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G E O L O G I C A L ,  G E O C H E M I C A L ,  A N D  G E O T E C H N I C A L  OBSERVATXOKS 

L 

OM T H E  B E R I N G  S H E L F ,  A L A S K A  

M.C.  Larsen, C.B. N e l s o n ,  a n d  l 3 . R .  Thor 

M u l t i d i s c i p l i n a r y  s t u d i e s  of Ber ing  Sea s h e l f ,  Alaska, have Leen 

conducted by the U. S- Geolog ica l  Survey i n  r e c e n t  years .  O u r  g o a l ,  a s  

p a r t i c i p a n t s  i n  t h i s  work, has been t o  assess t h e  geochemical  and g e o t e c h n i c a l  

c h a r a c t e r i s t i c s  i n  n o r t h e r n  Bericg Sea and Norton Sound and t h e  potential 

hazards  to  petroleum development due to  v a r i o u s  ongoing g e o l o g i c  Erocesses .  

The s t u d i e s  have enah led  us to examine a number of t o p i c a l  problems t h a t  are  

d i scussed  in t h e  15 papers  i n c l u d e d  i n  this report, 

Many of t h e  papers  i n  this r e p o r t  will be published i n  The E a s t e r n  Gering 

Sea Shelf: Its Oceanography and Resources ( e d i t e d  by D.W. Hood) or Holocene 

Marine sed imenta t ion  i n  t h e  Nor th  Sea E a s i n  ( e d i t e d  by S.D. Nio).  This open- 

f i l e  r e p o r t ,  however, was p u b l i s h e d  because  of t h e  c o n s t a n t  demand e x p r e s s e d  

by p r i v a t e  canpan ies  and s t a t e  and f e d e r a l  a g e n c i e s  fo r  current in fo rmat ion  

concern ing  our studies i n  t h e  n o r t h e r n  Ber ing  Sea. 

Acknowledgement 

This s t u d y  was s u p p r t e d  j o i n t l y  Ey t h e  U . S .  G e o l o g i c a l  Survey and by t h e  

Bureau o f  Land Vanagernent through interagency agreement wi th  t h e  N a t i o n a l  

Oceanic  and  Atmospheric A d m i n i s t r a t i o n ,  under  which a multi-year program 

responding  t o  needs of petroleum development of t h e  Alaskan c o n t i n e n t a l  s h e l f  

i s  managed by t h e  Oute r  C o n t i n e n t a l  She l f  Environmental  Assessment Program 

Off ice. 



k d i m e n t a r y  Processes and P o w n t i a l  Geologic  Hazards 

on t h e  &a Floor  of Northern =ring &a 

Matthew C. Larsen ,  C. Hans Helaon, and Devin R. Thor 

U.S. G e o l q i c a l  Survey, 345 Middlef  i e l d  Road 

k n l o  Park, m l i f o r n i a  94025  

ABSTRACT 

A dynamic environment o f  r t r o n g  bottaa c u r r e n t s ,  otorm waves, and gas- 

charged oediment on t k  sha l low rea  f l a o r  o f  n o r t h e r n  Ber ing & a  creates 

s e v e r a l  p o t e n t i a l  geologic hazards f o r  resource e x p l o r a t i o n .  Therrnqenic gas 

seeps, s e a - f l o o r  gas c r a t e r i n g ,  sediment l i q u e f a c t i o n ,  ice gouging,  scour -  

d e p r e s s i o n  fo rmat ion ,  c a e t a l  and o f f s h o r e  storm surge and a s s o c i a t e d  

d e p o s i t i o n  of s t o r ~ s a n d ,  and mcwement o f  l a r g e - s c a l e  bedforms a l l  are active 

sedimentary  processes i n  t h i s  e p i e o n t i n e n t a l  she l f  region. 

I n t e r a c t i o n  between t h e  processes of l i q u e f a c t i o n  and t h e  f onna t ion  o f  

s h a l l o l t  gas poekets and c r a t e r s ,  scour d e p r e s s i o n s ,  s t o m s a n d  d e p o s i t s ,  and 

s lumps r e s u l t s  i n  mediment i n s t a b i l i t y .  L i q u e f a c t i o n  of t h e  upper 1-3 m of 

oediment may be  caused by c y c l i c  e t o m w a v e  loading of the Holocene coarse- 

g r a i n e d  silt and very f ine-grahed nand e w e r i n g  Norton Sound. The widespread 

occur rence  of gas-charged sediment  v i t h  m a l l  s u r f ~ c i a l  era-rs (3 -8  rn in 

d i s m e t e r  and less than 1 m deep)  i n  c e n t r a l  Norton Sound i n d i c a t e s  t h a t  the 

m e a - f l m r  eediment is p e r i o d i c a l l y  d i s r u p t e d  by escape  of b i q e n i c  gas frcm 

the underlying p a t y  mud. During major storms, l ique fac t ion  may n o t  only help 

t r i g g e r  c r a t e r  fo rmat ion  but a l so  magnify e r o s i o n a l  and d e p o s i t i o n a l  processes 

that create l a r g e - s c a l e  scour l r e a s  and prograde storm sand sheets i n  the 

Yukon prodelta a r e a .  



Erosional and deporit ional  processee are most intense i n  the rhallekter 

parto of northern Bering &a and along the c o a s t l i n e  during mtorm rurge 

f looding.  Ice gouges are numerous and ubiquitous i n  thE area of the Yukon 

prodelta, where the sediment i s  gouged t o  &pthe of 1 m. Though much less 

ccmmon than i n  the prodelta,  ice gouges are present throughout the r e s t  of 

northern Bering S a  where water depths are less than 20 m and at t imes where 

vrter is as much am 30 m deep. In the Yukon prodelta area and In  central 

Norton Sound, where currents are constr ic ted  by shoal areas and f low i s  made 

turbulent by l o c a l  topographic i r r e g u l a r i t i e s  (such as i c e  gouges), storm- 

induced currents have ecoured large (10-  t o  150-m diamter) , shallow (less than 

1 m deep) depressions. The many s t o m s a n d  layers i n  Yukon prodelta mud s h w  

that  storm surge and waves have generated bottom-transport currents t h a t  

deposit layers of sand as thick as 20 c m  a s  f a r  a s  100 Ian fran land.  Storm 

surge runoff may reinforce the strong geoatrophic currents near Bering S t r a i t ,  

causing intermittent  movement of even the largest rtand waves (10-200 rn 

wavelength, t o  2 m he ight ) .  



XNTRODUCT ION 

Studies of p o t e n t i a l  geo logic  hazards  on Horton Basin sea floor i n  

no r the rn  BPring Sea have been conducted by t h e  U.S. Geological  Survey (USGS) 

i n  eva lua t ing  o i l  rnd gas lease t r a c t s  p repara tory  to Outer C m t i n e n t a l  Shelf 

[OCS) l e a s ing .  The d a t a  base f o r  t h i s  eva lua t ion  inc luded  9000 hn of high- 

r e s o l u t i o n  geophysical  t r a c k l i n e s  (Nelson et &I., 1978a; Thor and Nelson, 

1978; Laroen e t  a l . ,  1979) 1000 grab oamples, 400 box c o r e s  and 60 vibracores ;  

i n  a d d i t i o n ,  hundreds of camera, hydrographic,  and c u r r e n t  oeter s t a t i o n s  have 

been occupied dur ing  t h e  past decade by USGS, Nat iona l  Oceanic and Atmospheric 

Adnin ie t ra t ion  ( N O M ) ,  and University of Washington aceanographic v e s s e l s  

(Figs. 1 and 2 ) .  

The northern &ring Sea is  a broad, shallow e p i c o n t i n e n t a l  s h e l f  region 

2 covering approximately 2 0 0 , 0 0 0  km of subarctic Eea floor between nor thern  

Alaska and t h e  U . S . S . R .  The s h e l f  can be divided i n t o  four gene ra l  

morphologic a r ea s :  ( 1 )  t h e  *restern part ,  an a r e a  of undula t ing ,  hummocky 

r e l i e f  f o m d  by g l a c i a l  g r ave l  and t ransgressive-marine sand s u b s t r a t e  

(Nelson and Hopkins, 1972);  ( 2 )  the southeastern p a r t ,  a r e l a t i v e l y  f l a t  

f e a t u r e l e s s  p l a i n  wi th  f ine-gra ined  t ransgressive-marine sand s u b s t r a t e  

(McManus, e t  &lo, 1977) t ( 3 )  t h e  no r theas t e rn  part, a canplex system of sand 

r i d g e s  and s h o a l s  wi th  f i n e -  t o  mediun-grained t r a n s g r e s s i v e  nand s u b s t r a t e  

(Neleon, ct a l . 1  1970b)i and ( 4 )  the e a s t e r n  p a r t ,  a  broad,  f l a t  marine 

r e e n t r a n t  (Norton Sound) covered by Holocene silt  and very  f i n e  sand (Nelson 

and Creager,  1 9 7 7 ) .  A d e t a i l e d  discussion of bathymetry and gecmorphology of 

n o r t h e r n  Bering & a  ic given by Hopkins and o t h e r s  (1976) (Fig. 31. 

The nor thern  Bering Sea i s  affected by a  nunber of dynamic factors: 

winter s e a  ice, sea l e v e l  r e t u p ,  r tonn waves and strong c u r r e n t s  (geostrophic, 

t i d a l ,  and 8torm). The nea is e w e r e d  by pack ice  for  about  half the year ,  



frcm November through my. A narrw zone of ahorefast  i c e  (sea i c e  attached 

to the shore) develops around t h e  margin of the sea during winter  months. 

Scound the front of t h e  Yukon River Delta,  ahorefast i ce  extends t o  40 lan 

offrhore (Thor et al., 19781. During the open-water ueason, the aea is 

rubjcct  t o  occasional  strong northerly winds, i n  the f a l l  rtrong mouth- 

mouthwsterly vinds cause high waves and storm surges a l o n g  the entire iest 

Alaskan cclast (Fathauer, 19751 Throughout the year, there is  a continual 

northward f l o w  of water is present with currents i n t e n s i f y i n g  on t h e  east side 

of s trai t  areas (Coachman et al-, 19761. Although diurnal  t i d a l  ranges are 

m a l l  (less than 0.5 Q),  mtrong t i d a l  currents are found i n  shore l ine  areas 

and within central Norton Sound (Fleming and tleggarty, 1966; Cacchione and 

Drake, 1979a). 

This paper reviews b a s i c  sedimentary processes  of t h i s  ep i cont inenta l  

s h e l f  region and discusses cer ta in  po ten t ia l  geologic hazards related to t h e s e  

processes: thennogenic gas eeepage, b iogenic  gas saturation o f  sediment and 

cratering.  sediment l ique fac t ion ,  ice gouging, current scouring, storm sand 

deposit ion,  and mobile bedform movement ( F i g .  4 ) .  These geologic hazards may 

pose problems for the futuxe developnent of offshore resources i n  Norton 

Barin. 

SEDIMENTARY PROCESSES 

Y U M N  DELTA PROCESSES 

The Yukon River draina an area a l i t t l e  lass than 900.000 b2# providing 

& water discharge of approximately 6000 m3 per eecond and a s e d h e n t  load of 

70-90 m i l l i o n  metric t o n s  per year (mpr4 and Thunpson, 19798 Cacchione and 

Drake, 1979a). The aediment l o a d ,  almost 90 1 of a l l  eediment enter ing  the* 

Bering Sea, lo composed mainly of very f i n e  sand and coarse silt with very 

l i t t l e  clay. 



The Yukon d e l t a  p l a i n ,  like many d e l t a s  described, i s  f r i n g e d  by 

p r q r a d i n g  t i d a l  f l a t s  and distributary mouth bars. The delta f r o n t  and 

p r o d e l t a  are o f f a e t  fran t h e  p rograd ing  s h o r e l i n e  by a  b r w d  p l a t f o r m  

( r e f e r r e d  t o  ae a eubice p l a t f o r m )  30 kn a t  i t s  widest  reach .  T h i s  pla t form 

a p p e a r s  to be r e l a t e d  to the presence  of s h o r e f a s t  i c e  t h a t  f r i n g e s  the d e l t a  

f o r  h a l f  t h e  year .  The tenn d e l t a  front d e s c r i b e s  t h e  r e l a t i v e l y  steep margin  

o f  t he  o f f s h o r e  d e l t a  environment  c h a r a c t e r i z e d  by r a p i d  d e p o s i t i o n  of 

mediment i n  water 2 t o  1 0  m deep. The p r o d e l t a ,  an  a r e a  of extremely g e n t l e  

s l o p e s ,  m a r k s  t h e  d i s t a l  edge of the d e l t a i c  sed iments  e x t e n d i n g  a s  f a r  a s  

1 0 0  )sl offshore. 

Processes on t h e  Yukon D e l t a  and o f f s h o r e  operate under  s e a s o n a l  regimens 

( DuprC and Thompson, 1979 1. The i c e - d a n i n a t e d  regimen b e g i n s  with freeze-up 

i n  late October or November. Shorefast ice extends 10  t o  40  kzn o f f s h o r e  where 

it i s  t e r m i n a t e d  by a s e r i e s  of p r e s s u r e  r i d g e s  and s h e a r  zones  formed by the 

i n t e r a c t i o n  of s h o r e f a s t  i c e  w i t h  t h e  h ighly  mabile s e a s o n a l  pack ice. 

River breakup, t y p i c a l l y  i n  Hay, marks the beginning of t h e  r i v e r  

d a n i n a t e d  regimen. Once t h e  s h o r e f a s t  i ce  m e l t s  or drifts o f f s h o r e ,  

aed imenta t ion  i s  d a n i n a t e d  by normal d e l t a i c  processes under t h e  i n f l u e n c e  of 

the high d i s c h a r g e  of the Yukon River. 

I n c r e a s i n g l y  f r e q u e n t  s o u t h w s t  winds and waves a s s o c i a t e d  w i t h  major  

s torms  during 14- omnrer mark t h e  b e g i n n i n g  of the s t o m d m i n a t e d  regimen. 

High wave energy and d e c r e a s i n g  sed iment  d i s c h a r g e  f r a  t h e  Yukon cause 

c o n s i d e r a b l e  e a s t a l  e r o s i o n  and reworking o f  d e l t a i c  d e p o s i t s .  

COASTAL STORM SURGE 

I n  November 1974, a s e v e r e  storm moved fran s o u t h e s t  to n o r t h e a s t  across 

the Bering Sea. Peak winds were 111 km p e r  hour frm t h e  s o u t h ,  a n d  nearshore  

waves e r e  reported to be 3 to 4 m i n  h e i g h t  ( F a t h a u e r t  1975) .  Coastal 

f l o o d i n g  ex tended  fcan Xotzebue Sound ( n o r t h  of Ber ing S t r a i t )  to j u s t  n o r t h  



of t h e  A l e u t i a n  I s l a n d s  (Fa thaucr ,  19751. The maximum sea l e v e l  s e t u p ,  

laeasured by t h e  e l e v a t i o n  of debris l i n e s  a l o n g  the cwst of Norton Sound, 

ranged frcm 3 t o  5 rn above mean eea l eve l  ( S a l l e n g e r  et ale , 1978). During 

t h i a  mtorm, e x t e n s i v e  in lnnd  flooding c c c u r r e d  and erosion of 2 t o  5 m high  

coastal b l u f f s  took p l a c e  near  N a n e .  Irregular landward e r o s i o n ,  as much as 

10 m, txcurred v e s t  of Nane, where b l u f f s  are 3 t o  5 m high. East  of Nane , 

where bluffs are 3.5  to 2 m high, landward erosion was as much a6 45 m. Water 

level in the Norton Sound a r e a  reached i t s  p a k  on 12 November, when as much 

as  2 m of wa*r was s t a n d i n g  i n  the vi l lage  of Unalakleet and t h e  s t a t i c  high- 

w a t e r  l i n e  a t  Ncme was 4 m a b w e  w a n  low low-water. 

STORM CURREKTS 

The t r a n s p o r t  af sed iment  i n  Norton Sound and Norton Basin  can be 

descr ibed  in terms of d i s t i n c t  quiescent and etonn reg imes  (Cacchione and 

Drake, 1979a1, The q u i e s c e n t  regime i s  c h a r a c t e r i z e d  by g e n e r a l l y  l w  l e v e l s  

of sediment t r a n s p o r t  caused mainly by t i d a l  c u r r e n t s .  Fine  si l t  and clay 

move a s  "wash load," and bedload t r a n s p o r t  i s  negligible except i n  s h a l l w  

areas where surface waves becane duninan t .  C u r r e n t  s p e e d s  i n  t h i s  reg- are 

no g r e a t e r  t h a n  3 0  cm/sec. 

Although calm-weather c o n d i t i o n s  p r e v a i l  for a b o u t  90% of the y e a r  i n  the 

' n o r t h e r n  Ber ing Sea, less t h a n  50% of t h e  sediment t r a n s p o r t  takes place under 

t h e e  c o n d i t i o n s  [Cacchione and Drake, 1979al. Norton Sound is c m o n l y  

exposed t o  s t r o n g  ~ o u t h e r l y  and  r o u t h e s t e r l y  winds  g e n e r a t e d  by law-pressure 

weather mystems i n  September, October and November* A two-day s t o r m  i n  

September 1977 t r a n s p o r t e d  sediment equal to t h e  t r a n s p o r t  t h a t  would occur 

during four months of quiescent condi t ions .  Current speeds w e r e  as much as 30 

cm/oec d u r i n g  t h i s  storm. 



Graded e t o r n r g a n d  l a y e r s ,  to 2 0  cm t h i c k  (Ne l son ,  19771, txcur i n  rrea- 

floor mtrata of t h e  northern Ber ing  Sea, w i d e s p r e a d  e v i d e n c e  of major etorm- 

surge e v e n t s .  The e f f e c t s  of a t o m  surge are i n t e n s i f i e d  by two factors: 1 )  

extremely rhallov w a t e r  depth (less t h an  20 m), and  2 )  ~ t r o n g  b o t t c m  return 

c u r r e n t s  t h a t  may move large amounts of r e d b e n t  n o r t h w a r d  t o  the Chukchi  

a .  The t h i c k n e s s  of Holocene s e d i m e n t  i n  Nor ton  Sound, r e l a t i v e  t o  Holocene 

eed ix t en t  i n p u t  £run t h e  Yukon R i v e r  i n d i c a t e s  that significant mounts of 

mediment have b e e n  r e s u s p e n d e d  and transported out of Nor ton  Sound (Nelson  and 

Crcager, 1977) .  About 109 of the Yukon R i v e r  i n p u t  i n t o  Nor ton  Sound may be 

c a r r i e d  a s  suspended  s e d i m e n t  t h r o u g h  t h e  Bering Strait i n t o  the Chukchi Sea 

under n o n s t o n n  c o n d i t i o n s  ( m c c h i o n e  and  Drake, 1S79a). As much as 4 0 %  of 

Holozene sediment discharged f r m  the Yukon River a p p e a r s  t o  be m i s s i n g  f r m ,  

Nor ton  Sound. T h i s  d i f f e r e n c e  of 3 0 %  may be material that has b e e n  

resuspended and  t r a n s p o r t e d  during s t o r m s  (Cacch ione  and Drake 1979a).  

Storm c u r r e n t s  not o n l y  resuspend and t r a n s p o r t  m s s s i v e  amounts of 

suspended s e d i m e n t ,  b u t  also a p p e a r  to move large amounts of sand in b e d l o a d  

t r a n s p o r t  f o r  c o n s i d e r a b l e  d i s t a n c e s  off s h o r e .  Graded stornt-sand layers are 

e x t e n s i v e  t h r o u g h o u t  l o u t h e r n  Nor ton  Sound; their t h i c k e n i n g  toward the Yukon 

s u b d e l t a ,  the a p p a r e n t  mource r e g i o n ,  s u g g e s t s  massive movement of bedload 

s e d w n t  away frcm t h e  delta toward the a d j a c e n t  offshore r e g i o n  d u r i n g  storms 

(Nelson, 1977). 

WAVE EFFECTS 

Waves and wave-induced c u r r e n t s  are the d u n i n a n t  s e d i m e n t o l q i e a l  a g e n t s  

on the i n n e r  chelf of n o r t h v e s t e r n  Nor ton  Sound and  i n  the a p p r o a c h e s  t o  

Bering s t ra i t  (Hunter and Thor,  1979).  Sedimentary features crrnmon t o  both 

areas i n c l u d e  s a n d  and gravel patches and r i b b o n s ,  wave ripples, s a n d  waves, 

and ice gouges (Hunter and Thar, 1979). 
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. wave ripples wi th  r p c i n g s  t o  2 m &re canman i n  both the Port Clarence 

mad Mane a r e a s  in zones where a e d h e n t  i s  -11 rorted ind &&in size ranges 

fran coarse sand to pebbly gravel.  Ripples i n  the  P o r t  Clarence area trend 

nor thues t - southeas t  m d  can be expla ined  as the reeult of storm waves fran the 

rou thues t  e r i n g  Sea. Trends of r i p p l e s  i n  t h e  Nome area i n d i c a t e  daninant  

wave a c t i v i t y  f r m  eouth t o  s o u t h ~ e s t .  

Ribbons of eand and g r a v e l  are well developed near the entrance t o  P o r t  

Clarence. These bedf oms may be produced by wave a c t i o n  or by wave-induced 

n e t  water motion i n  the d i r e c t i o n  of wave propagation. 

A r i c h  assemblage of d e p o s i t i o n a l  and e r o s i o n a l  features, both wave- 

foxmed and current-formed, occupy the f l o o r  i n  s h a l l w  v a t e r  close t o  t he  

southern shore of Seward Peninsula. wave-f o&d f e a t u r e s  a r e  more cemmon; 

safe of t h e  current-formed f e a t u r e s  imply cons iderable  sediment t r a n s p o r t  by 

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

Only the  broad p a t t e r n s  of wave and c u r r e n t  mwement i n  southwestern 

Norton Sound a r e  known. The major wave t r a i n s  originate i n  t h e  southern  

Bering Sea: waves move northward and r e f r a c t  clockwise around protruding 

Yukon shoals. Bnal le r  waves with  shorter periods are generated by 

northeasterly winds and move southwestward. 

LIQUEFACTION 

The Yukon River sediment t h a t  cover8 most of the b o t t a n  of Norton Sound 

(McManue e t  al., 1977) is p r i m a r i l y  silt with  cons iderable  amounts of very 

fine .and i n  swae a r e a s  and a gene ra l ly  minor Content of c l ay - s i ze  material. 

The r tdiment  thicknere i~ g e n e r a l l y  less than  3 m, except near the Yukon 

b e l t a ,  where accunula t ions  are a s  thick as 10 m (Olsen et al.,  1979). The 

material i s  gene ra l ly  denser t h e r e  arc zones of relatively loose sediment 

(ma te r i a l  of lcm d e n l i t y )  i n  gas-charged a reas .  I n  the delta a r e a s  sampled by 

f 
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6-m v i b r a e o r e s ,  r e l a t i v e l y  l o o s e  zones  of eediment e r e  obeerved above and 

k t v e e n  dense l a y e r s .  

meeh-wate r  p c a t y  mud b e n e a t h  Yukon marine  r i l t  i s  manewhat over- 

c o n e o l i d a t e d  and c o n t a i n s  m u b s t a n t i a l  amounts of o r g a n i c  ca rbon  and gas. The 

p r e a e n c e  of g a s  i n d i c a t e s  t h a t  t h e  pare p r e s s u r e s  i n  t h e  p e a t y  muds may be 

high. If i t  i n ,  the s t r e n g t h  of the m a t e r i a l  could be low d e s p i t e  i t s  h i g h l y  

c m s o l i d a t e d  r t a t e .  

The dcminant ly  c o a r s e - r i l t  t o  f ine - sand-s ize  t e x t u r e  of  t h e  m a t e r i a l ,  

occurrence of loose sediment zones ,  and t h e o r e t i c a l  c a l c u l a t i o n s  u t i l i z i n g  

GEOPROBE c y c l i c  wave l w d i n g  d a t a  (Olsen et a l . ,  1979; Clukey e t  al., 1980) 

i n d i c a t e  t h a t  Yukon p r o d e l t a  sediment  i n  mouth*rectern Norton Sound i s  

o u s c e p t i b l e  t o  l i q u e f a c t i o n .  P o t e n t i a l  l i q u e f a c t i o n  o f  t h e  p r o d e l t a  deposits 

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

p r o d e l t a  t o  l a r g e  storm waves f r a n  t h e  southwest .  Water depths are 

s u f f i c i e n t l y  s h a l l o w  t h a t  much of the wave g e n e r a t e d  s u r f a c e  energy i s  

i m p a r t e d  t o  the bot tom sed iment ,  p o s s i b l y  r e s u l t i n g  i n  l i q u e f a c t i o n  of the 

upper 1-2 m of sed iment  d u r i n g  extreme s to rm surge events (Clukey e t  a l . ,  

1980 1 . T h i s  l i q u e f a c t i o n  p o t e n t i a l  of p r o d e l t a  sed iment  i n f l u e n c e s  s t o m s a n d  

transport, f o r m a t i o n  of mediment depressions, and g a s  c r a t e r i n g .  

I C E  SCOUR 

Ice on the Ber ing  c h e l f  r c o u r s  and  gouges s u r f i e i a l  sed iment  of the sea 

fl-r (Fig. 5) .  The annua l  ice cover i n  this s u b a r c t i c  s e t t i n g  i s  g e n e r a l l y  

t h i n  (less t h a n  2 m l r  t h i c k  ice  capable of gouging forms where pack i c e  

eollider wi th  and piles up a g a i n s t  s t a t i o n a r y  e h o r e f a s t  ice d e v e l o p i n g  

nunerous  p r e s s u r e  r i d g e s  (Thor  and Nelson,  this v o l m e ) .  A wide ell-  

developed sheax tone  forms i n  uouthwest  Norton Sound a s  ice moving southward 

from the n o r t h e a s t  Bering Sza and = s t w a r d  a l o n g  s o u t h e r n  Norton Sound 

converger  in t k  .hallow w a t e r  of t h e  Yukon p r o d e l t a .  Consequent ly ,  numerous 



r o n e s  of pressure ridges a r e  formed. T h i r  region a t  10- t o  20-m water depth 

has the maximun ice-gouge dens i ty .  Gougee a r e  found i,n vater t o  30 m deep, 

and furrws are a6 much 4s 1 m deep.  Xce-gouging a f f e c t 8  the sea floor under 

mhorefas t  areas only minimally, o r  n o t  a t  a l l  (Thor and W l a o n ,  1980) .  

CURRENT SCOUR DEPRESSIONS 

Zones of l a r g e  flat-floored d e p r e s s i o n s  i n  Norton Sound occur mainly i n  

two a r e a s :  wes t  of the Yukon prodelta and 50 hn o o u t h e a s t  of N a n e ,  on t h e  

flank of a  broad s h a l l w  t r o u g h  (F ig .  6 )  (Larsen et al., 1979) .  These 

f e a t u r e s  range f r a n  i n d i v i d u a l  more or less elliptical d e p r e s s i o n s  10 t o  3 0  m 

i n  diameter to l a r g e  areas with i r r e g u l a r  margins, 80 t o  150 m i n  diameter .  

The d e p r e s s i o n s  a r e  60  t o  80 cm deep (Larsen e t  a l . ,  1980) .  

Bottom c u r r e n t  speeds i n  d e p r e s s i o n  areas are 20 t o  30 em per second 

under nonstorm c o n d i t i o n s  and  were measured a t  70 cm per second d u r i n g  a 

t y p i c a l  autumn s to rm (Cacchione and Drake, 1979a). Both zones  of depressions 

are on flanks of g e n t l y  s l o p i n g  shoals, where s t r o n g  tidal or geostrophic 

c u r r e n t s  e h e a  a g a i n s t  the e lopes .  Small-scale r i p p l e  bedforms a r e  a s s o c i a t e d  

w i t h  depression areas and mean grain size r a n g e s  frun 4 phi  t o  4.5 ph i  (0.063 

rpm to  0 .044 m). D e p r e ~ s i o n s  i n  the Yukon delta a r e a  are associated w i t h  

e x t e n s i v e  ice gouging. The gouge f u r r o w s  c m o n l y  expand i n t o  l a r g e  s h a l l o w  

depressions (Lareen e t  al., 1979 and Thor and Nelson,  t h i s  volume). 

Experiments i n  flmes c o n t a i n i n g  fine sand and s i l t  have shoun t h a t  

currents f l cwing  wer m o b s t r u c t i o n  w i l l  scour m a t e r i a l  immediately 

downcurrent fran t h e  c b s t r u c t i o n  (Young and Southard,  1978).  The large scour 

depress ions  &served i n  Norton Sound may be a c h a r a c t e r i s t i c  erosional bedfom 

developed during atoms when strong currents and high  wave e n e r g y  are focused 

on silt-covered e l o p e s  where local topograph ic  d i s r u p t i o n s  s e t  off f l w  

s e p a r a t i o n  and downcurrent 8cour. 



SANXAVE D Y ? 4 W C S  

6 t r o n g  geos t roph i c  c u r r e n t s  prevai l  t h r o u g h o u t  much of the n o r t h e r n  

B e r i n g  Sea, p a r t i c u l a r l y  where vestward l a n d  projections i n t e r j e c t  i n t o  the 

n o r t h w a r d  f lw ,  as i n  t h e  e a s t e r n  B e r i n g  S t r a i t  ares (Flemming and  H e g g a r t y ,  

1966; C w c h a n  e t  al . ,  1976).  I n  s u c h  r e g i o n s  l a r g e  bedforms d e v e l o p  and 

migrate, fo rming  an unstable 8ea floor (Ne l son  et al., 1970b). These  large 

bedfo rms  include l a r g e - s c a l e  s a n d  waves 1 t o  2 m high with w a v e l e n g t h s  to 

200 m,  and  mall-eeale  #and waves 0.5-1 m high w i t h  w a v e l e n g t h s  of 10 m. They 

occupy the crests and ~ c m e  f l a n k s  of a neriec of l i n e a r  s a n d  r idges  2 t o  5 h 

wide and a s  much as 20 km long b e t e e n  Port Clarence and  X i n g  I s l a n d .  

Sand wave movement and b e d l o a d  t r a n s p o r t  take place du r ing  calm weather 

(Ne l son  et al . ,  1978b1, b u t  maximum change a p p a r e n t l y  occurs when severe 

m o u t h e s t e r l y  s t o r m s  g e n e r a t e  sea level set-up i n  the e a s t e r n  B e r i n g  Sea t h a t  

e n h a n c e s  n o r t h e r l y  c u r r e n t s .  I n  c o n t r a s t ,  s t r o n g  n o r t h  winds  fran the  Arctic 

reduce the s t r e n g t h  of the n o r t h e r l y  c u r r e n t s  and  t h e r e b y  arrest bedform 

m i g r a t i o n .  

SEDIMENT GAS CHARGING 

The d i e t r i b u t i o n  of acoustic a n a n a l i t s  s u g g e s t s  that almost 7000 b12 of 

. e a  floor i n  Norton Sound and C h i r i k w  B a s i n  i s  u n d e r l a i n  by sediment 

containing gas sufficient ( b i q e n i c  and /o r  thermogenic) to a f f e c t  sound 

tranmission through these tones (Holmes, 1979a). C o r e - p e n e t r a t i o n  rates 

( N e l s o n  et al., 1978c m d  Kvenvolden et al. ,  1979a) and sediment samples  £ran 

2- t o  6-0 vlbracorcc c o n f i r m  gas maturation of near-surface s e d i m e n t  a t  

mevrral l o c a t i o n s  characterized by a c o u s t i c  a n a n a l i e s .  The isotopic 

c a n p o s i t i o n o  of methane at four  of t h e  sites range from -69 t o  -8O9/oo 

(613c ) (lvenvolden et al., 1978, 1979b). This r a n g e  of v a l u e r  c l e a r l y  
PDB 

i n d i c a t e s  t h a t  the methme is formed by  microbial prlresses, possibly 
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o p e r a t i n g  on near - sur face  Pleistocene peat d e p o s i t 6  t h a t  underlie Holaene  

& p o s i t s  throughout the n o r t h e r n  Ber ing ka. 
I 

A t  one lite i n  Norton Sound, near-aurface aediment i6 apparently charged 

w i t h  C02 a c t i v e l y  seeping f rm  the  eea floor accmpanied by less t h a n  one 

p s r c e n t  hydrocarbon gases (Kvenvolden et &I., 1979a).  P k  thane  i n  t h i s  gas 

mixture has an i s o t o p i c  canposition of * 3 6 O / 0 0 ,  a v a l u e  s u g g e s t i n g  t h a t  i t  i s  

d e r i v e d  m a h l y  fran t h e r m a l  processes, probably operating a t  depth i n  Norton 

Basin (Kvenvolden e t  al., 1979a) .  Geophysical evidence ind ica te s  t h a t  the  

hydrocarbon gases migrate i n t o  the n e a r - s u r f a c e  eediments  a l o n g  a fault zone 

[Nelson e t  a l . ,  1 9 7 8 ~ 1 .  S u b b o t t m  r e f l e c t o r  terminations on c o n t i n u o u s  

seismic profiles near the fault zone o u t l i n e  a l a r g e  zone of anana lous  

acous t i c  responses about 9 kn i n  diameter and a t  a 100-m depth caused  by a 

thick s u b s u r f a c e  a c c m u l a t i o n  of gas. Gas geochemistry and e x t e n s i v e  v o i d s  

due t o  gas expansion i n  v i b r a c o r e s  suggest a h i g h  degree of gas s a t u r a t i o n  a t  

t h e  s e e p  s i t e  (Kvenvolden e t  al., 1979b). 

BIOGENIC GAS CRATERING 

Small circular p i t s  on the.sea floor are found over a 20,000-km2 area of 

c e n t r a l  and  e a s t e r n  Norton Sound (Fig. 7 ) .  The craters i n  t h e  northern Bering 

& a  are young f e a t u r e s ,  a s  shown by t h e i r  presence w i t h i n  modern ice-gouge 

grooves and by the f a c t  t h a t  r e l i c t  buried c r a t e r s  have not been observed i n  

seimic p r o f i l e s  (Nelson et al. ,  1979b1. These craters range fran 1 to 1 0  m 

i n  d iamete r ,  a v e r a g i n g  2 m, and are probably less t h a n  0.5 m deep. They a r e  

associated w i t h  n m e r o u s  a c o u s t i c  a n a a l i e s  observed on seismic profiles and 

with s u b s u r f a c e  P l e i s t o c e n e  p e a t y  mud t h a t  c ~ o n l y  i s  s a t u r a t e d  with biogenic 

methane ( H o l m e s  1979b; Kvenvolden, 1979c; Nelson e t  a l . ,  1979).  The extensive 

r e f l e c t o r - t e r m i n a t i o n  anmalies and pea t  with a h igh  gas content i n  east-  

c e n t r a l  Norton Sound suggest t h a t  gas-charged sediment may be the cause of 

crater formation. 
1 



W o  b a s i c  mechan ims  for  gas v e n t i n g  can be proposed.  The f i r s t  i s  t h a t  

con t inuoue  l o c a l  degassing may m a i n t a i n  craters as a c t i v e  gas v e n t s  on the oea 

flwr. The mecond and more likely mechanim is that  gas is i n t e n n i t - n t l y  

v e n t e d ,  p a r t i c u l a r l y  dur ing  revere storms when near - sur face  mediment may 

liwefy. 

The o c c u r r e n c e  of r u r f a e e  craters i n  w e r l y i n g  marine oediment and t h e  

presence of high quantities of methane t r a p p e d  b e n e a t h  cohesive marine mud i n  

Norton Sound s u g g e s t  t h a t  gas v e n t i n g  may be e p i s d i c  i n  t h i s  l i t h o l o g i c  

eetting. Absence of craters i n  t h e  noncohesive n e a r - s u r f a c e  f i n e  t o  medium 

sand and gravel of Chirikov Basin i n d i c a t e s  t h a t  gas prcbably diffuses 

g r a d u a l l y  through t h i s  more porous  sediment  t h a t  w e r l i e s  t h e  p e a t y  mud 

t h e r e .  F u r t h e r  e v i d e n c e  f o r  i n t e r m i t t e n t  v e n t i n g  of gas i s  the broad, s h a l l w  

shape of t h e  c r a t e r s ,  u n l i k e  t h e  deep, c o n i c a l ,  a c t i v e l y  bubbling v e n t s  o f  t h e  

thmwenie seep. Lack of methane i n  b o t t m  water  a l s o  s u g g e s t s  t h a t  t h e  

c r a t e r s  a r e  not continually a c t i v e  v e n t s .  

PVTEKTIAL GEOLOGIC HAZARDS 

THERMOGE?4IC GAS CAP 

The extent of act ive  gas seepage i n t o  the water  column and g a s  s a t u r a t i o n  

i n  near - sur face  red iment  above a t h i c k  sediment  meetion with acoustic 

s n a a l i e s  suggest6 a p o s s i b l e  h a z a r d  for future d r i l l i n g  activity i n  the 

thermcqenic  gas seep u e a  eou th  of Nane. A r t i f i c i a l  e t r u c t u r e s  p n e t r a t i n g  

the large gas a c c m u l a t i o n  at 100 m or i n t e r s e c t i n g  associated f a u l t s  that cut 

the gas-charged sediment may p r o v i d e  d i r e c t  avenues  for u n c o n t r o l l e d  gas 

m i g r a t i o n  to the mea floor. 

SHALLOW GAS POCKXTS 

Gas-charged sediment  c r e a t e s  p o t e n t i a l l y  u n s t a b l e  s u r f i c i a l - s e d i m e n t  

c o n d i t i o n s  i n  Norton Sound. Approximately 7,000 h2 of Norton Sound i s  



under la in  by & c w s t i c  anana l i ee  wi th  p o t e n t i a l  mhallcm gas pockets everywhere 

mxcept under the Yukon p r o d e l t a  (Holmes, 1979a; Neleon e t  al;, 1979a). 

P i p l i n e s  b u i l t  a c r o s s  areas of these p o t e n t i a l  gas pocket6 may be damaged by 

.trees induced frm t h e  unequal bea r ing  r t r e n g t h  of gas-charged and normal 

mediment, partlculary i f  the near-surface sediment i s  undergoing l i q u e f a c t i o n  

caused by cyclic load ing  of storm waves. The gas saturation and l a t e r a l  and 

rubsur face  e x t e n t  of any  shallcw gas pockets  w i l l  have t o  be d e t a i l e d  i n  any 

gite  i n v e s t i g a t i o n s  f o r  platforms or p i p e l i n e s .  

GAS CRATERS 

Gas craters cwer  a large area of no r th -cen t r a l  Norton Sound. During 

nonstorm cond i t i ons ,  near -sur face  gas i n  t h i s  area may be trappea by a 1- t o  

2-m thick l a y e r  of impermeable Holoeene mud. We p o s t u l a t e  t h a t  the  gas 

escapes dur ing  periodic storms forming c r a t e r s  a t  t he  surface. The storm 

processes  i n i t i a t e  r a p i d  changes i n  pore-water p r e s s u r e s  because of s ea - l eve l  

setup, seiches,  e r o s i o n a l  unloading of cover ing  mud, and possible sediment 

l i q u e f a c t i o n  £ran cyclic wave loading (Clukey et a l . ,  1980). Gas vent ing  and 

sediment c r a t e r s  or dep re s s ions ,  which seem t o  form during p a k  storm pe r iods ,  

may be a p o t e n t i a l  hazard t o  offshore facilities because of rapid l a t e r a l  

changes i n  bea r ing  s t r e n g t h s  and sediment c o l l a p s e  t h a t  forms t h e  craters. 

Sediment co l l apse  may also expose p i p l i n e s  t o  i c e  gouging hazards .  During 

nonstorm cond i t i ons ,  the upper several meters of sediment a t  many l o c a t i o n s  

has reduced tshear o t r e n g t h  because of the near-surface gas s a t u r a t i o n  and 

presence of p e a t  layers. S i t i n g  of a r t i f i c i a l  e t r u c t u r e s  w i l l  require 

e x t e n ~ l v e  l o c a l  t c e t i n g  of the oubstrate t o  determine the  extent and a c t i v i t y  

of gas cratering a t  a given mite. 



LIQUEFACTION 

The a s s e s s m e n t  and  p r c d j c t i o n  of sea-f loor s t a b i l i t y  i s  affected by t h e  

p o t e n t i a l  of a medimentaxy d e p o s i t  to l i q u e f y  under c y c l i c  l o s d i n g  and behave 

813 a v i s c o u s  f l u i d .  The l i q u e f a c t i o n  p o t e n t i a l  of Nor ton  Sound sediment i s  

great i n  c e n t r a l  Nor ton  Sound a n d  in the v i c i n i t y  of the w e s t e r n  Yukon 

p r o d e l t a  (C lukey  e t  a l . ,  1980; Oleen  ct &I., 1979).  P o s s i b l e  c a u s e s  o f  

l i q u e f a c t i o n  i n c l u d e  upward m i g r a t i o n  of q a s  frm t h e n n o g e n i c  m d  biogenic 

mources, earthquakes, and mean waves. B o t t a u  f e a t u r e s  t h a t  may be c a u s e d  in 

part by  liquefaction i n c l u d e  scour d e p r e s s i o n s  and abundant s ed iment  c r a t e r i n g  

where Yukon s e d i m e n t  i s  t h i n .  

L o s s  of s u b s t r a t e  support by s e d b n e n t  l i q u e f a c t i o n  i s  a  problem t h a t  must 

be faced i n  t h e  construction of pipelines, d r i l l i n g  p l a t f o r m s ,  and o t h e r  types 

of r t r u c t u r e s  r e s t i n g  on t h e  sea floor. F u l l  a s s e s s m e n t  of this problem 

requires e x t e n s i v e  studies o f  i n  situ p o r e  pressure, gas s a t u r a t i o n ,  and wave 

c y c l i c  l o a d i n g  during storms. 

ICE SCOUR 

The maximum i n t e n s i t y  of ice-gouging occurs i n  c e n t r a l  Norton Sound a t  

10- to 15-m depths i n  an a r e a  s u r r o u n d i n g  the Yukon Delta. The r e m a i n i n g  area 

of Norton Sound, where d e p t h s  are lees t h a n  10  m or more t h a n  2 0  m, has a lm 

d e n s i t y  of goug ing ,  or none a t  a l l .  specia l  ~ t u d i e s  of n e a r s h o r e  a r e a s  off 

Nome and Port C l a r e n c e  were made when t h e y  became p o t e n t i a l  c e n t e r s  f o r  

cannercia1 d e v e l o p e n t  and a c t i v i t y .  O f f s h o r e  N a n e ,  the f c c a l  p o i n t  f o r  

log ir t ic6  i n  the northern B e r i n g  Sea because it i s  a n  area of ice d i v e r g e n c e ,  

only 8 few gouges  were found i n  water more t h a n  8 m deep (Thor  and Nelson ,  

this vo lme) .  S e v e r a l  gouges were found a t  the n o r t h e r n  end of P o r t  C la rence  

s p i t  and  i n s i d e  the  t i d a l  i n l e t ,  b u t  a g a i n  none o c c u r r e d  i n  water less t h a n  

8 m deep. 



Ice gauging pref3-?nt6 erne design prcblems and p o t e n t i a l  hazards t o  

i n a t a l l a t i o n s  i n  or m the sea floor. Pipelines and cables . should  be  buried 

at a depth  t h a t  a l l a r s  for maximum ice gouging of 1 m, p lus  a r a f e t y  f a c t o r  

for  cahb ined  e f f e c t s  vith current scour around t h e  uestern Yukon p r a d e l t a  

f r o n t  or gas c r a t e r i n g  i n  c e n t r a l  Norton Sound. 

CURREXT SCOUR DEPRESSIONS 

The h i g h e s t  d e n s i t y  of ecour depressions i n  Norton Sound i s  i n  two areas: 

( 1 )  -st and n o r t h e s t  of the Yukon d e l t a  and ( 2 )  s o u t h e a s t  of Nane 

F i g  6 I n  areas of high d e n s i t y ,  a r t i f i c i a l  s t r u c t u r e s  that disrupt 

c u r r e n t  flow may c a u s e  e x t e n s i v e  erosion of Yukon-derived s i l t  o r  very f i n e -  

g r a i n e d  sand and create p o t e n t i a l l y  hazardous  u n d e r c u t t i n g  of t h e  

structures. Even buried structures such as p i p e l i n e s  may be subject to scour 

because s t r o n g  c u r r e n t s  can g r e a t l y  broaden and deepen n a t u r a l l y  occurring ice 

gouges, t h u s  expos ing  the  s t r u c t u r e s .  The severity of scour  d e p r e s s i o n s  i s  

g r e a t e s t  where they  occur w i t h  ice-gouging i n  the Yukon delta areas. 

Fkplicate eurveys  have shown that s c o u r  depressions recur annually. F u l l  

asse sment of t h i s  g e o l q i c  hazard r e q u i r e s  long- t e rm current monitoring in 

s p e c i f i c  l o c a l i t i e s  of scour to p r e d i c t  c u r r e n t  i n t e n s i t y  and periodicity, 

e s p e c i a l l y  d u r i n g  s e v e r e  s torms,  when measured current speeds have i n c r e a s e d  

more t han  100% under moderate s to rm c o n d i t i o n s  (Cacehione and Drake, 1979b). 

MOBILE BEDFORMS 

Large m i g r a t i n g  bedforms form an unstable sea floor i n  the area west  of 

Port Clarence. Actua l  rates of bedform m o v e m e n t  are n o t  known, but 

developncnt and decay of s a n d  waves up t o  2 m i n  h e i g h t  has been  observed 

during a one-year period. P ipe l ines  could be subject to damaging s t r e s s  i f  

free spans developed where the s t r u c t u r e  crossed such a r e a s  of migrating 2-m 

high sand waves. 



S t u d i c e  made t o  this time i n d i c a t e  t h a t  potent ia l  for t h e  moat extreme 

meour e x i s t s  i n  regions of r a n d  ribbons and g r a v e l  p l u s  s h e l l  pavement within 

the r t r a i t .  6ea floor relief changes  most r a p i d l y  i n  t h e  Por t  Cla rence  sand- 

wave u e a ,  where the ecour  i n  sand-wave t r o u g h s  m y  reach depths of 2 m. 

W p l i e a t e  murveys have s h w n  that eueh scour  may occur tach year in sane areas 

of tk P o r t  C la rence  s a n d  wave f i e l d .  Long-term m o n i t o r i n g  of cu r ren t=  and 

bedform mwement i s  part icular ly  i m p o r t a n t  i n  d e t e r m i n i n g  a c t u a l  r a t e s  of 

change in t ~ s  a r e a ,  the o n l y  l a r g e  natural harbox on t h e  Alaskan coast n o r t h  

of tk Aleutians. 

COASTAL AND OFFSHORE STORM SURGE KAZARDS 

The n o r t h e r n  Ber ing Sea h a s  a known h i s t o r y  o f  major s to rm surges 

aeeanpan ied  by widespread changes  i n  s e a - f l o o r  s e d i m e n t a t i o n  (Cacchione and 

Drake, 1979a; Fathauer ,  1975; Nelson, 1977 ) ; these changes  camplicate 

maintenance of cea-f loor i n s t a l l a t i o n s  and mass t r a n s p o r t  of p o l l u t a n t s .  The 

November 1974 storm i s  t h e  most i n t e n s e  measured i n  h i s t o r i c  t i rrr; ;  s to rms  of 

1913 and 1946 caused c o n s i d e r a b l e  damage (Fathauer, 1975). Severe storms, 

such a s  the November 1974 storm, have caused e x t e n s i v e  f l o d i n g  a l o n g  the 

Norton Sound coast betrreen Nome and U n a l a k l e e t  and on the S t .  Lawrence I s l a n d  

coast  [Sallenger e t  a l . ,  1978). A t  Ncme, storm surge and wavee overtopped a 
* 

sea wall, causing damage r e p o r t e d  a t  n e a r l y  15 m i l l i o n  d o l l a r s  ( F a t h a u e r ,  

1975). Storm s u r g e  p e r i o d i c i t y  and i n t e n s i t y  w i l l  have to be c a r e f u l l y  

o t u d i e d  i n  p l a n n i n g  where and whether p i p e l i n e s  shou ld  cune ashore i n  t h i s  

&re. 

Rapid e e d i m e n t a t i o n  of thick storm sand layer6 (15-20 cm) i s  a  problem i n  

the Yukon delta area. P i p e l i n e s ,  o f f s h o r e  f a c i l i t i e s ,  and  o t h e r  s t r u c t u r e s  

impeding the erosion, t r a n s p o r t ,  and redeposition of sediment i n  izouthern 

Norton Sound will require careful design. Accurate  m o n i t o r i n g  of the storm 



surge p r o c e e s  will require long-term deployment of an ar ray of c u r r e n t  metere 

&nd tide gauges i n  t h e  northern Bering Sea. 
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Figure ap t ion6  

Figure 1. Sampling mtation loca t ions  for U.S. Geological &ey research in 
northern Bering & a  between 1967 and 1978. 

~igure la.  Cross-hatched area of Figure 1, mhowing clorrely #paced ampling 
grid offohore Name. 

Figure 2. Geophysical trackline murvays for U. S. Geological Survey reeearch 
i n  northern Bering *a 1967-1978. 

Figure 3 .  dcneral i ted  bathymetry of norttern Bering %a in 10-m contour 
interval.. 

Figure 4.  Potentially hazardous areas of northern &r ing  Sea (fran Thor and 
Nelson, 1979). 

Figure 5. Distribution and density of ice gouging, d ixec t ion  of movement pack 
ice, and limits of shorefast ice i n  northern Bering Sea ( fraa Thor 
and Meloon, 1979). 

Figure 6 .  Location of scour depressions,  extens ive  rcaur and r ipp le  zones,  
and strong bottam currentr in Norton OOund, showing area of atom 
sand depos i t ion  (modified frun Lareen et al., 1980 ) . 

Figure 7. Distribution and dens i ty  of cra ters  on sea floor of Norton Sound, 
showing ieopaehs of Holocene mud derived fran the Yukon River and 
deposited mince Etoloeene p o s t g l a c i a l  =&-leve l  rise (frcm Thor and 
Ne lron, 1979). 
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Intcrp lay  of P h y s i c a l  and  B i o l o g i c a l  Scdincntary 
S ~ r u c t u r c s  o f  the Rcring, E p i c o n t i n e n t a l  S h e l f  

llans Eelson  
U.S. G e o l o g i c a l  Survey 
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D i s t i n c t i v e  Holoccne t r a ~ ~ s g r e s s i v e  sand and p o s t - t r a n s g r e s s i v e  nud w i t h  
attendant p i i y s i c a l  and b i o l o g i c a l  s t r u c i i l r e s  occur  on t h e  s h a l l o t :  (<60 m, shelf 
of t h e  n o r t h e r n  E e r i n g  Sea. Thin grevel l a g  l a y e r s ,  f o r n z d  d u r i n g  the  Holcene 
s h o r e l i r ~ c  t r a n s & r c s s i o n ,  veneer exposed glzcial n o r a i n e s .  Epifaurla d o r , ~ i n a t e  
these r e l i c t  g r a v e l  a r e a s  and c a u s e  l i t t l e  d i s r ' u p t i a n  of p h y s i c a l  s t r u c t u r e s .  
Some r e l i c t  suSncrged beach  ridges c o n t a i n  f a i n t  r i p p l i n g  t h a t  p roba3 ly  is  caused  
by modern c u r r e n t  r ~ v o r k i n g .  \ !e l l -sor ted  ~ e d i u n  s a n d  on exposed shoz l  c r e s t s  i.s 
reworked b y  t l ~ e  sand d o l l a r  and t e l l i n i d  c l a n  c o c n u n i c i e s .  Bur ied  t h i n  l a y e r s  ot, 

I t r a n s ~ r c s s i v c  beach s a n d  and g r a v e l  r e t a i n  ra re  o r i g i n a l  n e d i u u - s c a l e  c r o s s -  
l a m i n a t i o n  and flat l a m i n a t i o n  t h a t  have b e e n  i n t e n s i v e l y  b i o t u r b a t e d .  A t!lin 
1.ayer nf a n  offshore f i n e - ~ r a j . n e 2  sax4 f2,-i.cs t h z t  w . 2 ~  d e p o s i t e d  b y t h n  Holocene 
t r a n s g r e s s i o n  r e c a i n s  unbur ied  b y  n o d e r ~  .2ud i n  c e n t r a l  Chirikov Basin. Fricarily 
b e c a u s e  of a ~ p e l i s c i d  smphipod b i o t u r b n t i o n ,  t h i s  f a c i e s  has no p h y s i c a l  
s t r u c t u r e s .  

P o s t - t r a n s g r e s s i v e  silty mud f rom the Yukon River blankets t h e  s h a l l o w  
(C20 m) areas o f  Norton Soutld. I n  p l a c e s  t h e  s i l t y  mud c o n t  . i n s  t h i n  b e d s  of 
sllells and p e b b l e s ,  and t h i n  sand i n t e r b c d s  and l e n s e s  that exhibit ripples and 
small-scale f l a t  and  cross-lamination. These c o a r s e - g r a i n e d  i n t e r b e d s  a r c  i n t e r -  
p r e t ed  t o  b e  s t o r m  l a y e r s  f o r n e d  b y  modern s t o r r s  waves and storm surge c u r r e n t s .  
Physical s e d i n c n t n r y  structures are y e l l  p r c s c r v c d  o n l y  n e a r  t h e  d e l t a  f r i n g e ;  
there ,  t h c  f requency  of p h y s i c a l  reworking is h i g h e s t ,  t h e  potential f o r  
preservation bya Iligh r a t e  of deposition i s  g r e n t c s t ,  and the i n h i b i t i o n  of 
bioturbation by low s a l i n i t y  is mast scvcre. A t  greatcr 
d i s  ta~ lccs  rron s l rorc ,  i n f  a t ~ t r s l  dcpos i t -Eecd ing  bivalves, p o l y c h a c t e  worms, and 
sruall anphipods  c a u s e  p r o y , r c s s i v e l y  Crcntcr d i s r u p t i o n  of bedforms i n  p r o d c l t a  
mud. Alm3st a 1 1  norlcrrl p t ~ y s l c a l  s t r u c  turcs have b ~ e n  dcstroycd a t  w a t e r  d e p t h s  
grcatcr than 25 n. As a r e s u l t  tlic f o l l o r r i n ~  scquence  of s t o r m  d e p o s i t s  is 
character is t ic  of p r o f i l e s  cxtcr ld ing awnv from thc d e l t a :  t h i c k  ( > 5  cm) storm 
s a n d  l aycrn ,  chi11 storm sand l a y e r s ,  i s o l i ~ t c d  and b l o t u r b a t c d  sand l c n s c s ,  faint 
b i o t u r b a t c d  shc l l  and pcbll lc  bcds.  



INTRODUCTION 

Purpose 

The n o r t h e r n  Bering Sea region f rom S t .  Lawrence I s l a n d  t o  Bering S t r a i t  

Fig. 1) h a s  c o n t i n u a l l y  s t r o n g  b o t t o m  c u r r e n t s ,  a n  extremely r i c h  b e n t h i c  fauna, 

.nd a w i d e  v a r i e t y  of sediment  s u b s t r a t e s .  These factors, coupled w i t h  s h a l l o w  

p i c o n t i n e n t a l  shelf dcptlls t h a t  a r e  a£  fcctcd by wave and t i d a l  c u r r e n t  a c t i v i t y ,  

roduce a wide v a r i e t y  of p h y s i c a l  and b i o l o g i c a l  sedimentary structures. Our 

urposc i s  t o  map t h e  d i s t r i b u t i o n  of t h e s e  s t r u c t u r e s  and t o  c o r r e l a t e  t h e  dis- 

r i b u t i o n  p a t t e r n s  with t h e  c o n t r o l l i n g  p h y s i c a l  and b i o l o g i c a l  f a c t o r s .  Such 

n a l y s e s  provide a model of f a c t o r s  c o n t r o l l i n g  development of physical and bio- 

ogical s t r u c t u r e s  on c o n t i n e n t a l  s h e l v e s  i n  g e n e r a l  and a s s i s t  i n  s p e c i f i c  

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

O c e a n o g r a ~ h i c  S e t t i n g  

Three  water masses haSre been d e f i n e d  on the n o r t h e r n  B e r i n g  s h e l f :  Alaskan  

oastal  \.!ater, B e r i n g  She l f  Water,  and Anadyr Water (Fig. 2, Coachman et al., 

9 7 6 ) .  Alaskan C o a s t a l  Water, g e n e r a t e d  p r i m a r i l y  from t h e  Yukon and  Kuskokwim 

ivers  atc o the r  runoff (Fig= 2; Saur et  a l e ,  1954) ,  has pronounced s e a s o n a l  

alinity changes.  T h i s  is p a r t i c u l a r l y  true i n  s o u t h e r n  Korton Sound, where  

reat changes  i n  d i s c h a r g e  f r o n  t h c  Yukon River occur f rom summer t o  win ter .  

efore Junc ,  s a l i n i t i e s  are c l o s e  to  30 0 /00  t h r o u ~ h o u t  s o u t h e r n  Norton Sound. 

uring t h e  summer and e a r l y  f a l l  s a l i n i t i e s  below 20 0/00 are common (Fig.  2; 

oodrnan e t  a l . ,  1941; Sharna  e t  a l . ,  1974). 

