g e  o f  s l o p e  movement 
t y p e s  on  c h a n n e l s .  T h i s  a n a l y s i s  h a s  s e v e r a l  
i m p l i c a t i o n s  f o r  d e s i g n i n g  f u t u r e  r e s e a r c h  and  
for d e a l i n g  w i t h  h a z a r d s  f rom s l o p e  movements. 
I n  t h i s  p a p e r  w e  d o  n o t  examine  s e v e r a l  
i m p o r t a n t  s l o p e  movement- channel  i n t e r a c t i o n s ,  
i n c l u d i n g  effects o f  c h a n n e l  c h a n g e  on  s l o p e  
movement r a t e  and t h e  c a s e  where debris s l i d e s  
and a v a l a n c h e s  o r i g i n a t e  i n  0 - o r d e r  c h a n n e l s  
(Tsukamoto e t  a 1 . , 1 9 8 2 )  o r  h o l l o w s  ( D i e t r i c h  and  
Dunne.1978) and p r o c e e d  down c h a n n e l s  a s  d e b r i s  
f lows .  

TYPES O F  EFFECTS OF SLOPE MOVEMENT ON R I V E R S  

The broad  r a n g e  i n  t y p e s  o f  s l o p e  movement 
e f f e c t s  on  r i v e r s  c a n  be c o n s i d e r e d  i n  a s i m p l e  
a n a l y s i s  o f  t h e  b a l a n c e  b e t w e e n  r a t e  o f  m a t e r i a l  
d e l i v e r y  by s l o p e  movement and  t h e  a b i l i t v  o f  
t h e  f l u v i a l  s y s t e m  t o  remove t h a t  m a t e r i a l .  W e  
beg in  by a n a l y z i n g  t h e s e  general f a c t o r s ,  
r e c o g n i z i n g  t h a t  many more s p e c i f i c  v a r i a b l e s  
a r e  i n v o l v e d ,  s u c h  a s  s i z e  d i s t r i b u t i o n  o f  t h e  
c o l l u v i u m  and l o c a t i o n  o f  t h e  f a i l u r e  p l a n e  
r e l a t i v e  t o  t h e  r i v e r  c h a n n e l .  Some o f  t h e  
major t y p e s  o f  c h a n n e l  r e s p o n s e s  t o  c o l l u v i u m  
d e l i v e r y  and removal  a r e  shown s c h e m a t i c a l l y  i n  
F i g u r e  1. R a t e  o f  d e l i v e r y  o f  c o l l u v i u m  by 
s l o p e  p r o c e s s e s  c a n  be  e x p r e s s e d  a s  d i s c h a r g e  o f  
m a t e r i a l  p e r  m e t e r  o f  c h a n n e l  l e n g t h  p e r  u n i t  o f  
t i m e .  W e  h a v e  e s t i m a t e d  t h e s e  d i s c h a r g e s  
( F i g u r e  1 ) ,  u s i n g  t y p i c a l  t h i c k n e s s e s  a n d  
v e l o c i t i e s  o f  s l o p e  movements o b s e r v e d  i n  t h e  
n o r t h w e s t e r n  U n i t e d  S t a t e s .  The  r a t e  o f  d e p o s i t  
removal d e p e n d s  on b o t h  s t r e a m  p o w e r ,  o r  
competence ,  and t h e  s i z e  d i s t r i b u t i o n  o f  t h e  
material. 

S l o p e  movements c a n  r e d u c e  t h e  w i d t h  of a 
v a l l e y  f l o o r  and c h a n n e l  and  c a n  r a i s e  r i v e r - b e d  
e l e v a t i o n .  Where t h e  r a t e  o f  s l o p e  movement 
i n t o  a  c h a n n e l  i s  v e r y  s l o w  r e l a t i v e  t o  t h e  
a b i l i t y  o f  t h e  r i v e r  t o  remove m a t e r i a l ,  t h e r e  
may be  l i t t l e  c h a n g e  i n  c h a n n e l  e l e v a t i o n  and  
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F i g u r e 1. Some r e s p o n s e s  o f  c h a n n e l s  i n  
r e l a t i o n  t o  r a t e  o f  c o l l u v i u m  d e l i v e r y  f r o m  
h i l l s l o p e s  a n d  r a t e  o f  c o l l u v i u m  removal .  
P r o c e s s e s  and  r a t e s  o f  c o l l u v i u m  d i s c h a r g e  by 
s l o p e  movements t y p i c a l  i n  t h e  n o r t h w e s t e r n  
U n i t e d  S t a t e s  a r e  shown. 

g e o m e t r y .  I n  t h i s  c a s e  t h e  s l o p e  movement 
s i m p l y  p r o d u c e s  s e d i m e n t  w i t h  minor  e f f e c t  on 
c h a n n e l  form. S l o p e  movement a t  a v e r y  s l o w  t o  
s low r a t e  ( 0 . 0 6  m/yr t o  1 . 5  m/mo, u s i n g  t h e  
movement s c a l e  o f  V a r n e s . 1 9 7 8 )  may e x c e e d  t h e  
r a t e  o f  removal  by f l u v i a l  e r o s i o n  f o r  p e r i o d s  
o f  up to some y e a r s ,  r e s u l t i n g  i n  t e m p o r a r y  
c h a n n e l  constriction a n d  a n  i n c r e a s e  i n  bed 
e l e v a t i o n .  I n  t h e  e x t r e m e  c a s e ,  v e r y  r a p i d  
movement ( g r e a t e r  t h a n  0 . 3  m/min) o f  a l a r g e  
volume o f  m a t e r i a l  c a n  c o m p l e t e l y  bury  a c h a n n e l  
and  v a l l e y  f l o o r ,  f o r m i n g  a dam by l o c a l l y  and  
a b r u p t l y  r a i s i n g  t h e  e l e v a t i o n  of t h e  v a l l e y  
f l o o r .  

