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ABSTRACT 

St rude l  s cour s  are c r a t e r s  a s  much a s  20 m wide and 4 m deep, t h a t  a r e  
excavated by v e r t i c a l  d ra inage  f low dur ing  t h e  yea r ly  s p r i n g  f lood ing  of v a s t  
reaches of f a s t  i c e  surrounding a r c t i c  d e l t a s ;  t hey  form a t  a r a t e  of about 
2.5 km'2 yr-'. Monitor ing t m  such c r a t e r s  i n  t h e  Beaufort  Sea, w found t h a t  
i n  r e l a t i v e l y  unpro tec ted  s i t e s  t hey  f i l l  i n  by depos i t i on  from bedload i n  2 
t o  3 years .  N e t  w s t w a r d  sediment t r a n s p o r t  r e s u l t s  i n  sand l a y e r s  dipping a t  
t h e  angle  of repose westward i n t o  t h e  s t rude l -scour  c r a t e r ,  whereas t h e  west 
w a l l  of t h e  c r a t e r  remains s t e e p  t o  v e r t i c a l .  I n i t i a l l y  t h e  c r a t e r  t r a p s  
almost a l l  bedload: sand, pebbles ,  and organic  d e t r i t u s ;  a s  i n f i l l i n g  
p rog res ses ,  t h e  m a t e r i a l s  a r e  i nc reas ing ly  winnowed, and bypassing must 
occur. Over a 20-m-wide s e c t o r ,  a n  exposed s t r u d e l  scour  t r apped  360 m3 of 
bedload dur ing  tvm seasons;  t h i s  i n f i l l i n g  r ep re sen t s  a bedload t r a n s p o r t  r a t e  - 1 of 9 m3 yr-' m . This  r a t e  should b e  app l i cab le  t o  a 4.5-km-wide zone with 
equa l  exposure and s i m i l a r  o r  shal lower depth. Within t h i s  zone, t h e  

3 t r a n s p o r t  r a t e  is  40,500 rn p", s i m i l a r  t o  es t imated  longshore t r a n s p o r t  
r a t e s  on Local b a r r i e r  beaches. O n  t h e  b a s i s  of t h e  e s t a b l i s h e d  r a t e  of  c u t  
and f i l l ,  a l l  t h e  de l t a - f ron t  d e p o s i t s  should c o n s i s t  of s t rude l -scour  f i l l .  
Vibracores  t y p i c a l l y  show dipping  in te rbedded  sand and l e n s e s  of o rgan ic  
material draped over  very s t e e p  e r o s i o n a l  con tac t s ,  and a n  absence of 
h o r i z o n t a l  c o n t i n u i t y  of s t r a t a - - c r i t e r i a  t h a t  should uniquely i d e n t i f y  high- 
l a t i t u d e  d e l t a i c  depos i t s .  Given a 2- t o  3-year l i f e s p a n ,  most s t r u d e l  s cour s  
seen i n  surveys  must be old.  The same ho lds  t r u e  for ice gouges and o t h e r  
depress ions  not ad jus t ed  t o  summer waves and c u r r e n t s ,  a l though t h e s e  f e a t u r e s  
r eco rd  even t s  of only t h e  p a s t  f e w  years. I n  view of such h igh  r a t e s  of 
bottom reworking of t h e  sha l low s h e l f ,  any human a c t i v i t i e s  c r e a t i n g  
t u r b i d i t y ,  such a s  dredging, w u l d  have l i t t l e  e f f e c t  on  t h e  environment. 
However, huge amounts of t r a n s i t o r y  ma te r i a l  t rapped  by long causeways planned 
f o r  o f f sho re  development w u l d  r e s u l t  i n  major changes i n  t h e  environment. 

INTRODUCTION I 
The year ly  s p r i n g  f lood ing  of  v a s t  expanses of f a s t  i c e  on  t h e  i n n e r  

s h e l f  i n  t h e  Arc t i c ,  and t h e  commonly v i o l e n t  d r a i n i n g  of t h e s e  f loodwaters  
through t h e  i c e ,  r e s u l t  i n  t h e  formation of l a r g e  scour  c r a t e r s  c a l l e d  s t r u d e l  
scours .  S t r u d e l  scours ,  and t h e i r  subsequent sediment f i l l ,  a r e  important  
e r o s i o n a l  and d e p o s i t i o n a l  f e a t u r e s  of h igh - l a t i t ude  d e l t a i c  environments 
(Reimnitz,  e t  al . ,  19741; t h e i r  r ecogn i t i on  may s e r v e  as a c r i t e r i o n  f o r  
i d e n t i f y i n g  s i m i l a r  pa l eoenv i romen t s .  Indus t ry  cons iders  s t r u d e l  s cour s  t o  
b e  one of t h e  most s e r i o u s  geologic  hazards t o  p i p e l i n e s  on s h a l ~ o w s h e l f  
a r e a s  a f f e c t e d  by t h e  phenomenon (L. J. Toimil, o r a l  communication, 1981). 
The purpose of this r e p o r t  i s  t o  p r e s e n t  da t a  and observa t ions  on  t h e  
i n f i l l i n g  rate of tm s t r u d e l  s cour s  i n  d i v e r s e  environments of t h e  sha l low 
Beaufort  Sea s h e l f  near Prudhoe Bay, Alaska. Both scour s  a r e  s i m i l a r  i n  s i z e ,  
with l i p s  a t  2.5-m water depth,  b u t  one i s  s h e l t e r e d  by a nearby b a r r i e r  
i s l a n d ,  whereas t h e  o t h e r  l i e s  on a n  exposed p rode l t a .  