T y p i c a l l y ,  current  s p e e d s  i n  the offshore part (>30 km from sllore) of t h e  

laskan C o a s t a l  Water are  1.0 cm/s ncar thc  b o t t o m  and 20 cm/s near t l ic  surface ,  

nd currents t r c n d  northward  except f o r  t h e  c o u ~ ~ c c r c l o c k w i s e  g y r e  into Norton 

ound (Fir , .  3) .  Ncarsliorc s u r f a c e  and bottom w a t c r  trovcls g e n e r a l l y   lore ell ward 

- a l l e l  t o  tllc Alaskan c o a s t  a t  typical  spccds of 30-40 cm/s (Concl~aun and 

f 
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Aagaxd, 1966; F l c n i n g  a n d  I lcggar ty ,  1966; Iiusby , 1969; 1971 ; Elcllanus and Smyth, 

1970; Coaclrmn e t  a l . ,  1976) .  

Thc naximum c u r r e n t  spccds a r c  found wlierc t h e  Alaskan c o a s t  p r o t r u d e s  

westward and cons tr ic t s  water flow. A t  the smallest c o n s t r i c t i o n ,  Bcring S t r a i t ,  

b o t t o n  specds reach 180 cm/s i n  water d e p t h s  of 55 (Fleming and l l cggar ty ,  1966;  

Fig. ). C u r r e n t s  i n  the other tuo water masses are general ly  s l o w e r ,  reaching a 

maximum of 50 c n / s  i n  c a s t e r n  Anadyr S t r a i t  and minimums of 5-15 cm/s i n  c e r ~ t r a l  

C h i r i k o v  Bas in  (Fleming and Heggarty,  1966;  Husby, 1971; Plcl-iantls and 

o t h e r s ,  1977). 

Changes i n  a tmospher ic  pressure and  wind v e l o c i t y  d u r i n g  storms c a n  cause 

t he  c u r r e n t  speed t o  f l u c t u a t e  by  as much a s  100 p e r c e n t  o v e r  p e r i o d s  of a day or  

more (Coachmn and T r i p p ,  1970) a n d  c a n  produce s t o r m  surges c a u s i n g  sea l e v e l  

set u p  of 4 n a long  t h e  s o u t h e r n  c o a s t  of S s i ~ a r d  P e n i n s u l a  ( F a t h a u e r ,  1975).  

C a l c u l a t i o n s  b a s e d  on l i n e a r  wave t h e o r y  s u g g e s t  t h a t  t h e  waves h i n d c a s t e d  

f o r  normal w i n d  c o n d i t i o n s  can a f f e c t  t h e  b o t t o n  t o  water d e p t h s  of 20 m (Mcllanus 

e t  al., 1977). Wave reworking o f  b o t t o m  s e d i m e n t s  may e x t e n d  c o n s i d e r a b l y  d e e p e r  

during i n t e n s e  storms. For exanple, t h e  storm of  November, 1974  generated wavcs 

6-7 m h i g h  and nay have produced w a t e r  mot ion capable of a f f e c t i n g  the b o t t o n  a t  

d e p t h s  exceed ing  any found i n  t h e  n o r t h e r n  Bering Sea (A. S a l l e n g e r ,  o r a l  

commun., 1 9 7 7 ) .  

Geo log ic  S e t t i n g  

The entire n o r t h e r n  Ber ing  Sca f l o o r  is  less than 60 m deep  and generally 

f l a t ,  but. i t  has d i s t i n c t i v e  t o p o z r a p h i c  features  i n  s e v e r a l  l o c a t i o i l s  (Fig. 1; 

Hopkins e t  al., 1976). The e a s t e r n  margins of b o t h  B e r i n g  a n d  Anadyr  Straits ex- 

h i b i t  r e l a t i ve ly  steep s c a r p s .  S o u t h e a s t  of  B c r i n g  Strait and in c e n t r a l  Shpan- 

berg S t r a i t ,  a s e r i e s  of lincar ridges and d e p r c s s i o n s  a r c  found. Large linear 

s h o a l s  also o c c u r  o f f  t h c  nor t l rwcs tc rn  and n o r t h c a s t e r n  f l a n k s  of  S t .  Lawrence 

I s l a n d .  The s l ~ a l l o w c s t  nrca i n  nor t l r c rn  Bcriny, Sca i s  o f f  tlrc modern Yukon sub- 

dclta In southern Norton Sound. 1 



The nor thern  Dcring c p i c o n t i n c n t a l  s l ~ c l f  is a mosaic of modern nnd r e l i c t  

surface scdilncnts. Thc r e l i c t  sediments  formed i n  shal low water ,  a t  t h e  s t r a n d ,  

or in s u b a c r i a l  cnvi ronnents  a t  t imes when sea l e v e l  was lowen than  a t  p r e s e n t  

(Fig. 4). During these times c o n t i n e n t a l  g l a c i e r s  pushed d e b r i s  toward t h e  center 

DE Chirikov B a s i n ,  and v a l l e y  glaciers depos i ted  s e d i m e n t  scveral  k i lome te r s  

~eyond the present  s h o r e l i n e  of Seward Peninsula  (Nelson and Hopkins, 1972).  

Shorel ine r eg re s s ions  and t r ansg res s ions ,  most r e c e n t l y  dur ing  t h e  rise of sea 

Level s i n c e  18,000 El?, reworked t h e  g l a c i a l  moraines, l e av ing  a lag g r a v e l  on t h e  

sea floor n o r t h  and w e s t  of S t .  Lawrence Island and along the sou the rn  s i d e  of 

Seward P e n i n s u l a .  Transgress ion  of t he  s h o r e l i n e  across t h e  Bering s h e l f  b lan-  

ceted the remainder of t h e  Chir ikov Bas in  w i t h  a r e l a t i v e l y  coarse-grained basal 

layer ranging from medium-grained s a n d  t o  g r a v e l  w i t h  an  overlying t h i n  layer of 

fine-sand. Except in c e n t r a l  Chirikov Basin,  t h e  t r a n s g r e s s i v e  deposits are o n l y  

1 few t e n s  of cen t ime te r s  thick and overlie Ple i s tocene  g l a c i a l  debris, alluvium, 

~ n d  freshwater mud and p e a t  dated a t  10,500 BP o r  o l d e r  (Nelson and Hopkins, 

1972;. Nelson and Creager, 1977).  

Holocene sandy silt, main ly  o r i g i n a t i n g  from the  Yukon River (called Yukon 

nud h e r e a f t e r  i n  t h e  pape r ) ,  h a s  been &pos i t ed  in f lor ton Sound. T h i s  sediment 

Iorns d e p o s i t s  tens  of cen t ime te r s  thick i n  p a r t s  of central Norton Sound and de- 

jog i t s  s e v e r a l  meters t h i c k  off t h e  p re sen t  subdc l t a  and around the margins of 

lor ton Sound (Nelson and Creager, 1977). Cur ren t s  appa ren t ly  Lave inhibited de- 

~ o s i t i o n  of Holocene Yukon sand and s i l t  ovcr t h e  o l d e r  r e l i c t  t r a n s g r e s s i v e  sand 

rnd gravel found i n  Chir ikov Basin (McManus e t  a l . ,  1974) .  

Biologi.ca1 S e t t i n g  

The c o n t i n c n t a l  s h e l f  of t h e  no r the rn  Bering Sea i s  nn area of r i c h  macro- 

cnthic standing stock (Ncym-ln, 1961, F i l a t o v a  and Barsanova, 1964;  Kuznetzov, 

,964;  Rowland, 1972; Stoltcr,  19731, though i t  has a r e l a t l v c l y  low d i v e r s i t y  i n  

crms of major spccics ( S t o k e r ,  1373). Wllilc major f a u n a l  comrnunitics a r c  as y e t  
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i n c o n p l c t c l y  d c f i n c d ,  a f f i n i t i e s  of s p c c i c s  f o r  sediment t y p c s  hnvc been d e f i n e d  
< ,  

f o r  s h c l l c d  forms (Rowland, 1973) and work is  i n  p r o g r e s s  t o  d c l i n c a t e  o v c r a l l  
i 

s s s o c i a t i o n  p a t t e r n s  ( S t o k c r ,  unpt~b.) .  Tllc b c n t h i c  ecosys tem is b a s c d  

. .  

mainly on a d c t r i t a l  food wcb (Kuznetzov,  1964) ,  though o t h e r  f e c d i n g  types  e x i s t  

such  as t h e  sessilc s c s t o n  feeders of t h e  B e r i n g  S t r a i t .  

A major problem i n  d e s c r i b i n g  e i t h e r  t r o p h i c  s t r u c t u r e  o r  d i s t r i b u t i o n  of 

t h e  B e r i n g  Sea b e n t h o s  I s  tile extreme p a t c h i n e s s  of t h e  p o p u l a t i o n s  ( S t o k e r ,  
. . 

1973). The r e a s o n s  f o r  s u c h  p a t c h i n e s s  are  i n c o m p l e t e l y  u n d e r s t o c d  but r e s u l t  
- 

from a c o d i n a t i o n  of v a r i a b l e  h a b i t a t s  and b i o l o g i c a l  i n t e r a c t i o n s  ( S t o k e r ,  

1973, and unpu5.). 

The major  forms i n  the benthic macrofauna are bivalve m o l l u s k s ,  ophiuroid 

and  e c h i n o i d  echinoderms,  a m p e l i s c i d  arnphipods,  and  p o l y c h a c t e  worms; other 

forms, s u c h  as t u n i c a t e s ,  . h o l o t h u r i a n s ,  s i p u n c - # l i d s ,  a n d  g a s t r o p o d s ,  &y b e  

l o c a l l y  dominant (lu'eyman, 1961, Rowland, 1973; S tokel- ,  1973 and unpub . ). Infer- 

ences on t h e  b i o t u r b a t i n g  capabilities and s u b s t r a t e  p r e f e r e n c e  of some t a x a  c a n  

b e  drawn from gencral accounts  of functional morphology (S tan ley ,  1970), distri- 

b u t i o n a l  s t u d i e s  i n  o t h e r  a r e a s  (Ockelrnann, 1958) and r e c e n t  A l a s k a n  s t u d i e s  

Methods of S tudy  

One hundred twenty b o x  cores were o b t a i n e d  f rom the n o r t h e r n  B e r i n g  Sea 

shelf  a t  water d e p t h s  g r e a t e r  t h a n  ;O n (Fig.  5 ) .  Thc c o r e s  were s e c t i o n e d  t o  
, . , ,  .. 
. . . . - - . . . . .. . . . - ,. -, 

1 cm slabs, photographed,  a n d  x-rayed; t h c  t e x t u r e ,  stratigraphy, and s t r l ~ c t u x e s  
J 

were t h e n  d e s c r i b e d  (Fig .  5). I d e n t i f i c a t i o n  of fauna was based on 
. - , . I .  ' .  

spccimcns from t h e  greater-tlran-2-nm scd incn t  f r a c t i o n  of 25 kg  Van Veen grab 
. , . :'G . j  -:: - 

samples (Nelson and l lopkins,  1972; Rowland, 1973; S t o k c r ,  1973). Pho tos  of l i v e  
* - ' I -  .I ' L < 

fauna observed  i n  box  c o r c s  a t  the t ime  of collection also were a v a i l a b l e .  These 
: ' I -  , + j l  . - +  > 1 1 * :  

Astn were compiled t o  cstimate d i s t r i b u t i o n  a n d  obondnncc of t y p c s  o f  s t r u c t u r e s  
3 a 1 . " .;. 

nd benthic  f a u n a  from the r e g i o n .  

' 'd- 
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PHYSICAL SEDlMENTARY STRUCTURES 

External Form 
I 

Pebble  Lag 1,ayers c o n s i s t  p redominant ly  of c l a s t s  from 4 t o  64 tmn i n  diameter  

(Fig. 6A and I3) w i t h  little matrix, a l though l a r g e  bou lde r s  have been reporticd b y  

divers in lag areas off Nome (G. E. Greene, o r a l  connun., 1967). Gene ta l ly ,  th 

pebble lags occur a t  the sediment-water i n t e r f a c e  i n  layers 5 t o  15 cat th ick , '  

(Fig. 6A).  However, a wel l - sor ted  "pea grave l "  interpret: .:::,% b e  on an ancient 

beach s t r a n d l i n e  a t  -30 m ' i n  Anadyr S t r a i t  is nore than 32 cm th ick  (Fig. 5B). 

. - 
These surficial p e b b l e  l a g s  g e n e r a l l y  o v e r l i e  g l a c i a l  till b u t  l o c a l l y  cover b- 

rock outcrops  i n  topographica l ly  elevated regions  (Nelson and H o ~ k i n s ,  1972) 

(Figs ,  1, 4, 5, 7 ) .  

S h e l l  Log Layers  i n  the subsu r face ,  s e v e r a l  c e n t i m e t e r s  thick, and-$omposed 

entirely of shell debris, were encounter*d i n  transgressive sands  a t  s e v e ~ a l  

l o c a t i o n s  o f f  n o r t h - c e n t r a l  S t .  Lawrence I s l a n d  (Fig. 6). They a l s o  were found 

In wel l - sor ted ,  medium-grained sands on  s h o a l  c r e s t s  of Shpanberg S t r a i t  and 

sou theas t  Bering S t r a i t  (Fig. 6D) .  F l au  s h e l l s  predominate i n  l a y e r s  off St. 

Lawrence Island, while sand d o l l a r  fragments make up layers of the shoal crests* 

I n  the reg ion  southeast of Bering S t r a i t ,  basal coarse-grained, pebbly s a n d s  con- 

monly have a h igh  content of shell fragments ,  but.'not eno*,tgh t o  be c l a s s e d  a s  

shell l aye r s .  

Lag Layers of Hixed Pebbles and S h e l l s  areuidespread ZTL t h e  upper  sub- 

su r f ace ,  p a r t i ~ u l a r l y  i n  t h e  mud of t h e  shallow northern and eastern parts of 

Norton Sound (Figs. 5, 6C). However, a few such layers occur In subsurface basal 

coarse sand and gravel a t  water d e p t h s  of 40 UI or greater i n  the strait areas 

(Figs. 4,  5, 6H, and 7). I n  b o t h  cases, shell and pebble c o n c e n t r a t i o n s  range 

dxom dist iw;t  layers a few centimeters thick, cornposcd ent irc ly  of pebbles  and 

shells (Fig. BC), t o  diflusc zones 5-10 cm t l ~ i c k  containing a matrix of sand and 



Solitary l lnf t c d  1't.hbIrs are ubiquiLous I n  a l l  water d c p t l ~ s ,  bathymctric 

settings, and s e d i a c n t  t y p c s  (Figs, 4, 7). Thcy a re  most common i n  scd imcnt  s u r -  

round ing  gravel  dcposits (Fig.  4). although s o l i t a r y  c o b b l c s  up t o  20 c m  i n  d i a -  

metcx were cncoun tc rcd  I n .  Yukon mud f a r  from g r l v e l  s o u r c e s  (Fig.  6 5 ) .  

Storm Sand 1,ayers a r c  most common i n  silty muds of t h e  s h a l l o w  pa r t s  of 

s o u t h e r n  Norton Sound (F igs .  4, 5 ,  6 E ,  F, G), b u t  a few t h i n  (c1  cm) c o a r s e -  and 

medium-grained sand storm layers a r e  found in f i n e  sand on d e e p e r  s c a r p s  (?40 m) 

s o u t h e a s t  of Ber ing  S t r a i t  (Figs .  4, 5, 61, and 7) .  The s a n d  l a y e r s  i n  Norton 

t y p i c a l l y  a r e  1-2 ca t h i c k  e x c e p t  c l o s e  t o  s h o r e  where t h e y  a r e  t h i c k e r  

(Figs.  6C-C).  I n  t h e  s h a l l o w e s t  sampling s i t e s  n e a r  the main d i s t r i b u t a r i e s  of 

t h e  p r e s e n t  Yukon s u b d e l t a ,  s u r f a c e  s a n d  l a y e r s  from 4 t o  1 2  cm t h i c k  have b e e n  

d e t e c t e d  i n  a r e a s  where mud was sampled  i n  p r ev ious  p e a r s .  

I n  a d d i t i o n  t o  the changes i n  d i s t r i b u t i o n  a r e a l l y  a t  t h e  s u r f a c e ,  t h e  

abundance of s a n d  l a y e r s  v a r i e s  w i t h  d e p t h  i n  t h e  s u b s u r f a c e .  For example, off 

S t u a r t  Island approximately 20 s a n d  layers occur in t h e  uppernost 12 cn of t h e  

core, and none a r e  found i n  t h e  1 2  cm of the  c o r e  benea th  (F ig .  6F). I n  a l o n g  

(132 cm) core of Yukon s e d i n e n t  f rom southeastern Morton Sound, f o u r  sand l a y e r s  

were  found iron 0 t o  15 cm, two from 15 t o  60 cm, and two f rcn:  60 . o  132 cm. 

I n t e r n a l  S t r u c t u r e s  

F l a t  Lamination is the most common and w i d e l y  distributed i n t e r n a l  structure 

i n  a l l  s e d i n e n t  t y p e s ,  water  d e p t h s ,  and t o p o g r a p h i c  s e t t i n g s  (F igs .  5, 7) .  It 

i s  obse rved  most often i n  sand l a y e r s  of Norton Sound, where  t h e  l a m i n a t i o n  i s  

a b o u t  1 mm thick and is  d e f i n e d  try: h i n o r  v a r i a t i o n s  i n  g r a i n  size (Fig. 6F and  

C). Lamination i s  l e a s t  common i n  gravels, where l a y e r s  a r e  a b o u t  1 crn t h i c k  

(Fig. 6B). Thc bes t  cxamplcs of f l a c  l a m i n a t i o n  are found i n  pre-Holpccne  depo-  

sits of l imetic  mud (Fig.  8 A ) .  Although the  whitcncss of s o n c  la@@* & g j i ~ s t s  

volcanic as11 or d ia tom varves, no glass sllnrds or m i c r o f o s s i l s  were  found under  

the  mic roscopc. 
4 



Crass 1.nrnfn;lt ion likc f l a t  laminjtion, ie widely d i s t r i b u t e d  and i s  b c s r  

dcvclopcd i n  cllc sand l a y e r s  of Norton Sound. Ci-iaractcristically the s e t s  of 

cross-laminae are of small s c a l e  and are inc l ined  a t  low anglqs (Figs. 4 ,  GP and , 

C ) .  Crossbedding i n  grave l  i s  rare, but r~hen observed i s  larger in scalc  and 

higher i n  d i p  a n g l e  than finer-grained sediment (Figs. 6B and 8 A ) .  

Ripples are very common a t  the tops of sand layers of Norton Sound and i n  

sand a t  the margin of  C l ~ i r i k o v  Basin (Figs .  5 and 7) .  The r i p p l e s  are  general ly  

asymmetric aqd small scale (6-8 cm wavelength, 5-115 crn wave h e i g h t )  and are 

Interpreted to  b e  current r ipp le s  and corbined flow ripples  conmonly found i n  

sand or silt (Harms and others ,  1975) Figs. 6F and GI. Where sand layers are  

thick, r ipp le  forms appear to  b e  nearly continuous (Figs. 6F and G), unles s  b i o -  

turbated, i n  which case the r i p p l e s  are disrupted,  producing sand lenses 

(Fig. 6E). 

Hiscellaneous Struc tures 

%I,+ ..,, , l,,J -,J 
r * o c u L u *  s v r l ~  ~ U U  ~ i ' u i u ' ;  S i i . u ~ t u ~ t = &  a L r  u j a c ~ v e ;  i n  i d u i l l a ~ e d  i i e i s ~ u c t r n e  lake ., 

deposits i n  a large depression off  S t .  Lawrence Is land (Fig. 8F). O t h e r  load- 

like features are present near the tops  of some box cores ,  but they are suspected ; 

t o  b e  co r ing  a r , t i fnc rs  (Fig. 6F). Extremely d i s t u r b e d  sedinent in a box corc r ,  

fron t h e  s h a l l o w  area near the Yukon subdelta is the only  apparent example of 

structures related qa ice_ houging .(Fig. 8E). A paradox is that new studies show 

ice  gouging to, b c  ubiquitous. a t  d e p t h s  less than 20 m over tile northern Bering 

Sea floor (Thor er al., 19781, b u t  i t  rare ly  produces noticeable ef fects  i n  box 

cores (Fig. 9 ) .  Large-scale bcdforms such a s  sand waves have a'wide d i s t r i b u t i o n  

where topography and bathymctry c o n s t r i c t  bottom currents (Figs. 1, 3 and 9 )  

(Jordan, 1962;  Grim and klcE(anus, 1970). Characterization of these largc bcdforrns 

and i c e  gouge ef fects  must await  d e t a i l e d  investigation w i t 1 1  s i d e s c a n  sonar. 



Gcncral 

Once t l ~ c  pr imary physical s t r u c t u r e s  a s s o c i a t e d  with e r o s i o n  and deposition 

have .dsvclopcd, secondary processes  such a s  s lumping ,  l o a d i n g ,  and b i o t u r b a t i o n  

begin. I n  t h i s  generally f l a t  e p i c o n t i n c n t a l  shelf r e g i o n ,  b i o g e n i c  s t r u c t u r e s  

u s u a l l y  predominate  over other secondary structures in t h e  upper 30 c m  of t h e  

sed iment  . 
The s i z e  of t h e  a r e a  a n d  t h e  p a t c h i n e s s  of t h e  b e n t h o s  ( S t o k e r ,  1 9 7 3 )  make 

it impossible t o  nap b c n t l ~ i c  f a u n a l  d i s t r i b u t i o n  i n  d e t a i l  o r  t o  c o r r e l a t e  all 

types  of s t r u c t u r e s  w i t h  t h e  organisms.  Where s i n g l e  o r  v e r y  limited t y p e s  of  

b i o t u r b a t i o n  c h a r a c t e r i z e  c e r t a i n  b r o a d  a r e a s  of s e a  f l o o r ,  comple te  b i o l o g i c  

s r u c t u r e s  can b e  t r a c e d  t o  s p e c i f i c  s p e c i e s .  I n  o t l i e r  a r e a s  some s p e c i e s ,  f o r  

example, sand d o l l a r s  are r e s t r i c t e d  t o  c e r t a i n  h a b i t a t s  (Table 1, Figs. 6I,8C, 9 

and 10)  and  can b e  documented t o  disturb shal lor7  sacds (Fig. 1 3 A ) ,  b u t  no d i s -  

t i n c t  s t r u c t u r e s  can  b e  i d e n t i f i e d .  Commonly o n l y  p a r t s  of bur rows  a r e  obse rved  
- ,  

i n  box  c o r e s ,  and  t h e  bur row may n o t  b e  a s s i g n a b l e  t o  a s i n g l e  s p e c i e s  (F igs .  13 

a n d  1 4 1 ;  t h i s  i s  p a r t i c u l a r l y  t r u e  f o r  t h c  nuucrous  spccies of burrowing c l a ~ r s .  

F o r t u n a t e l y ,  d i s t r i b u t i o n  f o r  each major group of b i o t u r b a  t i n g  o rgan i sms  ( s u r -  
' 

face ,  shallow, i n t e r m e d i a t e ,  and dee$ can  b e  o u t l i n e d  b y  a n a l y s i s  of s c r e c n c d  

mrgafauna froru grab samples (Rowland, 1973; Stop-er, 1973)  (Figs. lC, 11). 

Surface D i s t u r b e r s  

Several species of small organ i sms  d i s t u r b  t h e  sediment s u r f a c e  over  l a r g e  

areas of the ncring Sea f loor  (Fig .  10, 1 2 ) .  B r i t t l e  stars are one of the domin- 

ant organisms in eastern.Uering Sea (Neyman, 1961),  b u t  thcy a r c  most common i n  

muddy areas closcr t o  l and  and l e a s t  common in c e n t r a l  C l ~ i r i k o v  Bas in  ( i n  F i g .  10 

notc tllc abscncc of b r i t t l e  s t n r s  a t  tllc predominant  sandy 30-40 m depth of off- 

slrorc C h i r i k o v  b a s i n ) .  D i s t i n c t i v c  surface  tracks of b r l t t l c  s t n r s  can b c  

identified on t l ~ c  top surface of box4 c o r c o ,  but bur rows  (Ilcrt\~ccii ,  1 9 7 2 )  a r c  not 
I 

> .  



evident even whcre massive p o p u l a t i o n s  cover the bottom (Fig. 12). 

The carnivorous  gastropods occas ional ly  lcave surface trails a l s o  b u t  may 

burrow t o  sh32low depths  after  prey; they are w i d e s p r e a d ,  bcing rare only in the 

atballow r e g i o n  around the Yukon s u b d e l t a  (see Tachyrhynchus Fig. 10). Crabs and 

oea urchins t y p i c a l l y  are found on gravel  s u b s t r a t e s  and both may .excavate s l i g h t  

depressions, however, they are  fewer i n  n u h e r  than the other  surface disturbers 

UAg. 10). Crabs are common a l so  i n  sandy areas except for central  Chirikov 

nasin. 

In response t o  the benthic food resources, large populations of walrus, 

Bearded s e a l ,  and gray whale inhabit the northern Bering Sea on at l c a s t  a 

seasonal b a s i s  and are likely to b e  responsible for considerable reworlcing of t h e  

shallow sediments over much of the northern Bering shelf. Gray whales are known 

to disturb bottom sediment to a d e p t h  of several centimeters to  feed mainly on 

ampnipoas i iomiiin,  19573. Tile d i s  tribuLirru ui L'lie 1 d ~ & r  aluy;~ipud y~pu:ai.;urro 

(Fig. 11) and the pathways of whale m i g r a t i o n  (Nasu, 1974 )  suggest that  gray 

dhales may cause s u r f a c e  d i s turbance  of the Chirikov Basin area. Walrus and 

W d e d  seals also may disturb tlie s e d i m e n t  surface as they f eed  upon large bi- 

d o e s  and other infauna (Fay and Stoker, unpub. data) ,  

Shallow Burrowers 

'The most widespread shallow burrowers (0-5 cm depth) are s m a l l ,  bright- 

colored ampllipods possibly of the  genus Protoncdcia ,  Melita, or Hippo~ocdon 

& 1 These taxa are most abundant off southeastern S t .  Lawrence Island and 

in the wcstern and nortlicrn areas of Norton Sound, whcre t l ~ c y  inhabit  patches of 

Yukon-derived sediment. One or more of t h e s e  species probably is  the  b u i l d e r  of 

U-sl~apcd burrows about 5 cnn i n  diameter (Fig. l l C ,  and D ) .  Completely prcscrvcd 

burrows arc d i s t i n c t i v e ,  but  fragments arc not separable from burrows made by 

polychnctc worms such ns Nrplitliys ( F i g .  13D). In general, we b c l i c v c  most incorn- 

r l ~ t c  burrows wcte cor~struc tcd by tlic more Bundilat anpli ipods (Figs. 1 0  and 11 1. 
* 

Scverol spccics of sllallow burrowing gastropods (Tnblc. 1 )  w i th  no posi-  



t i v e l y  ldcntificd bur rowing  s t r u c t u r e s  a r c  p r e s e n t  t l l roughout  nor t l l e rn  B c r i n ~  Sea 

except of f  t h e  Yukon d e l t a  (Figs.  10 and 13). Tubes of thc polychacte Pcc- 

tenaria a l s o  a rc  widespread (Fig.  10) (Stoker ,  1 9 7 3 ) ,  and thcse o r ~ a n i s m s  a r e  

known t o  develop s h a l l o w  bur rows  (tlcrtucck, 1972), b u t  no i d e n t i f i c a t i o n  c a n  b c  

made i n  Bering Sea sed iment  . Numerous b i v a l v e s ,  s u c h  a s  Yoldia, )lacoma, Nrlcu- 

lana, Tellina, and Nucula (Rowland, 1973; S t o k e r ,  1973) a re  undoubted ly  r e s p o n s i -  

ble for  widespread  sliallow disturbance (Figs.  20 and  l A ) ,  b u t  they a l s o  have pro-  

duced no  distinctive burrows.  

In t e rmed ia t e  Burrowers  

I n t e n s e  b i o t u r b a t i o n  f rom t h e  sed iment  s u r f a c e  to  10 c m  d e p t h  can be d e f i n e d  

i n  central C h i r i k o v  Bas in  and s o u t h w c s t  and southeast of S t ,  Lawrence I s l a n d .  In 

these areas,  abundan t  p o p u l a t i o n s  o f  l a rge  tube-building a m p e l i s c i d  amphipods 

l i v e  i n  f i n e - p a i n e d  sand  (Figs.  20, 22B, 1 4 A  and B ;  T a b l e  I).  I n  mcst o t h e r  

areas, e x c e p t  c e n t r a l  and s o u t h e r n  Norton Sound, 1-mm-diameter b u r r o w s  of small 

polychaete worms are common to abundant. These s t r u c t u r e s  are  p a r t i c u l a r l y  com- 

mon i n  t h e  silty mud on the n o r t h e r n  and eastern m a r g i n s  of Korton Sound 

(Figs. 11, 6 G ,  1 4 C  and D). Bivalves such as Serrjpcs and Cl inodard ium a r e  p a r -  

t i c u l a r l y  abundant  th roughout  n o r t h e r n  Bering sea r e g i o n ,  however,  the preponder -  

ance of amphipod aburrowing i n  Chirikov Basin and p o l y c h a e t e  b u r r o w i n g  i n  Norton 

Sound appears t o  o b l i t e r a t e  most other p h y s i c a l  and b i o l o g i c a l  s t r u c t u r e s  a t  

+Intermediate depths .  

Deep B u r r o v t r s  

Bivalves such  as  M f  and S p i s u l a  are the o ~ s t  cwrmon deep burrowing ( 0  t o  

>10 en d e p t h )  organisms.  Their widespread distrlbuticrn suggests t h a t  many dccp 

burrows are caused by pelecypod b i o t u r b a t i o n  (Figs. 20, 11 and 15; Table 1). 

Only r a r e l y  (Fig.  0A)  is i t  possible t o  c o r r c l a t e  t h e  burrow t y p e  w i t h  clam spe -  

cies, s111ce nortnally only p o r t i o n s  of t h e  bur rows  arc e v i d e n t .  

Scvcrol specics  of po lyc l l ac tc  wornls, h o l o t h u r t q n s ,  a n d  s i p u n c u l i d s  a l s o  
4 

burrow dccply i n t o  t h e  ~ c d i m c n t s .  Thoufill dccp-bur rowing  worm spccics =cur 



throug'hout the area,  they a r c  most common i n  s i l t y  and vcry finc-grained sa~rd in 

dccpcr water (Figs. 10, 11 and 15A and B). 

DISCUSSION 

F a c t o r s  C o n t r o l l i n g  ~ i l t t r i b u t i o n  of P h y s i c a l  Sedimentary  S t r u c  t u x e s  

RcXic~ Structures in R e l i c t  Scdimcnts 
' I -- 

The physical sedimentary s t r u c t u r e s  of northern Bering Sea are  e i t h e r  r e l i c t  
. . 

from Quate rna ry  c o n d i t i o n s  or developed b y  modern wave and bottom currents. I n  

places, the Holocene shoreline transgression reworked P l e i s t o c e n e  moraines and 

bedrock o u t c r o p s  exposed on the s e a  floor. The f i n c - g r a i n e d  deb ' r i s  was winnowed 

out l e av ing  b e h i n d  s u r f a c e  l a g  g r a v e l  d e p o s i t s  (Fig .  6A)  (Nelson and 

Hopkins, 1972). These deposits remain on the surface of current-winnowed topo- 
I 

g r a p h i c  e l e v a t i o n s  where d e p o s i t i o n  of Holocene muds has bee p r e v e n t e d .  Ir. t h e  

eastern parts of Anadyr and Bering Straits as  w e l l  a s  a l o n g  n e a r s h o r e  south- . . 

western Seward Peninsula and S t .  Lawrence I s l a n d ,  t h e  mineralogy and l a r g e  g r a i n  

s i z e  of gravel l a g s  plus old r a d i o c a r 5 o n  dates (15-40,000 BP; Nelson, unpub. 

da ta )  of u n d e r l y i n g  sed imen t  b o t h  i n d i c a t e  d e p o s i t i o n  under o l d e r ,  h igh-energy 

conditions not p r e s e n t  today (Nelson and Hopkins, 1972; Nc>ianus and o thers ,  
,, . 

1 9 7 4 ) .  The c o a r s e r  grain size and d i f f e r e n t  mineralogy of t h e  Chirikov Hasi-n 
" ' 

sand b l a n k e t  compared t o  t h e  s i l t y - s i z e d  sediment of t h e  main modern Yukon scdi -  

ment s o u r c e  s u g g e s t  t h a t  C h i r i k o v  Basin sand also is re l ic t .  - 
Relict p h y s i c a l  s t r u c t u r e s  i n  r e l i c t  sediments are best p r e s e r v e d  i n  the 

. >  * 

subsurface sediment of s t r a i t  areas with the de'epest  water, where presen t -day  

wave effects are  minimal,  c o a r s e  g r a v e l  armors the  bottom s u r f a c e ,  and s t r o n g ,  
A .  

c u r r e n t s  p r e v e n t  b u r i a l  b y  modern d e p o s i t s .  l l e rc  box cores have penetrated into 
.! ... 

older t r a n s g r e s s i v e  s e d i m e n t s ,  and even into P l e i s t o c c n c  freshwater d e p o s i t s  with 
'i ' 

re l ic t  l an l ina t ion  (Fig. 8D). Conrsc-gra ined relict scd iment  overlying P l c i s t o -  . 

ccne ti 11s c o t ~ t a i t ~ s  f l a t  lanioation and a s s o c i a t e d  11igl1-angle, n~cdiu~u-scale c r o s s  
, . ..* .-. 

+ : 

bedding t h a t  c lv idcnt ly  orir,itlated dur ing  tlrc Holoccnc slrorclinc t r n ~ l s g r c s s i o n  
. , . a i J q  : ( - a .  . A , t - ' . ,  . ' I  I. 

(Figs .  60, A, 4, 7). SubsurIace s h e l l  npd pebblc  horizons i n L , s u c l  r e l i c t  scdi- 
? I , ,  .!,, ! , I !  ;, T .  



mcnts are  now i n  sufficient-ly dccp water and b u r i e d  d e e p l y  cnoug l~  to  c n s u r c  i s o -  

l a t ion  f r o m  rnodcrn day storm wave and bottom current  e f f e c t s .  Thcse s t r u c t u r e s  

a p p a r e n t l y  formed a s  s torm lags during lower scn l e v e l  s t a n d s  (Fi~s. 6C, 611). 

Hodern S t r u c t u r r s  i n  R e l i c t  S c d i m r n t s  

The  r e l i c t  f i n e - e r a i n e d  sand of c c n t r a l  Chirikov Bas in  i s  i n t e r p r e t e d  t o  

have been d e p o s i t e d  a s  a n c a r s h o r e  b e l t  of sand t h a t  n i e r a t c d  a l o n g  with the 

Ho locene  s h o r e l i n e  a s  i t  t r a n s g r e s s e d  across t h e  epicontincntal s h e l f .  The  mo- 

d e r n  Yukon s i l t  has  n o t p r o g r a d e d o v c r  t h e  transgressive sand, and it h a s ,  there-  

f o r e ,  been  exposed t o  i n t e n s e  b i o t u r b a t i o n  f o r  t h o u s a n d s  of y e a r s .  A d d i t i o n a l l y ,  

the  C h i r i k o v  B a s i n  s a n d  h a s  been  covcred  b y  35-55 m of w a t e r  s i n c e  c h c  sea 

reached i t s  p r e s e n t  l e v e l  s c v e r a l  t l ~ o u s a n d  y e a r s  ago ,  a n d  the  d e v e l o p n e n t  cf 

p h y s i c a l  scd ic jeu ta ry  s t r u c t u r e s  b y  waves t h u s  h a s  o e e n  l i m i t e d .  Bottom c u r r e n t s  

i n  t h i s  c e n t r a l  a rea  g e n e r a l l y  are  s l u g g i s h  ( F i g .  3; 1-1cManus e t  a l . ,  1 9 7 7 )  and i n  

most p l a c e s  probably a r e  i n s u f f i c i e n t  t o  deve lop  s t r u c  t u r e s .  Even though waves 

o r  b o t t o n  c u r r e n t s  o c c a s i o n a l l y  p o s s e s s  s u f f i c i ~ n t  ene rgy  t o  c r e a t e  s t r u c t u r e s  i n  

t h i s  n o n c o h e s i v c  sed iment ,  t h e  b i n d i n g  c f f e c t  of  t h e  dense  network of a c p c l i s c i d  

anphipod t u b e s  s h o u l d  i n h i b i t  f o r m a t i o n  of such  s t r u c  c u r e s  (F ig .  1 4 B ;  

fihoads, 1970) .  Consequen t ly ,  t h e  s a n d  is c o n p l c t e l y  d e v o i d  of sce'ncntary s t r u c -  

tures  e x c e p t  on a few s h o a l  c r e s t s  where t h e  s e d i n e n t s  are reworl:ed b y  s t r o n g  

b o t t o n  c u r r e n t s  (F igs .  61,  8C). 

Recen t  e v i d e n c e  from ~ i d e ~ c a n  s o n a r ,  undel-wn t c r  t e l e \ r i s i o n t  and v i b  r -acores  

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

r e l i c t  sediment  i n  C1iiril;ov B a s i n .  I n  t h e  s h a l l o w e r  upper  p a r t s  of sand r i d g e s  

w i t h  sand waves (Figs. 1, 4 a n d  9), t h e  s u r f a c e  and n e a r - s u r f a c e  coarse sand and 

shell storm l a g s  (F ig .  6D) a l o n g  w i t h  f a i n t  r i p p l e  structures ( F i g s .  61 and 8 C K )  

appear t o  b c  n c a r - s u r f a c e  m o d i f i c a t i o n s  of r e l i c t  s a n d  b y  ~node tn  s t o r m  wavcs and 

bot t o n  currents .  On undcrwatc r  t c l c v i s i o ~ ~ ,  s torrn wavcs have  b c c n  o b s c r v c d  t o  

w i ~ r n o w  sl lcl l  pavcncnt and t o  supcr imposc  small-scale osc i l l a t i o n  r i p p l c s  ovcr  thc 
4 

larger snnd-ave s t ruc lurcs  ( F i g s .  9 A  and B). Sidcscen  s o n a r  r e c o r d s  show l n r ~ c -  



s c a l e  nsymmctric sand wavcs covcr ing+r idgc  t o p s  nnd t r c n d i n g  nor thward  i n  phase 

w i t h  the p r c s c n t  s t r o n g  nor thward  bottom c u r r e n t s  i n  n o r t h c a s t c r n  C h i r i k o v  Basin 

(~ig. 3)  (Fig, 9C, Nelson e t  a l e ,  1977; l l c l s o n ,  1977) ;  a thousand-);car-old r a d i o -  

carbon d a t e  (Telcdync I s o t o p e s  1-9773) on wood from 30 cm d e p t h  i n  a sand  wavc 

f i e l d  documents t h a t  m o d i f i c a t i o n  of s c d i m c n t s  b y  sand wavc formation h a s  t aken  

place  r c c c n r l y  d u r i n g  the present  s t a n d  of h i g h  sea  l e v e l .  

Either wave o r  c u r r e n t  e f f e c t s  could b e  r e s p o n s i b l e  f u r  i n d i v i d u a l  f a i n t  

r i p p l e  s t r u c t u r e s  obse rved  i n  s p e c i f i c  box c o r e s  f rom s a n d  r i d g e s .  However, t h e  

dominance and type of  a s p n m c t r i c  sand wavc and r i p p l e  fields i n  all s i d c s c a n  re-  

cords and b o t t o m  pho tographs  from t h e  reg ion  i n d i c a t e  tha t  the majority of mo- 

d e r n  r i p p l e  s t r u c t u r e s  i n  C h i r i k o v  B a s i n  mus t  d e r i v e  f rom b o t t o m  c u r r e n t  a c t i v i t y  

(Fig.  9). 

l lodern Str~ztures i n  Piodcrn S e d i m e n t s  

Numerous r a d i o c a r b o n  dates  subs  tantiate t h a t  the b l a n k e t  of mud with i n t e r -  

bedded s a n d  i n  Norton Sound has  a Holocene o r i g i n  and c o n t a i n s  con tcmpora ry  s ed i -  

mentary s t r u c t u r e s  (Nelson e t  a l . ,  1975; Nelson and C r e a g s r ,  1977) .  Development 

and  p r e s e r v a t i o n  of these p h y s i c a l  s t r u c t u r e s  va r i e s  w i d e l y  b o t h  s p a t i a l l y  and 

s t r a t i g r a p h i z a l l y  o v e r  the  contemporary  surface i n  Norton Sound. 1 : i s t o r i c a l  

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

w i t h i n  t h e  p a s t  s e v e r a l  thousand years c a n  b e  demonstrated i n  s e v e r a l  l o c a t i o n s  

(Figs. 6F, G ) .  In t h o s e  l o c a t i o n s  closest t o  t h e  Yukon d e l t a ,  such dramatic 

a l t e r a t i o n  in prese rva t ion  of physical s t r u c t u r e s  miiy b e  a t t r i b u t a b l e  t o  salinity 

and c i r c u l a t i o n  changes c a u s e d  b y  a s h i f t  in l o c a t i o n  of a major Yukon distribu- 

tary (Fig. 6F; Nelson and Crcager, 1 9 7 7 ) .  

The s t o r m  sand layers tha t  a r e  i n t e r b c d d c d  v i t h  mud s u r r o u n d i n g  the  Yukon 

d e l t a  contain thc b e s t  dcvclopcd p h y s i c a l  s e d i m e n t a r y  struc t u r c s  because of stl- 

vcral interacting factors .  Tllc p r o d c l t a  area is sub j c e t  to tllc most i n t c n s c  and 

f r e q u e n t  wave rrworki~ly, of any  n o r t h e r n  Bcrlng Sea o r c a  owing t o  i t s  cxtrcnte 

shallouncss. I n  nddition, r;hc Norton Sound s l ~ n p c  a c t s  t o  focus storm surgc s e t -  



up of w a t c r  l c v c l  ( l :n t l~aucr ,  1975)  a n d  t h i s  i n  t u r n  rcsu l t s  i n  dcvclopmcnr: of 

s t r o n g  bottom c u r r e n t s  a s  storin-curgc w a t e r  runof f  rnovcs nor thward from t h e  re- 

gion (Flcming and Hcggarty, 1965 ; Nelson and  C r c a ~ e r ,  1977 ) .  Such "runof f "  c u r -  

r e n t s  may b c  t h e  f i n a l  mcthanism t o  rework and form p h y s i c a l  s t r u c t u r e s  i n  s a n d  

laycrs of t h e  p r o d c l t a  area. 

Format ion of t h e  t h i c k e s t  snnd l a y c r s  and t he i r  r a p i d  b u r i a l  due  t o  tlic 

h i g h  s e d i ~ n c n t a t i o n  r a t e s  i n  t h e  p r o d e l t a  a r e a  b o t h  i n h i b i t  S i o t u r b a t i o n  and 

enhance p r e s e r v a t i o n  of t h e  p h y s i c a l  s t r u c t u r e s .  Even more i rnpr j r tant ,  t h e  low 

s a l i n i t y  a n d  nore e x t e n s i v e  ice f o r n a t i o n  i n  t h e  p r o d c l t n  a r e a  ( F i g s ,  2 and 11)  

appear  t o  r e s t r i c t  f a u n a l  p o p u l a t i o n s  and consequen t  b i o t u r b a t i o n  of t h e  phys c a l  

s t r u c t u r e s .  T h e  corr,plctq b i a t u r h a t i o n  of p h y s i c a l  s t r u c t u r e s  a t  s i rn j - l a r  water  

d e p t h s  h u t  norcia1 s a l i n i t y  on t h c  n o r t h e r n  s i d e  of Norton Sound a p p e a r s  t o  

confirm t h i s  h y p o t l ~ e s i s .  

Much of t h e  c r o s s - l a m i n a t i o n  and l e n t i c u l a r i t y  i n  modern s a n d  l a y c r s  of 

t lor ton Sound a p p e a r s  to r e s u l t  fron r i p p l i n g  b y  u n i d i r e c t i o n a l  b o c t o n  c u r r e n t s .  

T h e  r i p p l e s  a r e  u s u a l l y  asymict r ic ,  and the r i p p l e  form,  where i t  can b e  obse rved  

i n  b o x  c o r e s ,  b o t t o n  p h o t o g r a p h s ,  u n d e r w a t e r  TV, and  s i d e s c a n  s o n a r ,  is sinuous 

and i r r e g u l a r ,  n o t  s t r a i g h t - c r e s t e d  l i k e  oscillation r i p p l e s  (Nelson, 1977), 

(Figs. 8 and 9 ) .  Furthermore,  the basal s u r f a c e s  on s a n d  layers a r e  r e g u l a r ,  t h e  

i n t e rna l  s t r u c t u r e  conforms t o  r i p p l e  form,  and b u n d l e w i s e  b u i l d u p  o r  o f f s h o o t s  

p a s s i n g  f r o n  a d j o i n i n g  t r o u g h s  and crests a rc  a b s e n t .  Each of t he se  p o i n t s  

suggest f o r m a t i o n  p r i m a r i l y  b y  u n i d i r e c t i o n a l  bottom c u r r e n t s  (Reincck and Singh ,  

1973). 

Waves s t i l l  are impor ta i l t  i n  fo rming  bo t foc i  s t r u c  t u r c s ,  a n d  i o r m s t i o n  of  

oscillation r i p p l c s  over asyn~mctric  r i p p l c s  and sand wavcs h a s  bee11 o b s e r v e d  in 

C h i r i k o v  b a s i n  a t  water d c p t h s  s i m i l a r  to t h o s e  of Norton Sound ( I lc lson c t  al., 

1 9 7 1 )  (Fig. 9). l l i i l d c n s t i n g  of wnvc d a t a  i n d i c a t e s  t h a t  wnvc rcworltiny, call 

a f f c c t  most 01 the  N O ~ - L O I ~  Sounil sca floor (I*lcflanus ct n l . ,  1 9 7 7 ) .  Ilowcvcr, 111 
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tllc >10 ni watcr dcptli:; w i t 1 1  vcrp finc s n n d  t l ~ n t  t h i s  s t u d y  covers ,  Clifto~l's 



(1976) conceptual model  predicts t h a t  wavc-related c u r r e n t s  should not  produce 

asymmetric r i p p l i n g .  Apparen t ly ,  the dominant storm e f f ec t  on sand l a y e r s  is 

reworking by b o t t o m  c u r r c n t s ,  whicl) are i n t c n s i f  ied by  s torm-induced sca l e v e l  

changes (Fathauer ,  1975). Later modification by less i n t e n s e  wave c f f c c t s  may 

cause some o s c i l l a t i o n  r ipp les  t o  b e  superimposed bvcr  the dominant 

unidirectional f e a t u r e s ,  but in gene ra l  they appear  t o  b e  subordinate.  

Eastward and nor thward from t h e  p r e s e n t  delta, storm sand l a y e r s  become 

fewer and fewer, and only-diffuse storm layers rich i n  s h e l l s  and p e b b l e s  are 

obscrved. Near t h e  delta, where biota appear t o  b e  restr icted and no  rocky  

hcrrdlands a r e  p re sen t ,  f e w  s h e l l s  or pebb le s  a re  e n c o u n t e r e d  i n  storm l a y e r s .  

With i n c r e a s i n g  d i s t a n c e  from t h e  d e l t a  i n t o  h i g h e r  salinity water, more and more 

shells are e n c o u n t e r e d  and b i o t u r b a t i o n  increases. I n  a d d i t i o n ,  t h e  intensity of 

storm-ave reworking decreases  and sand layers become t h i n n e r ,  w h i l e  headlands 

alonz t h e  c o a s t  awav from t h e  d e l t a  p r o v i d e  a ?qhh le s o r ~ r c ~ .  F r g q *  d r . 4 ,  6.1: 1 3 ~ -  

D exemplify such a proximal  (delta) to distal ( c e n t r a l  Norton Sound) o r  shallow 

t o  deep sequence of s t o r m  layers. Tbe  change from sand layers  to coarse l a g s  of 

p e b b l e s  a n d  shel ls  o f f s h o r e  a l s o  s u g g e s t s  t h a t  processes change from dominactly 

transport and deposition of sand slliicts t o  mainly e r o s i o n  of tcgd l e a v i n g  p e b b l e  

and s h e l l  l a g s  offshore. 

The Yukon muds of Norton Sound, both mass ive  and those i n t e r b e d d e d  with 

storm sand layers, remain nea r ly  devo id  of p h y s i c a l  s t r u c t u r e s ,  e x c e p t  f o r  

o c c a s i o n a l  laminations (Fig.  138,E). Because the mud deposition r e p r e s e n t s  s l o w ,  

c o n t i n u a l  deposition under non-storm conditions, b i o t u r b a t i o n  a p p a r e n t l y  can 

almost always keep pace w i t h  f o r m a t i o n  of physical s t r u c t u r e s ,  and t h u s  physical 

Structures arc not generally preserved i n  nuds. 

Prcsrnt-Day Pchh lc R a f t  iny ,  and Icc C o u ~ i n l  

Isolnccd y c b b l c s  arc widespread  in sediment  o: t h e  Ucring Sco r c ~ i o n  and may 

htlvc bccn transported by several  processes. P e b b l e s  are most common in nrcas 

surrouuding ccafloor gravcl(fig. 4). ~ h i s ' d i s t r i b u t i . o n  pnttcrn may rcsul t  from 



l c c  ground in6  111 grave l  areas .  Thc i ce  may p l u c k  pchblcs  f r o n ' t l l c  grave l  source 

and drop them nearby a f t c r  the i c c b c r ~ :  worl:s free  and b e g i n s  mcl t ing .  Otlicr 

mechanisms such a s  t r a n s l m r t  of w a l r u s  g s s t r o l i t h s  (stomach stones)  (S.kl. S t o k e r  

and F.11. Fay unptlb. d a t a )  and sea Grass r a f t i n g  ( S t o k e r ,  1973) nay a l s o  c a r r y  

i so la ted  p c b b l c s  o f f s h o r e .  

Rccent s t u d i e s  i n d i c a t c  tha t  gouging i n t o  t h e  sea f l o o r  b y  icebergs  o c c u r s  

everywhere a t  d e p t h s  sliallowcr than 20 rn Uhor  e t  al., 1977) (Fig .  9 ) ,  except  i n  

s t r a i t  areas ,  where ice jams nay  c a u s e  gouging a t  much g r e a t e r  w a t e r  d e p t h s  (G. 

Bloom, o r a l  comnun, 1970).  T h e  gouging i s  most i n t e n s e  ( r e a c h i n g  d e p t h s  of up  to 

1 m i n  t he  s e d i m e n t )  i n  t h e  p r o d e l t a  a rea  s u r r o u n d i n g  t h e  modern Yukon s u b d e l t a ;  

t h i s  i s  t h e  same region where  p h y s i c a l  s e d i n e n t a r y  s t r u c t u r e s  a r e  b e s t  p r e s e r v e d  

(Fig. 5 ) .  The q u c s r i o n  remains ,  why d o e s  t h i s  i n t e n s e  gouging have s u c h  l i t t l e  

e f f e c t  on p h y s i c a l  s t r u c t u r e s ?  P e r h a p s  scdirnerlt ra tes  a r e  r a p i d  enoug1.1 ncar  t h e  

modern subdclta t o  keep ahead of the r a t e  of i c e  gouging.  

F a c t o r s  C o n t r o l l i n g  C i o t u r b a t i o n  

B i o l o g i c a l  Pac t o r s  

A few u b i q u i t o u s  s p e c i c s  show l i t t l e  e n v i r o n ~ e n t a l  c o n t r o l  and account f o r  a 

s i g n i f i r  3nt amount of t h e  b i o t u r b s t i o n  auyul lere  i n  t h e  t lor t l lern  B e r i n g  Sea s r e o .  

Exanplcs of t h e s e  s p c c i c s  have  been  dcsc r i b e d  i n  t h e  previous b i o t u r b a t i o i l  

s e c t i o n  s u c h  as  t h e  o p h i u r o i d  a n d  gastropod ( T a c h y r h y n c h u s  erosus)  s u r f a c e  

di : . turbcrs ,  t h e  c l a n s  ( i . e .  Yoldin  m y n l i s )  and s m a l l  amphipod shallc,- Lurro\.!ers, 

the c lans  (I. c. S c r r i ~ c s  ~ r o r n l a r i d  i c a s )  a n d  small polyc l l ae te  ( t h r e a d  xarn) 

intermediate burrowers and t h e  clams (i. e. kly.? t r t ~ n c a t a )  and l a r g e  p o l y c h a c t c  

(1.e. Ampliarel-c) dccp b u r r ~ v c r s  (Table  1, F i g s .  10,11, and 1 2 ) .  

Except for the cosmopolitan spccics j u s t  mentioned, d i s t r i b u t i o n  of most 

species i s  contrallcd b y  e n v i r o n m e n t a l  fac t o r s  s u c h  as  I i y d r o g r ~ l ~ l i i c  c o n d i t i o n s ,  

morphologic s e t t i n g ,  and  substrate  t y p e .  Consequcntly , b i o t u r b a t i o n  of most: 

s p e c i e s  h a s  d e f i n i t e  p a t t c r n s  of arcnl d i s t r i b u t i o n  (Figs. 10 and 11). A l l  

spccics nppear t o  bc rcstr ictcd Ijy t l ld  s c n s o n n l l y  l o w  snliity off  t l ~ c  rnodcrll 



Yukon subdclt 'a  ( F l g s . 2 ,  5 and 11; L i s i t s y n ,  1966). Regions  of s t r o n g  c u r r c n t s  

and resulting c o a r s c - g r a i n e d  scai rnent  s u p p o r t  c p i f a u n a l  comrnunit ics s u c h  as  the 

suspension-fccder a s s c n b l a g c s  found i n  s t r a i t s ,  or the  sand d o l l a r  (Ech inavachnus  

parma) and b iva lve  community ( T c l l i n n  l u t c a  altcrnidcntata, S p i s u l a  polynyrnn) 

found in sandy arcas on crests of sl loals  (Fig.  10).  

Because of t h e  s m a l l  d e p t h  range (0  - 50 m) on n o r t h e r n  B e r i n g  s h e l f ,  water 

d e p t h  has l i t t l e  d i r e c t  i n f l u e n c e  on: abundance o r  t y p e  of b i o t u r b a t i n g  organisms. 

Ins:cad, b e n t h i c  communities t y p i c a l l y  show pronounced  a s s o c i a t i o n  with 

s u b s t r a t e ,  For o:anple ,  t h e  l a rge  a m p e l i s c i d  amphipods a r e  t h e  dominant 

o rgan i sms  d i s t u r b i n g  t h e  t r a n s g r e s s i v e  f i n e - g r a i n e d  sand i n  C h i r i k o v  B a s i n  

(Figs .  10 and  11; T a b l e  2). They are  n o t  evidt . : i t  i n  Yukon s i l t  of Norton Sound, 

where t h e  s m a l l e r  amphipods, b r i t t l e  s t a r s ,  a n d  de?os i t - f e ed ing  worms and c lams 

are p r e d o n i n a n t  (Figs. 10 and 11, Tzblc  1, P - w l a n d ,  1972, 1973). G r a v e l  l a g s  a re  

habitats f o r  an abundan t  e p i f a u n a  of rocky s u b s t r a t e  type consisting of 

b ryozoans ,  barnacles and b r a c h i o p o d s .  However, t h e  t h i c k n e s s  and c o a r s e n e s s  of 

the l a g  l a y e r s  and t he  s e s s i l e  living h a b i t s  of fauna  on then seem t o  prevent  
I 

s i g n i f i c a n t  b i o t u r b a t i o n .  Nany o t h e r  s u b s t r a t e  a s s o c i a t i o n s  of bioturbating 

organisn~s, p a r t i c u l a r l y  b i v a l v e s ,  have becn o u t l i n e d  in o t h e r  Bering Sea s t u d i e s  

(Table  1; Ro\;lland, 1972, 1973; S t o k e r ,  1973 and unpub. ), 

Interplay  of B i o l o g i c a l  and Physical F a c t o r s  

Intensity of b i o t u r b a t i o n  is c o n t r o l l e d  by r a t e s  of severa l  processes such 

as t h e  f requency  of f o r m a t i o n  of p h y s i c a l  s t r u c t u r e s ,  rate of reworking b y  

organisms,  and sedin!cnta t ion r a t e  (Fig .  16) .  Changcs i n  these rates  t h r o u g h  gco- 

log ic  time c a u s e  v a r i a t i o n s  i n  thc i n t e n s i t y  of b i o t u r b a t i o n  a t  a s i t e .  The £01- 

lowing p h y s i c a l  factors  cause a relat ive  increase in t h e  ratc of formatioil of 

phys ica l  sedlnciltary s t ruc  t u r c s  and  dccrcase i n  i n t e n s i t y  of b i o g c n i c  reworking: 

s h ? l l o v  water  w i t 1 1  i n t e n s c  wavc reworkiofi, s w i f t  bottom currcnts ,  r a p i d  rntcs of 

{cposition, and low-salinity water. Tlrcse p h y s t c a l  v . n r i n b l c s  p l u s  othcr c n v i r o n -  



cics d i s p e r s a l  and cause p n t c h i n c s s  of f a u n a l  d i s t r i b u t i o n .  As n r e s u l t ,  t l ~ c  

rate of b i o g e n i c  rcworkiny, v a r i e s  from one l o c a t i o n  t o  t h c  n e x t  a n d  w i t 1 1  time a t  

a givcn  l o c a t i o n .  

