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ABSTRACT

Strudel scours are craters in the sea f loor as much as 25 m wide and 6 m

deep,  tha t  a re  excavated by  ver t ica l  d ra inage f low dur ing  the yearly  s p r i n g

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

-2 -1at a rate of  about 2.5 km yr  . W e  m o n i t o r e d  tm  such craters in the

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

depos i t ion  f rom bed load in  2  to  3

r e s u l t s  i n  s a n d  l a y e r s  d i p p i n g  a t

s t r u d e l - s c o u r  c r a t e r ,  tiereas  t h e

v e r t i c a l . A t  the  very  bot tom the

y e a r s . Net  westward  sed iment  t ranspor t

the  ang le  o f  repose westward in to  the

w e s t  wall  of  the  c ra ter  remains  s teep to

c r a t e r  t r a p s  a l m o s t  a l l  b e d l o a d : sand,
. .

p e b b l e s ,  a n d  o r g a n i c  d e t r i t u s . As  itiilling  progresses,  the  mater ia ls  are

increas ing ly  Winnowd,  and bypass ing must  occur . Over a 20-m-wide sector, an

exposed s t rude l  scour  t rapped 360 m 3 of  bed load dur ing twa  seasons;  th is

-1 -1infilling  r e p r e s e n t s  a  b e d l o a d  t r a n s p o r t  r a t e  o f  9  m 3 yr  m . T h i s  r a t e

shou ld  be app l icab le  to  a  4 .5-km-wide zone wi th  equa l  exposure  and s imi la r  o r

shallo=r  depth . W i t h i n  t h i s  z o n e , t h e  t r a n s p o r t  r a t e  i s  4 0 , 5 0 0  m 3 yr-’,

s i m i l a r  t o  e s t i m a t e d  longshore  t ranspor t  ra tes  on local  b a r r i e r  b e a c h e s .

B a s e d  o n  o f  t h e  e s t a b l i s h e d  r a t e  o f  c u t  a n d  f i l l ,  a l l  t h e  d e l t a - f r o n t  d e p o s i t s

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

in terbedded sand and lenses o f  o rgan ic  mater ia l  d raped over  very  s teep

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

c r i t e r i a  t h a t  s h o u l d  u n i q u e l y  i d e n t i f y  h i g h - l a t i t u d e  deltaic  d e p o s i t s . G iven

a  s h o r t  2- to  3-year  l i fespan,  most  s t rude l  scours  seen in  surveys  must  be  o ld
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a n d  p a r t i a l l y  f i l l e d . The same holds tme for ice gouges and other

●

depressions not adjusted to summer

features  record  events  o f  on ly  the

o f  b o t t o m  reuorking  o f  the  sha l low

t u r b i d i t y ,  s u c h  a s  d r e d g i n g ,  muld

waves and currents, and therefore such

past  few years . In  v iew o f  such h igh ra tes

s h e l f ,  a n y  h u m a n  a c t i v i t i e s  c a u s i n g

h a v e  l i t t l e  e f f e c t  o n  t h e  e n v i r o n m e n t .

However ,  huge amounts  of  transitory material  trapped by long causeways planned

f o r  o f f s h o r e  d e v e l o p m e n t  wuld  resu l t  in  major  changes in  the  env i ronment .

INTRODUCTION

The year ly  spr ing  f lood ing o f  vas t  expanses o f  shore fas t  i ce  on the  inner

she l f  in  the  Arc t ic ,  and the  commonly  v io len t  d ra in ing  of  t h e s e  f l o o d w a t e r s

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

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

e r o s i o n a l  a n d  depositional  fea tures  o f  h igh- la t i tude deltaic  e n v i r o n m e n t s

(REIMNITZ,  e t  a l . ,  1 9 7 4 ) . Recognit ion of these features may serve 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  p a l e o e n v i r o n m e n t s . I n d u s t r y  c o n s i d e r s

s t rude l  scours  to  be one o f  the  most  ser ious  geo log ic  hazards  to  p ipe l ines  on

shallo~shelf  a reas a f fec ted by  the phenomenon (L .  J .  Toimil,  o ra l

communicat ion, 1981). The purpose o f  th is  repor t  i s  to  present  data  and

o b s e r v a t i o n s  o n  t h e  infilling  rate of tv.o  s t r u d e l  s c o u r s  i n  d i v e r s e

env i ronments  o f  the  sha l low Beaufor t  Sea she l f  near  Prudhoe Bay,  A laska. Both

s c o u r s  w e r e  s i m i l a r  i n  s i z e , with l ips at 2.5-m witer  depth ,  but  one was

s h e l t e r e d  b y  a  n e a r b y  b a r r i e r  i s l a n d , tiereas  the other was located on an

exposed prode l ta .

A compar ison o f  the  measured rap id  ra te  o f  s t rude l -scour  excavat ion  and

infilling  w i t h  t h e  g e n e r a l l y  s l o w  r a t e  o f  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
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demonst ra tes  s t rude l -scour  f i l l  as  an  impor tan t  compos i t iona l  component  o f

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

o f  m a t e r i a l s  s u p p l i e d  a l m o s 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  o f

infilling  allows  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  r a t e s  t h a t  p r o b a b l y  a r e

more rel iable than those that could be obtained by any other means known to

u s . Among the  requ i rements  fo r  an  e f f i c ien t  bedload  t r a n s p o r t  s a m p l e r

( H u b b e l l ,  1 9 6 4 )  a r e  t h e  f o l l o w i n g :

(1)

(2)

(3)

( 4 )

(5)

( 6 )

i t  i s  very  la rge compared to  seabed re l ie f ,  and there fore  g ives  a  good

average,

i t  s h o u l d  not  al ter bedload  d i s c h a r g e

it  should  collect  t h e  l a r g e s t  a s  well

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

o f  s ize  and d i rec t ion  o f  movement ,

sampler  i s  s tab le ,  and

b y  c h a n g i n g  local  f low pat te rns ,

as  the  smal les t

o p p o r t u n i t y  f o r
.

bedload  p a r t i c l e s ,

e n t r a n c e ,  r e g a r d l e s s

s a m p l i n g  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  c h a n g i n g  h y d r a u l i c

c o n d i t i o n s .

As the  s t rude l  scours  moni to red meet  these requ i rements

bet te r  than most  man-made dev ices ,  the  bedload  t ranspor t  ra tes

f rom th is  s tudy  shou ld  be c lose to  ac tua l  ra tes  o f  t ranspor t .

BACKGROUND INFORMATION

determined

W a v e  a n d  c u r r e n t  rewrking  o f  the  inner -she l f  sur face is  res t r ic ted  to

the shor t  open-water  season s tar t ing  in  Ju ly  and ex tend ing to  the  onset  o f

f reezeup in  la te  September  to  ear ly  October . Cur rent -meter  records  f rom

November to January show maximum f low velocit ies decreasing from 10- to less

than 2-cm s “ (MATTHEWS, 1981). D iv ing  observat ions  made under  the  ice  dur ing

t h e  w i n t e r  r e v e a l e d  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 . U n d e r - i c e  c u r r e n t
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. observat ions  made dur ing  the  t ime and wi th in  the  area o f  over f low are  too

sketchy  to  ind ica te  whether  rewrking  o f  bo t tom sed iment  occurs  dur ing

o v e r f l o w . C u r r e n t s  d o  n o t  i n c r e a s e  n o t i c e a b l y  u n t i l  a b o u t  m i d - J u l y ,  *en  the

ice breaks up (BARNES, 1982). The r ivers  o f  nor thern  A laska beg in  car ry ing

water  to  the  sea by  the end o f  May or  ear ly  June,  *en  the fast ice is 1.7 to

2  m  t h i c k  a n d  s t i l l  i n t a c t . Th is  ice  is  inundated by  0 .5  to  1 .5  m o f  f resh

water for distances of as much as 15 km or even more from the r iver mouths

(REIMNITZ  and BRUDER, 1972;  REIMNITZ e t  a l . ,  1974;  WALKER,  1974).  Figure 1

shows a  par t  o f  the  Beaufor t  Sea she l f  in  the  v ic in i ty  o f  the  Prudhoe Bay

oilfields  at a time *en  those r ivers  w i th  headmters  i n  t h e  B r o o k s  R a n g e  a r e

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

When the  coasta l -p la in  dra inage sys tems thaw and the  f lood ing is  a t  i t s

maximum, the inundated ice areas may nearly merge, espec”lally  between the

Colville  and Kuparuk Rivers. Wi th in  a  few days ,  however ,  most  o f  the  f lood-

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

( F i g .  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  j e t s  w i t h

v e r t i c a l  m o t i o n ;  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  G e r m a n  wxd  for

“ w h i r l p o o l ”  (REIMNITZ  and BRUDER, 1 9 7 2 ) .  B e c a u s e  s e a w a t e r  d e p t h s  i n  t h e

f looded areas are  genera l ly  sha l lower  than 6  m,  the  ver t ica l  je t  encounters

the bottom and may excavate craters more than 4 m deep and 20 m across

(s t rude l  scours)  be low the dra inage po in ts . The fo rmer ly  f looded areas o f

fas t  i ce  genera l ly  show on ly  very  small  a m o u n t s  o f  f i n e - g r a i n e d  surficial

s e d i m e n t  a f t e r  d r a i n i n g  i s  c o m p l e t e d  (REIMNITZ  and BRUDER). There is a

g r o w i n g  b o d y  o f  i n f o r m a t i o n  i n d i c a t i n g  t h a t  t h e  S a g a v a n i r k t o k  R i v e r  c o n t r i -

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



.

.
The Ho locene mar ine  sed iment  in  the study area is only 2 to  10 m thick

(REIMNITZ  e t  a l . ,  1 9 7 4 ) ,  a n d  d e l t a  a c c r e t i o n  i s  virtuallY  absent  i n  t h e  a r e a

(RE~NITZ  e t  a l . ,  1 9 7 9 ) . Th is  Ho locene sed iment  genera l ly  cons is ts  o f  f ine

muddy sand (BARNES, et al. , 1980) ;  the  under ly ing  P le is tocene sed iment  ranges

i n  c o m p o s i t i o n  f r o m  overconsolidated  si l ty c lay (REIMNITZ  and KEMP~A,  1 9 8 0 )

t o  g r a v e l  (RE~NITZ  e t  a l . ,  1 9 7 4 ) . In  most  a reas  th is  o lder  sed iment  l ies

wi th in  the  range o f  penet ra t ion  by  modern s t rude l  scours  and depos i ts  o f

re l i c t  and modern  sed iment  a re  mixed by  the  scour ing  ac t ion . Th is  m ix ing

r e s u l t s  i n  w i d e  l a t e r a l  v a r i a t i o n  a n d  g r e a t  c o m p l e x i t y  i n  t h e  surficial-

sed iment  types in  the  areas a f fec ted by  s t rude l  scour  (REIMNITZ  et al.,  1 9 7 4 ;

BARNES et al . ,  1980). B e c a u s e  o f  t h e  c u t -  a n d - f i l l  p r o c e s s ,  h i g h - r e s o l u t i o n

se ismic  records  taken wi th in  the  area o f  r i ver  over f low show an absence o f

c o h e r e n t  subbottom  r e f l e c t o r s . V ibracores  taken in  a~ctic  s h a l l o w - w a t e r - d e l t a

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

s t r u d e l  s c o u r  f i l l  ( B A RN ES  et al .  , 1979) as discussed below. These

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

reso lvab le  on  se ismic  records . P r e v i o u s l y ,  REIMNITZ e t  a l .  ( 1 9 7 4 )  s p e c u l a t e d

that  s t rude l -scour  re l ie f  seen near  r iver  mouths  may represent  severa l  decades

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

h o w e v e r ,  i n d i c a t e  o t h e r w i s e .

METHODS OF STUDY

The key to the study of the infilling  ra te  o f  s t rude l  scours  was prec ise

nav iga t ion ,  wh ich  a l lowed us  to  rev is i t  the  same s t rude l  scours  in  success ive

f i e l d  s e a s o n s . This precision was provided by range/range mvigation  s y s t e m s

(Del Norte  Trisponder  and Motoro la  Min i ranger* )  aboard  the  13-m research

*Any use o f  trade  n a m e s  a n d  trademarks  in this  report  is  for  d e s c r i p t i v e  p u r p o s e s
only and does not const i tute endorsement by the U.S. Geological Survey
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v e s s e l  Karluk. Side-scan sonar and a narrow beam

=re  u s e d  t o  l o c a t e  a n d  s u r v e y  p a r t i c u l a r  s t r u d e l

h i g h - r e s o l u t i o n  f a t h o m e t e r

s c o u r s . To determine the

maximum depth of a part icular crater,  many

d i rec t ions ,  w i th  c lose ly  spaced buoys used

crossings were made in various

a s  r e f e r e n c e  p o i n t s . “Once t h e

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

fa thometer  runn ing. Th is  techn ique prov ided deta i led  c ross  sec t ions .

One of the tw  s t rude l  scours  moni to red ws  a lso  marked by

dr iven in to  the  center  by  d ivers ,  by  a  45-kg weight  p laced next

and by  a  35-m- long s tee l  cab le  s t re tch ing f rom th is  we ight  to  a

a  meta l  pos t

t o  t h e  p o s t ,

D a n f o r t h

anchor  we l l  away f rom the r im o f  the  c ra ter . T h e  c a b l e  ws  located in

success ive  years  and led  d ivers  back  to  the  post . The post was notched at

10-cm in terva ls  to  prov ide  deta i led  observat ions  o f  sed iment  accre t ion .