A comparison o f  t h e  measured r a p i d  r a t e  o f  s t r u d e l - s c o u r  e x c a v a t i o n  and 
i n f i l l i n g  wi th  t h e  g e n e r a l l y  slow r a t e  of d e l t a  a c c r e t i o n  i n  a r c t i c  r e g i o n s  
demons t ra tes  s t r u d e l - s c o u r  fill as a n  impor tan t  compos i t iona l  component of 
p r o d e l t a s .  W e  p r e s e n t  s t r o n g  ev idence  t h a t  t h i s  s t r u d e l - s c o u r  f i l l  c o n s i s t s  
of m a t e r i a l s  s u p p l i e d  a lmos t  e n t i r e l y  b y  b e d l o a d  t r a n s p o r t .  Thus, t h e  r a t e  of 
i n f i l l i n g  a l l o w s  c a l c u l a t i o n s  o f  b e d l o a d  t r a n s p o r t  rates t h a t  p r o b a b l y  a r e  
more r e l i a b l e  t h a n  t h o s e  o b t a i n a b l e  by any o t h e r  means known t o  us. Among t h e  
requ i rements  f o r  a n  e f f i c i e n t  bed load  t r a n s p o r t  sampler  (Hubbe l l ,  1964) a r e  
t h e  fo l lowing :  
( 1 )  it i s  v e r y  l a r g e  compared t o  seabed  r e l i e f ,  and  t h e r e f o r e  g i v e s  a good 

average ,  
( 2 )  it should  no t  a l t e r  b e d l o a d  d i s c h a r g e  b y  changing l o c a l  f l o w  p a t t e r n s ,  
( 3 )  it should  c o l l e c t  t h e  l a r g e s t  a s  ~211 as t h e  s m a l l e s t  bed load  p a r t i c l e s ,  
( 4 )  it s h o u l d  g i v e  a l l  p a r t i c l e s  a n  e q u a l  o p p o r t u n i t y  f o r  e n t r a n c e ,  r e g a r d l e s s  

of s i z e  and d i r e c t i o n  o f  movement, 
( 5 )  sampler  is s t a b l e ,  and 
( 6 )  sampl ing p e r i o d  i s  l o n g  r e l a t i v e  t o  p e r i o d  o f  changing h y d r a u l i c  

c o n d i t i o n s .  A s  t h e  s t r u d e l  s c o u r s  moni tored m e e t  t h e s e  r e q u i r e m e n t s  
b e t t e r  t h a n  most marnnade d e v i c e s ,  t h e  b e d l o a d  t r a n s p o r t  r a t e s  determined 
from t h i s  s t u d y  shou ld  b e  c l o s e  t o  a c t u a l  r a t e s  o f  t r a n s p o r t .  

