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Sediment t r a n s p o r t  i n  Norton Sound, Alaska 

by 

David A. Cacchione and David E. Drake 

INTRODUCTION 

An i n v e s t i g a t i o n  of sediment dynamics i n  Norton Sound and o the r  s e c t i o n s  of 

t h e  nor thern  Bering Sea was conducted t o  define t h e  p r i n c i p a l  pathways and 

mechanisms o f  bottom and suspended ma te r i a l s  t r a n s p o r t .  A major t op ic  of t h i s  

research  i s  t h e  complicated i n t e r r e l a t i o n s h i p s  of sediment movement and hydro- 

dynamic stresses t h a t  occur  i n  t h e  marine environment. Temporal c o n t r a s t s  like 

those  caused by seasonal  cyc l e s  and quiescent versus  storm condi t ions  are of 

p a r t i c u l a r  i n t e r e s t .  This  research  i s  p e r t i n e n t  t o  two major impact a r eas  of 

petroleum development i n  t h e  marine environment: (1) t r a n s p o r t  of ma te r i a l s  

inc luding  p o l l u t a n t s ;  and (2)  hazardous sea  f l o o r  condi t ions  caused by wave 

and c u r r e n t  erosion.  

The nor thern  Bering Sea i s  cha rac t e r i zed  by s e v e r a l  unique and extreme 

environmental condi t ions :  (1) s e a  i c e  covers t h e  s e a  surface over 50% of t h e  

y e a r ,  ( 2 )  l a t e  s u m e r  and fa31  storms t h a t  t r a v e l  a long t h e  p o l a r  f r o n t  o f t e n  

b r ing  severe  weather t o  t h e  a r e a ,  and ( 3 )  t h e  Yukon River e f f l u e n t ,  second 

l a r g e s t  among North American r i v e r s ,  e n t e r s  t h e  ocean a t  t he  southwestern s i d e  

of Norton Sound. 

Nelson (1977, 1978) and McManus e t  a l .  (1977) have developed a comprehensive 

p i c t u r e  of t h e  geologica l  and geophysical s e t t i n g  for t h i s  region.  Their  work 

provides t h e  background information t h a t  is  a p r e r e q u i s i t e  fo r  t h e  more t o p i c a l l y -  

focused research  i n  t h i s  p r o j e c t .  For example, Nelson and Creager (1977) and 

o t h e r s  have shown t h a t  t h e  l a r g e  amount of sediment introduced t o  Norton Sound 



by t h e  Yukon River  has n o t  y i e l d e d  sediment accumulat ions  commensurate w i t h  

t h e  r a t e  of supp ly .  The causes  and modes of t r a n s p o r t  f o r  t h i s  a p p a r e n t  e x i t  

of  m a t e r i a l s  from the sound a r e  t o p i c s  i n c l u d e d  i n  t h i s  i n v e s t i g a t i o n .  

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

i s  s t r o n g l y  dependent on our knowledge of l o c a l  t r a n s p o r t  p r o c e s s e s .  S p e c i f i c  

geograph ic  r e g i o n s ,  l i k e  Norton Sound, w i l l  have unique a s p e c t s  t o  t h e  mechanisms 

which c o n t r o l  t h e  p a t h s  and amounts of m a t e r i a l  t h a t  i s  moved. T h i s  s t u d y  

a t t e m p t s  t o  i d e n t i f y  and elaborate uson t h e  most impor tan t  t r anspor t -p roduc ing  

mechanisms in this r e g i o n ,  and t o  r e l a t e  t h e s e  mechanisms t o  en t ra inment  and 

movement of near-bottom m a t e r i a l s .  The e v e n t u a l  unders tand ing  which t h i s  s tudy  

has as i t s  goal  will h o p e f u l l y  pe rmi t  a n  a c c u r a t e  d e s c r i p t i o n  of bottom t r a n s p o r t  

of s e d i m e n t s ,  p o l l u t a n t s ,  n u t r i e n t s ,  and o t h e r  p a r t i c u l a t e  m a t t e r  i n  Norton Sound. 

BACKGXOUND INFORMATION 

Norton Sound i s  a shal low arm of t h e  Northern Ber ing s e a ,  l o c a t e d  on t h e  

wes te rn  margin o f  Alaska,  sou th  of t h e  Seward P e n i n s u l a  ( F i g .  1). I t  i s  

approx imate ly  r e c t a n g u l a r  i n  shape,  250 k m  l o n g  i n  an  E-W d i r e c t i o n ,  and 130 km 

l o n g  i n  an N-S d i r e c t i o n .  Water d e p t h  i s  everywhere less t h a n  35 m e t e r s ,  average 

d e p t h  is  18 mete r s .  Nome, Alaska,  p o p u l a t i o n  2400, i s  s i t u a t e d  a long  t h e  nor th-  

w e s t  coast. 

The suspended sediment  i n  Norton Sound is  d e r i v e d  p r i n c i p a l l y  from t h e  

Yukon R i v e r ,  which d i s c h a r g e s  about  70 to 100  m i l l i o n  t o n s  of m a t e r i a l  p e r  y e a r  

i n t o  t h e  sou thwes te rn  c o r n e r  of this a r e a .  Desp i te  t h i s  enormous sediment 

s o u r c e ,  Nelson and Creager  (1977) and McManus e t  a l .  (1977) show t h a t  i n  r e c e n t  

times (<SO00 years B.P.) modern Yukon f i n e  sands and s i l t s  have been accumulating 

on t h e  Yukon s u b d e l t a  i n  sou thern  Norton Sound a t  a s u r p r i s i n g l y  low r a t e .  T h i s  

t h i n  accumulat ion of sediments  has been a t t r i b u t e d  t o  the e r o s i v e  a c t i o n  of 



Figuxe 1. Generalized bathlmetry (in meters) of the 
northern Bering Sea and southern Chukchi 
Sea. The out l ined  area is the s i t e  of 
the present study and is shown in more 
d e t a i l  in E i g u e  2 .  



s to rms  t h a t  o c c u r  i n  t h e  e a r l y  f a l l  p r i o r  t o  t h e  f o r m a t i o n  o f  i c e  cover  (Nelson 

and Creager ,  1977). The f i n e - g r a i n e d  f r a c t i o n  o f  Yukon-derived m a t e r i a l s  is  

presumably t r a n s p o r t e d  through t h e  Northern Ber ing  Sea w i t h  t h e  Alaskan Coastal 

water and d e p o s i t e d  i n  t h e  s o u t h e r n  Chukchi Sea  (Nelson and Creager ,  1977; 

McManus et a l . ,  1 9 7 4 ) .  

Modern Yukon v e r y  f i n e  sands and sil ts  do not form a con t inuous  b l a n k e t  i n  

Norton Sound (Fig .  2 ) .  Desp i te  t h e  p r o x i m i t y  o f  t h i s  l a r g e  sediment  supply ,  

t h e  modern muds t e n d  t o  d e p o s i t  a long  t h e  s o u t h e r n  border o f  t h e  sound l eav ing  

s u b s t a n t i a l  a r e a s  i n  t h e  n o r t h c e n t r a l  area w i t h  little or  no r e c e n t  cover (<20 

cm). The e x p l a n a t i o n  for t h e  slow rates of accumula t ion  i n  t h e  n o r t h e r n  half o f  

t h e  Sound was n o t  known pr io r  t o  our work. W e  now b e l i e v e  this s i t u a t i o n  i s  t h e  

r e s u l t  of s t r o n g  t i d a l  and s torm c u r r e n t s  a long  w i t h  an advective t r a n s p o r t  

p a t t e r n  t h a t  d i v e r t s  t h e  bulk of t h e  Yukon s i l t  t o  o t h e r  a r e a s .  

I n v e s t i g a t i o n s  of t h e  l a r g e - s c a l e  c u r r e n t  p a t t e r n s  i n  t h e  n o r t h e r n  Ber ing 

and Chukchi Seas  have been summarized by Coachman e t  a l .  (1975).  When viewed 

i n  a r e g i o n a l  s e n s e ,  t h e  mean c i r c u l a t i o n  is  r e l a t i v e l y  simple. Bering Sea 

shelf water flows toward t h e  A r c t i c  Ocean and t h e  magnitude o f  t h i s  t r a n s p o r t  

is  modulated p r i m a r i l y  by a tmospher ic  p r e s s u r e  changes .  Owing t o  topography, 

t h e  c u r r e n t  speed i n c r e a s e s  toward t h e  n o r t h ;  t h e  e f f e c t  o f  f l o w  c o n s t r i c t i o n  

is p a r t i c u l a r l y  a p p a r e n t  n o r t h  o f  64O30'  N l a t i t u d e .  Bottom sediments  i n  t h e  

approaches  t o  Ber ing  S t r a i t  a r e  predominant ly  sands  which have been molded 

i n t o  a p r o g r e s s i o n  of bedform types t h a t  are c h a r a c t e r i s t i c  of p r o g r e s s i v e l y  

s t r o n g e r  bottom c u r r e n t s .  There is  l i t t l e  chance f o r  permanent d e p o s i t i o n  of 

f i n e - g r a i n e d  sediments  i n  t h i s  a r e a  (north of 64O30') and  suspended m a t e r i a l  

moves r ap id ly  through Bering S t r a i t  and  i n t o  t h e  Chukchi Sea (Drake e t  a l . ,  

i n  press). 



Figure 2. D i s t r i b u t i o n  of modern (<9500 B.P.) sed i aen t  i n  Norton 
Sound i s  de2ic ted  by cross-hatched area ( a f t e r  McManus 
and o t h e r s ,  1977) .  Textura l  and mineralogical  data show 
t h a t  t h i s  sediment is  der ived  pr imar i ly  f r o m  t h e  Yukon 
River. The  dashed l i n e  d e p i c t s  t h e  northern e x t e n t  of 
t r a c e  amounts of coa r se  s i l t  i n  bottom sediments.  
GEOPROBE l o c a t i o n  i n  1976 and 1977 is shown by t r i a n g l e  
60 lon south of None. 



m e r e a s  the gross a s p e c t s  of t h e  r e g i o n a l  f low f i e l d  a r e  reasonab ly  w e l l  

known, t h e  p h y s i c a l  oceanography of Norton Sound has  on ly  r e c e n t l y  been examined. 

A s  i s  t y p i c a l  o f  most i n v e s t i g a t i o n s  o f  "unknown" a r e a s  t h e  i n i t i a l  g a i n s  i n  

knowledge t e n d  t o  come e a s i l y  b u t  t h e  detail needed t o  a c h i e v e  a q u a n t i t a t i v e  

unders tand ing  comes o n l y  a f t e r  s e v e r a l  y e a r s  of i n t e n s i v e  r e s e a r c h .  

S t u d i e s  i n  1976 by Muench, Charne l1  and Coachman (1977) and Cacchione and 

Drake (1977) were the f i r s t  a d e q u a t e  i n v e s t i g a t i o n s  o f  the p h y s i c a l  oceanography 

o f  Norton Sound. Among many r e s u l t s  t h e  fo l lowing  shou ld  be no ted :  

1. Muench e t  a l .  (1977) sugges ted  t h a t  t h e  c i r c u l a t i o n  i n  t h e  o u t e r  p a r t  

o f  Norton Sound i s  c h a r a c t e r i z e d  by a c y c l o n i c  gyre .  

2 .  Exchange of water between t h e  o u t e r  sound and t h e  e a s t e r n  "cul-de-sac" 

i s  l i m i t e d .  I n  f a c t ,  t h e  bottom w a t e r  i n  t h e  cul-de-sac l a t e  i n  t h e  summer of 

1976 was probably  remnant from t h e  p r e v i o u s  w i n t e r  (Muench e t  a l . ,  1977) .  

3 .  Geoprobe d a t a  f o r  September-October 1976 showed t h a t  t i d a l  c u r r e n t s  

were s u r p r i s i n g l y  s t r o n g  i n  1 8  m o f  water (60 km s o u t h  of Nome). Sediment 

t r a n s p o r t  c a l c u l a t i o n s  sugges ted  t h a t  t h e  t i d a l  c u r r e n t s  plus t h e  mean flow 

s h o u l d  produce bed s h e a r  s t r e s s e s  c l o s e  t o  t h e  t h o s e  needed t o  i n i t i a t e  sand  

mot ion (Cacchione and Drake, 1 9 7 7 ) .  

4. The r e g i o n a l  sampl ing by Cacchione and Drake r e v e a l e d  a pronounced 

tongue of t u r b i d  water o r i g i n a t i n g  near t h e  Yukon Delta and ex tend ing  a c r o s s  

t h e  mouth o f  Norton Sound toward t h e  Nome c o a s t .  