In thc s h a l l o w  p r o d e l t a  r e g i o n  o f f  the  Yukon R i v c r  s u b d c l t a ,  b i o t u r b a t i o n  

t y p i c a l l y  d o c s  n o t  keep pace w i t h  t h e  f o r m a t i o n  and r a p i d  b u r i a l  of p h y s i c a l  

s t r u c t u r e s  (Fig .  5).  An a r e a  j u s t  east  of t h e  p r o d e l t a  near S t u a r t  l s l a n d  a l s o  

shows no b i o t u r b a t i o n  i n  d e p o s i t s  of t h e  l a s t  5,OCO years  (Figs .  5 and 6 5 ;  Nelson 

and Creager ,  1977) .  T h i s  is  t r u e  even  though t h e  a rea  h a s  low s e d i m e n t a t i o n  

r a t e s  a n d  i s  a t  a g r e a t e r  w a t c r  d e p t h ,  where t h e  f o r n a t i o n  of wavk-forrircd s t r u c -  

t u r e s  is  expec ted  t o  b e  slower. T h e  well-dcw/oped p h y s i c a l  s t r u c t u r e s  p robab ly  

r e s u l t  from t h e  shore l ine  c o n s t r i c t i o n  of c o a s t a l  c u r r e n t s .  The  extremely good 

p r e s e r v a t i o n  of p h y s i c a l  s t r u c t u r e s  h e r e  and i n  t h e  p r o d e l t a  area nay result b o t h  

from c o n t i n u e d  fo rmat ion  b y  b o t t o n  c u r r e n t ;  o r  waves a n d  from t h e  i n h i b i t i o n  of 

biogenir a c t i v i t y  by t h e  great seasonal changes  i n  s a l i n i t y .  C o n p l e t e  b i o t u r b a -  

tion of sediment o l d e r  t h a n  5,CDO y e a r s  nea r  SLuar t  l s l a n d  s t r o n g l y  s u g g e s t s  t h l t  

Yukon d e l t a  d i s t r i b u t a r i e s  s h i f t e d  i n t o  t h e  region af cer 5,000 BP (Nelson a n d  

Creager, 1 9 7 7 )  and t h a t  s a l i n i t y  i s  t h e  p r e d o ~ i n a n t  f a c t o r  c o n t r o l l i n g  b i o t u ~ S ; -  

t i o n  i n  this area.  

Another s t r a t i g r a y h i r  sequence  f o r  t h e  l a s t  2,000 years  i n  e a s t e r n  Kor ton  

Sound (F igs .  5 a n d  6G) shows c o n p l c t e  b i o t u r b a t i o n  i n  t h e  lower t h i r d  oE :ne 

sediment, n e a r l y  c o n p l c t e  p r e s e r v a t i o n  i n  t h e  m i d d l e ,  and c o n p l e t c  bicj turbat ion 

in the  upper t h i r d .  E i t h e r  f a u n a l  p o p u l a t i o n s  d i m i n i s h e d  d u r i n g  the  time of 

depos i t ibn  of the  middle  sequence ,  or f r e q u e n t  storms p r e v e n t e d  b i o t u r b a t i o n  from 

keeping pace with d e p o s i t i o n .  

CEOLOCIC SIGNlFZCAKCE 

Geolog ic  Effects of B i o t u r b a t  i o n  

In add1 t i o n  to d i s t u r b i n g  p h y s i c a l  s t r u c  turcs  and c r e a t i n g  t r a c e  f o s s i l s ,  

b i o t u r b o t i o n  may scvcrcly d i s r u p t  f o s s i l  n ~ s c n b l a g c s  and o r g a n i c  d e b r i s  u s c d  in 
4 

dntJ.ng d e p o s i t s .  The d i s r u p t i o n  i s  c s p r c i n l l y  scvcrc i n  regions of t l l i n  t r i lns-  



grcfisivc scq.ucnccs a u c l ~  a s  the c p i c o o c i n c n t a l  shelf of tlic northcrri ncring Sea. 

I n  s e v e r a l  c o r e s  (F igs .  8A and  8D), presen t -day  burrows extend  a t  l e a s t  30 cm 

into P l e i s t o c e n e  f r e s h v a t c r  d e p o s i t s  t h a t  a r e  tens of t h o u ~ s n d ~  of ycars o l d .  A s  

a result, in part  bccausc of t h i s  upward mixing of o l d e r  m a t e r i a l s ,  rad iocarbon 

da'tes of 1,740 t o  5,085 BP are found f o r  bulk o r g a n i c  carbon i n  t h e  t op  1 - 2 crn 

of modern s u r f a c e  sediment on t h e  n o r t h e r n  Bering s h e l f  ( T e l e d y n e  Isotopes 

1-8134, 8135, 8226, F i g .  6F).  Downward homogenization of Holocene sediment b y  

bioturbat ion  helps t o  e x p l a i n  radiocarbon d a t e s  of only 3 few thousand  yea r s  f o r  

older bur i ed  t r ansgress ive  dcposits ( F i g s .  61, 8D; Teledyne I so topes  1-7482,  

7483). 

Radiocarbon da te s  on calcium carbonate  of shells again  suggest: s i g n i f i c a n t  

b i o l o g i c  mixing of modern shells downward into buried t r ansgress ive  gravel and 

sand (Fig.-6B, C, H ,  and 1). Dates on fossil, sqrface-dwelling mollusk species 

are just s e v e r a l  hundred ycars  o l d ,  even though o n l y  t h o s e  sheLls b u r i e d  in o l d e r  

sed imen t  far belot4 their norna l  l i v i n g  h a b i t a t  were da t ed  (li. Rubin,  USGS Radio- 

cargon Lab. W - 2 4 6 2 ,  2464,  2466 ,  2467, 2681-2685). I n  C h i r i k o v  b a s i n ,  where t h e  
I 

t r ansg res s ive  sequences  a r e  t h i n  and d a t e s  on shells do n o t  appear t o  b e  re l i -  

able ,  rm7.xed clodern a n d  t r ansgress ive  f o r a r r i n i f e r a l  assew b lnges a re  found 

th roughout  t h e  e n t i r e  transgressive sequences (Figs. 8A and SD) (R. k h o l s ,  

written commun., 1974).  Only where sed imenta t ion  r a t e s  a r e  h i g h ,  p r o d u c i n g  

ra;)id, d e e p  burial such as near the modern Yulcon subdc l t a ,  do radiocarbon d a t e s  

on shells and organic carbon agrcc  w i  t l l  s t r a t i g r a p h y  (M, Rub i n ,  USGS, Rad iocarbon  

Lab W-26180; Teledyne Isotopes I-7316', 81341, and can  unmixed transgrcssivc 

sequcnccs of nicrofossils b e  de tec ted .  

R h o a d s  11973) p o i n t s  o u t  anottier aspect of bioturbation t h a t  may have par- 

t i c u l a r  geologic significance for the nor thcas t c rn  p a r t  of the Bcring shelf- T h e  

prrdonilnance of d c p o s i  t f ccdcrs can reduce tllc bullc  dens i ty  of f inc-grilincd scdi- 

mcnt and great ly  cnllancc t l ~ c  potcntinl f o r  cros ion .  Tl lc  dominance of d c l l n s i t  

fccdcrs in Norto11 Sound (Figs. 10 mid' 18; R o w l a l ~ d ,  1972) may be n c o n t r i b u t i n g  



factor t o  t l ~ c  r c s u s p c n s i o n  of c o ~ ~ s i d c r a b l c  f i n e - g r a i n e d  scd imcnt  tllcrc. The 

reauspcnslon of scd imcnt  by  storrn wavcc and i t s  removal b y  s to rm-gcoera tcd  and 

c o n t i n u o u s  c u r r e n t s  may have d i s p l a c e d  about h a l f  of tllc Holocenc s c d i n e n t  of 

Yukon s o u r c e  from Norton Sound t o  t h e  Chukchi Sea (Nelson and C r c a ~ e r ,  1 9 7 7 ) .  

Comparison of Bering S h e l f  and S i m i l a r  Sedimenta ry  Environments  

Prodelrn a n d  Inncr She1 f F a c j e s  

P r o d c l t a  mud f a c i e s  d e v e l o p  i n  the s h a l l o w  regions s u r r o u n d i n g  t h e  Yukon 

River mouth where the l o w - s a l i n i t y  r i v e r  plume i s  t h e  d o n i n a n t  w a t e r  mass (F igs .  

2 and 5). The proximal  d e p o s i t s  arc c h a r a c t e r i z e d  b y  t h i n  mud i n t e r b e d d e d  with 

thick storm s a n d  l a y r r s  t h a t  c o n t a i n  we l l -deve loped  s e d i m e n t a r y  s t r u c t u r e s  

r e s u l t i n g  from waves and .currents g e n e r a t e d  b y  storm s u r g e  (Table  2, C1). 

Offshore fron t h e  most proximal p r o d e l t a  f a c i e s ,  l a y e r s  become t h i n n e r ,  more 

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

b a t e d .  The most d i s t a l  p r o d e l r a  d e p o s i t s  a r e  dominated b y  h i g l y  b i o t u r b a t e d  muds 

w i t h  sand lenses containing b i o t u r b a t e d  remnan ts  of  p h y s i c a l  s t r u c t u r e s .  F u r t h e r  

seaward,  s h e l l  and p e b b l e - r i c h  s t o r m  lag 1 a y e r s . o c c u l  (see F i g s .  6E, 6F, 6G, 1 3 B  

and 1 4 C  f o r  a  s p e c i f i c  seqaence;  F igs .  5 and  16 show g e n e r a l  p a t t e r n s  of distri- 

b u t i o n ) .  B i o t u r b a t i o n  i n  the muddit-r f a c i e s  is dominated by t u b e + u i l d i n g  d e r r i -  

t u s  feeders and b u r r o w i n g  d e p o s i t  feeders (Tab le  1, G-C; F ig .  10 and 11 ; Table 2 ,  C1). 

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

quences  r e f l e c t  t h i s  sane p r o x i m a l  t o  d i s t a l  e n e r g y  g r a d a t i o n .  For example 

proximal to d i s t a l  s e q u e n c e s  o f $ h y s l c a l  s t r u c t u r e s  and s t o r m  s a n d  l a y e r s  l i k e  

those i n  Norton Sound a r e  described f o r  J u r a s s i c  d e p o s i t s  b y  Ander ton (1976).  I n  

the Upper Crc t a c e o u s  Elackllawk f o r n a t i o n  i n  Utah,  a r e p , r c s s i v e  sequence beg ins  

w i t h  con lp lc te ly  b i o t u r b a t c d  o f f  s h o r c  muds (Howard,  1972) .  Sand beds  appcar up- 

s e c t i o n  and t h i c k e n  upward w i t h  i n c  r c a s i n g l y  v c l l - p r e s e r v e d  p l ~ y s i c a l  s t r u c  t u r c s ,  

indicating grcrrtcr wave cncrgy. T l ~ c  faunas a l s o  changc u p - s e c t i o n  f rocl  d e p o s i t  t o  

suspension f c c d c r s  a s  t11c d e p o s i t  io r ln l  cnvi  ronmcnts  khollowcd. 



Variations i n  wave cl imate  and topographic setting can g r e a t l y  extcnd or 

reduce proximal-to-distal o f f shore  gradation o f  pl~ysical s tructures  generated b y  

waves. For examplc, i n  t h e  Gulf of Gacta i n  the low-energy wave climate of the 

Mediterranean, well-developed physical s tructures  arc  liaitcd t o  less than 6 n of 

water dcpth (Reineck  and Singh, 1973) below which bioturbation predominates. In 

the higher energy cnvironrnents of t h e  northern Bering Sea and o f f  S o u t h e r n  

California, well-preserved reccnt  physical s tructures  exist to  15-20 m water 

d e p t h  (Figs. 5 and 7) (Karl ,  1975) .  In the very high energy environment off 

Oregon, well-preserved physical s t r u c t u r e s  occur i n  sediments i n  over 50 m of 

water ( K u l m  and o thers ,  1975 ) .  Well-preserved physical  structures a l s o  nay e x i s t  

anomalously f a r  o f f  shore on topographic e l eva t ions .  

Sed!.ment type  and rate o f  i n f l u x  a l s  may inf luence  the  maximum o f f s h o r e  

extent  and water depth  a t  w h i c h  p h y s i c a l  structures are preserved. In muddy 

areas, such a s  near d e l t a s ,  f ine-grained sand layers and t h e i r  structures are  

readi ly  i d e n t i f  iahlc i n  nodern or anc ien t  sequences (Fig. 6E-G) hloore and Scru- 

ton, 1957; I lastcrs ,  1967;  l loward, 1972) .  Cocnonly ,  i n  t h e  most d i s t a l  locations 

of d e p o s i t i o n ,  isolated pods  or l e n s e s  of r ippled and laminated s c d i n e n t  a r c  t h c  

last recognizable v e s t i g e  of a storm sand layer (Figs. 65 and 130) (ReLneck, 

1970; Winston and Anderson, 1970). Such thin sand lenses are u s u a l l y  destroyed 

by bioturbation c l o s e r  to shore or a t  shallower d e p t h s  than are s imilar stornl l a g  

layers composed o f  s h c l l  and p e b b l e  l a g s  (Figs .  5 and 7) .  For example, f a i n t  

shell and pebb le  horizons of coarse-grained storm lags are i d c n t i f i a b l e  to water 

depths of 30 n i n  modern scdimcnts of Norton Sound cvctl after very ex tens ive  b i o -  

turbation; t h e  last vest iges of fine-grained sand l ayers  occur in 25 rn of warct  

(Fig. 7).  In most de l ta  areas ,  t h e  formation of sucll shell and pebble layers is 

i n h i b i t e d  b y  t l l ~  p a u c i t y  of rocky headland pcbblc sourccs and by thc in£ lux of 

fine-grained scdinicnt  and low s a l i n i t y  waecr, u l~ ich  nppcars to d i s c o u r a ~ c  l a r ~ c  
1 

b i v a l v e  a ~ o l l o s k  populations, tllc source of nmst shc l l  material. 



Thc d i s t r j b u t i o n  pattorn of t l ~ c  p r o d c l t a  f a c i c s  may bc controlled a s  inuch 

b y  w a t e r  c i r c u l a t i o n  a n d  frcsllwitcr plume dispersal a s  b y  t h e  o l ~ n l l o w ,  nenrs l lorc  

location and s h a p c  of t h e  prode l ta  topography (Figs. 2, 3 and 5).  T h i s  is 

because v a r i a t i o n s  i n  s a l i n i t y  and  oxygen a n d  n u t r i c n t  c o n t e n t  of sea w a t c r  c a n  

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

p h y s i c a l  s t ruc tu res .  The b e s t  p r e s e r v a t i o n  of physjcal s t r u c t u r e s  c o i n c i d c s  with 

the l o c a t i o n  of the l o w - s a l i n i t y  p lumes  (F igs .  3 and 5;  1Jelson et a l . ,  1975)  s u r -  

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

t i o n  a l s o  h a s  been  c o r r e l a t e d  cricll with decreasing s a l i n i t y  u p  c s t u a r i e s  ( I l i n s  t o n  

and Anderson,  1970; 14oorc a n d  S c r u t o n ,  1957). The  impor tance  of salinity com- 

pared t o  o t h e r  f a c t o r s ,  l i k e  r a p i d  s e d i m e n t a t i o n ,  is s u g g e s t e d  b y  t h i n  ( 1% cn) 

l a t e  Holocene sequerices t h a t  have remained u n b i o t u r b a t e d  f o r  a t  least 5 ,000  years  

o f f  t h e  Yukon (Fig.  6F). 

In some geographic s e t t i n g s  p h y s i c a l  s t r u c t u r e s  may b e  p r e s e r v e d  i n  u n -  

e x p e c t e d  e ~ i c o n t i n e n t a l  s h e l f  areas where the b e n t h i c  fauna  i s  d e p a u p e r a t e  

b e c a u s e  of low oxygen c o n t e n t  i n  bottom w a t e r  ( S e i b o l d  e t  a l . ,  1971) .  E x c e l l e n t  

p re se rva t ion  of p h y s i c a l  s t r u c t u r e s  found i n  t h e  Mesaverde Format ion  of n o r t h -  

wester.: Colorado ( ~ l a s t e r s ,  1967) s u g g e s t s  that t hese  ancient d e p o s i t s  similar t o  

t hose  o f f  t h e  Yukon were formed under  s h a l l o w ,  l o w - s a l i n i t y  w a t e r  near a d e l t a ,  

o r  where env i ronmenta l  f a c t o r s  i n h i b i t e d  b i o t u r b a t i o n .  

T L a n s ~ r e s s i v e  and Current- lainnowed F a c i e s  

The  transgress ive  f i n e - g r a i n e d  s a n d s  i n  n o r t h e r n  B e r i n g  Sca a r e  c h a r a c -  

t e r i z e d  b y  a homoecncous texture, t h e  general absence of p h y s i c a l  s t r u c t u r p s ,  a n d  

intense b i o t u r b n  t ion b y  t u b e - b u i l d i n g  d e t r i t u s  f ccdcrs (Table 2,B1 ). T h i s  s e d i -  

ment f acies may, t y p i f y  t h i n  t r a i ~ s g r e s s i v c  sands on c p i c o n t i n c n t a l  s l l c l v e s  w i t h  

low wave energy ,  b u t  whcrc b u r i a l  b y  of  f s l i o r e  mud i s  p r e v e n t e d  b y  s r r o n g  bottorll 

currents or i s o l a t i o n  from scd imcnt  s o u r c e s .  Ir. cotltrclst, i n  nrcns  whcrc t l l c r c  

is a very Iligh cncrgy wave re,qiinc, such ns  p r e s c ~ . r t l y  o f f  O r c ~ v t l ,  sumc p l ~ y s i c a l  

4 

s t r u c t u r e s  are found in t l ~ c  offsllorc r c l i c t  t r a u s g r c s s i v c  sans i i l ~ i c ! ~  ( K ~ l n i  i lnd 



T h e  b a s a l  r r a n s g r c s s i v c  g r a v e l  and p c b b l y  coarse t o  ~ncdiurn-grained sand of 

the Ber ing  s h e l f  i n  many places  ovcrlic Pleistocene mora ines  e i thcr  as  s u r f a c e  

r e l i c t  d c p o s i t s  o r  a s  s u b s u r f a c e  strata b e n e a t h  t r a n s g r e s s i v e  f i n e  sand .  These 

c o a r s e - g r a i n e d  transgressive scd i rnen t s  take several forms that may b e  d i s -  

t i n g u i s h a b l e  i n  the  s t r a t i g r a p h i c  record. The d e p o s i t s  w i t h  rounded p e b b l e s ,  

wacer-worn and t h i c k - s h e l l e d  w l l u s k s ,  and medium-scale c r c s s  and f l a t  l a m i n a t i o n  

appear  t o  be t y p i c a l  s e d i m e n t s  a s s o c i a t e d  with s h o r e l i n e  stillstands (Table 2 ,  A2; 

C l i f t o n  e t  al., 1971; Reineck and S ingh ,  1973). The a n g u l a r  pebble lags t h a t  

develop o v e r  g l a c i a l  till and b e d r o c k  a p p a r e n t l y  form d u r i n g  very r a p i d  s h o r e l i n e  

t r a n s g r e s s i o n s .  C r i t e r i a  f o r  such  deposits a r e  a n g u l a r  gravels, l i t t l e  o r  no f i n e -  

brained matrix, and t h ~  remains of a rocky i n t e r t i d a l  fauna (Table 2, All. Sessile 

benthic fauna consists .largely of epifaunal forms (Craig and Jones, 1966) . AS a 

result ,  t h e  t h i n  pebble  l a g s  show l i t t l e  d i s r u p t i o n  from b1oturbatir.g organisms 

and may remain  w e l l  preserved i n  the s t r a t i g r a p h i c  record For example, t h i n ,  

structureless, t r a n s g r e s s i v e  sands o v e r l y i n g  w e l l - p r e s e r v e d  g l a c i a l  d e p o s i t s  have 

b e e n  noted i n  t h e  Paleozoic transgressive sequence of the A l g e r i a n  Sahara region 

(Beuf e t  al., 1971). 

The w e l l - s o r t e d  current-winnowed uediurn sand on the shoal crests of t h e  

northern Ber ing  s h e l f  i s  a n o t h e r  sed iment  facies t h a t  may b e  r e c o g n i z a b l e  in 

ancient shelf d e p o s i t s  (Table 2). Remnants of  r i p p l e s  and f l a t  l a m i n a t i o n  are 

common; s h e l l  lag horizons and clay stringers, possibly representing major  f l u c -  

t u a t i o n s  +n c u r r e n t s ,  are locally p r e s e n t .  An important key t o  such d e p o s i t s  i n  

ancient sequences would be dominance of sand d o l l a r s  and f i l t e r  f eed ing  bivalves 

o r  eimilar a n c i e n t  organisms (Tabla B2). 

Shelf hlodcl - 
The p h y s i c a l  dnd biological structures obscrvcd oil t l ~ c  Ucring shclf ngrcc 

wi th  other sfmilar s t u d i c s ;  thcse data pc'rmit conceptr la l i znt ion  of n modcl of ty- 



p i c a 1  u h c l f  ~ c d i r o t ~ n t a r ~  s t r u c t u r c a  and f a c t o r s  con troll in^ t h c i r  ' d i s t r i b u t i o n  on 

an open s h e l f  w i t h  elastic d c p o s i t l o n  dominated b y  muds and  no o r g a n i c  reefs 

(Fig. 16).  The i n s h o r e  margin of t h e  model prescntcd hcre phascs  i n t o  t h e  w c l l -  

defined s h o r e l i n e  sequcnccs  of p h y s i c a l  s t r u c t u r e s  caused  by  b r e a k i n g  waves t h a t  

have been  depic tcd  i n  t h e  c o n c c p t u n l  mndcls o u t l i n e d  b y  C l i f t o n  e t  a l .  (1971) .  

The model p r e s e n t e d  l i e rc  does no t  c o n s i d e r  t h e  s e r i e s  of l a r g e - s c a l e  bedforms 

caused b y  ex t remely  s t r o n g  b o t t o m  c u r r k n t s  i n  c o n s t r i c t e d  bathymetric regions 

with Irigh t i d a l  or dynamic c u r r e n t  flux. Such s e q u e n c e s  have been d e s c r i b e d  b y  

Belderson e t  al. ( 1 9 7 1 )  i n  the  E n g l i s h  Channel  shclf and appear t o  b e  p r e s e n t  i n  

t h e  B e r i n g  S t r a i t  a r e a  ( F i g s .  1, 4 ,  and 1 6 ) .  

I n  t h e  model  w e  p r e s e n t ,  p h y s i c a l  sed imenta ry  structures c a u s e d  b y  waves 

w i l l  d o n i n a t e  t h e  open  shelf sediment  j u s t  o f f s h o r e  f rom b e a c h - r e l a t e d  f e a r u r e s .  

T h e  best deve loped  p h y s i c a l  sed ic lcn ta ry  s l r u c  t u r e s  c a u s e d  b y  s t r o n g  b o t t o m  *:ur- 

r e n t s  a s s o c i a t e d  with p e r i o d i c  t i d e s  (Mofje ld ,  1976), s t o r m  t i d e s  and s h o r e l i n e  

c o n s t r i c t i o n s  of dynamic c u r r e n t s  will g e n e r a l l y  o c c u r  j u s t  o f f s h o r e  from t h e  

wave-rc la tcd  s t r u c t u r e s .  Seaward f r o a  s t r o n g  wave- a n d  t ide-formed s e d i m e n t a r y  
I 

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

waning wave and bot t o n - c u r r e n t  p r o c e s s e s  a s s o c i a t e d  w i t h  storrns.  This complete  

sequence  of storm sand t o  pebble- and s h e l l - r i c h  l a y e r s  ha s  been w e l l  documented 

i n  Norton Sound (Fig .  16).  

As p h y s i c a l  energy from waves a n d  c u r r e n t s  diminishes of i s l to re ,  t h e  f r e -  

quency of  p h y s i c a l  sed imenta ry  s t r u c t u r e s  l e s s c n s  and t h e  p h y s i c a l  s t r u c t u r e s  a r e  

b i o t u r b a t e d  and replaced b y  t r a c e  f o s s i l s  t o  a p r o g r e s s i v e l y  g r e a t e r  degree. The 

sequence of b i o l o & i c a l  s t r u c t u r e s  i n d i r e c t l y  f o l l o u s  g r a d i e n t s  of wave and cur-  

r e n t  cncrgy b e c a u s e  these g r a d i e n t s  r e g u l a t e  s u b s t r a t e  t y p e s ,  which are t h e  main 

c o n t r o l  on b i o l o ~ i c o l  nssc~\blngcs (Craig and J o n e s ,  1966'  Rovland,  1973; Stoker,  

1973). T y p i c n l l p ,  suspens ion- fecd in f i  orgilnisms w i l l  b e  more p r o n i n c n t  nearshore 

i n  coarse-grnincd s u b s t r n t c s  associated w i t h  h i g h ,  p h y s i c a l  cncrgy.  I n  tills 
< 

cnvironmcnt, f i l t e r i n g  appari ltus i s  lcss l i k c l y  t o  bc e loggnd  by  f i n c - g r n i n c d  



Jebrls (Khondu rind Young, 1970). and  the c i r c u l ~ t i o n  o f  suspcndcd d e b r i s  i s  v i -  

Soroue. Su~pcnsioa-feeding organ i sms  will t e n d  t o  d i s t u r b  scdimcr~t :  less b c c o u s c  

they only n c c d  t o  anchor  o n t o  o r  i n t o  t he  b o t t o m  surEacc and do n o 6  occd t o  bur- 

row through thc sed iment  t o  acquire food. I n  c o n t r a s t ,  d i s c r e t e  bur rows  and com- 

plete b i o t u r b a t i o n  c h a r a c t e r i z e  o f f s h o r e  muds (Iloward and Frey ,  1973) b e c a u s e  

d e p o s i t  f e e d e r s  and d e t r i t u s  feeders require t h e  h i g h e r  c o n t e n t  of o r g a n i ~  dc- 

, r is  found .in f inc -g ra ined  sedirnen ts of lower  energy  s c  t tin:=. 

The c o n c e p t u a l  model (Fig. 16)  p o r t r a y s  an  open graded s h e l f  t h a t  g r a d u a l l y  

lhanges  in d e p t h ,  wave e n e r g y ,  s e d i m e n t  c h a r a c t e r ,  and current energy  o f f s h o r e .  

Zvidence from the n o r t h e r n  Bering epicontincntal shelf and elsewhere i n d i c a t e s  

t h a t  many v a r i a b l e s ,  including topograph ic  s e t t i n g ,  hydrographic c h a r a c t e r i s t i c s ,  

~ i o l o g i c  p r o d u c t i v i t y ,  and  t y p e  and location of sed iment  s o u r c e s  can modify this 

i d e a l i z e d  sequence*  Several examples have a l ready ??en cited t o  show that varia- 

t i o n  of  wave c l i m a t e  c a n  g rea t ly  extend o r  r e d u c e  offsbore extent of p h y s i c a l  

s t r u c t u r e s  g e n e r a t e d  b y  waves. 

Topographic p r o j e c t i o n s  outward  from the adjacent s h o r e l i n e s  such  as d e l t a s  

,t upward from t h e  surrounding sea f l o o r ,  such  a s  o f f s h o r e  i-and r idges  (Nelson 

and o t h e r s ,  1975) a r e  important variables c a n t r o l l i n g  the development of  c u r r c n t -  

Eorrned physical s t r u c t u r e s .  Where w a t e r  c i r c u l a t i o n  i s  c o n s t r i c t e d  and s t r e n g t h -  

med by  major s h o r e l i n e  p r o j e c t i o n s  as i n  the B e r i n g  S t r a i t  o r  E n g l i s h  Channel 

(Be ldc rson  e t  a l . ,  1970), b e d f o r n s  and i n t e r n a l  physical s t r u c t u r e s  will b e  w e l l  

3cveloped no matter what t he  w a t e r  d e p t h  o r  d i s t a n c e  f r o ~ n  shore. Off sho re  areas : 

>f sea-floor topograph ic  r e l i e f  such as sand  r i d g e s  t h a t  constrict and f o c u s  b o t -  

tom c u r r e n t s  arc  a l s o  sites of wel l -developed p h y s i c a l  s t r u c t u r e s  w i t h o u t  regard 

:o t h e i r  d i s t a n c e  from shore  (Fig- 6L)- 

V a r i a t i o n  i n  ttlc amount and t y p e  of scdinlent: is a n o t l l c t  InEluerlce on the 

Icvelopncnt and p r c s c r v o t i o n  o f  l>hysicsl struc turcs. Whcrc r a t e s  of deposition 

-c high nud i n t e r b c d d c d  muds urc comamn, n s  off  the Yukon and E1issi:;sippi d c l t n o  

>ore nnd Sc ruton, 1957). prcccrvntiotl ol p l ~ y s  i c n l  struc tiires i s  c n h a n c c d  and 



m a y c x t c n d t o u n u s u s l l y  g r e a t  depths or d i s t a n c e s  from shoxe c o n s i d e r i n g  the 

wave-cncrgy s e t t i n g .  The final shell and pebble r e m n a n t s  of an offshore storm l a y e r  

may extend far offshore beyond the distance usually cxpcctad because of unusual 

sources of pcbblcs and mechanisms l i k e  ice or o r g a n i c  rafting to disperse them 

over the s h e l f .  

A l l  the f a c t o r s  of i nc r ea sed  wave energy ,  c u r r e n t  velocity and d e p o s i t i o n  

rates,  in a d d i t i o n  t o  decreased  b e n t h i c  p r o d u c t i v i t y  w i l l  extend a r e a s  dominated 

by p h y s i c a l  s c d i c e n t a r y  s t r u c t u r e s  f a r t h e r  seaward than  b i o t u r b a t i o n  would o the r -  

w i s e  a l l o w  ( F i g .  16) .  These  v a r i a t i o n s  in basic p h y s i c a l ,  c h e m i c a l ,  and b i o l o g i -  

c a l  f a c t o r s  a r e  p r e d i c t a b l e  at l e a s t  p a r t i a l l y  a n d  n u s t  b e  c o n s i d e r e d  when s e d i -  

mentary s t r u c t u r e s  a r e  u t i l i z e d  f o r  p a l e o c n v i r o n n c n t a l  r e c o n s t r u c t i o n s .  
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Fig. I - S e t t i n g ,  phyclo[ ; raphy,  and l o c a t i o l ~  of  1arl:e-scale bctlforms p r e s e n t l y  
known i n  i ~ o r l h c r r i  I l e r l n l :  Sca .  Bathy~nct  ry modf f icd f r o ~ n  I lopkins  c t  al. 
(1976).  Large-scalc  bcdforns f ron J o r d a n ,  19G2; G r i m  a n d  blctlanus, 1970;  
L. Tolnil, 1975, o r a l  connun., and  Nclsoo,  unpuS l i s h c d  dacn. 

Fig. 2 -CJatcr masses i n  n o r t h c r n  B e r i n g  Sca ( i i lod i f ied  from Coachman eL a l . ,  
1976) .  Tlic A l a s k a n  C o a s t a l  waLer ( 1 4  - 31.5 0 / 0 0 ,  .B'c) occup i c s  Lhe 
e a s t e r n  p o r t i o n  of  the s t u d y  area ,  t h e  Bering S h c l f  h'nter (sonictimcs 
c a l l e d  F l o d i f i c d  S h c l f  \!atcr) (31.5-33 0/00, 0 - 4 O i ; )  c o v e r s  t h c  ccnt:ral  
arcn ,  and the Anadyr  Water ( 3 3  0/00, 1 -3 '~ )  o c c t ~ r s  i n  t h e  WcsLern 
p o r t i o n  of t h c  s t u d y  a r m .  Data on scaconal s a l i n i t y  c h a ~ , g c s  from 
Goodman, e t  a l . ,  ( 1 9 4 2 1 ,  G.D. Shnrlaa (1975,  w r i t t c n  cocsun .  ) and  Nelson 
e t  a l . ,  (1975) .  Data on s l l o r e f a s t  i c e  m a r g i n  fr01i1 Tllor e t  al., (1977). 

Fig. 3 -Offshore water c i r c u l a t i o n  (from Goodman e t  al., 1 9 4 2 1 ,  and maximum 
b o t t o m  c u r r c n t  v e l o c  i t i c s  f rcrn avail25 lc mcasurcr.lcnts i n  n o r t h e r n  B c r i n ~  
Sea ( f rom F l c n i n g  a n d  l !cggar ty ,  1 9 6 6 ;  liusby, 1971;  I.lcl~:anus a n d  Smytl', 
1970; l i c l son  and Hopk ins ,  1 9 7 2 ) .  

Fig. 4 -Surfa t  2 sedi11:zr.t: d i s t r i b u t o n  i n  t lor t l iern  E c r i n g  Sea ( z o d i f  i c d  f ron 
Nelson and Hopk ins ,  1 9 7 2 ;  thebe1  and  Creager,  1973; I-ictlanus c t  a l . ,  
1 9 7 4 ,  1977) .  

Fig. 5 -Do>; co!.it l o c a t i o n s  and desc r i p t i o i l s  of p h y s i c a l  si- .dimentary structures 
observed  ih t l ~ e  uppcr 40  cm of sedinei l t  i n  norLhcrn B e r i n g  Sca. 
S t r u c t u r e s  i n  r e l i c t  t r a n s g r e s s i v e  d e p o s i t s  and f i g u r e  nurDers  of tort: 
photos  a r e  keycd  t o ' l o c z t i o n .  

Fig. 6 -Lag and storm l a y e r s  i n  n o r t l - e r n  B e r i n g  Sea s e d i n : c n t s :  l o c a t i o n s  of bo,. 
c o r c  p l ~ o t o s  st1oi:n i n  F i g .  5. I n d i v i d u a l  c e n t i r ~ e t e r  s c a l e  i s  r7hc,wn i n  
lowcr r i g h t  corner  of e a c h  pho tograph  o r  r a d i o g r a p h .  

.Ffg. 6A  trans&^-cssivc l a g  g r a v e l  o v e r  g l a c i a l  till shown i n  box c o r e  sl.ab facc. 
Notc H c r , l j . t l ~ \ : G  p s i . t t a c c t  ( b r a c h i o p o d )  and bryozoar;  s k c l c t o l : ~  on 
su l - facc .  4 1  m w a t e r  d e p t h .  

Fig, 6n -Cpoxy cas t  of b o x  c o r e  c ~ n ~ s i n i n ~  t l ~ i c k ;  w c l l - s o r t e d  cranscrc.ssive l a g  
grave l  from -30 n s h o r e l i n c  stillstand (Nelson and Hopkins, 1972) .  Notc 
f a i n t  c ross -bcdd ing  i n  c c n t c r  of c a s t ,  30 u watcr d c p t h .  

F ig -  6C -Box core  s l a b  f i ~ c c  cxhib  it in^ slicll l a g  a t  b a s e  of t ra t ls~1-css ivc? .  f i n c -  
grained sand.  Tlic s l i c l l  layer was cor:,l)osed of cqunl  aclouilts of l k a t e 1 1 . ~  
arc t icn and )1~cn1??,-1 r ; l l c n r r ? n  and  p r o b a b l y  formed a s  a storm 1 . l~ :  d u r i n g  
lowcr sca l c t l c l .  The layc!r was found  i n  an i s o l a ~ c d  s m a l l  b a s i n  r r l :  43 In . 
waLc.r d c p  t h .  

F ig .  6D -BioturLatcd cunrsc  sand ant1 s l i c l l  laycr cocrlloscd c n t i . r c l y  of 
Fxlll n : ~ r ; i r l i n i t ~ : ;  p;lrc!:l ( s i ~ n d  r l o l l a r s )  i n  currcn t - w i n ~ i o u c d  f inr: sand over n -- 
6\11>3l crest, 35 [:I wt l t1 . r  dcptlr.  



Fig. 6E +ox corc sl.ab filer s h o w i ~ i g  ~ l i i c k  l i l ; l ~ ~ - c o l o r e d  ctorln snntl layers i n  
Yukon  s i l t  30 k ~ n  f r u n ,  t l ~ c  no(lc~-l l  l'ukoll sub( lc1ta .  t Jo tc  t h a t  L I I ~  ~ l i l . c k  
uppcr . s a n d  nos t r v c c n t l y  1or1::cd is n o t  b i o t u r b a t c d ,  wl~crcils  o n l y  cross- 
l a m i n a t e d  sand I c n s c s  rcn:ain i n  t h c  l o v e r  b i o l u r b a t c d  b e d .  11 m w a t e r  
dcpJ11. 

Fig.  GF -l',adiog~-aph of wcll-dcfincd t l ~ i n  s t o r m  sand l a y e r s  i n  l arc  l lo loccnc Yukon 
s i l t  7 5  kt3 o f f  s l ~ o l - c  f r o n  thc yrcscn t s u s d c l t a .  T h o r o u ~ h l y  b l o t u r b a ~ c d  
o lde r  'I'ul:on s i l t  u n d c r l  i r ! s  well-s t r u c  t r ~ r e d  b e d s  i n  younger  Yukon s i l t  
(a f  t -cr  l ie lson 2nd C r c a ~ c r ,  1 9 7 7 ) .  K o t p  r i p p l c d  and wavy h c d d e d  s a n d  
beds ( l i g h t - c o l o r e d )  w i t h  s m a l l - s c a l e  c r o s s  a n d  f l a t  Ir?,o~irrat ion.  1 6  m 
w a t e r  d s p t l i .  

F i g ,  6G - K a d i o ~ r a p h  shrr:.~ing s h e l l  a n d  p c b b l c  l a g s  i n  t h e  u p p e r  and 1ot:cr p a r t s  of 
tllc c o r e  and n u c c r o u s  t h i n  sarrd l a y c r s  i n  between.  Both probably 
deve loped  by  storm reworking of Pul;on silt l o c a t e d  110 km from t h e  
p r e s e n t  Yukon s t 1 5 d c l r a .  C o t e  that upper  s h e l l  lap, i s  only s 1 i g h t l . y  
d i s r u p t e d ,  whercas  b a s a l  l a y e r s  a r c  h i g h l y  b i o t u r b a t e d .  T h e  midd le  
unb io tu i -ba ted  s c c t i o n  h a s  sand beds ( l i g h t - c o l o r e d )  t h a t  e x h i b i t  
discontinuous p a r a l l e l  b e d d i n g  i n  t t ic  upper  t v o  laycrs and n o n p a r a l l e l  
a n d  lenticular b e d d i n g  i n  tlle lower  t l i r ee  l a y e r s .  Wood a t  t h e  c o r e  b a s e  
h a d  nn age of 2,120 yer;rs BP ( T e l e d y n e  I s o t o p c s  sample  Xu. 1-7320). 
Kotc t h e  1-rnz-dia1;:eter bur rows  i n  t h c  u p p c r  p a r t  of t h e  core  t h a t  
p rubzb ly  a r e  c z u s c d  b y  p o l y c h a e t e  v:orrJs ( s e e  13ci,:ard, 1969, Figs. 8, 13  
a n d  I i e r tveck ,  1972,  F igs .  3, 5 ) .  1 4  rn water d ~ p c h .  

Fig. 6H -Rad iog raph  shoving b i o t u r h a r e d  s l lc l l  and  p c b b l e  l a g  layers  ( lower  h a l f  
of c o r o )  i n  t r a n s g r c s s i v c  c o s r s c  t o  tL2edium sand .  Lag a p p a r e n t l y  
d e v e l o p ~ d  d ~ l r i n ?  t h ~  H n l n r  r -nr  t r a n c o r p c s . i n n .  U n t ~ ~ r l : , f n ~  f i z e - c v - i n n ~  0 - - - - - - - -  

t r a n s g r e s s i v e  s a ~ d  i n  t h c  upper  h a l f  of t h e  c o r e  i s  h i g h l y  b i o t u r b s t e d  
by a c p h i p o d s  a n d  clans. 47 m w a t e r  d e p t h .  

Fig. 61 -Eox c o r e  s l a b  face o f  nediun-grained s a n d  f r o m  a s h o a l  c r e s t  containing 
c o e r s c  sand l a g  l a y e r s  a n d  . c l a y  l aminae  p r o b a b l y  Lorned b y  c u r r e n t  
reworking.  31 n wate r  d c p t h .  

Fig.  65 -Yukon s i l t  c o n t a i n i n g  a l a r g e  r a f t e d  p e b b l e .  Note c h i n  sarLd lenses nenr 
t h e  s u r f a c e .  18 rn w a t e r  dep th .  

Fig. 7 Frequency of v a r i o u s  p h y s i c a l  sedimentary s t r u c t u r e s  i n  i l i f f e r e n t  d e p t h ,  
sub s t r a t e ,  a n d  topograph ic  s e t  t i n ~ s .  

Fig. 8 - I n t e r n a l  p h y s i c a l  scdimcn t a r y  s t r u c  Lure s .  

Fig.  8A -Nadiograpl~ sliowint, t h e  f o l l o w i n g  scqucncc :  t ra~ l sgress ive  f i n c - g r a i n e d  
sand overlying transgressive pcbbly ~ c c d i u n - g r a i n e d  sand w i t 1 1  f l a t  
l a a i l l a t i o n  a n d  r !cd iun-sc , i l c  cross-lamination, which o v e r l i e s  p rc -  
t r a n s ~ r c s s i v c  l i ~ t l n c t i c  c l a y s  w i t h  f rcs l~ r< , i  t c r  os  t l - m o d e s  (1'. i ' d l i n t i n ,  
written cot:lnun., 1971). Notc d c c p  b u r r o w i n g  p r c h a b l y  b y  tI\.n sli., a f  t a r  
m ~ r i n c  t r a i i s p , r c s s i o n  ( s c c  F i g .  29 of Fu a]-cn.irin bur rows  s l ior~n i n  
R c i n c c k ,  1370). 36 n w s t c r  dc-ptl i .  

Fig.  GB -Plan s c c t i o n  of a r i p p l c  s c t  i n ~ p r c s s i o n  at: a p a r t i n g  s i l r f a c c  m a r  . , ~ l ~ c  
b o t t o t ~  of n b o s  c o r c ,  tot:cLlic~' wit11 an cl)oxy s l a b  c r D s s  s c c l l n r  ( :adj ;~ccr~t  
tiypcl' r i p , l ~ t )  s l~owin t ;  t l l ~ b  :;:r~:rc dark -co lo l - cd  l o ~ ~ c r  s :~nd  1 n y i . r  a n d  i l n n ~ l l c s  
s u r i n c c  6,11id 1;lycr. Note L l ~ ; l t  npparc l i t  r i p p l c  c r c s  t s  ( d o t  ~ c d  l111c)  arcb 
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irregular ancl nsymmr:t.ric with tonrjuc-likc ~ > r o j c c t i o i ~ s  (cf. with Ila1-n:; ct 
a l . ,  1375,  I'ig. 3-7 ntlrl I<cjnr:cl: d ~ i d  S i l ~ q I l ~  1373 ,  Piq. 3 0 ) .  ~),i l7~>lc 
intlcx ( l r t r g t h / l ~ c i q l r t )  i s  5-0 basal and 10-12 for n u r f a c c  s a n d  l n y c r s .  
12 m w a t c r  depth. 

~ i ~ ;  8C -Radiograph of r e m n a n t  a sym~cc t r i c  ripples that have h e n  nXtercd hy 
b i o t u r b a t i o n  of r n c d i u m - y r a i n c d  s11oal crest s a n d .  21.9 m watcr dep th .  

Fi<. 8 D  -Core s l a b  face s h o s i n c ~  1-oading,  slump or i c e - d i s r u p t e d  structurcs (near 
the core bottotn) i n  l a r n i n a t c d  l a t c  Pleistocene mud deposited bcfore t h e  
Iloloccnc t r a n s g r e s s i o n .  Nud c o n t a i n s  f r c s h w a t c r  o a t r a c o d e s  ( s e c  
reference f o r  8 a )  These have a n  age of 74 ,920  UP ( T e l e d y n c  1sc~t.ogcs 
N o .  1-7318) based o n  o r g a n i c  c a r b o n  frun a whole s c d i m c n t  sarnplc,. 51 rn 
water depth.  

Fi'g. 8i -Rad iog raph  showing h i g h l y  c o n t o r t e d  sand  l a g s  possibly c a u s e d  by i ce  
pus11 o r  s c o u r  of t h e  sea floor. Note sliallow u-shaped burrov~s caused by 
small a m p h i p o d s  and l.arc;e, deep b u r r o w  ( o n  t h e  r i g h t )  probably made by a 
clam. 1 2  m water d e p t h .  

Fig. 9 -Sonographs and u n d c n ~ a k c r  TV a n d  c a m e r a  photographs of s e a - f l o o r  surface 
features ,  

Fig. 9A -Land dollar pavement covering current-winnowed slloal crest a t  36 n. 

F i g i  9E - O s c i l l a t i o n  ripples on sand ridgr? crest a t  9 m d u r i n g  severe st on^. 

Fig .  9C -Asjw.:l:etric ripples on similar shoal crest, as OE, w i t h  s t r o z g  
u n i d i r c c t i o n z l  currents during non-storm conditions in 17 m water  dept .h.  

F i g .  9D -Sonograph s!lowing large-scale s a n d  waves ovcr  c res t s  of s a n d  r i d g e s  at 
30 rn s a t o r  dep th .  

F i g .  9E -Soncgl-aph showi r~g  i n t c n s e  ice scour t h z t  covers m o s t  of sea floor i n  
10-20 n of t:ater ( 1 4  m water depth). T h e r e  i s  n o  s ide-sc i i11  da ta  i n  less 
t h a n  1 0  m of water. 

Fig. 1 0  -Frequency of various su r face ,  s h a l l o w  (0 -5  m ) ,  i n t e m : e d i a t c  ( 0-1 0 cm) 
and deep (12->10 cm) b i o t u r f s a t i n g  species versus w i l t ~ r  d ~ p t l l ,  su l , s t ra tc ,  
and topographic s e t t i n g .  

Fig. 11 - D i s t r i b u t i o n  of t h e  m o s t  cmmon  shallow (0- 5 cm) ( . I ) ,  i n t e m . c d i a t c  
(0-10 cm) (B) and deep ( 0 - > I  0 crn) (C) b i o l o g i c a l  structures t h a t  c o u l d  be 
i d e n t i f i e d .  Note t h a t  s m 3 1 . l  a1np11.ipod .tubes i n  A ,  alnpel lecid tubes  i.n U, 
a n d  u n i d e n t i f i e d  deep b u r r o w s  i n  C a re  p r e s e n t  everywhere i n  a t  least 
rare q u a n t i t i e s .  

F i g .  12 - S u r f a c e - d i s t u r b i n g  organisms. and  sea-floor traces i n  n o r t h e r n  Ber ing  
Sea. Fig. 12A-Photo of box core surSace showing surface t r a i l s  of  
b r i t t l e  star O p l i i u r a  s a r s i  on Yukon silt. 14 in water dcyth. 

Fig. 12u-Scrr ip~s  ~ r o c n l a n d i c l ~ z -  t l l i ~ t  h a s  suvcrly d i s t u r b e d  tllc box corc surface 
of Yukori silt. 18 m water dcpt.11. 

F i g .  13 -S l ln l low burrowing (0 -5  cm) organisuns a n d  t h c i r  st;ructurcs in Northcl-n 
Bering Sea. 

F i g .  13A-Aidi;rrr:tc! -- sir. burrows shown i n  racliogl.i~pl~ OX core 207. Scdi lncnt  typa is 
c l n y c y  silt. 4 2  nl water dl?pth. 



Fiq. 13n-) . ' i c ld  pllolocjl-irph of Arr~j>l~nrrt.c -- --- G P O  tuhcs  and worms f rm box core 207 
ourfacc just a f t c r  uul lcction. 

Fig. 13C-I)f>otoyrapl i  of box corc v e r t i c a l  and h o r i z o n t a l  s u r f a c e  s l i o w i n g  ccmcnted  
ttibcs and r;ull.~,\rrfacc! ~ n u c u c - l i n e d  hurxows of s a l c l l i d - t c r r i h r : l l i d  wonlis 
t h a t  occul: i n  l a r g o  nuir.)wrs w i t h i n  muddy g rave l s .  Note a150 t h e  l i v e  
s l > a l l o w  burrowing Yo1di;i sp. in the upper c e n t e r  of p h o t o g r a p h .  27 tn 

watcr d e p t h .  

%~i..:. .13D-Photograj>h of box core v e r t i c a l  slab f ace  showing buxrow of tunicatc 
P c l o n j  c o l - n ? y ~  t a  i n  f i n c - g r a i n e d  t ransgress ive  s a n d .  Note 
c l l a rac tc r i s t i c  corruqat ions  of burrow. 44  m w a t e r  d e p t h .  

F i g .  13E-Ficl  d box c o r e  pho tograph  showing H o l o t h u r i a n  C u c u ~ n a  r i a  c a l c i a c r a  
-La---- - 

burrowing v e r t i c a l l . g f  downward t h r o u g h  very  fine s a n d .  3.7 m water  depth.  

F i g .  13F-Photo of hox core v e r t i c a l  s l a b  surface showing b u r r o w i n 9  of p o l y c l ~ a c t e  
worm (probably L ~ x ~ b r i r ~ e r e i s  i n  fine-c?.l-;ined sand.  19.6 m water dcptl i .  

F i g .  13G-13ox core plioto of h o r i z o n t a l   burro:,^ of !:acc~rr.a bro ta  frc:n specimen l i v i z g  
at the t i n e  of c o r e  collection. Sed imen t  i s  Yukon s i l t  a!?d burro:< i s  at 
a depth  of 7 crn f r o n  t h e  L-d iment  ~ a t c r  i n t e r f a c e .  19  m water  dep th .  

F i g .  14 -Ir,termeili.ata b i l r r o ~ i n g  ( 0-1 0 em) ol -ganisms  a n d  t h e i r  structures. 

F i g .  1L.h-Radi -graph  of l a r q e  anphi-pod (Pi::p?Iisc:a rnacl -ocephala)  - t u b e  s t r u c t u l - c s  
o c c u r r i n g  i n  g r e a t  a b u n d z n c e  i n  f n e  t r ansgress ive  s a n d  of central 
C h i r i k o v  B a s i n .  Box core 237 f r ~ : :  27 m water  dcpt l . .  

Fig. 14B-F ie ld  phntcgrapYl of s u r f a c e  of box co re  237 t a k e n  in:r: ,ediately a f t e r  
col1cc:t:ion. S i l t - l i l : e ,  m u c u s - l i n e d  kurro;,:s sho;in are typ j . ca1  of l a r g e  
amphipod species P , ~ ~ j \ e l  i ~ r a  macrocer\'ncl.;-:. 

F i g .  15 -DL.<!? burrc::inc s t r u c t u r e s  and 01-ganisrns. 

F i g .  15r i -Sa~3 d o l l z r  ( f . c h j  nz~-? r l , n j  .r, p2lrri ) burrowing i n  medium sanc?? c E  2 zho31  
crcst; p l ~ u t o  of Lo>: c o r e  s u r f a c e  has  t a k e n  i n  the f i e l d  i ~ ~ ~ c d i a t c i ) .  
a f t c r  co l l ec t jon ;  it shovs  o x s a n i s m s  i n  l i v i n g  p o s i t i o n .  31 m w a t c ~  
depth.  

F i g .  156-Eadiograph of box corc 103  from Yukon mud s h o v i n g  nur.jero;ls c-sh;..pc:d a n d  
s t r a i g h t  5-mil1 burrows assumed t o  r e su l t  from b u r r o \ : i n ?  of c lna l l  an))l:ipcd 
species ( s e e  11C), Note t l ~ a t  n e a r l y  a11 s t o r m  s a n d  lsycrs str11ct~ll.c.s 
a r c  destroyed i n  t h c  u p p - r  corc b u t  sorrte s a n d  l a m i n a t i o n  and r i p ; > l i r > g  
remain i n  t h e  lower core. 19 m wJter d e p t h .  

Fig. 15C-Yield pliotograpl~ of surface of box core 103 ta lcen  i ~ n r n c d i a t e l y  a fCc r  
c o l l e c t i o n ;  s u r f a c e  I~olcs  of small amphipods a rc  appa rcn t  a n d  npl>cnr t o  
L>e rcspons.iblc for u-shaped  bu r rows  observcd i n  11Bo 

F i g .  15D-Core p11olog1'apl.r s l ~ o u i n g  I l o r i z o n t a l  shallow burrowing p a t t e r n  of 
p o l y c h a c t c  Fcpt 1:ys i n  Yukon si l t .  [T. Roonan, oral c o a m u n . ,  1 9 7 G ) .  20 m 
watcr dcj>tll .  

Fj.90 1 S E - l ' i c l d  photc~yr ,~p l l  of l i v i n g  Yoldia c)). on surfncc a n d  int.rnnct3iatc 
u r r i  J i r  wi th in  f i n c - g r a i n e d  sar13.  2 0  m wiltcr 
depth. 



F i g .  1 5 F - l h d l o ~ r a p h  chowintj ~ l 1 a 1 1 0 w  b ~ l r r ~ w i n g  t d ~ c I ~ y ~ l l r h u . . ;  cro:;u:i i n  Yukon si l t .  
14 m water J c p t h .  

F i g ,  16 -Conceptual modcl showi n g  i m p o r t a n c c  of ph)rsicnl s t r r l c tu rcs  vcrcuc 
biological structures in sl~clf cedimcnts. Thickness of wcdqe rlepicts 
r e l a t i v e  i n t c n s i t y  o f  proccss  fro3 h i y h  cnercjy t o  low c?cryy s h u l f  
e n v i r o n m e n t s .  Current and  wave f i c l d s  could kc vaf ious .  s i z c s  depcn5lrry 
on c u r r c n t  o r  wave d o n i n a t i o n  of a p a r t i c u l a r  s h e l f .  A l l  areas of 
physical structures would shift scaward with h i g l l c r  energy ( s c e  art  
or  toward  shorc with lmer  e n e r g y .  U n i d i x c c t i o n a l  c u r r e n t  f e a t u r e s  ,n 
~ h c l v c s  w i l l  be morc cunmon s e a m  rd of n e a r s h o r e  wave s t r u c t u r e s  but  , t h c  
f requency of structures  will re la te  t o  current intensity rather. t h a n  
d i s t ance  scaward (for example, see Fig. 7) 
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Ripples  and Sand Waves i n  Norton Basin;  Bed-form A c t i v i t y ,  and 
Scour P o t e n t i a l  

C. Hans Nelson,  Michael E. F i e l d ,  David A. Cacchione,  David E. Drake, and Tor 
H. N i l s e n  

INTRODUCTION 

S t r o n g  c u r r e n t s  a r e  p r e s e n t  throughout  much of t h e  n o r t h e r n  Ber ing Sea, 
p a r t i c u l a r l y  where westward l a n d  p r o j e c t i o n s  i n t e r j e c t  i n t o  t h e  p r e v a i l i n g  
northward f low,  such a s  i n  t h e  e a s t e r n  Ber ing  S t r a i t  a r e a  ( s e e  f i g  1 ,  Nelson, 
Holocene t r a n s g r e s s i o n  a r t i c l e  t h i s  volume) (Fleming and Heggarty,  1966).  In 
such r e g i o n s  l a r g e  bedforms develop and migra te  t o  form an u n s t a b l e  s e a  f l o o r  
t h a t  can be a p o t e n t i a l  hazard t o  p l a t f o r m  founda t ions  and p i p e l i n e s .  Such 
p o t e n t i a l l y  hazardous  a r e a s  must be i d e n t i f i e d ,  t h e i r  h i s t o r y  a s s e s s e d ,  and 
magnitude of f u t u r e  problems p r e d i c t e d .  Th is  paper  o u t l i n e s  r e g i o n s  of mobile 
bedforms ( f i g .  1) and p r e s e n t l y  known a s p e c t s  of t h e i r  a c t i v i t y .  

I d e n t i f i c a t i o n  and D i s t r i b u t i o n  of Bedform and Scour F e a t u r e s  

Large bedforms and scour f e a t u r e s  have been recognized  and mapped with 
s ide -scan  sonar  p r o f i l e s  and basic i n t e r n a l  s t r u c t u r e  sometimes hap been 
determined by h i g h - r e s o l t u i o n  p r o f i l e s  ( f i g .  2 ) .  D e t a i l e d  s u r f i c i a l  
o b s e r v a t i o n s  have been made with  underwater t e l e v i s i o n  and bottom photos ,  and 
s u b s u r f a c e  s t r a t i g r a p h i c  h i s t o r y  has been determined by a n a l y s e s  of v i b r a c o r e s  
and box c o r e s  ( f i g s .  3 and 4 ) .  

I n  g e n e r a l ,  on ly  smal l - sca le  bedforms and l a r g e - s c a l e  scour  features a re  
found i n  Norton Sound ( f i g .  1 )  (Larsen  e t  a l . ,  1979).  I n  c o n t r a s t ,  Ch i r ikov  
Basin  i s  c h a r a c t e r i z e d  by c o a r s e r  g a i n  s i z e  than  Norton Sound ( s e e  f i g .  E ,  
Nelson, Holocene t r a n g r e s s i o n  a r t i c l e  t h i s  volume) (Nelson and Hopkins, 1 9 7 2 ;  
blcManus e t  a l . ,  1974 and 1977.1, and numerous f i e l d s  of mobile bedforms ( f i 7 .  
1 ) .  I n  t h e  v i c i n i t y  of Sledoe I s l a n d ,  most of t h e  s e a  f l o o r  has been strippsd 
bzre of sediment (Nelson and Hopkins, 19721, s u g g e s t i n g  i n t e n s e  c u r r e n t  scour  
f i g  1 J u s t  e a s t  and west  of t h e  scoured reg ion  and ex tend ing  a c r o s s  the 
nearshore  a r e a  of t h e  Nome c o a s t a l  p l a i n ,  e x t e n s i v e  sand wave and r i p p l e  
f i e l d s  a r e  found ( f i g .  1 )  (Hunter and Thor, t h i s  volume). 