Wave and c u r r e n t  r e m r k i n g  o f  t h e  i n n e r - s h e l f  s u r f a c e  i s  r e s t r i c t e d  t o  
t h e  s h o r t  open-water s e a s o n  s t a r t i n g  i n  J u l y  and e x t e n d i n g  t o  t h e  o n s e t  o f  
f r e e z e u p  i n  l a t e  September t o  e a r l y  October. Current-meter  r e c o r d s  from 
November t o  January  show maximum f l o w  v e l o c i t i e s  d e c r e a s i n g  from 10- t o  l e s s  
t h a n  2-cm s-' (Matthews, 1981).  On d i v i n g  o p e r a t i o n s  under  t h e  i c e  d u r i n g  t h e  
w i n t e r ,  we have observed  s i g n s  o f  o n l y  v e r y  low c u r r e n t  v e l o c i t i e s .  Under-ice 
c u r r e n t  o b s e r v a t i o n s  made d u r i n g  t h e  t i m e  and w i t h i n  t h e  a r e a  of over f low a r e  
t o o  s k e t c h y  t o  i n d i c a t e  whether r e m r k i n g  of bot tom sediment  o c c u r s  d u r i n g  
overf low.  C u r r e n t s  do no t  i n c r e a s e  n o t i c e a b l y  u n t i l  abou t  mid-July,  when t h e  
ice b r e a k s  up (Barnes ,  1982) .  The rivers o f  n o r t h e r n  Alaska begin c a r r y i n g  
water t o  t h e  s e a  by t h e  e n d  o f  May o r  e a r l y  June ,  when t h e  f a s t  ice i s  1.7 t o  
2 m t h i c k  and s t i l l  i n t a c t .  This ice is i n u n d a t e d  by 0.5 t o  1.5 m of f r e s h  
wate r  f o r  d i s t a n c e s  o f  as much a s  15 km o r  even  more from t h e  r i v e r  mouths 
(Reimni tz  and Bruder,  1972; Reimni tz  e t  a l . ,  1974; Walker,  1974) .  F igure  1 
shows a p a r t  of t h e  B e a u f o r t  Sea s h e l f  i n  t h e  v i c i n i t y  o f  t h e  Prudhoe Bay 
o i l f i e l d s  a t  a t i m e  when t h o s e  r i v e r s  wi th  headwaters  i n  t h e  Brooks Range a r e  
b e g i n n i n g  t o  f low,  whi le  t h o s e  wi th  d r a i n a g e  b a s i n s  e n t i r e l y  w i t h i n  t h e  
c o a s t a l  p l a i n  a r e  s t i l l  dormant. 

When t h e  c o a s t a l - p l a i n  d r a i n a g e  systems thaw and t h e  f l o o d i n g  i s  a t  i t s  
maximum, t h e  inunda ted  i c e  a r e a s  may n e a r l y  merge, e s p e c i a l l y  between t h e  
C o l v i l l e  and Kuparuk R i v e r s .  W i t h i n  a few days ,  however, most of t h e  f lood-  
wa te r s  d r a i n  o f f  t h e  ice. T h i s  d r a i n i n g  o c c u r s  a t  o r i f i c e s  w i t h i n  t h e  ice  
(F ig .  2) t h a t  s e r v e  a s  f o c a l  p o i n t s  f o r  v e r t i c a l l y  o r i e n t e d  a x i a l  jets wi th  
v o r t i c a l  motion; t h e s e  o r i f i c e s  a r e  c a l l e d  s t r u d e l ,  a f t e r  t h e  German m r d  f o r  
"whi r lpoo l"  (Reimni tz  and Bruder ,  1972) .  Because s e a w a t e r  d e p t h s  i n  t h e  
f l o o d e d  a r e a s  a r e  g e n e r a l l y  s h a l l o w e r  t h a n  6 m, t h e  v e r t i c a l  jet e n c o u n t e r s  
t h e  bot tom and may e x c a v a t e  c r a t e r s  more t h a n  4 m deep and 2 0  m a c r o s s  
( s t r u d e l  s c o u r s )  below t h e  d r a i n a g e  p o i n t s .  The f o r m e r l y  f l o o d e d  areas of  
f a s t  ice g e n e r a l l y  show only v e r y  s m a l l  amounts o f  f i n e - g r a i n e d  s u r f i c i a l  
sediment  a f t e r  d r a i n i n g  i s  completed (Reimni tz  and Bruder ,  1972) .  There i s  a 



Figure 1. Landsat image of  Prudhoe Bay area ( b e t e e n  A and 8 )  on  June 6 ,  
1976, showing larger rivers flowing out across the fast ice. I n  
many years, f looded  ice  areas nearly merge in t h i s  area. 



Figure 2. Overflow water from Kuparuk River draining at a s t r u d e l  situated o n  
a crack in 2-m-thick fast ice. Overflow at this point is estimated 
t o  be 1 to 1 . 5  m deep,  and t h e  water below t h e  ice is 1 to 2 rn 
deep. Distance across center of the photograph is about 15 rn. 



f a t h o m e t e r  running.  T h i s  t e c h n i q u e  p rov ided  d e t a i l e d  cross s e c t i o n s .  

One of t h e  t m  s t r u d e l  s c o u r s  monitored was a l s o  marked b y  a m e t a l  p o s t  
d r i v e n  by d i v e r s  i n t o  t h e  c e n t e r ,  by a 45-kg weight p l a c e d  nex t  t o  t h e  p o s t ,  
and by a 35-m-long s t e e l  c a b l e  s t r e t c h i n g  from t h i s  weight t o  a Danfor th  
anchor  tell away from t h e  r i m  o f  t h e  c r a t e r .  The c a b l e  was l o c a t e d  i n  
s u c c e s s i v e  y e a r s  and l e d  d i v e r s  back  to t h e  p o s t .  The p o s t  was notched a t  
10-cm i n t e r v a l s  t o  p r o v i d e  d e t a i l e d  o b s e r v a t i o n s  of sediment  a c c r e t i o n .  