Geologic s t u d i e s  by Nelson (1978) have r e v e a l e d  t h e  presence  of a number of 

circular  d e p r e s s i o n s  on t h e  Yukon d e l t a  f r o n t .  The o r i g i n  o f  t h e s e  f e a t u r e s  i s  

p r e s e n t l y  unknown b u t  it is  p o s s i b l e  t h a t  t h e y  a r e  r e l a t e d  t o  i n t e n s e  c u r r e n t s  

d u r i n g  s torms.  The d e l t a  f r o n t  is  a n  a r e a  of  r a p i d  sand and sil ' t  d e p o s i t i o n  i n  

t h e  summer, and t h e s e  m a t e r i a l s  s h o u l d  be r e a d i l y  eroded d u r i n g  t h e  l a t e  summer 

s t o m .  



F i e l d  methods 

We employed two complimentary nethods of d a t a  c o l l e c t i o n  i n  our Norton 

Sound work. The f i r s t  method involved r e g i o n a l  sampling o f  hydrograghic para- 

meters  ( temperature and s a l i n i t y )  and suspended p a r t i c u l a t e  m a t t e r  i n  order t o  

examine t h e  spatial v a r i a t i o n  i n  sediment t r a n s p o r t .  Sampling c r u i s e s  were 

conducted on t h e  U.S. Geological  Survey s h i p  SEA SOLVDER i n  September-October 

1976 and J u l y  1977 and win te r  season sampling was accomplished i n  Februaq- 

March 1978 us ing  a NOAA h e l i c o p t e r .  The seeand method focused on the  temporal 

v a r i a t i o n  i n  bottom c u r r e n t s  and sediment t r a n s p o r t  a t  a site nea r  t h e  no r the rn  

edge of  the modern Yukon p r o d e l t a  (Fig.  2 ) .  An ins t rumented ,  bottom txipod 

system (GEOPROBE) w a s  deployed a t  t h a t  s i t e  for 2 1  days i n  September-October 

1976 and f o r  80 days i n  1977 ( Ju ly  8-September 2 6 ) .  The GEOPROBE system is 

designed t o  meascre bottom c u r r e n t s  and p r e s s u r e ,  temperature and light trans- 

mission and scattering for per iods  of about 3 months (P ig .  3 ) .  The t r i p o d  is 

a l s o  equipped wi th  a 35 mm caner2 system which o b t a i n s  p i c t u r e s  of t h e  bottom 

a t  f i x e d  time i n t e r v a l s  and ~ l s o  a t  t i n e s  when t h e  c u r r e n t  exceeds p re se l ec t ed  

< - speeds.  GEOPROBE operat ior ,  and data analysis i s  d i scussed  i n  more d e t a i l  by. ..- . . . . -  

Cacchione and Drake (1979) and i n  subsequent s e c t i o n s  of t h e  p r e s e n t  r epo r t .  

D i s t r i b u t i o n  of suspended sediment - s u m e r  season 

The d i s t r i b u t i o n  and composition of suspended ma t t e r  i n  Norton Sound i s  

dominated by Yukon River sedime2t dur ing  t h e  s u m e r  (Figs. 4 - 7 ) .  Concentrations 

of t o t a l  suspended ma t t e r  (TSM) i nc rease  throughout  t h e  water  column toward t h e  

major western d i s t r i b u t a r i e s  of t h e  del ta ,  and t h e  sou th  half of t h e  sound is  

rimmed with low-sa l in i ty  t u r b i d  water  t h a t  spreads n o r t h  and e a s t  from t h e  d e l t a .  

Although ou r  t w o  surveys were a year  a p a r t  and the sampling was done a t  





Figure 3. Schematic of GZOPROBE t r ipod showing locations of the 
basic sensors in centimeters above the footpads. CM1 - 
CM4 are the electromagnetic current meters; T and T 2 2 
P, N/T, and vane/rotor are the temperature, pressure, 
nephelometer/transmissometer, and ~avonius rotor current 
meter, respectively. 





F i p r e  4. Total suspended-matter concentrations (in rng/L) one meter below 
sea surface during September-October 1976. m e  distribution of 
suspended matter is strongly influenced by discharge from the 
two major distributaries on the western side of the delta.  



lNcE OF WALES NORTON SOUND, ALASKA 

. - . ,- 

166' 164. 162' 

Figure 5. Total suspended-matter concentrations (in ng/L) one meter 
above sea floor during September-October 1976. 



Figure 6. Total suspended-matter concentrations (in mg/L) one meter 
below sea surface during July 1977. 



Figure 7. T o t a l  suspended-matter concen t r a t i ons  ( i n  n y / ~ )  one meter 
above sea f l o o r  during July 1977.  



d i f f e r e n t  times i n  the summer (September 1976 and J u l y  19771, t h e  two d a t a  sets 

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

of  t h e  sound i s  dominated by a wel l -def ined t u r b i d i t y  plume extending no r th  and 

northwest from t h e  Yukon Delta. High concent ra t ions  of inorganic  s i l t  and clay 

are p re sen t  throughout  t h e  water column a long  t h e  pa th  of t h i s  plume, and 

temperature  and s a l i n i t y  va lues  show t h a t  t h e  plume i s  a mixture of Alaskan 

Coastal  Water and Yukon River water  (F igs .  8 and 9 ) .  This plume appears  t o  be 

a permanent f e a t u r e  marking t h e  pa th  of t h e  coas t a l  cu r r en t  as it t r a v e r s e s  t h e  

mouth of Norton Sound; an i n t e r p r e t a t i o n  supported by our i n spec t ion  of s a t e l l i t e  

images f o r  t h e  pe r iod  1973-77 (Fig.  1 0 ) .  The d i s t r i b u t i o n  of  TSM, p a r t i c u l a r l y  

dur ing  July 1977, sugges t s  a f l u x  o f  suspended mat te r  i n t o - t h e  eastern sound 

(Fig .  6 ) .  The s u r f a c e  and neax-bottom d i s t r i b u t i o n s  of TSM immediately nor th  

of Stuart I s l a n d  i n d i c a t e  t h a t  most of this suspended matter i s  t r anspo r t ed  i n  

a su r f ace  l a y e r  s epa ra t ed  from t h e  remnant bottom water  by s t rong  dens i ty  

g rad i en t s .  The bulk of t h i s  sediment is  most l i k e l y  de l ivered  t o  Norton Sound 

by t h e  no r theas t e rn  d i s t r i b u t a r y  of the Yukon River,  t he  sma l l e s t  of t h e  t h r e e  

d e l t a  d i s t r i b u t a r i e s  (F ig .  2 ) .  

By l a t e  summer, t h e  d i s t r i b u t i o n s  of temperature ,  s a l i n i t y ,  and TSM 

demonstrate a s e p a r a t i o n  o f  Norton Sound i n t o  ou t e r  and inner  reg ions  (F igs .  8 

and 9 ) .  The o u t e r  r eg ion ,  west of S t u a r t  I s l a n d  and Rocky Po in t ,  a c t i v e l y  

communicates wi th  t h e  Alaskan Coas t a l  Water and Bering Sea s h e l f  waters. I n  

Con t r a s t ,  t h e  h o r i z o n t a l  un i formi ty  o f  temperature ,  s a l i n i t y ,  and TSM va lues  i n  

both t h e  upper and lower water  l a y e r s  w i t h i n  t h e  e a s t e r n  cul-de-sac r e f l e c t s  a 

minimal exchange wi th  t h e  western sound. 

Because of  t h e  broad s h o a l s  surrounding t h e  Yukon Delta,  w e  were unable t o  

sample t h e  near-shore (<30 km from sho re )  waters d i r e c t l y .  Fo r tuna t e ly ,  t h i s  

d a t a  gap can be c lo sed ,  at l e a s t  q u a l i t a t i v e l y ,  by Landsat images and NOAA 



JULY 1977 SURFACE , AUGUST I977 SURFACE 

JULY A977 8OTTOM ,' AUGUST 1977 BOTTOM 

F i g u r e  8. T e m p e r a t u r e  ( O C )  and s a l i n i t y  ("/,,) d i s t r i b u t i o n s  durinrj July and August  1977  ( a f t e r  
Drake and o t h e r s ,  i n  press). C o l d  and  s a l i n e  w a t e r  p r o d u c e d  d u r i n g  t h e  w i n t e r  t e n d s  
t o  rema in  i n  the d e p r e s s i o n s  i n  Piorton Sound t h r o u g h o u t  t h e  sur~uner. T h i s  water is 
o v e r l a i n  by w a r m ,  low s a l i n i t y  water i n  t h e  e a s t e r n  half o f  t h e  sound. 
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Figure 9 .  V e r t i c a l  d i s t r i b u t i o n  of t o t a l  suspended ma t t e r  (mg/L), l i g h t  
beam t ransmission ( % )  and water  dens i ty  [sigma-t = 1000 ( d e n s i t y ) ]  
a long section A-B shown i n  f i g u r e  7 .  Note high suspended mat te r  
concent ra t ions  and r e l a t i v e l y  low dens i ty  water over Yukon p rode l t a .  
The remnant win te r  water i n  t h e  e a s t e r n  p a r t  o f  t he  sound is  c l e a r l y  
shown . 



s a t e l l i t e  photography. Sh-a e t  al. (1974) examined Landsat  images o b t a i n e d  

i n  J u l y ,  August, and September of 1973, and we have s t u d i e d  images and photo- 

graphs  f o r  subsequen t  summers th rough  1977. These d a t a  show t h a t  t h e  TSM 

d i s t r i b u t i o n s  observed  by u s  i n  1976 and 1977 ,  which were a l s o  observed i n  1973 

by Shanna e t  a l . ,  a r e  r e p r e s e n t a t i v e  of t h e  d i s p e r s a l  p a t t e r n  o f  Yukon-derived 

suspended sed iment  i n  Noxton Sound throughout  t h e  i c e - f r e e  s e a s o n  ( F i g .  L O ) .  

The delta c o a s t  i s  t y p i c a l l y  rimmed by t u r b i d  s u r f a c e  wa te r  t o  approximately  

30-40 krn o f f s h o r e ,  w i t h  peak c o n c e n t r a t i o n s  of suspended m a t t e r  n e a r  t h e  t h r e e  

d i s t r i b u t a r i e s .  

The most s u r p r i s i n g  a s p e c t  o f  t h e  TSM d i s t r i b u t i o n s  r e v e a l e d  by t h e s e  

images i s  t h a t  near - shore  f low is  sometimes d i r e c t e d  t o  t h e  s o u t h  a long  the 

west s h o r e  o f  t h e  d e l t a .  Most s a t e l l i t e  images show t h a t  t u r b i d  w a t e r  from t h e  

major sou thwes te rn  d i s t r i b u t a r y  e x t e n d s  abou t  10-40 km sou th .  However, a 

sequence o f  e x c e p t i o n a l l y  c l e a r  images for June 1976 r e v e a l s  Yukon-derived 

suspended m a t t e r  a s  f a r  s o u t h  as Scammon Bay ( F i g .  11). Modern sediment  from 

t h e  Yukon ~ i v e r  i s  accumula t ing  i n  lagoons and bays between t h e  p r e s e n t  d e l t a  

and Cape Romanzof (Duprg, 1 9 7 8 ) .  T h e r e f o r e ,  we b e l i e v e  t h a t  a s u b s t a n t i a l  

amount o f  s i l t  and c l a y  from t h e  w e s t e r n  d i s t r i b u t a r i e s  o f  t h e  Yukon Del ta  i s  

t r a n s p o r t e d  t o  t h e  s o u t h  by near - shore  c u r r e n t s  dur ing  t h e  summer. U n f o r t u n a t e l y ,  

w e  have no c u r r e n t  mete r  d a t a  w i t h  which t o  suppor t  t h e s e  q u a l i t a t i v e  c o n c l u s i o n s .  

Seaward of t h e  s o u t h e r l y  c o a s t a l  c u r r e n t  i n  June 1976, t h e  t r a n s p o r t  o f  

s h e l f  w a t e r  was d e c i d e d l y  t o  t h e  n o r t h ,  i n  agreement w i t h  t h e  c u r r e n t  measure- 

ments of Muench e t  a l .  (1978) .  S a t e l l i t e  images show t h a t  suspended m a t t e r  

d i f f u s e s  seaward and e v e n t u a l l y  r e t u r n s  t o  t h e  mouth of Norton Sound ( F i g .  11). 

The northward a d v e c t i o n  c o n t i n u e s  a c r o s s  t h e  o u t e r  p a r t  o f  t h e  sound,  through 

Chi r ikov  Bas in  and Bering S t r a i t ,  and i n t o  t h e  Chukchi Sea (Coachman et aL., 

1975). 



Figure 10. Landsat image (multispectral. scanner band 4) of western 
Norton Sound on 30 June 1976. The Yukon delta is at lower 
right corner. Close inspection of the image shows that 
relatively high suspended sediment concent~ations (light 
grey tones) extend beyond the ice to the Nome coastline. 





Figure 11. Landsat image (MSS 5) of eastern part of Shpanberg Strait on 
30 June 1976. The Yukon delta is a t  upper r i g h t  corner of t h i s  
image. 