EXAMPLES O F  EFFECTS OF SLOPE MOVEXENTS ON RIVERS 

E x t r e m e l y  Slow S l o p e  Movement 

E x t r e m e l y  s l o w  s l o p e  movement ( l e s s  t h a n  
0.06 m/yr)  occurs  predomlnent ly  as  soi l  and rock 
c r e e p .  T y p i c a l  movement r a t e s  n e a s u r e d  i n  s t e e p  
l a n d s  of t h e  P a c i f i c  N o r t h w e s t  of t h e  U n i t e d  
S t a t e s  a r e  less t h a n  0 . 0 2  m/yr ( S w a n s t o n , l 9 8 1 ) .  
A r a t e  o f  c r e e p  movement o f  0 . 0 1  m/yr would 
a c c o u n t  f o r  a  1 %  a n n u a l  c o n s t r i c t i o n  r a t i o  a l o n g  
a 2 n wide  c h a n n e l  (1  c m  o f  c o n s t r i c t i o n  f r o m  
e a c n  s i d e  of t h e  c h a n n e l ) .  Along v e r y  s m a l l  
s t r e a m s  t h i s  movement c o u l d  r e s u l t  i n  l o c a l i z e d  
a r e a s  o f  bank e n c r o a c h m e n t  i n t o  t h e  c h a n n e l .  To 
o u r  knowledge ,  c o n s t r i c t i o n  o f  m a l l  c h a n n e l s  
h a s  n e v e r  b e e n  documented ,  a l t h o u g n  I t  c o u l d  be 
measured  w i t h  s i m p l e  t e c h n i q u e s ,  s u c h  a s  
r e p e a t e d  s u r v e y s  of t h e  d i s t a n c e  be tween  p o i n t s  
monumented on o p p o s i t e  b a n k s  of a c h a n n e l .  

Very Slow t o  Slow S l o p e  Movements 

Ear t h f  lows  ( V a r n e s  ,1978 , Keefer  and  
J o h n s o n , l 9 8 4 )  and  o t h e r  v e r y  s low t o  s l o w  

(0.06 m/yr t o  1 . 5  m/mo) slope-movement f e a t u r e s  
e n c r o a c h  on c h a n n e l s  o n  a v e r y  s i g n i f i c a n t  s c a l e  
i n  t h e  P a c i f i c  N o r t h w e s t  ( T a b l e  I ) .  The 
p r o p o r t i o n  o f  c h a n n e l  l e n g t h  w i t h  a d j a c e n t  s l o p e  
movement f e a t u r e s  is s i m i l a r  i n  some g e o l o g i c  
terranes of   Japan (Nat ional  Research Center  for  
D i s a s t e r  P r e v e n t i o n ,  198 2 ) .  

T a b l e  1.  P e r c e n t  o f  c h a n n e l  l e n g t h  b o r d e r e d  by  
a c t i v e  and  i n a c t i v e  s l u m p s  and  e a r t h f l o w s  on 
s e l e c t e d  r i v e r s  i n  n o r t h w e s t e r n  U n i t e d  S t a t e s  

S l u m p s / E a r t h f l o w s  
L o c a t i o n  A c t i v e  I n a c t i v e  

Redwood C r e e k  
C a l i f o r n i a  11 
Lookout Creek  
Oregon 21 

19 2 5  

a 2 6

Middle  S a n t i a m  2 5  
R i v e r ,  Oregon 

3 3  

S o u r c e s  : 
L/Nolan al.,1976. f o r  Highway 299 t o  Lacks 
C r e e k .  
- 2/Swanson a n d  J a m e s , l 9 7 5  
- 3 / H i c k s  ,198 2 

The r a n g e  o f  e a r t h f l o w - c h a n n e l  r e l a t i o n s  c a n  
be  o b s e r v e d  i n  a g r o u p  o f  e a r t h f l o w s  f o r  which 
w e h a v e  some d e t a i l e d  r e c o r d s  of movement and 
c h a n n e l  c h a n g e .  The 17  h a  Lookout  C r e e k  
Earthflow, l o c a t e d  i n  v o l c a n i c l a s t i c  c o c k s  o f  
t h e  w e s t e r n  C a s c a d e s ,  O r e g o n ,  flows i n t o  Lookout  
C r e e k .  C h a n n e l  e n c r o a c h m e n t  is i n d i c a t e d  by t h e  
17  m c h a n n e l  ‘width o u t s i d e  t h e  e a r t h f l o w -  
a f f e c t e d  a r e a  and a w i d t h  o f  o n l y  1 3  m a l o n g  t h e  
e a r t h f l o w  t o e ,  b a s e d  on 1977 m e a s u r e m e n t s .  