RESULTS 

S t r u d e l  s c o u r  A 

One of t h e  s t r u d e l  s c o u r s  moni tored is l o c a t e d  near Egg I s l a n d  Channel 
( A ,  Fig. 11, a t i d a l  channe l  c o n n e c t i n g  Sirnpson Lagoon wi th  t h e  open ocean. 

*Any use o f  t r a d e  names and t rademarks  i n  t h i s  r e p o r t  i s  f o r  d e s c r i p t i v e  purposes  
o n l y  and does  no t  c o n s t i t u e  endorsement by t h e  U . S .  G e o l o g i c a l  Survey. 

F i g u r e  4. Fathogram of  d e e p e s t  p r o f i l e  of s t r u d e l  scour B i n  1978, and two 
s u c c e s s i v e  y e a r s .  Divers found v e r t i c a l  w a l l s  on upper  1 m of l e f t  
(west )  s i d e  and e s t i m a t e d  o r i g i n a l  s c o u r  depth by driving t h e  s t a k e  
shown. 
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a r e  unexplained.  

S t r u d e l  s c o u r  B is  exposed t o  a f e t c h  o f  20 km from t h e  northeast, t h e  
dominant wind d i r e c t i o n .  Much o f  t h e  a r e a  between s t r u d e l  scour B and t h e  
windward b a r r i e r  i s l a n d s  h a s  a water  dep th  o f  6 t o  7 m; f u r t h e r m o r e ,  t h e r e  i s  
no f l o w  o b s t a c l e  t o  wind-driven c u r r e n t s  t h a t  develop h e r e  with e a s t e r l y  winds 
(Barnes, e t  al.? 1977) .  The more exposed p o s i t i o n  of this s i t e  r e l a t i v e  t o  
t h a t  of s t r u d e l  s c o u r  A probably a c c o u n t s  f o r  t h e  more r a p i d  i n f i l l i n g  of 
s t r u d e l  s c o u r  B. 

A c u r r e n t  meter moored a t  a dep th  of 5.5 m s e v e r a l  k i l o m e t e r s  n o r t h  of 
s t r u d e l  s c o u r  B f o r  most o f  one summer r e c o r d e d  mainly w e s t e r l y  c u r r e n t s ,  
a v e r a g i n g  15 c m  s-' b u t  p e a k i n g  a t  53 crn sr' (Barnes  et a l .  , 1977) .  No major 
s to rms  o c c u r r e d  d u r i n g  t h o s e  52 days  o f  r e c o r d i n g ,  a l t h o u g h  peak v e l o c i t i e s  
were h i g h  enough t o  move c o a r s e  sand easily. Also, numerous bot tom d r i f t e r s  
r e l e a s e d  i n  S t e f a n s s o n  Sound washed a s h o r e  f a r  -stward of t h e i r  r e l e a s e  
p o i n t s  ( o u r  own unpubl i shed  d a t a ,  1979) ; t h u s ,  n e t  water movement n e a r  t h e  
bot tom c l e a r l y  i s  westward. The magnitude of westward b e d l o a d  t r a n s p o r t  a t  
a n o t h e r  s i t e  o n  t h e  Sagavan i rk tok  d e l t a ,  wi th  n e a r l y  i d e n t i c a l  s e t t i n g  and  
2.5-m water  dep th ,  d u r i n g  13-m s-' e a s t e r l y  winds, was documented d u r i n g  a 
d l v i n g  i n v e s t i g a t i o n  i n  1976 (Re imni tz  and  Toimil ,  1977) .  Near-bottom 
c u r r e n t s  o f  2 5  t o  5 0  crn s-' moved fins sand ,  kelp, wil low l e a v e s ,  grassy 
m a t e r i a l ,  and t w i g s  i n  1- t o  2-m-wide c u r r e n t - p a r a l l e l  s t r e a k s .  A t  t h e  t i m e  
o f  t h e  i n v e s t i g a t i o n ,  divers observed  d r a g  marks formed by p e b b l e s  wi th  
a t t a c h e d  k e l p  moving a l o n g  t h e  bottom. 

These  d a t a  and  t h e  f o l l o w i n g  a d d i t i o n a l  o b s e r v a t i o n s  o n  s t r u d e l  s c o u r  B 

s u g g e s t  t h a t  i t s  f i l l  r e p r e s e n t s  l a r g e l y  bed load  transport: (1) t h e  fa thogram 
a n d  d i v i n g  o b s e r v a t i o n s  show a n  asymmetric c r o s s  s e c t i o n ,  wi th  t h e  d e e p e s t  