RESULTS

. .

Strude l  scour  A

One o f  the  s t rude l  scours  moni to red is  located near  Egg Is land Channe l

(A,  F ig .  1 ) ,  a  t ida l  channe l  connect ing  S impson

The bathymet r ic  map (F ig .  3 )  i s  the  resu l t  o f  a

Lagoon with the open ocean.

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

the channel  on

Figure 3 shows

September  3 ,  1978,  dur ing  tiich  we

t h e  p o s i t i o n  o f  t h e  s t r u d e l  s c o u r ,

c r o s s e d  t h e  s t r u d e l  s c o u r .

t h e  trackline  c r o s s i n g  i t ,

and

Egg

5*5

the fa thogram recorded a long th is  t rack . I n  t h i s  f a t h o g r a m ,  t h e  a x i s  o f

Is land Channe l  l ies  a t  a  depth  o f  6  m,  the  center  o f  the  s t rude l  scour  a t

m,  and the sur round ing lagoon f loor  a t  2 .4  m. No attempt was made,

h o w e v e r ,  t o  d e t e r m i n e  t h e  m a x i m u m  d e p t h  o f  t h i s  c r a t e r  during  this f i rst  year
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of”  r e c o r d , although from past experience with strudel-scour surveys, a maximum

depth  o f  1  m greater  than shown on th is  chance cross ing  is  l i ke ly .

Strudel scour A was resurveyed on August 24, 1980, with more than 20

trackline  c ross ings ;  F igure  3  shows the  deepest  c ross  sec t ion  rec”orded.  T h e

c r a t e r  was s t i l l  a  symmet r ica l  cone,  bu t  i t s  max imum depth  in  1980 ws

4.4 m. Cons ider ing  tha t  2  years  ear l ie r  the  s t rude l  scour  was more than

5.5 m deep (possibly 6.5 m), 1.5 to 2.1 m of sediment had accumulated within

t h a t  p e r i o d . Sediment reworking is known to occur from July through

September, but may also occur during the overf low in June. There fore  the

s t rude l  scour  ac tua l ly  t rapped sed iment  fo r  8  months ,  at  a  s e d i m e n t  d e p o s i t i o n

rate of 15 to 25 cm per month.

St rude l  scour  B

A s ide-scan-sonar  search fo r  spec i f i c  s t rude l  scours  o n  t h e  S a g a v a n i r k t o k

d e l t a  o n

( F i g .  1 )

September 17, 1978,  r e s u l t e d  i n  t h e  s e l e c t i o n

in an area general ly 2.5 m deep. The base of

o f  s t r u d e l  s c o u r  B

t h e  s c o u r - c r a t e r  -s

3.5 m below the surrounding sea f loor, and the crater was 16 to 25 m in

d i a m e t e r  ( F i g .  4 ) .  T h e

b y  a n  i r r e g u l a r  p a t t e r n

the fa thogram as 20-  to

F i g .  4 ) . Dur ing  d ives

found smal l  scarps  cu t

side-scan sonar shows the surrounding sea f loor marked

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

30-cm-h igh ledges (nor theast  s ide  o f  s t rude l  scour ,

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

in to  f i rm-bedded sandy s i l t ,  wh ich  cou ld  be broken o f f

by hand. Low ter ra in  betwsen  these scarps  was b lanketed by  f ine

upper  l ip  o f  the  c ra ter  i t se l f  was a  10-  to  50-cm-h igh scarp  cu t

sand. The

into bedded

s a n d y  s i l t . Enter ing  the  c ra ter  f rom the east  s ide  and descend ing to  the

f l o o r ,  w e  f i r s t  t r a v e r s e d  s e v e r a l  s m a l l  s c a r p s  o f  b e d d e d  s i l t ,  thinly  d r a p e d
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by so f t  sandy sed iment ,  l y ing  a t  the  ang le  o f  repose. I n  t h e  l o w e r  h a l f  o f

“the strudel scour was muddy sand, 20 to 70 cm thick, s lop ing even ly  toward the

center  a t  an ang le  o f  about  30° . A l t h o u g h  v i s i b i l i t y  i n s i d e  t h e  c r a t e r  w a s

very  poor , w  cou ld  fee l  the  f loor  as  a  d ish-shaped depress ion covered main ly

by  coarse f ib rous organ ic  mat ter ,  inc lud ing s t icks  and branches. I t  was not

d i f f i cu l t  to  dr ive  a  3-m- long meta l  fencepost  w i th  a  sharpened t ip  to  about  80

Cm, but

m a l l e t .

s t r u d e l

th is  fencepost  cou ld  be dr iven no far ther  by  pound ing wi th  a  1 .8-kg

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

scour  and that  the  scour  W%S or ig ina l ly  80  cm deeper  than i t  was a t

the  t ime o f  our  survey . A s c e n d i n g ,  we found the  west  wa l l  to  cons is t  en t i re ly

o f  f i rm sandy s i l t ,  fo rming ledges 50 to  80  cm h igh , overhang ing in  p laces as

much as 50 cm, and lack ing  any so f t  sed iment  cover ;  severa l  ledges were r ich

i n  f i b r o u s  o r g a n i c  m a t t e r . The angu lar i ty  o f  the  f i rm faces o f  the  ledges
.

suggests  eros ion  by  undercut t ing  and ca lv ing  o f  f i rm mater ia ls . A large

sample  o f  o rgan ic  mater ia l  f rom the f loor  o f  the  scour  conta ined a  few pebb les

u p  t o  5  c m  i n  d i a m e t e r ,  a l g a l  d e b r i s  a l o n g  w i t h  d i s t i n c t l y  t e r r e s t r i a l  o r g a n i c

m a t e r i a l , and muddy sand.

Divers  rev is i ted  the  s t rude l  scour  on Ju ly  26,  1979 by  fo l lowing the

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

leas t  surficially  th is  f i l l  was muddy sand and aga in  fo rmed a  d ish-shaped,

r a t h e r  t h a n  a  flat,  c r a t e r  f l o o r . As measured against the fencepost, 85 cm of

m a t e r i a l  h a d  a c c u m u l a t e d  s i n c e  S e p t e m b e r  19,  1978 (F ig .  3 ) ,  p re ferent ia l l y  on

the east  s ide  o f  the  scour . Assuming that this sediment must have accumulated

during a 10-day period in September 1978 and a 2-month period (June-July) in

- 11979, the sediment accumulat ion rate was 35 cm mo . Divers again descended

on strudel scour B on August 22, 1980. By  th is  t ime major  mod i f i ca t ions  had
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. o c c u r r e d  o n  the  sea floor~  and the  s t rude l  scour  was near ly  f i l led .  We

follo=d  the cab le  to  the  po in t  Mere  i t  d i s a p p e a r e d  v e r t i c a l l y  i n t o  t h e  s e d i -

ment ,  ex tend ing toward the  fo rmer  s t rude l -scour  f loor .

T h e  s u r f a c e  o f  t h e  s t r u d e l - s c o u r  f i l l  w a s  r i p p l e d  f i n e  s a n d . ’  T h e  t o p  o f

the fencepost  d id  not  pro t rude because we had purpose ly  kept  i t  be low the

leve l  of  the  sur round ing ter ra in  to  avo id  ice  damage. The cab le  ex tend ing

away from the crater was slack and draped across or around ledges of f i rm

bedded sandy si l t  with anqular  fresh-appearing scarps as much as 50 cm hiqh.

Betkeen  ledges,  the

c o n s i d e r a b l e  e f f o r t

a d j a c e n t  t o  s t r u d e l

when 2 - m  v i s i b i l i t y

cab le  was deep ly  bur ied  in  f ine  muddy sand that  requ i red

t o  c l e a r . F i q u r e  5  s h o w s  a  sonograph  of the rouqh  t e r r a i n

s c o u r  B, as  recorded on the date  o f  the  f ina l  inspect ion ,

and f resh-appear ing exposures on th is  day a l lowed a  c loser

s tudy  o f  the  f i rm f r iab le  bedded sandy s i l t  exposed in  scarps . I n d i v i d u a l

beddinq  p lanes were  h igh ly  contor ted  on a  smal l  sca le  and  over  d is tances o f  1

to 2 m showed

h o r i z o n t a l  t o

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

n e a r l y  v e r t i c a l . Bedded exposures  in  p laces were  r ich in coarse

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

In the period between the 1979 and 1980 observations of strudel scour B,

at most 4 months of  open-water  and sed iment - t ranspor t  cond i t ions  and infilling

of  the  s t rude l  scour  had e lapsed. Durinq  t h i s  p e r i o d ,  2 . 6 5  m  o f  f i l l

accumula ted in  the  scour ,  a t  an  averaqe  infilling  r a t e  o f  a p p r o x i m a t e l y

-160 cm mo .

SPACING OF STRUDEL SCOURS

REINNITZ  e t  a l .  (1974)  used s ide-scan-sonar  records  to  map the

d i s t r i b u t i o n  o f  s t r u d e l  s c o u r s  i n  c o a s t a l  a r e a s  o f  t h e  B e a u f o r t  S e a . Because
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of  t h e  d i f f i c u l t i e s  in  i d e n t i f y i n g  w i t h  c e r t a i n t y  a l l  s t r u d e l  ficours  w i t h i n

the seaf loor  areas scanned,  they pre fer red to  present  on ly  counts  o f  s t rude l

scours  per  k i lometer  o f

f l o o r .  M a n y

convinced us

a d d i t i o n a l

t h a t  t h o s e

h i g h . N o t  a l l  i s o l a t e d

p o s i t i v e  i d e n t i f i c a t i o n

sh ip ’s  t rack  ra ther  than per  square  k i lometer  o f  sea

y e a r s  o f

o r i g i n a l

s h a l l o w - w a t e r  mrk  in the

counts (maximum 25 scours

same areas have

km-l) are much too

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

requ i res  cons iderab le  fa thometer -survey  t ime.

There fore ,  we used the best  ava i lab le  aer ia l  photographs for  count ing  the

number  o f  s t rude ls  in  the  prev ious  w in ter ’s  ice  canopy o f  the  s tudy area.

F igure  6  shows the  Sagavanirktok  delta on June 26, 1970, Men  one of u s  a l s o

made ground and aer ia l  observat ions  in  the  area. A l l  t h e  r i v e r  w a t e r  h a d

dra ined o f f  the  ice  2  to  3  weeks ear l ie r , and on ly  the  outer  f r inges o f  the

f o r m e r l y  i n u n d a t e d  i c e  r e m a i n e d  i n t a c t . In order to count the number of

s t r u d e l , we drew c i rc les  to  mark  areas w i th  d is t inc t ,  apparent ly  coherent

channe l  pat terns  on the ice . Surficial  draimge  c h a n n e l s  f e e d i n g  a  p a r t i c u l a r

strudel do not seem to extend farther than about 100 m; thus, even where the

exact  spot  o f  d ra inage through the ice  cannot  be detec ted in  th is  photograph,

a  s t rude l  l ies  somewhere  w i th in  each c i rc le . These circles mark major

s t r u d e l ,  l i k e l y  t o  r e s u l t  i n  s u b s t a n t i a l  b o t t o m  e x c a v a t i o n s . I n  a d d i t i o n ,

however, many more minor strudels are present. In  the  ice  areas so  s tud ied,

t h e r e  vas  an average o f  2 .5  major  s t rude l  per  square  k i lometer .

DISCUSSION

T h e  tw  s t rude l  scours  moni to red in  th is  s tudy ,  s i tua ted in  s t rong ly  c o n -

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

St rude l  scour  A was she l te red f rom a l l  s ides  by  bar r ie r  i s lands or  by  areas
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slfallower  than 2 m. W e s t e r l y  s t o r m s ,  r e s u l t i n g  i n  h i g h  s e a  l e v e l s ,  c o u l d

prov ide fo r  longer  fe tch  than the predomimnt  nor theaster ly  w ind and,

p r o b a b l y ,  f o r  b o t t o m  re=rking  a t  the  s i te . Such storms did not occur during

t h e  m o n i t o r i n g  p e r i o d . ‘IMUS, sed iment  t ranspor t  in  the  area =S  a s s o c i a t e d

main ly  w i th  cur rents  f lowing th rough the  nearby  t ida l  channe l . The f low is

e i t h e r  lagoonward  or sea=rd,  and we h a v e  m e a s u r e d  s u r f a c e  c u r r e n t  v e l o c i t i e s

- 1u n r e l a t e d  t o  t i d e s  o f  a b o u t  1 0 0  c m  s  . Dur ing  a  per iod  o f  severa l  months

(May-November ,  1979) ,  a  cur rent -meter  ar ray  dep loyed in  the  ax is  o f  the  t ida l

c h a n n e l  ws  buried by sediment to about 2 m above the original channel floor

(Br ian  Mat thews,  o ra l  communica t ion ,  1979) .  The lower  accumula t ion  rateS in

the  s t r u d e l  s c o u r ,  n o t  s u b j e c t  t o  s c o u r i n g  b y  h o r i z o n t a l  c u r r e n t s ,  a r e

unexp la ined.