From P t .  Spencer s p i t  west  t o  King I s l a n d  a  s e r i e s  of sar~t j  rlJges an t  
swales  e x i s t  ( f i g .  2 ) .  The c r e s t  of each s h o a l  is  covered wi th  sand waves of 
v a r y i n g  t y p e s  and s i z e s  ( f i g .  5 ) .  T o  t h e  n o r t h  of t h e  r i L ~ e  and swale a r e a  
toward Ber ing  S t r a i t ,  e x t e n s i v e  sand-ribbon f i e l d s  a r e  found wi th  o c c a s i o n a l  
sand dune a r e a s  ( f i g .  1 ) ;  h w e v e r ,  t h e  a r e a  is  n o t  complete ly  surveyed. The 
sand r ibbon  f i e l d s  i n d i c a t e  a sediment-s tarved r e g i o n  and p o s s i b l y  one prone 
t o  c u r r e n t  scour, since t h e  c u r r e n t  speeds  i n t e n s i f y  toward Ber ing S t r a i t  ( see  
f i g .  1, Nelson Holocene t r a n s g r e s s i o n  a r t i c l e  this volume). F u r t h e r  n o r t h  
w i t h i n  Ber ing  S t r a i t  i t s e l f ,  g r a v e l  and s h e l l  pavements a r e  noted (Nelson and 
Hopkins, 19721 i n  a d d i t i o n  t o  s p o r a d i c  occurrences of extremely l a r g e  sand 
waves (Grim and McManus, 1970).  

O f f  t h e  e a s t e r n  and  wes te rn  ends of S t .  Lawrence I s l a n d ,  major sand r i d g e  
and swale topography is known (Hopkins et al., 19761, and r i p p l e  fields a re  
common to t h e  nor thwes t  off S t .  Lawrence I s l a n d  ( f i g .  1 ) .  



Character and Origin of Mobile Bedform Features 

In the ridge and swale area between King Island and the'mainland, swale 
areas appear to undergo erosion periodically. Generally, a thin veneer of 
fine, modern mud at the surface overlies Pleistocene peaty mds (fig. 6 ) .  
Fine mud, signifying sluggish currents, is typically deposited rapidly in 
depressions (fig. 7). The lack of thick deposits, and very old radiocarbon 
dates close to the surface, however, suggest that muds have periodically been 
swept away so that there has been no net  mud accumulation for thousands of 
years. In fact, a radiocarbon date on peat 20 cm below the surface of the 
swale between Tin City and York Shoal is >30,000 BP, indicating that 
significant quantities of younger sediment have been stripped away, possibly 
by currents (fig. 61. 

In contrast to swales, sand ridges are definitely constructive as is 
shown in the sparker seismic profiles (figs. 8 and 9 1. The morphology of the 
more landward shoals mirrors the shape of the modern Pt. Spencer spit and 
these shoals may be ancient analogues (fig. 3). Indeed, depths of shoal 
crests coincide with proposed still-stand depths of ancient submerged 
strandlines noted elsewhere in northern Bering Sea (Nelson and Hopkins, 
1972). Sand ridges behind large obstructions to the northward current flow, 
such as King Island and Cape Prince of Wales (see area north of station 88 in 
fig. 3 ) ,  may be lee-side accumulations of sediment unrelated to past paralic 
environments. 

Although formation of the basic ridge structures (15-30 lon long, see 
cross-hatched areas in fig. 3 )  may relate to past transgressive history, these 
structures also have a modern history of modification by development of sand 
waves and ripple fields. Sand waves are 1 to 2 m high and have crest spacings 
or either 10 to 20 m or 150 to 200 m (figs. 9 and 10E). Superimposed on the 
'sand waves are smaller-scale current-asymmetric (figs. 10B and Cl and wave 
oscillation (fig. 1 0 A )  ripples with heights of approximately 4 to 10 cm and 
wavelengths of approximately 20 to 100+ cm. Except for the oscillation 
ripples, bedforms of all sizes are asymmetric to the north and their asymmetry 
coincides with the prevailing northward flowing currents (see fig. 1, Nelson, 
Holocene trangression article this volume) (Coachman et al., 1976). 

Growth and movement of the sand wave fields on shoal crests is definitely 
intermittent, just like the apparent erosional history of the swales. Ice 
gouges observed to cut sand wave fields on inner shoals in the summer of 1976 
proved that no major change in the sand-wave fields had occurred since the 
previous winter, or possibly for mmany years before, depending on haw recently 
the gouge occurred. During the fall 1976 field season, only low speed 
oscillatory bottom currents up to 15 cm/sec ( f i g +  1 1 )  were measured. 
Underwater television observation showed only the development of oscillation 
ripples (fig. 10A) and sonographs showed only decayed, inactive sand waves 
(figs. 100 and El. Thus, sand waves were not active then or apparently for 
some time before. A piece of wood found at 30 an depth i n  a sand wave, 
however, had an age of 1155 BP (Teledynr Isotopes #I-9773). This date proved ' 
that bedfozms with heights of at least this order of magnitude (30 cm) had 
been actively migrating since sea level reached its present height, and that 
sand waves are not, therefore, relict features from some past time of lowered 
sea level. 



Data c o l l e c t e d  i n  t h e  f i e l d  season  of 1977 i n d i c a t e s  t h a t  t h e r e  had been 
s i g n i f i c a n t  bed-form a c t i v i t y  s i n c e  t h e  1976 survey.  I n  some a r e a s  wi th  
r e p l i c a t e  s ide -scan  l i n e s ,  l a r g e - s c a l e  sand waves reformed from decayed f i e l d s  
and developed s u b s e t s  of superimposed s m a l l e r - s c a l e  sand waves o f f s e t  a t  an  
a n g l e  (fig. 10E); however, sand waves on some o t h e r  r i d g e s  remained unmodified 
from 1976 t o  1977 ( f i g .  10D). Underwater t e l e v i s i o n  v i d e o t a p e s  show t h a t  
s m a l l - s c a l e  r i p p l e  f i e l d s  w e r e  undergoing a c t i v e  m o d i f i c a t i o n  a t  t h e  t i m e  of 
o b s e r v a t i o n  i n  1977. I n s t e a d  of t h e  o s c i l l a t i o n  r i p p l e s  observed dur ing  t h e  
s t o r m  c o n d i t i o n s  i n  1976, t h e r e  were a c t i v e l y  m i g r a t i n g  asymmetric s t r a i g h t -  
c r e s t e d  r i p p l e s  i n  t h e  t r o u g h s  ( f i g .  10C) and l i n g u o i d  r i p p l e s  on t h e  
u p c u r r e n t  f a c e  of sand waves ( f i g .  10B). Northward-flowing bottom c u r r e n t s  
measured w i t h  t h e  sh ipboard  p r o f i l i n g  c u r r e n t  meter ranged f r o m  20-40 cm/sec, 
w i t h  a near-bottom a v e r a g e  c u r r e n t  speed  of 24 cm/sec ( f i g .  12) .  

Observa t ions  of a  s e r i e s  of ice gouges a l s o  conf i rm t h a t  t h e r e  h a s  been 
r e c e n t ,  a c t i v e  m i g r a t i o n  o f  sand waves near  P o r t  C l a r e n c e  ( f i g .  13) .  I c e  
gouges range  from f r e s h  to  h i g h l y  modi f i ed  by sand  wave m i g r a t i o n  ( f i g ,  12F);  
t h u s ,  e x t e n s i v e  movement w i t h i n  some sand-wave f i e l d s  h a s  o c c u r r e d  r e c e n t l y .  
Lack o f  m o d i f i c a t i o n  of gouges ( f i g .  1 3 )  and c o n t i n u e d  p r e s e n c e  of decayed 
bedforms i n  some l o c a t i o n s  i n d i c a t e s  t h a t  c u r r e n t  a c t i v i t y  i n  the P o r t  
C la rence  a r e a  v a r i e s  both  i n  time and space.  Only long-term c u r r e n t  
measurements from from s e v e r a l  l o c a t i o n s  w i l l  r e s o l v e  t h i s  complex c u r r e n t  
regime and a l l o w  p r e d i c t a b i l i t y  of mobile-bedform a c t i v i t y .  

Conc lus ions  and Needs f o r  F u r t h e r  Study 

Surveys  i n  September 1976, d u r i n g  a  p e r i o d  of s u b s i d i n g  storm waves from 
t h e  n o r t h ,  showed on ly  o s c i l l a t o r y  movement o f  sand  on r i p p l e  c r e s t s .  A 

maximum speed of t h e  nor th-f lowing c o a s t a l  c u r r e n t  of abou t  15 m/sec was 
measured n e a r  t h e  bottom and no net-bedload movement was observed.  Fresh-  
l o o k i n g  i c e  gouges c u t t i n g  i n s h o r e  r i p p l e s  i n d i c a t e d  t h a t  bed load  movement had 
been n e g l i g i b l e  i n  t h i s  zone s i n c e  ice break-up i n  t h e  s p r i n g .  The second 
survey ,  i n  J u l y  1977, was made d u r i n g  very  calm weather ,  y e t  s i g n i f i c a n t  
bedload movement was observed on r i d g e  crests a t  wa te r  d e p t h s  of 10 t o  30 rn. 
Northward f l o w i n g  bottom c u r r e n t s  measured up  t o  40 cm/sec. L inguoid  r i p p l e s  
and s t r a i g h t - c r e s t e d  r i p p l e s  were observed moving on t h e  s t o s s  s l o p e s  and  
t r o u g h s  of sand waves, r e s p e c t i v e l y .  Ice gouges i n  v a r y i n g  states of 
p r e s e r v a t i o n  i n d i c a t e d  a c t i v e  bedload t r a n s p o r t  on deeper  r i d g e  crests. 

Sand-wave movement and thus bedload t r a n s p o r t  a p p a r e n t l y  o c c u r s  d u r i n g  
calm wea ther ,  and maximum sediment  t r a n s p o r t  a p p a r e n t l y  o c c u r s  when rna5or 
s o u t h w e s t e r l y  storms g e n e r a t e  s e a  l e v e l  se t -up  i n  t h e  e a s t e r n  Ber ing  Sea t h a t  
enhances  n o r t h e r l y  c u r r e n t s  (Cacchione and Drake, 1979; Sehumaker and T r i p ,  
1979). S t r o n g  n o r t h  winds from t h e  A r c t i c ,  however, reduce t h e  s t r e n g t h  of 
the continuous n o r t h e r l y  c u r r e n t s  and t h e r e b y  reduce  t h e  amount of bedload 
t r a n s p o r t .  

S t u d i e s  t o  date i n d i c a t e  t h a t  t h e  g r e a t e s t  potential for s c o u r  around 
o b s t r u c t i o n s  e x i s t s  i n  r e g i o n s  of sand r i b b o n s  and g r a v e l - p l u s - s h e l l  pavements 
which occur  w i t h i n  s t r a i t s  a r e a s  ( f i g .  1 ) .  The P o r t  C l a r e n c e  sand wave a r e a  
has t h e  most r a p i d l y  changing relief and t h e  s c o u r  i n  sand wave c r e s t s  rxsy 
r e a c h  d e p t h s  of up t o  2 m ( f i g .  9 ) .  Data from r e p l i c a t e  l i n e s  i n  1976 and 
1977 show t h a t  such scour  may occur  i n  some areas of t h e  Port C l a r e n c e  sand 
wave f i e l d  each y e a r  ( f i g .  1 0 ) -  

I 
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Index map o f  Northern Bering Sea showing major areas of  
mobile bed forms. 

De ta i l ed  h igh- reso lu t ion  se i smic  p r o f i l e  and s ide-scan 
t r a c k l i n e s  c o l l e c t e d  i n  1976 and 1977 i n  n o r t h e a s t e r n  
Chir ikov Basin.  Miniranger p r e c i s i o n  nav iga t ion  was 
used t o  r e p l i c a t e  t r a c k l i n e s .  Bathymetric contours  are i n  
meters:  hachured a r e a s  o u t l i n e  major sand r i d g e s  t h a t  
e x h i b i t  sand-wave f i e l d s .  

De ta i l ed  t r a n s e c t s  of underwater t e l e v i s i o n  and bottom 
camera s t a t i o n s  taken  i n  n o r t h e a s t e r n  Chir ikov Basin.  
Bathymetric contours  are i n  meters :  ' hachured a r e a s  
o u t l i n e  major sand r i d g e s  t h a t  e x h i b i t  sand-wave f i e l d s .  

Location of d e t a i l e d  sampling s t a t i o n s  i n  area of sand 
r i d g e s  w e s t  of  P o r t  Clarence,  Alaska. 

Location of a c t i v e  bedforms i n  no r theas t e rn  Chir ikov Basin.  
Bathymetric contours  a r e  i n  meters ;  hachured a r e a s  o u t l i n e  
major sand r i d g e s  t h a t  e x h i b i t  sand-wave f i e l d s .  

S t r a t i g r a p h y  of nea r su r f ace  sediment observed i n  box and 
v ib raco re s  from sampling t r a n s e c t s  ac ros s  sand r i d g e s  n e a r  
P o r t  Clarence.  Locat ion of  t r a n s e c t s  i s  shown i n  f i g u r e  2 .  

Grain-s ize  d i s t r i b u t i o n  i n  sand r i d g e  a r e a  west of  
P o r t  Clarence.  

Line drawings o f  h igh- reso lu t ion  seismic p r o f i l e s  ac ros s  
major sand r i d g e s  shown i n  f i g u r e  2 .  Note t h a t  t h e  
"sand r i dges"  a r e  c o n s t r u c t i o n a l  f e a t u r e s  ove r ly ing  
p a r a l l e l  o r  fo lded;  o l d e r  sediment.  Names of  r i d g e s  a r e  
given i n  f i g u r e  3. 

3.5 kHz se i smic  p r o f i l e s  w i th  a s s o c i a t e d  sonographs 
taken over  sand r i d g e s  covered by l a r g e  and small-  
s c a l e ,  a c t i v e  sand waves. Records a r e  from t h e  York 
Shoal a r e a  shown i n  f i g u r e  3 .  

Bedforms and i c e  gouges observed on sand r i d g e s  west o f  
P o r t  Clarence.  A-Videotape photo of  o s c i l l a t i o n  r i p p l e s  
taken on t h e  c r e s t  o f  Lost River  Shoal i n  September, 1976 
( r i p p l e  he igh t  approximately 4 cm and wave l e n g t h  about  
20 cm; water  dep th  1 2  m). B-Bottom camera photo  o f  asymmetric 
l i nguo id  r i p p l e s  on t h e  s t o s s  face of  a sand wave on York 
Shoal taken i n  J u l y ,  1977 ( r i p p l e  h e i g h t  approximately 2-3 cm 
and wave l e n g t h  about  10  c m ;  water  dep th  20 m). C-Bottom 
canera photo taken  a t  same l o c a t i o n  as B showing asymmetric 
s t r a i g h t - c r e s t e d  r i p p l e s  of  t h e  same s c a l e ,  bu t  l o c a t e d  
i n  a t rough between sand waves of 0.5 m wave h e i g h t ,  
approximately.  D-sonographs of unchanged sand waves on t h e  
c r e s t  o f  Tfn C i ty  Shoal.  E-Sonographs of sand  waves on 
York Shoal  t h a t  changed from decayed bedforms i n  1976 t o  
two a c t i v e  s e t s  of  bedforms i n  1977 ( l a r g e - s c a l e  waves 2 m 
h igh  and 150-200 m Gave l e n g t h ;  smal l - sca le  waves 0.5 m 
h igh  and 10-20 m wave length). F-Se.ries of sonoqraphs showing 
d i f f e r e n t  s t a g e s  of ice gouge modif ica t ion  by a c t i v e l y  
mig ra t i ng  sand-wave f i e l d s .  



Figure 11. Summary of profiling currer t  meter d a t a  c o l l e c t e d  a t  
s t a t i o n s  i n  the  sand-wave fields west of Port Clarence 
i n  September, 1976. Hachured a r e a s  depict,major sand 
r i d g e s  wi th  sand-wave f i e l d s ;  contour  interval is 4 rn. 

Figure 12. Summary of p r o f i l i n g  c u r r e n t  meter data c o l l e c t e d  a t  
stations i n  the sand-wave f i e l d s  west of P o r t  Clarence 
and i n  Bering S t r a i t  dur ing  J u l y ,  1977. Hachured 
a r e a s  d e p i c t  major sand r i d g e s  with sand wave fields; 
contour  i n t e r v a l  i s  4 m. 

Figure 13. Modification of i c e  gouges by a c t i v e l y  migrating sand 
waves t h a t  i s  observed i n  sonographs taken i n  the  
area west of Po in t  Spencer,  Alaska. Hachured areas 
d e p i c t  sand r idge  crests with sand waves; contour  i n t e r v a l  
is 4 m. 
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Graded Storm Sand Layers Offshore  from t h e  Yukon %Delta, Alaska 

C. Hans Nelson 

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

The n o r t h e r n  Ber ing  Sea has a h i s t o r y  of  s e v e r e  s to rm surges .  The most 

r e c e n t ,  and perhaps  t h e  wors t  i n  h i s t o r i c a l  times, o c c u r r e d  i n  November, 1974 

( F a t h a u e r ,  1975). Evidence of storm surge e v e n t s  is e x h i b i t e d  i n  s e a - f l o o r  

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

widespread changes i n  s e a - f l o o r  s e d i m e n t a t i o n  t a k e  place (Nelson and Creager ,  

1977).  These changes have i m p l i c a t i o n s  f o r  i n s t a l l a t i o n s  on t h e  sea f l o o r  and 

for  mass t r a n s p o r t  o f  p o l l u t a n t s .  

T h i s  paper d e s c r i b e s  t h e  i n t e r b e d d e d  sand l a y e r s  found i n  s o u t h e r n  Norton 

Sound off t h e  modern Yukon D e l t a  t h a t  a r e  deposited by t h e  s to rm surge 

events. Such d e p o s i t s  are e v i d e n t  i n  both modern and a n c i e n t  d e p o s i t s  of 

e p i c o n t i n e n t a l  s h e l v e s  (Hays, 1967; Howard and Reineck,  i n  p r e s s ;  ~ n d e r t o n ,  

1976) .  These graded sand layers i n  ve ry  sha l low w a t e r  m i m i c  many of t h e  

f e a t u r e s  of thin-bedded t u r b i d i t e  s a n d s ,  a l t h o u g h  t h e  shallow water  d e p o s i t s  

are thought  t o  have a  ve ry  d i f f e r e n t  mechanism of d e p o s i t i o n  r e l a t e d  t o  s to rm 

s u r g e  p r o c e s s e s .  

Two f a c t o r s  i n  t h e  oceanographic  s e t t i n g  of n o r t h e r n  Bering Sea magnify 

t h e  e f f e c t s  of storm surge .  The sea' f l o o r  i s  very sha l low ( l e s s  t h a n  20 rn 

deep over wide a r e a s )  p a r t i c u l a r l y  i n  Norton Sound. Consequent ly  t h e r e  is 

i n t e n s i v e  wave reworking which c a u s e s  e x t e n s i v e  s e a - f l o o r  e r o s i o n ,  mass 

movement, displacement, and offshore p r o g r a d a t i o n  of s i g n i f i c a n t  amounts of 

mcdiment d u r i n g  storm surges . '  The second factor is  a  system of s t r o n g  dynamic- 

bottom c u r r e n t s  t h a t  can move- large amounts of sediment  northward t o  Chukchi 

Sea d u r i n g  normal weather .  Much more sediment i s  moved when t h e  c u r r e n t  i s  

r e i n f o r c e d  by relaxing of the sea s u r f a c e  set-up caused by storm s u r g e  
* 



(F ig .  1) (Flemming and Heggar ty ,  1966; Coachman et al., 1976; Cacchione  and 

Drake, 1979; schumacher and Tri~p, 1979). 

Anothe r  important i n f l u e n c e  on t h e  s e d i m e n t a t i o n  i n  s o u t h e r n  Norton Sound 

is t h e  e f f e c t  of s e a s o n a l  p r o c e s s e s  on t h e  Yukon R i v e r  d e l t a .  Dur ing  t h e  

w i n t e r  m n t h s  from November t o  May the Yukon River a v e r a g e s  40,000 cfs when 

t h e  ice-covered r i v e r  is f e d  mainly by base f lm (Dupre ,  1976). Within l e s s  

t h a n  a week of river breakup ,  peak  d i s c h a r g e s  may r e a c h  1 ,000,000 c f s  o r  mire 

and  t h e n  d e c l i n e  t h r o u g h o u t  t h e  summer. 

C h a r a c t e r i s t i c s  of Graded Sand Storm l a y e r s  

2 Over 10,000 km of southern Norton  Sound display g r a d e d  s a n d  l a y e r s  

i n t e r b e d d e d  w i t h  s i l t y  mud. T h i s  p a p e r  f o c u s e s  on t h e  p rominen t  i n t e r b e d d e d  

ve ry  fine sand and c o a r s e  s i l t  l a y e r s  that show d e f i n i t e  v e r t i c a l  s i z e  

g r a d a t i o n  of g r a i n  s i z e  and s e d i m e n t a r y  s t r u c t u r e s .  I n  a d d i t i o n  t o  t h e  

v e r t i c a l  gradation w i t h i n  i nd iv idua l  beds,  t h e r e  a r e  l a t e r a l  g r a d a t i o n s  i n  

g r a i n  s i z e ,  t h i c k n e s s  of l a y e r s ,  and  s e d i m e n t a r y  s t r u c t u r e s  f o r  t h e  comple t e  

s y s t e m  of beds f rom o n s h o r e  t o  o f f s h o r e .  V e r t i c a l  g r a d i n g  and  a r e a l  

g r a d a t i o n s  a r e  found  i n  a common s u r f a c e  sand l a y e r  t h r o u g h o u t  s o u t h e r n  Nor ton  

Sound. Graded sand l a y e r s  i n  t h e  subsurface a t  e a c h  l o c a t i o n  are l i k e  t h e  

s u r f a c e  layer ( F i g .  2 )  ( L a r s e n  e t  a l .  1980) .  P a t t e r n s  of g r a i n  s i z e  and  l a y e r  

t h i c k n e s s  also v a r y  a r e a l l y  from w e s t  t o  east across t h e  f r o n t  of t h e  Yukon 

d e l t a .  

Onshore  t o  o f f s h o r e ,  the graded sand beds become finer g r a i n e d  and 

t h i n n e r ,  c o n t a i n  a s m a l l e r  p e r c e n t a g e  of g r a d e d  s a n d  l a y e r s ,  and show less 

c o m p l e t e  s e q u e n c e s  of v e r t i c a l  s e d i m e n t a r y  s t r u c t u r e s  (Figs. 3 and 4 ) .  

Inshore t he  graded sand l a y e r s  make up 50-100 p e r c e n t  of t h e  t o t a l  s e d i m e n t a r y  
I 

s e c t i o n .  (Fig. 3 ) ;  they r a n g e  from 10-20 cm t h i c k  and the  basal part of the 

l a y e r  i s  made up of f i n e - g r a i n e d  s a n d  (F ig .  5). Approximate ly  60-75 )a from 



t h e  Yukon D e l t a  s h o r e l i n e ,  t h e  graded sands  are g e n e r a l l y  1-2 cm t h i c k ,  l e s s  

than  35 p e r c e n t  of t h e  t o t a l  s e c t i o n ,  and the  base of t h e  l a y e r s  is composed 
I 

of very  f i n e  sand o r  c o a r s e  s i l t  ( F i g s ,  2-5). 

The graded l a y e r s  t y p i c a l l y  c o n t a i n  a v e r t i c a l  sequence of sed imenta ry  

s t r u c t u r e s  (Sb-S,, see Fig. 5). The base of a l a y e r  may or may n o t  c o n t a i n  

f l a t - l a m i n a t e d  medium t o  f i n e  sand (Sb). I n  t h e  c e n t e r  s e c t i o n  of a s a n d  

l a y e r ,  c r o s s  l a m i n a t i o n  and convolu te  l a m i n a t i o n  a r e  dominant (Sc) .  I n  t h e  

upper p a r t  of t h e  l a y e r ,  i n  t h e  ve ry  fine sand or c o a r s e  s i l t ,  flat l a m i n a t i o n  

a g a i n  predominates  and o f t e n  l amina ted  beds of e p i c l a s t i c  p lan t  f ragments  

become very  prominent  (Sd). The upper f l a t - l a m i n a t e d  sequence of t h e  

i n d i v i d u a l  sand beds g rades  i n t o  normal, con t inuous  mud d e p o s i t i o n  (S,)in most 

i n s t a n c e s ,  a l though  t h i s  mud cap  may be l a c k i n g .  

Going from n e a r s h o r e  t o  o f f s h o r e ,  t h e r e  is  a  l e s s  complete  sequence of 

v e r t i c a l  s t r u c t u r e s  i n  graded sand l a y e r s  (F igs .  3 and 5 ) .  I n  t h e  n e a r s h o r e  

graded l a y e r s  lower (Sb) f l a t  l a m i n a t i o n  is  often p r e s e n t  whereas i n  d i s t a l  

l a y e r s ,  f l a t  l a m i n a t i o n  a t  the base is n o t  encounte red  ( F i g s  3 and 5 ) .  I n  

a d d i t i o n ,  i n  t h e  most d i s t a l  l a y e r s ,  o c c a s i o n a l l y  b t h  t h e  lower f l a t  

l a m i n a t i o n  and c r o s s  l amina t ion  are m i s s i n g  l e a v i n g  o n l y  f l a t  l amina ted  

sands.  Trough c r o s s  l a m i n a t i o n  c h a r a c t e r i z e s  the n e a r s h o r e  graded sand  beds 

whereas r i p p l e  l a m i n a t i o n  o r  s t a r v e d  r i p p l e  drift p r e v a i l s  i n  t h e  distal 

graded sand beds (F ig .  5 ) .  

A s u r f a c e  sand  layer i s  p r e s e n t  i n  many of the c o r e s  and cou ld  

p o t e n t i a l l y  be a c o r r e l a t i v e  l a y e r  from the 1974 storm surge ( F a t h a u e r ,  1975) 

(Fig. 2 ) .  Such a con t inuous  layer was not encounte red  a t  t h e  surface and sand 

t 

content was 30% less over wide r e g i o n s  of Norton Sound i n  f i e l d  s e a s o n s  prior - 
to 1974 (Fig.  6 )  (Nelson e t  Tl., i n  press). Oxid ized  g r a i n  c o a t i n g s  a l s o  were 

noted i n  ~ u r f a c e  sands ,  g i v i n g  t h e  t h i c k e r  sands  a  y e l l o w i s h  c o l o r  r a t h e r  t h s n  



t h e  u s u a l  o l i v e  drab hue. Such c o a t i n g s  s u g g e s t  a s u b a r e a 1  s o u r c e  and t h a t  

p r o g r a d a t i o n  o f  s a n d  layers o f f s h o r e  may c o r r e l a t e  w i t h  e x t e n s i v e  s h o r e l i n e  

e r o s i o n .  Such s h o r e l i n e  erosion e x t e n d e d  u p  t o  s e v e r a l  hundred  meters i n l a n d  

i n  t h e  1974 storm ( S a l l e n g e r  e t  aL., 1978) .  O f f s h o r e  movement o f  e x t e n s i v e  

s a n d  masses f rom d e l t a  s o u r c e  a r e a s  from t h e  1974 s t o r m s  is a l s o  i n d i c a t e d  by 

t h e  grading of t h i c k e r  t o  t h i n n e r  l a y e r s  o f f s h o r e  (Fig .  2 ) .  I t  i s  n o t  

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

c o n s i s t e n t  p a t t e r n  o f  t r e n d s  i n  t h i c k n e s s ,  g r a i n  s i z e  and v e r t i c a l  s equence  of 

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  i s  t h e  same as t h e  a v e r a g e  o f  t h e s e  

c h a r a c t e r i s t i c s  t h r c u g h o u t t h e e n t i r e  c o r e  sequences .  Thus ,  t h e  s u r f a c e  l a y e r  

a p p e a r s  t o  be a v e r i f i c a t i o n  of t h e  a r e a l  p a t t e r n s  o f  g r a d a t i o n  i n  t h e s e  

v e r t i c a l  s equences  of g raded  s a n d  beds.  

I n  a d d i t i o n  e x t e n s i v e  change  i n  s u r f a c e  t e x t u r e  o f  the s e d i m e n t  s i n c e  

1974 c a n  be shown i n  c e r t a i n  areas of t h e  sea f l o o r  ( F i g .  6 ) .  Change i s  most 

prominen t  n e a r s h o r e  o f f  t h e  modern Yukon s u b d e l t a  where storm sand  l a y e r s  a r e  

t h i c k e r  t han  t h e y  are f a r  o f f s h o r e .  C o a r s e r  t e x t u r e  is  found i n  most  i n sho re  

a r e a s  where p r e  a n d  p o s t  1974 d a t a  i s  a v a i l a b l e .  A 30-50 p e r c e n t  increase in 

s a n d  c o n t e n t  i s  n o t e d  i n  t h e s e  r e g i o n s .  I n  t h e  f u r t h e s t  o f f s h o r e  r e g i o n  of 

t h e  c e n t r a l  sound,  no  change  is  a p p a r e n t ,  as would be e x p e c t e d  i n  t h s  d i s t a l  

r e g i o n  where s t o r m  s a n d s  are p o o r l y  d e v e l o p e d  at best and  are eublec t  t o  more 

i n t e n s e  b i o t u r b a t i o n  (Ne l son  e t  al., i n  p r e s s ) .  

C h a r a c t e r i s t i c s  of g raded  sand beds a l s o  vary f rom t h e  w e s t e r n  s i d e  of 

the d e l t a  t o  t h e  e a s t e r n  n e a r s h o r e  area o f  t h e  d e l t a .  I n  t h e  w e s t e r n  d e l t a  

t h e  i n d i v i d u a l  s a n d  l a y e r s  are a p p r o x i m a t e l y  18 cm t h i c k  whereas  i n  t h e  

e a s t e r n  area most sand l a y e r s  are 8-9 cm t h i c k  w i t h  o c c a s i o n a l  layers of up t o  

20 cfn i n  t h i c k n e s s  (Fig. 5) .  S i m i l a r l y ,  i n  the distal areas off the western 

delta, s a n d  l a y e r s  a v e r a g e  5-10 crn thick whereas  off t h e  e a s t e r n  area Sand 

layers a v e r a g e  1-2 m t h i c k  (F4g. 2 1. 
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Thickness  of graded sand l a y e r s  v a r i e s  a r e a l l y ,  depending on l o c a l  

morphology v e r t i c a l l y  i n  d i f f e r e n t  s t r a t i g r a p h i c  hor izons .  Some c o r e s  change 

from t h i c k e r  t o  t h i n n e r  layers from base  t o  t o p  (F ig .  5 )  and o t h e r s  change 

from t h i n n e r  t o  t h i c k e r  layers from base t o  top .  The c o r e s  t a k e n  i n  channe l s  

c o n s i s t  a lmos t  e n t i r e l y  of sand and may o r  may n o t  contain t h i c k  graded sands ,  

whereas c o r e s  t aken  on the  f l a n k s  of t h e  channe l s  and on the delta f r o n t  

p l a t f o r m  have well -developed graded beds; these become t h i n n e r  a t  g r e a t e r  

d i s t a n c e s  f r o m  the channels .  

D e p o s i t i o n a l  P r o c e s s e s  of t h e  Graded Sand Layers  

The v e r t i c a l  and a r e a l  t r e n d s  of qraded sand l a y e r s  p e r m i t s  s p e c u l a t i o n  

concern ing  t h e  method of d e p o s i t i o n .  The well-developed v e r t i c a l  sequence of 

sed imenta ry  s t r u c t u r e s  and v e r t i c a l  g r a d a t i o n  of grain s i z e  i n  t h e  i n d i v i d u a l  

beds s u g g e s t s  t h a t  a r a p i d l y  waning c u r r e n t  d e p o s i t s  t h e s e  beds. It i s  

a p p a r e n t  t h a t  t h i s  r a p i d l y  waning c u r r e n t  is  s t r o n g e r  i n s h o r e  and gradually 

relaxes o f f s h o r e ,  as shown by t h e  pronounced change to t h i n n e r  beds, fewer  

beds, and f i n e r - g r a i n e d  beds of f shore .  I n  a d d i t i o n ,  it is  a p p a r e n t  t h a t  

s o u r c e s  va ry  and t h a t  pathways of t h e  r a p i d l y  waning c u r r e n t  are i n f l u e n c e d  by 

t h e  sub- ice  channel  system (Duprd, 1979). It seems t h a t  t h e  wes te rn  d e l t a ,  

where 90 p e r c e n t  of t h e  sediment  is in t roduced ,  h a s  a much more v igorous  

t r a n s p o r t  of t h e  prograded sand beds from onshore  t o  o f f s h o r e .  I n  c o n t r a s t ,  

t h e  e a s t e r n  d e l t a  is  a r e g i o n  w i t h  much Less e f f e c t i v e  sand t r a n s p o r t  from 

onshore  t o  o f f s h o r e .  

Two possible mechanisms may, be sugges ted  for d e p o s i t i o n  of p rograd ing  

graded sand beds i n  s o u t h e r n  Norton Sound. One p o s s i b l e  cause ,  p a r t i c u l a r l y  

a s s o c i a t e d  w i t h  i n s h o r e  sub-lce channel  l o c a t i o n s , n a y  be the sudden h i g h  

river dischargeatthe ti- of s p r i n g  breakup. The qraded sand s h e e t s  may be 

deposited a n n u a l l y  d u r i n g  the high  d i scharge .  The l a c k  o f  ev idence  of an  even 



c y c l i c  e v e n t  i n  the s t r a t i g r a p h y  and  the  e x t e n t  of deposition o v e r  100 km from 

s h o r e ,  suggest t h a t  such a d e p o s i t  is u n l i k e l y  f rom a f r e s h w a t e r  f l o o d  plume 

e n t e r i n g  s a l t  wa te r .  

The  s e c o n d  and  f a v o r e d  h y p o t h s i s  is that t h e  p r o g r a d i n g  s a n d  beds are 

d e p o s i t e d  by storm surge r u n o f f  c u r r e n t s  t h a t  d e v e l o p  from the r e l a x a t i o n  of  

sea l e v e l  s e t - u p  a f t e r  p a s s a g e  of t h e  s t r o n g  s o u t h  t o  s o u t h w e s t e r l y  winds t h a t  

u s u a l l y  accompany the major l o w - p r e s s u r e  s t o r m  i n  t h i s  r e g i o n  ( F a t h a u e r ,  

1975) ( F i g .  7 ) .  I n  s m a l l  storms, s e a  s u r f a c e  se t  up  of a me te r  and  c u r r e n t  

speed i n c r e a s e s  of over 100% have  been  measured  i n  c e n t r a l  Nor ton  Sound 

(Cacch ione  a n d  Drake, 1979; Schumacher and  T r i p p ,  1979). Measurement of 

o f f s h o r e  s e t - u p  n e a r l y  equal to s h o r e l i n e  set-up and  known o c c u r r e n c e s  of up 

to 5 a o f  s h o r e l i n e  s e t - u p  ( S a l l e n g e r  e t  al., 1978)  i n d i c a t e  s t o r m  s u r g e  

r u n o f f  c u r r e n t s  s e v e r a l  o r d e r s  of magni tude  q r e a t e r  t h a n  normal c u r r e n t  s p e e d s  

are p o s s i b l e .  

The p r o g r a d a t i o n  o f  s a n d  from o n s h o r e  t o  o f f s h o r e  i s  p o t e n t i a l l y  enhanced 

by c y c l i c  wave l o a d i n g  on t h e  d e l t a  f r o n t  t h a t  can  i n t e r a c t  with t h e  f a v o r a b i ~  

g r a i n  size t h a t  is  p r e s e n t .  The p o s s i b i l i t y  of c y c l i c  wave l o a d i n g  and  

l i q u e f a c t i o n  p o t e n t i a l  a p p e a r s  t o  be v e r i f i e d  by t h e o r e t i c a l  c a l c u l a t i o n s  

b a s e d  on wave p r e s s u r e s  measured a t  t h e  GEOPROBE s i t e  (Cacch ione  an2 Drake, 

1979; Clukey e t  al . ,  1980 1. Consequen t ly ,  a s y n e r g i s t i c  e f f e c t  of sea l e v e l  

s e t - u p ,  wave cyclic l o a d i n g  a n d  l i q u e f a c t i o n ,  and  s t r o n g  bot tom r e t u r n  f l o w  

o n s h o r e  toward  offshore,  i s  r e i n f o r c e d  by the r e l a x i n g  of  t h e  s e a  s u r f a c e  set- 

up. The pathway of the bottom r e t u r n  f l o w  is a p p a r e n t l y  a f f e c t e d  by t h e  

onshore c h a n n e l  mystems whereps  o f f s h o r e ,  beyond t h e  30 km r e a c h  of  t h e  

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

(Fig. 7) .  

Another poariblt  g r a d a t i o n a l  process may be due to  the qreater e f f e c t  of 

d 



waves inshore  There ,  trouqh c r o s s  l amina t ion  p redomina tes ,  whereas off shore 

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

p r o g r a d a t i o n  p r o c e s s  may b dominated mainly be bottom c u r r e n t  f l aw w i t h  
* 

lesser i n f l u e n c e  of waves and a wanins s o u r c e  of sand i n  t h e  d i s t a l  r e g i o n s .  

Isopach t h i c k n e s s e s  of Holocene sediment i n  Norton Sound (Nelson and 

Creager ,  1977) and comparison of these t h i c k n e s s e s  w i t h  t o t a l  sedment i n p u t  

from t h e  Yukon River  d u r i n g  t h e  Holocene, i n d i c a t e  t h a t  s i g n i f i c a n t  amounts o f  

sediment  have been removed from t h e  s e a  f l o o r  by sediment  r e s u s p e n s i o n  (Nelson 

and Creager ,  1977). D e t a i l e d  s t r a t i g r a p h y  and l i t h o l o g y  s u g g e s t  t h e  same 

conc lus ion .  The s e c t i o n  of Yukon Holocene muds is e x c e p t i o n a l l y  t h i n  i n  many 

p l a c e s  a d j a c e n t  t o  t h e  d e l t a  source  r e g i o n  and t h i s  i n d i c a t e s  sediment  

removal. Numerous l a g  l a y e r s  of pebb les  and s h e l l s  and thin sands a r e  

a p p a r e n t  i n  t h e  d i s t a l  a r e a s  of Yukon muds of c e n t r a l  and n o r t h e r n  Norton 

Sound (Fig .  5 ) .  These form when s to rm waves resuspend t h e  bottom rrud but 

l e a v e  behind c o a r s e  ice-rafted pebbles, s h e l l  f ragments ,  and c o a r s e  f r a c t i o n  

i n  the  ht torn muds. 

A d d i t i o n a l  new evidence of r e s u s p e n s i o n  a p p e a r s  i n  t h e  form of a thick 

storm sand l a y e r  now observed on t h e  s u r f a c e  of southern Norton Sound; a l a y e r  

of this t h i c k n e s s  i s  n o t  a p p a r e n t  i n  t h e  p a s t  thousands  of y e a r s  of 

s t r a t i g r a p h y .  This s u g g e s t s  t h a t  o r i g i n a l l y  t h i c k  sand l a y e r s  of major s t o r m s  

are eroded away due t o  resuspens ion  by s m a l l e r  storm e v e n t s  subsequent  t o  t h e  

major e v e n t ,  s o  t h a t  the s t r a t i g r a p h i c  r e c o r d  may p r e s e r v e  s to rm sand l a y e r s  

that a r e  t h i n n e r  t h a n  t h o s e  o r i g i n a l l y  depos i t ed .  A g e n e r a l l y  t h i c k e r  s u r f a c e  

sand, compared t o  t h e  o t h e r  sand l a y e r s  i n  each i n d i v i d u a l  c o r e ,  v e r i f i e s  t h e  

model of sediment  resuspens ion .  

Resuspension of bottom sediment  by waves is  also s u g g e s t e d  by s ide -scan  

sonar  and underwater  t e l e v i s i o n  v i d e o t a p e s  which show large s c o u r  d e p r e s s i o n s  

and fo rmat ion  of o s c i l l a t i o n  r i p p l e s  by s torm waves (Larsen  e t  a l . ,  1979).  



Ice gouges covered  by sediment i n  r e g i o n s  of i n t e n s e  i c e  s c o u r i n g  a g a i n  

suggest s i g n i f i c a n t  sediment  resuspens ion  and movement i n  s o u t h e r n  Norton 

Sound (Thor and Nelson, 1980) .  

P o t e n t i a l  Hazards and Storm-surge Depos i t ion  and Eros ion  

A l l  ev idence  i n d i c a t e s  t h a t  u n u s u a l l y  l a r g e  amounts of sediment  are 

resuspended and t h e n  t r a n s p o r t e d  from Ber ing  Sea t o  Chukchi Sea (Nelson and 

Creager ,  1977) consequen t ly  any s t r u c t u r e  impeding t h i s  movement r e q u i r e s  

c a r e f u l  des ign.  Data on suspended sediment  v e r i f i e s  t h a t  abou t  10 percent of 

t h e  Yukon River  i n p u t  t o  Norton Sound may be c a r r i e d  as p a r t  of t h e  normal 

suspended sediment  load t h a t  is  bypassing through t h e  Ber ing  S t r a i t .  Because 

a s  much as 40 p e r c e n t  of t h e  l a t e  Holocene d i s c h a r g e  of the  Yukon River  

a p p e a r s  t o  be miss ing  f r o m  Norton Sound (Nelson and Creager ,  1977) ,  t h e n ,  up 

t o  20 m i l l i o n  metric t o n s  of sediment  per y e a r ,  on t h e  average ,  may be 

suspended and c a r r i e d  t o  Chukchi Sea by t h e  s t r o n g  northward f lowing  

c u r r e n t s .  The s e v e r a l  hundred p e r c e n t  i n c r e a s e  of suspended sediment  

t r a n s p o r t ,  observed d u r i n g  a s m a l l  s to rm i n  1977, by Cacchione and Drake 

(19791, s u g g e s t s  t h a t  most of t h e  40  p e r c e n t  d i sp lacement  of t h e  suspended 

sediment  occuxs  d u r i n g  storm e v e n t s .  

I n  summary, t h e r e  are ex t remely  large amounts of suspended sediment  

moving r a p i d l y  i n  t h e  c o a s t a l  w a t e r s  a l o n g  Alaska,  o f t e n  i n  i n t e r m i t t e n t  large 

e o n c e n t r a t i o n s  g e n e r a t e d  by s to rms  and t h e  e a r l y  summer s e a s o n a l  r u n o f f .  The 

f a l l  s to rm season  consequen t ly  cou ld  cause  ex t remely  wide d i s p e r s a l  of any o i l  

apill material r e s i d i n g  on the s e a  f l o o r .  Recent data by Drake ( i n  p r e s s )  

suggest sediment  resuspension,may also be v i g o r o u s ,  even d u r i n g  t h e  season  of 

ice c o v e r ,  because  of g r e a t e r  c o n s t r i c t i o n  of c u r r e n t s  i n  the del ta  r e g i o n  
*. 

where t h e  most r a p i d  d e p o s i t i o n  occurs. Thus, any p o l l u t a n t s  r e s i d i n g  on t h e  

s e a  floor face ex t remely  wide d i s p e r s a l  from n o r t h e r n  Ber ing  Sea t o  d i s t a n c e s  

as fax as a thousand k i l o m e t e r s  40 t h e  n o r t h  i n t o  t h e  A r c t i c  Ocean. 



Storm surges generally dominate the mass movements of suspended sediment 

and also can be seen to move large amounts of rapidly prograding sand in 
I 

bedload transport for distances of up to 60 hn offshore. This intensive 

transport and deposition could affect offshore facilities, especially 

pipelines. Storm sand layers deposited by such events could be impeded in 

their transport by any structures that protrude on the sea floor. These 

protruding structures could act as a dam, holding back the sediment transport 

and of course, would be put under severe stress if the sediment piled up 

rapidly against any feature such as a pipeline on the sea floor. 

~onclusions and Suggestions for Future Work 

A complex and vigorous s e t o f  sedimentary processes are apparent in the 

shallow Yukon Delta front platform and prodelta regions. A major depositional 

sequence of graded sands may prograde offshore in storm surges. These graded 

sand beds with a vertical sequence of structures that mimic those of 

turbidites (Bouma, 1962) provide an example of shallow water deposition from 

rapidly waning storm surge currents that is very much like that of turbidity 

currents. 

Storm surges and their concommitant wave and current activity have 

important effects on this basin that must be considered in planning for 

offshore developnent. Extensive erosion o f  the sea floor, resuspension of 

sediment, and transport of materials and any attached pollutants is one 

aspect. The second potential effect is movement of extensive sand sheets from 

shoreline and nearshore sources to offshore areas. Rapid deposition of 15 cm 

ox more of sand can smother biota immediately and alter texture of the 

substrate over extenssve areas for a number of years. Thus, a sea-fl~or 

baseline measured at-one time, alters markedly in post-storm conditbons. 

Future studies should monitor conditions with an instrument such as the 



GEOPROBE which can help t o  determine t h e  s e v e r i t y  of s e a - f l o o r  e r o s i o n  i n  

d i f f e r e n t  l o c a t i o n s  d u r i n g  a storm. A number of deep v i b r a c o r e s  a r e  needed to 

determine r e c u r r e n c e  intervals of such e v e n t s  and c h a r a t e r i s t i c s  & f o r e  and 

a f t e r  such  a c a t a s t r o p h i c  ep i sode .  
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F i g u r e  3. D i s t r i b u t i o n  of  v e r t i c a l  s e q u e n c e s  of s e d i m e n t a r y  s t r u c t u r e s  i n  
storm sand  l a y e r s  i n  s o u t h e r n  Norton Sound and t h i c k n e s s  of graded 
s a n d  beds  e x p r e s s e d  a s  a p r e r c e n t  of total core length. 

Figure 4. Mean G r a i n  s ize  change i n  graded sand l a y e r s  w i t h  d i s t a n c e  from the 
Yukon D e l t a  s h o r e l i n e .  

F i g u r e  5. Sedimentary structures of s t o r m  s a n d  l a y e r s  
A. Homogeneous t r o u g h  c ros s -bedded  s a n d  from t h e  t h a l w e g  o f  t h e  
s u b - i c e  c h a n n e l  e x t e n d i n g  o f f  t h e  southwest d i s t r i b u t a r y  of  t h e  
Yukn R i v e r ,  3 km f r o m  s h o r e l i n e .  
B. I n s h o r e  ( 5  km from s h o r e l i n e )  q raded  s a n d  l a y e r  f rom 
i n t e r c h a n n e l  a r e a  o f  sub- ice  c h a n n e l  o f f  t h e  s o u t h w e s t  d i s t r i b u t a r y  
showing lower  f l a t  l a m i n a t i o n  Sb, c r o s s  l a m i n a t i o n  S,, u p p e r  f l a t  
l a m i n a t i o n  and S, mud cap .  
C. O f f s h o r e  g raded  s a n d  showing ScWe a n d  Sd s e q u e n c e s  from a  2 m 
v i b r a c o r e ,  22 km from s h o r e l i n e  o f f  t h e  n o r t h e a s t e r n  p a r t  o f  t h e  
d e l t a .  
D. Radiograph of d i s t a l  g raded  s a n d s  and p e b b l e  and  shell l a g s  from 
a box c o r e  115 km from Yukon D e l t a  s h o r e l i n e .  

Figure 6. Model d e p i c t i n g  s e d i m e n t a r y  p r o c e s s e s  o f  a s t o r m  s u r g e  r u n o f f  
c u r r e n t  t h a t  may d e p o s i t  g raded  s t o r m  s a n d  l a y e r s  o f f  t h e  Yukor; 
Delta i n  Norton Sound. 

F i g u r e  7. Change i n  surface t e x t u r e ,  pre- and post-1974 s t o r m  s u r g e  i n  Kor ton  
Sound* 
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ICE GOUGING ON THE SUBARCTIC BERING SHELF 

Devin R. Thor and C. Hans Nelson 

U. 5.  G e o l o g i c a l  Survey, Menlo P a r k ,  C a l i f o r n i a  94025 

ABSTRACT 

Ice impacting t h e  mea f l o o r  gouges  s u r f i c i a l  sediment of the  s h a l l o w ,  
B e r i n g  e p i c o n t i n e n t a l  s h e l f ,  A laska*  TWO types of Ice gouge have been 
r e c o g n i z e d :  the s i n g l e  gouge, a s i n g l e  gouge furrow, and m u l t i p l e  gouges or 
r a k i n g ,  a wide zone of numerous,  subparallel gouge furrows. S i n g l e  gouges, 
the most common type, are c u t  by s i n g l e - k e e l e d  pieces of t h i c k  i ce ,  whereas  
m u l t i p l e  gouges are formed by m u l t i k c e l e d ,  t h i c k ,  pressure-r idge ice. Gouges 
occur i n  water d e p t h s  of 3 0  m or less, but are most d e n s e  i n  water 10  t o  2 0  rn 
deep.  Although some gouge i n c i s i o n s  are as deep us 1 m,  mos t  gouges a r e  0.5 m 
or less. Ice gouges t r e n d  parallel  t o  pack ice movement, which i n  turn 
g e n e r a l l y  moves parallel t o  i sobaths and c o a s t l i n e  c o n f i g u r a t i o n *  Mean qo:l?e 
t r e n d  i n  Nsrton Sound i s  wes t -eas t ,  i n  northeas tern  B e r i n g  Sea no r th - sou t? , .  

The annual ice cover  i n  t h i s  subarctic s e t t i n g  i s  t h i n  (less tha,". 2 7 : .  

f e e  t h i c k  enough t o  gouge t h e  s u b s t r a t e  foms i n  compress ion  and in c A e a s  
z o n e s ;  t h e r e  moving pack ice  collides with a n d  p i l e s  up against other pack i c e  
or ~ t a t i o n a r y  shorefast ice t o  develop nuierous pressure ridges. Soct+-.zrd- 
moving p c k  i c e  in n o r t h e a s t e r n  Ber ing  Sea a n 8  westward-moving pack icr 1: 
Norton Sound conve rge  with, and shear past, a 10-30-km wide sho re fac t  i c e  zane 
t h a t  covers t h e  6ha l low water offshore of the Yukon Delta. The l..;::sity cf 
ice  d e f o r m a t i o n  i n  t h i s  zone c a u s e s  the h i g h e s t  gouge densit* :n the  stuiy 
area. In c o n t r a s t ,  n o r t h e a s t e r n  Norton Sound i s  a n  area o f  i ~ -  d i v e r g e n c e  an5 
only m i n i m a l  ice gouging. The res t  of Nor ton  Sound and  orth the aster^ Bering 
Sea i s  e i t h e r  in i c e - d i v e r g e n c e  areas or water depths are too qreat for ice t o  
touch bot tom,  thus  ice gouge density i n  these p l a c e s  i s  low. Gouging i s  
extremely rare I n e h o r e  of the a h e a r  t o n e ,  because  m h o r e f a s t  i ce  i s  r e l a t i v e l y  
r t a t i c  and protects i n a h o r e  areas fran t h e  dynamics of the  shear or 
c o m p r e s s i o n  zone and  consequent ice gouging.  



INTRODUCTX ON 

Development of natural r e s o u r c e s  i n  n o r t h e r n  l a t i t u d e s  has  l e d  to 

i n c r e a s e d  research on the effect6 of ice on a h e l f  sediment in a r c t i c  reqions 

ruch as  t h e  Beaufor t  Sea  (Reed and Sater, 1974; Reimnitz and o t h e r s ,  1973; 

Reimnitz and others, 1977; Barnes and o t h e r s ,  1978).  Until r e c e n t l y ,  however, 

r e s e a r c h  on ice gouging had not h e n  done i n  subarctic regions s u c h  as the 

Bering Sea*  A v a r i e t y  of gouge features are found in many areas of 

h o r t h e a s t e r n  Bering Sea, even though ice c o n d i t i o n s  there are no t  as severe as  

i n  h i g h - l a t i t u d e  a r c t i c  r e g i o n s .  Ice gouging i n t o  t h e  s e a  floor i s  a 

p a t e n t i a l  hazard  to f u t u r e  r e s o u r c e  development and s e a - f l o o r  i n s t a l l a t i o n s  

such as p i p e l i n e s  and wel lheads .  

T h i s  paper discusses g e n e r a l  ice c o n d i t i o n s  and i c e  mvement  i n  

n o r t h e a s t e r n  Ber ing  Sea, t h e  e f f e c t  of ice as a n  e r o s i o n a l  and depositional 

agent t h a t  i n f l u e n c e s  t h e  geomorphology and depositional history of t h e  

sha l low subarctic Ber ing  Sea shelf, and ice gouging a s  a p o t e n t i a l  hazard  t o  

r e s o u r c e  development i n  and around Norton Basin. Terminology used i s  adopted 

from Barnes and o t h e r s  119781, p a r t i c u l a r l y  i n  t h e  use  of t h e  word "gouge"to 

describe t h e  f e a t u r e  and t h e  p r o c e s s  of i c e  i n t e r a c t i n g  w i t h  t h e  sea f l o o r .  

Geographic  Set t inq  

The f loor  of n o r t h e a s t e r n  Ber ing  Sea i s  a broad, sha l low e p i c o n t i n e n t a l  

s h e l f  (Figs. 1 and 2 ) .  Water depths i n  C h i r i k o v  Basin range from 20 m on t h e  

eastern s i d e  to 5 0  rn i n  the central  part. The shelf is  g e n e r a l l y  f l a t  an3 

f e a t u r e l e s s  except for a prominent merics of ridges and swales  t h a t  

mubparal le l  t h e  c o a s t l i n e  off P o r t  Clarence. A l arge ,  e l o n g a t e  marine re- 

entrant forms Norton Sound, bounded on t h e  nor th  by Seward P e n i n s u l a ,  on t h e  

cast by t h e  Alaskan mainland, and on t h e  s o u t h  by t h e  Yukon Delta.  Except iri 



8 broad trough in t h e  northern part of t h e  sound, where depths are a s  great as 

27 m, water d e p t h s  i n  Norton Sound range from 1 0  t o  20  m. The offshore p a r t  

2 of t h e  Yukon D e l t a  is a zone of e x t e n s i v e  shoals c o v e r i n g  about 8000 km (Fig. 

2 ) .  Water depths 10 t o  30 Ian offshore do n o t  exceed 3 m, a t  which point there  

i r  a g e n t l e  break i n  e l o p e  and t h e  d e p t h  increases t o  10 m as far as 50 to 70 

kn from shore. The s u b s t r a t e  of the Yukon p r o d e l t a ,  derived from t h e  Yukon 

River, consists of c o a r s e  silt t o  v e r y  fine sand, whereas sed iment  in C h i r i k o v  

Basin c o n s i s t s  mos t ly  of g lac ia l  gravel and transgressive fine s a n d  (Nelson 

and  Hopkins, 1972; McManus and  o t h e r s ,  1977).  

Ice Condi t ions  and Movement 

Ice o v e r l i e s  n o r t h e r n  Ber ing  Sea annually from November through June 

(nuench and Ahlnas,  1976; S h a p i r o  and  B u n s ,  1975).  Depending on t h e  s e v e r i t y  

of t h e  w i n t e r ,  m u l t i y e a r  ice may m i g r a t e  i n t o  Ber ing  Sea from s o u t h e r n  Chukchi 

Sea. Keel d e p t h  of 90% of t h e  pack ice (any f r e e - f l o a t i n g  i c e  r e g a r d l e s s  of 

origin) i s  less t h a n  1 m, a l t h o u g h  depths t o  20  rn have been r e p o r t e d  (Arctic 

Research L a b o r a t o r y ,  1973).  

Ice i n  open sea pans i n  Norton Sound is  0.7 to 1.2 rn thick (Brower,  and 

o t h e r s ,  1 9 7 7 ) ,  but c a n  g e t  as thick a s  2 m ( C a r o l e  Pease ,  1979, pers. 

comm.). S h o r e f a s t  i c e  ( i c e  anchored t o  t h e  l and1  extends seaward t o  about  the 

10 m i s o b a t h  and i s  best developed in the southern part of Norton Sound, 

around t h e  Yukon Dclta (Ralph Hunte r ,  written comm,, 1976; Dupre, 1977, 

S t r i n g e r  and o t h e r s ,  1977) (Fig. 2 ) .  



A n a l y s i s  of L a n d s a t  p h o t o g r a p h s  (DuprC and Ray, Sec. 11, t h i s  volume; 

Stringer and others, 1977; Muench and Ahlnas ,  1976; S h a p i r ~  and Burns ,  1975) 

has c o n t r i b u t e d  t o  a p r e l i m i n a r y  u n d e r s t a n d i n g  of ice dynamics i n  t h e  B e r i n g  

Sea, Pack ice in t h e  n o r t h e r n  B e r i n g  Sea o r i g i n a t e s  fran (1) i n  s f t u  -- 
n o r t h e a s t e r n  Bering Sea ice and ( 2 )  a d v e c t e d  Chukchi  Sea ice. Chukchi  sea i c e  

c a n  move t h r o u g h  the B e r i n g  S t r a i t  and  i n t o  t h e  n o r t h e r n  B e r i n g  Sea  d u r i n g  

e p i s o d e s  of  r a p i d  d e f o r m a t i o n  and e u b s e q u e n t  r a p i d  s o u t h e r l y  movement of pack 

i ce  c a u s e d  by episodes of strong n o r t h e r l y  w i n d s  ( S h a p i r o  a n d  Burns, 1975). 