Measurement o f  e a r t h f l o w  movement i n  1974-1984 
i n d i c a t e s  t h a t  t h e  toe is a d v a n c i n g  i n t o  t h e  
c h a n n e l  a t  a n  a v e r a g e  r a t e  o f  0 . 1  m/yr (Swanson 
e t  a 1 , 1 9 8 0 ) ,  s o  t h e  c h a n n e l  c o n s t r i c t i o n  r a t i o  
i s  a b o u t  0 . 6 %  o f  c h a n n e l  w i d t h / y r .  W e  a s s e r t  
t h a t  s e d i m e n t  p r o d u c t i o n  from e a r t h f l o w  t o e s  
w i t h  s u c h  low c o n s t r i c t i o n  r a t i o s  is e p i s o d i c .  
A n a l y s i s  o f  l a n d f o r m s  a n d  t r e e  a g e s  r e v e a l s  t h a t  
major  e r o s i o n  o f  t h e  Lookout  Creek  e a r t h f l o w  
t o e ,  m a i n l y  a s  s t r e a m s i d e  d e b r i s  a v a l a n c h e s ,  
o c c u r r e d  i n  t h e  w i n t e r  o f  1964-1965 when a maioc  
f l o o d  w i t h  a p p r o x i m a t e l y  1 0 0- y e a r  r e t u r n  p e r i o d  
took  p l a c e  (Swanson a n d  S w a n s t o n .  1977). T h e r e  
h a v e  been  n o  a d d i t i o n a l  d e b r i s  a v a l a n c h e s  o r  
s i g n i f i c a n t  e r o s i o n  by  o t h e r  p r o c e s s e s  a t  t h e  
t o e  i n  t h e  20 y e a r s  s i n c e  t h a t  f l o o d ,  b u t  
c o n t i n u e d  e a c t h f l o w  movement may l e a d  t o  
r e p e a t e d  e p i s o d e s  o f  d e b r i s  a v a l a n c h i n g  w i t h  a 
f r e q u e n c y  on  t h e  t i m e s c a l e  o f  d e c a d e s .  

However,  t h e  v a l l e y  f l o o r  a t  t h i s  s i t e  h a s  
been  c o n s t r i c t e d  by  a p p r o x i m a t e l y  50 m i n  t h e  
v i c i n i t y  o f  t h e  e a r t h f l o w ,  b a s e d  on c o m p a r i s o n  
w i t h  u p s t r e a m  and downst ream a r e a s  (Swanson and  
Swanston, l977). The l o n g i t u d i n a l  p r o f i l e  o f  
Lookout  C r e e k  t h r o u g h  t h e  e a r t h f l o w  c o n s t r i c t e d  
s e c t i o n  is n e a r l y  s t r a i g h t ,  s u g q e s t i n q  t h a t  t h e  
e a r t h f l o w  may h a v e  l o c a l l y  r a i s e d  c h a n n e l  
e l e v a t i o n ,  b u t  n o t  enough t o  c r e a t e  a convex  
l o n g i t u d i n a l  p r o f i l e  (Swanson and Swanston, l977) 
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The Jude  Creek E a r t h f l o w  a l s o  o c c u r s  i n  
a l t e r e d  v o l c a n i c l a s t i c  r ocks  of  t h e  wes t e rn  
Cascades ,  Oregon. The t o e  of t h i s  e a r t h f l o w  has  
been moving i n t o  Jude  Creek a t  app rox ima te ly  
1 2  m/yr o v e r  t h e  1979-1984 p e r i o d  of 
observation. A t  t h e  p o i n t  o f  c o n t a c t  w i th  t h i s  
30 ha e a r t h f l o w ,  J u d e  Creek is abou t  6 m wide 
and d r a i n s  800  ha.  The r a t e  of  c h a n n e l  
c o n s t r i c t i o n  by t h i s  e a r t h f l o w  is t h e r e f o r e  
abou t  200%/yr .  T h i s  r e l a t i v e l y  h igh  r a t e  o f  
movement i n t o  a s m a l l  c h a n n e l  ha s  had profound 
e f f e c t s  on t h e  l o n g i t u d i n a l  p r o f i l e  and c h a n n e l  
bank c o n d i t i o n s .  Numerous s m a l l - s c a l e  (1 t o  
1 0 0  m3) d e b r i s  a v a l a n c h e s  and s lumps d e l i v e r  
s ed imen t  t o  t h e  c h a n n e l  d u r i n g  each f a l l - w i n t e r  
p e r i o d  o f  e a r t h f l o w  movement and h igh  s t r e a m  
f l ow .  The e a r t h f l o w  h a s  r a i s e d  c h a n n e l  
e l e v a t i o n ,  r e s u l t i n g  i n  d e p o s i t i o n  of  a 
Low-gradient f l a t  ups t r eam of t h e  e a r t h f l o w  and 
a ve ry  s t e e p  s t r e a m  s e c t i o n  ove r  b o u l d e r s  and 
l o g s  t r a n s p o r t e d  i n t o  t h e  c h a n n e l  by t h e  
e a r t h f l o w  a t  i ts  Lower end. The r e s u l t  is a 
s t a i r - s t e p  l o n g i t u d i n a l  p r o f i l e  o f  t h e  c h a n n e l  
through t h e  e a r t h f l o w - c o n s t r i c t e d  s e c t i o n .  