Dis t r ibu t ion  of suspended sediment - win te r  season 

The win te r  sampling opera t ions  were c a r r i e d  o u t  from a he l i cop te r  capable 

of ca r ry ing  about 700 kg of gea r  and s c i e n t i s t s .  Nome, Alaska w a s  our base of 

opera t ions  and t y p i c a l l y  5 t o  7 i c e  s t a t i o n s  were completed each day. Owing t o  

t h e  payload r e s t r i c t i o n  and t h e  neces s i ty  t h a t  a l l  sampling gear  f i t  through a 

20-an-diameter ice-hole ,  sample c o l l e c t i o n  was l i m i t e d  t o  1 . 7 - l i t e r  N i s k i n  

b o t t l e s  and a 10-cm pathlength LED ( l i g h t  emi t t i ng  diode) transmissometer. The 

Univers i ty  of  Washington r e sea rche r s  used a s p e c i a l l y  configured Plessey 

conduttivity-temperature-depth sensor .  

Upon l o c a t i n g  a s u i t a b l e  landing s i t e  f o r  t h e  he l i cop te r  (reasonably f l a t  

ice at least 30 an t h i c k ) ,  a ho le  was d r i l l e d  through t he  ice and water samples 

were obta ined  from near-surface,  near-bottom and intermediate  l e v e l s  i n  the 

water column. The samples were immediately t r a n s f e r r e d  t o  r i n sed  one - l i t e r  

p l a s t i c  b o t t l e s .  Light t ransmiss ion  p r o f i l e s  were obtained at 5 s t a t i o n s  bu t  

r ecu r r ing  power cable  and sensor  i c i n g  problems forced cur ta i lment  of t h i s  

opera t ion  a t  most of o u r  s t a t i o n s .  

A t  the end of each day on t h e  i c e  t h e  water samples were re turned  t o  Nome 

and f i l t e r e d  through pre-weighed Nuclepore polycarbonate f i l t e r s  (47 mm diameter,  

0.4 p pore s i z e ) .  The f i l t e r s  were c a r e f u l l y  r i n s e d  with p r e - f i l t e r e d  d i s t i l l e d  

water  and s t o r e d  i n  p l a s t i c  p e t r i  d i shes .  

Fur ther  a n a l y s i s  of t h e  p a r t i c u l a t e  mat te r  was c a r r i e d  out  i n  Menlo Park, 

Ca l i fo rn i a .  The sample f i l t e r s  p lus  blanks were d r i e d  f o r  24  hours a t  50°C and 

reweighed t o  an accuracy of 10 pg . A s e l e c t e d  s e r i e s  of f i l t e r s  was c u t  i n  

ha l f  with one po r t ion  being used f o r  ash r e s idue  a n a l y s i s  and one po r t ion  being 

archived.  The f i l t e r  ha lves  were combusted f o r  6 hours a t  550°C i n  t a r e d  

platinum f o i l  c r u c i b l e s  i n  order  t o  ob ta in  an es t imate  of t he  organic  mat te r  

concent ra t ions .  A l l  samples were analyzed f o r  t e x t u r e  and genera l  canpos i t ion  

using s tandard  l i g h t  microscopy. 



The d i s t r i b u t i o n  of t o t a l  suspended mat te r  (TSM) one meter below the  pack 

i c e  and one meter above t h e  s e a f l o o r  i n  winter  1978 were e s s e n t i a l l y  i d e n t i c a l .  

Figure 12 p r e s e n t s  t h e  TSM d i s t r i b u t i o n  near  t h e  s e a f l o o r .  Concentrat ions of 

TSM ranged from a high of 8 .4  mg/L near  t h e  d e l t a  t o  1 .3  mg/L a t  s t a t i o n s  i n  t he  

c e n t r a l  p a r t  of Sphanberg S t r a i t  and west of Cape Rodney (F ig .  2 ) .  The v e r t i c a l  

uniformity i n  TSM was f u r t h e r  s u b s t a n t i a t e d  by Light t ransmiss ion  measurements 

obta ined  a t  s t a t i o n s  south  of Nome ( F i g .  1 3 ) .  Beam a t t e n u a t i o n  c o e f f i c i e n t s  

(alpha)  t y p i c a l l y  va r i ed  Less than  5% from j u s t  below t h e  i c e  t o  t he  s e a f l o o r .  

Comparison of near-surface and near-bottom TSM concent ra t ions  f o r  a11 of t h e  

win ter  s t a t i o n s  r e v e a l s  a mean inc rease  of only 9% near  t h e  s e a f l o o r .  For 

example, a t  t h r e e  shallow s t a t i o n s  no r th  of t h e  Yukon d e l t a ,  t he  average 

" su r f ace"  TSM was 7 .4  mg/L and t h e  near-bottom average was 7 . 5  mg/L. This  t r end  

was a l s o  p re sen t  a t  t h e  deeper s t a t i o n s  west and northwest of Norton Sound. 

The composition and t e x t u r e  of t h e  suspended mat te r  were l a r g e l y  independent 

of p o s i t i o n  i n  t h e  water  column, although a s l i g h t  coarsening of t h e  inorganic  

m a t e r i a l  w a s  de t ec t ed  near  t h e  bottom a t  most s t a t i o n s  on t h e  p r o d e l t a  and t h e r e  

was somewhat more combustible m a t e r i a l  i n  t h e  su r f ace  samples (Table 1). Regard- 

l e s s  of  depth ,  suspended matter over t h e  Yukon p rode l t a  w a s  predominantly 

i no rgan ic  f i n e  and medium s i l t  wi th  subordinate  amounts of c l a y .  However, very 

f i n e  quartz sand was p re sen t  i n  s i g n i f i c a n t  amounts (5-10%) near t h e  bottom a t  

two s t a t i o n s  no r th  of t h e  d e l t a .  These two s t a t i o n s  r ep re sen t  our  c l o s e s t  

approach t o  t h e  shallow ((3.0 m) bank which rims t he  d e l t a .  Attempts t o  ob ta in  

samples  c l o s e r  t o  t h e  d e l t a  w a s  u n ~ u c c e s s f u l  because of dangerous ice  condi t ions  

( severe  i c e  r idg ing  and open water a r e a s ) .  

Temporal v a r i a t i o n s  - GEOPROBE r e s u l t s  

GEOPROBE t r i p o d s  were deployed i n  1976 and 1977 a t  a site 60 km south of 

Nome (64O06' N l a t i t u d e ,  16S030' W longi tude)  n e a r  t h e  nor thern  margin of Yukon 



F i g u r e  12. Tota l  suspended m a t t e r  ( i n  mg/L) one a e t e r  above s e a  floor- 
d u r i n g  February-March 1378. S t a t i o n  positions were dictated 
by weather and ice  condit ions.  
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Figure  13.  A. Tem?crature, s a l i n i t y  and l i g h t  bean attenuation (a lpha)  
va lues  a t  t h e  GEOPROBE s i t e  ( s ee  f i g .  2 )  dur ing  February 
1978. Three suspended n a t t e r  concen t r a t i ons  (mg/L) are shown. 
B. Temperature, salinity and t o t a l  suspended n a t t e r  (TSl.1) 
p r o f i l e s  a t  GEOPROBE s i t e  i n  J u l y  1977. Note t h e  changes in 
temperature and s a l i n i t y  scales between panels A and B. 



TABLE 1: Suspended Matter 

Sample Location Texture* Combustible Matter** 

1. Norton Sound Fine t o  medium silt (4-32 urn w i t h  78 t o  94% with a mean of 87% 
(21 s t a t i o n s )  <lo% clay. Sand present only a t  Surface water: 78-84% 

s ta t ions  34 and 34 (Fig.  1 1  . Eattom water: 82-94% 

2 .  Sphanberg S t r a i t  Fine t o  medium s i l t .  Minor clay Surface water: 67-79% 
( 3  stations) and no inorganic sand. Bottom water: 74-83% 

3. Cape Rodney Transect Fine t o  medium s i l t .  Minor clay Surface water: 76-83% 
( 4  s t a t i o n s )  and biogenic de t r i t u s .  Bottom water: 64-883 

*Based on microscopic examination of a l l  samples and microscopic s i z e  analysis of se lected . 
samples. 

**Samples were combusted fo r  6 hours a t  550'~ i n  t a red  platinum f o i l  cmcibles .  , 



p r o d e l t a  d e p o s i t s  (Fig. 2 ) .  Both deployments r e s u l t e d  i n  succes s fu l  measure- 

ments of bottom c u r r e n t s ,  p r e s su re ,  temperature and t h e  o p t i c a l  parameters,  

t ransmiss ion  and s c a t t e r i n g .  The 1977 record  covered an 80-day period,  Ju ly  8- 

September 26 ,  and t h i s  d a t a  s e t  provides an e x c e l l e n t  comparison between f a i r  

weather and storm condi t ions .  

Currents  are measured a t  5 p o s i t i o n s  on each GEOPROBE t r i p o d  a s  shown i n  

Figure 3 .  The rotor/vane va lues  r ep re sen t  average c u r r e n t s  for each 1 hour 

i n t e r v a l ;  each e-rn cu r ren t  sensor  produces "burs t"  measurements taken one per  

second f o r  60 seconds during each 1 hour i n t e r v a l .  The hourly averages for 

each c u r r e n t  sensor  over t h e  e n t i r e  80 day per iod  a r e  shown i n  Appendix I .  

Also shown f o r  each sensor  a r e  t h e  s t a t i s t i c s  and histograms of speed and 

d i r e c t i o n  f o r  t h e  e n t i r e  record.  

Severa l  s i g n i f i c a n t  r e s u l t s  a r e  obvious i n  t h e  c u r r e n t  d a t a  and a r e  pointed 

o u t  he re .  Refer t o  Appendix I for t h e  f i g u r e s .  

(1) The speed and d i r e c t i o n  records are dominated by a t i d a l  p e r i o d i c i t y  f o r  

t h e  f i r s t  57 days ( t o  about September 5 ) .  The t i d a l  c u r r e n t  has a mixed 

p e r i o d i c i t y  wi th  a  dominant d i u r n a l  component p reva len t  i n  t h e  more in t ense  E-W 

motion. A d i s t i n c t  spring-neap f o r t n i g h t l y  cyc le  i s  e v i d e n t ,  with r e l a t i v e l y  

l o w  c u r r e n t s  wi th  confused d i r e c t i o n  occuring during t h e  neap s t age .  For example, 

CM 4 has  weak, neap tidal current-speeds during t h e  period around July 10 and 

aga in  2 weeks l a t e r  on J u l y  2 4 ,  August 8 ,  e t c .  The s t r o n g e s t  t i d a l  cu r r en t s  occur  

during peak sp r ings :  achieving speeds of about  2 5  cm/sec a t  CM 1 t o  about 35 cm/ 

s e c  a t  CM 4. The E-W tidal c u r r e n t s  a r e  very e n e r g e t i c ;  t hese  records compare 

favorably  wi th  t h e  c u r r e n t  meter record  taken by PMEL near  s i t e  G 1  (no t  shown). 

( 2 )  The cu r ren t  records show events  t h a t  a r e  Longer i n  du ra t ion  than t h e  

d a i l y  t i d a l  cyc le .  For example, on J u l y  24-25, September 4-7, and e spec i a l ly  

during September 13-16 and subsequently t h e  c u r r e n t  speed records  show prolonged 



per iods  (>1 day) of i nc reased ,  non-t idal  flows. As w i l l  be discussed below, 

t he se  events  a r e  c o r r e l a t e d  wi th  increased  wind speeds and wind d i r e c t i o n  s h i f t s .  

(3) The dominant l o w  frequency non-t idal  flow (daily-averaged) i s  gene ra l ly  

northward, w i th  added eastward component a t  CM 1 and CM 4 (Appendix I - " s t i c k "  

diagrams).  The small magnitudes of t h e  d a i l y  averages,  denoted by the  s h o r t  

" s t i c k s "  i n  the  d a i l y  vec to r  records  are s t a t i s t i c a l l y  i n s i g n i f i c a n t .  However, 

t h e  l a r g e  northward d a i l y  component dur ing  September i s  s i g n i f i c a n t  and occurs  

during s t rong  sou the r ly  winds. The progressive vec to r s  p l o t s  e s s e n t i a l l y  e s t ima te  

t h e  d a i l y  drift over t h e  80-day record a t  each senso r ,  and show t h e  north- 

northeastward motion (about 2 .5  km/day or 3 cm/sec a t  CM 4 ) .  

(4) The s torm- in tens i f ied  bottom flow during September 13-15 has hourly 

average va lues  (i.e. b u r s t  averaged) of near ly  25 cm/sec a t  20 an above t h e  bed 

(CM 1) and g r e a t e r  than  40 m/sec a t  100 cm above t h e  bed (01 4 ) .  