Ice w v e m e n t  i n  t h e  n o r t h e a s t e r n  B e r i n g  Sea i s  c o n t r o l l e d  by t h e  

i n t e r p l a y  of: (1) p r e v a i l i n g  w i n t e r  n o r t h e a s t e r l y  g e o s t r o p h i c  wind (Muench 

and A h l n a s ,  19761,  ( 2  1 er ra t i c  o n s h o r e  wind (NOAA, 1974 1 ,  ( 3 )  nor thward -  

f l o w i n g  water c u r r e n t  on t h e  e a s t e r n  s i d e  o f  t h e  B e r i n g  S e a  (Coachman and 

others, 1976)  ( F i g .  2 1 ,  and  ( 4 )  a c o u n t e r c l o c k w i s e  c u r r e n t  gyre i n  Nor ton  

Sound (Nelson and  C r e a g e r ,  1977) ( F i g .  2 ) .  Late w i n t e r  and  e a r l y  s p r i n g  winds  

t e n d  t o  push i c e  generally sou thward  i n  n o r t h e a s t e r n  B e r i n g  Sea,  whereas  

waning l a t e  r p r i n q  winds  a l l o w  pack  ice t o  be increasingly i n f l u e n c e d  by t h e  

no r thward - f lowing  water c u r r e n t s  (F ig .  2 ) .  

I n  N o r t o n  Sound t h e  dominant  d i r e c t i o n  of i c e  movement i s  sou thwes tward  

out of the sound. This d r i f t  creates a zone Of d i v e r g e n c e  i n  t h e  n o r t h e a s t e r n  

p a r t  of t h e  sound and a zone  o f  conve rgence  in t h e  s o u t h w e s t e r n  or Yukon 

pxodelta area of t h e  sound (DuprC and Ray, Sec. X I ,  t h i s  t9lume; S t r i n g e r  and 

others, f 9 7 7 )  ( F i g .  2 ) .  Periodic changes i n  v i n d  and  water c . t r r e n t  tend to 

nave ice i n  and out of the aound,  t h e r e b y  making it possible for 9 e r i n g  Sea 

ice, or even a d v e c t e d  Chukchi S e a  i ce ,  to work its way i n t o  t h e  s o u n d  

Zones o f  conve rgence  c a n  ke z o n e s  of p r e s s u r e - r i d g e  or s h e a r - r i d g e  

f o r m a t i o n  characterized by c o l l i d i n g ,  piling up ,  and de fo rming  of t h e  edges o f  



fast i c e  and of  pack ice (Reimni tz  and Barnes ,  1974).  The best -developed 

pressure ridges i n  n o r t h e a s t e r n  Bering Sea form around t h e  Yukon Delta, where 

Bering Sea pack i c e  on t h e  western p r o d e l t s  and Norton Sound pack i c e  on t h e  

n o r t h e r n  p r o d e l t a  c o l l i d e s  w i t h  t h e  Yukon Delta fast ice (DuprC and Ray, S e z .  

XI, t h i s  volwne; S t r i n g e r  and  o t h e r s ,  1977).  

Methods 

Data for t h i s  study were g a t h e r e d  by the U.S. Geological Survey during 

September 1976, J u l y  1977, and September 1978 aboard  R/V - SEA SOUNDER and 

d u r i n g  June  and Ju ly  1978 aboard R/V KARLUK. Approximately 5,100 km of s i d e -  

scan s o n a r  t r a c k l i n e  was o b t a i n e d  (Fig. 1 ) .  Normally, s e i s m i c  u n i t s  w i t h  

e n e r g y  Bources of 200 kHz, 12 kHz, 7 kHz, 3.5 kHz, and 2 kHz were run 

c lmul taneous ly  with side mean for a d d i t i o n a l  b o t t a n  and subbottom 

i n f o r m a t i o n .  The 6-m keel d e p t h  of t h e  WV SEA SOUNDER limited ship 

o p e r a t i o n s  t o  water deeper t h a n  8 rn, whereas t h e  s h a l l o w  d r a f t  of t h e  WV 

KARtUK ( 1  m) al lowed survey ing  i n  n e a r s h o r e  areas and i n  the  sha l low w a t e r s  - 
off t h e  Yukon Del ta .  Geophysical and n a v i g a t i o n a l  o p e r a t i o n s  a r e  described i n  

Thor (1970) .  

An EG and G side-ecan s o n a r  system*, c o n s i s t i n g  of a  dual-channel  g r a p h i c  

recorder and a towed t r a n s d u c e r  f i s h ,  was used to  survey the sea floor. Side-  

.can s o n a r ,  an a l t e r n a t i v e  method t o  c o n v e n t i o n a l  v e r t i c a l  echo sounding,  

employs a  105 kHz a c o u s t i c  beam whose a x i s  is  slightly below h o r i z o n t a l .  This 

acoustic beam can resolve t o p o g r a p h i c  i r r e g u l a r i t i e s  and o b j e c t s  on t h e  s e a  

*Any unt of trade names and t rademarks  i n  this p u b l i c a t i o n  i s  for d e s c r i p t i v e  
purposes o n l y  and does not c o n s t i t u t e  endorsement by t h e  U.S. Geolog ica l  
survey . 



f l o o r  w i t h  a s  l i t t l e  as 10 an of r e l i e f .  R e f l e c t e d  echoes are g r a p h i c a l l y  

recorded i n  a form that approaches a p l a n  view map.  discussion^ on 

t h e o r e t i c a l  and p r a c t i c a l  a s p e c t s  of uidc-ecan o p r a t i o h  a n d ' i n t c r p r e t a t i o n  

c a n  k found i n  Belderaon and o t h e r s  (1972)  and Flemminq (1976) .  Normally t h e  

mide-ecan was operated a t  100-m sweep (the s c a n  range  on e i t h e r  r i d e  of t h e  

.hip);  a l t h o u g h  a t  t i m e s ,  the 50-m sweep was used to help  resolve details of 

t h e  gouging. I n  a d d i t i o n ,  a 200  kHz h i g h - r e s o l u t i o n  fathometer was operated 

t o  measure the i n c i s i o n  dep th  of ice gouges ( F i g .  31. V e r t i c a l  r e l i e f  of 

gouges on the f a t h o m e t e r  r e c o r d  or  on the h o r i z o n  l i n e  of sonographs  i s  

g e n e r a l l y  masked by t h e  r e c o r d i n g  of sea s w e l l  or ship's motion on t h e  c h a r t  

paper . 
Gouge data were c o l l e c t e d  from the sonographs by c o u n t i n g  t h e  number, 

measuring t h e  t r e n d ,  and  n o t i n g  the t i m e  of o c c u r r e n c e  of a l l  gouges seen on 

the r e c o r d s .  D i s t o r t i o n  of sea f l o o r  f e a t u r e s  on the sonograph o c c u r s  

parallel t o  t h e  l i n e  of travel because  o f  t h e  difference i n  sh ip ' s  speed and 

t h e  recorder's paper-advance speed. To o b t a i n  a b s o l u t e  compass trend of 

gouges, a d i s t o r t i o n  ellipse p r o t r a c t o r ,  which c o r r e c t s  f o r  the a p p a r e n t  angle 

produced by s h i p  paper speed, was used to measure gouge angle with respect t o  

ship's t r a c k .  This i n f o r m a t i o n  was t h e n  normal ized a t  10-bn i n t e r v a l s .  

Normal iza t ion  e n t a i l e d  two procedures :  ( 1 )  c o r r e c t i o n  o f  t h e  number o f  

observed gouges and ( 2 )  a v e r a g i n g  of observed gouge trends. The number of 

observed gouges per 1 0 - h  i n t e r v a l  was m u l t i p l i e d  by l / s i n  (where angle 

e q u a l s  t h e  angle between ship's c o u r s e  and gouge trend) to correct for  t h e  

fact that ship's c o u r s e  usually was n o t  normal t o  the gouge t r e n d .  Any angle 

0 other than 90 between ship's c o u r s e  and gouge t r e n d  w i l l  give a f a l s e  p i c t w e  

of gouge d e n s i t y  (Barnes and o t h e r s ,  1 9 7 8 ) .  Averaging observed  gouge t r e n d s  - 



involved g r a p h i n g  t h e  measured  trends f o r  the ID-km i n t e r v a l s  and n o t i n g  the 

a v e r a g e  dominant  a n d . n u b o r d i n a t e  t r e n d  or trends. Each a v e r a g e  trend per 

10-Inn interval was t h e n  p lot ted  on  the base map t o  d e f i n e  a r e a s  of r i m i l a r  

gouge t r e n d .  

GEOMETRY AND TYPE OF ICE GOUGING 

N o  basic types of ice gouge h a v e  been recognized on t h e  sea f l o o r  of 

northeastern B e r i n g  &a: (1) s i n g l e  gouges  and ( 2 )  m u l t i p l e  gouges  or 

r a k i n g .  A s i n g l e  gouge,  t h e  dominan t  type of ice-produced mark on t h e  Ber ing  

Sea floor, is a g roove  p roduced  by a s i n g l e  ice k e e l  p lowing  t h r o u g h  t h e  

surficial  s e d i m e n t  (Figs. 3-A, 3-B, 4-A, 4-B, a n d  4-C) (Re imni t z  and others, 

1973; Reimnitz and  B a r n e s ,  1974). S i n g l e  gouges  a r e  u b i q u i t o u s  t h r o u g h o u t  

Nor ton  Sound; a l t h o u g h  the h i g h e s t  density occurs around t h e  p r o d e l t a  of t h e  

Yukon River (F ig .  5 ) .  

S i n g l e  gouge vidths r a n g e  from 5 t o  6 0  m; a w i d t h  of 15 t o  25  m i s  most 

common. Gouge p a t t e r n s  r a n g e  from s t r a i g h t ,  t h r o u g h  s i n u o u s ,  t o  sharp-angle3 

t u r n s  (Fig. 4 ) .  I n c i s i o n  d e p t h s  of gouges ,  a s  measured on  the s e a - f l o o r  

p r o f i l e  of sonographs  ( F i g ,  4-El and on t h e  2 0 0  kHz f a t h o m e t e r  record 

( P i g .  3 - B ) ,  c a n  be as d e e p  as 1 rn, l rb s t  gouges  r a n g e  i n  d e p t h  from 0 .25  to 

0.5 m o r  less. These figures may be conservative because of t h e  q e o r r e t r i c  

r e l a t i o n  between the narrow.width of the gouge and t h e  s p r e a d  o f  t h e  acoustic 

c o n e  o f  t h e  f a t h o m e t e r  t r a n s d u c e r  (Reimnitz  and o t h e r s ,  1577) .  The original 

Lncirion hepth i s  i m p o r s i b l e  to d e t e r m i n e  u n l e s s  t h e  gouge i s  s e e n  as t h e  k e e l  

plow* t h e  bottm, becauee t h e  gouge h a s  s u b s e q u e n t l y  been  i n f l l l e d .  

mltlple gouger  or raking (Figs. 4-F.and 4-GI are produced when multi- 

k e e l e d  floes ( euch  as pressure ridges) plow or rake the bottom oejhnent, 

creating numerous paral lel  furrows ( R e i m i t z  and o t h e r s ,  1973: ~ e i ~ i t z  and 

7 



Barnes, 1974) .  Unlike einglc  gouges, r a k i n g  i s  not ubiquitous, but in the 

Yukon prodelta area t h e  r a k i n g  process i s  l o c a l l y  more p r e v a l e n t  than s i n g l e  

gouging. Zbnes of r a k i n g  are 50-100 m to several k i l o m e t e r e  wide. '2he 

dee-st incisions caused by raking observed on t h e  r e c o r d s  a r e  about 1 m; b u t  

r a k i n g ,  like single gouges,  u a u a l l y  produces incisions less than 0.25-0.5 m 

TREND AND DISTRIBVTION OF GOUGES 

A n a l y s i s  of the -end and d i s t r i b u t i o n  of gouges allows recognition of 

f i v e  areas of gouging wi th  s i m i l a r  trends (areas I - V ) ,  and two large areas 

a lmos t  devoid of gouges (VI and s h o r e f a s t  ice zone) ( F i g .  5 ) .  Absolute 

d i r e c t i o n  of ice rnovement cannot be predicted because  criteria needed to make 

c e r t a i n  d i s t i n c t i o n s ,  such as gouge t e m i n a t i o n s ,  were n o t  seen on the 

sonographs . 
In areas I and I1 (Fig. 51,  the dominant t r e n d  of gouges i s  d i s t i n c t ' y  

subparallel to isobaths and the c o a s t l i n e .  There is  more data scatter i n  

areas 111, I V ,  and V, but gouges a g a i n  a r e  generaly parallel to i s o b a t h s  and 

the coastline. The g r e a t e s t  data scatter is Been in area V, but t h i s  map 

reflect the  i r r e g u l a r  bathymetry  of r i d g e  and ewale t o p g r a p h y  of f  P o r t  

ClaranCe. Except for a couple of gouges off t h e  nor thwes te rn  end of St. 

fawrence Island, a r e a  VI is devoid of ice gouges. 

Density of ice gouges is as much as 25 times h i g h e r  around t h e  Yukon 

D e l t a  a r e a ,  where t h e  water is 10 to 20m deep, t h a n  i n  o t h e r  areas of 

northeastern Bering Sea (Tab le  I and F i g .  5, areas X and 11). Not 

c o i n c i 5 e n t a l l y ,  the Yukon prodelta is the largest expanse of s h a l l o w  water in 

the mtudy region. Here density of ice gouges can be as high as 75 

2 
gougcs/km . Density of ice gouging is 60 times h i g h e r  i n  water 10 to 2 0  m 

d ~ p  than i n  w a t e r  5 to  10 m deep or in water 20 to 39 m deep (Table 11). 

Gouging has not been s e e n  i n  w a t e r  shallower than 5 m or deeper than 30 m. 
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Table I 

Gouge Density by Area 

Track1 ine Total number Average density 
Area )on2 km of gouges ( puges/km2+ ) 

2 * h s m i n g  * hi trackline of side-scan sonar is representative of 1 km . 



Table 11 

h u g e  Density by Water Depth ~ n t r r v d l  .: 

Depth Trackline Total nwnber 
interval(rn1 h2 h of gouges c0ugcs/km2* 

*Same as Table 1. 

GEOLOGICAZ, SIGNIFICANCE 

Trend and Density of Gouges 

The i n t e r p l a y  of geomorphology, water depth, oceanic cond i t i ons ,  and 

l o c a t i o n  of compression or  of shear zones ( F i g .  2)  determines  the pattern of 

ice gouging i n  northern Bering Sea (Figs. S and 6) .  The orientat ion of ice 

gouges i o  dependent on the  direction of ice drift under the  i n f l u e n c e  of w i n d .  

and water current. .The dominant trend of ice gouges, therefore, in Norton 

mund i r  east-west and i n  the Bering Sea north-eouth (F igs .  S and 6 ) .  



b n d  p r o m o n t o r i e s ,  much a s  t h e  Yukon D e l t a ,  t e n d  t o  b l o c k  i c e  movement 

and to  cause t h e  f o r m a t i o n  of c a n p r e s s i o n  and  hear zones .  Fornration of i ce  

r idges  around t h e  Yukon Delta by the  collision and shearing of m o v i n g ' p c k  i c e  

w i t h  r t a t i o m r y  s h o r e f a s t  I c e  a c c o u n t s  for t h e  h i g h  d e n s i t y  0f k e  gouges i n  

areas J and 11 (F ig .  5 ) .  Areas  w i t h i n  t h e  zone of nhore fa s t  Ace, much as t h e  

l a r g e  a r e a  around the Yukon D e l t a  (Fig. 5 1 ,  a r e  devoid  of gouges .  T h i s  is 

because  o n l y  t h e  edge of t h e  s h o r e f a s t  i c e  is deformed by t h e  pack i c e ,  and 

subsequent  d e f o r m a t i o n  occurs c o n t i n u t i l l y  meaward through a process of 

m i g r a t i o n  of t h e  compress ion/ehear  zone th rough  t ime  (DuprC , 1978 1 .  Areas I11 

and I V  a r e  c h a r a c t e r i z e d  by low d e n s i t y  of ice gouges ( F i g .  5 ) .  Gouging i n  

a r e a s  111 and I V  16 the product of ridges formed i n  a n  ice-divergence zone by 

i n t e r c o l l i s i o n s  of pack i c e .  Dens i ty  of ice gouges i n  a r e a  V is  low because 

this a r e a  i s  n o t  i n  a convergence zone and a t  most  places w a t e r  d e p t h  e x c e e d s  

nonnal  i c e - k e e l  depths. Area VT does  not  seem to have any ice gouging because 

water  depths ( F i g .  2 )  exceed nonnal i c e - k e e l  depths (Fig- 5 ) .  

Age of Ice Gouses 

Although no specific ~ t u d i e s  were made to de te rmine  t h e  a g e  and longevity 

of gouges,  t h e  gouges aeem t o  be  modern ephemeral  phenamena t h a t  recur 

a n n u a l l y .  West of Port Clarence and  i n  the n e a r s h o r e  a r e a  of Nome, ice gouges 

cut through r i p p l e -  and eand-wave f i e l d s  that are i n  dynamic equilibrium w i t h  

p r e s e n t  wave or c u r r e n t  mbt ion ( N e l e o n  and others,  1978; Hunte r  and Thor, 

1979)  (Figs. 4 - A  and  0 ) .  Here o l d  gouges ,  highly modif i t d  by r ipples  or sand  

# v e s  and new gouges a u g g e s t e  t h a t  p u g e e  a r e  being formed e a c h  w i n t e r .  

A number of g e o l o g i c  processes a c t  to r a p i d l y  d e s t r o y  gouges once t h e y  

)rave formed. Znitlal m o o t h i n g  of Ice gouges e a n  be enhanced by: (I) the 

matura ted ,  r i l t y  mubetrate that t e n d s  t o  seek  a m i n i m u m  relief ewilibrium 



with r ides  of t h e  gouge flowing or 8lumping toward t h e  center of t h e  gDuge, 

and ( 2 )  the  c o n s t a n t  o ~ ~ i l l a t ~ r y  pounding of wave motion on t h e  eea f loor  that 

c a u s e s  shear f a i l u r e  i n  t h e  mft  sediment (Henkel ,  1970), c a u s i n g  p u g e  s i d e s  

t o  c o l l a p s e  toward t h e  c e n t e r .  The 'dish-shape' profiles of most gouges 

(rigs. 4-E and GI i n d i c a t e  t h a t  these are normal f a c t o r s  i n  t h e  p r o c e s s  of 

gouge d e s t r u c t i o n .  

Repeated surveys of i c e  gouges i n  water less t h a n  20 m deep i n  the  

B e a u f o r t  Sea have rhown that gouges are f r e q u e n t l y  smoothed o v e r  comple te ly  in 

one season  (Barnes  and Reimni tz ,  1979). In t h e  Bering Sea, t h e  i c e - f ree  

meason is 3 t o  4 months l o n g e r  t h a n  i n  t h e  B e a u f o r t  Sea, a l l o w i n g  more time 

far c o n s i d e r a b l y  s t r o n g e r  open-water wave ant! current regimes of t h e  Ber ing  

Sea t o  destroy gouges. In Norton Sound, storm waves and c u r r e n t s  caused by 

advance and r e t r e a t  of stonn-surge water,  i n  a d d i t i o n  t o  normal t i d a l  and 

g e o s t r a p h i c  c u r r e n t s ,  r e suspend  and t r a n s p o r t  large quantities of surficial 

sediment (Cacchione and Drake,  1978; Nelson and Creager, 1977) .  Destruction 

of gouges i s  augmented by b i o l o g i c a l  reworking of s u r f i c i a l  sediment ,  an  

a c t i v e  p r o c e s s  i n  Norton Sound (Nelson and o t h e r s ,  i n  press). In  summary, 

gouges will t e n d  to be either eroded or buried because t h e y  a r e  n o t  i n  

e q u i l i b r i u m  w i t h  t h e  dynamic p h y s i c a l  p r o c e s s e s  on t h e  sea f l o o r .  T h i s  

r e i n f o r c e s  t h e  hypothesis t h a t  gouges i n  B e r i n g  Sea are present-day phenomena 

i n v o l v i n g  Bevelopment of s o m e  new gouges each ice season.  



fce/Sediment Interaction 

Ice a c t s  as b t h  a n  e r o s i o n a l  and 8 &positional agen t .  Ice gouges, 

mixes, and defonns t h e  nubstrate, and promotes current scour. Ice partially 
" 

c o n t r o l s  t h e  geomorphology of t h e  Yukon D e l t a  (DuprB and Thornpaon, 1 9 7 9 ) .  

Sediment mixing and deformat ion  of t h e  ~ubstrate are i m p o r t a n t  processes 

i n  d e n s e l y  gouged areas such  as t h e  Yukon prodelta where pressure-ridge raking 

can gouge 1 m i n t o  t h e  sediment .  One e v e n t  of pressure ridge raking can  

affect n e v e r a l  square k i l o m e t e r s  of mea floor.+ Such an  e v e n t  can  fix or 

d i s r u p t  s e v e r a l  m i l l i o n  c u b i c  m e t e r s  of mediment. A zone of deformed sediment  

i n  b x  c o r e  No. 48 (11-18 an i n t e r v a l ,  Fig. 3-C) possibly r e p r e s e n t s  an ice- 

gouge e v e n t .  

Sharpness  of gouge morphology 1s highly dependent  on t h e  t y p  of 

s u b s t r a t e  b e i n g  gouged. The sediment  of the Yukon p r o d e l t a  i s  a moderately 

c o h e s i v e  sandy silt that w i l l  hold a shape better t h a n  the c o a r s e r - g r a i n e d  

sediment  of c e n t r a l  Norton Sound or offshore from Port C l a r e n c e  (Clukey and 

o t h e r s ,  1978; Nelson and Hopkins, 1972;  WeManus and others, 1977).  The gouge 

shown in figure 5-A and some gouges shown i n  f i g u r e  4 a r e  examples of forms 

v i t h  sharp relief in a c a n p e t e n t  substrate. Gouges shown i n  figure 4-A are 

smoother i n  f o m  because they cut i n t o  a c o h e s i o n l e s s  sand substrate i n  t h e  

P o r t  C la rence  area. 

P r a n i n e n t  broad (50-150 m wide), r h a l l o w  (0.6-0.8 m deep) d e p r e s s i o n s  on 

the w e s t e r n  Yukon prodelta are a s s o c i a t e d  w i t h  areas of intense ice gouging 

and s t r o n g  bottom c u r r e n t s  ( L a r s e n  and o t h e r s ,  1979).  Topographic  d i s r u p t i o n  

by ice gouges in these a r e a s  a p p a r e n t l y  causes f low s e p a r a t i o n  in t h e  s t r o n g  

*Area of gouging t h e e  & p t h  of gouging. Ex. 2000 m (length of gouged zone) x 
3 1000 m (width of gouged zone)  x 0.5 m (depth of gouge) = 1,000,000 m . 



c u r r e n t s ,  t h e r e b y  i n i t i a t i n g  mcour d e p r e s s i o n  for e x t e n s i v e  d i s t a n c e s  

downstream, Consequent ly ,  large r e g i o n s  of mcour may c o n t i n u e  t o  expand 

.way from i n t e n s e l y  gouged a r e a s  (Fig. 4-H). 

The e x t e n s i v e  d e p o s i t i o n a l  sand s h o a l s  of t h e  Yukon Del ta  f r o n t  coincide 

w i t h  the seaward e x t e n t  of u h o r e f a s t  ice,  atamukhi (grounded p r e s s u r e  ridges) 

and zones of dense  ice gouging (Figs. 2 and  6) .  Fteimnitz and Barnes ( 1974 )  

have no ted  t h i s  r e l a t i o n  i n  t h e  C o l v i l l e  D e l t a  area of t h e  B e a u f o r t  Sea. T h e y  

p o s t u l a t e  that pressure ridges and atamukhi act  as nediment traps o r  dams, 

c h a n n e l i z e  w i n t e r  c u r r e n t s ,  o r  b u l l d o z e  sediment  t o  form s h o a l s .  Thus, a 

cycle i s  formed in the sense t h a t  shoal areas de te rmine  t h e  e x t e n t  of 

r h o r e f a s t  i ce  and t h e  l o c a t i o n  of a s h e a r  zone and pressure r i d g e s ,  which i n  

t u r n  c a u s e  s h o a l s  t o  develop.  DuprC (1979)  h y p o t h e s i z e s  that t h e  

g e m o r p h o l o g y  of onshore  and o f f s h o r e  par te  of t h e  Yukon D e l t a  a r e  s i m i l a r l y  

c o n t r o l l e d  by ice. 

RESOURCE DEnLOPMENT: WTEVTIAL HAZARDS 

TO summarize, gouges a r e  u b i q u i t o u s  th roughout  n o r t h e a s t e r n  Ber ing  Sea i n  

wa te r  depths of 5 t o  3 0  xn. Ice-gouge d e n s i t y  v a r i e s  from rare t o  sparse i n  

n o r t h e a s t e r n  Bering sea and n o r t h e r n  Norton Sound; maximum density is around 

t h e  Yukon Delta ( F i g ,  6). Depth o f  i c e  gouges i s  f a i r l y  uniform th roughout  

n o r t h e a s t e r n  Ber ing  Sea and seems t o  be independen t  of gouge d e n s i t y .  

Although maximum observed ice-gouge d e p t h  i s  about  1 rn and maximum observed 

c u r r e n t  scour about 1 m, the combination of these forces could affect t h e  

bottom to d e p t h s  of several  meters, thus p r e s e n t i n g  some d e s i g n  problems and 

potential hazards t o  i n s t a l l a t i o n s  i n  or on t h e  s e a  floor* P i p e l i n e s  and 



c a b l e s  a h o u l d  be b u r i e d  below the canb ined  e f f e c t i v e  depth of ice gouging and 

c u r r e n t  scour, p l u s  a r a f e t y  f a c t o r .  

S p e c i a l  r t u d i e s  of n e a r s h o r e  a r e a s  o f f  N o m e  and Port C l a r e n c e  we're 

c o n d u c t e d  becauee both are  p o t e n t i a l  c e n t e r s  f o r  commercia l  d e v d l o p n e n t  and 

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

b a r g e  t r a f f i c  i n  t h e  n o r t h e r n  B e r i n g  Sea. P o r t  C l a r e n c e ,  t h e  o n l y  n a t u r a l  

h a r b o r  i n  t h e  n o r t h e r n  B e r i n g  Sea  h a s  h i g h  p o t e n t i a l  f o r  development  a s  a  site 

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

O f f s h o r e  Nome, b e i n g  a n  area of ice d i v e r g e n c e ,  i s  n o t  h e a v i l y  gouged,  

Although s e v e r a l  gouges  were found o f f s h o r e ,  none were i n  w a t e r  s h a l l o w e r  t h a n  

8 rn. Several of t h e s e  gouges  a r e  p r o b a b l y  n o t  related t o  i c e .  They a r e  very 

n a r r o w  (less t h a n  1 m) compared t o  t y p i c a l  i c e  gouges (more t h a n  5 m wide) a n d  

are p o s s i b l y  produced by a n c h o r ,  a n c h o r  c h a i n ,  o r  c a b l e  d r a g  from t h e  t u g s  and 

b a r g e s  t h a t  f r e q u e n t  t h e  port o f  Nome. 

S e v e r a l  gouges  were found near P o r t  Clarence a t  t h e  n o r t h e r n  end  o f  t h e  

P o r t  C l a r e n c e  s p i t  and on t h e  n o r t h e r n  s i d e  o f  P o r t  C l a r e n c e  i n s i d e  t h e  ti5al 

i n l e t .  Bu t ,  none  o c c u r r e d  i n  w a t e r  less t h a n  8 m deep.  

W e  t h a n k  Wi l l i am DuprC, U n i v e r s i t y  of Houston,  f o r  da ta  c o n c e r n i n g  pack 

ice  movement and  o h o r e f a s t  i ce  l i m i t s ;  Ralph  Hun te r ,  U. S. G e o l o g i c a l  Survey, 

for d a t a  on  s h o r e f a s t  i ce  l i m i t s ;  and David Drake U. S. G e o l o g i r a l  Survey, f o r  

d a t a  o n  ice thickness. J i m  m a n s  and Ron W i l l i a m s  compi l ed  d a t a  on  gauges 

frm aonographs .  Valuable d i s c u s s i o n s  on ice p r o c e s s e s  and  i n t e r p r e t a t i o n  of 

~onoqraphr were h e l d  w i t h  P e t e r  Ba rnes ,  h-k Reimnitz, and t a r r y  mimil, U.S. 

Geological Survey. narybeth G e r i n  helped with f i g u r e  l a y o u t  and  d r a f t i n g .  

IErk Reimni t z  and  Harry Cook, U.S. G e o l o g c i a l  Survey, made h e l p f u l  canments on 



the manuscript. me u i f i c c r ~ ,  crew, and t e c h n i c a l  rtaff  of the WV SEA 

SOUNDER made data co l l ec t ion  a ~ u c c e s s f u l  and enjoyable endeavor. 

The eruiees were supported jo int ly  by the U.S.  Geological Survey and by 

the Bureau of Land Management through interagency agreement with tlie N a t i o n a l  

Oceanic and Atmospheric Administration, under which a multi-year program 

responding to the needs of petroleum development of t h e  Alaska continental 

shel f  i s  managed by t h e  Outer Continental  Shelf Environmental Assessment 

Program ( O C S E A P )  Office. 
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ABSTRACT 

The Yukon prodelta is exposed to large storm waves propagating northward 

from the southern Bering Sea. Shallow water depths of the prodelta enhance 
* 

the transfer of energy from the surface waves to the bottom. As the bottom 

deposits are cyclically loaded by large storm waves, potential decrease in 

their resistance to shear could ultimately cause liquefaction. A preliminary 

assessment of the engineering properties of Yukon sandy silt suggests that the 

prodelta deposits may be susceptible to wave-induced liquefaction during 

severe storm events. In addition, erosion and resuspension of sediment in the 

prodelta may be intensified because of the liquefaction process. 

INTRODUCTION 

The stability of granular sea-floor deposits can be upset by liquefaction 

of the deposits under cyclic loading and their behavior as a viscous fluid. 

This liquefaction or fluidization of bottom sediment may pose severe problems 

to the integrity of offshore installations. The bearing capacity of the sea 

floor beneath offshore structures (Lee and Focht, 1975; Kahman et a l . ,  1 3 7 7 )  

may be seriously impaired if the upper few meters of deposits liquefy and mass 

flows result. Erosion and sediment scouring caused by current-induced bo:tom 

shear stresses are other processes significantly related tc~ liquefaction 

vulnerability. The net effect may be the erosion of foundation-3earing 

sediment beneath platforms sited on the bottom. The extent of the damage 

potential would depend on the areal distribution of the liquefiahie material 

and recognition of the liquefaction potential in design considerations, 

The liquefaction of sea-floor sediment results from repeated loading 

during either earthquakes or high-intensity storm waves, when pore-water 

pressures reduce the shearing resistance of the material. In this report ve 



consider the potential of Yukon prodelta deposits (Fig. 1) to liquefy under 

large-amplitude surface water waves. Although Norton Basin does possess 

several active faults that could pose a moderate seismic risk, the 

liquefaction potential under wave loading is considered particularly - 

destabilizing on the basis of sediment-type (borderline sand-silt) in the 

prodelta (Fig. 2) and exposure of the prodelta to large storm waves. Typical 

late-fall storms in Bering Sea generate large-amplitude low-frequency waves 

that propagate into Norton Sound from the southern Bering Sea. Waret depths 

(Fig. 1) throughout Norton Sound are also sufficiently shallow ((20 m), that 

most wave-generated surface energy is imparted to the bottom deposits. Under 

these conditions, bottom deposits may liquefy during storms. To investigate 

this possibility, we have made a preliminary assessment of the liquefaction 

potential of Yukon prodelta deposits. 

This study was in part based on samples from, and bottom-pressure 

measurements in, the Yukon prodelta (Fig. 1). At present, however, no direct 

cyclic strength data have been gathered on undisturbed samples from the area, 

and thus our conclusions should be considered tentative. This assessment of 

the liquefaction potential was supplemented by results obtained by other 

investigators on similar sediment. The dissipation of pore-water pressures 

for a typical and an extreme storm event was modeled by an isoparametric one- 

dimensional finite-element method (FEN) of analysis. Although our results are 

not site specific, they do represent the general sea-floor conditions 

throughout the prodelta area and provide insights for more detailed studies 

aimed at defining the degree of liquefaction susceptibility on a regional 

basis, using techniques recently devised for onshore deposits (Youd and 

Perkins, 1978). 



DATA COLLE CTI ON 

Data for this investigation were collected aboard the research vessel Sea 

Sounder during 1976, 1977, and 1978. Bottom pressure measured at 2.2 m above 
.. 

the sea floor and current measurements taken at 1 m above the sea floor were 

recorded with a multi-instrumented bottom tripod, GEOPROBE (Cacchione and 

Drake, 1979), used to investigate sediment transport on continental shelves. 

The GEOPROBE (Fig. 3 )  collected 80 days of bottom data during July-September 

1977 at a water depth of 19 m approximately 50 km south of Nome, Alaska (Fig. 

1). During that time, data were collected on one moderate storm that 

generated 3-m surface waves with approximately 10- to 12-s periods (Fig. 4). 

Core samples were taken with a variety of coring devices including 

shallow grab samplers as well as 2- and 5- vibracoring samplers (Fig. 1). 

Only rarely did core stratigraphy appear to be disturbed by coring. 

The cores were subsampled at sea immediately after collection, typically 

at the core surface and at 0.5-m intervals thereafter, and above and below 

distinct stratigraphic changes. Grain-size distributions were determined from 

subsamples using wet-sieve 'spl its  made at 2 mm (Sieve 18) and at 0.0625 mm 

(sieve 230), and the mud fraction was run in a hydrophotometer measuring silt 

and clay grain sizes less than 0.0625 mm (Clukey and others, 1978). 

Bulk densities were determined on a few whole-core sections before 

opening. Generally, the in-situ density was estimated by taking small plugs 

of known volume. The densities of samples could also be determined from their 

water  content (assuming 100-percent pore-water saturation). Appropriate 

corrections were made in all cases for the salinity of the pore water. 

!?ininurn and maximum densities were calculated on the basis of mean grain size 

and sorting characteristics of the deposits, and from results obtailied by 

other investigators on approximately similar types of deposits. 



GEOLOGIC AND OCEANOGRAPHIC SETTING 

The Yukon p r o d e l t a  is  i n  t h e  southwest  p a r t  of Norton Sound i n  t h e  

n o r t h e r n  Bering Sea (F ig .  1 ) .  During t h e  P l e i s t o c e n e ,  tundra-der ived p e a t  

d e p o s i t s  formed when t h e  e n t i r e  n o r t h e r n  Ber ing s h e l f ,  i n c l u d i n g  Norton Sound, 

was emergent because of lowered sea l e v e l s  (Nelson,  i n  p r e s s ) .  These p e a t y  

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

u n d e r l a i n  by p re -gua te rnary  bedrock. About 12,000 y e a r s  B.P. Sphanberg S t r a i t  

(Fig.  1) was f looded  d u r i n g  s e a - l e v e l  t r a n s g r e s s i o n ,  and t r a n s g r e s s i v e  f i n e  

sand and s i l t  began t o  be d e p o s i t e d  t h e r e .  By 9500 B.P. Norton Sound had been 

indundated by w a t e r ,  and modern Holocene sandy-s i l ty  mud began p rograd ing  o v e r  

t h e  P l e i s t o c e n e  f r e s h w a t e r  pea ty  mud (Nelson and Creager,  1977). The modern 

Yukon s u b d e l t a  moved n o r t h  t o  i t s  p r e s e n t  p o s i t i o n  about 5000 y e a r s  B.P. o r  

l a t e r .  

The Yukon River p r e s e n t l y  c a r r i e s  60 t o  100 m i l l i o n  t o n s  of sediment i n t o  

the  Bering Sea each y e a r  ( L i s i t s y n ,  1966). Cur ren t s  t r a n s p o r t  much of t h e  

Yukon-derived sediment i n t o  t h e  Chukchi Sea  r rake and o t h e r s ,  1980). 

Sediment remaining i n  Norton Sound is  d e p o s i t e d  on to  a d e l t a i c  wedge t h a t  

t h i c k e n s  from 2- t o  1O-m dep th  toward t h e  modern Yukon s u b d e l t a  (F ig .  2 )  

(Nelson and Creager, 1977). The southwest margin of t h e  p r o d e l t a  c o n s i s t s  of 

we l l - so r ted  s i l t y  sand g rad ing  northward t o  moderate ly  s o r t e d  s i l t y  sand and 

eas tward t o  poor ly  s o r t e d  sandy s i l t  and s i l t  (Dupre and Thompson, 1978). The 

Holocene sandy and s i l t y  mud of the Yukon River  (Fig .  2)  covers  c e n t r a l  and 

n o r t h e r n  Norton Sound wi th  s u r f i c i a l  d e p o s i t s  as t h i c k  as 2 m. Chirikov 

b a s i n ,  west  of Norton Sound i s  e n t i r e l y  bypassed,  and no modern very  f i n e  sand 

and s i l t  a r e  d e p o s i t e d  t h e r e  (Nelson, i n  p r e s s ) .  

I n v e s t i g a t i o n  of 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 were summarized by Coachman and o t h e r s  (1976). The r e g i o n a l  



circulation is relatively simple: Bering shelf water flows northward into the 

Arctic basin throughout most of the year. This flow is principally driven by 

sea-level differences across the Bering Strait and is modifi>d by surface-wind 

stresses generated by large-scale atmospheric-pressure systems. Surface-wind 

stresses associated with the predominant northerly winds decrease the 

magnitude of this nrthward flow and occasionally reverse the surface-current 

direction. When the flow is northward, topographic constriction approaching 

the Bering Strait effectively enhances the current speed north of about 

latitude 64'30' N .  Bottom deposits in the approaches to the Bering Strait are 

predominantly made up of sand that has been molded into a variety of bedforrns 

characteristic of progressively stronger bottom currents. 

Energetic atmospheric storms normally transit the northern Berng Sea with 

increasing frequency, commencing in September. Typically, these early storms 

have low-pressure centers that pass north of Nome, Alaska. These storm tracks 

are favorable for the formation of large surface waves by sustained strong 

southwesterly winds blowing across a relatively unimpeded fetch that 

terminates along the outer northern margin of Norton Sound (Fig. 1). Such 

conditions have historically caused intense storm surges and extensive wave 

erosion of the Nome coastline (Sallenger and Dingler, 1978). 

Monthly averages of sea state and winds compiled by the Arctic 

Environmental Information and Data Center (1977) indicate that over the last 

35 years, in the northwestern Bering Sea (the area contained within latitude 

60'~ and the coastline to longitude 175' W). the maximum observed wave heights 

have been 7 m in September and 8 m in October. The statistical recurrence 

interval for extreme waves of 24-m height in the deeper southernmost part of 

the study area is only 5 yr; the maximum significant wave height for this same 

recurrence period is 13.5 m (Arctic Environment Information and Data Center, 
4 



1977, p. 438). At Nome, Alaska, the recurrence period for sustained 

windspeeds of 50 knots is 5 yr. We note that during the period November 11- 

13, 1974, a storm surge estimated to be a once-in-30-yr occurrenee severely 

damaged the Nome area; during this storm an estimated water rise of 7.6 m 

caused extensive flooding over the entire north margin of Norton Sound 

(Sallenger and Dingler, 1978). Normal tidal range for that period was 1.2 m. 

These data indicate the extreme importance of wind-driven and wave events 

in the study area. Estimates of bottom erosion and sediment transport must 

include measurement and evaluation of not only normal fair-weather turbulent 

shear stresses but also excessive stresses induced by high waves. 

LIQUEFACTION OF A SEDIMENTARY DEPOSIT 

Temporary or permanent loss in the strength of ocean deposits generally 

occurs in loose fine-grained sand to coarse silty sediment (Lee and Fitton, 

1969). In extreme cases, this loss in strength can cause liquefaction of the 

deposits. Liquefaction is controlled by the buildup of excess pore-water 

pressures, that is, above hydrostatic, as the deposits are subjected to 

cyclically induced shear stresses. As the material responds to these shear 

stresses, the particles tend to compact. If the permeability of the deposits 

is insufficient to allow for instantaneous reorientation of the particles, 

excess pore-water pressures develop. As these pressures increase with 

successive cycles, the deposits weaken and become less resistant to the 

imposed load. The shear resistance is then associated with a critical level 

of repeated loading (Sangrey and others, 1978). As pore-water pressures 

dissipate over time, the particles tend to move closer together, and the 

deposits become more stable. If the rate of pore-water-pressure dissipation 

is sufficiently rapid relative to the rate of pore-water-pressure generation, 

4 
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the deposits will remain stable undex the prevailing load. If, however, the 

applied load is sufficient to overcome dissipation effects, the deposits will 

tend to fail and may ultimately liquefy. 

The permeability of the deposits controls the rate of pore-pressure - 
dissipation. Thus, the more permeable the deposits, the greater will be the 

critical level of repeated loading required to induce liquefaction. In an 

earthquake-related situation, in which the frequency of loading is relatively 

high, pore-water-dissipation effects are generally negligible. The loading 

frequencies for storm waves, however, can be an order of magnitude less than 

those associated with earthquake frequencies, so dissipation of pore-water 

pressures over time must be considered. 

Deposits that are sufficiently dense before loading do not generate long- 

term positive excess pore-water pressures. The soil particles in these 

deposits after finite displacements tend to dilate when sheared and thereby 

generate a negative pore-water pressure that temporarily increases the 

strength of the deposit. The relative density D,, numerically expresses the 

relation of the onsite density to the maximum and minimum densities of the 

deposits; that is, 

Y max ( 
- 

= 

(  ma x-ymi n ) 

where: y = the in-situ dry unit weight 

( y =  pg, where = density and 

g = acceleration due to gravity) 

Ymax = the maximum dry unit weight of sediment 

and Y min = the minimum dry unit weight of sediment 

This relative density commonly is used as an index for the density state of 

granular material. Deposits with greater relative densities tend to be less 



susceptible to liquefaction and therefore require higher critical levels of 

repeated loading in order to liquefy. The liquefaction potential then depends 

on the integrated effects of: 

(1) the density state of the deposits, 

(2) the level of loading imposed by storm waves, 

and 

(3) pore-water-dissipation effects. 

A fourth parameter, the relation between the effective confining stress 

and the density state of the deposits, is also important in evaluating the 

liquefaction potential. Unfortunately, more detailed laboratory data are 

necessary before its importance can be assessed. In the absence of these 

data, in the present study we consider the deposits to be normally 

consolidated, and so the density state, level of loading, and dissipation 

effects will govern the response. 

LIQUEFACTION ASSESSMENT 

To evaluate the liquefaction potential from wave loading, we can 

effectively apply techniques used in earthquake engineering with some minor 

modifications (Nataraja and Singh, 1979). hce the level of imposed stresses 

has initially been determined, the number of cycles required to liquefy the 

sediment calculated under undrained conditions, at a given relative density, 

can be calculated (Seed and Rahman, 1978). The effects of drainage on bed 

response can then be modeled by an FEM analysis (Seed and Rahman, 1978). This 

model includes the dissipation of pore-water pressure after the passage of , 

each wave. The total pore-pressure buildup as a function of the overburden 

pressure is then continually monitored throughout the duration of the storm or 

until 100-percent pore-water-pressure response is achieved. Although 

100-percent pore-water-press~re~response is not necessarily sufficient for 



liquefaction, it does represent a condition whereby at least a temporary loss 

in strength occurs as a result of excess pore-water pressures. 

WAVE-INDUCED STRESSES 
7 

Several techniques are presently available to determine both the pore- 

water-pressure response and the cyclically imposed shear and normal stresses 

in the deposits (Fig. 5). Moshagen and Thrum (1975) used the heat-conduction 

equation, together with the assumptions that the pore-water is incompressible 

and that the porous bed is undeformable, to predict the transitory wave- 

induced pore-water-pressure response; these responses are infiltration pore- 

water  pressures, not those associated with shear stresses. This approach, 

however, does not predict the induced stresses in the deposits. Other 

investigators (Prevost and others, 1975) ,  concerned with bed deformation and 

the resulting stresses, assumed the bed to be elastic and not to interact with 

the pore-water; the cnnclusions reached from this approach are those derived 

from classical solid mechanics. More recently, Yamamoto (1978) and h d s e r ;  

(1978) have used a three-dimensional consolidation model for the bed to 

predict the wave-induced pore-water-pressure and effective-stress chiingc.5 in 

the bed during a single wave cycle. The results of their work indicate ti :t 

the bed response is strongly affected by the permeability and stiffn~ss o: tl,e 

sediment as well as by the thickness of the bed. 

None of these solutions, however, considers the res?onse cf the kad under 

repeated loading. Pore-water pressures would increase under application of 

cyclic shear stresses. This increase in pore-water pressure varie-s as a 

function of the number of applied loads, that is, waves, and reduces the 

normal effective stresses acting on the bed. This increase in pore-water 

pressure also depends on the drainage characteristics, frequency of loading, 

and duration of loading. Seed and Rahman (1977) considered the cyclic-loading 



effects of storm-generated waves and proposed an FEM solution to model the 

pore-water-pressure dissipation effects throughout a storm. In their solution 

the wave-induced stresses were calculated by considering the t o c a l  stress 

state in the bed and applying an appropriate stress function. Their solution 

is similar to that proposed by Prevost and others ( 1 9 7 5 ) .  Where the deposits 

are idealized as a semi-infinite half-space, the expression for the horizontal 

(1977), is identical to that of Yamamoto (1978) and Madsen (1978); that is, 

where: p = the bottom wave-induced pressure, 

L = the wavelength, 

and z = the depth in the sediment. 

The geometry is illustrated in Figure 5 .  If we subtract the pore-water 

pressures determined by Moshagen and Tdxum ( 1 9 7 5 )  from the total stresses, the 

effective principal stresses are also identical to those determined by 

Yamamoto (1978) and Madsen (1978). 

The horizontal shear stress can then be normalized with respect to the 

overburden stress u ' ~  that is, 
0, 

where: Y b  = the buoyant unit weight of the sediment. 



The resulting expression then gives the maximum shear-stress ratio at a depth 

depth z: 

0 

Once the maximum shear-stress ratio has been determined, the number of cycles 

required to cause liquefaction under undrained conditions (for a given 

relative density) can be calculated from an experimental curve similar to that 

shown in Figure 6. Although data from actual t e s t s  performed on Yukon 

prodelta sediment may differ from these results, the curve in Figure 6 can be 

used to make a preliminary estimate of the response characteristics of sandy 

marine deposits under cyclic loading. The shear-stress ratios ( *c /  4 ,  ), with 
0 

depth for 3- and 6-m surface waves are shown in Figure 7. The 3711 wave was 

selected to represent the maximum storm conditions recorded by the GEOPROBE, 

whereas the 6- wave would have a 1-percent occurence frequency for the months 

of September and October (Arctic Environmental Information and Data Center, 

1977). 

DENS I TY STATE 

The relative density of the sediment must be determined to correlate the 

number of cycles required to cause liquefaction at the imposed-stress l e v e l  

(Fig. 6). Higher relative densities would transpose the curve in Figure 6 

upward, whereas lower relative densities would transpose it downwsrd. Typical 

maximum and minimum density values can be estimated from the g , r ? i n  sizes and 

sorting characteristics of the deposits. The grain-size analyses of several 

grab samples are summarized in Table 1. The average-uniformity coefficient c, 

for this sand (2.2) indicates a well-sorted material. On the basis of data 

presented by Johnston (1973) for a similar sand, the respective minimuii and 

maximum densities for Yukon prodelta material were estimated at between 1280- 



1320 kg/m3 and 1600-1630 kg/m3. These values were increased slightly to take 

into account the average percent fines in the samples tested (Townsend, 

1973). The final minimum and maximum densities were then estimated to be 1370 

and 1760 kg/rn3, respectively. These values were somewhat corroborated in 

tests by other investigators (Lee and Focht, 1975) on marine sediment from the 

North Sea with similar grain-size characteristics (dS0 = 0.11 mm, cU = 2.0). 

Their results show minimum and maximum densities of 1340 and 1740 kg/m3, 

respectively, in good agreement with the values in this study. 

Thus, relative density of typical Yukon prodelta sediment can be 

calculated on the basis of estimated minimum and maximum densities, and the 

in-situ densities determined from water-content or bulk-density estimates 

(Table 2). Although the relative densities obtained using the above methods 

rely on limited data and are initial estimates, they do suggest that the 

relative density of deposits throughout the study area varies considerably and 

is not restricted to a unique value or range of values. Thus, pockets or 

lenses of loose material could conceivably exist throughout the prodelta that 

would be susceptible to pore-water-pressure generation and possible 

liquefaction. Despite the variations in the data, a relative density of 54 

percent is considered an approximate upper estimate for the sediment within 

the prodelta. Several of the higher relative densites listed in Table 2 are 

attributable to dense layers of different material within the stratigraphic 

section, or to compaction due to vibracoring action. 

LIQUEFACTION SUSCEPTIBILITY 

We can assess the liquefaction susceptibility for undrained conditions by 

correlating the number of cycles necessary to cause liquefaction with the 

shear-etress ratio (I h/ a' ), as shown in Figure 6. The 3- storm-wave height 
"0 

would appear to require an extremely large number of cycles to cause 



liquefaction, and the deposits would be even less susceptible if drainage were 

allowed to occur throughout the storm. Failure, as defined by Egan and 

Sangrey (1978), could possibly occur, however, if an effectiv&-stress approach 

similar to Yamamoto's (1978) and Madsen's (1978) were used and the entire 

stress state were considered in the analysis. On the basis of our analysis, 

the likelihood of liquefaction from storm waves of 3-rn height appears 

extremely small. 

For the 6-m storm wave height, however, full pore-water-pressure response 

could occur in the upper several meters of sediment within a relatively small 

number of cycles under undrained conditions in the bed. If drainage were 

allowed, a greater number of cycles would be necessary to liquefy t h e  

deposits; an FEM analysis can then be used to investigate the effects of 

drainage during the storm. The 6-m storrw wave height was investigated with 

this technique for a s t o r m  duration of one hour. Because the dissipation 

effects depend on the permeability and compressibility of the deposits, two 

different permeability-compressibility combinations were used in the 

analysis. The buildup of pore pressure for each time increment was governed 

by the equation 

2 1 /20 
r = - arc sin(x z) 
u TI 

where: rU = the ratio of excess pore-water pressure to initial vertical 

effective stress, 

x = the ratio of t h e  applied cycle (n) to the number of cycles (nl) 

required to cause liquefaction, 

and 0 = an empirical shape constant for t h e  pore-water-pressure 

curve (1 .2  in this a n a l y s i s ) .  



The results of the analysis indicate (Fig. 8)  that even with pore-water- 

pressure dissipation taken into consideration, the deposits will liquefy to a 

depth of 3 to 3.5 m. The permeability of the material significantly - 

influences the time required for liquefaction to occur. For a coefficient of 

permeability of of 5 x 10-~1n/s, which would correspond to a medium- to coarse- 

grained sand like that encountered in Chirikov Basin, the sediment would not 

liquefy. The coefficients of permeability, derived from laboratory 

consolidation test results ( 1.5 x - 1.5 x 10-'ms), that represent a range 

of values typical for Yukon prodelta sandy silt show that liquefaction is 

possible. Xn this case pore-wateer pressure dissipation effects do not 

preclude full pore-water pressure response and possible liquefaction. 

GEOLOGICAL IMPLICATIONS; HAZARR POTENTIAL 

The present analysis suggests that modern Yukon prodelta sediment could 

at least temporarily liquefy to significant depths during severe storms. The 

widespread distribution of thick storm-sand layers within 50 km of the modern 

prodelta shoreline (Nelson, 1977) suggests that liquefaction and mass movement 

processes m y  be important mechanisms in the mvement of major sheets of sand 

offshore. These sand layers range from 1 cm thick in central Norton Sound to 

over 20 cm thick within 30 km of the delta (Nelson, 1977). The mare massive 

sand layers close to the delta may in part result from mass movement of 

liquefied material under major storm-wave and surge conditions. Bott~m- 

friction velocities from tidally dominant bottom currents are insufficient to 

transport massive quantities of material. Drake and others (1980) suggest 

(from GEOPROBE data) that the very fine sand consituting about 50 percent of 

the  seament on the outer part of the Yukon prodelta is mostly transported 

during a few late swnmer and fall storms each year. The mean transport 

velocities for the September 1977 storm that generated 3-m-high waves, as 

15, 



recorded  by t h e  GEOPROBE, were w e l l  i n  e x c e s s  of t h o s e  r e q u i r e d  t o  i n i t i a t e  

t r a n s p o r t  of sediment (Cacchione and Drake, 1980).  The e f f e c t s  of t h i s  

t r a n s p o r t  mechanism d u r i n g  more s e v e r e  s to rm e v e n t s  would be magnified i f  t h e  

bed were p a r t i a l l y  s o f t e n e d  by l i q u e f a c t i o n  and t h e  zone of m a t e r i a l  

i n f l u e n c e d  by t h e  mean t r a n s p o r t  v e l o c i t y  were s e v e r a l  mete r s  t h i c k ,  

Integration of t h e  l i q u e f a c t i o n  s u s c e p t i b i l i t y  wi th  t h e  c r i t i c a l  mean 

t r a n s p o r t  v e l o c i t y  i n  f u t u r e  s e d i m e n t - t r a n s p o r t  models cou ld  p rov ide  u s e f u l  

i n s i g h t s  i n t o  t h e  r a t e  and amount of sediment t r a n s p o r t  i n  t h i s  a r e a .  

S e v e r e  e r o s i o n a l  e f f e c t s  can be observed i n  t h e  d e l t a  a r e a  i n  t h e  form of 

l a r g e  s c o u r  d e p r e s s i o n s  (Larsen  and o t h e r s ,  1979). These d e p r e s s i o n s ,  which 

range  as large a s  250 rn i n  d iamete r  and 1 m i n  depth ,  a r e  t r i g g e r e d  by local 

t o p o g r a p h i c  d i s r u p t i o n s  i n  p r o d e l t a  a r e a s  where s t r o n g  c u r r e n t s  shear against 

s t e e p e r  o f f s h o r e  topography. The p o t e n t i a l  for  l i q u e f a c t i o n  i n  t h i s  area may 

g r e a t l y  enhance t h e  fo rmat ion  of  t h e s e  scour  d e p r e s s i o n s .  Weakening of t h e  

d e p o s i t s  by i n c r e a s e d  pore-water p r e s s u r e s ,  a l o n g  w i t h  mixing of t h e  d e p o s i t s  

with water  by storm-wave a c t i o n ,  cou ld  l e a d  t o  e r o s i o n  and t r a n s p o r t  of 

sediment  from s c o u r  depress ions .  

L i q u e f a c t i o n  t o  a dep th  of 2.5 t o  3 m and consequent  movement of massive 

storm-sand s h e e t s  cou ld  cause  s e v e r e  hazards  t o  s e a - f l o o r  s t r u c t u r e s ;  t h i s  i s  

p a r t i c u l a r l y  t r u e  i f  t h e  p r o t e c t i v e  sed imenta ry  cover  were removed from bu r i ed  

p i p e l i n e s ,  o r  t h e  sea f l o o r  around f o u n d a t i o n s  were undermined. The 

undermining of a f o u n d a t i o n  can be p a r t l y  p r e d i c t e d  by mare e x t e n s i v e  and 

d e t a i l e d  s i t e  i n v e s t i g a t i o n ,  whereas p i p e l i n e  c o n s t r u c t i o n  must r e l y  on a more 

r e g i o n a l  data base  and i n t e r p r e t a t i o n .  Techniques  similar to t h o s e  p r e s e n t e d  

h e r e i n  would be useful i n  the  s e l e c t i o n  of p o s s i b l e  p i p e l i n e  r o u t e s  l e a d i n g  t o  

onshore terminal f a c i l i t i e s .  
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preliminary s t r eng th  tests on severa l  samples from t h e  study area (Olsen 

and others ,  1979) suggest t h a t  some of the  Yukon prodel ta  sediment may be 

s i g n i f i c a n t l y  overconsolidated. T h i s  overconsolidat ion i s  due t o  tlie removal 

of pas t  higher s t r e s s e s  from the  deposi ts  o r  t h e  effects of a constant wave 

s t r e s s  over a prolonged period. The overconsolidat ion leads t o  increased 

shear r e s i s t ance  i n  the  deposits. For deposi t s  with the  s a w  r e l a t i v e  

dens i ty ,  those  that are overconsolidated would be less prone t o  l iquefy (Seed, 

1977) than those tha t  are normally consolidated. Additional t e s t s  a r e  

required,  however, f o r  a more comprehensive assessment of such 

overconsolidat ian e f f e c t s  on the  l ique fac t ion  p o t e n t i a l .  

SUMMARY 

The vu lne rab i l i ty  of Yukon prodel ta  sandy s i l t  t o  wave-induced 

l ique fac t ion  has been evaluated using engineering analysis and data on storm- 

wave and sediment cha rac te r i s t i c s .  The combination of sediment type, exposure 

t o  l a rge  storm systems, shallow water depths, and a t  l e a s t  some f a i r l y  loose 

l aye r s  of mater ia l  suggests t h a t  t h e  prodel ta  may be suscept ib le  t o  t h e  

generat ion of excess pore-water pressures  and t o  consequent l o s s  in s t rength  

and u l t imate  l iquefac t ion .  Geologic evidence of p o t e n t i a l  l ique fac t ion  

e f f e c t s  includes the  presence of prograded storm sand sheets  and f a i r l y  broad 

scoux depressions throughout the prodel ta  area.  