St rude l  scour  B is  exposed to  a  fe tch  o f  20  km f rom the nor theast ,  the

domimnt  w i n d  d i r e c t i o n . Much of the area between strudel scour B and the

windward bar r ie r  i s lands has a  water  depth  o f  6  to  7  m;  fu r thermore,  there  is

no f low obstac le  to  w ind-dr iven cur rents  tha t  deve lop here  w i th  easter ly  w inds

( B a r n e s ,  e t  a l . ,  1977). The more  exposed pos i t ion  o f  th is  s i te  re la t ive  to

that  o f  s t rude l  scour  A probab ly  accounts  fo r  the  more rap id  infilling  of

s t rude l  scour  B.

A current meter moored for most of one summer at a depth of 5.5 m several

k i lometers  nor th  o f  s t rude l  scour  B,  recorded main ly  westward  cur rents ,

averaging 15 cm s ‘ 1 but  peak ing a t  53  cm s -1 ( B a r n e s  e t  a l . ,  1 9 7 7 ) . No major

s torms occur red dur ing  those 52 days o f  record ing,  a l though peak ve loc i t ies

were high enough to move coarse sand easi ly. A lso ,  numerous bot tom dr i f te rs

re leased in  Ste fansson Sound washed ashore  far  wstward  of their release

po in ts  (our  own unpub l ished data ,  1979) ;  thus ,  net  water  movement  near  the
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.

b o t t o m  c l e a r l y  i s  westmrd. The magn i tude o f  westwerd  bed load t ranspor t  a t

. a n o t h e r  s i t e  o n  t h e  S a g a v a n i r k t o k  d e l t a ,  w i t h  n e a r l y  i d e n t i c a l  s e t t i n g ,  2 . 5 - m

water depth and 13-m s - 1 easter ly  w inds,  was observed dur ing  a  d iv ing

inves t iga t ion  in  1976 (Re imni tz  and Toimil,  1 9 7 7 ) . Near -bot tom cur rents  o f  25

to 50 cm s - 1 moved f ine sand, k e l p ,  w i l l o w  l e a v e s ,  g r a s s y  m a t e r i a l ,  a n d  t w i g s

in  1 -  t o  2 - m - w i d e  c u r r e n t - p a r a l l e l  s t r e a k s .

divers observed drag marks formed by pebbles

the bot tom.

These data  and the  fo l lowing add i t iona l

At  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 ,

w i th  a t tached ke lp  mov ing a long

observat ions  on s t rude l  scour  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  bedload  t r a n s p o r t : (1 )  the  fa thogram

and d iv ing  observat ions  show an asymmetr ic  c ross  sec t ion ,  w i th  the  deepest

po in t  c loser  to  the  southwest  wa l l  and fo reset  beds o f  f ine

ang le  o f  repose f rom the nor theast  l ip  o f  the  c ra ter  toward

( 2 )  t h e  f i l l  c o n s i s t s  l a r g e l y  o f  s a n d - s i z e  m a t e r i a l ,  c o a r s e

sand draped at the

t h e  c e n t e r ;

f i b r o u s  o r g a n i c

mat ter ,  and a  few pebb les ,  whereas summer-suspended mat ter  i s  la rge ly  s i l t  and

c lay  s ize  (DRAKE,  1977) ;  the  f ib rous  organ ic  mat ter  i s  ra re ly  seen on the  sea

sur face but  is  abundant  on the bot tom,  and (3)  observed a t  tw  i n t e r m e d i a t e

s tages o f  infilling,  the  s t rude l  scour  was con ica l ,  whereas infilling  f r o m

suspens ion load shou ld  have resu l ted  in  near ly  hor izonta l  bedd ing p lanes and a

f l a t  f l o o r .

Another  s t rong argument  in  suppor t  o f  our  content ion  that  the  strudel-

scour  f i l l  represents  main ly  bed load t ranspor t  i s  p rov ided by  the  data  f rom

seven suspended-sediment traps deployed nearby in 1980. These t raps ,  wh ich

had ori f ices of 30.5 cm at a height of 30.5 cm above the bottom, ~re  p l a c e d

in a 2-km 2 area 4 km east of our study area, in water 3.5 m deep from mid-July

1980 to about the end of the year. The traps were deployed to monitor
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s e ’ d i m e n t a t i o n  a r o u n d  a n  a r t i f i c i a l  d r i l l i n g  i s l a n d

During the 5 to 6 months of deployment, an average

d u r i n g  c o n s t r u c t i o n .

of 13.5 cm of sediment

w i t h a median diameter of 0.1 mm accreted in the traps (NORTHERN TECHNICAL

SERVICES, 1981). Th is  accumula t ion  represents  approx imate ly  one seasoml

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

c o n s t r u c t i o n . Yet the accumulat ion rate in the suspended sediment traps was

an order  o f  magni tude lower  than that  in  s t rude l  scour  B.

Dur ing the 1978 and 1979 d iv ing  inspect ions ,  w  found coarse f ib rous

organ ic  mat ter  and a  few pebb les  near  the  bot tom of  the  c ra ter ;  h igher  above

these organ ic  depos i ts ,  sandy mater ia ls  res ted a long the  s ides . Dur ing the

f i n a l  i n s p e c t i o n  d i v e ,  w h e n  i n f i l l i n g  w a s  c o m p l e t e ,  t h e  surficial  d e p o s i t s  o f

the  s t rude l  scour  cons is ted o f  c lean sand. Th is  ver t i ca l  sequence o f

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

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

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

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

o f  infilling.

I n  s u p p o r t o f  t h e  a b o v e  s p e c u l a t i o n  o n  t h e  mture  o f  s t rude l  scour  f i l l ,

F igure  7  shows a  1 .5-m- long v ib racore  co l lec ted 2 ,000 m southwest  o f  s t rude l

scour B. BARNES et  a l .  (1979)  repor ted  tha t  th is  core  is  typ ica l  o f  a  ser ies

o f  1 2  c o r e s  t a k e n  i n  s h a l l o w  w a t e r s  o n  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 c o u r i n g  o f  t h e  s e a b e d ,  a n d  t h e  s t r u d e l - s c o u r

infilling  are mentioned here. The core shows evidence of several erosional

ep isodes: r i p - u p  m a t e r i a l  a n d  mudballs,  a  th ick  un i t  o f  coarse f ib rous

organ ic  mat ter  on  an eros iona l  sur face,  and a  th ick  un i t  o f  s teep ly  d ipp ing

bedded sand on an eros iona l  sur face;  the  core  a lso  conta ins  severa l  ripple-

bedded sand units. The or ien ta t ion  o f  the  cor ing  dev ice  was recorded,  and the
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beds d ip  wester ly . Th is  core  may record  severa l  scour -and- f i l l  events . Most

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

t h i s  a n d  t h e

t h e  m a t e r i a l

depress ions.

o ther  11  sha l low-de l ta  cores  o f  BARNES et  a l .  (1979) ;  the  bu lk  of

probab ly  was supp l ied  as  bed load,  and depos i ted  in  scour

The s t ruc tures  observed by  d ivers  in  30-  to  50-cm-h igh ledges on

the sea f loor  sur round ing s t rude l  scour  B wuld  a lso  agree wi th  the  concept  o f

eros ion,  bed load t ranspor t ,  and depos i t ion ,  as  descr ibed above.

Assuming tha t  the  f i l l  o f  s t rude l  scour  B i n d e e d  r e p r e s e n t s  bedload  a n d

t h a t  t h e  c r a t e r  i s  a n  e f f i c i e n t  t r a p ,  we c a n  u s e  t h e  r a t e

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

cross sect ion of the crater measured 20 m wide at the sea

o f  infilling  t o

n o r t h - s o u t h  o r i e n t e d

f l o o r . T h e  c r a t e r

vo lume,  ca lcu la ted  f rom the  f i rs t -measured pro f i les  and assuming a  con ica l

shape, was 360 m 3. I n  r e a l i t y ,  t h e  o r i g i n a l  s h a p e  w a s  p r o b a b l y  m o r e  c y l i n -
. .

drical  t h a n  c o n i c a l , j u d g i n g  f r o m  t h e  n e a r l y  v e r t i c a l  wsst  w a l l . Thus,  the

3c r a t e r  c o l l e c t e d  1 8 0  m  o f  bedload  in  a  year . Divided by the 20-In width of

the t rap,  the  bedload  t ranspor t  ra te  pas t  a  l -m seaf loor  segment  is  9  m3yr -

1. D u r i n g  t h e  f i n a l  s t a g e s  o f  infilling,  the ~11-sorted  s a n d s  c o l l e c t e d  t o

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

p a r t i c u l a r l y  windy  f a l l  d a y s  o f  1979, not during the summer of 1980, when we

l a s t  l o o k e d  a t  s t r u d e l  s c o u r  B . Thus,  because o f  the  decreas ing e f f i c iency

and ear ly  comple t ion ,  and the  con ica l  shape conservat ive ly  used in  the

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  i s  c e r t a i n l y  h i g h e r  t h a n  t h e

c a l c u l a t e d  r a t e . Because weather  records  for  the  tvm  seasons of bedload

t rapp ing show very  l i t t le  w inds  f rom the west  and s t rongest  w inds  f rom the

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

n e t  westmrd  t r a n s p o r t  r a t e .
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‘  T h e  f o l l o w i n g  c o n s i d e r a t i o n s  w i l l  d e m o n s t r a t e  t h e  s i g n i f i c a n c e  of  the

above measurements. The t ranspor t  ra te  o f  9  m3yr - Im - l p a s t  s t r u d e l  s c o u r  B ,

wh ich  probab ly  app l ies  to  a  w ide area, suggests  very  h igh  ra tes  o f  sed iment

movement on the shelf . From the shore to

gent ly  s lop ing sur face,  about  4.5  km wide

ang le  to  the  westward t ranspor t . S t r u d e l

the  3-m isobath  the  de l ta  f ron t  i s  a

i n  a  s e c t i o n  o r i e n t e d  a t  a  r i g h t

scour  B l ies  near  the  outer  edge o f

th is  p la t fo rm,  where  t ranspor t  ra tes  probab ly  are  lower  than a t  sha l lower

depths  shoremrd. I f  t h e  m e a s u r e d  t r a n s p o r t  r a t e  i s  a p p l i e d  t o  t h e  t o t a l

w id th  o f  th is  p la t fo rm,  a  va lue  o f  40 ,500 m3yr - 1 o f  sed iment  i s  der ived,  most

l i k e l y  a  c o n s e r v a t i v e  e s t i m a t e . NLklMEDAL (1979) ,  on  the bas is  o f  h is  own

calculat ions and a summary of publ ished data from the north shores of Alaska,

es t imates  the t ranspor t  ra te  a long present  bar r ie r  beaches a t  “a  few tens o f

thousands of m3yr -1.,1 Th is  longshore- t ranspor t  es t imate  near ly  equa ls  our

measured bed load- t ranspor t  ra te  over  on ly  a  mrrow  segment  o f  the  sha l low

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

f rom s t rude l  scour  B,  conta ins  131,000 m 3 o f  g r a v e l ,  a  s m a l l  v o l u m e  r e l a t i v e

to the sediment volume moved by nature. A  c o m p a r i s o n  of  the yearly bedload

t ranspor t  ra te  to  the  smal l  amount  o f  sed iment  tha t  ac tua l ly  accumula ted a t

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

env i ronment . The base of the Holocene

base of the modern Sagavanirktok River

revea ls  the  dynamic  nature  o f  the

mar ine  sed iment  in  the  area,  o r  the

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

records ,  l ies  on ly  2  to  3  m be low the  sea

d r i l l i n g  ( E V A NS  e t  a l . ,  1 9 8 0 ) .

The h igh ra tes  o f  bed load t ranspor t ,

f l o o r . Th is  depth  was conf i rmed by

t o g e t h e r  w i t h  t h e  l o w  r a t e s  o f

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

me nt. The fresh ledges observed by divers and seen on side-scan sonar, and

the deep bur ia l  o f  our  grapp l ing  cab le  be low c lean sand,  are  fu r ther  ev i -
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dence. These f ind ings suggest  tha t  the  abundant  ice  gouges seen in  sha l low

‘shelf  a r e a s  e x p o s e d  t o  d r i f t i n g  i c e ,  r e p r e s e n t  only  a  few years  o f  i ce

a c t i v i t y . BARNES and REIMNITZ (1979) sho%d  that waves and currents in one

r e l a t i v e l y  i c e - f r e e

t e r r a i n  i n t o  o n e  o f

l e a v i n g  r e m m n t s  o f

season wi th  long fetch  can t rans form a  heav i ly  i ce-gouged

sediment waves extending out to 10-m water depths without

p r e v i o u s l y  e x i s t i n g  g o u g e s . This bottom rewrking

probab ly  occur red dur ing on ly  one or  tm  s t o r m s .

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

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

e n v i r o n m e n t  muld  seem to  be  ins ign i f i can t . Howsver,  the  contempla ted con-

s t r u c t i o n  o f  l o n g  c a u s e w a y s  f o r  o f f s h o r e  o i l  d e v e l o p m e n t ,  which  probab ly  wvuld

t rap  much o f  the  sed iment  in  t rans i t  (BARNES and MINKLER,  1982), would  resu l t

in  dras t ic  changes to  the  env i ronment  w i th in  on ly  a  few decades.