( 5 )  Strong non- t ida l  flows subsequent t o  t h e  September 13-15 storm event  are 

quite evident .  The N-S component has a marked northward component of about  10 cm/ 

sec a t  CM 4 throughout t h e  per iod  September 21-22 and t h e  d i u r n a l  overtones.  The 

o t h e r  sensors  show a similar northward p o l a r i z a t i o n  during-,the post-storm period, .  I - 

Graphs of t h e  power s p e c t r a  f o r  each t ime-ser ies  record of burst-averaged 

c u r r e n t s  a r e  a l s o  g iven  i n  Appendix I. The k i n e t i c  energy .spectrum for each 

sensor  shows t h a t  t h e  d i u r n a l  and semi-diurnal cmponents  dominate t h e  motion 

f i e l d ;  however, a lower frequency peak (not  s i g n i f i c a n t  a t  95% confidence i n t e r v a l )  

is p re sen t  a t  a p e r i d  of about 140 (5.8 days).  The s p e c t r a l  p l o t s  f o r  E-W and 

N-S components gene ra l ly  show l a r g e s t  power a t  t h e  d i u r n a l  per iod.  

The e-m c u r r e n t  sensors  were sampled each second over a s i n g l e  60 second b u r s t  

t o  ob ta in  measurements of t h e  s u r f a c e  wave-induced cu r ren t s .  The d a t a  a r e  t o o  

numerous t o  p re sen t  a s  t ime s e r i e s  p l o t s  f o r  t h e  e n t i r e  1,900 b u r s t  sequences. 

The t o t a l  number of burst data po in t s  f o r  each e-rn cu r ren t  sensor  i s  about 



The most s i g n i f i c a n t  f i nd ing  i s  t h a t  t h e  l a r g e  s u r f a c e  waves and swel l  

(1-2 m )  dur ing  September 13-14 occurred during s t rong  southwester ly winds (-20 

knots )  t h a t  p e r s i s t e d  f o r  over 2 4  hours.  Add i t i ona l ly ,  t h i s  was a period of 

high sp r ing  t i d e s .  The combined wind-driven, wave-induced, and t i d a l  cu r r en t s  

produced near-bottom c u r r e n t s  o f  60-70 cmJsec a t  t h e  times of measurements. 

The maximum pe r i cds  of the wave motion de r ived  from t h e  pressure  da ta  were 

5 s ec . ,  7 sec. ,  and 11 sec. The r e l a t i v e l y  long pe r iods  during the  s t rong winds 

i n  September 13-14 a r e  p a r t i c u l a r l y  s i g n i f i c a n t  because of t h e  shallow water 

depth of  20 rn a t  site G 1 .  These waves probably were swe l l  t h a t  had propagated 

i n t o  the  a r e a  from t h e  SW. 

Figure 14 conta ins  GEOPROBE sensor  d a t a  fo r  t h e  f i r s t  30 days ( Ju ly  8- 

August 7 )  of t h e  1977 experiment. The uppermost graph shows hourly averages of 

c u r r e n t  speed obtained wi th  t h e  ro tor /vane  senso r s .  Semi-diurnal t i d a l  motion 

and two f o r t n i g h t l y  t i d a l  cyc l e s  a r e  quite obvious i n  this record. Spring t i d a l  

c u r r e n t  speeds have d a i l y  maxima o f  25-32 m / s e c ;  neap t i d a l  cu r r en t  maxima a r e  

10-15 cm/sec. 

The p l o t s  of l i g h t  t ransmiss ion  (TRANS) and l i g h t  s c a t t e r i n g  (NEPHEL) i n  

Figure 14 are presented as r e l a t i v e  u n i t s  of measurement taken once each hour 

( b a s i c  i n t e r v a l ) .  The r e l a t i v e l y  p e r s i s t e n t ,  low l e v e l s  of s c a t t e r i n g ,  about 

0.24 r e l a t i v e ,  corresponds t o  about 3-5 mg/L as de r ived  from c a l i b r a t i o n  da t a  

(no t  shown h e r e ) .  These levels a r e  r e p r e s e n t a t i v e  of t h e  quiescent  condit ions 

i n  t h e  reg ion  of measurement a s  determined by independent shipboard sampling 

(about 4.4 mg/L). 

L ight  t ransmission i s  more s e n s i t i v e  t o  t u r b i d i t y  f l u c t u a t i o n s  than 

s c a t t e r i n g  a t  r e l a t i v e l y  low l e v e l s  of suspended concentxat ions.  Therefore,  

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

record (July 8-July 211, correspond t o  r e a l  changes i n  t h e  t u r b i d i t y  l e v e l s  
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Figure 1 4 .  Hourly GEOPROBE data t aken  ove r  the period, 0000, J u l y  8 - 0000, August 7 ,  1977.  
Curren t  speed (CUR SPD) a t  t o p  are hourly averages  ob t a ined  with t h e  Savonius 
rotor (1 .4  m above bot tom).  L ight  s q a t t e r i n g  (NEPBEL) and l i g h t  t r ansmis s ion  
(TRANS) a r e  i n  r e l a t i v e  u n i t s ;  va lues  for  t h e s e  and f o r  temperature  (TEMP 1) 

were taken  once each hour.  The h o r i z o n t a l  a x i s  i s  i n  days and the m a x i m u m  
c u r r e n t  speeds were about 32 cm/s. 



(about 1-2 mg/L peak-to-peak).  These t i d a l  f l u c t u a t i o n s  i n  t u r b i d i t y  a r e  

c o r r e l a t e d  wi th  s i m i l a r  d i u r n a l  o s c i l l a t i o n s  i n  t h e  temperature data .  A more 

d e t a i l e d  examination of  t h e s e  r e s u l t s  shows s e v e r a l  s i g n i f i c a n t  f e a t u r e s :  

(a) The o s c i l l a t i o n s  a r e  d i s t i n c t l y  d i u r n a l ,  n o t  semi-diurnal.  

(b) Periods of low tempera tures  ( "co ld")  a r e  c o r r e l a t e d  wi th  va lues  of 

l o w  t u r b i d i t y  ( " c l e a r " )  . 
(c) During t imes of neap t i d e  ( J u l y  8,  J u l y  2 3 ,  August 6 )  both t u r b i d i t y  

and temperature  a r e  r e l a t i v e l y  s t eady .  

The above f e a t u r e s  sugges t  t h a t  t i d a l  advec t ion ,  s p e c i f i c a l l y  t h e  E-W d i u r n a l  

motion ev iden t  i n  t h e  c u r r e n t  speed (E-W) va lues  t r a n s p o r t s  water  i n t o  and o u t  of 

Norton Sound, sweeping p a s t  s i t e  G 1 .  This  mechanism i s  a more p l a u s i b l e  explana- 

t i o n  f o r  t h e  observed value.;  t han  v e r t i c a l  advec t ion  o r  mixing caused by t h e  

i n t e r n a l  t i d e  because of  t h e  c o r r e l a t i o n  of "cold" with "c l ea r "  water. Since t h e  

bottom water is  co lde r  and more t u r b i d  than the s u r f a c e  l a y e r ,  a v e r t i c a l  mixing 

o r  advec t ion  process  would presumably cause a  c o r r e l a t i o n  of "cold" with " tu rb id"  

va lues .  The ho r i zon ta l  t i d a l  advec t ion  impl ies  then t h a t  with a rms d i u r n a l  t i d a l  

speed of about 10 cm/sec, r e v e r s i n g  l a t e r a l  E-W t r a n s p o r t  of about 4.5 km w i l l  

occur  every 12 hours .  

Even more noteworthy i n  F igure  1 4  i s  t h e  unusual "event"  t h a t  occurs on 

J u l y  25,  cha rac t e r i zed  by a  sudden i n c r e a s e  i n  s c a t t e r i n g ,  decrease i n  t ransmiss ion  

( i . e .  sha rp  i nc rease  i n  t u r b i d i t y ) ,  and a  s i g n i f i c a n t  speed inc rease  due t o  a  

non- t ida l  c u r r e n t .  The peak NEPNEL value  of 2 .0  r e l a t i v e  corresponds t o  about 

50 mg/L i n  sediment concen t r a t i ons ,  an o r d e r  of magnitude i nc rease  over t he  

"normal" l e v e l s .  

Figure 15 shows t h e  weather d a t a  recorded a t  t h e  Nat ional  Weather Se rv i ce  

s t a t i o n  a t  Nome (about 30 m i l e s  t o  t h e  n o r t h )  during t h e  pe r iod  of t h i s  unusual 

event .  Hourly values of wind speed ,  wind d i r e c t i o n  and a i r  p re s su re  are p l o t t e d  
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Figure 15. t l e teoro logica l  da ta  recorded a t  Now, Alaska (Nat ional  
Weather Service) and GEOPROBE data obta ined  during 
July 8 - July 2 8 ,  1977. The d a t a  show an inc rease  i n  
wind speed on July 24  which  w a s  followed by a sudden 
i nc rease  i n  suspended matter a t  t h e  GEOPROBE s i te .  
The c u r r e n t  speed da ta  a r e  hourly averages obtained 
wi th  t h e  Savonius r o t o r .  See f i g u r e  16 for wave- 
generated c u r r e n t s  on July 24-25. 



i n  t h i s  f i g u r e .  The wind d a t a  show a r e g u l a r  d i u r n a l  c y c l e ,  w i t h  wind speeds 

gene ra l l y  lower during t h e  l a t e  evening-ear ly  morning hours .  During J u l y  24 w i r  

speeds i nc rease  t o  9-10 m/sec (about  20 knots )  and become p e r s i s t e n t ,  above 

1 2  kno t s ,  over  t h e  n e x t  s e v e r a l  days. Wind d i r e c t i o n  a l s o  becomes s t e a d i e r  f r o  

t h e  SE dur ing  t h i s  per iod .  A i r  p r e s su re  drops o f f ,  suggest ing t h e  passage of  a 

low pressure  c e n t e r  through t h e  reg ion .  The l a r g e r  su r f ace  waves caused by thr  

increased  wind s t r e s s  produced maximum o s c i l l a t o r y  bottom c u r r e n t s  a s  high a s  

35 cm/sec ( F i g .  1 6 ) .  The i n c r e a s e d ,  su s t a ined  wind s t r e s s ,  occu r r ing  a t  t h e  e 

of a  neap s t a g e  i n  t h e  t i d a l  regime, appa ren t ly  a l s o  caused an i n c r e a s e  i n  

magnitude and d u r a t i o n  of t h e  mean bottom c u r r e n t  speed. The combined effect 

higher  wave-induced and wind-driven cu r ren t s  produced a bottom stress cornpetel 

enough t o  cause t h e  r e l a t i v e l y  l a r g e  i n c r e a s e  i n  concent ra t ions  of suspended 

m a t e r i a l s  (-50 mg/L). The sudden o n s e t  and equa l ly  sudden decrease  i n  t h e  

concen t r a t i on  va lues  a r e  probably a r e s u l t  of i n i t i a l  resuspens ion  of fine- 

m a t e r i a l s  t h a t  had s e t t l e d  o u t  l o c a l l y  during t h e  immediately preceding time 

neap t i d e ,  and t o  i nc reased  upward turbulent mixing of t h e  h igher  near-bottor 

suspended load  by vigorous wave a c t i v i t y .  

Nat iona l  Weather Service atmospheric records  show t h a t  on ly  one i n t e n s e  

prolonged storm traversed the eastern por t i on  of t h e  Northern Bering Sea dur 

t h e  80 day pe r iod  of GEOPROBE measurements. A surface p r e s s u r e  a n a l y s i s  of 

t h i s  storm f o r  September 13 ,  1977 i s  shown i n  Figure 17. The storm t r a c k  w, 

east-northeastward;  i ts  c e n t e r  passed well  t o  the nor th  of t h e  GEOPROBE s i t  

Wind obse rva t ions  a t  Nome show t h a t  su s t a ined  sou the r ly  t o  southwes te r ly  wi 

cotNnenced i n  t h e  morning of September 1 2  and continued f o r  about  3 d a y s .  

speeds of  up t o  30 knots  (15 m/sec) wi th  g u s t s  t o  45 knots  were recorded a' 

N o m e  dur ing  this p e r i d .  

Hourly averaged bottom c u r r e n t s  during t h e  s t o m  inc reased  t o  45 cm/s 
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Figure 17 .  Surface pressure m a p  for September 13, 1977. Steady winds at N o m e ,  
A l a s k a  were 25 knots f r o m  t h e  S-SW. 2.lovement of the low pressure 
cell was f r o m  west to east during September 13-September 15, 1977. 



( a t  1 m above t h e  bottan)  ea r ly  on September 1 4  (Fig. 18) .  Current d i rec t ions  

during t h i s  period became northerly and more p e r s i s t e n t .  The strong t i d a l  

s i g n a l  i n  the  pre-storm pressure and cur ren t  records was masked by the wind- 

driven e f f e c t s .  A low-frequency increase  i n  bottom pressure  during September 12-16 

is  caused by t h e  combined e f f e c t s  of sea surface  set-up along t h e  northern shore 

of Norton Sound driven by strong souther ly  winds, and t he  "inverted barometer" 

effect of t h e  passing l o w  pressure system. The offshore  pressure gradient  

associa ted  with set-up along the  Nome coas t  might have induced s ignf icant  along- 

shore geostrophic flow s imi la r  t o  t h a t  described by Beardsley e t  a l .  (1977) i n  

the  Middle At lan t i c  Bight. Future ana lys i s  of tidal s t a t i o n  data  collected a t  

Nome and a t  t h e  eas tern  margin of Norton Sound should provide an estimate of this 

flow. 