W e  adapted methods current ly  p rac t i ced  i n  earthquake engineering t o  our 

ana lys i s ,  which considers  two s impl i f ied  storm systems. The p r i n c i p a l  

d i f ference  between t h e  earthquake- and atorm-wave-based analyses is a longer 

durat ion f o r  the storm event and consequently greater d i s s ipa t ion  of pore- 

water pressures.  A 3-m surface  wave height  was found t o  be i n s u f f i c i e n t  to 

liquefy the  deposi t s ,  even when the effects of pore-water-pressure d i s s ipa t ion  

were neglected. However, a storm event with 6-m wave heights  t h e o r e t i c a l l y  



would genera , te  100-percent pore-water-pressure  response and l i q u e f a c t i o n  i n  

the sediment  t o  a depth of approximately  3.5 rn i n  one hour. Recent 

p r e l i m i n a r y  s t r e n g t h  tests, however, i n d i c a t e  s i g n i f i c a n t  o v e r c o n s o l i d a t i o n  of 

t h e  same Yukon d e p o s i t s  t h a t  may decrease the  l i q u e f a c t i o n  danger,  a l though  

t h e  s i g n i f i c a n t  r e d u c t i o n  i n  s t r e n g t h  w i t h i n  the upper s e v e r a l  meters  of 

sediment  may remain a s  a hazard  t o  c o n s t r u c t i o n  i n  the study a r e a .  

L i q u e f a c t i o n ,  coupled w i t h  t h e  shal low gas-charged d e p o s i t s  t h a t  are 

widespread i n  t h i s  area, (Nelson and o t h e r s ,  19791, may f u r t h e r  compl ica te  

founda t ion  eng ineer ing .  A d d i t i o n a l  t e s t i n g ,  however, is  c l e a r l y  needed before 

any  f i n a l  assessment  o f  t h e  e x t e n t  of hazard  p o t e n t i a l  can be p r o p e r l y  made. 
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Table 2.--Density data on samples from Norton Sound 

Sample Depth Water content ($1 Dry unit weight Dry density Relative density 
Designation (cm) corrected Y (lbs/f t) (Kg/m Drl . 

Box 147 2 -6 30.9 96 1.54 5 1  

Sutar 149 Surface 106.1 45 0.72 

Box 154 4-5 43.0 72 
13-14 56.1 7 0 
10-18 46.6 77 
26-29 45.0 8 0 

Box 161 2-12 51.8 7 3 1.17 R 

Vibracore 
17 6-8 

23-25 
40-42 
54-56 
72-74 
90-92 
123-125 
134-136 

Box 17 

Vibracore 
16 10-12 

29-31 
39-41 
49-51 
64-66 
74-76 
84-86 
109-111 
119-121 
129-131 
139-141 

Box 27A 0-3 44.7 
5-7 37.6 
15-17 35.4 
18-2 0 41.1 
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SURFACE AND SUBSURFACE FAULTING IN NORTON SOUND AND 

CHIRIKOV BASIN, ALASKA 

Janice L. Johnson and Mark L. Holmes 

SUMMARY 

Seismic reflection data were obtained in July 1977 by the U. S. 

Geological Survey aboard R/V SEA SOUNDER along 2800 km of track in 

Norton Sound and northeastern Chirikov basin. These data and records 

from several previous surveys were analyzed in order to determine the 

location, extent, and possible age and activity potential of offshore 

faulting. Acoustic reflection records were obtained using sparkers 

(160 and 0.8 kilojoule), Uniboom (1200 joule), and 3.5 kHz subbottom profiler. 

Sidescan sonar measurements were made along some of the tracklines when- 

ever the large sparker was not deployed. 

Maps showing the distribution of surface,  near-surface, and deeper 

subbottom faults show that faulting occurs most commonly within 50 km 

of the margins of Norton basin, the deep sedimentary trough which under- 

lies Norton Sound and Chirikov basin. A smaller number of faults were 

detected in the central reg3ons of the basin. 

Surface fault scarps were seen in several places in northern Chirikov 

basin. These sea-floor offsets rahgfd in height from 5 to 15 m along 

several west-trending faults which may be associated with some of the 

major transcurrent faults in Alaska. The existence of these scarps 



i n d i c a t e s  p o s s i b l e  d is turbance  of sedimentary d e p o s i t s  over t h e  f a u l t .  

a l though t h e  s c a r p s  may have been maintained by non-deposi t ion.  Evidence 

from both onshore and o f f sho re  f i e l d  s t u d i e s  i n d i c a t e  t h a t  movement along .. 

these f a u l t s  may have occurred between 12,000-120,000 years ago. 

Many northwest- t rending f a u l t s  were mapped around t h e  margins and 

in  t h e  c e n t r a l  r eg ions  of  Norton bas in ;  they appear t o  show i nc reas ing  

displacement with depth and a th ickening  of t h e  s t r a t a  as they  d i p  bas in-  

ward away from t h e  f a u l t .  These c h a r a c t e r i s t i c s  indicate a more o r  l e s s  

con t inua l  movement along the  f a u l t s  a s  Norton bas in  was subs id ing .  The 

lack of recorded earthquakes i n  Norton bas in  dur ing  h i s t o r i c a l  time implies  

t h a t  e i t h e r  activity along t h e  o f f sho re  f a u l t s  has ceased,  o r  t h a t  move- 

ment i s  t ak ing  p l a c e  a t  a slow bu t  s teady  r a t e ,  p revent ing  a bui ldup of  

s t r a i n  and consequent earthquake-producing rup tu re s .  

The west- t rending f a u l t s  i n  nor thern  Chirikov bas in  appear t o  o f f s e t ,  

and therefore  pos tda t e ,  t h e  northwest t r end ing  f a u l t s  which parallel t h e  

Norton bas in  a x i s .  These two i n t e r s e c t i n g  t r e n d s  may have r e s u l t e d  from 

a change i n  t h e  d i r e c t i o n  of  reg iona l  compression dur ing  l a t e  T e r t i a r y  or  

e a r l y  Quaternary time. 

Considerable  s ea - f loo r  r e l i e f  hampered i d e n t i f i c a t i o n  of su r f ace  

scarps arsociatcd with of f sho re  f a u l t s  near  S t .  Lawrence I s l and ;  and 

ho r i zon ta l  ( t r a n s c u r r e n t )  motions along these  f a u l t s  may have taken place 

dur ing  Quaternary time i n  conjunct ion with movements on tne Kaltag Fault 

which displaced Ple is tocene  d e p o s i t s  i n  western Alaska. 
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INTRODUCTION 

Geological and geophysical s t u d i e s  were c a r r i e d  out  by U. S. Geolog- 

i c a l  Survey personnel aboard R / V  SEA SOUNDER i n  Norton Sound and Chirikov - 
basin dur ing  J u l y  1977 (Fig. B1) . Acoustic survey systems used included 

160 and 0.8 k i l o j o u l e  spa rke r s ,  a 1200 joule  (four transductr) Uniboom, 

a 3.5 kHz bathymetric/subbottom p r o f i l i n g  system, and s idescan  sonar .  

This  s e c t i o n  of t h e  annual report d e a l s  p r imar i ly  with an i n t e r p r e t a t i o n  

of the ex ten t  and hazard p o t e n t i a l  of t h e  sur face  and subsur face  f a u l t s  

shown on t h e  spa rke r  and Uniboom records. Discussions of t h e  3.5 Hz and 

s idcscan  sonar  d a t a  w i l l  be found i n  o the r  s e c t i o n s .  

The geophysical d a t a  obtained on t h i s  r e c e n t  USGS c ru i se  has been 

supplemented i n  p l aces  by se i smic  r e f l e c t i o n  information which was col -  

l ec t ed  on previous expedi t ions  by t h e  USGS, NOA4,  and t h e  Univers i ty  of 

Washington ( F i g .  B l ) .  I n  1967 a j o i n t  USGS/University of Washington 

c ru i se  obtained 4200 km of  150 joule sparker  d a t a  (Grim and McManus, 

1970), and 3200 km of 120 k i l o j o u l e  sparker  records  (Scholl  and Hopkins, 

1969). High-resolut ion se i smic  r e f l e c t i o n  surveys were conducted i n  

1967 i n  t h e  nearshore  reg ion  south of Nome between Sledge Is land  and Cape 

Nome (Tagg and Greene, 1973). Walton e t  a l .  (1969) shot 3840 km of s i n g l e  

channel 40 i n 3  a i r  gun records  during a j o i n t  USGS/NOAA (then ESSA) survey 

i n  1969, and t h a t  same year an a d d i t i o n a l  800 km of 150 joule sparker  

records  were c o l l e c t e d  i n  Chirikov bas in  on a j o i n t  USGS/University of 

Nashington c r u i s e .  Johnson and Holrnes (19771 reported on prel iminary 

r e s u l t s  of a study of recent f a u l t i n g  i n  t h e  no r the rn  Bering Sea, based 

primarily on examination o f  approximately 3000 km of seismic r e f l e c t i o n  da ta  

collected aboard R/V SEA SOUNDER i n  September and October 1976. Holmes 



e t  a l ,  (1978) obtained an a d d i t i m a l  675 km of  single channel air gun 

reflection data and 13 refract ion  profiles i n  Norton Sound during a 

survey conducted by the VSGS aboard R / V  LEE i n  October 1977. 

A l l  seismic records ,  sidescan records, and navigational data from 

the 1976 and 1977 R/V SEA SOUNDER cruises are on microfilm. Copies can 

be obtained from the National Geophysical and Solar-Terrestrial Data 

Center, EDS/NOAA, Boulder, Colorado 80302, or from the  Alaska Technical 

Data Unit, USGS, 345 Middlef ie ld Road, Menlo Park, California 94025.  



METHODS 

T h i s  s e c t i o n  discusses t h e  ins t rumenta t ion  and procedures  used i n  

c o l l e c t i n g  nav iga t ion  and acoustic survey d a t a  on t h e  R/V SEA SOUNDER 

cruise i n  J u l y  1977. - 

Navigation 

Naviga t iona l  i n f o m a t i o n  was obtained by t w o  independent systems. 

A Magnavox satellite naviga tor  with i n t e g r a t e d  Teledyne Loran C received 

inputs from t h e  s h i p ' s  speed log and gyro,  This system computed dead 

reckoning p o s i t i o n s  every t w o  seconds and t h e  d a t a  were stored on mag- 

netic tape and a t e l e p r i n t e r .  Performance of t h e  system was degraded 

somewhat byiproximi ty  t o  the Loran C master station at Por t  Clarence 

and t h e  h i g h  elevation of many of t h e  s a t e l l i t e s  during t r a n s i t .  

A Motorola mini-Ranger system was used t o  ob ta in  fixes every seven 

and one-ha l f  minutes which were recorded on paper tape  i n  d i g i t a l  form. 

This  system measures t h e  range t o  two or  more shore-based t ransponders  

which were maintained by survey personnel on land. On a few occasions 

the included ang le  between the  t ransponders  was too  small t o  permit 

ob ta in ing  reliable fix information.  

F ixes  were p l o t t e d  a t  l e a s t  every f i f t e e n  minutes on t h e  naviga- 

t i o n a l  charts w i t h  app ropr i a t e  n o t a t i o n s  made a t  t h e  time of major 

course and speed changes. Radar and l i ne -o f - s igh t  bear ings  were some- 

t imes used t o  augment t h e  o t h e r  naviga t iona l  information,  and naviga- 

t i o n a l  accuracy probably averaged 2 150 m. 



Acoustic Survey Techniques 

Figure B1 shows the t r a c k l i n e s  for the 1977 R/V SEA SOUNDER cruise, 

as well  as those of previous exped i t i ons  on which seismic r e f l e c t i o n  

da ta  were c o l l e c t e d .  The f i g u r e  a l s o  notes  which a c o u s t i c  systems-were 

used during the various c r u i s e s .  The bathymetry-subbottom p r o f i l e r  and 

sidescan sonar  systems used aboard R/V SEA SOUNDER w i l l  be b r i e f l y  d i s -  

cussed, although i n t e r p r e t a t i o n  o f  t h e s e  data w i l l  be, as previous ly  

mentioned, found i n  o t h e r  s e c t i o n s  of  t h e  repor t .  

Seismic p r o f i l i n g  ope ra t ions  aboard R/V SEA SOUNDER were c a r r i e d  

out at speeds ranging from 4-6 knots. I t  was found t h a t  speeds g rea te r  

o r  l e s s  than t h i s  range resulted i n  generation of "ship noise" by t h e  

propulsion machinery which produced a s i g n i f i c a n t  amount of i n t e r f e r e n c e  

on t h e  records .  

Sparker. A Teledyne SSP (Seismic Sec t ion  P r o f i l e r )  was used t o  

ob ta in  325 km o f  single channel seismic reflection records  in Norton 

Sound and northeastern Chirikov bas in .  Power ou tput  was normally 160 

k i l o j o u i e s ,  but was reduced t o  120 k i l o j o u l e s  a t  times because of equip- 

ment c a s u a l t i e s . .  The s i g n a l s  were rece ived  by a Teledyne 100-element 

Hydrostreamer and processed through a Teledyne seismic amplifier before 

being p r i n t e d  o f f  a modified Raytheon PFR (Precision Fathometer Recorder). 

Frequency pass band was normally s e t  a t  20-98 Hz, and sweep and fire rate 

was 4 seconds. The records were annota ted  a t  30 minute i n t e r v a l s  with 

date, time (W), l i n e  number, water  depth, and app ropr i a t e  instrument  

settings. Changes i n  course,  speed, o r  ins t rumenta t ion  were noted when 

they occurred. 



Maximum penetration achieved by the sparker was approximately 2.1 

km. The quality of the records was affected adversely by the shallow 

w a t e r  and the generally f l a t  nature of the bottom and subbott~m reflectors. 

The shallow depth caused the water bottom multiple t o  appear at small 

distances below the initial sea-floor refl~ction, thus partially obscur- 

ing signals from deeper reflectors. The flat subbottom layering produced 

intra-formational or "peg-leg" multiples which also obscured or interfered 

with the primary reflections. In only a few places was an acoustic base- 

ment detected; more commonly the reflection amplitudes slowly decreased 

as the signal was attenuated in the sedimentary section. 

Uniboom. Approximately 2800 km of high-resolution records were 

obtained using a hull-mounted EG & G Uniboom system consisting of four 

transducer plates. Total power level for this array was 1200 joules. An 

EG & G model 265 hydrophone streamer (10-element) was used as a receiver. 

Records were printed on an EPC 4100 recorder after passing through a 

Krohn-Hite filter. Sweep and fire rate was normally 1/4 second, although 

a 1/2 second sweep was used on occasion. The filter pass band was typically 

set from 400-4000 Hz. Time marks were made at 5 minute intervals and 

record annotations similar to t hose fo r  the sparker were made at 15 minute 

intervals. 

The quality of the Uniboom records was most affected by sea state, 

surficial bottom sediment t ype ,  and machinery generated ship noise. The 

hydrophone streamer was towed alongside the ship and only 20-30 cm below 

the surface. Consistently choppy seas were responsible for a significant 

amount of noise on the record which sometimes totally obscured subbottom 



r e f l e c t o r s .  Maximum p e n e t r a t i o n  achieved was approximately 100 m,  but 

was t y p i c a l l y  l e s s  than 75 m. Whenever coarse-grained and hard  sediments 

were encountered pene t r a t ion  was s e v e r e l y  reduced, and i n  some i n s t ances ;  

such as near  t h e  Yukon Delta, t h e  r eco rds  a re  very poor.  

Bathpetry/Subbottom P r o f i l e r .  These data  were co l l ec t ed  along 

2800 ko of t r a c k  us ing  a Raytheon 3.5 kHz CESP 11 system. A h u l l -  

mounted t ransducer  array c o n s i s t i n g  of 12 TR-109A u n i t s  was used t o  send 

and r ece ive  t h e  s i g n a l s .  Pulse gene ra t ion  and c o r r e l a t i o n  func t ions  

were done by a CESP I1 (Cor re l a to r  Echo Sounder Processor) and a PTR-1050 

p r e c i s i o n  Transmi t te r  Receiver] was used as a tone  b u r s t  ampl i f i e r  dur ing  

pulse  t ransmiss ion .  Sweep and fire r a t e s  were normally 1/2 second. Time 

marks were made every 5 minutes and the  records  were annotated and depth 

measurements taken a t  If-minute i n t e r v a l s .  

C l a r i t y  of  t he  r eco rds  and amount of p e n e t r a t i o n  varied considerably 

over t h e  survey a rea .  This system seemed l e s s  s e n s i t i v e  t o  ship-generated 

noise than t h e  Uniboom, but  t h e  3.5 kHz r eco rds  were more adversely 

affected by hard bottom sediment.  The long (50 msec) pulse  generated 

during t ransmission a l s o  c r ea t ed  an i n t e r n a l  '*ringing1* i n  t h e  transducer 

array which masked not  only t h e  weak subbottom r e f l e c t i o n s  bu t  sometimes 

t h e  bottom echo as wel l  i n  shallow water .  Penet ra t ion  ranged from 0-20 m .  - 
Sidescan Sonar. An EG & G s idescan  sonar  system was used t o  record  

1000 bn of good t o  h igh  q u a l i t y  da t a .  S c a l e s  (sweeps) of  50 m and 100 m 

were used, and t h e  "f ish" altitude above the  sea-floor was maintained a t  

approximately 10 percent  of t h e  scale being used. The s idescan  system was 

used i n  shallow water a r e a s  of known o r  suspected sand waves and ice-gouge 

f e a t u r e s ,  and a t  such t imes  t h e  spa rke r  system was shut  down and i t s  

associated arc cab le s  and hydrostreamer were brought aboard t o  prevent  

their foul ing  t h e  s idescan  cable. 



GEOLOGIC SETTING 

Tectonic  Framework 

The s t r u c t u r a l  f e a t u r e s  and evolu t ion  of the  Bering Sea cont inenta l  - 
s h e l f  have 5een discussed by  Scholl  and Hopkins, 1969; Scholl  c t  a l . ,  

1968; Pratt et a l . ,  1 9 7 2 ;  Churkin, 1972; Lathram, 1973; Nelson e t  a l . ,  

1974; and Marlor e t  a l . ,  1976. Figure 82 shows the major Cenozoic s t r u c -  

t u r e s  of western Alaska and eastern S i b e r i a .  

The gener~l t e c t o n i c  framework i s  cha rac t e r i zed  by large  scale 

o r o c l i n a l  bending fonn ing  two  d i s t i n c t  f l exu res  i n  c e n t r a l  Alaska and 

eastern Siberia concave toward the Paci f ic  Ocean. The Bering and Chukchi 

con t inen ta l  she lves  a r e  p a r t  of t h e  broad in te rvening  s t r u c t u r a l  arc 

which i s  concave toward t h e  Arc t i c  Ocean. 

This l a ~ g e  s c a l e  o r o c l i n a l  fo ld ing  appears t o  have been completed 

before  Oligoce?e t ime (Nelson e t  a l . ,  1 9 7 4 ) ,  but continued a c t i v i t y  along 

t h e  major Alaskan t r a n s c u r r e n t  f a u l t s  has  d isp laced  upper T e r t i a r y  and 

Quaternary sedlment i n  s eve ra l  p laces  on land and beneath the  s h e l f  a r eas  

(Pat ton and Hcare, 1968; Scholl  e t  a l . ,  1970;  Grim and Mdfanus, 1970). 

To ta l  h o r i z o n t a l  ( r i g h t - l a t e r a l )  movement along some of  these l a rge  trazs- 

current f a u l t s  has  been approximately 130 km s ince  t h e  beginning of  t h e  

Tertiary (Grantz,  1966; Patton and Hoare, 1968). 



Regional Geology 

Norton Basin. The geology of Norton basin has been discussed by 

Moore, 1964; Schol l  and Hopkins, 1969; Grim and McManus, 1970; Tagg and 

Greene, 1973; Nelson e t  a l . ,  1974; and Holmes e t  a l . ,  1978. A submarine 

seepage of n a t u r a l  gas  40 km south of Name has been described by Cl ine  

and Holmes (1977). Seismic r e f l e c t i o n  data suggest  that t h e  basin a r e a  

i s  about 130,000 bn2; maximum bas in  depth has r e c e n t l y  been es t imated  t o  

be approximately 5.5 km (Anon., 1916). The basin probably contains as 

much a s  180,000 kmf o f  sediment. 

The basin f i l l  c o n s i s t s  of three major s t r a t i f i e d  units (Homes et a l . ,  

1978), which a r e  i n  t u r n  covered by a t h i n  mantle of Quaternary sediment 

(Grim and McManus, 1970; Tagg and Greene, 1973; Nelson and Creager, 1977). 

The lowermost u n i t  i n  t h e  bas in ,  w i t h  a v e l o c i t y  of 4.9  km/sec (Holmes e t  

al., 1978), may c o n s i s t  of Cretaceous nonmarine sandstones s i m i l a r  t o  

those  mapped onshore in t h e  Komkuk geosyncl ine (Pat ton and Hoare, 1968; 

Cobb. 1974). A velocity d i s c o n t i n u i t y  at t h e  top of this u n i t  indicates 

that t h i s  i n t e r f a c e  may be an e ros iona l  unconfomi ty .  

Two other units o f  t h e  bas in  f i l l  can a l s o  be d is t inguished  on t h e  

basis of compressional v e l o c i t i e s  (Holmes e t  a l . ,  1978). A strong r e f l e c t o r  

on the  r e f l e c t i o n  records corresponds t o  an apparent unconformity sepa ra t -  

i n g  those u n i t s ;  t h e  unconformity l i e s  a t  a depth o f  about 1 . 2  km near t h e  

basin a x i s  and approaches t o  wi th in  a few t e n s  of meters of  t h e  sea f l o o r  

near t h e  basin margins. The compressional v e l o c i t i e s  above t h i s  uncon- 

formity a r e  low, ranging from 1.6 t o  2 . 1  km/sec; t h i s  s e c t i o n  i s  probably 

composed of recent marine and glaciornarine sediment and loose ly  cemented 

sandstones and s h a l e s .  The h ighe r  v e l o c i t i e s  12.3-3.7 km/sec)below t h e  



unconfonnity are more characteristic of compact or indurated sandstones 

and shales (Grant and West, 1965; Gardner e t  al., 1974). The unconformity 

was probably fonned during the l a t e  Miocene marine transgression which - 
inundated the northern Bering Sea continental shelf (Nelson et al., 1974). 

S t r a t a  of  the unit below the unconfonnity f o m  a broad synclinorium whose 

principal axis trends generally northwest; the beds of the upper unit,are 

more nearly flat-lying. 

Although younger Quaternary deposits everywhere cover the older 

Cenozoic and Mesozoic basin fill, some onshore outcrops and drill-hole 

data give clues as to the nature of the two upper units. Nonmarine coal- 

bearing s t r a t a  of late Oligocene age are exposed on northwestern S t ,  

Lawrence Island [Patton and Csejtey, 1970), and several offshore holes 

drilled by the U.S. Bureau of Mines near Nome encountered marine sands 

and clayey silts of early Pliocene age at a subbottom depth of approxi- 

mately 18 m (Scholl and Hopkins, 1969; Nelson e t  al., 1974). Late Miocene 

or early Pliocene marine limestone was recovered from a dredge haul 30 h 

s o u t h  of St. Lawrence Island, just outside the basin. 

These facts and the regional stratigraphic patterns ind ica te  that 

the basin fill probably consists of late Cretaceous and lower to middle 

Tertiary sedimentary rock in the lower two units and upper Tertiary and 

Plio-Pleistocene sedimentary rocks and sediment in the upper unit. A l l  

direct evidence suggests that the lower units are nonmarine, but the 

size of the basin is such that unseen transitions to marine facies could 

occur within this sequence. 



Acoustic Basement. The high compressional v e l o c i t y  c o n t r a s t  across 

t h e  acous t ic  basement i s  i n d i c a t i v e  of a marked l i t h o l o g i c  change a t  t h i s  

i n t e r f a c e  (Holmes e t  al., 1978). V e l o c i t i e s  of 5.5 t o  6.5 km/sec are 

c h a r a c t e r i s t i c  of  igneous and metamorphic rocks (Grant and West, 19653, 

i nd i ca t ing  t h a t  Norton bas in  is probably f loored  by a basement su r f ace  

formed on s t r a t a  which a re  analogous t o  t h e  d i v e r s e  o lde r  rocks which occur 

on land around t h e  basin margins. Sedimentary, metamorphic, and igneous 

rocks of  Precambrian through Mesozoic age are exposed on t h e  Chukotka 

Peninsula (Nalivkin, 1960); and Seward Peninsula i s  formed p r i m a r i l y  of  

Paleozoic sedimentary and metamorphic units with some Mesozoic and Cenozoic 

intrusive and e x t r u s i v e  rocks. Mesozoic sedimentary rocks (some s l i g h t l y  

metamorphosed) and Cenozoic volcanics have been mapped onshore i n  t h e  

Yukon-Koyukuk bas in  east and southeas t  of Norton Sound (Mi l l e r  e t  al., 

1959; Pat ton and Hoare, 1968). A t  t he  southern margin of Norton bas in ,  

St .  Lawrence Island is  cons t ruc ted  mainly of Paleozoic,  Mesozoic, and 

Cenozoic i n t r u s i v e  and ex t rus ive  rocks with some Cenozoic sedimentary 

depos i t s  (Miller e t  a l . ,  1959; Scholl and Hopkins, 1969; Pa t t on  and 

Csej tey,  1970). The a c o u s t i c  basement probably r ep re sen t s  an e ros iona l  

sur face  which has been steepened by tectonic subsidence during develop- 

ment of  Norton bas in .  

RESULTS AND DISCUSSION 

Observed Faults and Structures 

Locations of f a u l t s  observed on se i smic  r e f l e c t i o n  p r o f i l e s  from 

Norton Sound and Chir ikov bas in  a r e  shown i n  Fig. 83. The ma jo r i ty  of 

faults, especially t h o s e  extending close t o  t h e  sea f l o o r ,  occur wi th in  

50 lun of the bas in  margins. Most f a u l t s  i n  Chirikov basin and western 



Norton Sound trend northwest in alignment with the major a x i s  of Norton 

basin. Synclinal and anticlinal axes mapped by Greene and Perry (unpub.), 

and shown in Johnson and Holmes (1977, Fig. B3) ,  reflect this same trend. 

In eastern Norton Sound, the structural grain is nearly east-west. 

Seismic records from the basin margins generally show sediments of 

the upper two units of basin fill, the Main Layered Sequence of Scholl 

and Hopkins (19691, resting with onlap unconfomity against the eroded 

surface of the acoustic basement. The single channel seismic reflection 

systems were unable t o  resolve acoustic basement in t h e  deeper basin 

areas where sediment thichess exceeded 2 km. Numerous faults offset 

the acoustic basement, often displacing overlying sediments. Many normal 

and a n t i t h e t i c  faults displace the basin fill and extend to within 100 

meters of the sediment surface. A few of these have topographic expres- 

sion as fault scarps. 

Faulting appears to be most complex, and the fault density is high- 

est, in the area west  of Port Clarence (Fig. 0 3 ) .  Several west-trending 

faults appear to intersect, and can be seen to offset, the dominant 

pattern of northwest-trending faults. These west-trending faults must 

therefore be younger than the others, and may be indicative of a change 

i n  the direction of regional compression during Quaternary t ime. 

One of the major faults comprising this major east-west trend is 

the Bering Strait Fault (BSF) of Hopkins (unpub.). It forms the northern 

boundary of the Bering Strait Depression (BSD) named by Greene and Perry 



(unpub.) and appears  t o  extend f o r  over  90 km west from Por t  Clarence 

( ~ i g .  B 3 ) .  A south- fac ing  scarp 5 meters high marks the fault near t h e  

Bering S t r a i t  Depression. The scarp decreases i n  height eastward; no 

t r a c e  of the f a u l t  has been found beneath Por t  Clarence.  Th i s  f a u l t  

appears to have been a c t i v e  as r e c e n t l y  as 12,000 yea r s  ago (Hopkins, 

anpub. ) . 
The Port Clarence  Rift (PCR) (Hopkins, unpub.) i s  a narrow f a u l t -  

bounded depress ion  extending eastward from the Bering S t r a i t  Depression; 

t h e  f a u l t  along t h e  nor thern  margin of t h e  depression is  probably equiv- 

a l e n t  t o  t h e  Cape York Fau l t  of Greene and Per ry  (unpub.). Th i s  no r the rn  

fault has a scarp 9 meters high near  the Bering S t r a i t  Depression, which 

decreases  t o  t h e  e a s t .  No t r a c e  of  t h i s  f a u l t  has  been observed beneath 

P o r t  Clarence, bu t  displacement of bedrock beneath Grant ley Harbor has 

been suggested as evidence f o r  extension of the  Port Clarence Rift 

f u r t h e r  to the east. The Rocks beneath Grant ley  Harbor have experienced 

16 km of l e f t - l a t e r a l  movement [Hopkins, unpub.), Several  o t h e r  west- 

t r end ing  f a u l t s  w i t h  scarps up to 15 m h igh  have been obsemed i n  the  

area west of Port Clarence (Fig. 8 3 ) .  

The rough s e a f l o o r  topography n o r t h  of S t .  Lawrence I s land  made 

i d e n t i f i c a t i o n  o f  f a u l t  scarps d i f f i c u l t ,  bu t  a few have been tentatively 

mapped [Fig.  03) .  A l a r g e  west- t rending f a u l t  has been i n f e r r e d  by 

Hopkins (unpub.) t o  p a r a l l e l  t h e  no r the rn  coast of S t .  Lawrence I s l and  

md bend northward before reaching t h e  western end of the i s l a n d  ( F i g .  8 3 ) .  

Exis tence  of t h e  S t .  Lawrence Fau l t  Zone [SLF) is based on swanns o f  

volcanic vents which trend N80°W through the a x i s  o f  t h e  Kookooligit 



Mountains, and on t h e  extension of  t hese  volcanic  rocks i n t o  o f f sho re  

regions. Hopkins has suggested that movement along t h i s  f a u l t  has  been 

l t f t - l a t e r a l .  Poss ib ly  it is r e l a t e d  t o  movement along the  Kaltag Fau l t  
* 

(KF), a large t r a n s c u r r e n t  f a u l t  i n  western Alaska t h a t  has  been known 

t o  d i sp l ace  P le i s tocene  sediments onshore. 

Many deep-seated and near -sur face  normal f a u l t s  occur i n  t h e  c e q t r a l  

p a r t  of Norton b a s i n ,  a l though no su r face  expressions o f  t hese  have been 

i d e n t i f i e d .  An inc rease  i n  displacement with depth,  and apparent  thicken- 

i n g  of beds on t h e  downthrown side of these  f a u l t s ,  i n d i c a t e s  t h a t  t h e y  

a r e  probably growth faults along which movement has taken place more o r  

less continuously dur ing  t h e  major episodes of bas in  subsidence.  

Several subbottom f a u l t s  occur  along the  southern and e a s t e r n  

margins of Norton Sound ( F i g .  8 3 ) .  Shor t  l i n e  segments i n d i c a t e  f a u l t s  

have been observed on one c r o s s i n g ,  and t h e r e f o r e ,  t h e i r  exac t  o r i e n t a t i o n  

i s  unknown. However, s e v e r a l  f a u l t s  appear t o  p a r a l l e l  t he  t rend  of t h e  

Kaltag F a u l t ;  o t h e r s  may r ep re sen t  sp l ays  o f  t h e  Kaltag Fau l t .  No 

su r f ace  scarps were a s soc i a t ed  with t h e  near -sur face  f a u l t s  along t h e  

ea s t e rn  margin of Norton Sound. 

Fau l t  A c t i v i t y  and Hazard P o t e n t i a l  

Surface f a u l t  scarps i n  no r the rn  Chirikov basin a r e  a s soc i a t ed  with 

the  Bering S t r a i t  F a u l t ,  t h e  Po r t  Clarence R i f t ,  and o t h e r  nearby f a u l t s  

(Fig. 03) .  The Bering S t r a i t  Fau l t  and Por t  Clarence R i f t  may r ep resen t  

ex tens ions  o r  s p l a y s  of t h e  l a r g e  t r a n s c u r r e n t  f a u l t s  which have been 

mapped i n  western Alaska and Seward Peninsula  (Fig.  8 2 ) .  The s c a r p s  may 

have been caused by r e c e n t  v e r t i c a l  movement on these  f a u l t s ,  and t h e r e -  

fore would i n d i c a t e  a d e f i n i t e  hazard t o  man-made s t r u c t u r e s  placed over  



or near these fault zones. There i s  a l s o  the possibility, that the faults 

have been inactive for some time, and the scarps have been maintained by 

nondeposition or lack of erosion. Currents west of Port Clarence flow 

almost normal to the trend of these scarps, and carry almost one third 

of the Yukon River sediment load into the Chukchi Sea (Nelson and Creager, 

1977). The persistence of the surface expression of the faults in spite 

of apparently vigorous erosional agents would argue for the fault scarps 

to be recently formed features. 

The Bering Strait Fault must have formed between 12,000 and 120,000 

years ago; evidence exists that a lake was formed during the Wisconsin 

glaciation when development of the fault scarp dammed a northward-flowing 

river west of present day Port Clarence. Marine terraces on Seward 

Peninsula may have been uplifted during the Illinoian glaciation as a 

result of movement along the fault 130,000 years ago, Although no 

specific age can be given to movements along these faults in northern 

Chirikov basin, the area should definitely be considered as potentially 

hazardous t o  placement of structures on the bottom in the vicinity of the 

fault scarps. 

Only a few surface scarps have been noted in association with faults 

along the northern side of the St. Lawrence Island or in southern and 

eastern Norton Sound; the rough sea-floor topography in this area makes 

identification of fault scarps difficult. Movement may have occurred along 

these faults during Tertiary and Quaternary time in conjunction with known 

displacement in western Alaska along the l a ~ g e  transcurrent Kaltag Fault. 

Further study is necessary to determine if this represents a hazard to 

resource development. 



Earthquake records show an  almost complete lack of  ep i cen te r s  beneath 

Norton bas in .  This  lack of s e i s m i c i t y  can be in t e rp re t ed  t o  i n d i c a t e  

either i n a c t i v i t y  o r ,  conversely,  t h a t  strain r e l ease  is  being accomplished 
7 

by small but f r e q u e n t  adjustments along t h e  faults. The growth nature of 

most of the  northwest t rending  f a u l t s  which p a r a l l e l  t h e  Norton basin axis 

support t h e  l a t t e r  i n t e r p r e t a t i o n ,  although t he  rate of bas in  s u b s i d e n c e  

may have decreased s i n c e  t h e  end of Pleistocene time when r i s i n g  sea- 

level  opened Bering S t r a i t  and r e s u l t e d  i n  a s i g n i f i k a n t  change in deposi-  

tion patterns in the nor thern  Bering Sea. 



CONCLUSIONS 

Based on the foregoing discussion, the following conclusions may be 

made regarding the faulting observed in Norton Sound and Chirikov basin: 

1. Faults are most numerous in a belt approximately 50 km i i d e  

around the margins of Norton basin. Near surface faults arc more 

numerous in central Norton basin than previously reported, but are still 

less prevalent than around the periphery of the basin. Most of the 

faults trend generally northwest, with the basinward sides down-dropped; 

antithetic faults are also common, resulting in series of narrow horsts 

and grabens along the basin margins. These faults and the many associ- 

ated anticlinal and synclinal folds involving the basin fill and 

acoustic basement are the result of tectonic activity which occurred 

during subsidence and filling of the 5-5-km deep Norton basin. Initial 

subsidence of the basin probably began during late Cretaceous time, and 

has continued to the present with two apparent major interruptions during 

early and late Tertiary time. 

2. Surface scarps up to 15 m high are associated with some of the 

long west-trending faults in northern Chirikov basin. These scarps can 

indicate either recent activity or persistence due to lack of erosion or 

burial by sedimentation since the last movement. Scarps occur on the 

Bering Strait Fault and on the northern side of the Port Clarence Rift, 

and movement along these faults possibly occurred as recently as 12,000 

years ago in conjunction with uplift of marine terraces on Seward Peninsula. 



3. The west-trending faults in northern Chirikov basin intersect 

and appear to offset the northwest-trending faults and structures south 

of Bering Strait. This relationship implies that the west-trending 

features postdate the main Norton basin structures; the different trends 

could also be indicative of a shift in regional compressive axes. 

4 .  None of the faults can definitely be classed as historically 

active, however the area of northern Chirikov basin west of Port 

Clarence should be considered p o t e n t i a l l y  hazardous t o  any bottom 

mounted structures. The fault scarps in this region are still well 

defined in spite of the swift currents and bottom sediment transport 

which occur normal to the trend of the fault zones. Basin subsidence 

is probably still taking place, and the lack of recorded earthquakes 

beneath Norton basin may indicate that strain release is being accom- 

plished by small but frequent movement along some of these faults. 

5 .  West-trending subbottom faults without surface fault scarps 

occur along the southern margin of Ncrtcn basin. These may represent 

splays or displacements related to the  Kaltag Fault, one of the major 

transcurrent faults in western Alaska. Movement along onshore portions 

of the Kaltag Fault have displaced Pleistocene deposits, but data r e g a ~ i  

i n g  age of movements along the offshore portion are inconclusive, 
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Figure  1. Coverage of geophysical studies conducted i n  northeastern 

B e r i n g  Sea. 

Figure 2. Regional tectonic map of northern Bering Sea area. 

Figure 3. Faults i n  Chirikov Basin and Norton Sound. 
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ABSTRACT 

Methane, e t h a n e ,  e t h e n e ,  p ropane ,  propene,  y b u t a n e ,  and isobutan'e a r e  

common i n  b t t m  sediment of t h e  n o r t h e r n  Ber ing Sea. A t  e i g h t - s i t e s  t h e  

c o n t e n t  of methane r a p i d l y  i n c r e a s e s  downward w i t h i n  t h e  f i r s t  four m e t e r s  

of sediment .  These c o n c e n t r a t i o n  g r a d i e n t s ,  and a b s o l u t e  methane concen t ra -  

t i o n s ,  i n d i c a t e  t h a t  t h e  i n t e r s t i t i a l  w a t e r  of t h e  n e a r - s u r f a c e  sediment  a t  

t h e s e  sites may be gas s a t u r a t e d .  These gas-charged sed iments  may be u n s t a b l e ,  

c r e a t i n g  p o t e n t i a l  g e o l o g i c  h a z a r d s  and,  i n  c e r t a i n  a r e a s ,  c a u s i n g  t h e  forma- 

t i o n  of s e a f l o o r  c r a t e r s .  

The isotopic composi t ions  of methane a t  four of t h e  s i t e s  range  from -69 

to -BOO/eo (6l 3 ~ p D B ) .  T h i s  range of values c l e a r l y  i n d i c a t e s  t h a t  t h e  methane 

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

cene p e a t  d e p o s i t s  t h a t  are c m o n  th roughout  t h e  noxthern Ber ing  Sea.  A t  

one s i t e  i n  Norton Sound, n e a r - s u r f a c e  sediment i s  charged w i t h  CO a c c m p a n -  
2 ' 

i e d  by minor c o n c e n t r a t i o n s  o f  hydrocarbons ,  t h a t  is seep ing  f r a n  t h e  sea- 

f loor .  Methane i n  t h i s  g a s  mixture h a s  an i s o t o p i c  c m p o s i t i o n  of -36"/,,, 

a v a l u e  t h a t  s u g g e s t s  d e r i v a t i o n  fran the rmal  processes a t  d e p t h  i n  Norton 

Bas in .  

The p resence  of sediment charged w i t h  methane or CO cannot in 9 - - ~ r a l  be 2 

p r e d i c t e d  fran a n a l y s e s  of s u r f a c e  s e d i n e n t ,  which u s u a l l y  c o n t a i n s  hydro- 

carbon g a s e s  and CO a t  low c o n c e n t r a t i o n s .  Sampling beneath a s e d i ~ e h t  
2 

depth of about 0.5 m i s  g e n e r a l l y  r e q u i r e d  t o  d e t e c t  h igh  concentrations of 

gas. Acous t ic  ananalies  d e t e c t e d  on h i g h - r e s o l u t i o n  s e i s m i c  r e c o r d s  i n d i c a t e  

t h e  p r e s e n c e  of gas-charged sediment ,  but gas a n a l y s e s  of sediment samples 

fran a r e a s  w i t h  these a n m a l i e s  do n o t  always conf i rm that high  concentrations 

of gas are t h e r e .  Conversely ,  high c o n c e n t r a t i o n s  of methane are sanetimes 

found a t  sites where no a c a u s t i c  a n a n a l i e s  are obvious on h i g h - r e s o l u t i o n  r e c o r d s .  



XNTRODUCTION 

About twenty Years ago Emery and Hoggan (1958) descr ibed  t h e  occurrence of 

hydroca rbn  gases i n  near-surface marine sediment fran Santa  Barbara Basin, 

off southern C a l i f o r n i a .  These anoxic sediments con ta in  methane, e t h a n e ,  

propane, butanes,  pentanes,  and hexanes, wi th  methane being one t o  almost f i v e  

orders of magnitude g r e a t e r  in concent ra t ion  than  any of t h e  o t h e r  hydro- 

carbons. Geochemical s t u d i e s  t h a t  followed have g e n e r a l l y  focused on methane 

and t h e  processes  t h a t  can account  for its occurrence and d i s t r i b u t i o n  i n  a. 

v a r i e t y  of aquatic sediments (Reeburgh, 1969; Whelan, 1974; Martens and 

Berner, 1974; Claypool and Kaplan, 1974; Oremland, 1975; Barnes and Goldberg, 

1976; and Kosiur and Warford, 1979). Recently Bernard e t  al. U978) descr ibed  

the d i s t r i b u t i o n  of methane, e thene ,  propane, and propene i n  sediment f r a n  

s h e l f  and s lope  sediment i n  t h e  Gulf of Mexico, and Kvenvolden and Redden 

(1980) reported on the occurrence of t h e s e  gases  i n  sediment f r a n  t h e  o u t e r  

s h e l f ,  slope and bas in  of t h e  Bering Sea. The p r e s e n t  s tudy  examines i n n e r  

shelf areas of  t h e  Bering Sea and cons iders  t h e  hydrocarbon gases  methane (C1), 

e thane  (CZ) , ethene (CZE1) , propane CCp) , propene (C , i sobutane  , 3: 1 

and - n-butane (v4) i n  sediment of t h e  inner Bering Shelf  i n  Norton Sound and 

the ad jacen t  e a s t e r n  Chirikov Basin (Fig.  1) . 
Norton Sound i s  an e longate ,  east-west  t r end ing  bay i n  t h e  western c o a s t  

of Alaska bounded on t h e  no r th  by t h e  Seward Peninsula ,  on t h e  east by t h e  

Alaskan mainland, on t h e  south by t he  Yukon De l t a ,  and on t h e  west by t h e  

Chir ikov Basin. The f l o o r  of the sound is very  f l a t ,  and water  depths  average 

about 20 m. To t h e  west i n t o  t h e  Chir ikov Basin water depths  i nc rease  t o  

about 50 m ,  especially i n  t h e  nor thern  p a r t  of t h e  basin a t  t h e  Bering Strait. 

When sea l e v e l  lowered i n  l a t e  P l e i s tocene  time, t h e  f l o o r  of  Norton Sound and 



e a s t e r n  Chi r ikov  Basin  became exposed (Nelson and Hopkins, 1 9 7 2 ) .  During t h i s  

t ime  f l u v i a l  p r o c e s s e s  and t u n d r a  v e g e t a t i o n  c h a r a c t e r i z e d  t h e  area (Hopkins,  

1 9 6 7 ) ,  and p e a t y  mud was d e p o s i t e d  o v e r  much of  the  r e g i o n .  T h i s  mud c o n t a i n s  

2 t o  8 p e r c e n t  o r g a n i c  ca rbon .  As sea l e v e l  rose d u r i n g  l a t e s t P l e i s t o c e n e  

t i m e ,  mar ine  s e d i m e n t a t i o n  resumed. I n  Holocene time, f i n e - g r a i n e d ,  sandy 

si l t  d e r i v e d  main ly  from t h e  Yukon River b l a n k e t e d  t h e  a r e a  with a eover  up t o  

10 rn t h i c k  (McManus et a l . ,  1977; Nelson and C r e a g e r ,  1 9 7 7 ) .  I n  c o n t r a s t  t o  

t h e  nonmarine sed iment ,  t h e  o r g a n i c  c o n t e n t  o f  t h e  w e r l y i n g  sediment  ranges 

from 0 . 5  t o  1.0 p e r c e n t  (Nelson,  1977) .  

METHODS 

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

(Nelson et a l . ,  1978; Kvenvolden e t  al., 1979a) .  V i b r a c o r e s  and s u r f a c e  

samples were t a k e n  d u r i n g  t h r e e  summer f i e l d  s e a s o n s  i n  1976, 1977 and 1978. 

Hydrocarbon g a s e s  and Carbon d i o x i d e  were e x t r a c t e d  from sediment  

r e c o v e r e d  from t h e  s u r f a c e  and from v a r i o u s  i n t e r v a l s  i n  cores. Sediment 

samples  were e x t r u d e d  i n t o  0.95-L d o u b l e - f r i c t i o n - s e a l  c a n s  which had two 

sep ta -covered  h o l e s  n e a r  t h e  t o p .  Helium-purged d i s t i l l e d  w a t e r  was added t o  

each can  u n t i l  a 100- headspace remained.  Each can was c l o s e d  with a lid, 

and t h e  headspace was purged w i t h  helium through t h e  septa. The c a n s  were 

shaken for ten minutes t o  r e l e a s e  g a s e s  i n t o  t h e  headspace.  E x a c t l y  one 

m i l l i l i t e r  o f  t h e  headspace gas m i x t u r e  was ana lyzed  by gas chromatography 

u s i n g  b t h  f lame i o n i z a t i o n  (for hydrocarbons)  and thermal c o n d u c t i v i t y  ( f o r  

carbon d i o x i d e )  d e t e c t o r s .  C a l c u l a t i o n s  of gas c o n c e n t r a t i o n s  were de te rmined  

by peak h e i g h t  measurements on chromatograms. P a r t i t i o n  c o e f f i c i e n t s  were 

used  t o  c o r r e c t  for t h e  d i f f e r e n t  s o l u b i l i t i e s  of t h e  hydrocarbon gases. Con- 

c e n t r a t i o n s  a r e  r e p o r t e d  i n  nL, DL, or mL per l i t e r  us wet sed iment .  

RESULTS 

C1 is t h e  most abundant hydrocarbon g a s  found i n  the f i r s t  f i v e  m e t e r s  o f  

4 .  



sediment i n  Norton Sound and t h e  e a s t e r n  Chirikov Basin. Figure  2 shows t h e  

geqraphic d i s t r i b u t i o n  of maximum concent ra t ions  of C A t  e i g h t  s i t e s  t h i s  1 ' 

concent ra t ion  exceeds 1 mt/L, and a t  f i v e  of t h e s e  s i t e s  (8-4, 8-8, 8-15, 

8-21 and 8-22) concen t r a t ions  exceed 10 mL/L. A t  t h e  o t h e r  s t a t i o n s  t h e  maxi- 

mum amount of C1 measured was less than  100 pL/L with  two except ions  a t  7-33 

and 8-6 where it was about 200 pL/L a t  each s i t e .  The m o u n t o f  C1 found 

depends t o  sane e x t e n t  on the depth  of co re ,  f o r  concentrations of C g e n e r a l l y  1 

inc rease  wi th  depth. Thus, surface samples and short c o r e s  usually have lower 

amounts of C than do samples taken  from greater depths.  The v e r t i c a l  d i s t r i b u -  
1 

t i m  of C a t  t h e  e i g h t  s i t e s  mentioned above is  shown i n  F igure  3. For t h e s e  
1 

sites t h e  concent ra t ion  of C i n c r e a s e s  by 4 o r  5 o rde r s  of  magnitude wi th in  1 

t h e  top fou r  or five meters of sediment. Also shown is t h e  d i s t r i b u t i o n  of 

methane a t  S i t e s  7-17 and 8-3. The d a t a  for t h e s e  s i t e s  a r e  combined because 

t h e  s i t e s  a r e  a t  e s s e n t i a l l y  t h e  same l o c a t i o n  sampled dur ing  t w o  d i f f e r e n t  

f i e l d  seasons.  Here the C concen t r a t ions ,  e s p e c i a l l y  i n  deeper  samples, a r e  1 

much lower than a t  t h e  e i g h t  s i t e s .  The major gas  a t  7-17/8-3 is  n o t  C but 
1 

co2. 

The second most abundant hydrocarbon gas i n  t h i s  a r e a  i s  C2; C concentra-  3 

t i o n s  are usua l ly  s l i g h t l y  lower and g e n e r a l l y  p a r a l l e l  C concent ra t ion  pro- 
2 

f i l e s  w i t h  depth.  The geographic d i s t r i b u t i o n  of C2 + Cj i s  shown i n  F igu re  4 .  

The m a x i m u m  concentrations of t h e s e  two hydrocarbons are u s u a l l y  l e s s  than  

1 S/L. A t  two sites, 8-4 and 8-17, maximum C + C concen t r a t ions  a r e  s l i g h t l y  2 3 

h ighe r  11.2 and 1.1 u L F ,  r e s p e q t i v e l y ) ,  but a t  S i t e  7-17/8-3, C + C maximum 2 3 

concent ra t ion  i s  almost 8 pL/L. A t  t h e  e i g h t  s i t e s  where C1 show 4-5 o r d e r s  

of magnitude inc rease  i n  concent ra t ions  with depth ,  C2 + C3 i n c r e a s e s  by about' 

t w o  o r d e r s ,  but t h e  p r o f i l e s  of concent ra t ion  a r e  more v a r i a b l e  ( ~ i g .  5 )  than 

t h e  C1 concent ra t ian  p r o f i l e  (Fig. 3 ) .  The concen t r a t ions  of C2 + C i n  samples 
3 

frau 7-17/8-3 are much h i g h e r  than  i n  a l l  o t h e r  samples. 
< 



Both C2:l and C are p r e s e n t  i n  all samples ana lyzed .  Concen t ra t ions  are 
3: 1 

v a r i a b l e ,  b u t  as  a g e n e r a l  r u l e  C2,1 exceeds  C i n  s u r f a c e  samples and w i t h  
2 

i n c r e a s i n g  d e p t h  t h e  r e v e r s e  i s  observed .  A t  Site 7-17/8-3, C2 i s  much more 

abundant t h a n  C2,1, w i t h  t h e  C /C r a t i o  r e a c h i n g  a m a x i m u m  o*f 340 a t  60 crn 
2 2:l 

d e p t h .  A s i m i l a r  r e l a t i o n  h o l d s  for C and C A t  t h e  s u r f a c e  C3,1 i s  usually 3:l 3 ' 

more abundant t h a n  C3, and t h e  r e v e r s e  i s  t r u e  f o r  deeper  samples .  A t  7-17/8-3, 

C i s a l w a y s m o x e  a b u n d a n t t h a n c  being l a r g e r b y a  f a c t o r  o f 4 7  a t 2 0 0 c m  3 3 : l  

depth. 

The c o n c e n t r a t i o n s  of i-C4 and n-C are lower i n  c o n c e n t r a t i o n  t h a n  the - 4 

l i g h t e r  h y d r o e a r b n  g a s e s  and i n  many e a s e s  r e a c h  t h e  l i m i t  of detection of 

t h e  method, about 2 nL/L. I n  g e n e r a l  t h e  c o n c e n t r a t i o n s  of i - C 4  + c4 a r e  less 

t h an  100 nL/L, and t h e  d i s t r i b u t i o n  w i t h  d e p t h  i s  v a r i a b l e .  I n  samples f r m  

7-17/8-3, c o n c e n t r a t i o n s  of i-C4 + ;Kq r e a c h  a maximum of 1 4  uL/L a t  a depth 

of 200 m. 

Hydrocarbons from C t o  C7 a r e  measured i n  a s i n g l e  b a c k f l u s h  peak frm 
5 

e h r m a t o g r a p h y  and a r e  d e s i g n a t e d  C 5+. C5+ hydrocarbons  curunonly occur i n  low 

c o n c e n t r a t i o n s  i n  surface samples  from t h i s  area and i n  c o r e  samples from 

7-17/8-3. 

BIOGENXC METHANE 

The o c c u r r e n c e  i n  anoxic sediment  of high c o n c e n t r a t i o n s  o f  C r e s u l t i n g  fxm 1 

m i c r o b i a l  d e c a n p o s i t i o n  o f  o r g a n i c  matter i s  w e l l  e s t a b l i s h e d  (Emery and 

Hoggan, 1958; Barnes  and Goldberg,  1976; Reeburgh and Heggie,  1977; and Kosiur  

and Warford,  1979).  C i s  b o t h  produced and consumed by microorganisms,  and 
1 

models f o r  t h e s e  p r o c e s s e s  have been d e v i s e d  (Claypool and Kaplan, 1974: Martens 

and Berner, 1974; Baxnes and Goldberg,  1976; Kosiur  and Warford,  1979). I n  

less reduc ing  sed iments  of open mar ine  env i ronments ,  C i s  a l s o  p r e s e n t  b u t  a t  1 

c o n c e n t r a t i o n s  as much as f i v e  o r d e r s  of magni tude less t h a n  t h o s e  observed in 



m o x i e  marine sediments (Bernard e t  a l . ,  1978; Kvenvolden and Redden, 1980). 

~ l t h o u g h  t h e r e  i s  much l e s s  C i n  sediments of open marine environments,  t h e  1 

processes  t h a t  genera te  gas a r e  p r o b b l y  similar t o  those i n  anoxic sediments, 

but much slower. 

A t  e i g h t  s i t e s  i n  Norton Sound and t h e  e a s t e r n  Chir ikov Basin abundances of 

C i nc rease  by f o u r  or f i v e  o r d e r s  of magnitude within t h e  f i r s t  f i v e  meters  1 

of sediment,  reaching  concen t r a t ions  near or exceeding s a t u r a t i o n  of  t h e  i n t e r -  

s t i t i a l  water. These shal low sediments are  l i k e l y  anoxic,  and t h e  C1 probably 

is  being genera ted  by the decanpos i t ion  of pea ty  mud t h a t  con ta ins  2 t o  8 per -  

c e n t  organic  carbon, and i s  bur ied  under marine s e d h e n t  of lower carbon con- 

t e n t  (0.5 to 1.0 p e r c e n t ) .  Th i s  sediment cover i s  t h i c k e s t  near  t h e  f r o n t  of 

the  Yukon Delta and t h i n s  t o  t h e  n o r t h  (McManus.et a l . ,  1977; Nelson and Crea- 

ger ,  1977; Nelson, 1977).  The depth  of bur ia l  of t h e  pea ty  mud may account 

f o r  t h e  groupings of t h e  C1 concentxat ion p r o f i l e s  shown i n  F igure  3. Seven 

of  t h e  s i t e s  (6-121, 6-125, 6-131, 8-4, 8-8,  8-15, and 8-21) have p r o f i l e s  t h a t  

group t oge the r .  These seven s i t e s  are l oca t ed  i n  the e a s t e r n  and no r the rn  parts 

of Norton Sound and i n  the Chir ikov Basin nea r  P o r t  Clarence (Fig. 2 ) .  I n  t h e s e  

a r e a s ,  pea ty  sediment i s  bur ied  under about  2 meters  of sandy si l t .  The seven 

p r o f i l e s  show maximum concent ra t ions  belw about 1.5 meters .  Therefore ,  i f  

peaty mud i s  t h e  source of t h e  methane, t h e  depth of i t s  b u r i a l  accounts  f o r  

the depth a t  which high C1 concen t r a t ions  are found. In contrast, one C1 concen- 

t r a t i o n  p r o f i l e  (8-221 reaches  maximum va lues  below 3 meters. T h i s  site w a s  

l oca t ed  northwest  of t h e  Yukon De l t a  in t h e  southern  part of Norton Sound 

where the sediment cover i s  th ickex  and the peaty mud is more deeply bur i ed .  

Thus there is  a c o r r e l a t i o n  between t h e  depth of bur ied  o rgan ic  m a t t e r  and t h e  

depth at which C concen t r a t ions  reach high values .  A t  Site 7-J7/8-3, C con- 
1 1 

cen t r a t ions  follow a different t r e n d  t o  be d i scussed  below. 

That the high concen t r a t ions  of C a t  e i g h t  s i t e s  r e s u l t  f r a  microbio logica l  J 



processes i s  supported by b t h  chemical  and i s o t o p i c  d a t a .  Higher molecular  

weight  hydrocarbons  accmpany C and t h e  r a t i o  C / ( C 2  + C can be used as 
1' 1 3 

a guide t o  interpret mode of fo rmat ion .  Likewise ,  t h e  carbon i s o t o p i c  cmposi- 

t i o n  of C can be used t o  i n t e r p r e t  p r o c e s s  of format ion (Bernard et a l . ,  
1 

1976, 1977). M i c r o b i a l  d e g r a d a t i o n  of o r g a n i c  m a t t e r  produces  hydrxarbon 

g a s e s  w i t h  C / (cZ + C r a t i o s  g r e a t e r  t h a n  1000, and with 613clPDB l i g h t e r  
1 3 

than -60D/,,. T a b l e  1 shows these paramete rs  for samples fran t h e  eight sites. 