The ongo ing s t rude l  scour ing and subsequent  infilling  of such  e x c a v a t i o n s

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

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

s i m i l a r  e n v i r o n m e n t s  t o  a  kater  depth of at least 5 m. T h e  f o l l o w i n g

cons idera t ions  revea l  jus t  how dominant  the  s t ruc tures  resu l t ing  f rom such cu t

a n d  f i l l  a c t i o n  s h o u l d  b e . An average o f  2 .5  la rge s t rude l  per  square

k i l o m e t e r  were  mapped in  the  ice  canopy o f f  the  Sagavan i rk tok  R iver .  We

est imate  tha t  a l l  these dra inage sys tems were  la rge enough to  c reate  a  typ ica l

15-m-diameter 3-m-deep scour depression on the sea f loor below. Given these

va lues,  any square

subbottom  depth  o f

every  2 ,300 years ;

requ i re  more  t ime.

k i lometer  o f  sea f loor  in  th is  area wou ld  be reworked to  a

a t  l e a s t  2  m ,  w h e r e  t h e  c r a t e r s  s t i l l  h a v e  v e r t i c a l  walls,

remrking  t o  t h e  f u l l  6 - m  d e p t h  o f  s t r u d e l  s c o u r i n g  muld

BARNES et al .  (1979) noted the typical delta sequence seen

16



in 12

not e d

v ibracores  and the impor tance o f  s t rude l  scour  s t ruc tures . T h e y  f u r t h e r

that  of  three vibracores  taken over  a  50-m d is tance,  each v ibracore

shored a  typ ica l  de l ta  sequence: bedded and crossbedded

a l t e r n a t i n g  w i t h  l a y e r s  of  f i b r o u s  o r g a n i c  m a t t e r . None

un i ts ,  however ,  cou ld  be cor re la ted over  d is tances o f  20

c lean sand layers

o f  t h e s e  d i s t i n c t

to 30 m. The

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

CONCLUSIONS

(1) Strudel scours as much as 25 m across and 6 m deep are excavated at a rate of

2 . 5  k m - 2y r - 1 a n d  a r e  i n f i l l e d  w i t h  s e d i m e n t  a f t e r  2  t o  3  y e a r s . 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  o f  a r c t i c  r i v e r s  s h o u l d  b e  t o t a l l y  rewrked  i n.

s e v e r a l  t h o u s a n d  y e a r s  a n d ,  t h e r e f o r e ,  s h o u l d  c o n s i s t  e n t i r e l y  o f  strudel-

s c o u r  d e p o s i t s .

(2 )  S t rude l  scours  t rap  mater ia ls  supp l ied  a lmost  exc lus ive ly  by  bedload

t r a n s p o r t . F o r  t h e  f i r s t  y e a r  o r  two,  t h e y  a r e  e f f i c i e n t  n a t u r a l  t r a p s

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

(3)  The ca lcu la ted t ranspor t  ra te  past  one s t rude l  scour  is  9  m3yr-lm-1.  T h i s

r a t e ,  a p p l i e d  t o  a  4 . 5 - k m - w i d e  s t r i p  o f  s h a l l o w  w a t e r  w i t h  s i m i l a r  c o n d i -

-1t i o n s ,  g i v e s  a  b e d l o a d - t r a n s p o r t  r a t e  o f  4 0 , 5 0 0  m 3 y r  , comparable to

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

(4)  Th is  rap id  infilling  ra te  imp l ies  tha t  the  chances o f  see ing a  s t rude l

scour  w i thout  f i l l  and,  there fore ,  measur ing  the  max imum depth  on any one

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

shallow--ter  i ce  gouges,  record  on ly  the  most  recent  events .
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( 5 )  T h e  c h a r a c t e r i s t i c  d e p o s i t s  a n d
.

overlain by bedded sand

repose, and the absence

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

and coarse f ib rous organ ic  mat ter  a t  the  ang le  o f

o f  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  u s e d  t o  i d e n t i f y

anc ien t  depos i ts  f rom s imi la r  env i ronments .

6)  In  v iew o f  the  very  h igh ra tes  o f  sed iment  t ranspor t  de termined for  na tura l

c o n d i t i o n s ,

o p e r a t i o n s ,

the  sed iment  input  f rom human ac t iv i t ies ,  such as  dredg ing

s e e m s  i n s i g n i f i c a n t . However, long causeways planned for the

o f f s h o r e  o i l  d e v e l o p m e n t  muld  ac t  as  gro ins  and resu l t  in  la rge-sca le

s h o r e l i n e  m o d i f i c a t i o n s .
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FIGURE CAPTIONS

Figure  1 . Landsat images of Prudhoe Bay area (between A and B) on June 6,
.

1 9 7 6 ,  s h o w i n g  l a r g e r  r i v e r s  f l o w i n g  o u t  a c r o s s  t h e  f a s t  i c e .  I n

many years ,  f looded ice  areas near ly  merge in  th is  area.

F igure  2 . O v e r f l o w  water  f rom Kuparuk  R iver  dra in ing  a t  a  s t rude l  s i tua ted on

a  c r a c k  i n  2 - m - t h i c k  f a s t  i c e . O v e r f l o w  a t  t h i s  p o i n t  i s  e s t i m a t e d

to be 1 to 1.5 m deep, and the water

deep. Dis tance across  center  o f  the

be low the  ice

photograph is

is 1 to 2 m

about 15 m.

F igure  3 . S i te  o f  s t rude l  scour  A ad jacent  to  Egg Is land Channe l ,  in

r e l a t i v e l y  s h e l t e r e d  l o c a l i t y . Inset  shows fa thogram across  t ida l

channe l  and scour  in  1978,  w i th  1980 pro f i le  super imposed. 1978

crossing of strudel scour A was by chance, and scour could have

been deeper than actual ly measured.

F igure  4 . Fathogram of  deepest  p ro f i le  o f  s t rude l  scour  B in  1978,  and tm

success ive  years . D ivers  found ver t i ca l  wa l ls  on  upper  1  m o f  le f t

(~st)  s ide  and es t imated or ig ina l  scour  depth  by  dr iv ing  the  s take

shown .

F igure  5 . Sonograph o f  sea f loor  ad jacent  to  s t rude l -scour  B a f te r  comple te

infilling  in  1980, s h o w i n g  t h e  r o u g h  r e l i e f  w i t h  f r e s h - a p p e a r i n g

ledges seen by  d ivers .
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. .

Figure  6 . Orthophoto  o f  Sagavan i rk tok  de l ta  showing remnants  o f  fas t  i ce  on. .

June 26, 1970. Dra inage sys tems feed ing fo rmer  s t rude l  a re

c i r c l e d .

F igure  7 . Res in  pee l  o f  a  v ib racore  taken 2 ,000 m f rom s t rude l  scour  B . Core

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

s ide  to  west  ( f rom Barnes e t  a l . ,  1979) .

.
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In the Arct ic  ice is  a b u n d a n t  and cheap, and
t h e r e f o r e  h a s  l o n g  b e e n  c o n s i d e r e d  a s  s t r u c t u r a l
m a t e r i a l  f o r  o f f s h o r e  d r i l l i n g  p l a t f o r m s .  In
F e b r u a r y  1 9 7 9  E x x o n  c o n s t r u c t e d  a n  i c e  i s l a n d  4 0 0  m
i n  d i a m e t e r  a n d  1 0  m  t h i c k ,  i n  w a t e r  3 . 5  m  d e e p ,
about  6  km n o r t h  o f  P r u d h o e  B a y ,  A l a s k a . T h e  p u r -
p o s e  o f  t h e  e x p e r i m e n t  w a s  t o  l e a r n  w h e t h e r  s u c h  a n
i s l and  cou ld  su rv i ve  one  summer  and  then  se rve  as  a
p l a t f o r m  f o r  a n  e x t e n d e d  d r i l l i n g  p e r i o d  t h e  f o l -
l o w i n g  w i n t e r . O u r  s t u d i e s  o f  t h e  d e c a y  o f  t h i s
i s l a n d  a r e  b a s e d  o n : a )  s u r f a c e  o b s e r v a t i o n  a n d
photography, b) diving  observations and bottom
photos, c) fathometer, subbottom profiler and side-
scan sonar surveys, and d) spot measurements of
w a t e r  s a l i n i t y ,  t e m p e r a t u r e ,  a n d  t u r b i d i t y  a r o u n d
t h e  i s l a n d .

T h e r m a l  e r o s i o n ,  p r o m o t e d  b y  t u r b u l e n t  h e a t
t r a n s f e r  f r o m  w a v e  a c t i o n  a n d  a  r e l a t i v e l y  w a r m
s u r f a c e  w a t e r  l a y e r  s u r r o u n d i n g  t h e  i s l a n d ,  r e -
s u l t e d  i n  a  3- t o  5 - m - d e e p  n o t c h  a t  s e a  l e v e l ,
f r e q u e n t  c a l v i n g ,  a n d  a  c a n t i l e v e r e d ,  v e r t i c a l  .
scarp  a b o v e  s e a  l e v e l  a r o u n d  t h e  i s l a n d . The
w i n d s ,  w a v e s ,  a n d  s u r f a c e  c u r r e n t s  t h a t  t r a n s p o r t
w a r m  r i v e r  w a t e r  p a s t  t h e  i s l a n d  a r e  p r e d o m i n a n t l y
f r o m  t h e  e a s t . T h e r e f o r e ,  t h e r m a l  e r o s i o n  a n d
c a l v i n g  w e r e  m o s t  r a p i d  o n  t h e  e a s t  s i d e ;  t h e y  h a d
t r u n c a t e d  t h e  i s l a n d  t o  t h e  o r i g i n a l  c e n t e r  p o i n t
by  l a t e  A u g u s t . B y  e a r l y  S e p t e m b e r ,  t h e  l a s t  r e m -
n a n t s  o f  t h e  i s l a n d  f l o a t e d  a w a y . The submerged
p a r t  o f  t h e  i s l a n d ,  b e l o w  t h e  s e a - l e v e l  n o t c h ,
c o n s i s t e d  o f  a n  e x t e n s i v e  p e d e s t a l  r e a c h i n g  a s  m u c h
a s  1 5  m  b e y o n d  t h e  i s l a n d  a n d  f e a t h e r i n g  o u t  t o  1 0
c m  t h i c k  a t  t h e  l i p . T h e  o u t e r  5  m  o f  t h i s  p e d e s -
t a l  w a s  e l e v a t e d  a b o v e  t h e  f l a t  s e a  f l o o r ,  f o r m i n g
a gap U P  t o  .25 CM w i d e  t h a t  e x p o s e d  t h e  s m o o t h  b a s e
o f  t h e  i s l a n d  t o  d i v e r s . A v e r a g e  i s l a n d  s h o r e
e r o s i o n ,  e f f e c t e d  l a r g e l y  b y  c a l v i n g ,  r a n g e d  f r o m
2 . 5 -  t o  5 - m / d a y . T h e  p e d e s t a l  r e t r e a t e d  a c r o s s  t h e
s e a  f l o o r  a t  t h e  s a m e  r a p i d  r a t e ,  b u t  m e l t i n g ,
r a t h e r  t h a n  c a l v i n g ,  w a s  p r o b a b l y  t h e  m a j o r  c a u s e
o f  e r o s i o n . H y d r a u l i c  p r o c e s s e s  d i d  n o t  h a v e  t i m e
t o  d e v e l o p  c u t - a n d - f i l l  s t r u c t u r e s  i n  t h e  s e a
f l o o r . In  s h o r t ,  t h e  t e s t  s h o w e d  t h a t  u n p r o t e c t e d
i c e  i s l a n d s  i n  s h a l l o w ,  w a r m  c o a s t a l  w a t e r s  h a v e  n o
c h a n c e  o f  s u r v i v a l  t h r o u g h  t h e  s u m m e r .

INTRODUCTION

Ice  i n t e r a c t s  w i t h  t h e  m a r i n e  e n v i r o n m e n t  i n
m a n y  d i f f e r e n t  w a y s ,  a n d  t h r o u g h  t h e s e  i n t e r a c t i o n s
b e c o m e s  a n  i m p o r t a n t  g e o l o g i c  a g e n t . The  U . S .
G e o l o g i c a l  S u r v e y  h a s  c o n d u c t e d  r e s e a r c h  o n  ice-
r e l a t e d  p r o c e s s e s  f o r  m a n y  y e a r s . R e c e n t  p e t r o l e u m
deve lopmen ts  i n  no r the rn  Canada  and  A laska  have
f o c u s e d  a t t e n t i o n  o n  i c e  i n  t h e  m a r i n e  e n v i r o n m e n t
a n d  o n  t h e  e f f e c t s  o f  t h e  i c e  o n  s h o r e s  a n d  t h e
s h e l f  s u r f a c e . D u r i n g  t h e  w i n t e r  o f  1 9 7 8 - 1 9 7 9 ,  a
c i r c u l a r  i c e  i s l a n d  w i t h  a  d i a m e t e r  o f  4 0 0  m  w a s
b u i l t  i n  t h e  s h a l l o w  w a t e r s  o f  S t e f a n s s o n  S o u n d ,
a b o u t  6  k m  n o r t h  o f  P r u d h o e  B a y ,  A l a s k a  ( F i g .  1).
T h i s  l a r g e ,  f i r m l y  g r o u n d e d  m a s s  o f  i c e  o f  k n o w n
a g e ,  s i z e ,  a n d  s h a p e  p r o v i d e d  a  u n i q u e  o p p o r t u n i t y
t o  s t u d y  t h e  e f f e c t s  o f  s u m m e r  c o n d i t i o n s  u n t i l  t h e
i s l a n d  w a s  d e s t r o y e d  b y  n a t u r a l  p r o c e s s e s  b e f o r e
w i n t e r .