TSM values increased abruptly t o  115 mg/L on September 13  shortly a f t e r  the  

increase  i n  bottom currents  (Fig.  18). Except for an abrupt decrease i n  TSM l a t e  

on September 13,  corresponding t o  a s l i g h t  decrease i n  bottcnn current  speed, TSM 

l e v e l s  remain high throughout and even a f t e r  t h e  storm period.  A peak TSM value . 

of 150 mg/L was measured a t  0600 on September 14.  ,-. -.-  , .  

Burst pressure and current  da ta  show t h a t  near  bottom wave-induced cuxrents 

were i n s i g n i f i c a n t  during the  pre-storm period (Fig. 1 9 ) .  However, during the 

stonn t h e  wave-induced bottom pressures had maximum values equivalent  t o  wave 

heights  of about 2 m ( F i g .  19). Peak wave-induced cur ren t  speeds were 30 cm/sec 

at 1 m (un 4 )  and nearly 20 cm/sec a t  2 0  cm (cm 1) above the  sea  f loor .  Instan- 

taneous bottom currents  during t h e  storm reached speeds of 70 cm/sec a t  20 cm 

above t h e  sea f l o o r  (Fig.  19). 

DISCUSSION 

Transport pathways of suspended sediment 

Three t r anspor t  pathways are important i n  the dispelfsal of terrigenous s i l t  
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Figure 18. Meteorological data recorded a t  N o m e ,  Alaska and GEOPROBE data 
f o r  t h e  20-day per iod  0000, September 7 - 0000, September 2 7 ,  
1977.  The bottom pressure  (BOT PRS) and c u r r e n t  speed (CUR SPD) 
data are hourly averages.  The suspended mat t e r  concent ra t ions  
(CONC SS) a r e  der ived from t h e  l i g h t  s c a t t e r i n g  values us ing  
c a l i b r a t i o n  d a t a .  The peak CONC SS value was 150 mg/L on 
September 1 4 ,  1977. 
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and c l a y  d e l i v e r e d  by t h e  Yukon River :  

1. I n i t i a l  t r a n s p o r t  i s  c h a r a c t e r i z e d  by w e s t e r l y  and s o u t h e r l y  flow 

w i t h i n  2 0  km of t h e  Yukon Delta. Turbid  w a t e r  commonly e x t e n d s  s o u t h  t o  

Cape Romanzof and on 29 June 1977, a NOAA s a t e l l i t e  image suggests t r a n s p o r t  a s  

Ear s o u t h  as Hazen Bay. T h i s  t r a n s p o r t  p a t t e r n ,  e v i d e n t  on s a t e l l i t e  images,  

is  r a t h e r  s u r p r i s i n g  because  one would e x p e c t  t h a t  t h e  d e n s i t y  d i s t r i b u t i o n  

would g e n e r a t e  c u r r e n t s  t o  t h e  n o r t h  and e a s t  around t h e  d e l t a  f r o n t  (owing t o  

C o r i o l i s  e f f e c t ) .  W .  ~ u p r 6  (RU 208) h a s  found t h a t  embayments t o  t h e  s o u t h  of 

t h e  major  Yukon River  d i s t r i b u t a r i e s  c o n t a i n  l a r g e  amounts o f  modern Yukon s i l t .  

T h i s  f i n d i n g  p r o v i d e s  independent  evidence t o  s u p p o r t  t h e  importance of southward 

n e a r s h o r e  f l o w .  

2 .  Our s t u d i e s ,  t h e  s t u d i e s  of Muench e t  a l .  ( 1 9 7 7 ) ,  and a l a r g e  body o f  

data c o l l e c t e d  o v e r  t h e  y e a r s  by L. Coachman and h i s  associates ( U n i v e r s i t y  of 

Washington) demons t ra te  a n e a r l y  " u n i d i r e c t i o n a l "  f low of s h e l f  w a t e r  northward 

between t h e  mainland and S t .  Lawrence I s l a n d .  T h i s  f l o w  i s  d r i v e n  by t h e  

d i f f e r e n c e  i n  s e a  l e v e l  between t h e  Bering Sea and t h e  A r c t i c  Ocean and t h e  need 

t o  r e p l a c e  w a t e r  l o s t  from t h e  A r c t i c  Ocean t o  t h e  A t l a n t i c  Ocean. The suspended 

m a t t e r  t h a t  is  moved southward a long  t h e  wes t  s h o r e  o f  t h e ' d e l t a  e i t h e r  accumulates  

i n  "low energy" lagoons and bays  o r  r e t u r n s  w i t h  t h e  Alaskan C o a s t a l  wa te r .  

A s  t h i s  c u r r e n t  f lows  p a s t  Norton Sound i t  t e n d s  t o  mix w i t h  t u r b i d  Yukon 

water i n  t h e  v i c i n i t y  o f  t h e  d e l t a .  Th i s  mixed w a t e r  t h e n  e x t e n d s  a c r o s s  t h e  

mouth o f  t h e  Sound toward t h e  Nome c o a s t .  There i s  no q u e s t i o n  t h a t  t h e  c u r r e n t s  

immediate ly  N and NW o f  t h e  d e l t a  are complex. N e v e r t h e l e s s ,  t h e  d i s t r i b u t i o n s  

of b o t h  s u r f a c e  and n e a r  bottom suspended m a t t e r  demons t ra te  t h e  existence of 

t h i s  impor tan t  northward t r a n s p o r t  pathway. Muench et al. (1977) have p o s t u l a t e d  

a mean c i r c u l a t i o n  system t h a t  i n c l u d e s  a c y c l o n i c  gyre c e n t e r e d  i n  t h e  o u t e r  

p o r t i o n  of t h e  Sound n o r t h  of t h e  d e l t a .  I n  o r d e r  t o  o b t a i n  agreement between 



o u  r e s u l t s  and t h i s  c i r c u l a t i o n  p a t t e r n ,  it i s  n e c e s s a r y  t o  p o s t u l a t e  a 

s p l i t  i n  t h e  northward flow n e a r  t h e  Yukon d e l t a  w i t h  p a r t  of t h e  water moving 

d i r e c t l y  a c r o s s  t h e  Sound and a n o t h e r  p a r t  moving i n t o  t h e  Sound t o  feed t h e  

c y c l o n i c  gyre. More long-term c u r r e n t  measuxements a r e  needed t o  f u l l y  d e s c r i b e  

t h e  f low f i e l d  over t h e  Yukon p r o d e l t a .  

3 .  Bottom sediments  i n  t h e  i n n e r  p a r t  of t h e  Norton Sound are der ived  from 

t h e  modern Yukon Rjver (Nelson and Creager ,  1977) .  I n  f a c t ,  accumulation r a t e s  

o f  mud i n  t h i s  a r e a  ( e a s t  of Cape Darby - S t u a r t  Island) a r e  among t h e  h i g h e s t  

on t h e  n o r t h e r n  Ber ing Sea s h e l f .  Suspended m a t t e r  d i s t r i b u t i o n s  i n  1977 and 

also i n  1976 (Cacchione and Drake, 1977) s u g g e s t  t r a n s p o r t  o f  Yukon s i l t  and 

c l a y  eas tward  p a s t  S t u a r t  I s l a n d .  However, t h e  a v a i l a b l e  d a t a  do n o t  s u p p o r t  

a s t r o n g  i n t e r c h a n g e  o f  wa te r  between t h e  i n n e r  acd o u t e r  p a r t s  of Norton Sound 

(Muench e t  a l . ,  1977; Drake e t  a l . ,  1977). S a t e l l i t e  images t end  t o  show a 

s t e e p  g r a d i e n t  d e c r e a s e  i n  TSM a t  t h e  s u r f a c e  n e a r  S t u a r t  I s l a n d  such t h a t  t h e  

b u l k  o f  t h e  suspended m a t t e r  i s  conf ined  t o  P a s t 0 1  Bay ( w e s t  of  S t u a r t  I s l a n d ) .  

The e f f e c t s  o f  wind stress on t h e  c i r c u l a t i o n  i n  t h e  Sound are not well 

unders tood  b u t  it seems l i k e l y  t h a t  p e r i o d s  o f  w e s t e r l y  winds.would d r i v e  .-- L o >  

s u r f a c e  water eas tward  a long t h e  s o u t h e r n  c o a s t  and i n t o  t h e  i n n e r  Sound. West 

and sou thwes t  winds exceeding 1 5  k n o t s  o c c u r  on abou t  3-4 days  dur ing  each of 

t h e  summer months (based on weather  r e c o r d s  a t  N m e ) ;  winds come-from t h e  

sou thwes t  q u a d r a n t  approximately  40% of  t h e  time. I t  i s  p o s s i b l e  t h a t  f low 

i n t o  t h e  i n n e r  Sound occurs  whenever t h e  wind stress i s  s u f f i c i e n t  t o  overcome 

the e f f e c t s  of o t h e r  f o r c i n g  mechanisms. The t r a n s p o r t  o f  suspended m a t t e r  

eas tward  from t h e  d e l t a  is  n o t  as i m p ~ r t a n t  as o t h e r  t r a n s p o r t  pathways. However, 

t h e  sediment  t h a t  i s  c a r r i e d  i n t o  t h e  i n n e r  p a r t  o f  Norton Sound t e n d s  t o  remain 

t h e r e .  W e  b e l i e v e  t h a t  key f a c t o r s  i n  t h i s  sed iment  r e t e n t i o n  a r e  t h e  low energy 

o f  bottom c u r r e n t s  i n  t h i s  a r e a  and t h e  l i m i t e d  exchange of bottom water w i t h  t h e  



o u t e r  Sound (as shown by t h e  presence of remnant, win ter  bottom water wel l  

into t h e  i c e - f r e e  season) .  O f  these  two f a c t o r s  we suspec t  t h a t  the  l a t t e r  

is  t h e  more s i g n i f i c a n t  because TSM concent ra t ions  i n  t h e  remnant water a r e  

r e l a t i v e l y  high ind ica t ing  t h a t  t h i s  water ,  a l though i s o l a t e d ,  is  not  motionless .  

Current  da t a  c o l l e c t e d  by R. Muench wi th in  t h e  pos tu l a t ed  remnant water bod1 

southwest of Cape Darby (Fig. 1) show t i d a l  c u r r e n t s  of up t o  30-40 cm/sec but 

e s s e n t i a l l y  no n e t  motion. I t  seems l i k e l y  t h a t  a s imi la r  but less  vigorous 

current regime a l s o  w o u l d  cha rac t e r i ze  t he  bottom water wi th in  t h e  inner  Sound. 

Addi t iona l  da t a  are needed. 

Comparison of 1976 and 19.77 Resul t s :  summer season 

Suspended sediment d i s t r i b u t i o n s  on many c o n t i n e n t a l  she lves  e x h i b i t  a 

l a rge  degree of s p a t i a l  and temporal v a r i a b i l i t y .  Much of t h e  v a r i a b i l i t y  i s  

caused by wind-driven t r anspor t  combined with v a r i a b l e  r a t e s  of f i n e  sediment 

resuspension by wave ac t ion .  

The d a t a  for Norton Sound i n  l a t e  summer of 1976 and e a r l y  summer of 1977 

r e v e a l  s t r i k i n g l y  similar suspended sediment p a t t e r n s .  I n  both cases  the  

d i s t r i b u t i o n s  a t  t h e  surface and near  t h e  bottom a r e  dominated by a broad tongue 

of  t u r b i d  water t h a t  originates along t h e  wes tern  s ide  of t h e  Yukon Delta  and 

extends ac ros s  t h e  mouth of Norton Sound. Temperature and s a l i n i t y  values show 

t h a t  t h i s  water  i s  a mixture of Alaska Coas ta l  water  and Yukon River water.  

These r e s u l t s  along with t h e  GEOPROBE measurements i n d i c a t e  t h a t  current 

p a t t e r n s  and speeds i n  t h e  ou te r  p a r t  of t h e  Sound are caused p r i n c i p a l l y  by t h e  

t i d e s  and t h e  r eg iona l  t r anspor t  of Bering Sea she l f  water  toward the  Chukchi 

Sea. I n  p a r t i c u l a r ,  it appears t h a t  the  r eg iona l  flow e s t a b l i s h e s ,  t o  a l a rge  

degree ,  t h e  mean c i r c u l a t i o n  p a t t e r n  i n  t h e  Sound whereas t h e  t i d a l  cu r r en t s  

(p r imar i ly  cons t ra ined  t o  flow E-W) s e rve  t o  maintain p a r t i c l e s  i n  suspension 

and also resuspend ma te r i a l s  a t  t imes of sp r ing  t i d e s .  T i d a l  excursions are 



approximately  4 t o  5 hn w i t h  o n l y  a small n e t  motion.  Consequent ly ,  t h e y  act 

as a diffusing element.  The " c l a r i t y "  of t h e  observed suspended m a t t e r  d i s t r i -  

b u t i o n s  ( i , e .  t h e  sharpness  o f  boundar ies  between c l e a r  and t u r b i d  w a t e r s )  s u g g e s t  

t h e  importance and c o n s i s t e n c e  of t h e  advec t ive  flow regime i n  t h e  wes te rn  p a r t  

of Norton Sound. 