C l e a r l y ,  based on t h e  c r i t e r i a  s t a t e d  above, t h e  C a t  the e i g h t  s i t e s  was 1 

derived from m i c r o b i o l o g i c a l  p r o c e s s e s ,  and t h e  b u r i e d  p e a t y  mud, i n  which t h e  

o r g a n i c  ca rbon  h a s  as i s o t o p i c  c a n p o s i t i o n  of -2Ee/,, ( ~ v e n v o l d e n  e t  a l . ,  

1979 a,b) i s  t h e  l i k e l y  source. 

Other  s i t e s  may e x i s t  i n  Norton Sound and e a s t e r n  Chi r ikov  Bas in  where C 
1 

c o n c e n t r a t i o n s  exceed 1 rnL/L. F ind ing  t h e s e  l o c a t i o n s  w i l l  r e q u i r e  sampling 

b l o w  about one mete r  of sediment ( t h r e e  meters o r  more off t h e  Yukon Delta),  

because  t h e  occur rence  of h i g h  amounts of C a t  sha l low d e p t h s  i s  n o t  m=i fes t  1 

a t  t h e  s u r f a c e .  The surface layer of sandy s i l t  e i t h e r  s e a l s  t h e  C prev.x,:- 
1 

i n g  i t s  m i g r a t i o n  t o  t h e  s u r f a c e  or the r a t e  o f  c o n s m p t i o n  o r  d i f f u s i o r  cf 

C i n  t h e  upper mete r  i s  v e r y  rapid,  leading t o  low c o n c e n t r a t i o n s  of C1 ~t the 1 

s u r f a c e .  A t  two s i t e s ,  8-6 and 7-33 (F ig .  21 ,  maximum c o n c e n t r a t i o n s  of C of 
1 

224 and 196 pL/L, r e s p e c t i v e l y ,  may h i n t  t h a t  much h i g h e r  conccrtr;i*>ns a l e  

p r e s e n t  a t  greater d e p t h s .  A t  S i t e  7-33, t h e  d e e p e s t  sample (Fig .  11 cane from 

70 em. If t h i s  sample, conta in ing  196 uL/L, were p l o t t e d  on F i g u r e  3 it would 

f a l l  w i t h i n  t h e  envelope of Cl - c o n c e n t r a t i o n  profi les  of c o r e s  i n  which C 
1 

exceeds 1a/L a t  d e p t h .  The c a s e  f o r  S i t e  8-6 i s  n o t  so c l e a r .  The sample  

containing 224 pLfi cmes fran a dep th  o f  220 an (Fig .  1). If p l o t t e d  on Figure 

3 ,  t h i s  v a l u e  would fall below t h e  envelope of C1 - c o n c e n t r a t i o n  p r o f i l e s .  A t  

Site 8-6, peaty mud may b more deep ly  buried t h a n  a t  o t h e r  s i tes i n  n o r t h e r n  

Norton Sound. Only d e e p e r  sampling can d i r e c t l y  v e r i f y  t h e  p r e s e n c e  o f  h i g h e r  
4 



13 C1/(C2+C3) ratios and 6 C values for  samples 
1 

con ta in ing  C concentrations in excess of 1 mt/L 1 

Site Maximum C1/ (C2+C3) 

relative to the PDB standard 

'Kvenvolden et al. (1979a ,b) 



amounts of C At other sites in Norton Sound and eastern Chirikov Basin, C1 
1 ' 

concentrations are below 100 uL/L and at many sites below 10 uL/L ( ~ i g .  2). 



POSSIBLE BIOLOGIC ORIGIN OF OTHER HYDROCARBONS 

Besides C1, o the r  hydrocarbon gases are present  i n  these sediments, but quan- 

t i t a t i v e l y ,  they have much l e s s  s igni f icance  than C The maximum concentra- 
1 : 

t i ons  of C + C a r e  i n  the same range a s  the  minimum concentrat ions of C 2 3 1' 

A t  sites where C1 increases  rapid ly  with depth (Fig. 3 ) .  C + C3 a l s o  general ly 
2 

increases (Fig. 5) b u t  much more slowly than Cl. Concentrations of i - C  and 
4 

n-C a r e  even lower than concentrat ions of C + C and t h e  i-C + r C 4  concentra- - 4 2 3' 4 

t i o n s  a r e  e r r a t i c  with depth, A s  a genera l iza t ion ,  however, the ahun- 

dances of the higher hydrocarbons, C2, C and C4, are g r e a t e r  i n  samples where 3 

concentrat ions of C are l a rge r .  Therefore, the  processes that produce C1 may 
1 

a l s o  be responsible i n  p a r t  f o r  t h e  generat ion of the higher hydrocarbons. 

Microbiological production and consumption provides a reasonable mechanism to 

account f o r  C a t  t h e  e i g h t  s i t e s  where C concentrat ions increase  beyond 1 mL/L. 
1 1 

Therefore, microbial processes may a l s o  explain the occurrence of the higher 

molecular weight hydrocarbons, although evidence f o r  t h i s  process remains circum- 

s t a n t i a l .  Laboratory experiments have demonstrated the microbial formation of 

C2 and C (Davis and Squires,  1954). Thus, t he re  i s  support f o r  the  suggestion 3 

that the C2 and the C3 hydrocarbons a t  these  sites can oome from microbial  pro- 

cesses, but  there  is  no precedent i n  t h e  l i t e r a t u r e  on microbiology f o r  the  pro- 

duction of C hydrocarbons. 
4 

The presence and d i s t r i b u t i o n  of C i s  probably con t ro l l ed  by b io log ica l  
2:l 

processes,but  these  processes l i k e l y  d i f f e r  from those which account f o r  the  very 

high C concentrations. These unsaturated hydrocarbons have been formed by 1 

microbial ac t ion  i n  the  laboratory (Davis and Squires ,  1954), and C Z E 1  i s  pro- . 
duced i n  soils by b a c t e r i a  (Primrose and Dilworth, 1976). I n  the  sediment the  

process seems t o  take place uniformly,because t h e r e  is no obvious concentration 

gradient  with depth. I n  surface  samples concentrat ions of C and Cj,l a r e  
2 : 1 



larger  r e s p e c t i v e l y  t h a n  c o n c e n t r a t i o n s  of C and C With d e p t h ,  concentra-  2 3 ' 

t i o n s  o f  C and C i n c r e a s e  s l i g h t l y  so t h a t  below t h e  s u r f a c e  r a t i o s  of 
2 3 

C2/C2:1 and CJ/C3:1 a r e  u s u a l l y  equal t o  o r  g r e a t e r  t h a n  one. 
* 

THERMOGENIC HYDROCARBONS 

The above d i s c u s s i o n  focused main ly  on sites where C l c o n c e n t r a t i o n  increases 

r a p i d l y  with d e p t h ,  and c o n s i d e r a t i o n  has been g i v e n  t o  t h e  h e a v i e r  

hydrocarbons  a s s o c i a t e d  w i t h  t h i s  C A t  one s i t e ,  7-17/8-3, however, 
1 - 

C1 c o n c e n t r a t i o n s  are n o t  u n u s u a l l y  high, less than 100 vL/L (F ig .  31 ,  b u t  con- 

c e n t r a t i o n s  of C + C ( F i g .  5) and i - C 4  + n-C are u n u s u a l l y  large r e l a t i v e  t o  2 3 4 

c o n c e n t r a t i o n s  s e e n  e l sewhere  i n  t h e  sediments of  t h i s  a r e a ,  or f o r  t h a t  m a t t e r ,  

anywhere else i n  marine  sed iments  off Alaska .  

S i t e  7-17/8-3 has been s t u d i e d  i n  great d e t a i l  s i n c e  a n m a l o u s  hydrocarbon 

c o n c e n t r a t i o n s  w e r e  first d i s c o v e r e d  i n  t h e  w a t e r  column a t  t h e  s i t e  ( C l i n e  and 

Holmes, 1977) .  Nelson e t  al. (1978) showe9 t h a t  t h e  sed iments  h e r e  a l s o  c o n t a i n  

anana lous  hydrocarbon c o n c e n t r a t i o n s .  Kvenvolaen e t  a l .  (1979a, b) confirmed 

t h e  hydrocarbon c h e m i s t r y  and d i s c o v e r e d  t h a t  t h e  major  g a s  c m p o n e n t  w i t h i n  

t h e  sediment  and e s c a p i n g  i n t o  t h e  water column i s  CO The C1/(C2+C3) r a t i o s  
2 ' 

i n  sediment  a t  t h i s  s i t e  are l e s s  t h a n  10 and t h e  613c i s  -36O/,, . These 1 

numbers d i f f e r  g r e a t l y  frm t h o s e  d i s c u s s e d  e a r l i e r  where m i c r o b i o l o g i c a l  p ro-  

c e s s e s  were inferred. 

The hydxocarbons a t  S i t e  7-17/8-3 are l i k e l y  d e r i v e d  from t h e m o c h e m i c a l  

processes, judging from t h e  m o l e c u l a r  d i s t r i b u t i o n  o f  C C2, and C and the i s o t o p i c  
3 

c a n p o s i t i o n  of C I n  a d d i t i o n ,  anomalously h i g h  c o n c e n t r a t i o n s  of i-c4, c-c4 1 - 
and C5+ (gaso l ine - range  h y d r o c a r h n s )  support t h e  mechanism of t h e m o c h e m i c a l  

pxocesses  (Kvenvolden and Claypool, u n p u b l i s h e d ) .  Heat f o r  t h i s  p r o c e s s  must  be 

available at depth i n  Norton Basin. The hydrocarbons  r e s u l t i n g  f r a n  t h e  thermal 

d e c a n p o s i t i o n  of organic m a t t e r  w i t h i n  the  basin must migrate a l o n g  w i t h  CO 
2 

up fau l t  zones  t o  t h e  surface and escape as a s e e p .  Although t h e  hydrocarbon 



chemistry i n d i c a t e s  t h a t  the  hydrocarbons a t  Site 7-17/8-3 l i k e l y  migra te  

from depth, t h e  concent ra t ion  p r o f i l e s  (Figs. 3 and 5 )  i n d i c a t e  t h a t  s p e c i a l  

condi t ions  of migra t ion  must e x i s t .  The f a c t  t h a t  hydrocarbons a r e  leak ing  

into the water column sugges ts  t h a t  s u r f a c e  sediments should conta in  l a r g e  

amounts of t h e s e  hydrocarbons. On t h e  con t r a ry ,  su r f ace  samples a t  t h i s  s i t e  

conta in  very low concen t r a t ions  of hydrocarbons. I n  f a c t ,  su r f ace  samples 

(0-10 an) at t h i s  site show no evidence of the high concent ra t ions  of hydrocar- 

bons deeper i n  t h e  sediment. The g r a d i e n t s  of C ( ~ i g .  31,  C2 + C (Fig. 5 )  1 3 

and i-Cq + @ decrease r a p i d l y  toward t h e  sediment su r f ace .  Th i s  r a p i d  4 

decrease  and l a c k  of s i g n i f i c a n t  q u a n t i t i e s  of hydrocarbons a t  the sediment 

surface can be explained by r ap id  d i f f u s i o n  of hydrocarbons i n t o  t h e  water co l -  

umn f r a n  t h e  f i r s t  few cen t ime te r s  of sediment or the  presence of d i s c r e t e  gas 

ven t s  t h a t  p ipe  the  hydrocarbons through t h e  sediment leav ing  few hydrocarbons 

remaining i n  t h e  sediment. The second explana t ion  i s  more reasonable ,  because 

a c t i v e  gas v e n t s  were seen by t e l e v i s i o n  i n  1978 (Kvenvolden et a l . ,  1979a).  

The concent ra t ion  p r o f i l e s  (Figs .  3 and 5) a t  Site 7-17/8-3 reach a maximum 

va lue  a t  about 1 t o  2 meters  depth  and then decrease.  Th i s  p r o f i l e  sugges ts  

t h a t  migra t ion  fran g r e a t e r  depths does n o t  involve d i f f u s i o n  of hydrocarbons 

wi th in  t h e  underlying sediment but  r a t h e r  t h a t  t h e  hydrocarbans are following 

d i s t i n c t  condui t s  such a s  faults. Near t h e  su r f ace  t h e  hydrocarbons a r e  d i s -  

persed into t h e  sediment where they even tua l ly  vent along wi th  CO i n t o  t h e  2 

water.  That t h e  hydrocarbons from t h i s  seep  are p r e s e n t  i n  t h e  water  column 

has h e n  documented by Cl ine  and Holmes (1977). The waters  of Norton Sound and 

t h e  e a s t e r n  Chirikuv Basin a l s o  conta in  a r e g i o n a l d i s t r i b u j t % ' ~  hydrocarbon 

gases (Cline et al. ,  1978) whose sources, i n  part, may be t h e  underlying su r f ace  

and near-surface sediment. 

GEOPHYSICAL EVIDENCE 

The presence of gas i n  near-surface sediments can cause a c o u s t i c  anana l i e s  

13. 



on high-resolution geophysical records where the gas i s  no longer i n  solution 

i n  the interstitial water but takes the form of bubbles. Schuk.1 

(1974), for example, demonstrated how high concentrations of gas affect  acous- 

t i c  properties of sediments. A t  the eight s i t e s  where C1 concentrations exceeded 

1 mL/L and may have reached and exceeded i n t e r s t i t i a l  water so lubi l i ty ,  bubble- 

phase C1 may be present. Acoustic anomalies would be expected on high- 

resolution records fran these s i t e s  i f  free gas i s  indeed present. 

Geophysical transects,  u t i l i z ing  800-J bocmer, 3.5 kHz subbottan pro f i l e r  and 

120 )cf sparker systems, l n d i c a t e  tha t  near-surface acoustic anmal ies  are  widespread i 

Norton Sound. Figure 6 shows those s i t e s ,  sampled for  hydrocarbon gases, a t  which 

acoustic anomalies are  seen on geophysical records. A t  three s i t e s  (6-125, 8-4,  

and 8 - 2 1 ) ,  acoustic ananalies correspond to samples having high concentrations 

of C1. The acoustic anmaly and associated C a t  8-4 were 1 discussed in 

de ta i l  by Kvenvolden e t  al. (1979a,b). The character is t ics  of the 

acoustic anomaly a t  8-21 suggest t ha t  the cause may be controlled more by the 

presence of g lac ia l  till deposits than  by gas. A t  Sites  7-17/8-3, geophysical 

records show both near-surface and deeper acoustic ananalies. There the 

sediment is  charged with C02 rather than Cl,and the CO i s  escaping £ran the  
2 

seafloor as  a s h a r i n e  seep, observed acoustically and by television (Kvenvolden 

e t  a l . ,  1979a). A t  f ive  s i t e s  (6-121, 6-131, 8-8, 8-15, and 8-22)  on Figure 6 ,  

where high concentrations of Cl were measured, no acoustic anomalies were detected. 

A t  s i t e s  6-121 and 6-131 no geophysical records were obtained: therefore, it i s  

uncertain whether or not acoustic ananalies are p n s e n t  a t  these s i t e s .  A t  

Sites 8-8, 8-15,md 8-22, high-resolution geophysical records show no evidence 

of acoustic anmalies  although t h e  geochemical measurements indicate high concen- 

t ra t ions  of C1 (Figs. 2 and 4 ) .  Apparently the gas concentrations a t  these s i t e s  

were not i n  t h e  proper range t o  pxoduce anmalies  on the records of the geophys- 

i c a l  systems employed. On t h e  other hand, acoustic anmalies  were observed on 

4 

1 4 .  



records at S i t e s  8-1, 8-9, and 8-10, but mwimm C abundances i n  cores a t  1 

these s i t e s  were only  6 ,  4 ,  and 1 5 ~ L f i ,  respectively. Concentrations this ' low 

a r e  not expected t o  produce acoustic ananalies. In addition, acoustic ananalies 

were found in geophysical records a t  Sites 6-168, 7-22, and 7-25, but sampling 

a t  these s i t e s  was not deep enough (Fig. 1) to t e s t  the presence of high C1 or 

C02 concentrations dt depth. 

High concentrations of C1 i n  near-surface sediment may cause ins t ab i l i ty  

and may lead t o  crater formation whenever t he  gas vents abruptly in to  the water 

column. Nelson e t  al. (1978) discussed sane preliminary engineering informa- 

t i o n  related t o  the s t a b i l i t y  of gas-charged sediment i n  Norton Sound, and Nelson 

et al. (1979) Proposed that t h e  craters found in central Norton Sound may resul t  

£ram the rapid escape of gas fran gas-charged sediments. 

S L W Y  

Hydrocarbon gases, methane, ethane, ethene, propane, propene, isobutane, 

and pbutane are camnon in surface and near-surface sediment of Norton Sound 

and eastexn Chirikw Basin. From a quantitative standpoint methane is the most 

important hydrocarbon gas. A t  eight s i t e s  in  th i s  area methane abundances 

increase w i t h  depth in the sediment by four or  f ive orders of magnitude, reaching 

concentrations near or  exceeding saturation of the  i n t e r s t i t i a l  water. The 

highest value measured i s  about 55 -/L. Thi s  methane is  probably being generated 

by microbial decomposition of peat tha t  i s  buried with mud under a 

cover of fine-grained, sandy s i l t  derived from the Yukon Delta. Maximum ra t ios  

of methane t o  ethane plus propane a t  t h e  eight s i t e s  are large, ranging from . 
3 3 about 5 x 10 to 440 x 10 . Carbon isotopic compositions range from -69 t o  -80° / , ,  

(relative t o  the PDB standard). These molecular and isotopic compositions strongly 

suggest that microbiological processes are involved in the production of a t  least  

+ 
-thane. Higher arolecular weight hydrocarbons are present i n  much lower concen- 



' t ra t ions  than methane, b u t ,  as a general rule over the area ,  the trends i n  con- 

centrations of the hydrocarbons, a t  least through propane, a r e  roughly  the same. 

Therefore, microbiological processes may also be responsible f o r  &he hydrocarbon 

gases heavier than methane. 

A t  one site i n  Norton Sound the concentrations of a l l  hydrocarbon gases are 

anomalous. For example, methane i s  anomalously l o w  i n  concentration relat ive t o  

the methane a t  the  eight sites mentioned above. On the other hand, ethane, 

propane, and t h e  butanes are a11 anomalously high i n  concentration. The ratios 

of methane t o  ethane plus propane are less than 10 and t h e  isotopic cornpositon 

of methane i s  a b u t  -36O/,,. The magnitude of these parameters sharply contrasts 

with the values obtained elsewhere i n  the area and indicates that  thermochemical 

r a t h e r  than biochemical processes are a t  work. The maximum concentration of 

hydrocarbns from samples a t  this site is about 100 ~ L / L .  

The major canponent i s  carbon dioxide. The carbon dioxide and hydrocarbons are 

actively seeping from the  sediment into the water column. 

A nrrmber of geological consequences result frcm t he  presence of gases i.. 

near-surface sediment of t h i s  area. Where gas concentrations approach ar.3 -+;ek5 

their ~ o l u b i l i t i e s  in the i n t e r s t i t i a l  water ,  f ree  gas i n  the form of bchL;e: 

oceurs. T h i s  gas mcdifies the acoustic pxoperties of the  sediment^, an? ;.ear- 

surface acoustic anomalies are  detected on higbresolut ion geop!.yz?:c*l recorAs. 

Acoustic anmalies  were observed a t  three of t h e  eight s i t e s  u h e r ~  me'rhane i s  

very abundant and also a t  the site where c a x b n  dioxide was observed alon: w i t h  

hydrocarbns. On the o t h e r  hand,  acoustic anunalies were a lso  seen i n  geo- 

physical records frm three s i t e s  where maximm gas concentrations i n  core 

w p l e s  were too lcm to cause ancxnalies. ~t three other sites there was no geo- 

physical evidence for acoustic anmalies although geochemical measurements indicated 

high methane concentrations ih the sediment. The presence of h i g h  gas concen- 

t ra t ions  i n  near-surface sediment's can lead t o  sediment ins tab i l i ty  and t h e  



possibility of seafloor cratering. Finally, the thexmochemical hydrocarbons, 

observed at one s i te ,  may have been produced deep within Norton Basin and be 

migrating to the surface. These hydrocarbons have petroleum-like characteristics 

and may be indicat ive  of petroleum generation and accumulation at depth. 
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FIGURE CAPTIONS 

Figure 1. L o c a t l a  of hydrocarbon gas sampling sites in Norton Sound and 

C h i r i k w  Basin ( d o t s ) .  S i t e s  are des ignated  w i t h  t h e - l a s t  digit 

of the  year when the site u a s  occupied fo l lwed by t h e  n t a t i o n  

n-r. In parentheses  i s  the interval in centimeters from which 

8amples were taken. After the  colon is  the number of eamples 

a a l y z e d  for hydrocartan gases  i n  that i n t e r v a l .  

Figure 2.  D i s t r i b u t i o n  of maximum concentrat ions  of C i n  ah and mL/L 1 

of wet sediment a t  each s i t e .  

Figure 3 .  Graph of concentrat ions  of C i n  afL and mL/L of w e t  sediment 
1 

v s .  depth (cm) for sediment samples from cores taken at  nine sites 

i n  Norton Sound and e a s t e r n  Chirikw Bas in .  S i t e  7-17 and 8 - 3  

are the  same l oca t ion ;  results a r e  cunbined i n t o  one e w e .  

Figure 4.  D i s t r i b u t i o n  of maximm concentrations of C + C3 i n  nL/L and 2 

a/L of wet sediment a t  each s i te .  

P i w e  5 .  Graph of concentrat ions  of C + Cg i n  nL/L and yLfi of w e t  
2 

sedinent  v s  depth Ian) for sediment samples frm c o r e s  taken a t  

n i n e  s i t es  i n  Norton Sound and e a s t e r n  Chirikov Basin.  

Figure 6 .  D i s t r i b u t i o n  of a c o u s t i c  ancmalies  and sites with high concentra- 

t i o n s  of gas. 
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Introduction to papers from: Holocene Marine Sedimentation in the North Sea Basin  

The papers that follow cover a decade of interdisciplinary research on 
:. 

Holocene sedimentation in the northern Bering Sea. The U.S. ~eological Survey 

environmental assessment studies in this region result in interfacing 

studies of a number of marine geologic, physical oceanographic, geochemical, 

and geotechnical specialists. This epicontinental shelf research focuses on a 

poorly known, but significantly large type of environment of northern N0rt.h 

America. Although nearly half of the continental shelf area of the United 

States is made up of epicontinental shelves that surround Alaska, most studies 

of Holocene shelf sedimentation in north America have focused either on the 

narrow, tectonically active Pacific coast shelves or the Atlantic continental 

margin shelves. The general lack of information on modern epicontinental 

shelves is a severe handicap to understanding the extensive ancient rock 

record of these types of environments, for example, the Mesozoic of the 

interior of western North America. 

We feel it is most useful far modern and ancient comparative studies to 

incorporateourpapersintothis volume containing the significant body of 

European work on the North Sea. The environment of the northern Bering Sea is 

similar in many ways to that of the North Sea. Both shelf areas are dominated 

by strong currents constricted by land masses. As a result, large sand ridges 

and sand-wave fields are common, and significant reworking, resuspension, and 

relocation of Holocene sediment masses is apparent on both shelves. Storm 

waves are common to all shelf areas, but large storm surges and strong storm- 

driven currents are more restricted, occurring mostly in broad shallow 

embayments euch aa those found in the North and Bering Seas. Wide variation 

in tidal range and sediment input in differ en^ parts of the basins is also 



characteristic of both regions and results in similar Holocene sediment types 

and distribution patterns in the two areas. 
* 

The first paper on the late Pleistocene to Holocene sedimentation points 

out that two very different sequences of transgressive deposits can develop 

within the same shelf region. In Chirikov Basin, Pleistocene peaty mud is 

covered by typical, but extremely thin, basal and inner shelf transgressive 

sand units. The strong currents and circulation of water masses, however, 

prevent deposition of a modern mud blanket to complete a normal transgressive 

sequence. Instead, currents rework the surface sediment into a distribution 

that conforms to the strong geostrophic flow patterns rather than a wave- 

generated gradation from coarse-grained deposits in shoreline regions to 

finer-grained deposits in offshore regions. 

The seafloor of Norton Sound is overlain by Pleistocene peaty mud but, in 

contrast to Chirikov Basin, it lacks transgressive sand layers. Here marine 

transgressive sequences consist of mud interbedde? with thick storm sand 

layers which grade upsection to thinner storm sands and then to bioturbated 

mud facies. Progradation of the modern Yukon pr~delta reverses this sequence 

in southern Norton Sound so that storm sand layers are found in the uppermost 

Holocene sediment. Patterns of late Pleistocene-Holocene sedimentation in 

both Chirikov Basin and Norton Sound are different from those in southern 

Bering shelf where a classic wave-generated seaward-fining is found in 

Holocene deposits- Thus, when interpretations are made of ancient 

epicontinental shelf sequences, deposits in current-dominated settings like 

the North Sea and the northern Bering Sea must be considereded because 

gradations in sediment texture and thickness may have little relation to 

shoreline location or depth-related variations in wave energy. 

The second paper analyzing microfauna in shelf deposits of the northern 
6 



Bering Sea shows that biostratigraphical changes and paleoecological patterns 

may aid in reconstruction of epicontinental shelf environments. In Chirikov 

Basin there is. a vertical change from freshwater to marine facies. In Norton 

Sound the same change is evident, but nearshore and offshore faunal 

assemblages can be distinguished in thicker transgressive deposits. In the 

late Holocene sediment, however, a reversal back to brackish water 

environments is encountered because of formation of the present active delta 

lobe in southern Norton Sound. 

Sedimentary structures in Norton Sound described in the third paper also 

mirror the effects of the transgressive and progradational history. Nearshore 

physical structures occur at the base of the sequence and grade upsection to 

bioturbated mud; the uppermost sequence, however, changes to well-developed 

nearshore structures in southern Norton Sound where the delta progrades over 

the offshore sequences laid down in the earlier Holocene. Because of the 

delta progradation in southern Norton Sound, well-developed physical 

structures in surface sediment grade offshore to highly bioturbated deposits 

as might be expected in onshore to offshore sequences. The high degree of 

bioturbation nearshore in northern Norton Sound, however, it is unexpected 

near shorelines and reflects low sedimentation rates caused by resuspension 

and advection of most Holocene sediment from this region by the Alaska Coastal 

Water. Because of the large freshwater discharge from the Yukon River into 

southern Norton Sound, bioturbation there is similar to that found in local 

coastal embayments and estuaries elsewhere,even though Norton Sound is an 

open-shelf region. Again, t h i s  is an example to be kept in mind when 

interpreting ancient epicontinental shelf deposits. 

The fourth paper, describing the Bering shelf sand body types and their 

processes of formation, provides new information to trace petroleum reservoirs 



i n  a n c i e n t  s h e l f  systems. 'Ihe sand bodies  of t h e  Ber ing s h e l f ,  a l though  

s i m i l a r  t o  one a n o t h e r  i n  t h e i r  l i n e a r i t y ,  s i z e ,  and sediment types;  can be 

s e p a r a t e d  i n t o  g e n e t i c  t y p e s  based on s u b t l e t i e s  of g r a i n  s i z e ,  sedimentary  

s t r u c t u r e ,  morphology, and o r i e n t a t i o n .  Recogn i t ion  of l e e s i d e  sand bodies  

formed of very f i n e  sand may h e l p  t o  d i s t i n g u i s h  l a r g e  sand bod ies  depos i t ed  

f a r  o f f s h o r e  and not  p a r a l l e l  t o  s h o r e l i n e s ,  from the more common and 

g e n e r a l l y  coarse r -g ra ined ,  s h o r e - p a r a l l e l  sand bod ies  of t h e  i n n e r  s h e l f .  

S e v e r a l  of t h e  p rocess -o r i en ted  -papers t h a t  f o l l o w  t h e  f i r s t  f o u r  papers  

d e s c r i b i n g  sed imenta ry  f e a t u r e s  show t h a t  development of d i f f e r e n t  sand body 

t y p e s  i s  a r e s u l t  of a wide v a r i a t i o n  i n  hydrograph ic  s e t t i n g  and sediment 

i n p u t  on t h e  Ber ing s h e l f .  I n  t h e  modern i n n e r  s h e l f  a r e a ,  o u t  t o  water 

dep ths  of 10-15 m, t h e  sea  f l o o r  is t y p i c a l l y  a f f e c t e d  by wave energy.  Along 

s o u t h e r n  Seward P e n i n s u l a ,  however, a complex p a t t e r n  of bedforms re la ted  t o  

wave and u n i d i r e c t i o n a l  c u r r e n t s  is  e v i d e n t .  I n t e r p l a y  of current-formed 

f e a t u r e s  w i t h  i c e  scour  i n  t h i s  s u b a r c t i c  environment adds  t o  t h e  complexi ty  

of bedforms i n  t h i s  r e g i o n -  The r e s u l t  i s  a mosaic of o s c i l l a t i o n  and 

u n i d i r e c t o a a l  c u r r e n t  r i p p l e s ,  ice-gouge f e a t u r e s ,  and a complex p a t t e r n  of 

v a r y i n g  sediment  types. 

The i n n e r  s h e l f  off  t h e  Yukon d e l t a  complex of s o u t h e r n  Norton Sound 

c o n t r a s t s  w i t h  t h a t  of t h e  rocky headland and c o a s t a l  p l a i n  c o a s t  of 

the Seward P e n i n s u l a .  It i s  dominated by d e l t a i c  s e d i m e n t a t i o n  and a s e a s o n a l  

set of f l u v i a l ,  hydrograph ic ,  and i c e  p r o c e s s e s .  I n  w i n t e r ,  r i v e r  d i s c h a r g e  

i s  almost t o t a l l y  l a c k i n g  and e x t e n s i v e  s h o r e f a s t  i c e  develops .  The wide 

apron of ehoref  a s t  ice r e s u l t s  i n  much f u r t h e r  e x t e n s i o n  of d i s t r i b u t a r y  

c h a n n e l s  o f f s h o r e  from t h e  d e l t a  than is  t h e  c a s e  i n  temperate  o r  t r o p i c a l  

deltas. The sub-ice channe l s  s e r v e  as sediment c o n d u i t s  dur ing  maximum 

d i s c h a r g e  c o n d i t i o n s  i n  l a t e  s p r i n g  and summer. Thus, ex t remely  l a r g e  



quantities of sediment enter the aound in a very short period of time and 

accumulate rapidly in southern Norton Sound. Major storm. in the fall rework, 

resuspend, and, remove large quantities of sediment from Norton Sound. 

Occasional extremely large storm-surge events cause progradation of major sand 

sheets from the delta shoreline out over southern Norton Sound. 

Quantitative measurements of significant reworking and resuspension of 

bottom sediment during storms have been made in northern Norton Sound using 

CEOPROBE instrumentation. The longterm in situ measurements of currents and 

suspended sediment made with the GEOPROBE in the benthic boundary-layer 

provide new information that has broad implications for any epicontinental 

shelf region. The continuous monitoring of shear velocities proves that 

storm-related currents are the major process in the constricted shallow waters 

of epicontinental shelf regions like northern Bering Sea. Measurements also 

show the importance of continual advective suspended sediment transport over 

northern Bering shelf and sediment resuspension and transport during spring 

tidal conditions. 

In contrast to the more classic wave and current processes outlined in 

several papers, new concepts of epicontinental shelf processes are suggested 

by the geotechnical, geochemical, and geophysical studies. Poorly 

consolidated mud of restricted quiet-water lagoons and sheltered, but open- 

shelf embayments, contrasts with other regions of highly overconsolidated 

sediment; there, fetch of the open sea permits strong cyclic loading on 

shallow bottom sediment by large open-shelf waves. Biogenic gas trapped 

beneath Holocene mud of Norton Sound can create poorly consolidated zones and 

regions of gas-charged sediment traced by acoustic anomalies in geophysical 

records. New studies also show that cyclic wave loading during major storm 

surge events may have the potential to liquefy the very fine sand of the Yukon 



delta region. Thus, liquefaction may be a very important process in ' 

conjunction with strong, storm-generated currents to develop the prograding 

storm-sand sheets and extensive scour observed on epicontinental shelves like 

Bering Sea. 

Our research on Bering shelf suggests that sedimentary processes on 

shallow epicontinental shelves include synergistic effects of wind, tidal, and 

barotrophic-driven currents and also poorly understood ef fec t s  of instability 

due to sediment gas-charging and cyclic wave loading. Future 

interdisciplinary research on epicontinental shelves is required to define the 

relative importance of these factors in sediment transport. 

We hope that this s e t  of papers on the Bering epicontinental shelf will 

show some similarities and contrasts with the North Sea as well as provoke 

some new thoughts regarding Holocene sedimentation processes common to a11 

epicontinental shelf settings. Large new studies are being instigated in 

other epicontinental shelves like the east China Sea and it appears that 

commonalities of Holocene transgressive sedimentation and modern sedimentary 

processes are present. Once this modern data base is provided from a wide 

variety of settings like the east China, Bering and North Seas, new refined 

interpretations can be applied to similar ancient environments. 

Hans Nelson 



Late Pleistocene-Holocene Transgressive Sedimentation in Deltaic 

and Non-Deltaic Areas of the Bering 

. . Epicontinental Shelf 

by C. Hans Nelson 

United States Geological Survey, Menlo Park, California 94025 

ABSTRACT 
The distribution of late Pleistocene 010,000 years BPI' and Holocene 

((10,000 years BPI surface sediment on the northern Bering Sea floor i s  patchy 
and dependent upon locations of seafloor bedrock and pre-late Pleistocene 
glacial debris, late Holocene river sediment influx, and modern strong bottom 
currents. Seafloor vibracores and high-resolution profiles record two 
different sedimentary environments in the northern Bering shelf: late 
Pleistocene-Holocene shoreline transgression ((16,000 years BPI in Chirikov 
Basin, and Holocene deposition from the Yukon Fiver in Norton Sound. 

Lag gravels remain exposed on the margins of Chirikov Basin where the 
transgression of the late Pleistocene-Holocene shoreline reworked pre- 
Quaternary bedrock and glacial moraines deposited during earlier low sea 
levels. The shoreline transgression over most of central Chirikov Basin left 
a cover of inner-shelf fine-sand facies that is underlain in places by a 
pebbly to medium sand basal transgressive facies, both of which overlie 
Pleistocene limnic peaty mud of emergent shelf deposition. Water circulation 
patterns have inhibited deposition of Holocene Yukon River silt over 
transgressive sand and lag gravels of Chirikov Basin. 

About 9,500 BP, rapid marine transgression of Norton Sound began, to 
deposit a basal nearshore facies of thick storm-sand layers in marine silt 
overlain by an offshore bioturbattd silt, both deposited over the Pleistocene 
freshwater peaty mud. Progradation of thick storm-sand layers and Holocene 
brackish-water silt deposits (up to 14 m) in southern Norton Sound is 
attributed to a shift of the present active Yukon delta lobe into its present 
position after about 2,50Q BP. 

h t e  Pleistocene and Holocene sedimentation on Bering shelf has 
implications for interpretation of ancient epicontinental shelf deposits. In 
Norton Sound, early Holocene transgressive sequences of coarser to fine muddy 
facies  up-section are covered by regressive coarser facies in areas of deltaic 
progradation. In contrast, Chirikov Basin displays extremely thin 
transgressive deposits ((1 m) that are a complex mosaic of gravel, sand, and 
mud lenses unrelated to shoreline sources, j u s t  as sediment thickness is in 
parts of Norton Sound. Holocene sediments derived from the Yukon River bypass 
Chirikov Basin to accumulate hundreds of kilometers away in the Arctic Ocean 
in deposits averaging 10 m thick; however, thin accumulations ((2 m) occur in 
northern Norton Sound near the present Yukon Delta. In contrast to the 
complex transgressive sequences of the northern Bering shelf, the southern 
Bering shelf exhibits generally classic off shore gradation of coarse- to fine- 
grained Holocene deposits. 

1 
4 

For consistant stratigraphic nomenclature,deposits 10,000 years BP and 
younger ate  defined as Holocene in this paper (see Hopkins, 1975). 



INTRODUCTION 

The Bering epicontinental shelf is much like the North Sea shelf because 

of its strong currents (Cacchione and Drake, 1979) and numerous insular and - 
peninsular constrictions. In addition, input of the Rhine and Elbe Rivers 

into the North Sea results in deltaic and non-deltaic areas of Holocene 

sedimentation (Nio et al., 1979) similar to those caused by discharge of the 

Yukon River on Bering shelf. On the northern Bering shelf during shoreline 

transgression of the late Pleistocene to Holocene, different transgressive 

sedimentary facies developed in the non-deltaic region of C h i r i k o v  Basin to 

the west and the deltaic area of Norton Sound to the east (Fig. 1). 

Definition of these two types of  transgressive sedimentation in the Bering 

epicontinental shelf region provides important information to compare with 

similar deposits in other areas, like the North Sea, and to distinguish 

similar facies in ancient analogs. 

The extremely thin transgressive sandy facies of the Chirikov Basin is 

described in this paper and compared to the thick, muddy sequence of Yukon- 

derived Holocene deposits inlorton Sound. In these different environments, 

the general lithology, sedimentary processes, and sedimentary history are 

outlined throughout the late Pleistocene and Holocene time. The present 

distribution of transgressive late Pleistocene and Holocene deposits is also 

explained in terms of modern oceanographic processes. Sediment distribution 

patterns and processes of northern Bering shelf are then compared to the 

overall patterns of epicontinental shelf sedimentation in the eastern Bering 

Sea. In the geologic significance section description of these highly 

variable sediment facies patterns on Bering shelf is used to provide new 

insights for the interpretation of similar ancient shelf deposits. 



METHODS 

The summary of l a t e  P l e i s t o c e n e  and Holocene h i s t o r y  of s e d i m e n t a t i o n  on 
. . 

t h e  n o r t h e r n  Ber ing s h e l f  spans  a  decade of mar ine  g e o l o g i c  r e s e a r c h  by t h e  

U.S. G e o l o g i c a l  Survey i n  t h i s  r eg ion .  The f i n d i n g s  i n  t h i s  paper  a r e  based 

on box c o r e s  and v i b r a c o r i n g  up t o  6 m i n t o  t h e  s e a f l o o r  and on more than  

10,000 km of t r a c k l i n e s  covered by h i g h - r e s o l u t i o n  s p a r k e r ,  Uniboom, and 

3.5-kHz con t inuous  s e i s m i c  p r o f i l i n g  sys tems.  Near ly  50 v i b r a c o r e s  and 250 

box c o r e s  have been d e s c r i b e d  from l i t h o l o g i c  a n a l y s e s ,  X-ray radiography and 

epoxy p e e l s .  Samples a l s o  have been ana lyzed  f o r  t e x t u r e ,  microfauna,  and 

radiocarbon dates  (see a l s o  McDougall, t h i s  volume). 

OCEAN OCtRAPHI C SETTING 

The n o r t h e r n  Ber ing Sea is  a very sha l low e p i c o n t i n e n t a l  s h e l f  a r e a  ((60 

m deep)  t h a t  can be d i v i d e d  i n t o  two p r o v i n c e s ,  Ch i r ikov  Bas in  and Norton 

Sound (F ig .  1 ) .  The sha l low e a s t e r n  half  of the area, t h e  Norton Sound 

embayment, i s  g e n e r a l l y  less than  20 m deep (F ig .  1). The very  sha l low 

prograd ing  Yukon Delta wedge i n  s o u t h e r n  Norton Sound is a n  impor tan t  

morphologic f e a t u r e  of Norton Sound t h a t  i n f l u e n c e s  wave and storm-surge 

p r o c e s s e s  i n  t h i s  r e g i o n .  The w e s t e r n  r e g i o n ,  Ch i r ikov  Basin, i s  surrounded 

by p r o j e c t i n g  l a n d  masses on t h e  nor thwes t  and n o r t h e a s t ,  and t h e  l a r g e  S t .  

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

g e o s t r o p h i c  c u r r e n t  f low (F ig .  1). 

The Ber ing s h e l f ,  l i k e  t h a t  of t h e  North Sea ,  i s  dominated by c u r r e n t s .  

Whereas a l l  t h e  North Sea s h e l f  is  s t r o n g l y  t i d a l ,  on ly  t h e  n o r t h  p a r t  of 

Norton Sound i s  dominated by t i d a l  c u r r e n t s ;  Ch i r ikov  Basin  is i n f l u e n c e d  

mainly by the  s t r o n g  northward g e o s t r o p h i c  c u r r e n t  (Fig. 1) (Cacchione and 

Drake, 1979). Our ren t s  a r e  i n t e n s i f i e d  a l o n g  t h e  e a s t e r n  Ber ing Sea margin 

wherever land projects westward i n t o  them. Even more impor tan t  i s  t h e  
4 



i n c r e a s e  i n  g e o s t r o p h i c  c u r r e n t  s p e e d s ,  which have been observed t o  double ,  

d u r i n g  moderate s to rm e v e n t s  (Cacchione and Drake, 1979; Schumacher and Tr ipp ,  

1979).  As i n  t h e  North Sea, storm-surge se t -up a l o n g  t h e  Alaskan c o a s t  

r e s u l t s  i n  s t o r m - r e l a t e d  c u r r e n t s  t h a t  cause  major sedimenta t io ;  e v e n t s  

(Nelson,  1977).  

GE OLWI C BACKGROUND 

A number of p a s t  e u s t a t i c  s e a - l e v e l  changes de te rmine  d i s t r i b u t i o n  of t h e  

p r e s e n t  Holocene and l a t e  P l e i s t o c e n e  s h e l f  d e p o s i t s .  The most impor tan t  

i n f l u e n c e ,  t h e  l a s t  l a t e  P l e i s t o c e n e  and Holocene t r a n s g r e s s i o n ,  began about  

12,000 t o  13,000 y e a r s  ago i n  s t r a i t s  where the wate r  was d e e p e s t  ( ~ o ~ k i n s ,  

1973).  A t  f i r s t  a narrow seaway developed from Anadyr S t r a i t  t o  Ber ing  Strait 

(Hopkins,  1979) and then  from Shpanberg S t r a i t  t o  Ber ing S t r a i t  (Nelson and 

Creager ,  1977).  The narrow seaways expanded sou theas tward  t o  fill out  the 

deeper  wes te rn  a r e a  of Chir ikov Basin u n t i l  about  10,000 y e a r s  ago. During 

s h o r e l i n e  t r a n s g r e s s i o n  i n  Chirikov Basin a number of s t i l l s t a n d  f e a t u r e s  were 

c r e a t e d .  For example, a n c i e n t  s h o r e l i n e s  remain as l a r g e  submerged sand 

r i d g e s  between King  I s l a n d  a n d  Port Clarence ( F i g s .  2 and 3, m'), (see 
Nelson e t  al., this v o l . ) ,  and r e c o g n i z a b l e  a n c i e n t  s t r a n d l i n e s  occur i n  

numerous o t h e r  l o c a t i o n s ,  p a r t i c u l a r l y  off  Nome (Nelson and Hopkins,  1972; 

Hopkins , 1973 1. 

The e n t i r e  Norton Sound r e g i o n  remained emergent u n t i l  about  10,000 y e a r s  

ago. Sea- leve l  f l u c t u a t i o n s  determined e l sewhere  ( F i e l d  e t  a l . ,  1979) and 

radiocarbon dates i n  Norton Sound show t h a t  from 10,000 t o  9,500 y e a r s  B.P., 

t h e  s h o r e l i n e  r a p i d l y  t r a n s g r e s s e d  eas tward  o v e r  Norton Sound, and b u r i e d  

tundra  peat d e p o s i t s .  

The t r a n s g r e s s i n g  s h o r e l i n e  p laned  over  a number of previous a l l u v i a l ,  

g l a c i a l ,  and bed roc^ exposures .  Bedrock remains exposed on the s e a f l o o r  i n  



r e g i o n s  n e a r  i n s u l a r  and p e n i n s u l a r  gran i t i c  s t o c k s  and v o l c a n i c  o u t c r o p s ,  

such a s  n e a r  Cape P r i n c e  of Wales, King I s l a n d ,  and o f f  n o r t h e r n  S t .  Lawrence 

I s l a n d  ( ~ i g .  - 4 )   e el son and Hopkins, 1972). Another e x t e n s i v e  a r e a  of sea- 

f l o o r  bedrock o c c u r s  n o r t h  of a major f a u l t  s c a r p  (Johnson and Holmes, 1978) 

a long  t h e  s u b s u r f a c e  channe l  west of P o r t  Clarence  (F ig .  4 )  t o  t h e  Cape P r i n c e  

of Wales s h o r e l i n e ,  and is perhaps  c o r r e l a t i v e  with Precambrian t o  P a l e o z o i c  

l i m e s t o n e  of t h e  a d j a c e n t  s h o r e l i n e  area (Nelson and Hopkins,  1972).  

Numerous s u b s u r f a c e  a l l u v i a l  channe l s  covered by the t r a n s g r e s s i v e  

d e p o s i t s  have been mapped i n  the Norton Sound r e g i o n  where the most d e t a i l e d  

g r i d  of s e i s m i c  p r o f i l e s  i s  present ( F i g .  4 ) .  I n  Chir ikov Basin t h e  l i m i t e d  

grid of s e i s m i c  p r o f i l e s  ( F i g .  2 )  does nor permit  d e t a i l e d  mapping of t h e  

s u b s u r f a c e  c h a n n e l s ,  but  major s u b s u r f a c e  channe l s  a r e  known t o  e x i s t  west of 

P o r t  Clarence ,  e x t e n d i n g  toward B e r i n g  Strait, and in t h e  sea va l l ey  extending 

s o u t h  from King I s l a n d  (Hopkins e t  al., 1976) ( F i g .  4 ) .  

Early and middle P l e i s t o c e n e  c o n t i n e n t a l  g l a c i a t i o n  e x t e n d i n g  o f f  

( U . S  ,S .R.-Chukotka) t o  c e n t r a l  Ber ing Sea,  and l o c a l  v a l l e y  g l a c i a t i o n  

o f f s h o r e  from Seward P e n i n s u l a  have been determined both  by s e i s m i c  p r o f i l i n g  

and by sediment sampling (Grim and McManus, 1970; Nelson and Hopkins, 1972; 

Tagg and Greene, 1973; Hopkins, 1975 and 1979). The g l a c i a l  moraines extend 

i n  the s u b s u r f a c e  of t h e  c e n t r a l  Ch i r ikov  Basin and emerge toward l and  a s  

g r a v e l  r i d g e s  (Figs. 4 and 5A). Complete sequences  of moraines  and outwash 

were documented i n  the  n e a r s h o r e  a r e a s  off  Nome from d e t a i l e d  p r o f i l i n g  (Tagg 

and Greene, 1973) and drillholes as deep as 75 m below the s e a f l o o r  (Nelson 

and Hopkins, 1972). 

The r t h e r  major g e o l o g i c  event t h a t  s i g n i f i c a n t l y  i n f l u e n c e d  the 

d i s t r i b u t i o n  of l a t e  Pleistocene and Holocene d e p o s i t s  is t h e  change i n  

p o s i t i o n  of the ac t ive  Yukon d e l t a  lobe  on t h e  Ber ing s h e l f .  About 16,000 



y e a r s  ago,  t h e  Yukon River  a p p a r e n t l y  c rossed  t h e  p r e s e n t  Ber ing s h e l f  i n  t h e  

v i c i n i t y  of Cape Romanzof and d e p o s i t e d  a d e l t a i c  sequence s o u t h  of S t .  

Lawrence I s l a n d  (Knebel and Creager ,  1973a).  A s  sea  l e v e l  r o s e  i n  t h e  t h e  - 
e a r l y  Holocene, v a r i o u s  a c t i v e  lobes  developed f a r  s o u t h  of Norton Sound i n  

t h e  Black  s u b d e l t a  and Cape Romanzof reg ions  ( F i g .  1 )  (Nelson and Creager ,  

1 9 7 7 ) .  The p r e s e n t  a c t i v e  d e l t a  lobe  f i r s t  developed i n  s o u t h e r n  Norton Sound 

a f t e r  2,500 y e a r s  BP a s  shown by d a t i n g  of onshore d e l t a  d e p o s i t s  ( ~ u ~ r 6 ,  t h i s  

volume) and of o f f s h o r e  change from marine t o  brackish-water  fauna (see core C 

i n  F i g .  3 , u ' )  (McDougall, t h i s  volume). S ince  then  t h e  Yukon River  has 

prograded s i g n i f i c a n t l y  i n t o  Norton Sound and a l t e r e d  b i o l o g i c a l  a c t i v i t y  and 

a t t e n d e n t  b i o t u r b a t i o n  p a t t e r n s  (Nelson e t  a l . ,  i n  p r e s s ;  Howard and Nelson, 

t h i s  volume). 

LATE PLEISTOCEKE TRANSGRESSIVE SEDIMENTATION I N  CHIRIKOV BASIN 

T r a n s g r e s s i v e  D e p o s i t s  

The l a t e  P l e i s t o c e n e  t o  Holocene s h o r e l i n e  t r a n s g r e s s i o n  d e p o s i t e d  a t h i n  

sequence of t r a n s g r e s s i v e  d e p o s i t s  on t h e  margins of Chir ikov Basin.  On some 

marg ins ,  only  a t h i n  g r a v e l  l a g  i s  found over  bedrock o u t c r o p s  o r  g l a c i a l  

d e p o s i t s  ( F i g .  3 ,  L B ' ,  c o r e  D ,  and F igs .  4 and 5B). 0-1 o t h e r  margins ,  t h e  

t y p i c a l  sequence i s  l a t e  P l e i s t o c e n e  f r e s h w a t e r  p e a t y  s i l t  o v e r l a i n  by 

t r a n s g r e s s i v e  sand (F igs .3 ,  L B '  and F ig .  5B). The P l e i s t o c e n e  peaty s i l t  

occurs  near t h e  s e a f l o o r  i n  t roughs  between sand r i d g e s  where s t r o n g  bottom 

currents  have e i t h e r  prevented d e p o s i t i o n  o r  have scoured through the 

t r a n s g r e s s i v e  sand i n t o  t h e  pea ty  mud ( F i g .  3 ,  m', King Is .  s h o a l  t o  P o r t  

C la rence) .  The p resence  of very o l d  r ad ioca rbon  d a t e s  from pea ty  mud i n  some 

trough l o c a t i o n s  suggests t h a t  s i g n i f i c a n t  scour  has taken place t h e r e .  

A t y p i c a l  trough sequence is  fine sand above medium-grained sand 

o v e r l y i n g  the  peaty  f r e s h w a t e r  s i l t  ( F i g .  3 ,  E').  An example of a complete 



eustatic cycle in northeastern Chirikov Basin is found in Core No. 247, taken 

between Tin City and York shoal (Figs. 3, L B '  and Fig. 5B). A t  the very 

base, a thin layer of coarse-grained regressive sand containing a fauna 

typical of cold, brackish water (P. Valentine, U.S.  Geological Survey Woods 

Hole, 1976, written commun.) is overlain by a 20-cm-thick sequence of 

freshwater mud (McDougall, this volume) cut into by sand-filled burrows of 

marine clams. Above this is medium sand showing good trough cross-lamination 

that in turn is overlain by flat-laminated to massive fine sand (Fig. 5B). 

The different transgressive gravel and sand facies exhibit an areal 

pattern related to underlying older deposits. The thin gravel lags are found 

close to shore over bedrock and parallel to emergent seafloor moraines that 

project into central Chirikov Basin south from Cape Prince of Wales and north 

from St. Lawrence Island (Fig. 3, a', Core D and Figs. 4 and 5A). Offshore 

from the bedrock gravel lag of Seward Peninsula, medium-grained sand fringes 

the northeastern edge of Chirikov Basin (Fig. 6). The surface of central and 

60uthern Chirikov Basin is covered by fine sand that overlies the medium sand 

or late Pleistocene freshwater m d s  (Figs. 3, m', and 5B and C). 
Transgressive History - 

The oldest deposits in Chirikov Basin are the gravel lags that occur over 

bedrock and pre-late Pleistocene glacial deposits (Fig. 6). These lags 

developed as the late Pleistocene-Holocene transgessive shoreline reworked 

bedrock or glacial deposits, removed fine-grained sediment and left a gravel 

lag deposit over their surface (Nelson and Hopkins, 1972). In places, the 

lags are much better rounded, contain higher percentages of quartz, and 

exhibit modes of medium- to coarse-grained sand, all of which indicate late . 
Pleistocene-Holocene stillstands of the strand line at these particular depths 

of 10-12 m, 20-24 m, 30 m, and 38 m  elso son et al., 1969; Nelson and Hopkins, 

1972; Hopkins, 1973). 



A t  l o c a t i o n s  where topograph ic  e l e v a t i o n s  of bedrock and g l a c i a l  moraines 

were not  p r e s e n t ,  l a t e  P l e i s t o c e n e  tundra  and f r e s h w a t e r  silt with  o c c a s i o n a l  

a l l u v i a l  d e p o s i t s  developed ( F i g s .  3 and 4 ) .  A s  t h e  s h o r e l i n e '  t r a n s g r e s s e d  

over  t h e  f r e s h w a t e r  peaty  mud of t h e  once emergent s e a f l o o r ,  a b a s a l  coa rse -  

t o  medium-grained sand ,  on ly  a f e w  c e n t i m e t e r s  t h i c k ,  was d e p o s i t e d  and 

remains uncovered i n  n o r t h e r n  Chir ikov Basin ( F i g .  6 ) .  A f i n e - g r a i n e d ,  i n n e r  

s h e l f  sand (Nelson e t  a l . ,  1969) was l a i d  down immediately o f f  t h e  s h o r e l i n e  

a s  i t  t r a n s g r e s s e d ;  t h i s  g e n e r a l l y  o v e r l i e s  t h e  b a s a l  c o a r s e r  sand f a c i e s  and 

forms a b l a n k e t  d e p o s i t  now cover ing  most of t h e  s u r f a c e  of c e n t r a l  and 

s o u t h e r n  Chir ikov Basin (F ig .  6 ) .  The few v i b r a c o r e s  from c e n t r a l  C h i r i k o v  

Basin sugges t  t h a t  t h i s  inner - she l f  sand f a c i e s  i s  no more than  a few t e n s  of 

c e n t i m e t e r s  t h i c k  (F ig .  3, LB', c o r e s  E and F). The mineralogy and t e x t u r e  

of t h i s  sand c o n t a i n  no ev idence  of t h e  modern Yukon River  sediment source  

(McManus e t  al., 1 9 7 4 ) .  Thus, t h e  Yukon sediment e n t e r i n g  t h i s  r eg ion  dur ing  

t h e  Holocene has  bypassed northward t o  d e p o s i t  i n  s o u t h e r n  Chukchi Sea (Nelson 

and Creager ,  1 9 7 7 )  and no Holocene sediment i s  found i n  Chir ikov Basin, excep t  

f o r  t h a t  t e m p o r a r i l y  ponded i n  t h e  t r o u g h s  between sand  r i d g e s  (P'i9. 3 ,  - B-B'). 

HOLOCENE SEDIMENTATION I N  NORTOE; SOUND 

Holocene D e p o s i t s  

As i n  much of Chir ikov Basin ,  f r e s h w a t e r  l a t e  P l e i s t o c e n e  s i l t  and 

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

Norton Sound ( F i g .  3, ='I. Over lying t h e  f r e s h w a t e r  pea ty  mud i s  marine 

sandy s i l t  w i t h  in te rbedded  very f i n e  sand layers i n  t h e  s o u t h e r n  Norton Sound 

r e g i o n  and deeper  p a r t s  of t h e  Holocene s e c t i o n  i n  c e n t r a l  Norton Sound. 

Above this sequence i n  c e n t r a l  Norton Sound and throughout  the n o r t h e r n  a r e a  

i s  b i o t u r b a t e d  sandy s i l t  de r ived  from t h e  Yukon River  (MeManus e t  a l . ,  1 9 7 7 )  

(Howard and Nelson,  t h i s  volume). 

I 



From onshore  t o  o f f  s h o r e ,  t h e  in te rbedded  sand beds become f i n e r  g r a i n e d ,  

t h i n n e r ,  c o n t a i n  a  s m a l l e r  pe rcen tage  of graded sand l a y e r s ,  and e x h i b i t  less 

complete sequences .o f  v e r t i c a l  sedimentary  s t r u c t u r e s  (Nelson,  1977) (F ig .  5E 

and F). Nearshore ,  t h e  graded sand l a y e r s  make up 50-1002 of t h e  t o t a l  

sedimentary  s e c t i o n ;  they  range from 10 t o  20 cm i n  t h i c k n e s s  and have a mean 

g r a i n  s i z e  of about 0.250 mm i n  the c o a r s e s t  p a r t  of t h e  l a y e r  (Fig. 5E) ( a l s o  

see Fig.  4G of Nelson e t  a l . ,  t h i s  volume). A t  t h e  o u t e r  e x t r e m i t y  of t h e  

d i s t r i b u t i o n  of i n t e r b e d d e d  sand l a y e r s ,  u s u a l l y  60 t o  75 km from the Yukon 

D e l t a  s h o r e l i n e ,  t h e  graded sands  a r e  g e n e r a l l y  1-2 cm thick, make up l e s s  

than  35 p e r c e n t  of t h e  t o t a l  s e c t i o n ,  and have mean g r a i n  s i z e s  of 0.125 mm o r  

l e s s  ( F i g .  5F). 