S i x  e a r t h f l o w s  of i n t e r m e d i a t e  c o n s t r i c t i o n  
r a t i o s  have been examined i n  t h e  Van Duzen River  
b a s i n ,  n o r t h e r n  C a l i f o r n i a ,  USA,  by Kelsey  
(1977,  1 9 7 8 ) .  Toes o f  t h e s e  e a r t h f l o w s  moved a t  
an ave r age  r a t e  of 2 t o  7 m/yr over  t h e  p e r i o d  
of 1941 t o  1 9 7 5 ,  based  on d i sp l acemen t  o f  

distinctive f e a t u r e s  obse rved  i n  a e r i a l  
pno tog raphs .  The c h a n n e l  is 40  t o  50 m wide i n  
t n e  v i c i n i t y  of t n e s e  e a r t h f l o w s ,  so they 
exhibit constriction r a t i o s  of abou t  5 t o  
l0%/yr.. S i g n i f i c a n t  e r o s i o n  of t h e  t o e s  o f  
tnese earthflows o c c u r r e d  e v e r y  few y e a r s ;  i n  
some y e a r s  t n e r e  was no t o e  e r o s i o n  (Ke l s ey ,  
p e r s o n a l  communication!.  I n d i v i d u a l  e a r t h f l o w s  
in t h i s  area did n o t  have  s i g n i f i c a n t  e f f e c t  on 
t n e  l o n g i t u d i n a l  p r o f i l e  or v a l l e y  f l o o r  w i d t h ,  
oecause  t h e  r i v e r  was l a r g e  enough to remove 
earthflow c o l l u v i u m  b e f o r e  t h e  r i v e r b e d  c o u l d  be 
raised. 

Where Large e a r t h f l o w s  have e n t e r e d  f o u r t h -  
ana  f i f t h - o r d e r  c h a n n e l s  of  lower g r a d i e n t ,  
broaa  floodplain and t e r r a c e  complexes  a r e  
uevetoped upstream. Examples of such broad 
v a l l e y  f l o o r s  above e a r t n f l o w s  a r e  widespread i n  
the T e r t i a r y  v o l c a n i c  t e r r a n e s  of t h e  wes t e rn  
Cascades ,  Oregon,  where e a r t n f l o w s  50 ha o r  
l a r g e r  a r e  common. A 1 0 0  ha unnamed e a r t h f l o w  

dating from more t han  6 .600  y e a r s  B.P. (Swanson 
and James ,1975)  has  c o n s t r i c t e d  Lookout Creek a t  
a p o i n t  where i t  . d r a i n s  5600 ha .  The r e s u l t i n g  
i n c r e a s e  i n  r i v e r  bed e l e v a t i o n  has c o n t r i b u t e d  
t o  f o rma t ion  o f  a v a l l e y  f l o o r  up t o  300 m wide 
e x t e n o i n g  ups t r eam f o r  3.5 k m .  The v a l l e y  f l o o r  
o u t s i d e  t n e  zone of i n f l u e n c e  of t h i s  e a r t h f l o w  
is s i y n i f i c a n t l y  narrower .  The development  o f  
such f e a t u r e s  i n  s m a l l e r  c h a n n e l s  is l i m i t e d  by 
s t e e p  g r a d i e n t s  and narrow v a l l e y s .  E a r t h f l o w s  
e n t e r i n g  s i x t h - o r d e r  and l a r g e r  c h a n n e l s  a r e  
L ike ly  t o  have  l i t t l e  e f f e c t  on long- term 
r i v e r b e d  e l e v a t i o n ,  because  t h e s e  c h a n n e l s  have 
s u f f i c i e n t  s t r e a m  power t o  remove e a r t h f l o w  

deposits (Ke l s ey ,  1 9 7 7 ) .  

W e  know o f  n o  e x a m p l e s  i n  t h e  P a c i f i c  
Nor thwest  o f  t h e  Uni ted  S t a t e s  of f a i l u r e  p l a n e s  
extending beneath a r i v e r  and emerging a t  t h e  
s u r f a c e  beyond t h e  f a r  r i v e r  bank. T h i s  t ype  of 

s l o p e  movement f e a t u r e  h a s  been obse rved  i n  
J apan ,  w i t h  n o t a b l e  examples i n c l u d i n g  t h e  
Kamenose, S h o r i n z a n ,  and  Kuj imidai  (Komoro C i t y )  
l a n d s l i d e s .  I n  t h e s e  cases t h e  e n t i r e  r i v e r b e d  
is l i f t e d  up, l a n d s l i d e  co l l uv ium may be  exposed 
i n  t h e  r i v e r b e d  by s c o u r  of a l l u v i u m ,  and a 
bulge of earth may occur om the far side of the 
r i v e r .  The r i v e r  banks  i n  t h i s  s i t u a t i o n  a r e  
l i k e l y  t o  be more s t a b l e  than  i n  t h e  c a s e  of  
e a r t h f l o w  movement d i r e c t l y  i n t o  a c h a n n e l  t h a t  
r e s u l t s  i n  c h a n n e l  c o n s t r i c t i o n  and  w idesp read  
bank e r o s i o n .  