The s i t u a t i o n  is  d i f f e r e n t  i n  t h e  i n n e r  p a r t  o f  Norton Sound ( e a s t  of Cape 

Darby and S t u a r t  Island). There  the suspended m a t t e r  d i s t r i b u t i o n  t e n d s  toward 

g r e a t e r  u n i f o r m i t y ,  p a r t i c u l a r l y  i n  September 1976.  T h i s  s u g g e s t s  t h a t  t i d a l  

and wind-driven c u r r e n t s  are more s i g n i f i c a n t  compared t o  a d v e c t i o n .  A s  d i s c u s s e d  

above,  t h e  i n n e r  p a r t  of Nortlon Sound is  s t r o n g l y  two-layered and t h e  lower Layer 

i s  water formed dur ing  t h e  w i n t e r  months. S u b s t a n t i a l  a d v e c t i v e  motion must be 

r e s t r i c t e d  t o  t h e  low d e n s i t y  surface l a y e r  and mixing a c r o s s  t h e  pycnoc l ine  must 

be  minimal (Pluench e t  a l .  , 19 77) . 

Com2arison o f  summer and  w i n t e r  suspended sediment t r a n s p o r t  

I c e  beg ins  t o  form i n  Norton Sound i n  l a t e  October ,  f i r s t  a long  t h e  s h o r e  and 

w i t h i n  p r o t e c t e d  sha l low bays and l a t e r  i n  t h e  c e n t r a l  a r e a  (Muench and Ahlnas,  

1976) .  By December t h e  sound and most o f  t h e  n o r t h e r n  b r i n g  Sea is  covered 

w i t h  s e a s o n a l  pack i c e  and s h o r e f a s t  i c e .  Surface  w a t e r  c o o l i n g ,  from v a l u e s  of 

6-8OC i n  October  t o  <O°C i n  February ( R .  T r ipp ,  p e r s o n a l  communication, 1978) 

a long  w i t h  salt enrichment d u r i n g  i c e  format ion l e a d s  t o  c o n v e c t i v e  mixing o f  

t h e  sha l low w a t e r  column. Fur thermore,  l o c a l  r ive r  flow is s i g n i f i c a n t l y  lower 

i n  t h e  w i n t e r  and t h e  pack i c e  r e s t r i c t s  s u r f a c e  l aye r  mixing by wind and waves. 

Consequent ly ,  t h e  two-layer d e n s i t y  system p r e s e n t  i n  summer (Drake e t  al., i n  

press) i s  r e p l a c e d  i n  w i n t e r  by one l a y e r  which i s  n e a r l y  homogenous vertically. 

P r o f i l e s  of t empera tu re  and s a l i n i t y  c o l l e c t e d  by Knut Aagaard ( U n i v e r s i t y  of 

Washington) d u r i n g  February and March 1978 show t h a t  t h e r e  i s  a slight density 

- 5 3 i n c r e a s e  w i t h  dep th  i n  Norton Sound ( d e n s i t y  g r a d i e n t  = 7.5  x 1 0  g/cm / m ) .  



During t h e  summer months t h e  two-layer dens i ty  system (Fig. 1 3 )  i s  a s soc i a t ed  

wi th  a well-developed v e r t i c a l  s t r a t i f i c a t i o n  of suspended mat te r  wi th  most of 

t h e  sediment in t h e  lower l a y e r  (Drake e t  a l . ,  in p r e s s ) .  For example, i n  J u l y  

1977, TSM concen t r a t i ons  i n  t h e  lower Layer (-10 m t h i c k )  a t  t h e  GEOPROBE s i t e  

averaged about  4 .4  rng/L, whereas concen t r a t i ons  above the  pyncnocline ranged from 

0.7 t o  1.5 mg/L. I n  a d d i t i o n ,  t h e  s u r f a c e  l a y e r  contained 10-15% organic  ma t t e r  

while  t h e  bottom l a y e r  conta ined  <5% combustible components. Muench et a l .  (1979) 

and Drake e t  dl. ( i n  press) present temperature ,  s a l i n i t y ,  TSM and c u r r e n t  meter 

data which show t h a t  t h e  two l a y e r s  tend  t o  follow t h e  same flow p a t t e r n  over  t h e  

Yukon p rode l t a .  T h i s  circulation p a t t e r n  i s  characterized by a gene ra l  northward 

water  d r i f t  h igh l igh t ed  by a tongue of t u r b i d  water extending toward t h e  Nome- 

Cape Rodney coas t  (F ig .  6 ) .  

Although t h e r e  have been no c u r r e n t  meter observat ions during t h e  winter 

months on t h e  p r o d e l t a ,  t h e  d i s t r i b u t i o n  of TSM i n  win te r  1978 (Fig.  12)  i s  

e s s e n t i a l l y  t he  same as t h a t  found dur ing  t h e  summer months. This sugges ts  t h a t  

northward advect ion cont inues  t o  dominate t h e  c i r c u l a t i o n  on the  p r o d e l t a  i n  t h e  

win te r  and t h e  hydrographic d a t a  of K. ~agaard ( i n  prepara t ion)  are i n  agreement 

with t h i s  conclusion.  

A f a i r  comparison between t h e  summer and win t e r  suspended mat te r  concentra-  

t i o n s  can be made'by c a l c u l a t i n g  average TSM values  for  t h e  water column a t  

each s t a t i o n .  The r e s u l t s  of t h i s  a n a l y s i s  conc lus ive ly  demonstrate t h a t  t h e  

amount of sediment i n  suspension over  t h e  p rode l t a  during our win te r  sampling 

was e s s e n t i a l l y  t h e  same a s  dur ing  J u l y  1977 (F ig .  2 0 ) .  Furthermore, microscope 

in spec t ion  of t h e  p a r t i c u l a t e  m a t t e r  f r o m  t h e  two per iods  r evea l s  no s i g n i f i c a n t  

d i f f e r e n c e s  i n  texture; i no rgan ic  fine and medium s i l t  with subord ina te  amounts 

of c l ay  are c h a r a c t e r i s t i c  of both sample s e t s .  



Figure 20 .  Depth-averaged concen t r a t i ons  ( i n  mg/L) of suspended 
mat te r  dur ing  J u l y  1977 and February-March 1978. The 
do t t ed  line i s  t h e  approximate p o s i t i o n  of t h e  3 mg/L -. 2 

i s o p l e t h  for J u l y  1977 and t h e  solid l i n e  is  the  3 ng/L 
i s o p l e t h  during t h e  w in t e r  pe r iod .  



The unexpectedly l a r g e  amounts of TSM i n  t h e  win ter  cannot be a t t r i b u t e d  

t o  storms. I n  f a c t ,  both t h e  summer and winter  sampling programs were completed 

d u i n g  t h e  e a r l y  s t a g e s  of a neap t i d e  c y c l e ,  and National  Weather Serv ice  records  

f o r  Nome, Alaska show no unusual wind o r  a i r  p ressure  events  before  o r  during t h e  

sampling per iods .  I n  t h e  absence of s i g n i f i c a n t  wind e f fec t s  (waves and wind- 

driven f l o w ) ,  t h e  concent ra t ions  and d i s t r i b u t i o n  of  suspended ma t t e r  over t h e  

Yukon p r o d e l t a  must be maintained by reworking of e x i s t i n g  sediments by t h e  t i d a l  

c u r r e n t s  coupled with advect ion by t h e  northward mean flow. This  i n t e r p r e t a t i o n  

sugges ts  t h a t  much of t h e  s i l t  and very f i n e  sand introduced e a r l y  i n  t h e  summer 

by t h e  Yukon River must be deposited on t h e  shallow inne r  p a r t  of t h e  p r o d e l t a  and 

on t h e  shal low bank ( c a l l e d  t h e  sub-ice platform by ~ u p r ; ,  1978) which r i m s  t h e  

d e l t a .  The rea f t e r ,  t h i s  r e s e r v o i r  of sediment i s  resuspended and t r anspor t ed  

northward toward t h e  Nome-Cape Rodney coast.  Thus ,  a t  some d i s t a n c e  from t h e  

d e l t a ,  perhaps on t h e  o rde r  of 30-50 k i lometers ,  t h e  e f f e c t  of seasonal  v a r i a t i o n s  

i n  r i v e r  d i scharge  on TSM concent ra t ions  becomes small  r e l a t i v e  t o  v a r i a t i o n s  

caused by t h e  c h a r a c t e r i s t i c s  of t he  flow f i e l d  i n  Norton Sound. I n  essence ,  t h e  

peak d ischarge  of t h e  Yukon River i n  e a r l y  summer exceeds t h e  capac i ty  of t h e  

c u r r e n t s  t o  d i s p e r s e  t h e  sediment.  The r e s u l t  i s  i n i t i a l  depos i t i on  of s i l t  near  

t h e  d e l t a  followed by resuspension through t h e  rest  of t h e  year .  

S imi l a r  sediment t r a n s p o r t  systems have been observed a f t e r  major f loods  on 

t h e  southern  C a l i f o r n i a  she l f  (Drake e t  a l . ,  1972) and on t h e  Rio de l a  P l a t a  

s h e l f ,  Puerto Rico (P i lkey  e t  a l . ,  1978).  The l a t t e r  au tho r s  have c a l l e d  t h e  

s h e l f  sediment bypassing process  "mud hopping." The term "mud hopping" may be 

somewhat misleading i n  t h a t  t h e r e  i s  probably a cont inuous,  a l b e i t  r e l a t i v e l y  

small, amount of suspended sediment moving i n  t he  she l f  bottom boundary l a y e r  

a t  a l l  t imes (Drake, 1976). Never the less ,  t h e  term does focus a t t e n t i o n  on t h e  

large v a r i a b i l i t y  i n  t h e  s t r e n g t h  of s h e l f  currents and, consequent ly,  a s i m i l a r  

v a r i a b i l i t y  i n  r a t e s  o f  sediment t r a n s p o r t .  



The t i d a l  ampli tude i n  the nor the rn  Bering Sea averages  only  30 cm and on 

the open s h e l f  west of Norton Sound t h e  peak t i d a l  c u r r e n t s  a r e  on t h e  o r d e r  of 

5-10 an/s (Muench et al., 1978) .  I n  c o n t r a s t ,  t ide-genera ted  c u r r e n t s  i n  t h e  

sound are s t r o n g l y  p o l a r i z e d  t o  flow east-west  and maximuin bottom c u r r e n t  v e l o c i t i e s  

range from about  10 cm/s t o  30 cm/s during neap and s p r i n g  c y c l e s ,  r e spec t ive ly  

(Cacchione and Drake, 1979) .  Surface waves dur ing  f a i r w e a t h e r  summer pe r iods  

gene ra t e  bottom c u r r e n t s  of 5-7 cm/sec at t h e  GEOPROBE s i t e .  The bottom shear  

v e l o c i t i e s  (u, = r/ ) a s s o c i a t e d  wi th  these  c u r r e n t s  are t y p i c a l l y  about 1 cm/s 
3 

o r  l e s s  during neap t i d e s  and 1 . 4  t o  1 . 5  m / s  dur ing  spring t i d e s  (Cacchione and 

Drake, i n  p r e s s ) .  Sediment a t  t h e  GEOPROEE t r ipod s i t e  (18 m) i s  moderately w e l l  

s o r t e d  s i l t y ,  very f i n e  sand wi th  a mean diameter of -70 pn; i n i t i a l  motion of 

t h e s e  m a t e r i a l s  should o c c u  a t  u, va lues  of a2proximately 1 . 3  - 1 . 4  m/s ( ~ o m a r ,  

1976) .  Although cohesive e f f e c t s  migh t  be expected t o  s i g n i f i c a n t l y  increase t h e  

c r i t i c a l  u, above 1 . 4  m / s e c  (Drake, 1976), t h e  1977 GEOPROBE results show t h a t  

t h e  sediment responds as a noncohesive m a t e r i a l  (Cacchione and Drake, in press) .  