BACKGROUND INFORMATION

I n  t h e  A r c t i c  i c e  i s  a b u n d a n t  a n d  c h e a p  a n d
t h e r e f o r e  h a s  l o n g  b e e n  c o n s i d e r e d  a s  a  p o t e n t i a l
s t r u c t u r a l  m a t e r i a l  f o r  o f f s h o r e  d r i l l i n g  plat-
forms.l,2r3,4 S e v e r a l  f i e l d  e x p e r i m e n t s  w i t h  i c e
d r i l l i n g  i s l a n d s  h a v e  b e e n  c o n d u c t e d  i n  A l a s k a n
w a t e r s . I n  1 9 6 9 ,  a t t e m p t s  w e r e  m a d e  t o  f i r m l y
a n c h o r  a  g r o u n d e d ,  n a t u r a l  i c e  i s l a n d  b y  b a l l a s t i n g
i t  w i t h  a n  a d d e d  s u r f a c e  l a y e r  o f  i c e .

5  T h i s  i s l a n d
w a s  l o c a t e d  a t  a b o u t  2 5 - m  w a t e r  d e p t h ,  w h e r e  i t  w a s
f u l l y  e x p o s e d  t o  d r i f t i n g  p a c k  i c e . F o r  r e a s o n s
n o t  enti~ely  c l e a r ,  t h i s  i s l a n d  b r o k e  u p  d u r i n g  t h e
s t u d i e s . I n  e a r l y  1 9 7 7  a n  a r t i f i c i a l  i c e  i s l a n d
w a s  b u i l t  b y  U n i o n  O i l  C o .  a t  3 - m  w a t e r  d e p t h  i n
H a r r i s o n  B a y . A n  e x p l o r a t o r y  w e l l  w a e  d r i l l e d  f r o m
t h i s  i s l a n d  b e f o r e  t h e  i c e  d e c a y e d  i n  J u l y ,  1 9 7 7 .
B e i n g  l o c a t e d  w i t h i n  t h e  s m o o t h ,  i m m o b i l e  f a s t  i c e
o f  H a r r i s o n  B a y ,  t h i s  i s l a n d  w a s  r e l a t i v e l y  s a f e
f r o m  t h e  e f f e c t s  o f  s h i f t i n g  i c e ,  b u t  t h e  n e a r b y
d i s c h a r g e  o f  w a r m  Colville  R i v e r  w a t e r ,  w h i c h
r e s u l t e d  i n  e a r l y  i c e - f r e e  c o n d i t i o n s  i n  t h e  a r e a , 7

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

I n  F e b r u a r y  1 9 7 9 ,  E x x o n  b e g a n  c o n s t r u c t i o n  o f
a n  e x p e r i m e n t a l  i c e  i s l a n d  i n  S t e f a n s s o n  S o u n d ,
a b o u t  6  k i l o m e t e r s  n o r t h  o f  P r u d h o e  B a y  ( F i g .  1).
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T h e  p u r p o s e  w a s  t o  l e a r n  w h e t h e r  t h i s  t e s t  s t r u c -
tu re  cou ld  su rv i ve  one  summer  and  then  se rve  as  a
p l a t f o r m  f o r  a n  e x t e n d e d  d r i l l i n g  s e a s o n  d u r i n g  t h e
f o l l o w i n g  w i n t e r .

S t u d i e s  o f  i c e b e r g s  s h o w  t h a t  th~ir  d e t e r -
i o r a t i o n  i s  b a s i c a l l y  d u e  t o  m e l t i n g . T h e  i c e
m a s s e s  r e c e i v e  e n e r g y  b y  r a d i a t i o n ,  c o n v e c t i o n ,  a n d
c o n d u c t i o n  f r o m  t h e  a i r ,  w a t e r ,  a n d  s u n . A c c o r d i n g
t o  Kollmeyer, 9 t u r b u l e n t  h e a t  t r a n s f e r  i s  o f  p r i m e
i m p o r t a n c e  f o r  i c e  d e c a y . T h u s ,  i c e b e r g s  h a v e
e x t e n d e d  l i v e s  a s  l o n g  a s  t h e y  r e m a i n  p r o t e c t e d  by
s e a  i c e ,  w h i c h  r e d u c e s  w a v e  t u r b u l e n c e . Wave
t u r b u l e n c e  p r e v e n t s  a  s t a t i c ,  cold-wat:r boundary
l a y e r  f r o m  f o r m i n g  a r o u n d  t h e  i c e b e r g . The
p r o n o u n c e d  n o t c h e s  a t  s e a  l e v e l  t h a t  a r e  u s u a l l y
s e e n  a r o u n d  d r i f t i n g  i c e ,  a t t e s t  t o  t h e  e f f e c -
t i v e n e s s  o f  w a v e  t u r b u l e n c e  i n  r e d u c i n g  t h e  s i z e  o f
i c e . T h e r e  i s ,  h o w e v e r ,  a n  i m p o r t a n t  d i f f e r e n c e
b e t w e e n  t h e  p r o c e s s e s  e f f e c t i v e  o n  d r i f t i n g  i c e  a n d
t h o s e  e f f e c t i v e  o n  g r o u n d e d  i c e . A  g rounded  i ce
m a s s  i s  n o  l o n g e r  m o v i n g  w i t h  t h e  w a t e r ,  a n d  t h e r e -
f o r e  i t  e n c o u n t e r s  r e l a t i v e l y  h i g h e r  f l o w  v e l o c i -
t i e s  t o  t r a n s p o r t  a w a y  c o l d  m e l t  w a t e r . Because  o f
t h e s e  c o n s i d e r a t i o n s ,  a  b r i e f  d e s c r i p t i o n  o f  t h e
m a r i n e  e n v i r o n m e n t  a t  t h e  i c e  i s l a n d  s i t e  i s  i n
o r d e r .

T h e  w a t e r  d e p t h  a t  t h e  E x x o n  i c e  i s l a n d  s i t e
i s  n e a r l y  3 . 5  m . T h e  b o t t o m ,  w h i c h  i s  e s s e n t i a l l y
f l a t ,  c o n s i s t s  o f  v e r y  f i n e ,  m u d d y  s a n d . D u r i n g
w i n t e r  t h e  s i t e  l i e s  w i t h i n  t h e  z o n e  o f  f l o a t i n g
f a s t  i c e . T h e  f l o a t i n g  i c e  m o v e s  o n l y  a  f e w
m e t e r s ,  a n d  i t  r e a c h e s  a  t h i c k n e s s  o f  u p  t o  2  m  a t
t h e  e n d  o f  t h e  w i n t e r . D u r i n g  s u m m e r ,  t h e  a r e a  i s
p r o t e c t e d  f r o m  p a c k - i c e  i n c u r s i o n s  b y  a  c h a i n  o f
b a r r i e r  i s l a n d s . B e g i n n i n g  i n  l a t e  M a y  o r  e a r l y
J u n e ,  t h e  S a g a v a n i r k t o k  R i v e r  ( F i g .  1) d i s c h a r g e s
r e l a t i v e l y  w a r m  w a t e r  o n l y  a  f e w  k i l o m e t e r s  e a s t  o f
t h e  s i t e . W i t h  t h e  d o m i n a n t  e a s t e r l y  w i n d s ,  t h i e
w a r m  w a t e r  f l o w s  w e s t w a r d  p a s t  t h e  i c e  i s l a n d .  I n
1 9 7 6 ,  f o r  a  p e r i o d  o f  5 2  d a y s  s t a r t i n g  i n  l a t e
J u l y ,  o c e a n o g r a p h i c  s e n s o r s  w e r e  d e p l o y e d  1  m  o f f
t h e  b o t t o m  n e a r  t h e  i c e  i s l a n d  a r e a . These  seneors
p r o v i d e d  i n f o r m a t i o n  a b o u t  s a l i n i t y ,  temperatu~~,
t i d e s ,  a n d  c u r r e n t s  f o r  t h e  o p e n - w a t e r  s e a s o n .
T h e  a s t r o n o m i c a l  t i d a l  r a n g e  i s  o n l y  a b o u t  1 5  c m ,
w h e r e a s  s e a - l e v e l  f l u c t u a t i o n s  f r o m  c h a n g i n g  w i n d s
a n d  b a r o m e t r i c  p r e s s u r e s  n o r m a l l y  a r e  s e v e r a l  t i m e s
l a r g e r . T h e  r e c o r d e d  a v e r a g e  n e a r - b o t t o m  c u r r e n t
v e l o c i t y  w a s  1 5  c m / s e e ,  w i t h  o n e  p e a k  o f  5 3  c m / s e e ,
s u f f i c i e n t  t o  e r o d e  a n d  t r a n s p o r t  c o a r s e  s a n d . Our
e x t e n s i v e  b o a t  a n d  d i v i n g  e x p e r i e n c e  i n  t h e  a r e a
i n d i c a t e s  t h a t  s u r f a c e  c u r r e n t  v e l o c i t i e s  c o m m o n l y
a r e  s e v e r a l  t i m e s  h i g h e r  t h a n  b o t t o m  v e l o c i t i e s .
T h e  b o t t o m - w a t e r  t e m p e r a t u r e  d u r i n g  t h e  p e r i o d  o f
r e c o r d  r a n g e d  f r o m  - 0 . 9  t o  7.5°C;  t h e  w a t e r  a t  t h e
s u r f a c e  w a s  g e n e r a l l y  s e v e r a l  d e g r e e s  w a r m e r . The
s a l i n i t y  r a n g e d  f r o m  1 2 . 8  t o  3 0 . 6  p a r t s  p e r  t h o u -
s a n d . I n  J u l y  1 9 7 2 ,  r e g i o n a l  s u r v e y s  i n  t h e  a r e a
s h o w e d  a  f r e s h w a t e r  p l u m e  w i t h  s a l i n i t y  o f  a b o u t  2
p a r t s  p e r  t h o u s a n d  e x t e n d i n g  f r o m  t h e  S a g a v a n i r k t o k
R i v e r  p a s t  t h e  s i t e . F u r t h e r  s t u d i e s  b y  Woodward-
C l y d e  Consultantsll show tha t  t he  wa te r  mass  i n
P r u d h o e  B a y  a n d  v i c i n i t y  i s  l a r g e l y  s t r a t i f i e d ,
e s p e c i a l l y  u n d e r  e a s t e r l y  w i n d  c o n d i t i o n s . The
Upper  layer  iS  p r i m a r i l y  S a g a v a n i r k t o k  R i v e r  w a t e r ,
b e i n g  r e l a t i v e l y  w a r m  ( i . e .  6 ‘-9°C)  a n d  r e l a t i v e l y
f r e s h  ( i . e .  1 5  t o  2 0  p p t ) . The  l o w e r  l a y e r  i s
w a t e r  o f  a l m o s t  t o t a l l y  o c e a n i c  o r i g i n ,  b e i n g
c o l d e r ,  (1°-40C),  a n d  m o r e  s a l i n e  ( 3 0 - 3 3  ppt).

W a v e  a c t i v i t y  b e g i n s  i n  l a t e  J u n e  a t  t h e  i s l a n d
s i t e ;  t h e  f e t c h  t o  t h e  e a s t  i n c r e a s e s  t o  i t s
max imum by  l a t e  Ju l y . B e c a u s e  o f  t h e  restrict~d
f e t c h  a n d  t h e  s h a l l o w  w a t e r ,  w e  h a v e  n e v e r  o b s e r v e d
waves  h ighe r  than  1  m in  the  a rea .