p o i n t  closer t o  t h e  southwest wal l  and f o r e s e t  beds of  f i n e  sand draped a t  t h e  
ang le  o f  repose from t h e  no r theas t  l i p  o f  t h e  c r a t e r  toward t h e  c e n t e r ;  ( 2 )  
t h e  f i l l  consists l a r g e l y  of  sand-size m a t e r i a l ,  coa r se  f i b r o u s  o rgan ic  
ma t t e r ,  and a few pebbles, whereas summer-suspended ma t t e r  i s  l a r g e l y  silt and 
c l a y  s i z e  (Drake, 1977); t h e  f i b r o u s  o rgan ic  ma t t e r  is  r a r e l y  s een  on t h e  s e a  
s u r f a c e  but i s  abundant on t h e  bottom, and (31 observed a t  two i n t e rmed ia t e  
s t a g e s  of  i n f i l l i n g ,  t h e  s t r u d e l  scour  was con ica l ,  whereas i n f i l l i n g  from 
suspension load  should have r e s u l t e d  i n  nea r ly  h o r i z o n t a l  bedding p l a n e s  and a 
f Lat f l o o r .  

Another s t r o n g  argument i n  suppor t  of  ou r  con ten t ion  t h a t  t h e  s t r u d e l -  
scour  f i l l  r e p r e s e n t s  mainly bedload t r a n s p o r t  is  provided by  t h e  d a t a  f rom 
seven suspended-sediment t r a p s  deployed nearby i n  1980. These t r a p s ,  which 
had o r i f i c e s  of 30.5 c m  a t  a he igh t  of  30.5 c m  above t h e  bottom, were p l aced  
i n  a 2-km2 a r e a  4 Inn e a s t  of our  s tudy  a r e a ,  a t  a water depth of 3.5 m, from 
mid-July 1980 t o  about  t h e  end of t h e  year .  During t h e s e  5 t o  6 months of 
deployment, a n  average of 13.5 c m  of sed imen t  a c c r e t e d  i n  t h e  traps (Northern 
Technical  Se rv i ce s ,  1981).  This  accumulation, r ep re sen t ing  approximately one 
s ea sona l  s ed imen t - se t t l i ng  cyc l e ,  was a n  o r d e r  of magnitude lower t h a n  t h e  
a c c r e t i o n  r a t e  i n  s t r u d e l  scour  B. 

During t h e  1978 and 1979 d i v i n g  in spec t ions ,  we found coa r se  f i b r o u s  
o rgan ic  matter and a few pebbles  near t h e  bottom of t h e  c r a t e r ;  h ighe r  above 
t h e s e  o rgan ic  d e p o s i t s ,  sandy m a t e r i a l s  r e s t e d  a long  t h e  s ides .  During t h e  
f i n a l  i n s p e c t i o n  d ive ,  when i n f i l l i n g  was complete,  t h e  s u r f i c i a l  d e p o s i t s  of 
t h e  s t r u d e l  scour  c o n s i s t e d  of  c l e a n  sand. T h i s  v e r t i c a l  sequence of 
materials probably is t y p i c a l  of a l l  s t r u d e l  scour  f i l l  i n  t h i s  area. The 
i n t e r n a l  sedimentary s t r u c t u r e s  of  s t rude l - scour  f i l l  should  r e v e a l  t h e  
mechanism of l a t e r a l  i n f i l l i n g ,  and sediment t e x t u r e s  should show better 
s o r t i n g  h ighe r  up,  and dur ing  t h e  f i n a l  s t a g e s  of i n f i l l i n g .  

I n  suppor t  of t h e  above s p e c u l a t i o n  on t h e  na ture  of s t r u d e l  scour  f i l l ,  
F igure  7 shows a 1.5-m-long v ib raco re  c o l l e c t e d  2,000 m southwest of s t r u d e l  
scour  B. Barnes e t  a l .  (1979) r epo r t ed  t h a t  t h i s  core is t y p i c a l  of a s e r i e s  
o f  1 2  c o r e s  t a k e n  i n  sha l low waters  on f o u r  a r c t i c  r i v e r  d e l t a s .  Only 
f e a t u r e s  r e l e v a n t  t o  s t r u d e l  s cou r ing  of t h e  seabed, and t h e  s t rude l - s cou r  
i n f i l l i n g  a r e  mentioned here.  The c o r e  shows evidence of  s e v e r a l  e r o s i o n a l  
episodes:  r i p u p  m a t e r i a l  and mudballs,  a t h i c k  u n i t  of coa r se  f i b r o u s  organic 
m a t t e r  on  a n  e r o s i o n a l  s u r f a c e ,  and a t h i c k  u n i t  of s t e e p l y  d ipp ing  bedded 
sand on an  e r o s i o n a l  s u r f a c e ;  t h e  c o r e  a l s o  c o n t a i n s  s e v e r a l  ripple-bedded 
sand  u n i t s .  The o r i e n t a t i o n  of  t h e  c o r i n g  device  was recorded,  and t h e  beds 
dip wester ly .  This  core may r eco rd  s e v e r a l  scour -and- f i l l  events. Most 
important ,  very l i t t l e  sediment sugges t ive  of  s e t t l i n g  from suspens ion  i s  s e e n  
i n  t h i s  and t h e  o t h e r  11 shallow-.delta cores of Barnes e t  a l .  (1979);  t h e  bu lk  
of the m a t e r i a l  probably was supp l i ed  as bedload, and depos i t ed  i n  scour  
depress ions .  The s t r u c t u r e s  observed by  d i v e r s  i n  30- t o  50-cm-high ledges  o n  
t h e  sea f l o o r  suxrounding s t r u d e l  scour  B could  a l s o  w l l  f i t  t h e  concept of  
e ros ion ,  bedload t r a n s p o r t ,  and  depos i t i on ,  as desc r ibed  above. 