High water  con ten t  (>75% Sy volume) of t h e  s u r f i c i a l  sediment and a near  absence 

of c l a y  (6%) may s u b s t a n t i a l l y  reduce cohesive f o r c e s  (E. Clukey, unpcblished 

data). Accordingly, dur ing  "non-storm" per iods  i n  both t h e  summer and win te r  

seasons  t h e  neap t i d a l  c u r r e n t s  maintain c l ay  and f i n e  s i l t  i n  suspension b u t  are 

t o o  weak t o  resuspend p r o d e l t a  sediments a t  t h e  GEOPROBE s i t e .  A t  shallower s i t e s  

c l o s e r  t o  t h e  Yukon De l t a  resuspension probably con t inues  even dur ing  t h e  neap 

cycle. Currents  a s s o c i a t e d  wi th  sp r ing  t i d a l  cyc l e s  a r e  l i k e l y  to exceed t h e  

threshold v e l o c i t i e s  of t h e  bottom sediments over t h e  e n t i r e  p r o d e l t a .  Thus, 

"mud hopping" events  would be most pronounced d u r i n ~  s 2 r i n g  t i d e  pe r iods  on the  

Yukon p r d e l t a  i n  t h e  win te r  months. 

The p r i n c i p a l  oceanographic d i f f e r e n c e  between t h e  ice-covered and i c e - f r e e  

regimes i n  Norton Sound i s  t h e  reduct ion  of storm e f f e c t s  ( p r i m a r i l y  wave a c t i o n )  



during the former period. However, sudden l a r g e  changes i n  atmospheric  pressure 

might gene ra t e  significant "surge" c u r r e n t s  dur ing  any season.  We have no d a t a  

on p o s s i b l e  storm-generated currents i n  t h e  win te r .  

The assumption that sediment t r a n s p o r t  on arctic and s u b a r c t i c  c o n t i n e n t a l  

s h e l v e s  is of l i t t l e  consequence du r ing  t h e  w i n t e r  season  i s  ques t ionab le .  

Admittedly, t h e  t r a n s f e r  of energy a t  t h e  air-sea i n t e r f a c e  i s  s i g n i f i c a n t l y  

lower i n  t h e  w i n t e r  and new c o n t r i b u t i o n s  of sediment a r e  n e g l i g i b l e .  Yet ,  i n  

some a r e a s  t h e  t i de -gene ra t ed  and mean advec t ive  c u r r e n t s  a p p a r e n t l y  a r e  suffi- 

c i e n t  t o  erode &.id transport impor tan t  q u a n t i t i e s  of sediment  which entered t h e  

system during t h e  previous summer. 

Indeed,  t h e r e  i s  evidence from t h e  Beaufor t  Sea s h e l f  tha t  i n d i c a t e s  a 

s u b s t a n t i a l  acceleration of nearshore currenEs vhere t hey  a re  c o n s t r a i n e d  t o  

flow beneath a 1-to-2-m-thick l a y e r  of f l o a t i n g  s h o r e f a s t  i c e  (Reinni t2  et a l . ,  

1 9 7 7 ) .  Recent s t u d i e s  by W. 2. Dupr6 (University of Houston) suggest t 5 a t  c u r r e n t s  

below t h e  f l o a t i n g  f a s t  i ce ,  which r ins  the  Yukon De l t a  t 3  a d i s t a n c e  of 3G-40 h 

offshore i n  t h e  w i n t e r ,  may be resus7ending s i l t  and producing a bacd of r e l a t i v e l y  

w e l l  s o r t e d  sand c o n c e n t r i c  t o  t h e  d e l t a  shore  a t  a d i s t a n c e  of some 10-20 b. 

Furthermore, Nelson (1978) finds an abundance of ice-keel gouge marks a t  depths of 

10-15 m on t h e  Yukon d e l t a  f r o n t  and p r o d e l t a  i n  Norton Sound. He believes t h a t  

many of these gouges are produced by seasonal  (first year)  ice  w i t h i n  t h e  p re s su re  

r idge-shear  zone which £ o m s  along t h e  seaward edge of t h e  f loac ing  f a s t  ice .  I t  

i s  p o s s i b l e  that ice  k e e l s ,  by l o c a l l y  o b s t r u c t i n g  t h e  f low,  i n t e n s i f y  t h e  t i d a l  

currents around t h e  front of the d e l t a .  These e f f e c t s  may p a r t i a l l y  o f f s e t  t h e  

absence of wave-generated c u r r e n t s  i n  shal low a r e a s  d u r i n g  t h e  w i n t e r  season.  The 

presence  of m a l l  amounts of very  f i n e  sand i n  suspens ion  a t  two s t a t i o n s  a t  a  

depth of 11 m on t h e  d e l t a  f r o n t  i n  February lends  some suppor t  t o  t h i s  i n t e r p r e -  

t a t i o n .  



Temporal v a r i a b i l i t y  o f  sediment  t r a n s p o r t  

 he GEOPROBE tripod d a t a  p r o v i d e  a v a l u a b l e  t i m e  history of near-bottom 

measurements o f  f l u i d  and sediment paramete rs  f o r  t h e  80 day deployment p e r i o d .  

One o f  t h e  most s i g n i f i c a n t  r e s u l t s  i s  t h e  c o n t r a s t  i n  the local dynamic c o n d i t i o n s  

t h a t  occurs d u r i n g  "normal" and s tormy p e r i o d s .  The "normal" near-bottom f low 

f i e l d  is  c h a r a c t e r i z e d  by t h e  d a t a  shown i n  F i g u r e s  14 and 15 for t h e  p e r i o d  

Ju ly  8 - J u l y  24.  During t h i s  t ime  t i d a l  f o r c i n g  dominates the hour ly  mean 

v a l u e s  of p r e s s u r e ,  bottom c u r r e n t ,  t empera tu re  and t u r b i d i t y .  Small p e r t u r b a t i o n s  

i n  t h e  t ida l ly -domina ted  "normal" regime o c c u r ,  p r i n c i p a l l y  due t o  s h o r t  p e r i o d s  

o f  i n c r e a s e d  wind-driven c u r r e n t s  and waves. 

The t i d a l  bottom c u r r e n t s  are most  intense d u r i n g  s p r i n g  tides, commonly 

a c h i e v i n g  v a l u e s  of g r e a t e r  t h a n  30 cm/sec a t  1 m above t h e  s e a  f l o o r .  During 

neap,  t h e  d a i l y  maximum c u r r e n t s  a t  1 m a r e  much reduced,  t y p i c a l l y  l e s s  t h a n  

15 cm/sec d u r i n g  t h e  s m a l l e s t  t i d e s .  AS F igure  1 5  shows, t h e  bottom p r e s s u r e  has  

a  d e f i n i t e  change i n  p a t t e r n  d u r i n g  t h e  f o r t n i g h t l y  cyc le .  The s p r i n g  t i d e s  are 

s t r o n g l y  mixed w i t h  two unequal  h i g h s  d u r i n g  each d a i l y  c y c l e ;  t h e  neaps a r e  more 

n e a r l y  a diurnal type.  - .  

F i g u r e s  18 and 1 9  p o i n t  o u t  t h e  extreme importance of storm c o n d i t i o n s  i n  

a f f e c t i n g  t h e  sediment t r a n s p o r t  p a t t e r n  i n  t h i s  a r e a .  The r e l a t i v e l y  h i g h ,  

s u s t a i n e d  v a l u e s  of hour ly-averaged bottom c u r r e n t  speed and t h e  p e r s i s t e n t  

northward d i r e c t i o n s  a r e  i n d i c a t i v e  o f  a c t i v e ,  l a r g e  t r a n s p o r t  of m a t e r i a l s .  

These wind-generated e v e n t s  a p p e a r  t o  overwhelm t h e  rhythmic p a t t e r n  t h a t  i s  t h e  

"normal" c o n d i t i o n .  



T h r e s h o l d  a n d  e s t a b l i s h e d  c o n d i t i o n s  of s e d i m e n t  t r a n s p o r t  can  be computed 

from t h e  Geoprobe r e s u l t s .  Bottom s h e a r  v e l o c i t y ,  u,, i s  e s t i m a t e d  from t h e  

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

f o r  t h e  v e l o c i t y ,  u ,  a t  a l e v e l  z ,  above  an h y d r a u l i c a l l y  rough bo t tom:  

where u ,  i s  = h e  s h e a r  v e l o c i t y ,  k (-0..4) i s  von Karman 's  c o n s t a n t ,  and z i s  
0 

t he  r o u g h n e s s  scale. 

BYJ d e f ~ n i t i o n ,  u, - - TbIF )'i where T 
b 

is bottom shear stress, and  p i s  f l u i d  

d e n s i t y .  I t  s h o u l d  be n o t e d  t h a t  a p p r o x i m a t e l y  80% o f  t h e  h o u r l y  v e l o c i t y  p r o f i l e s  

( b u r s t - a v e r a g e d )  t a k e n  w i t h  t h e  f o u r  e-m c u r r e n t  m e t e r s  o v e r  t h e  e n t i r e  80 day 

e x p e r i m e n t  f i t  a  l o g a r i t h m i c  c u r v e  w i t h  r e g r e s s i o n  c o e f f i c i e n t s  o f  0 .95  o r  higher. 

Wind-generated waves c a u s e d  by  s t o r m s  o v e r  continental s h e l f  r e g i o n s  can  

c r e a t e  s i g n i f i c a n t  bo t tom s t r e s s e s .  As Smi th  (1977)  p o i n t s  o u t ,  t h e  a d d i t i o n  

of an o s c i l l a t o r y  s t r e s s  component  by wind  waves a u p e n t s  t h e  downward t r a n s f e r  

of momentum i n  t h e  l o g a r i t h m i c  r e g i o n  of t h e  q u a s i  steady boundary  l a y e r ,  c a u s i n g  

an e f f e c t i v e  i n c r e a s e  i n  t h e  t o t a l  eddy v i s c o s i t y  (K), or a l t e r n a t i v e l y ,  

an a p p a r e n t  i n c r e a s e  i n  k .  I f  we assume t h a t  maximum stress o c c u r s  when wave 

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

S W 
u, and u, a r e  t h e  q u a s i - s t e a d y  and maximum wave- induced  components  o f  s h e a r  

v e l o c i t y ,  r e s p e c t i v e l y *  

I t  s h o u l d  b e  n o t e d  h e r e  t h a t  t h e  wave- induced  and q u a s i - s t e a d y  s t r e s s  

components  are c o u p l e d  n o n - l i n e a r l y  ( G r a n t  and Madsen,  1 9 7 9 ) ,  and that v a l u e s  

s W 
o f  u, and u, t a k e n  from t h e  e-m c u r r e n t  d a t a  w i l l  e a c h  c o n t a i n  t h c  effects oi 

t h e  n o n - l i n e a r  wave -cu r r en t  i n t e r a c t i o n .  



The e-m v e l o c i t y  measurements were takea well above t h e  wave-driven 

6 
* t u r b u l e n t  boundary layer whose t h i c k n e s s ,  w ,  is  0 (1 cm). T h e r e f o r e ,  t o  

W 
e s t i s a t e  u, we use the t echnique  of Smith (1977) : 

6 
U, is t h e  m a x i m u m  o s c i l l a t o r y  speed above w .  LL i s  xaVJe f r e q u e n c y ,  ar,C 

f ( w ,  L K) is a e o m S i n a t i o n  of Bessel f u n c t i o n s  t h a t  c a n  be e v a l u a t e d  
0 

q r a 2 h i c a l l y .  

S W 
T a b l e  I1 sum-narizes eom2uted v a l u e s  of  u, , u, , and r d u r i n g  the  p ~ r i o d  

0 

9 - 1 5  be?tenjer 1 9 7 7 .  Averages o f  5 0 ~ x 1 ~  "bcrsts" of e -m c u r r e n t  sseed tata 

s 
were c a l c u l a t e 2  f o r  each o f  t h e  f o u r  c u r r e n t  m e t e r s ,  and u s e d  t o  cornpte u, 

and z f r o n  e q u a t i o n  (1). The nax inun  h o u r l y  values o f - u ,  f c o l u r n  2 )  .an2 the- . A 

0 

s 
24-hour a v e r a g e  v a l u e s  o f  u, (colu;nr~ 3 )  and  t (colun.1 5 )  are shown i n  Table I:. . 

0 

W 
Zlaily maxina of u, , computed from e q u a t i o n  ( 3 1 ,  are l i s t e d  i n  c o l t r r ~  4 .  Value: 

o f  U, x e r e  o b t a i n e d  a t  E = 2 0  cia; e s ~ i m a t e s  o f  2 were t a k e n  f r o n  t h e  b u r s t  

g r e s s u r e  d a t a .  

s .  
The average v a l u e s  of  u, lncrease d r m a t i c a l l y  durinq t h e  period cf 

~ n t e ~ s i f i e d  wind-dr iven bot tom c u r r e n t s  o f  13-14 September. - -  On-Septenber--13, 

-- S 2 
u, + 3 .1  m / s e c  e q u i v a l e n t  t o  a mean bottom stress of 1 0  dgnes/cm . Maxinm 

W 

h o u r l y  stresses a l so  are h i g h e s t  d u r i n g  t h e  s t o r m  period.  The r a t i o  '* /uhS (Inax. 

(co l t zm 6 ,  Table  I1 i n d i c a t e s  t h e  r e l a t i v e  i n p o r t a n c e  of waves i n  t h e  t o t a l  Sot:on 

w 5 s t r e s s  ( e q u a t i o n  2 ) ;  maximum wave s t r e s s  o c c v r r e d  on Sepcenjer  1 4 ;  o ,  /u, in-x) = 1.9. 