THE ICE ISLAND

A  s i n g l e ,  l a r g e ,  r o t a t i n g  s p r i n k l e r  s y s t e m  f e d
b y  s e a w a t e r  p u m p s  w a s  u s e d  t o  c o n s t r u c t  t h e  c i r c u -
l a r ,  d o m e - s h a p e d  i c e  i s l a n d  ( F i g .  2 ) . I n  t h e  i n i -
t i a l  s t a g e s ,  t h e  t h i n  f a s t  i c e  a p p a r e n t l y  w a s
s t r e n g t h e n e d  b y  s u r f a c e  f l o o d i n g ,  w i t h  r o t a t i n g  a u -
g e r s  u s e d  a s  A r c h i m e d e s  s c r e w s  t o  l i f t  w a t e r  t o  t h e
i c e  s u r f a c e . B u t  t h e  s p r a y i n g  p r o c e s s  res&ts  i n
c o n s i d e r a b l y  m o r e  r a p i d  f r e e z i n g  o f  w a t e r .  B e -
c a u s e  t h e  s p r a y e d  w a t e r  w a s  f r e e  t o  s p r e a d  o u t  o n t o
t h e  s u r r o u n d i n g  f l o a t i n g  s h e e t  o f  i c e ,  t h e  accre-
t i ng  i ce  assumed  a  dome shape . S u r f a c e  r u n o f f
t o w a r d  t h e  p e r i m e t e r  c o n s i s t e d  o f  b r i n e  f r o m  s a l t
e x c l u d e d  i n  t h e  f r e e z i n g  p r o c e s s . B e y o n d  t h e  p e r i -
m e t e r ,  t h e  b r i n e  p r e s u m a b l y  d r a i n e d  t h r o u g h  t h e
s u r r o u n d i n g  f l o a t i n g  f a s t  i c e . Pump ing  was  con t i n -

u e d  u n t i l  t h e  i s l a n d  h a d  a n  e l e v a t i o n  o f  a b o u t  7  m
a t  t h e  c e n t e r  a n d  w a s  f i r m l y  g r o u n d e d  o n  t h e  s e a
f l o o r . T h e  t o t a l  i c e  t h i c k n e s s  r a n g e d  f r o m  1 0  m  i n
t h e  m i d d l e  o f  t h e  i s l a n d  t o  6  o r  7  m  n e a r  t h e
f r i n g e s ” . T h e  d i a m e t e r  o f  t h e  i s l a n d  w a s  n e a r l y
400 m.

METHODS OF STUDY

O b s e r v a t i o n s  a n d  d a t a  c o l l e c t e d  a r o u n d  t h e  i c e
i s l a n d  d u r i n g  t h e  s u m m e r  o f  1 9 7 9  c o n s i s t  o f :
a )  a e r i a l  a n d  s h i p b o a r d  o b s e r v a t i o n s  a n d  p h o t o -
g r a p h y  o f  t h e  i s l a n d ’ s  d e c a y ;  b )  d i v i n g  o b s e r v a -
t i o n s  a n d  u n d e r w a t e r  p h o t o g r a p h y  o f  t h e  i c e / b o t t o m
c o n t a c t ;  c )  f a t h o m e t e r ,  s u b - b o t t o m  p r o f i l e r ,  a n d
s i d e - s c a n  s o n a r  s u r v e y s  a r o u n d  t h e  i s l a n d ;  a n d
d )  s p o t  m e a s u r e m e n t s  o f  w a t e r  s a l i n i t y ,  t e m p e r a -
t u r e ,  a n d  l i g h t  transmissivity  a r o u n d  t h e  i s l a n d .

RESULTS

S u r f a c e  observations.- O u r  f i r s t  o b s e r v a t i o n s  o f
t h e  i s l a n d  w e r e  m a d e  i n  t h e  m i d d l e  o f  J u l y .  A t
t h a t  t i m e  t h e  i s l a n d  w a s  c i r c u l a r  ( F i g .  1)  a n d
s l i g h t l y  d o m e - s h a p e d . s u r f a c e  d r a i n a g e  g u l l i e s ,
s h e a r  c l i f f s  a t  t h e  w a t e r ’ s  e d g e ,  a c t i v e  c a l v i n g ,
a n d  s c a t t e r e d  i c e  d r i f t i n g  i n  t h e  w a k e  o f  t h e
i s l a n d  w e r e  e v i d e n c e  t h a t  t h e  d e c a y  w a s  i n  f u l l
p r o g r e s s . C o n t i n u e d  c a l v i n g ,  r e s u l t i n g  f r o m  l a c k
o f  h y d r o s t a t i c  p r e s s u r e  o n  u n s u p p o r t e d  f a c e s ,  w a s
e n h a n c e d  b y  d e e p  e r o s i o n a l  n o t c h e s  a t  s e a  l e v e l
t h a t  w e r e  c u t  h o r i z o n t a l l y  i n t o  c l i f f s  w i t h i n
s e v e r a l  h o u r s  a f t e r  c a l v i n g  ( F i g .  4 ) . The  dominan t
n o r t h e a s t e r l y  w i n d s  a n d  w e s t w a r d  c u r r e n t s  c a r r y i n g
r e l a t i v e l y  w a r m ,  f r e s h  r i v e r  w a t e r  o n  t h e  s u r f a c e
r e s u l t e d  i n  t h e  m o s t  r a p i d  e r o s i o n  o n  t h e  i s l a n d ’ s
“wea the rs ide  . “ Thus  the  i s l and  soon  assumed  an
a s y m m e t r i c  s h a p e ,  a s  s h o w n  i n  F i g u r e  5  i n  w h i c h  t h e
l o c a t i o n  o f  t h e  p i v o t  p o i n t  o f  t h e  f o r m e r l y  c e n t r a l
s p r a y e r  s y s t e m  i s  n e a r  t h e  e a s t e r n  s h o r e .  T o
r e d u c e  u n d e r c u t t i n g  a n d  c a l v i n g ,  a  l a r g e  t a r p a u l i n ,
we igh ted  a t  the  baee  by  a  cha in ,  had  been  d raped
o v e r  a  p o r t i o n  o f  t h e  i s l a n d ’ s  p e r i m e t e r . T h i s
t a r p  w a s  c a r r i e d  a w a y  w i t h  c a l v e d  i c e  b y  l a t e
July  . “ B y  t h e  f i r s t  w e e k  i n  S e p t e m b e r ,  t h e  i c e
i s l a n d  h a d  b e e n  r e d u c e d  s o  m u c h  t h a t  i t  w a s  h a r d l y
r e c o g n i z a b l e . On S e p t e m b e r  1 0 t h ,  l o n g  b e f o r e  t h e
m a j o r  f a l l  s t o r m s  s e t  i n ,  t h e  l a s t  r e m n a n t s  o f  t h e
i s l a n d  h a d  f l o a t e d  a w a y .
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mvmg oDservatlons.  - Ulvlng  oDservat Ions  w e r e  maae
a r o u n d  t h e  i s l a n d  o n  A u g u s t  1 6 ,  u n d e r  l i g h t  n o r t h -
w e s t e r l y  w i n d s  a n d  w e a k  s o u t h e a s t e r l y  c u r r e n t s .
Durinq  t h e  s e v e r a l  d a y s  p r e c e d i n g  t h e  d i v e ,  t h e
w i n d  h a d  b e e n  f r o m  t h e  n o r t h e a s t  a n d  c o n s i d e r a b l y
s t r o n g e r . T h u s ,  t h e  c u r r e n t  f l o w  w o u l d  h a v e  b e e n
w e s t w a r d  a n d  r e l a t i v e l y  s w i f t  f o r  s e v e r a l  d a y s
b e f o r e  t h e  d i v e . O u r  d i v i n g  t r a v e r s e  p a r t i a l l y
circumdived  t h e  i s l a n d  i n  a  c o u n t e r c l o c k w i s e
d i r e c t i o n ,  s t a r t i n g  f r o m  a  p o i n t  o n  t h e  s o u t h e a s t
s i d e  o f  t h e  i s l a n d  a n d  e n d i n g  o n  t h e  w e s t  s i d e .  ~
i d e a l i z e d  s k e t c h  o f  t h e  u n d e r w a t e r  s h a p e  o f  t h e  i c e
i s l a n d  i s  s h o w n  i n  F i g u r e  6 . A  s e a - l e v e l  n o t c h
c h a r a c t e r i s t i c a l l y  e x t e n d e d  f r o m  3  t o  5  m e t e r s  o r
m o r e  u n d e r n e a t h  t h e  i c e  c l i f f  a n d  w a s  a b s e n t  o n l y
i n  a  f e w  p l a c e s  w h e r e  c a l v i n g  h a d  r e c e n t l y  t a k e n
p l a c e . U n d e r n e a t h  t h i s  o v e r h a n g ,  t h e  w a t e r  v i s i -
b i l i t y  w a s  b l u r r e d  o n  a c c o u n t  o f  t h e  m i x i n g  o f  m e l t
a n d  s e a  w a t e r  h a v i n g  d i f f e r e n t  i n d e x e s  o f
r e f r a c t i o n . F r o m  t h e  s u b - a e r i a l  c l i f f s  o r  f r o m  t h e
c r o t c h  o f  t h e  s e a - l e v e l  n o t c h  t h e r e  w a s  a  g e n t l e
s e a w a r d - s l o p i n g  i c e  f a c e . T h i s  i c e  s u r f a c e  w a s
c o n c a v e  u p w a r d  a n d  s l i g h t l y  u n d u l a t i n g ;  i t  e x t e n d e d
f rom 5  to  15  me te rs  o r  more  beyond  the  subaer ia l
i c e  c l i f f s . T h i s  w i d e  s u b m a r i n e  b a s e  o f  t h e  i s l a n d
w i l l  b e  r e f e r r e d  t o  a s  t h e ‘ i c e  p e d e s t a l ’  . T h e  i c e
p e d e s t a l  t y p i c a l l y  f e a t h e r e d  o u t  t o  a  s h a r p  e d g e
( F i g .  7 ) ,  w h e r e  n o  r e c e n t  u p w a r d  c a l v i n g  o c c u r r e d ,
o r  i t  t e r m i n a t e d  i n  a  s m a l l  scarp  1 0  t o  3 0  c m
h i g h . The  ou te r  edge  o f  the  p e d e s t a l  h a d  a n
i r r e g u l a r ,  c r e n e l a t e d  c o n f i g u r a t i o n ,  f o r m i n g  3 -  t o
4 -m embaymen ts  tha t  exposed  the  sandy  subs t ra te .
T h e  p e d e s t a l  a l s o  c o n t a i n e d  a  f e w  i s o l a t e d  h o l e s  o r
‘w indows ’ i n  i c e  6 0  t o  8 0  c m  t h i c k  t h a t  e x t e n d e d
d o w n  t o  t h e  s e a  f l o o r  ( F i g .  8 ) . Much  o f  t he  bo t tom
d i v i n g  t r a v e r s e  p a r a l l e l e d  t h e  v e r y  e d g e  o f  t h e
p e d e s t a l . A l o n g  m o s t  o f  t h i s  e d g e  t h e  b a s e  o f  t h e
p e d e s t a l  w a s  s l i g h t l y  r a i s e d ,  f o r m i n g  a  b a s a l  g a p
a t  t h e  s e a  f l o o r  l a r g e  e n o u g h  t o  p e r m i t  a  d i v e r  t o
s l i d e  h i s  h a n d  b e t w e e n  t h e  p e d e s t a l  a n d  t h e  s e a
f l o o r . T h i s  g a p  v a r i e d  i n  h e i g h t  f r o m  3  t o  2 5  c m
a n d  e x t e n d e d  u n d e r n e a t h  t h e  i c e  t o  a t  l e a s t  t h e
r a n g e  o f  v i s i b i l i t y  ( 2 - 3  m ) . E v e n  w i t h i n  p e r -
f o r a t i o n s  4  m  f r o m  t h e  t i p  o f  t h e  p e d e s t a l ,  t h e
b a s a l  g a p  c o u l d  b e  s e e n  ( F i g .  8 ) ,  a n d  t h e r e f o r e  i t
m u s t  h a v e  e x t e n d e d  a t  l e a s t  5  m  u n d e r n e a t h  t h e  i c e
i s l a n d . N h e r e v e r  t h e  b a s e  o f  t h e  i c e  c o u l d  b e  s e e n
t h r o u g h  t h e  g a p ,  t h e  f a c e  w a s  smooth  a n d  p a r a l l e l
t o  t h e  h o r i z o n t a l  s e a  f l o o r . A t  o n e  l o c a t i o n ,  a
t h i n  i s o l a t e d  s l a b  o f  i c e  a b o u t  1 m  i n  d i a m e t e r  w a s
h u g g i n g  t h e  b o t t o m  a  s h o r t  d i s t a n c e  a w a y  f r o m  t h e
m a r g i n  o f  t h e  p e d e s t a l . T h e  s l a b  r o s e  t o  t h e  s e a
s u r f a c e  w h e n  t h e  d i v e r  d i s t u r b e d  i t .