Assming  t h a t  t h e  f i l l  of s t r u d e l  scour  B indeed r e p r e s e n t s  bedload a n d  
t ha t  t h e  c r a t e r  is a n  efficient t r a p ,  se can use t h e  r a t e  of i n f i l l i n g  t o  
c a l c u l a t e  t h e  rate  of  bedload t r a n s p o r t  p a s t  t h e  s i te.  k north-south o r i e n t e d  
c r o s s  s e c t i o n  of the c r a t e r  measured 20 rn wide a t  t h e  s e a  f l o o r ;  t h e  c r a t e r  
volume, c a l c u l a t e d  from t h e  f i r s t -measured  p r o f i l e s  and assuming a c o n i c a l  
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Figure 7. R e s i n  peel of a v ibracore  taken  2 , 0 0 0  m from strudel scour B .  Core 
records s e v e r a l  scour-and-fill e v e n t s .  Core is o r i e n t e d  with r i g h t  
side to west (from Barnes et a l . ,  1979) .  



3 shape, was 360 m . I n  r e a l i t y ,  t h e  o r i g i n a l  shape was probably more cy l in -  
d r i c a l  t h a n  c o n i c a l ,  judgin from t h e  near ly  v e r t i c a l  west w a l l .  Thus, t h e  
crater ~ o l l e c t e d  180 m3 yr-' of  bedload;  d iv ided  by t h e  20-m width of  t h e  

3 t r a p ,  t h e  bedload t r a n s p o r t  r a t e  p a s t  a 1-m s e a f l o o r  segment i s  9 rn yr-'. 
During t h e  f i n a l  s t a g e s  of i n f i l l i n g ,  the e l l - s o r t e d  sands  c o l l e c t e d  t o  form 
a cap f o r  t h e  f i l l ,  and t h e  former c r a t e r  was no longer  a n  e f f i c i e n t  t r a p  f o r  
bedload. W e  b e l i e v e  t h a t  t h e  f i n a l  s t a g e s  o f  i n f i l l i n g  occur red  du r ing  
p a r t i c u l a r l y  windy f a l l  days of 1979, not  du r ing  the  swnmer of 1980, when we 
l a s t  looked a t  s t r u d e l  scour  B. Thusr because of t h e  dec reas ing  e f f i c i e n c y  
and e a r l y  completion, and t h e  c o n i c a l  shape conse rva t ive ly  used i n  t h e  
c a l c u l a t i o n s ,  t h e  a c t u a l  bedload t r a n s p o r t  r a t e  c e r t a i n l y  i s  h ighe r  t h a n  t h e  
c a l c u l a t e d  r a t e .  Because weather r eco rds  f o r  t h e  t m  seasons  of  bedload 
t r a p p i n g  show very  l i t t l e  wes te r ly  wind in f luence ,  t h e  c a l c u l a t e d  bedload- 
t r a n s p o r t  r a t e  probably nea r ly  equa l s  t h e  ne t  wes te r ly  t r anspox t  r a t e .  

The fo l lowing  cons ide ra t i ons  w i l l  demonstrate t h e  s i g n i f i c a n c e  of t h e  
above measurements. The t r a n s p o r t  r a t e  of 9 rn3yr-1<1 p a s t  s t r u d e l  scour  B, 
which probably a p p l i e s  t o  a  wide a r e a ,  sugges t s  very high r a t e s  of sediment 
movement on t h e  s h e l f .  The d e l t a  f r o n t ,  f r o m  t h e  shore  t o  t h e  3-m i s o b a t h ,  i s  
a gent ly  s lop ing  s u r f a c e ,  which, a t  r i g h t  ang le s  t o  wes te r ly  t r a n s p o r t ,  i s  
about 4.5 km wide. S t r u d e l  scour  B l ies  near t h e  o u t e r  edge of t h i s  p l a t -  
form, where t r a n s p o r t  r a t e s  probably a r e  lower t h a n  a t  shal lower depths  shore-  
ward. Applying t h e  measured t r a n s  o r t  r a t e  t o  t h e  t o t a l  width of t h i s  p l a t -  