I n  summary, e a r t h f l o w s  can  c o n s t r i c t  c h a n n e l s  
where t h e  zone o f  f a i l u r e  e n t e r s  a c h a n n e l .  
Sediment  p r o d u c t i o n  from t h e  e a r t h f l o w  t o e  can  
be by d e b r i s  a v a l a n c h e s .  E a r t h f l o w s  w i t h  a 
h ighe r  r a t i o  o f  c h a n n e l  c o n s t r i c t i o n  ( e x p r e s s e d  
a s  movement r a t e  o f  e a r t h f l o w  t o e / c h a n n e l  w id th  
i n  u n i t s  o f  % / y r )  may produce s ed imen t  by more 
f r e q u e n t ,  s m a l l e r  d e b r i s  ava l anches  t h a n  s i t e s  
w i t h  lower c h a n n e l  c o n s t r i c t i o n  r a t i o s .  I n  t h e  
l a t t e r  c a s e ,  s ed imen t  p r o d u c t i o n  by d e b r i s  
a v a l a n c h e s  from e a r t h f l o w  toes may t a k e  p l a c e  
p r edominen t l y  d u r i n g  major  f l o o d s  a f t e r  some 
y e a r s  o f  slow c h a n n e l  c o n s t r i c t i o n .  

However, a t  t h e  t o e s  of e a r t h f l o w s  w i t h  h igh  
c o n s t r i c t i o n  r a t i o s  f l u v i a l  t r a n s p o r t  c a n n o t  
keep pace  w i t h  d e l i v e r y  of c o l l u v i u m  by t h e  
e a r t h f l o w .  p a r t i c u l a r l y  where t h e  e a r t h f l o w  
t r a n s p o r t s  a s i g n i f i c a n t  component o f  v e r y  l a r g e  
b o u l d e r s  (Kelsey,1978). As a r e s u l t  o f  t h i s  
l o c a l  i n c r e a s e  i n  b a s e  l e v e l ,  l and fo rms  such  a s  
b road ,  l ow- grad i en t  v a l l e y  f l o o r s  c a n  d e v e l o p  
ups t ream of e a r t h f l o w  c o n s t r i c t i o n s  and may 
p e r s i s t  on t h e  t i m e  s c a l e  of t housands  o f  y e a r s  
in some c a s e s  (Swanson and James .1975) .  

Rapid S lope  Movements 

Depos i t s  from l a r g e ,  r ap id  (1 .5  m/day t o  
0 . 3  m / m i n )  t o  e x t r e m e l y  r a p i d  ( . g r e a t e r  t h a n  
3 m/s ) s l o p e  movements can  accumula t e  i n  a 
c h a n n e l  and a d j a c e n t  v a l l e y  f l o o r ,  f o rming  a 
dam. A l a k e  is t y p i c a l l y  impounded above t h e  
dam. Such a dam may e v e n t u a l l y  f a i l  a s  a r e s u l t  
o f  p i p i n g ,  c o l l a p s e  by  mass movement, or  c h a n n e l  
i n c i s i o n  a f t e r  ove r topp ing .  Many l a n d s l i d e  dams 
do no t  f a i l  o r  may be o n l y  p a r t i a l l y  e roded  
b e f o r e  t h e  c h a n n e l  c r o s s i n g  them is armored by a 
l a g  c o n c e n t r a t i o n  o f  c o a r s e  p a r t i c l e s .  The 
a s s o c i a t e d  l a k e s  may p e r s i s t  Eor t h o u s a n d s  of  
y e a r s  u n t i l  f i l l e d  w i t h  sediment  from ups t r eam 
a r e a s .  The l i k e l i h o o d  o f  f a i l u r e  o f  l a n d s l i d e  
dams depends  on c h a r a c t e r s i t i c s  of b o t h  t h e  dam 
and t h e  r i v e r .  C r i t i c a l  l a n d s l i d e  
c h a r a c t e r i s t i c s  a f f e c t i n g  dam s t a b i l i t y  i n c l u d e  
t h e  volume and s i z e  d i s t r i b u t i o n  o f  m a t e r i a l  
moved i n t o  t h e  c h a n n e l  and t h e  geome t ry  and 
i n t e r n a l  s t r u c t u r e  o f  t h e  r e s u l t i n g  dam. 
Channel  c o n d i t i o n s  t h a t  de t e rmine  t h e  a b i l i t y  o f  
f l u v i a l  p r o c e s s e s  t o  e r o d e  t h e  dam i n c l u d e  t h e  
f low regime,  g r a d i e n t  o f  the c h a n n e l  on t h e  f a c e  
o f  t h e  dam, and g r a i n - s i z e  d i s t r i b u t i o n  o f  bed 
m a t e r i a l s .  