- 
The i s r g e s t  value of roughness  r e p o r t e d  i n  T a b l e 1 1  i s  r = 1 cn, a l s o  on S e p t e ~ h c r  ii. 

0 

The e q ~ i v a l s n f  p h y s i c a l  roughness f o r  z = 1 cm i s  a b o ~ r  3C cm ( S c h l i c h t i n g ,  1966) 
0 

s u g q e s t i n g  t r i a t  e i t h e r  l a r g e  bed f o r n s  d e v e l = s e d  d u r i n g  t h e  stom, o r  t h e  t value 
0 

is a n o m a l o u s l y  1ar;e. S i n c e  the  ws:-storm bottom g h o t o q r a p h s  snowed no  develop-  

ment of sed iment  b e d  forms w i t h  relief exceed ing  3 c e n t i m e t e r s ,  t h e  lzrge con5utee 



Tableif .  Shear velocity  and roughness during September 9-15, 1977, in 
Norton Sound, Alaska 

S - 5 W - 
Date w S 

'* 'max u * U* rmax 1 (u* / x *  )sax B 
(Sept . I  

(cn/s (an/s) f cm/s (cm) 



v a l u e s  of c a r e  p r o b a b l y  a result of t h e  n o n - l i n e a r  wave-current  i n t e r a c t i o n  which 
0 

caused  t h e  wave stresses t o  g e n e r a t e  an " a p p a r e n t  roughness"  on t h e  q u a s i - s t e a d y  

f l o w .  T h i s  i n c r e a s e d ,  " a p p a r e n t "  c a g r e e s  w i t h  t h e  t h e o x e t i c a l  a rguments  o f  
0 

Grant and Madsen (1979)  and Smi th  ( 1 9 7 7 ) .  

T 
When t h e  l o c a l  i n s t a n t a n e o u s  s h e a x  stress, b ,  exceeds  a c r i t i c a l  s t r e s s  

T T 
v a l u e ,  c ,  needed f o r  i n i t i a t i o n  o f  bo t tom sed imen t  movement (i . e .  Tb > c )  , t h e n  

T 
t r a n s p o r t  of t h e  l o c a l  bottom s e d i m e n t s  w i l l  occur. An e s t i m a t e  o f  c = 1 . 7  dynes /  

cm2 f o r  s e d i m e n t s  a t  t h e  Geoprobe s i t e  w a s  o b t a i n e d  from t h e  m o d i f i e d  S h e i l d ' s  

d i ag ram applicable t o  t h r e s h o l d  c o n d i t i o n s  of  s ed imen t  movement by waves and 

c u r r e n t s  (Madsen a n d  G r a n t ,  1 9 7 6 ) .  T h i s  c r i t i c a l  s t r e s s  d e t e r m i n e s  a c r i t i c a l  

u u  - 
shear  v e l o c i t y ,  *c ;  h e r e  *c - 1 . 3  c ~ / s ~ c .  

The r e s u l t s  i n  T a b l e  I I c l e a r l y  show t h a t  d u r i n g  t h e  storm p e r i o d ,  bot tom 

s t r e s s e s  i n c r e a s e d  marked ly  d u e  t o  t h e  combined a c t i o n  o f . w a v e s  a n d U q u a s i - s t e a d y " .  

- S W 
c u r r e n t s .  On S e p t e n b e r  13-15,  u, + u, >> u 

*c' 
These  e x c e s s i v e  s t r e s s e s  i n d i c a t e  

t h a t  s i g n i f i c a n t  t r a n s p o r t  o c c u r r e d  d u r i n g  t h i s  t ime .  During t h e  p re - s to rm t h e  

p e r i o d ,  bo t tom c u r r e n t s  were  p r e d o m i n a n t l y  t i d a l  ( " q u a s i - s t e a d y " )  , w i t h  no 

a p p r e c i a b l e  wave components .  S u b c r i t i c a l  mean bot tom stresses were common,. although 

S 
d a i l y  maximum v a l u e s  o f  u, d i d  exceed t h e  t h r e s h o l d  l e v e l .  T h i s  r esuLt  suggests 

t h a t  t h e  t e x t u r a l  c h a r a c t e r i s t i c s  o f  t h e  l o c a l  surface sediments a t  t h e  Geoprobe 

s i t e  a r e  i n  balance with t h e  t i d a l  and s t e a d y  s t r e s s  components. 

Hourly TSM v a l u e s  ( F i g .  18) measured  a t  2 m above t h e  bot tom a r e  h i g h e s t  

d u r i n g  September 13-14,  c l o s e l y  c o r r e l a t e d  w i t h  t h e  t i m e s  o f  maximum bot tom s t r e s s .  

Dur ing  t h e  p r e - s t o r m  p e r i o d ,  nea r -bo t tom c o n c e n t r a t i o n s  o f  5-10 mg/L, r e l a t i v e l y  

h i g h  f o r  most open c o n t i n e n t a l  s h e l f  areas (Drake ,  1976) r e f l e c t  t h e  combined 

e f f e c t s  o f  t h e  no r thwes tward  p r o j e c t i n g  sed imen t  plume of t h e  Yukon R ive r  

and t u r b u l e n t  mix ing  caused by maximum t i d a l  stresses. The t i d a l  s t r e s s e s  a r e  



la rge  enough during spr ing  t i d e s  t o  resuspend the  s u r f i e i a l  ma te r i a l s  and t o  

maintain a turbid, near-bottom layer .  This turb id  l aye r  w a s  a l s o  observed i n  

the  bottom photographs; i t s  thickness appears t o  be about 1-2 meters,  thinning 

during lma o r  n e a p  t i d e s .  

Bottom s t r e s s  values i n  Table I1 can be used t o  est imate t h e  volume f l u x  of 

sediment t ranspor ted  per  unit flow width,Q, past  the Geoprobe s i t e  using the  

Yalin bed load equation (Smith, 1976). The l imi ta t ions  of t h i s  and o the r  bed 

load equations,  p a r t i c u l a r l y  when applied t o  s i t u a t i o n s  where waves and currents  

a r e  both s i g n i f i c a n t ,  a r e  discussed by Smith (1976). Using Tb i n  equation ( 2 ) .  

L L 
and t he  values of u, i n  Table 1 and equation ( 2 )  , Q = 2 . 1  cm /sec and Q = 2 . 2  cm /sec 

on September 13 and September 14, respect ive ly .  On September 1 5 ,  a f t e r  the  

2 
m a x i m u m  storm e f f e c t s  had occurred, Q = 0.1 cm / s e c .  These es t imates  suggest t h a t  

most of t h e  t r anspor t  of bottom material  northward away from t h e  Yukon prodelta 

during ice- f ree  periods i s  caused by subarc t ic  storms. 

CONCLUSIONS 

The t r anspor t  of sediment i n  Norton Sound can be conveniently described i n  

terms of the  d i s t i n c l y  d i f f e r e n t  quiescent and stom regimes. The quiescent  o r  

f a i r  weather regime i s  charac ter ized  by general ly low l e v e l s  of sediment transport 

caused p r inc ipa l ly  by t h e  t i d e s  and mean flow augmented by surface  waves during 

spr ing  tide cycles.  The quiescent  regim is  characterized by surface  winds of 

<8-10 m/s, s h o r t  period surface  waves (<6 sec )  and a  predominance of f i n e  silt 

and c lay  moving as "wash load." Bedload t r anspor t  i s  s m a l l  except i n  shallow 

areas where the  surface  waves become important ( f o r  example on the  "2 rn bank" 

which surrounds the  Yukon d e l t a ) .  Although calm weather condi t ions  occur f o r  

about 90% of t h e  year  i n  the  northern Bering Sea, our GEOPROBE data  suggest  t h a t  

l e s s  than 50% of the  sediment t r anspor t  occurs under these  condit ions.  In f a c t ,  

t h e  EEOPROBE measurements show t h a t  c r i t i c a l  shear s t r e s s e s  on the  prodel ta  a r e  



reached o n l y  b r i e f l y  dur ing  s p r i n g  t i d e s  d u r i n g  q u i e s c e n t  periods. This  i m p l i e s  

t h a t  much o f  t h e  fine-grained suspended matter p r e s e n t  over the  p r o d e l t a  is  

material .  t h a t  w a s  resuspended a t  s h a l l o w  d e p h t s  n e a r  t h e  delta and moved northward 

w i t h  t h e  mean c u x r e n t .  

During abou t  30-40 days of each  y e a r  t h e  s u r f a c e  wind approaches o r  exceeds 

10 m/s, a l though  Nat iona l  Weather S e r v i c e  r e c o r d s  f o r  Nome, Alaska show t h a t  

s u s t a i n e d  winds >15 m/s r e c u r  w i t h  l e s s  t h a n  annua l  f requency .  The 2-day s t o m  

i n  September 1977 appears  t o  be r e p r e s e n t a t i v e  of t h e  more e n e r g e t i c  l a t e  summer 

a tmospher ic  e v e n t s  i n  Norton Sound. I n  September,  October  and November t h e  p o l a r  

f r o n t  m i g r a t e s  s o u t h  and t e n d s  t o  s t e e r  low p r e s s u r e  wea ther  systems from t h e  

sou thwes t  t o  t h e  n o r t h e a s t  a c r o s s  t h e  n o r t h e r n  Ber ing  Sea. Norton Sound i s  

commonly exposed t o  s t r o n g  s o u t h e r l y  and s o u t h w e s t e r l y  winds genera ted  by t h e  low 

p r e s s u r e  c e l l s .  Winds from t h i s  q u a d r a n t  g e n e r a t e  1-3 m waves wi th  p e r i o d s  of 

8-11 seconds  because of t h e  e s s e n t i a l l y  i n f i n i t e  f e t c h  southwest  of Norton Sound. 

I t  i s  waves l i k e  t h e s e  which can cause s e v e r e  damage a long  t h e  n o r t h e r n  c o a s t  of 

t h e  sound (Fa thauer  , 1975) . 
The i n s t a n t a n e o u s  shear v e l o c i t y  (u,) a t  t h e  GEOPROBE d u r i n g  t h e  September 

1977 s torm reached  6 cm/s and t h e  l i g h t  s c a t t e r i n g  d a t a  demonstra te  a 20-fold 

i n c r e a s e  i n  TSM a t  2 m above t h e  bottom. The amount o f  sediment  t r a n s p o r t e d  

d u r i n g  t h i s  b r i e f  e v e n t  was approximately  e q u a l  t o  t h e  t r a n s p o r t  t h a t  would 

occur  d u r i n g  4 months of q u i e s c e n t  c o n d i t i o n s .  Although t h e  amount of sediment 

eroded d u r i n g  storms does no t  r e p r e s e n t  a hazard  a t  depths of  1 5  m o r  g r e a t e r ,  

t h e  impact  of storms ( p a r t i c u l a r l y  t h e  s u r f a c e  wave s c o u r )  cou ld  be h igh ly  

s i g n i f i c a n t  a t  dep ths  of (10 m. Indeed ,  t h e  morphology o f  t h e  Yukon d e l t a  

shows t h a t  wave and c u r r e n t  energy i s  c o n c e n t r a t e d  on t h e  wes te rn  margin of t h e  

d e l t a  which is  exposed t o  t h e  open Ber ing Sea and t h e  f u l l  impact o f  sou thwes te r ly  

storm winds (Duprg and Thompson, 1979) . 



The r e s u l t s  of o u r  winter study s t rong ly  suggest  t h a t  (1) tidal c u r r e n t s  

are t h e  most important  sediment transport agent during non-s tom p e r i o d s ,  i n  

t h e  summer as w e l l  as i n  t h e  w i n t e r ,  and (2 )  a s u b s t a n t i a l  amount of Yukon River 

sediment remains i n  t h e  system a t  t h e  close of t h e  i ce - f r ee  season. Some of t h i s  

sediment i s  temporar i ly  depos i t ed  on t h e  shallow sub-ice p la t form and f r i n g i n g  

a r e a s  after early summer river f looding .  As t h e  f l o w  of the Yukon dimin i shes  in 

November t h i s  mud reservoir becomes an impor tan t  source of  t h e  suspended matter 

present  over t h e  p r o d e l t a  du r ing  t h e  win te r .  F i n a l l y ,  t h e  s u r f a c e  i ce  l a y e r  may 

a c t u a l l y  intensify t h e  t i d a l  c u r r e n t s  over  t h e  broad sub- ice  p la t form which rims 

the Yukon Delta by obstructing and reducing t h e  f l o w  c r o s s  s e c t i o n  ( ~ u p r g ,  1978) .  
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APPENDIX I 

Bottom currents on the Yukon prodelta during July 8 - 
September 25, 1977. The data were obtained by the 
electromagnetic current sensors on the GEOPROBE tripod. 
The raw data consist of "burst" measurements of 
horizontal current speeds taken once per second for 60 
consecutive seconds each hour. 
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