3 form g ives  a  va lue  o f  40,500 rn yr-' of sediment,  most l i k e l y  a  conse rva t ive  
es t imate .  Nummedal (1979) ,  on t h e  b a s i s  of h i s  own c a l c u l a t i o n s  and a summary 
o f  publ i shed  d a t a  from t h e  nor th  sho re s  o f  Alaska, e s t i m a t e s  t h e  t r a n s p o r t  

3 ra te  a long  p r e s e n t  b a r r i e r  beaches a t  "a  few t e n s  of thousands of m yr-l." 
T h i s  longshore- t ranspor t  e s t i m a t e  near ly  equa l s  our  measured bedload- t ranspor t  
r a t e  over  on ly  a  narrow segment of t h e  sha l low s h e l f ,  Reso lu t ion  I s l a n d ,  a n  
a r t i f i c i a l  i s l a n d  b u i l t  s e v e r a l  hundred yards  from s t r u d e l  scour  B, 

3 c o n t a i n s  131,000 rn of g rave l ,  a smal l  volume r e l a t i v e  to t h e  sediment 
volume moved by nature.  As another  comparison, t h e  b a s e  of  t h e  Holocene 
marine sediment i n  t h e  a r e a ,  o r  t h e  base of t h e  modern Sagavanirktok River  
d e l t a  s een  i n  se i smic  r e f l e c t i o n  r eco rds ,  l i e s  only 2 t o  3 m below t h e  sea 
f l o o r ;  This  depth was confirmed by d r i l l i n g  (Evans, et d l . ,  1 9 8 0 ) .  

The high r a t e s  of  bed load  t r a n s p o r t ,  t o g e t h e r  with t h e  low r a t e s  of 
sediment a c c r e t i o n ,  a t t e s t  t o  t h e  dynamics of t h i s  d e p o s i t i o n a l  environ- 
ment. The f r e s h  ledges  observed by d i v e r s  and seen  on  s ide-scan  sonar ,  and 
t h e  deep b u r i a l  of our  g rapp l ing  c a b l e  below c l e a n  sand,  a r e  f u r t h e r  ev i -  
dence. These f i n d i n g s  sugges t  t h a t  t h e  abundant ice gouges s e e n  i n  t h e  
sha l low s h e l f  a r e a s  unpro tec ted  by b a r r i e r  i s l a n d s  from d r i f t i n g  i c e ,  
r e p r e s e n t  on ly  a  few years of ice a c t i v i t y .  Barnes and Reimnitz (1979) showed 
t h a t  waves and c u r r e n t s  i n  one r e l a t i v e l y  i c e - f r e e  sea with long  f e t c h  can  
t r ans fo rm a heav i ly  ice-gouged t e r r a i n  i n t o  one of  sediment waves extending 
o u t  t o  10-m water depths  without l e av ing  remnants of  p r ev ious ly  e x i s t i n g  
gouges. Thi s  bottom r e m r k i n g  probably occur red  du r ing  only one o r  t w  
storms. 

Given such h igh  t r a n s p o r t  r a t e s  under n a t u r a l  cond i t i ons ,  t h e  e f f e c t s  of 
most dredging, dril l ing-mud d ischarge ,  and i s land-cons t ruc t ion  a c t i v i t y  on t h e  
environment w a l d  seem t o  b e  i n s i g n i f i c a n t .  However, t h e  contemplated con- 



s t r u c t i o n  o f  long  eausemys  f o r  o f f s h o r e  o i l  development, which probably m u l d  
t r a p  much of t he  sediment i n  t r a n s i t  (Barnes and Minkler,  1982), m u l d  r e s u l t  
i n  d r a s t i c  changes t o  t h e  environment w i th in  only a few decades. 