T h e  s a n d y  s e a  f l o o r  a d j a c e n t  t o  t h e  p e r i m e t e r
o f  t h e  i c e  p e d e s t a l  o n  t h e  e a s t  a n d  w e s t  s i d e s  o f
t h e  i c e  i s l a n d  w a s  f l a t  w i t h  s m a l l  r i p p l e s . T h i s
f l a t  b o t t o m  w a s  s e e n  t o  e x t e n d  u n d e r n e a t h  t h e  i c e
w i t h o u t  a n y  n o t i c e a b l e  c h a n g e  i n  r i p p l e  p a t t e r n .
A l o n g  t h e  n o r t h  s i d e  o f  t h e  i s l a n d ,  f a c i n g  t h e  v e r y
w e a k  c u r r e n t  o f  t h a t  d a y ,  s m a l l  s c o u r  d e p r e s s i o n s
h a d  f o r m e d ,  a n d  k e l p  (Laminaria),  d e a d  isopods,  a n d
f i n e  s a n d  w e r e  p i l e d  a g a i n s t  t h e  p e d e s t a l .  A l -
t h o u g h  t h e  s u r f a c e  o f  t h e  p e d e s t a l  i n  m o s t  a r e a s
w a s  e s s e n t i a l l y  c l e a n ,  o n  t h e  n o r t h  s i d e  a  s e d i m e n t
cove r  up  to  4  mm t h i c k  w a s  s e e n  i n  s u b t l e  d e p r e s -
s i o n s . A l s o ,  s e v e r a l  c y l i n d r i c a l  h o l e s  i n  t h e
p e d e s t a l  h a d  f i l l e d  w i t h  s e d i m e n t ,  a n d  e r o s i o n  o f
t h e  p e d e s t a l  c o n t a i n i n g  s u c h  f i l l e d  h o l e s  r e s u l t e d
in  sed imen t  mounds  up  to  40  cm h igh - - remnan ts  o f
s e d i m e n t  f i l l i n g . When  we  p robed  the  sea  f l oo r

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

G e o p h y s i c a l  Surveys.- Fathometer  a n d  s i d e - s c a n
sonar  su rveys  were  made  on  Ju l y  27 ,  1979 ,  i n  a
r a d i a l  p a t t e r n  a r o u n d  t h e  i s l a n d ,  a p p r o a c h i n g  t o
w i t h i n  1 5  m  o f  t h e  c l i f f s  a n d  e x t e n d i n g  s e v e r a l
h u n d r e d  m e t e r s  o f f s h o r e . The  reco rds  show an
e s s e n t i a l l y  f e a t u r e l e s s  b o t t o m . I n  a d d i t i o n  t o
t h i s  s u r v e y ,  s e v e r a l  f a t h o m e t e r / s u b b o t t o m  p r o f i l e r
(7kHz)  s u r v e y  t r a v e r s e s  w e r e  r u n  o v e r  t h e  i c e
p e d e s t a l  s u r r o u n d i n g  t h e  i c e  i s l a n d  o n  A u g u s t  1 6 ,
1979 . T h e s e  t r a v e r s e s  w e r e  r u n  o n  s t r a i g h t  c o u r s e s
t a n g e n t i a l  t o  t h e  i s l a n d ,  b r i n g i n g  t h e  starboard
s i d e  o f  t h e  v e s s e l  w i t h  t h e  t r a n s d u c e r  a s  c l o s e  t o
t h e  i s l a n d  a s  p o s s i b l e . T h e  r e c o r d  o f  s e v e r a l  o f
t h e s e  t a n g e n t i a l  t r a v e r s e s ,  s h o w n  i n  F i g u r e  9 ,
r e v e a l s  t h e  c o n c a v e  u p w a r d  s u r f a c e  o f  t h e  i c e
p e d e s t a l . Nhere  t h e  v e s s e l  p a s s e d  o v e r  t h e  i c e
p e d e s t a l ,  a  s u b b o t t o m  r e f l e c t o r  o c c u r r i n g  1 . 5  m
b e l o w  t h e  s e a  f l o o r  i s  l o s t . T h e  s u b - b o t t o m
r e f l e c t o r  r e p r e s e n t s  t h e  b a s e  o f  H o l o c e n e  m a r i n e
s e d i m e n t s . Thus  the  i ce ,  even  where  on l y  20  cm
t h i c k ,  i s  o p a q u e  t o  s e i s m i c  s i g n a l s  a t  a  f r e q u e n c y
o f  7  k H z . A  s i d e - s c a n  s o n a r  a n d  f a t h o m e t e r  s u r v e y
r u n  a c r o s s  t h e  f o r m e r  i c e - i s l a n d  s i t e  b y  P.W.
Barnes  o f  t he  U.S.G.S.  o n  S e p t e m b e r  1 8 ,  1 9 7 9 ,
r e v e a l e d  o n l y  r e m n a n t s  o f  t h e  p l u m b i n g  s y s t e m  t h a t
h a d  b e e n  u s e d  d u r i n g  t h e  c o n s t r u c t i o n  p h a s e .

Hydroqraphic  Measurements.- A  s k e t c h  o u t l i n e  o f  t h e
i s l a n d  a n d  t h e  h y d r o g r a p h i c  s t a t i o n s  t a k e n  J u l y  27
i s  p r e s e n t e d  i n  F i g u r e  1 0 . A t  t h e  t i m e  o f  t h e
m e a s u r e m e n t s ,  light  w inds  were  b low ing  f rom the
n o r t h e a s t . Measuremen ts  were  made  a t  t he  su r face
a n d  n e a r  t h e  b o t t o m . T h e  v a l u e s  o f  s a l i n i t y ,
t r ansm iss i v i t y ,  and  t empera tu re  (F ig .  10) reflect
t h e  d e c a y  o f  t h e  i s l a n d . T h e  i s l a n d  s e r v e s  a s  a
h e a t  s i n k ,  a n d  a  w e s t - n o r t h w e s t - t r e n d i n g  w a k e  i s
c h a r a c t e r i z e d  b y  h i g h e r  s a l i n i t y ,  l o w e r  l i g h t
t r a n s m i s s i v i t y ,  a n d  l o w e r  t e m p e r a t u r e  t h a n  t h e
w a t e r  o n  t h e  u p d r i f t  s i d e . T h e  l o w e r  l i g h t  trans-
m i s s i v i t y  r e a d i n g s  i n  t h e  w a k e  m a y  b e  l a r g e l y  t h e
r e s u l t  o f  t h e  m i x i n g  o f  w a t e r s  h a v i n g  d i f f e r e n t
i n d i c e s  o f  r e f r a c t i o n ,  a s  a p p a r e n t l y  n o  s e d i m e n t  i s
b e i n g  a d d e d  t o  t h e  w a t e r  b y  t h e  i c e  o r  b y  b o t t o m
s c o u r  f r o m  c u r r e n t s . T h e  h i g h e r  s a l i n i t y  r e a d i n g s
i n  t h e  w a k e  a r e  e v i d e n c e  t h a t  the  a v e r a g e  s a l i n i t y
o f  t h e  i c e  i s l a n d  i s  s e v e r a l  p p t  h i g h e r  t h a n  t h a t
o f  t h e  1 5 . 5  p p t  s a l i n i t y  w a t e r  a t t a c k i n g  t h e  i s l a n d
f r o m  t h e  e a s t . T h e  w a t e r  c o l u m n  w a s  n o t  a s  w e l l

s t r a t i f i e d  o n  J u l y  2 7  a s  o b s e r v e d  o n  o t h e r
o c c a s i o n s  i n  t h e  a r e a .

DISCUSSION AND CONCLUSIONS

O u r  s t u d i e s  o f  t h e  d e c a y  o f  t h e  i c e  i s l a n d
s h o w  t h a t  t h e  i s l a n d ’ s  s u b a e r i a l  p a r t  w a s  e r o d e d
m a i n l y  b y  c r a c k i n g  a n d  c a l v i n g . T h e  m e l t i n g  o f  t h e
b r e a k u p  p r o d u c t s  i n c r e a s e d  a f t e r  t h e i r  i m m e r s i o n  i n
s e a w a t e r ,  w h i l e  t h e y  w e r e  d r i f t i n g  a w a y  f r o m  t h e
s i t e . on  t h e  o t h e r  h a n d ,  t h e  u n d e r w a t e r  s u r f a c e s
a n d  p r o f i l e  s h o w  t h a t  m e l t i n g  i s  t h e  d o m i n a n t  p r o -
c e s s  o f  s u b m a r i n e  e r o s i o n . M e l t i n g  r a t e s  w e r e
h i g h e s t  o n  t h e  e a s t  s i d e ,  t h e  s i d e  e x p o s e d  t o  t h e
d o m i n a n t  w a v e s  f r o m  t h e  e a s t  a n d  t o  t h e  i n f l u x  o f
w a r m  w a t e r  c a r r i e d  b y  d o m i n a n t  w e s t w a r d - f l o w i n g
c u r r e n t s . T h e  v e r t i c a l  p r o f i l e  r e f l e c t e d  t h e
c o m b i n e d  e f f e c t s  o f  h i g h e r  w a t e r  t e m p e r a t u r e ,
h i g h e r  f l o w  v e l o c i t i e s ,  a n d  g r e a t e r  w a v e  t u r b u l e n c e
n e a r  t h e  s e a  s u r f a c e ,  a s  c o m p a r e d  t o  t h e  q u i e t e r
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a n d  c o o l e r  b o t t o m  w a t e r s . T h e s e  f a c t o r s  r e s u l t e d
i n  t h e  d e e p  n o t c h  a t  s e a  l e v e l  a n d  t h e  e x t e n s i v e
p e d e s t a l  f e a t h e r i n g  o u t  t o  a  t h i n  e d g e  o n  t h e
b o t t o m . We a s s u m e  t h a t  t h e  a v e r a g e  v e r t i c a l
p r o f i l e  o f  t h e  i c e  i s l a n d  w a s  i n  e q u i l i b r i u m  w i t h
t h e  e n v i r o n m e n t a l  p a r a m e t e r s  a f f e c t i n g  t h e  p r o -
f i l e . Once  the  t yp i ca l  mush room shape  w i th  a  ve ry
w i d e  p e d e s t a l  w a s  e s t a b l i s h e d ,  t h e  s u b a e r i a l  p a r t s
r e t r e a t e d  a t  t h e  s a m e  r a t e  a s  t h e  s u b m e r g e d
p a r t s . G i v e n  2 0 0  m  a s  t h e  o r i g i n a l  r a d i u s ,  J u n e
2 0 ,  1 9 7 9  a s  t h e  b e g i n n i n g  of  l a t e r a l  d e c a y ,  a n d
S e p t e m b e r  1 0 ,  1 9 7 9  a s  t h e  l a s t  d a y  o f  t h e  i s l a n d ,
t h e  a v e r a g e  r a t e  o f  p e r i p h e r a l  e r o s i o n  w o u l d  b e
abou t  2 .5  m per  day . However ,  e ros ion  was  no t
e q u a l  a t  a l l  p o i n t s  a r o u n d  t h e  p e r i p h e r y  o f  t h e
i s l a n d . T h e  e a s t  s i d e  o f  t h e  i s l a n d ,  e x p o s e d  t o
the  dominan t  waves  and  cu r ren ts ,  e roded  much  m o r e
r a p i d l y  t h a n  t h e  r e l a t i v e l y  p r o t e c t e d  w e s t  s i d e ,  a t
t i m e s  r e a c h i n g  a n  e s t i m a t e d  e r o s i o n  r a t e  o f  5  m  p e r
d a y . T h e  e r o s i o n  r a t e  could  a l s o  v a r y  q u i t e  a  b i t
f rom the  ave rage  on  any  g i ven  day . D u r i n g  p e r i o d s
o f  c a l m  w e a t h e r  a  p r o t e c t i v e  l a y e r  o f  c o l d  w a t e r
c o u l d  f o r m  a r o u n d  t h e  i s l a n d ,  p r o t e c t i n g  t h e  i c e
f r o m  m e l t i n g . The  l ack  o f  waves  du r i ng  a  ca lm
p e r i o d  w o u l d  r e s u l t  i n  l e s s  u n d e r c u t t i n g  o f  t h e
s u b a e r i a l  p o r t i o n  o f  t h e  i s l a n d  a n d  i n  l e s s  e r o s i o n
o f  t h e  s u r f a c e  o f  t h e  i s l a n d . C o n v e r s e l y ,  w h e n
w a v e  h e i g h t s  a n d  a n d  c u r r e n t  v e l o c i t i e s  i n c r e a s e d ,
a s t e a d y  s t r e a m  o f  r e l a t i v e l y  w a r m  r i v e r  w a t e r
w o u l d  b e  w a s h e d  o v e r  t h e  i c e  p e d e s t a l ,  a n d  t h e
w a v e s  w o u l d  r a p i d l y  c u t  a  s e a  l e v e l  n o t c h ,  r e s u l t -
i n g  i n  i n c r e a s e d  c a l v i n g  a n d  v e r y  r a p i d  e r o s i o n  o n
t h e  e x p o s e d ,  w e a t h e r  s i d e  o f  t h e  i s l a n d .

T h e  e x t e n t  t o  w h i c h  t h e  v e r t i c a l  p r o f i l e
r e f l e c t s  d i f f e r e n c e s  i n  r e s i s t a n c e  t o  e r o s i o n  i s
unknown. T h e  m e t h o d s  u s e d  f o r  c o n s t r u c t i n g  t h e
island--i.e.  , a d d i n g  s u r f i c i a l  l a y e r s  o f  i c e  o n t o  a
t h i n  s h e e t  o f  n a t u r a l l y  g r o w n  ice--res~lts  i n  a
s t r a t i f i e d  i c e  m a s s . F i t c h  a n d  J o n e s p o i n t e d  o u t
t h a t  a  m a j o r  d i s a d v a n t a g e  o f  t h e  s p r a y - f r e e z i n g
m e t h o d  i s  t h a t  t h e  a r t i f i c i a l  i c e  i t  p r o d u c e s  m a y
b e  “ f l u f f y . ” T h e  b o t t o m - m o s t ,  n a t u r a l  l a y e r  o f  t h e
i c e  p e d e s t a l ,  s t i l l  c o n t a i n i n g  t h e  i n i t i a l  auger-
p r o d u c e d  c y l i n d r i c a l  h o l e s ,  m a y  h a v e  b e e n  t h e  m o s t
r e s i s t a n t  t o  m e l t i n g . T h e r e  appar-ently  was  no
d i f f e r e n c e  i n  i c e  t e x t u r e  a n d  m e l t i n g  r e s i s t a n c e
b e t w e e n  n a t u r a l l y  g r o w n  i c e ,  p r e s u m a b l y  a b o u t  1 m
t h i c k  a t  b e g i n n i n g  o f  c o n s t r u c t i o n ,  a n d  t h e
a r t i f i c i a l l y  g r o w n  i c e  a b o v e . NO nickpoint  w a s
o b s e r v e d  i n  t h e  s l o p e  o f  t h e  i c e  p e d e s t a l  c o r r e s -
p o n d i n g  t o  a  b o u n d a r y  b e t w e e n  i c e  t y p e s . F o r  t h e s e
r e a s o n s ,  w e  f e e l  t h a t  p h y s i c a l  d i f f e r e n c e s  b e t w e e n
i c e  t y p e s  h a d  l i t t l e  e f f e c t  o n  t h e  s h a p e  o f  t h e
v e r t i c a l  p r o f i l e .