As a f i r s t  app rox ima t ion ,  w e  h y p o t h e s i z e  
t h a t ,  f o r  a p a r t i c u l a r  s e t  of c h a r a c t e r i s t i c s  o f  
dam m a t e r i a l ,  l a r g e r  dams b lock ing  s m a l l e r  
r i v e r s  w i l l  have g r e a t e r  p r o b a b i l i t y  of forming 
a l a k e  which p e r s i s t s  u n t i l  f i l l e d  w i t h  
s ed imen t ,  r a t h e r  t h a n  f a i l i n g  c a t a s t r o p h i c a l l y .  
O n  t h e  o t h e r  hand,  s h o r t - l i v e d  dams (dams which 
f a i l )  shou ld  o c c u r  most commonly where  s m a l l e r  
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l a n d s l i d e s  e n t e r  r i v e r s  w i t h  l a r g e r  d r a i n a g e  
a r e a s .  A s  a t e s t  o f  t h i s  h y p o t h e s i s ,  w e  compare  
l a n d s l i d e  volume w i t h  d r a i n a g e  a r e a  above  t h e  
l a n d s l i d e  dam ( a s  a s u r r o g a t e  f o r  r i v e r  
d i s c h a r g e ) ,  u s i n g  n i n e  e x a m p l e s  from J a p a n  
(Figure 2 ,  Table 11). We have l imited our  
a n a l y s i s  t o  t h e s e  two v a r i a b l e s ,  b e c a u s e  many o f  
t h e  o t h e r  t y p e s  o f  c r u c i a l  d a t a  on r i v e r  and  
l a n d s l i d e  c h a r a c t e r i s t i c s  a r e  n o t  a v a i l a b l e  f rom 
p u b l i s h e d  r e p o r t s  and maps. 

s i g n i f i c a n t l y  i n f l u e n c e d  by human a c t i v i t i e s .  
E x c a v a t i o n  o f  l a n d s l i d e  d e b r i s  a t  s e v e r a l  s i t e s  
c l e a r l y  i n c r e a s e d  t h e  r a t e  o f  r i v e r  c h a n n e l  
c u t t i n g  t h r o u g h  l a n d s l i d e  dams, s u c h  a s  t h e  Wada 
and  Kamenose L a n d s l i d e s .  However. f i e l d  
c o n d i t i o n s  a t  t h e s e  s i t e s  make i t  v e r y  u n l i k e l y  
t h a t  l a n d s l i d e  l a k e s  c o u l d  p e r s i s t  v e r y  l o n g  
under  n a t u r a l  c o n d i t i o n s .  On t h e  O t h e r  hand ,  
c o n t r o l  s t r u c t u r e s  h a v e  been b u i l t  on t h e  
o u t l e t s  o f  l a k e s  formed by t h e  Bandai  L a n d s l i d e  

T a b l e  11. Examples  o f  l ands l ide- dammed l a k e s  i n  J a p a n .  F o o t n o t e s  i n d i c a t e  s o u r c e  of d a t a  on  
l a n d s l i d e  vo lume 

Names of L a n d s l i d e ,  
Lake ,  R i v e r  

L a n d s l i d e  
Volume 

(m3) 

D r a i n a g e  A r e a  
Above Dam 

( k m 2 )  

L i f e t i m e  
o f  Lake 

B a n d a i  l a n d s l i d e  
Lake Hibara (1) 

B a n d a i  l a n d s l i d e  
Lake Onogawa (1) 

B a n a a i  l a n d s l i d e  
Lake Akimoto (1) 

Yanakubo Pond ( 2 )  

Kamenose l a n d s l i d e  
Yamato R i v e r  ( 3 )  

Kokuzo l a n d s l i d e  
Sal R i v e r  ( 2 )  

Hime R i v e r  
H i e a a  l a n d s l i d e  ( 4 )  

Wada l a n d s l i d e  
Niyu R i v e r  ( 5 )  

Nakayama l a n d s l i d e  
T o t s u  R i v e r  ( 6 )  

1.5 109 

1.5 109 

1.5 109 

0.7 x L O 6  

22 x 106 

2 x 106 

3 x 106 

0.7 x 106 

3 x 1 0 6  

98 

4 0  

110 

2.8 

78 0 

2600 

460  

140 

510 

Long- term 
( 1 3 8 8- p r e s e n t )  

Long- term 
(18  88 - p r e s e n t  ) 

Long- term 
( 1 8 3 8- p r e s e n t )  

Long- term 
(18 4 7- p r e s e n t )  

S h o r t - t e r m  
(8 mo) 

S h o r t - t e r m  
( 1 9  d a y s )  

S h o r t - t e r m  
(1 mo.) 