The ongoing s t r u d e l  s cou r ing  and subsequent i n f i l l i n g  of such excava t ions  
r e s u l t  i n  c h a r a c t e r i s t i c  s t r u c t u r e s  t h a t  should serve as ursnistakable c r i t e r i a  
f o r  t h e  r ecogn i t i on  o f  a n c i e n t  h igh - l a t i t ude  d e l t a i c  a e p o s i t s  formed i n  
s i m i l a r  environments t o  a water depth o f  a t  least  5 m. The fo l l owing  
cons ide ra t i ons  r e v e a l  j u s t  how dominant t h e  s t r u c t u r e s  r e s u l t i n g  from such c u t  
and f i l l  a c t i o n  should be. An average of 2.5 l a r g e  s t r u d e l  p e r  square  
k i lometer  were mapped i n  t h e  ice canopy off t h e  Sagavanirktok River.  We 
e s t i m a t e  t h a t  a l l  t h e s e  dra inage  systems e r e  l a r g e  enough t o  create a  t y p i c a l  
15-m-diameter 3-m-deep scour  dep re s s ion  on  t h e  sea f l o o r  below. Given t h e s e  
va lues ,  any square  k i lometer  of s e a  f l o o r  i n  t h i s  a r e a  m u l d  b e  r e m r k e d  t o  a  
subbottom depth of  a t  l e a s t  2 m, where t h e  c r a t e r s  s t i l l  have v e r t i c a l  walls, 
every 2 ,300 yea r s ;  r e w r k i n g  t o  t h e  f u l l  4-m depth o f  s t r u d e l  s cou r ing  w u l d  
r e q u i r e  more time. BARNES e t  a l .  (1979) noted t h e  t y p i c a l  d e l t a  sequence s e e n  
i n  12 v i b r a c o r e s  and t h e  importance of  s t r u d e l  s cou r  s t r u c t u r e s .  They f u r t h e r  
noted t h a t  of t h r e e  v i b r a c o r e s  t aken  over  a 50-m d i s t a n c e ,  each v i b r a c o r e  
showed a t y p i c a l  d e l t a  sequence: bedded and crossbedded c l e a n  sand l a y e r s  
a l t e r n a t i n g  with l a y e r s  of f i b r o u s  o rgan ic  matter. None of t h e s e  d i s t i n c t  
u n i t s ,  however, could  b e  c o r r e l a t e d  over  d i s t a n c e s  of 20 t o  3 0  m. The 
v ib raco re  t aken  near  s t r u d e l  scour  B c l e a r l y  i n d i c a t e s  t h e  f u t i l i t y  o f  t r y i n g  
t o  t r a c e  i n d i v i d u a l  beds  even  for s h o r t  d i s t ances .  

CONCLUSIONS 

(1) S t r u d e l  s cou r s  15 m a c r o s s  and 3- t o  4-m deep a r e  excavated a t  a r a t e  of 
2.5 km-2yr-' and are i n f i l l e d  with sediment a f t e r  2 t o  3 years .  A t  t h i s  
r a t e  t h e  e n t i r e  d e l t a  f r o n t  of a r c t i c  r i v e r s  should b e  t o t a l l y  r e m r k e d  i n  
s e v e r a l  thousand yea r s  and, t h e r e f o r e ,  should c o n s i s t  e n t i r e l y  of s t r u d e l -  
scour  d e p o s i t s -  

12) S t r u d e l  s cou r s  t r a p  m a t e r i a l s  supp l i ed  almost exc lus ive ly  by bedload  
t r a n s p o r t .  For t h e  f i r s t  yea r  o r  tm ,  they  a r e  e f f i c i e n t  n a t u r a l  t r a p s  
and, t h e r e f o r e ,  should provide  a c c u r a t e  bedload- t ranspor t  rates. 

3 1 ( 3 )  The c a l c u l a t e d  t r a n s p o r t  r a t e  p a s t  one s t r u d e l  scour  i s  9 m yr*'rn- . Thi s  
r a t e ,  a p p l i e d  t o  a 4.5-km-wide s t r i p  of shallow water with s i m i l a r  condi- 

3 t i o n s ,  g ives  a  bedload- t ranspor t  r a t e  of 40,500 m yr-', comparable t o  
e s t i m a t e s  of  longshore t r a n s p o r t  r a t e s  a long  l o c a l  b a r r i e r  beaches.  

( 4 )  This  r a p i d  i n f i l l i n g  r a t e  imp l i e s  t h a t  t h e  chances of  s e e i n g  a s t r u d e l  
scour  without f i l l  and, t h e r e f o r e ,  measuring t h e  maximum depth on  any one 
survey i s  smal l ,  and f u r t h e r  imp l i e s  t h a t  a l l  s t r u d e l  s cou r s ,  as  w l l  a s  
shallow-water ice  gouges, r eco rd  on ly  t h e  most r e c e n t  events .  

( 5 )  The c h a r a c t e r i s t i c  d e p o s i t s  and s t r u c t u r e s :  s t e e p  e r o s i o n a l  unconformi t ies  
o v e r l a i n  by bedded sand and coa r se  f i b r o u s  o rgan ic  matter  a t  t h e  ang le  of  
repose ,  and t h e  absence of h o r i z o n t a l  c o n t i n u i t y  c a n  b e  used t o  i d e n t i f y  
a n c i e n t  d e p o s i t s  from s i m i l a r  envirornnents. 

6 )  I n  view of t h e  very high r a t e s  of sediment t r a n s p o r t  determined f o r  n a t u r a l  
cond i t i ons ,  t h e  sediment i n p u t  from human a c t i v i t i e s ,  such a s  dredging 
ope ra t i ons ,  seems i n s i g n i f i c a n t .  However, long  causeways planned f o r  t h e  
o f f  shore  o i l  development m u l d  act  a s  g ro ins  and r e s u l t  i n  l a rge - sca l e  
s h o r e l i n e  modi f ica t ions .  
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