F l o w  i n t e n s i f i c a t i o n  a r o u n d  s t a t i o n a r y  i c e
c o m m o n l y  p r o d u c e s  bedforms  o f  cu t  and  f i l l  ad jacen t

12,13,14  B u t  n e i t h e r  t h e  geo-t o  a n d  b e l o w  t h e  i c e .
p h y s i c a l  s u r v e y s  n o r  o u r  d i v i n g  i n v e s t i g a t i o n
r e v e a l e d  m a j o r  bedforms  r e l a t e d  t o  t h e  i s l a n d .
I n s t e a d , r e g u l a r ,  s m a l l - s c a l e - r i p p l e  p a t t e r n s  o n
f l a t  b o t t o m  e x t e n d e d  w i t h o u t  o b v i o u s  c h a n g e s  f o r  a
d i s t a n c e  o f  a t  l e a s t  2  m b e n e a t h  t h e  i c e  p e d e s -
t a l . O n l y  t h e  n o r t h e r n  s i d e ,  e x p o s e d  t o  w e a k
c u r r e n t s  a n d  s m a l l  w a v e s  d u r i n g  t h e  t i m e  o f  d i r e c t
b o t t o m  o b s e r v a t i o n s ,  h a d  s m a l l  a m o u n t s  o f  s a n d  a n d
k e l p  p i l e d  a g a i n s t  t h e  p e d e s t a l . T h e  s t r o n g e r
n o r t h e a s t e r l y  w i n d s  o f  t h e  t w o  p r e v i o u s  d a y s
p r o b a b l y  r e s u l t e d  i n  s i m i l a r  o r  l a r g e r  p i l e s
a g a i n s t  t h e  n o r t h w e s t  s i d e ,  w h i c h  w a s  e x p o s e d  t o

t h e  w e a t h e r  a t  t h a t  t i m e . I n  o u r  d i v i n g  t r a v e r s e
s k i r t i n g  t h e  e d g e  o f  t h e  i c e  p e d e s t a l ,  w e  c o u l d  s e e
o u t w a r d  a c r o s s  t h e  s e a  f l o o r  o n l y  3  m  a t  m o s t .
B e c a u s e  o f  t h e  r a p i d  i c e  e r o s i o n  r a t e ,  a n y  bedkorms
o r  a c c u m u l a t i o n s  f r o m  t h e  s t r o n g e r  w a v e  a n d  c u r r e n t
a c t i o n  o f  t h e  p r e v i o u s  d a y  w o u l d  h a v e  g o n e  u n -
n o t i c e d  b y  u s . S m a l l - s c a l e  bedforms  o f  summer
s c o u r  a n d  f i l l  a p p a r e n t l y  a r e  i n  d y n a m i c  e q u i -
l i b r i u m  w i t h  r a p i d l y  c h a n g i n g  f l o w  c o n d i t i o n s  a t
t h e  e d g e  o f  t h e  p e d e s t a l . T h u s ,  t h e  p e d e s t a l
r e t r e a t e d  a c r o s s  f lat  sea f loor on a c a l m  clay,
w h i l e  a n y  bedforms  o f  p r e v i o u s  t u r b u l e n t  f l o w
c o n d i t i o n s  w e r e  l e f t  b e h i n d  a s  r e l i c t  f e a t u r e s  a w a y
f r o m  t h e  p e d e s t a l .

T h e  r a t h e r  u n i f o r m  s p a c e  a l o n g  t h e  l i p  o f  t h e
p e d e s t a l  b e t w e e n  t h e  s m o o t h  i c e  i s l a n d  b a s e  a n d  t h e
f l a t ,  r i p p l e d  s a n d  b o t t o m  w a s  o b v i o u s l y  n o t  a
r e s u l t  o f  i c e -  o r  s e d i m e n t - e r o s i o n  b y  c u r r e n t s .
T h i s  g a p  w a s  p r o b a b l y  d u e  t o  p l a s t i c  d e f o r m a t i o n  o f
t h e  t h i n  i c e  a t  t h e  e d g e s  o f  t h e  p e d e s t a l  c a u s e d  b y
t h e  bouyancy  f o r c e s  o f  t h e  i c e . A s  s u c h ,  t h i s  g a p
p r o b a b l y  d i d  n o t  e x t e n d  t o w a r d s  t h e  i s l a n d  c e n t e r
p a s t  t h e  p o i n t  w h e r e  t h e  i c e  p e d e s t a l  w a s  1  m
t h i c k ,  a n d  t h e  c e n t e r  o f  t h e  i s l a n d  r e m a i n e d  f i r m l y
g r o u n d e d .

T h e  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  c a n n o t  b e
a p p l i e d  d i r e c t l y  t o  n a t u r a l l y  o c c u r r i n g  m a s s e s  o f
g r o u n d e d  i c e . M o s t  s e a  i c e  i n  t h e  B e a u f o r t  S e a  h a s
i r r e g u l a r  s h a p e s ,  a n d  a t  a n y  g i v e n  t i m e  a  m a s s  o f
s u c h  i c e  h a s  a  s m a l l  b a s e  r e l a t i v e  t o  t h e  a r e a  a t
s e a  l e v e l . A l s o ,  m o s t  n a t u r a l l y  OCCUrring  s e a  i c e
i s  u n s t a b l e ,  a n d  s o  c a l v i n g  c o m m o n l y  r e s u l t s  i n  a t
l e a s t  s l i g h t  r o t a t i o n s  o f  t h e  i c e . Grounded  i ce
c o m m o n l y  h a s  i r r e g u l a r ,  s t e e p l y  s l o p i n g  s i d e s  n e a r
t h e  b o t t o m  t h a t  c o n v e r g e  w i t h  t h e  s e a  f l o o r  a t
a n g l e s  t h a t  d e c r e a s e  t o w a r d  t h e  v e r y  “ k e e l , ”  s o
tha t  the  ac tua l  bo::o;3contact  c o m m o n l y  c a n n o t  b e
r e a c h e d  b y  d i v e r s .  ‘ U n l e s s  d e e p l y  b u r i e d ,  m o s t
g r o u n d e d  i c e  i s  u n s t a b l e  a n d  w i l l  c h a n g e  a t t i t u d e
d u r i n g  t h e  c o u r s e  o f  s e v e r a l  m e l t i n g  d a y s . F o r
t h e s e  r e a s o n s ,  n a t u r a l l y  o c c u r r i n g  g r o u n d e d  i c e
ra re l y  rema ins  l ong  enough  to  assume an  underwa te r
p r o f i l e  i n  e q u i l i b r i u m  w i t h  t h e  a v e r a g e  c h a r a c -
t e r i s t i c s  o f  t h e  w a t e r  m a s s .

T h e r e  m a y  b e  i c e  i s l a n d s  o r  i c e  m a s s e s  t h a t
a r e  e x c e p t i o n s  t o  t h e  a b o v e  g e n e r a l i z a t i o n s . L a r g e
n a t u r a l  i c e  i s l a n d s  i n  t h e  A r c t i c  O c e a n  a r e
t a b u l a r ,  p r e s u m a b l y  h a v e  a  r e l a t i v e l y  f l a t  b a s e ,
a n d  c o n c e i v a b l y  c o u l d  r e m a i n  i n  a  s t a b l e  o r i e n -
t a t i o n  f o r  e x t e n d e d  p e r i o d s ,  i f  t h e y  w e r e  g r o u n d e d
f i r m l y . llro  f i r m l y  g r o u n d e d ,  r e l a t i v e l y  s m a l l  ice-
i s l a n d  f r a g m e n t s  i n  M a c K e n z i e  B a y  w e r e  s t u d i e d  i n
s o m e  d e t a i l  a f t e r  t h e y  h a d  s u r v i v e d  t h r o u g h  t h e
l a s t  d a y s  o f  a  se~~re  f a l l  s t o r m  a n d  m o s t  o f  t h e
f o l l o w i n g  w i n t e r . Sound ings  showed  one  o f  these
t o  h a v e  a  w i d e  b u l g e ,  s i m i l a r  t o  t h a t  o f  t h e  a r t i -
f i c i a l  i c e  i s l a n d ,  s o m e w h a t  b e l o w  m i d - d e p t h  b u t  n o t
h u g g i n g  t h e  s e a  f l o o r . AISO,  d i v e r s  d e s c r i b e d  a  2-
t o  3 - m  p r o t u b e r a n c e  ( “ s h o v e l ” )  n e a r  t h e  b o t t o m .
T h i s  s h o v e l  w a s  s e p a r a t e d  f r o m  t h e  b o t t o m  b y  a n
u n s p e c i f i e d  d i s t a n c e ,  b u t  t h i s  g a p  b e l o w  t h e  i c e
b a s e  c o n f o r m e d  t o  w h a t  a p p e a r e d  t o  b e  t h e  s l o p i n g
f l a n k  o f  a  r i d g e  p u s h e d  u p  b y  t h e  i c e ,  a n d  t h e  g a p
cou ld  have  fo rmed  s imp ly  by  subsequen t  i ce  movemen t
a w a y  f r o m  t h a t  r i d g e . A l so  t he  shove l  was  more
m a s s i v e  a n d  b l u n t  t h a n  t h e  i c e  p e d e s t a l ,  m a k i n g  i t
u n l i k e l y  t h a t  p l a s t i c  d e f o r m a t i o n  h a d  b e e n  t h e
mechan ism caus ing  the  gap . The  underwa te r  shape  o f
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a g r o u n d e d  i c e - i s l a n d  f r a g m e n t  o f f  ~dhoe  B a y  w a s
inves t i ga ted  by  Breslau  a n d  T r a m m e l i n  A p r i l
1 9 6 9 . , T h e  l a t e r a l  s o u n d i n g  t e c h n i q u e s  t h e y
e m p l o y e d  w e r e  i n a d e q u a t e  t o  s h o w  p r e c i s e l y  t h e
r e l a t i o n s h i p  b e t w e e n  t h e  i c e  a n d  t h e  s e a  f l o o r .  A
p e d e s t a l  s i m i l a r  t o  t h e  o n e  o n  t h e  a r t i f i c i a l  i c e
i s l a n d  w e  s t u d i e d  a p p a r e n t l y  h a d  n o t  f o r m e d  t h e r e .

O u r  s t u d i e s  s h o w e d  t h a t  a n  u n p r o t e c t e d  a r t i -
f i c i a l  i c e  i s l a n d  i n  t h e  r e l a t i v e l y  w a r m  c o a s t a l
w a t e r s  i s  u n s u i t a b l e  a s  a  longterm  d r i l l i n g  p l a t -
f o r m . T h e  c h a n c e s  o f  s u c h  a n  i c e  i s l a n d  s u r v i v i n g
a  summer  p robab ly  wou ld  be  much  h ighe r  i f  t he
i s l a n d  w e r e  p l a c e d  i n  t h e  c o o l e r  w a t e r s  s e a w a r d  o f
b a r r i e r  i s l a n d s , e s p e c i a l l y  i n  a  y e a r  w i t h  m u c h  i c e
and  no  fe tch  fo r  w a v e s  a n d  c u r r e n t s .
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Fig. 1 — Unretouched  mid-July U-2 photograph of ice
island and surrounding islands: Reindeer (1),
Argo (2), Niakuk (3), Gull (4), and the
Sagavanirktok River (5)
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Fig. 2 — View of center-pivot sprinkler system during
construction of the island in March

Fig. 3 — Ice island on 7-20, with the pivot point marking the
center. Surface gullies, scalloped edges and a wake
of calved ice debris indicate that erosion is in full
progress.
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Fig. 4 — Vertical scarp of ice island, where recent calving occurred. A new horizontal
sea-level notch has already been cut, setting the stage for the next calving.
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Fig. 7 — Underwater photograph of the feathered edge of ice
pedestal, slightly raised above the flat sea floor. An
Arctic cod is hiding below the lip of the pedestal.

Fig. 8 — Photograph of two 50-cm auger holes in the
pedestal. The distant hole exposes the sea floor and
shows the narrow gap between sediments and the
bottom of the ice island.
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Fig. 9 — Fathometer and sub-bottom profiles recorded alorm short passes skirting
the island. Courses and distances (m) to bluff are ;ecorded.  Note loss OF
sub-bottom reflector under pedestal.
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Fig. 10 — Surface and bottom measurements of water salinity, temperature,
and transmissivity around island on 7-27, with winds from NE and
westward currents. Outline of island as measured on that day.