S h o r t - t e r m  
(5 d a y s )  

Short .- te rm 
(1 d a y )  

(1) Ui ,1983  
( 2 )  N .  Oyagi,estimated f rom map 
( 3 )  M i n i s t r y  o f  C o n s t r u c t i o n , l 9 8 0  
( 4 )  M. Watanabe,personal communica t ion  
( 5 )  F u g i t a  e t  a 1 . , 1 9 8 3  
( 6 )  E s t i m a t e d  f r o m  map i n  Kagose,1976 

To t e s t  t h e  h y p o t h e s i s ,  we examine t h e  d e g r e e  
o f  c l u s t e r i n g  o f  S h o r t -  and l o n g - l i v e d  l a k e s  i n  
a p l o t  o f  s l i d e  volume a g a i n s t  d r a m a g e  a r e a  
a b o v e  t h e  d a m  ( F i g u r e  2 ,  T a b l e  I I ) .  A S  
h y p o t h e s i z e d ,  a s i g n i f i c a n t  c l u s t e r i n g  is 
o b s e r v e d  w i t h  a p a t t e r n  o f  s m a l l e r  l a n d s l i d e s  
i n t o  l a r g e r  w a t e r s n e d s  b e i n g  more l i k e l y  t o  f a i l  
s o o n  a f t e r  dam f o r m a t i o n .  Al though t h e r e  a r e  
o n l y  n i n e  w i d e l y  s c a t t e r e d  p o i n t s  i n  F i g u r e  2 ,  
t h e  p a t t e r n  s u g g e s t s  t h a t  i t  s h o u l d  be p o s s i b l e  
t o  i d e n t i f y  c o m b i n a t i o n s  o f  l a n d s l i d e  volume a n d  
w a t e r s h e d  a r e a  where  c a t a s t r o p n i c  dam f a i l u r e  
would be  p r e d i c t e d .  

T h i s  a n a l y s i s  is l i m i t e d  by t h e  s m a l l  s a m p l e  
s i z e ,  t n e  f a i l u r e  t o  a n a l y z e  o t h e r  v a r i a b l e s  
s u c h  a s  s i z e  d i s t r i b u t i o n  o f  l a n d s l i d e  d e b r i s  
and  r i v e r  d i s c h a r g e ,  and t h e  p o s s i b l i t y  t h a t  t h e  
l i f e t i m e s  of some l a n d s l i d e  dams were 

which we i d e n t i f y  a s  l o n g- t e r m  l a k e s .  T k  is  
r e a s o n a b l e  t o  assume t h a t  t h e s e  l a k e s  would 
p e r s i s t  under  s t r i c t l y  n a t u r a l  c o n d i t i o n s ,  j u s t  
a s  Lake I n a w a s h i r o  and  S p i r i t  Lake (Mount St. 
H e l e n s ,  USA) h a v e  i n  i d e n t i c a l  s i t u a t i o n s .  

An a d d i t i o n a l  c o m p l i c a t i o n  i n  a n a l y z i n g  
r e l a t i o n s  among l a n d s l i d e  volume, w a t e r s h e d  
a r e a ,  and l i f e  t i m e  o f  l a k e s  is  t h a t ,  in t h e  
c a s e  o f a v e r y  l a r g e  s l o p e  movement o v e r  a 
l a n d s c a p e  o f  low t o  modera te  r e l i e f ,  only a 
f r a c t i o n  o f  t h e  d e p o s i t  may a c t  a s  a dam. T h i s  
e f f e c t  is most p ronounced  i n  s i t u a t i o n s  s u c h  a s  
a t  Bandai  i n  1888 and Mount S t .  H e l e n s  i n  1930  
where  t h e  l a n d s l i d e  d e p o s i t s  s p r e a d  a l o n g  many 
k i l o m e t e r s  of  t h e  v a l l e y  f l o o r ,  damming mouths  
o f  t r i b u t a r y  s t r e a m s .  In  t h e s e  c a s e s  a l a r g e  
volume of l a n d s l i d e  debris u p s t r e a m  o f  t h e  
t r i b u t a r y  may p l a y  no r o l e  i n  damming. In 
T a b l e  II and F i g u r e  2 ,  v a l u e s  of t o t a l  d e p o s i t  
volume a r e  u s e d ,  which may have  t h e  e f f e c t  o f  
i n c r e a s i n g  t h e  s c a t t e r  o f  p o i n t s .  

F u r t h e r m o r e ,  a n a l y s i s  of f a c t o r s  s u c h  a s  
c h a n n e l  g r a d i e n t  and g e o l o g i c  t e r r a n e  a s  i t  
i n f l u e n c e s  s i z e  d i s t r i b u t i o n  o f  landslide d e b r i s  
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F i y u r e  2.  Distribution o f  l o n g -  and s h o r t - t e r m  
landslide-dammed lakes i n  r e l a t i o n  t o  l a n d s l i d e  
volume and w a t e r s h e d  a r e a .  

w i l l  be  e s s e n t i a l  t o  u n d e r s t a n d i n g  c o n d i t i o n s  
c o n t r o l l i n g  l a n d s l i d e  dam f a i l u r e .  

IMPLICATIONS 

The geomorpnic  o b s e r v a t i o n s  and h y p o t h e s e s  i n  
t h i s  p a p e r  have  s e v e r a l  implications f o r  
p r e d i c t  i o n  anti mitiga t i o n  of s e d i m e n t a t i o n  and 
n a z a r d s  t o  l i f e  and  p r o p e r t y .  

The t i m i n g  and a p p r o x i m a t e  m a g n i t u d e  o f  
sediment production from t o e s  o f  e a r t h f l o w s  c a n  
oe  p r e d i c t e d  from anowledge  o f  c h a n n e l  
c o n s t r i c t i o n  r a t i o s  and  t i m e  s i n c e  p r e v i o u s  
major  e p i s o d e  of t o e  e r o s i o n .  S e d i m e n t  
p r o d u c t i o n ,  s t r e a m  bank i n s t a b i l i t y ,  a n d  c h a n g e s  
in c n a n n e l  geomet ry  a t  e a r t h f l o w  t o e s  may b e  
g r e a t e s t  in a f l o o d  a f t e r  a n  e x t e n d e d  p e r i o d  o f  
y e a r s  w i t h  no l a r g e  f l o o d s .  

Bank s t a o i l i t a t i o n  w o r k s on t h e  t o e s  o f  
a c t i v e  s l o p e  movements,  s u c h  a s  e a r t h f l o w s ,  c a n  
e v e n t u a l l y  d e c r e a s e  o v e r a l l  s t a b i l i t y  o f  t h e  
s i t e ,  i f  c h a n n e i  c o n s t r i c t i o n  is o c c u r r i n g  a t  a 
s i g n i f i c a n t  r a t e .  By p r e v e n t i n g  more f r e q u e n t ,  
Low-magnitnde e r o s i o n  o f  e a r t h f l o w  t o e s ,  t h e  
p o t e n t i a l  f o r  e r o s i o n a l  e v e n t s  of  g r e a t e r  
m a g n i t u d e  i s ennanced .  I n  t h i s  p e r s p e c t i v e ,  
c o n t r o l  m e a s u r e s  s n o u l d  b e g i n  on t h e  s l o p e  
movement i t s e l f  : a t n e r  t n a n  a t  t h e  p o i n t  o f  
f l u v i a l  e r o s i o n  o f  :ne t o e .  

The p o t e n t i a l  f o r  o c c u r r e n c e  o f  f l o o d s  from 
r e l e a s e  o f  l a k e  w a t e r s  a s  a r e s u l t  of f a i l u r e  o f  
l a n d s l i d e  dams c a n  b e  p r e d i c t e d  by  z o n i n g  
w a t e r s h e d s  i n  t e r m s  of p o t e n t i a l s  f o r  p r o d u c i n g  
l a n d s l i d e s  l a r g e  enough t o  form dams a t  p o i n t s  
i n  t h e  r i v e r  s y s t e m  where dam f a i l u r e  is 
l i k e l y .  A n a l y s i s  o f  g e o l o g y  and  h i s t o r y  o f  
s l o p e  movements would y i e l d  d a t a  on t h e  s i z e  
d i s t r i b u t i o n  o f  l a n d s l i d e s  i n  t h e  p a s t  a n d  t h e  
p r o b a b l e  g e o g r a p h i c  d i s t r i b u t i o n  o f  l a r g e  
l a n d s l i d e s  i n  t h e  f u t u r e .  A n a l y s i s  o f  
t o p o g r a p h y  would r e v e a l  l o c a t i o n s  i n  t h e  
d r a i n a g e  s y s t e m  where  t h e s e  l a r g e  l a n d s l i d e s  a r e  
l i k e l y  t o  form dams. A n a l y s i s  of t h e  h i s t o r y  of 
s t a b i l i t y  o f  l a n d s l i d e  dams i n  r e l a t i o n  t o  
l o c a t i o n  i n  t h e  d r a i n a g e  b a s i n  ( a s  i n  F i g u r e  2) 
o r  a n a l y s i s  of dam s t a b i l i t y  u s i n g  m a t h e m a t i c a l  
models  s u c h  a s  BREACH ( F r e a d , 1 9 8 4 )  c o u l d  t h e n  b e  
used  t o  i d e n t i f y  s e c t i o n s  of  t h e  d r a i n a g e  
ne twork  where l a n d s l i d e  dams w i t h  s i g n i f i c a n t  
p r o b a b i l i t y  o f  f a i l u r e  and  downst ream a r e a s  of  
f l o o d i n g  a r e  l i k e l y  t o  o c c u r .  

C l e a r l y  t h e  a n a l y s i s  o f  c h a n n e l  r e s p o n s e  t o  
s l o p e  movements is l i m i t e d  by l a c k  of s y s t e m a t i c  
o b s e r v a t i o n s  o f  c h a n n e l  c h a n g e s  a t  s i t e s  where  
s l o p e  movement is a l s o  m o n i t o r e d .  C o n s e q u e n t l y ,  
we s e e  a need f o r  s u c h  o b s e r v a t i o n s  a t  s i t e s  
s p a n n i n g  a b r o a d  r a n g e  of c o n s t e i c t i o n  r a t i o s  
and l a n d s l i d e  vo lumes  i n  a r a n g e  o f  c h a n n e l  
s i z e s .  T h i s  w i l l  r e q u i r e  i n n o v a t i v e ,  
c o o p e r a t i v e  efforts by h i l l s l o p e  and f l u v i a l  
e n g i n e e r s  and g e o m o r p h o l o g i s t s .  
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