The s u r f i c i a l  Holocene d e p o s i t s  i n  Norton Sound va ry  from f ine -g ra ined  

sand su r round ing  t h e  d e l t a  and t rough  a long  n o r t h e r n  Norton Sound t o  very  f i n e  

sand and c o a r s e  s i l t  i n  c e n t r a l  and e a s t e r n  Norton Sound ( F i g .  6 )  (see F i g .  3 

of Howard and Nelson,  this volume). Not on ly  i s  sediment coarser i n  t h e  

n o r t h e r n  t r o u g h ,  but  the mineralogy a l s o  shows a mixed d e r i v a t i o n  from Seward 

Peninsu la  and Yukon River  s o u r c e s  (McManus e t  a l . ,  1974).  B io tu rba ted  mud i s  

p r e s e n t  i n  t h e  s u r f a c e  of most of Norton Sound ( ~ i g .  5F), except  su r round ing  

the  modern Yukon s u b d e l t a  where fine t o  very f i n e  sand l a y e r s  may be p r e s e n t  

a t  the s u r f a c e  (Nelson,  1977) (Fig .  SE). 

Holocene T r a n s g r e s s i v e  and D e l t a i c  H i s t o r y  

I n  c o n t r a s t  t o  t h e  t h i n  t r a n s g r e s s i v e  sequence of sand d e p o s i t e d  i n  

Chirikov Basin ,  Norton Sound c o n t a i n s  a t h i n  t o  t h i c k  b l a n k e t  of Holocene s i l t  

and in te rbedded  sand layers d e r i v e d  from t h e  Yukon River .  Thick s e c t i o n s  of 

Holocene sediment have been d e p o s i t e d  i n  s o u t h e r n  Norton Sound because of 

p r o g r a d a t i o n  of t h e  Yukon d e l t a ;  only 2 m o r  l e s s  of b i o t u r b a t e d  mud has been 

depos i ted  i n  t h e  more d i s t a l  a r e a s  of n o r t h e r n  and e a s t e r n  Norton Sound 



( F i g .  4B). 'Ihe ba thymet r i c  t rough i n  n o r t h e r n  Norton Sound is an  except ion 

t h a t  appears  t o  be an a r e a  of nondepos i t ion  through t h e  Holocene because of 

t i d a l  c u r r e n t  f l u s h i n g  i n  t h e  t rough  ( F i g s .  1 and 6)  ( ~ a c c h i ~ n e  and Drake, 

1979).  Coarser  t e x t u r e  than  Yukon d e p o s i t s  ( F i g .  6)  and rninera logic  o r i g i n  

from Seward P e n i n s u l a  (F ig .  6 )  (McManus e t  a l . ,  1974) s u g g e s t s  that Holocene 

t r a n g r e s s i v e  sand remains i n  t h e  t i d a l l y  scoured t r o u g h .  Elsewhere ,  Yukon mud 

w i t h  mar ine  fauna  has been d e p o s i t e d  d i r e c t l y  over  l a t e  P l e i s t o c e n e  f r e s h w a t e r  

s i l t ,  and b a s a l  t r a n s g r e s s i v e  sand i s  no t  found a s  i t  i s  i n  Chir ikov B a s i n  

(Fig. 3, A-A'). Although l a t e  P l e i s t o c e n e  a l l u v i a l  d e p o s i t s  a r e  shown 

i n c i s i n g  t h e  f r e s h w a t e r  s i l t  i n  s e i s m i c  p r o f i l e s ,  t h e s e  d e p o s i t s  have not  been 

i d e n t i f i e d  i n  c o r e s .  Thick n e a r s h o r e  sand l a y e r s  a t  depth  (F ig .  3,  A-A', c o r e  

G), i n  c e n t r a l  Norton Sound, however, sugges t  t h a t  t h e  t r a n s g r e s s i v e  s h o r e l i n e  

was c l o s e  t o  t h i s  l o c a t i o n  e a r l y  i n  Holocene Time. A s  t h e  s h o r e l i n e  

t r a n s g r e s s e d ,  d e p o s i t i o n  of t h e  i n t e r b e d d e d  n e a r s h o r e  sand ceased ,  r e s u l t i n g  

i n  s e d i m e n t a t i o n  of t h e  upper sequence of o f f s h o r e  massive s i l t  wi thou t  

i n t e r b e d d e d  sand ( F i g .  3,  A-A', core G ,  and F ig .  7 ) .  

J u s t  a s  t r a n s g r e s s i o n  of t h e  s h o r e l i n e  i s  e v i d e n t  i n  t h e  lower Holocene 

s t r a t i g r a p h y  of c e n t r a l  Norton Sound, m i g r a t i o n  of t h e  a c t i v e  Yukon d e l t a  lobe  

from t h e  Cape Romanzof r e g i o n  (Knebel and Creager ,  1973a; h p r 4 ,  t h i s  volume) 

. i n t o  s o u t h e r n  Norton Sound and  p r o g r a d a t i o n  of brackish-water  d e l t a  d e p o s i t s  

i s  e v i d e n t  i n  t h e  upper Holocene s t r a t i g r a p h y  of t h e  Sound. When t h e  d e l t a  

s h i f t e d  t o  i t s  p r e s e n t  p o s i t i o n  a f t e r  2500 BP ( F i g .  3, A-A', c o r e  C) (Dupfe, 

this volume), i n f l u x  of l o w - s a l i n i t y  wa te r  i n t o  s o u t h e r n  Norton Sound caused a 

change i n  fauna (see McDougall, t h i s  volume) and  f l u c t u a t i o n  i n  t h e  r a t e  of 

b i o t u r b a t i o n ,  s o  t h a t  w e l l - b i o t u r b a t e d  mud was l o c a l l y  o v e r l a i n  by unbio- 

t u r b a t e d  sequences  of sand  and  i n t e r b e d d e d  mud ( F i g .  3, A-A', c o r e  C, and F ig .  

5D) (Nelson and Creager ,  1977) .  P r o g r a d a t i o n  of t h e  a c t i v e  d e l t a  wedge w i t h  
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w i t h  i t s  u n b i o t u r b a t e d  sequences  of t h i c k  sand l a y e r s  i n t e r b e d d e d  i n  s i l t  i s  

shown i n  a l l  upper  Holocene sequences  s u r r o u n d i n g  t h e  d e l t a  (Fig .  3, u', 
c o r e s  C, H ,  I ,  F i g s .  5, D-F, and F i g -  7 )  (Howard and Nelson,  this volume; 

Nelson e t  a l . ,  i n  p r e s s ) .  The v e r t i c a l l y  and h o r i z o n t a l l y  graded sand l a y e r s  

i n  t h e  nea r - su r face  sediment  o f f  t h e  Yukon D e l t a  appear  t o  be p rograd ing  sand 

s h e e t s  d e p o s i t e d  by c u r r e n t s  (Cacchione and Drake, 1979; Schumacher and T r i p p ,  

1979)  a s s o c i a t e d  with l a r g e - s c a l e  s to rm s u r g e  t h a t  occurs  i n  Norton Sound 

(Nelson,  1977; Nelson and Creager ,  1977) .  

Resuspension and removal o f  l a r g e  q u a n t i t i e s  of Yukon sediment  from 

Norton Sound (F ig .  8)  by s t o r m - r e l a t e d  c u r r e n t s  i s  a n o t h e r  s i g n i f i c a n t  f a c t o r  

throughout  Holocene d e p o s i t i o n a l  h i s t o r y .  When t h e  e s t i m a t e d  d i s c h a r g e  of 

Yukon sediment f o r  t h e  Holocene i s  compared w i t h  t h e  i sopach  t h i c k n e s s  of 

Holocene sediment i n  Norton Sound ( ~ i g .  4B), about  half  of t h e  e s t i m a t e d  

sediment i n t r o d u c e d  i n t o  Norton Sound i s  miss ing ,  b u t  is found i n  a 10-m-chick 

b l a n k e t  of Holocene mud i n  t h e  s o u t h e r n  Chukchi Sea (F ig .  9)  (Nelson and 

Creager ,  1977) .  E f f e c t s  of t h e  e x t e n s i v e  s to rm r e s u s p e n s i o n  of sediment a r e  

shown by t h e  o l d  rad ioca rbon  d a t e s  y i e l d e d  by modern s u r f a c e  mud ( F i g s .  5D and 

3,  L A ' ,  core I) and t h e  pebble  and s h e l l  lags found w i t h i n  t h e  b i o t u r b a t e d  

mud (F ig .  SF). The l a g  l a y e r s  a r e  produced by storm-wave and c u r r e n t  

reworking of sediment t o  c o n c e n t r a t e  t h e  c o a r s e r  f r agments  from t h e  

resuspended mud. New ev idence  f o r  t h i s  r e s u s p e n s i o n  p r o c e s s  h a s  r e c e n t l y  been 

a c q u i r e d  i n  c e n t r a l  Norcon Sound by i n  s i t u  sediment  dynamic and c u r r e n t  meter  

p robes  (GEOPROBE) t h a t  showed s e v e r a l  hundred pe rcen t  i n c r e a s e  i n  suspended 

sediment t r a n s p o r t  d u r i n g  a moderate s to rm e v e n t  (Cacchione and Drake, 1979) .  

GEOLOGIC SIGNIFICANCE OF BERING SHELS TAClES  PATTERNS 

Comparison of t h e  Chi r ikov  Basin and Norton Sound r e g i o n s  shows t h a t  

s t r o n g  c u r r e n t s  have i n f l u e n c e d  l a t e  P l e i s t o c e n e  and Holocene d e p o s i t i o n  i n  



both  r e g i o n s .  The s t r o n g  c u r r e n t s  and l a c k  of sediment i n p u t  i n t o  Chirikov 

Basin have r e s u l t e d  i n  a  t r a n s g r e s s i v e  sand sequence t h a t  h a s  no Holocene mud 

o v e r  i t .  In s t ead ,  on t h e  n o r t h e a s t e r n  margin of Chirikov Basin ,  non- 
-, 

d e p o s i t i o n  and /o r  s c o u r  have t aken  p l a c e  s o  t h a t  i n  n e a r s h o r e  a r e a s ,  where 

maximum g e o s t r o p h i c  c u r r e n t  shear occurs  (Fig. I ) ,  t h e  basal coarse-sand 

f a c i e s  remains exposed on t h e  s e a f l o o r ;  f a r t h e r  i n s h o r e  only  bedrock ou tc rops  

with g r a v e l  l a g s  a r e  p r e s e n t  (Fig* 6 and 8) .  Topographic e l e v a t i o n s  

p r o j e c t i n g  upward i n t o  c u r r e n t s  i n  t h i s  r e g i o n  (1)  r e t a i n  r e l i c t  g r a v e l  l a g s  

over  g l a c i a l  o r  bedrock ou tc rops  o r  ( 2 )  c o n t a i n  b a s a l  sands  t h a t  are reworked 

i n t o  l a r g e - s c a l e  mobile bedforms (see  F i g s .  4 C  and H and Fig.5 of Nelson,  e t  

a l . ,  t h i s  v o l .  ) 

Offshore  from t h e  i n s h o r e  bands of g r a v e l  and b a s a l  t r a n s g r e s s i v e  sand 

f a c i e s  i n  n o r t h e a s t  Ch i r ikov  Basin ( F i g .  81, a  p a r a l l e l  band of t r a n s g r e s s i v e  

i n n e r  s h e l f  sand occurs  where t h e  g e o s t r o p h i c  c u r r e n t  f low becomes 

c o n s i d e r a b l y  weaker t o  t h e  west  ( F i g .  1). Although t h e  s u r f a c e  sediment 

p a t t e r n s  of i n c r e a s i n g  c o a r s e n e s s  i n s h o r e  ( F i g .  8) p a r a l l e l  t h o s e  of 

i n c r e a s i n g l y  s t r o n g e r  g e o s t r o p h i c  c u r r e n t  flow toward t h e  n o r t h e a s t  s i d e  of 

Chi r ikov  Basin  (Fig.11, t h e  s h o r e - p a r a l l e l  f a c i e s  p a t t e r n s  i n  t h e s e  a r e a s  

could  suggest e q u i l i b r i u m  w i t h  o f f s h o r e  t o  i n s h o r e  g r a d i e n t s  of i n c r e a s i n g  

wave energy.  However, t h e  s h e l t e r i n g  and l i m i t a t i o n  of f e t c h  by S t .  Lawrence 

I s l a n d ,  p l u s  t h e  o c c u r r e n c e  of an i n s h o r e  mud b l a n k e t  p a r a l l e l  t o  t h e  P o r t  

C la rence  c o a s t l i n e  (Fig. 81, eliminate wave energy as a  poss ib l e  cause  of the 

s h o r e - p a r a l l e l  t r a n s g r e s s i v e  f a c i e s .  

The region west of t h e  modern Yukon s u b d e l t a  i n  Shpanberg S t r a i t  i s  

another  a r e a  of s t r o n g  g e o s t r o p h i c  c u r r e n t  s h e a r  t h a t  has impor tan t  

i m p l i c a t i o n s  f o r  the f a c i e s  d i s t r i b u t i o n  (Fig.  1) .  ! h e  southwest  d i s t r i b u t a r y  

d i s c h a r g e s  most of t h e  Yukon River sediment  load a t  t h i s  l o c a t i o n ,  and  

pa r a l l e l  banding of sedime?t facies  pat terns  deve lops .  Here, f ine -g ra ined  



d e p o s i t s  are found c l o s e r  t o  s h o r e  n e a r  t h e  sediment source and become 

p r o g r e s s i v e l y  c o a r s e r  toward t h e  c e n t e r  of t h e  s t r a i t  ( F i g .  8). McManus e t  

a l .  (1974) sugges ted  t h a t  t h e  c e n t r a l  p a r t  of t h e  s t r a i t  is u n d e r l a i n  by an 

older  t r a n s g r e s s i v e  sand d e p o s i t e d  i n  t h e  narrow e a r l y  Holocene seaway t h a t  

extended from a more s o u t h e r l y  Yukon D e l t a  source i n  c e n t r a l  Ber ing Sea 

(Knebel and Creager ,  1973a) t o  Ber ing S t r a i t .  There fo re ,  sed iments  become 

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

p rograd ing  of modern fine sand and s i l t  d e p o s i t s  over  t h e  coarse -g ra ined ,  

o l d e r  t r a n s g r e s s i v e  sand.  

Comparison of t h e  current-dominated d e p o s i t i o n  of n o r t h e r n  Ber ing Sea 

w i t h  s e d i m e n t a t i o n  i n  t h e  c e n t r a l  Ber ing s h e l f  shows t h e  f o l l o w i n g .  Just 

s o u t h  of S t .  Lawrence I s l a n d ,  i n n e r  s h e l f  sand l i k e  t h a t  i n  Chir ikov Basin i s  

p r e s e n t  (Fig.  9 )  (Knebel and Creager 1973a and b; Knebel e t  a l . ,  1973).  

P r o g r e s s i v e l y  t o  t h e  s o u t h ,  and toward t h e  edge of t h e  s h e l f ,  surface sediment  

becomes f i n e r  g r a i n e d ,  and a p r o g r a d i n g  mud b l a n k e t  beg inn ing  i n  t h e  mid- 

c e n t r a l  s h e l f  a r e a  e x t e n d s  as an i n c r e a s i n g l y  Chick wedge t o  t h e  edge of t h e  

c o n t i n e n t a l  s h e l f ;  a n  e x c e p t i o n  is an a r e a  where i s l a n d s  a r e  surrounded by 

coarse -g ra ined  r e l i c t  d e p o s i t s  (Fig- 9 ) .  

S t u d i e s  of Sharma e t  a l .  (1972) and Gardner e t  a l .  ( i n  p r e s s )  show t h a t  

from t h e  B r i s t o l  Bay s h o r e l i n e  o u t  toward t h e  shelf edge of s o u t h e r n  Ber ing 

Sea,  d e p o s i t s  become i n c r e a s i n g l y  f i n e  g r a i n e d .  I n  c o n t r a s t  t o  t h e  n o r t h e r n  

Ber ing  s h e l f ,  where d e p o s i t i o n  h a s  been comple te ly  dominated by s t r o n g  bottom 

c u r r e n t  regimes a c l a s s i c  wave-graded p a t t e r n  of sediment  s i z e  d i s t r i b u t i o n  

has developed on t h e  e p i c o n t i n e n t a l  s h e l f  i n  s o u t h e r n  Ber ing Sea (Fig .  9 ) .  

The extreme v a r i a n c e  of Holocene s e d i m e n t a t i o n  p a t t e r n s  w i t h i n  s i n g l e  

e p i c o n t i n e n t a l  s h e l f  d e p o s i t i o n a l  sys tems l i k e  t h o s e  of t h e  Ber ing  and North 

Seas has impor tan t  Implications f o r  s t u d i e s  of a n c i e n t  a n a l o g s .  Epicon- 

t i n e n t a l  shelf deposits may be classically wave graded from t h e  
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s h o r e l i n e  o u t  i n  one par t  of a s h e l f  and show s i m i l a r  g r a d a t i o n s  t h a t  a r e  i n  

' e q u i l i b r i u m  w i t h  o f f s h o r e  c u r r e n t  regimes in nearby a r e a s  ( ~ i g .  9). A major 

sediment source  may r e v e r s e  t h e  normal onshore- to-  o f f s h o r e  f a c i e s   att tern 

and l i t h o l o g y  of t r a n s g r e s s i v e  sequences  i n  two a d j a c e n t  r e g i o n s  of an 

e p i c o n t i n e n t a l  s h e l f  l i k e  Chir ikov Basin and Norton Sound ( F i g .  8). Norton 

Sound and r e l a t e d  s o u t h e r n  Chukchi Sea d e p o s i t s  show t h a t  l a r g e  q u a n t i t i e s  of 

sediment i n t r o d u c e d  i n t o  one pa r t  of Bering s h e l f  a r e  removed and d i s p l a c e d  by 

c u r r e n t s  from s torms and r e l a t e d  g e o s t r o p h i c  c i r c u l a t i o n  t o  c r e a t e  a major 

depocen te r  hundreds of k i l o m e t e r s  from t h e  source  i n  ano the r  s h e l f  a r e a  ( F i g .  

9 )  (Nelson and Creager ,  1 9 7 7 ) .  Thus, c o n t r a r y  t o  s t r a t i g r a p h i c  concep t s ,  

p rograd ing  p r o d e l t a  d e p o s i t s  may be ext remely t h i n  on t h e  shelf c l o s e  t o  a 

major r i v e r  s o u r c e ,  y e t  t h i c k  hundreds of k i l o m e t e r s  from t h e  s o u r c e ;  a l s o  

they may grade from fine t o  coarse-gra ined proceeding o f f s h o r e  because of 

g e o s t r o p h i c  c u r r e n t  p a t t e r n s -  On t h e  o t h e r  hand, i n  normal t r a n s g r e s s i v e  

sequences ,  onshore t o  o f f s h o r e  g r a d a t i o n  t o  f i n e r  sediment may occur  because 

g e o s t r o p h i c  c u r r e n t s  s t r e n g t h e n  shoreward r a t h e r  than  a s  u s u a l l y  expected 

because of i n c r e a s i n g  wave energy shoreward ( F i g .  8 ) .  

A n a l y s i s  of Holocene s e d i m e n t a t i o n  on Ber ing s h e l f  has  important  

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

of the l o c a l  i n f l u e n c e  of d e l t a i c  s e d i m e n t a t i o n ,  c u r r e n t s  and topography,  

a r e a s  of t r a n s g r e s s i v e  (Chi r ikov  Basin)  and r e g r e s s i v e  (Norton Sound) d e p o s i t s  

may develop and c o e x i s t  i n  t h e  same a r e a  d u r i n g  r i s i n g  sea  l e v e l s .  I n  a broad 

e p i c o n t i n e n t a l  s h e l f  area l i k e  Chir ikov Basin w i t h  no p rograd ing  d e l t a ,  t h e  

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

l a t e  P l e i s t o c e n e  and Holocene t r a n s g r e s s i v e  b a s a l  and i n n e r  shelf sands 

without d e p o s i t i o n  of an  o v e r l y i n g  o f f s h o r e  mud sequence (F igs .  3 and 6 ) .  I n  

inshore r e g i o n s  of s t r o n g e s t  c u r r e n t s  only  t h i n  b a s a l  t r a n s g r e s s i v e  lags may 

occur because  f iner  g r a i n e d  o f f s h o r e  f a c i e s  have been s t r i p p e d  o f f  (F ig .  6 ) .  
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I n  c o n t r a s t  t o  t h i n  t r a n s g r e s s i v e  sand sequences  of Ch i r ikov  Basin ,  i n  Norton 

Sound a  t h i c k  sequence c o n s i s t i n g  of t r a n s g r e s s i v e  mud and i n t e r b e d d e d  . 

nearshore  s to rm sands ,  covered by of fshore  b i o t u r b a t e d  mud i s  i n  t u r n  o v e r l a i n  

by a r e g r e s s i v e  sequence of t h i c k e r  s to rm sands  i n  mud d e p o s i t e d  by t h e  

p rograd ing  d e l t a  i n  t h e  l a t e  Holocene (Figs. 3 and 6) .  
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Figure Captions 

~igure 1. Northeastern Bering Sea and southern Chukchi Sea, showing water 

circulation, maximum measured bottom-current velocities, and 

bathymetry. Modified from Nelson and Creager (1977)  including new 

long-term in situ current measurements from Cacchione and Drake 

(1979) and R. Muench (written cotnmun., NOAA-PMEL, Seattle, Wash., 

1979). 

Figure 2. Location o f  sampling stations and geophysical tracklines for U.S. 

Geological Survey research in northern Bering Sea between 1967 and 

1978. Lines A-A' and B-B' show locations of cross-sections shown - - 
in Figure 3. Single letters A-F show station locations of core 

photographs in Figure 5. 

Figure 3. Near-surface late Pleistocene and Holocene stratigraphy in Chirikov 

Basin (B-B') and Norton Sound (A-A') - (see Fig. 2 for locations). 

Corrected dates with stars are calculated by the method shown in 

Figure 5D. In profile A-A' the date of 1500 years BP in core C - 
approximately dates freshwater influx of the modern Yukon delta 

lobe. In profile - 9  B-B' the region of sand ridges in northeast 

Chirikov Basin extends from King Island shoal to Port Clarence. 

Figure 4, A, Elements of pre-transgressive geologic history in northeastern 

Bering Sea showing locations of seafloor and near-surface bedrock 

outcrops, glacial moraines, and alluvial channels. Details of 

subsurface channels are incomplete, particularly in Chirikov Basin, 

because of insufficient geophysical trackline coverage. 

Information on glacial moraines is based on Nelson and Hopkins 

(1972) and on bedrock outcrops and subsurface channels is modified 

from Devin Thor (writ~en communication, 1979). 



B. Thickness of Holocene sediment based on seismic profiles 

Figure 5. 

(modified from Nelson and Creager, 1977) (Devin Thor, written 

communication, 1979). - 
Internal sedimentary features of late Pleistocene and Holocene 

deposits in northeastern Bering Shelf. Numbers to the left in B 

and C show percent of gravel and coarse to medium sand in 

transgressive and regressive sand layers. See Figure 2 for core 

locations. 

A. Transgressive lag gravel over glacial till shown in a box 

core slab face. 41 m water depth. 

B. Box core no. 247 radiograph showing cross-laminated 

transgressive fine-grained inner shelf sand overlying limnic clays 

with freshwater ostracodes (P. Valentine, written couunun., U.S .G.S. 

Woods Hole, Mass., 1971) .  Note deep pelecypod burrowing into 

freshwater mud after the marine transgression. 36 m water depth. 

C. Box core slab showing transgressive inner shelf fine 

sand overlying basal transgressive medium to fine sand. 

48 m water depth. 

D. Radiograph of cross-laminated and wavy bedded sand layers 

(light colored) in late Holocene Yukon silt ((5,000 years old) 

based on bulk sample radiocarbon dates (corrected for surface 

sample age) underlain by bioturbated older Yukon silt 05,000  years 

old) (after Nelson and Creager, 1977). Located 75 km from the 

Yukon Delta in 16 m water depth. 



E, Box core slab face showing a surface and a deeper bioturbated 

sand layer (light colored) in Yukon silt 30 km from the modem 

Yukon subdelta. 11 m water depth. .. 

F. Radiograph showing shell and pebble storm lag layers near the 

surface and base of the core in addition to a series of thin 

sand layers (light colored) and parallel and lenticular bedding 

in the center of the core. Radiocarbon date at the core bottom 

is based on a piece of wood. Located 110 km from the Yukon Delta 

in 14 m water depth. 

Figure 6. Preliminary map of the northeastern Bering shelf surficial geology. 

F i g u r e  7 .  Conceptual model showing importance of physical structures versus 

biological structures in epicontinental shelf deltaic sequences 

(after Nelson et al., in press). Thickness of wedge depicts 

relative intensity of process from lower salinity and higher energy 

to higher salinity and lower energy shelf environments offshore. 

Relative thickness of storm sand sequences from inshore to offshore 

also is shown (Nelson, 1977). Area of thick storm sands and 

physical structures shifts seaward with influx of a prograding 

delta lobe and low-salinity water. 

Figure 8. Transgressive sediment facies patterns based on grain-size modes 

(from McManus e t  al., 1977) .  

Figure 9 ,  Generalized late Pleistocene and Holocene deposits of 

the eastern Bering Shelf, Alaska. Compiled from Gardner et a l . ,  

(in ~ress); McManus et al., (1977);  Nelson and Creager, (1977) ;  

Knebel and Creager, (1973b);  Nelson and Hopkins, (1972); Sharma et 

al., (1970). 









112' 170' 1611. Hie. 164. 
I 

162' 
I 

180. 
I \ ,, 

PRELIMINARY ISOPACH MAP 
OF HOLOCENE MARINE 

SEDIMENT - 

BASED ON PRELIMINARY ANALYSIS 
OF CORE DATA AN0 HIGH 

RESOLUTION GEOPHYSICAL RECORDS 



CHlRlKOV BASIN LATE PLEISTOCENE TRANSGRESSIVE DEPOSITS 

NORTON SOUND HOLOCENE DEPOSITS 

2 , 1 2 0 ' 2 8 0 8 P  
Teledyne Isotopes 

+ I - 7 3 2 0  









NER G R A I N E D  

Relict-Mixed 

0 200 400 600 K m  - 



Microfaunal r n a l y s l s  of l a t e  Quaternary deposl t s  

o f  the northern Bering Sea 

by 

K r i s t i n  McDougal1 

U.S. Geological  Survey, Menlo Park, C a l i f .  94025 

Abst rac t  

Holocene microfaunal sssoci a t ions  and d i s t r i b u t i o n  pa t te rns  de f ine  

t h r e e  inner-she1 f ( ~ 2 0  m) b i  of ac ies  i n  t ior ton Sound, nor thern  Ber ing Sea.  

The f i r s t  b i o f a c i e s  i s  composed of t y p i c a l  bay faunas dominated by the  

species Eqqerella advena, Buccel la  f r i g i d a ,  Ammotiurn cass is ,  and Reophax - 
d e n t a l  i f o n i  s,  The second b i  o f  ac ies contains bay t o  inner-she1 f faunas 

i n d i c a t i v e  o f  deeper, more marine wa te rs  ; such inner-she1 f species as Reaphax 

a r c t  ica,  - R. f us i f o rm i  s, Spi  roplectamrni na b i f o r m i  s ,  and Textu la r i a  t o q u a t a  

daninate. The t h i r d  b io fac ies ,  common i n  d e l t a i c  areas w i t h  h igh  sedimentat ion 

r a t e s  and freshwater input ,  i s  character ized by abundant Elphidium o r b i c u l a r e  

and - E. clavatum. The d i s t r i b u t i o n  o f  o ther  microfaunal  groups (diatoms, 

ostracods, t i n t i n n i d s ,  and fragments o f  l a r g e r  inver tebra tes  and p l a n t s )  

corresponds t o  current and sedimentary patterns. 

These Holocene f ac ies  r e l a t i o n s  are t h e  bas is  f o r  i n t e r p r e t i n g  e a r l y  

Holocene and l a t e  P le is tocene envi rormental condi t i o n s  i n  t he  nor thern  

Ber ing  Sea area, Y i t h i n  o lde r  deposi ts  the sequence o f  b i o f a c i e s  can be 

used t o  i n t e r p r e t  the  Holocene t ransgressive cyc le  i n  Norton Sound. Norton 

Sound cores provide evidence o f  G o  marine transgressions and vary ing  r i v e r  

Input. 



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

Shpanberg S t r a i t ,  no r the rn  Ber lng Sea, was breached by m r l n c  waters 

about 11,800 B.P., when sea l e v e l  rose t o  -30 m. Th i s  event separated S a i n t  

Lawrence I s l a n d  from the Alaskan  inland and marked the beginning o f  the 

Holocene t ransgressfon i n  Norton bas in  (Hopkins, 1973). The r i s i n g  sea 

level and warming c l ima te  brought about a sequence o f  phys i ca l  and b i o l o g i c  

changes t h a t  transformed the  basin from a tundra-covered p l a i n  conta in ing  

pea t  bogs t o  a shal low sea. Th is  t ransformat ion i s  recorded i n  a t h i n  

veneer o f  Holocene sedimentary d e p o s i t s  i n  Norton Sound. 

Holocene and o l d e r  t ransgressive-regressive cyc les i n  the  Ber ing Sea 

have been s tud ied  by McManus and others (1969), Hopkins (1972, 1973). Nelson 

and Hopkins (1972), Knebel and Creager (1973). Herman (1974), McManus and 

o thers  (1974, 1977). Coachman and others (1975),  Hopkins and o the rs  (1976), 

Cacchione and others (1977). Nelson and Creager (1977). and Nelson ( t h i s  

volume). Few of these s t u d i e s  have considered the b i o l o g i c  changes and 

faunal d i s t r i b u t i o n s  t h a t  r e f l e c t  these cycles, In p a r t i c u l a r ,  da ta  on 

fo ramin i fe rs ,  which a r e  s e n s i t i v e  eco log ic  i nd i ca to rs ,  have not  been prev ious l y  

repor ted  f o r  t he  no r the rn  Ber ing Sea. 



Holocene foramin1 fe ra l  s tud ies  along the west  coast  o f  Alaska considered 

the ecologic  reta t i ons  of Inner-she1 f (*20 m) assemblages o f  the  southern 

Ber ing  Sea (Andenon, 1963) and the  Chukchi Sea (Cower, 1964). Foss f l  

foraminf fera l  s tud ies  Inc lude those by R. J. Echols ( i n  Knebel and others, 

1974) south o f  S a i n t  Lawrence I s l a n d  and Bel jaeva (1960; see also  Kummer and 

Creager, 1971) I n  t he  Gul f  of Anadyr. These works recognized inne r -she l f  

assemblages, us ing  c r i t e r i a  formulated dur ing Holocene s tud ies  t o  i n t e r p r e t  

the paleoenvi ronnent. Faunas from depths o f  l ess  than 20 m were not i d e n t i -  

f i e d .  Because Norton Sound i s  mostly shal lower than 20 m (McManus and 

others, 1977),  foramini fera1 assemblages and faunas represent ing the  Holocene 

t ransgress ion  could on ly  be considered as representa t ive  o f  the  i n n e r  n e r i t i c  

b i o f a c i e s  o f  e a r l i e r  workers. Microfaunal  ana lys i s  l i m i t e d  by t h i s  conceptual 

framework would prov ide  11 ttle o r  no f u r the r  i n fo rma t ion  on t h e  Holocene 

t ransgression.  This  i n v e s t i g a t i o n  was conducted t o  determine what b io fac ies ,  

if any, cou ld  be recognized i n  the  shal low marine waters o f  Idorton Sound, 

what phys ica l  parameters m i g h t  be r e l a t d  to any o f  the  bi  ofacies found, and 

which o f  these b i o f a c i e s  r e l a t i o n s  might  be usefu l  i n  i n t e r p r e t i n g  t h e  

pa leoecol  ogy of  the Holocene transgression. 



Nor ton  Sound I s  & shal low ep icont inenta l  she l f  sea bounded on the 

southwest by the Yukon d e l t a  and on the  n o r t h  by Sward Peninsula, Alaska 

( f l g .  1). Yater  depths a re  commonly l ess  than 20 m (McManus r n d  others, 
* 

1977). Yarmer (6"-9°C avg summer tmpera tu re ) ,  l e s s  s a l i n e  (531°/,,) 

Alaskan coasta l  water  f i l l s  Norton Sound and, c i r c u l a t i n g  I n  a counterclock- 

w i  se d i  r e c t  ion, mves general l y  northward (Anderson, 1963; Coachman and 

others, 1 9 7 5 ;  McManus and others, 1977). Runoff  frm the Yukon R ive r  c a r r i e s  

sand, s i l t ,  and low-sa l in f  ty water i n t o  Norton Sound, where l i t t l e  o f  the 

s d i m e n t  ac tua l  l y  accumulates beyond the  m d e r n  prodel t a  (Nelson and Creager, 

1 9 7 7 ) .  Strong s t o m  surges f requent ly  resuspend the sediment and p e r i o d i c a l l y  

d i s r u p t  the  subs t ra te  (Nel son, t h i s  volume). 

Fran an ana lys i s  of 35 s t a i n &  surface samples frm Norton Sound, th ree  

forami n i f e r a l  b i  o fac ies  can be recognized: bay, bay/ inner-shelf ,  and d e l t a ,  

The bay b io fac ies  i s  associated w i t h  s l i g h t l y  h igher  s a l i n i t i e s ,  lower water  

temperatures, and f i ne  sand.  The bay/inner-she1 f bi of ac i  es i s  associated 

w i t h  cool water  temperatures, normal s a l i n i t y ,  and greater  depths. The 

d e l t a  b i o f a c i e s  i s  associated w i t h  shal low water depths, low s a l i n i t y  , 

wanner w a t e r  temperatures, and sandy substrates (Howard and Nel son, t h i s  

volume). Other microfaunal and m i c r o f l o r a l  groups (diatoms, o s t r a c d s ,  

t i n t i n n i d s ,  and fragments of l a r g e r  i nve r teb ra tes  and p lan ts )  are a lso  

associated w i t h  spec i f i c  envi rorrnental cond i t ions  i n  Norton Sound. Foss i l  

assemblages I n t e r p r e t e d  as represent ing  the  Holocene t ransgress ion  conta in  

m n y  o f  the  species p resen t l y  l i v i n g  i n  Norton Sound. These assemblages 

i nd i ca te  a  progressive change i n  Norton Sound fran a tundra-covered p l a i n  t o  

a shal low sea. Fordmi n i  f e r a l  assemblages from e a r l  i e r  t ransgressive-  

regressive cycles are no t  {ncluded i n  t h i s  discussion. 



Holocene microfaunas 

Dur ing 1976 and 1977 surface (box cores) and subsurface (v ibracores and 

pIston cores) samples were taken frm Norton Sound, no r the rn  Ber ing-  Sea 

(f ig.  2). O f  these samples 35 surface samples fonn the bas l s  o f  the  Holocene 

sur face data; these samples were c o l l e c t e d  frun t h e  top 1 t o  2 un of t he  box 

cores and were s ta ined w i t h  rose bengal s o l u t i o n  onboard the research vessel 

Sea Sounder. Subsequent l abo ra to ry  processing o f  both sur face and subsurface - 
samples i nc luded soaking samples i n  water  and w e t  s i ev ing  through a 63-mesh 

(250p ) screen. From t h e  d r i e d  residues, 300 organic specimens ( fo ramin i fe rs ,  

diatoms, ostracods, t i n t i n n i d s ,  and fragments of l a r g e r  inver tebra tes  and 

p l a n t s )  and, where possib le,  300 forami n i  f e ra l  specimens were counted and 

i d e n t i f i e d .  These microfaunal  da ta  ( t o t a l  assemblages) were subjected t o  

b o t h  v i s u a l  and s t a t i s t i c a l  ( c l u s t e r  and f a c t o r )  analys is .  

Benth ic  f o ramin i  f e r a l  species c o n s t i t u t e  one o f  the major microfaunal  

groups i n  the Holocene sur face samples. In a1 1,  53 fo ramin i fe ra1  species 

were recorded; a l though d i v e r s i t y  ranges frun 1 t o  1 7  species, m o s t  assemblages 

are dominated by 3 or 4 species. By c l u s t e r  and f a c t o r  ana lys i s  these 

assemblages were separated i n t o  th ree  groups, i d e n t i f i e d  here as  the  bay, 

bay/ inner-shel f ,  and the d e l t a  b io fac ies  ( f igs.  3-5). 



The bay b l o f a c i e s  I s  charac ter ized by Eqqerel la  advena, Buccel la  f r i q i d a ,  

A m t i u r n  cassis,  snd Reophax benta l i formfs.  E, advena i s  the most abundant, 

and makes up 10 t o  80 percent of the faunas. Stained specimens were d i f f i c u l t  

t o  recognize because most o f  t he  t e s t s  a re  ye l l ow  t o  b r w n  and t h i s  obscure 

t h e  red s ta in .  L i v i n g  specimens were, however, noted i n  samples south o f  

N a e ,  Alaska, and west of P o r t  Clarence (an embayment northwest of Nome), 

Buccel l a  f r i q i d a  and Ammotiurn cassis,  the next  m s t  abundant species, range 

i n  abundance from 1 t o  35 percent.  - A. c a s s i s  i s  more abundant i n  areas 

where t h e  bay assemblages make up l e s s  than 40 percent o f  the  faunas and 

the sedimentary m a t e r i a l  1s coarser;  no l i v i n g  specimens were recognized. 

0. f r i g i d a ,  which i s  more evenly d i s t r i b u t e d ,  increases i n  abundance i n  the  - 
c e n t r a l  p a r t s  o f  Nor ton Sound and i n  the bayl inner-she1 f assemblages; l i v i n g  

specimens a r e  present  i n  bo th  the bay and bay l i nne r -she l f  b io fac ies .  

Faunas dominated by  the  bay b i  ofacies are  most  abundant i n  the  nor th -  

eas te rn  and c e n t r a l  p a r t s  of Nor ton Sound as we1 1  as around P o r t  Clarence, 

These faunas are absent i n  samples frun o f f  the  Yukon d e l t a  and Cape Rodney, 

nor thwest  o f  home ( f i g .  3 ) .  Th is  d i s t r i b u t i o n  c o r r e l a t e s  w f t h  water  depths 

between 10 and 30 m (Hopkins and others, 1976; McManus and o t h e n ,  1977) 

s a l i n i t e s  of 29 t o  3 1 . 5 O / , ,  (Coachman and others, 1975). and temperatures 

below 1 2 O C  (avg summer temperahre) .  The subst ra te  i n  these areas i s  a f i n e  

sand (e4.0 0)  der i ved  f ran  the  Yukon R ive r  or S w a r d  Peninsula (McManus and 

others, 1977). 



The bay/inner-she1 f b io fac ies  i s  character ized by Spiroplectammlna 

bi formis ,  T e x t u l a r i a  torquata, Reophax arc t i ca ,  and R. f u s i f o m l s .  R. . - -C 

arctica and - R. f u s i f o m i s ,  the m s t  canri~ln of the f o u r  d iagnost ic  species, 

together  average more than 20 percent  o f  the bay/inner-she1 f b l o f a c l e s  ; 

$ p i  roplectarnrni na b i f o n i  s and T e x t u l a r i a  torqua t a  are l ess  common and occur 

more sporad ica l l y .  Inner -she l f  species t h a t  occur i n f r e q u e n t l y  i n  assoc ia t i on  

w l  t h  this biofac ies  are  Cassidul i n a  i s l and ica ,  Bu l im ine l  l a  elegant issima, 

and Nonionel l a  aur icu la .  
- 

The bay/ inner-shel f  b io fac ies  makes up about 20 percent  o f  the  species 

i n  the  depression i n  Norton Sound, southeast of Nome, and h igher  percentages 

o f  the  assemblages i n  the  western p a r t  of Norton Sound ( f i g .  4).  Species 

d iagnos t i c  o f  t h i s  b io fac ies  f requent ly  occur i n  assoc ia t i on  w i t h  the  species 

c h a r a c t e r i s t i c  o f  t he  bay b iofac ies,  a l though l i t t l e  t o  no over lap w i t h  t he  

d e l t a  b io fac ies  i s  evident.  Water depths are  genera l l y  20 m o r  greater ,  

summer water temperatures are below l Z ° C ,  and s a l i n i t i e s  are 2 g 0 / , ,  o r  

h i g h e r  (Coachman and others,  1975). The subs t ra te  i s  composed o f  several 

sedimentary types i n  these areas and f i n e  sand predominates (McManus and 

others,  1974). 



. The d e l t a  b l o f a c l e s  i s  character ized by u h i d i u m  - c l a v a t u m  and E .  - 
orbiculare; these G o  species t o g e t h e r  c o n s t i t u t e  g reater  than 50 perce,nt of 

t h e  d e l t a  fdunas .  Four o the r  species of Elphidium were i d e n t i f i e d  I n  t h e  - 
)lorton Sound assemblages: k. albiumbi licaturn, - E, b a r t l e t t i ,  1. l n c e r t u m ,  

and L. friqidum. These other specjes do no t  occur f requen t l y  o r  abundantly 

but could be I n c l u d e d  as species c h a r a c t e r i s t i c  o f  the de1 t a  b lo fac les .  

They occur m s t  f r e q u e n t l y  I n  the  outer f r i n g e s  o f  the delta bfo fac ies-  

areas where t h e  d e l t a  and bay f a u n a s  are mixed. E .  f r i g i dum occurs p r i n c i p a l l y  - 
I n  the bay/ inner-shel f  assemblages and thus cannot be used as d iagnost ic  of 

t h e  delta b io fac ies .  

Specimens of Elphid ium were the most commonly s t a S n e d  group; t h e  rose  

bengal s t a i n  colored a l l  chambers except  t he  last  ( l i v i n g )  chamber. Because 

o f  t h i s  s t a i n i n g  pa t te rn ,  none of the specimens a r e  bel ieved t o  have been 

a l i v e  a t  the  t i m e  of c o l l e c t i o n .  

Faunas dominated by the delta b io fac ies  are concentrated around the  

Yukon delta,  t h e  southeastern pa r t  of Nor ton Sound,  and i n  an area immediately 

south  o f  Home, Alaska ( f i g .  5). . Th i s  d i s t r i b u t i o n  co r re la tes  w i t h  t h e  

s ha1 l owes t  water depths ( ~ 1 0  m) t o  about 20 m, warmer water temperatures 

.( t o  12'C average summer temperature; Coachman and others, 1975), and lower 

s a l i n i t i e s  (L_29° /oo) .  The subst ra te  i s  dominated by Yukon s i l t  and f i n e  

(c4.0 Q) sand (McManus and others, 1974). 



The l n t e r r e l a t l o n  of the three b io fac ies  i s  evtdent I n  two transects of 

surface samples across Norton Sound. Mast faunal assemblages contain species 

from a l l  three bfofscies. Specles diagnostic o f  each blofacies are present 

I n  every assemblage except those d i r e c t l y  af fected by the Yukon River  (samples 

Mf4763, Mf5461, Mf5462 ). The bay/inner-shelf  b io fac ies  e x i s t s  p r i n c i p a l l y  

I n  the deeper waters and only where the de l ta  species make up less than 50 

percent o f  the assemblage ( f i g s .  6, 7). 

The three b io fac ies  recognized here r e f  f ne the inner-shel f sub1 i t t o r a l  

biotopes recognized i n  the southern Bering Sea and the faunal assemblages 

recognized i n  the Chukchi Sea. The de l t a i c  biotope o f  Anderson (1963) and 

the  de l ta  b io facfes of t h i s  s l d y  are equfvalent. Both the  de l ta  b io fac ies  

and biotope are dominated by species of Elphidium and cont ro l led l a rge l y  by 

s a l i n i t y .  No c l e a r l y  d e l t a i c  assemblage was recognized i n  the Chukchi Sea. 

The bay and bayl inner-shel f  b iofacies of t h i s  study resemble the inner  she l f  

b iotope o f  Anderson (1963) of which they may be subdivisions. The t r ans i t i ona l  

b iotope of Anderson (1963) was not  recognized f n  the Norton Sound surface 

samples but  was recognized i n  the subsurface samples; t h i s  b iotope contains 

abundant occurrences o f  Buccella f r i q i da  and Buli-minel la eleyantissima and 

i s  therefore un l i ke  the bay or bayl inner-shel f  b lo fac ies  o f  t h i s  study. The 

group I 1  and group 111 faunal assemblages i n  the Chukchi Sea (Cooper, 1964) 

resemble the bay and bayl innet-shel f  b i o fac i  es I n  Norton Sound, a1 though 

Cooper's groups a re  no t  so c l e a r l y  defined o r  res t r i c ted .  



Other faunal and f l o r a l  groups recognized are  p l a n t  fragments, l a r g e r  

i n v e r t e b r a t e  fragments, ostracods, diatans, and t j n t i n n j d s .  P lan t  fragments 

were present  i n  every sample and very h igh  abundances were observed I n  

r m p l e s  fran near t h e  Yukon de l ta .  l a r g e r  inver tebra tes  inc lude ;on tuber, 

crustaceans, and mol ~ U S ~ S ,  present throughout Norton Sound and genera l l y  the 

o n l y  1 i v i  ng (s ta ined)  component of the assemblages. Ostracods were considered 

separa te ly  f r a n  the other  inver tebra tes ;  this faunal group i s  concentratml 

I n  the  eas tern  p a r t  of Norton Sound, where they make up as much as one- 

f o u r t h  of the  faunas ( f i g .  8). Elsewhere I n  Norton Sound, ostracods were 

o n l y  minor  caponen ts  ( ~ 5 % ) .  Larger  diatans, which occur I n  the foramini fera1 

residues, a re  present  throughout and increase i n  abundance from east t o  wes t  

as the  water becomes deeper and more normal marine ( f i g .  8). Smear s l i d e s  

conta ined oceanic, n e r i  t i c  marine, benth ic  marine, and freshwater diatans; 

no p a r t i c u l a r  p a t t e r n  has y e t  been recognized. T i n t i n n i d s  ( T i n t  innopsis  

f imbr ia ta )  a r e  minor members o f  a l l  assemblages, except i n  a few samples 

fran t h e  extreme eas tern  p a r t  o f  Nor ton  Sound ( f i g .  8).  where the  t i n t i n n i d s  

make up as much as o n e - f i f t h  of the organic remains. Abundant t i n t i n n i d s  

s r e  a l s o  found i n  the  depression south of Nome, a d i s t r i b u t i o n  t h a t  probably 

reflects t he  cu r ren t  p a t t e r n  and t ranspor t  of f ine-gra ined sediment. Echo1 s 

and Fowler (1973) repor ted t h i s  same species i n  the  Chukchi Sea and note  

t h a t  i t  may be used as an f n d i c a t o r  of Yukon R i v e r  sediment. 



Holocene transgresion 

Ref inment o f  the shallow-water blofacies serves as a basis f o r  i n te rp re t ing  

env i romenta l  changes dur ing the Holocene transgression, F ive cores from 

df f f e r e n t  par ts  of Norton Sound were selected f o r  study. I n  these- cores the 

b i o l o g ~ c  changes, p a r t i c u l a r l y  i n  the benthic foraminifera1 faunas, were 

examined and re1 a ted t o  paleoenvi romenta l  condi t ions t o  provide a clearer 

p i c t u r e  of the t r s n s i  t i o n  taking p lace  during the transgression. Sample 

preparat ion was the same as for  the surface samples discussed previously, 

Core 7&22 ( f i g .  2 )  was northwest of the present Yukon de l ta  ( l a t  

63.21° N., long 165,50° W . )  in an area now dominated by the bay 6iofacies. 

Subsurface samples were taken a t  about SO-cm i n t e r va l s  k b e e n  -2 and -513 

cm. Faunal analyses ind ica te  a progression frm an in terva l  dominated by 

p l a n t  fragments, assumed t o  represent a nomarine enviroment (-513 cm), t o  

one dominated by the delta biofacies (-450 t o  -250 cm). The benthic foramfn i fera l  

assemblages i n  t h i s  foss i l i f e rous  I n te r va l  also contained a few species o f  

the bay b io fac ies  and the t r ans i t i ona l  b io tope o f  Anderson (1963). Samples 

between -250 and -50 cm were dominated by p lan t  fragments. One specimen of 

Eqqerel la advena occurred a t  -200 crn, and several diatoms were present i n  

t he  sample a t  -250 cm. The sample a t  -2 un was, as expected, dominated by 

bay species and .included ra re  del t a  species. 



Core 76-145 ( Inc lud ing 76-1458) was northeast o f  the present Yukon 

d e l t a  ( l a t  63.22' N., long 163.07' Y.; f i g .  2),  i n  an area dominated by the 

delta bfofacies. Subsurface samples were a t  -3, - 9 ,  -10, -15, -20, and -85 ' 

cm; the beginning o f  the  Holocene transgression was not reached-In this 

core. The lowest sample (-85 cm) contained an assemblage cmposed of 60  

percent bay species and 40 percent de l t a  species. Plants were the only 

orqanic remains i n  the samples a t  -20 and -15 an. The higher samples 

(-10, -9, and -3 cm) were a l l  dominated by de l t a i c  species, which make up 

the modern Norton Sound faunas i n  t h i s  area ( f i g .  10). 

Core 78-3 and core 77-17 were south of Nome, Alaska ( l a t  64,5S0 N o B  

long 165.29" W., and l a t  64.05' N., long 165.29" W . ,  respectively; f i g .  Z), 

i n  an area dominated by the bay biofacies. Assemblages containing as much 

as 20 percent bayl inner-shelf  b iofacies were obtained j u s t  east o f  these 

r i t e s ,  and assemblages dominated by the delta bio fac ies  just west of  the 

s i tes .  Information from core 77-17 was used t o  supplement the unsarnpled 

p a r t  of core 7&3. Samples i n  core 78e3 were taken a t  approximately 50-m 

i n t e r v a l s  between -100 and -550 cm; core 77-17 was sampled a t  50-cm i n t e r va l s  

fran -5 t o  -130 cm. The Holocene transgression begins above the p lant -  

duninated assemblages a t  -30 cm I n  core 78-3 (C. H. Nelson, o ra l  cannun., 

1980). The benthic foraminifera1 assemblages between -5 and -300 an i n  

these cores are domjnated by species i nd i ca t i ve  of the bay biofacies.  

Evidence o f  an i n i t i a l  de l ta  fauna was not found i n  these cores. A minor 

nunber of bayl inner-shelf  species appeared a t  -5 em. Delta species also 

appear as minor canponents i n  the assemblages a t  -50 and -5 cm. No plant-  

f r rgmnt-dominant fntewal  was ev ident  I n  the upper par t  of the core ( f i g .  

11). 



Core 78-15 was west of Port Clsrence ( l a t  65.14* N., long 167.25O W , ;  

f i g .  2) ,  i n  an area non d m f n a t e d  by bay and bay / inner -she l f  species. The 

Holocene t ransgress ion  begins above the  pea t  a t  -144 cm (C. H, Nelson, o r a l  

c m n . ,  1980). The upper p a r t  of the core was sampled a t  -130, -80, -30, 

and -3 em. Benth ic  foramini fers a t  -130 cm represent  the  d e l t a  b io fac ies .  

The d e l t a  assemblage 1s o v e r l a i n  by p l a n t  dominated i n t e r v a l s  a t  -80 and -30 

cm. The h ighest  sample resembles the  modern fauna I n  t h i s  area: 17 percent  

d e l t a  b i  ofacies, 67 percent  bay bi  ofaci  es, and 15  percent bay/inner-she1 f 

b i o f a c i e s  ( f i g .  12). 

PALEOEf4VIRONMENTAL INTERPRETATION OF THE HOLOCENE TRANSGRESSION 

B i o f a c i e s  ana lys i s  of these f i v e  cores i nd i ca tes  changes i n  the b i o l o g i c  

and phys ica l  condi t i o n s  of Norton Sound. Two benth ic  assemblages a re  recognized 

i n  t he  cores examined. The lower benthic fo ramin i fe ra1  faunas i n d i c a t e  

b i o f a c i e s  pa t te rns  t h a t  d i f f e r  from the modern pa t te rn ;  the upper benth ic  

f oramini f e r a l  faunas resemble modern faunas and represent s i m i l a r  b i o f a c i e s  

pat terns.  The t w o  assemblages a r e  separated by several p lant- f ragment-r ich 

i n t e r v a l s  i n  a l l  cores b u t  one. 



Yhen t h e  Shpanberg S t r a l t  was breached, marine waters  encroached f r a  

the  south. The l n i  t i a l  benth ic  f o ramin i fe ra l  faunas i n d i c a t e  very shallow 

wa te r  depths (410 m) and low sat I n 1  t l e s ;  these i n i t i a l  faunas were obsenied 

o n l y  I n  the western cores (7&22,  78-15). The next fauna t o  appear- Is  

danfnatd  by species of the bay b i  ofac ies .  Envi r o m e n t a l  changes Included 

Increased water  depths and fncreased s a l i n i t i e s .  The presence o f  bay/inner- 

s h e l f  and trans4 t i o n a l  species i n  severa l  lower samples suggests t h a t  t rans-  

gressive water depths reached t h e  present l e v e l  o r  tha t  s a l i n i t i e s  increased 

t o  31° /oe .  

In cores 7 b 2 2 ,  76-145, and 7&15, an i n t e r v a l  barren of benthic forarni- 

n i f e r s  and dominated by plant fragments separates the l o w e r  from t h e  upper 

assemblages and a b r u p t l y  alters the  k n t h i c  f o r a m i n i f e r a l  assemblages. Th i s  

change i n  faunas may i n d i c a t e  the t i m e  a t  which the  Yukon R i v e r  began a c t i v e l y  

t o  Inf luence the water q u a l i t y  and sedimentat ion i n  Norton Sound (Nelson, 

t h i s  volume). The upper benthic forami ni f e r a l  assemblages and b i  o f a c i  es 

pa t te rns  resemble modern assemblages and pat terns.  The modern fo ramin i fe ra l  

assemblage i s  s t r o n g l y  in f luenced by the Yukon River .  



Concl uslons 
* Three b ~ o f a c i e s  can be r e c q n l z e d  f n  the shal low w a t e r s  o f  Nor ton 

Sound: bay, bayl inner-shel f ,  and de l ta .  The faunal  specles and the di  s t r i -  

b u t i a n  of  the b io fac ies  a r e  influenced by such physical fac tors  as u l i n i  t y ,  

water temperature, and sedimentation. These modern b i o f a c f  es a r e  use fu l  i n  

I n t e r p r e t i n g  the paleoenvi rormental  condi t i  ons I n  Norton Sound since the 

Holocene t ransgress ion  began. As sea level rose Norton Sound was f i rs t  

occupied by low-sal i n i  ty waters t h a t  became progressively more marine and 

deeper. Then water  q u a l i t y  o r  sediment regime changed possibly because o f  

changes i n  the  Yukon River  discharge and formation o f  the modern 7obe about 

2,500 B.P, (Nelson, t h i s  voturne). Above t h e  l e v e l  of  t h i s  change, benth ic  

f orami n i  f e r a l  assemblages have the same d i s t r i b u t i o n  and i n t e r r e t  a t i ons  as 

t h e  modern faunas. 
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Plate 1 

P s m s p h a e r a  fusca Schulzc,  sample Mf3928, 0-1 an. Bar  equa l s  100 urn. 

P r o t o s c h i s t a  f indens  (Parker), sample Mf3928, 0-1 cm, Bar equa ls  100 

m. 

Reophax a r c t f c a  Brady, sample Mf3934, 0-1 em. Bar equa l s  100- urn. 

Reophax cu r tu s  Cushman, sample Mf5036, 0-1 m. Bar equa l s  100 urn. 

Rewhax sco t t f  Chas te r ,  sample Mf3934, 0-1 an. Bar e q u a l s  100 um. 

Reophax subfirsfformis Earland,  sample Mf3934, 0-1 cm. Bar equa l s  300 

Un. 

Milliammina - fusca  ( ~ r a d y ) ,  sample Mf3934, 0-1 an. Bar equals 300 urn. 

Ammotiurn c a s s i s  (Parker), sample Mf3934, 0-1 on. Bar equal; 300 urn. 

Jrochammina n i t i d a  Brady, sample Mf5028, 0-1 an. Bar equa l s  30 urn. 

E ~ g e r e l  l a  advena (Cushman), sample Mf3934, 0-1 em. Bar equa l s  100 urn. 

Quinqueloculina sp., sample Mf5036, 0-1 an. Bar equals 30 um. 

Quinsuelocu1 i na subrotunda (Montagu), sample Mf3934, 011 an. Bat 

q u a l s  100 um. 

Gu t tu l i na  l a c t e a  (Walker and Jacob), sample Mf3928, 0-1 un. Bar equa ls  

30 urn. 

Gut tu l lna  a u s t r i a c a  d80rbigny, sample Mf3934, 0-1 cm. Bar equals 100 

urn. 

O f  scorbis  baccata  (Heron-A1 l e n  and Ear land) ,  sample Mf3928, 0-1 un. 

Bar equals 30 urn. 

Neoconbrina sp., sample Mf3934, 0-1 em. Bar equa ls  100 urn. 

Buccel la  f r i g i d a  (Cushman), sample Mf3934, 0-1 cm. Bar equa l s  100 urn. 

Elphidium b a r t l e t t i  Cushman, sample Mf3934, 0-1 cm. Bar equals 100 urn. 

Elphidium clavaturn Cushman, sample Hf5028, 0-1 an. Bar e q u a l s  30 um. 

Elphidium albiumbil icatum (Weiss), sample Mf3934, 0-1 a. Bar equals  

100 urn. 



F igu re  1.--Index map of study area i n  nor thern  Ber lng Sea and southern 

Chukchi Sea. 

F jgu re  2 . - i o c a t i o n s  of surface samples (A) and cores (0). Eas t -wes t  and 

nor th-south l l n e s  i n d i c a t e  cross sect ions i n  f i gu res  6 and 7; 

F i g u r e  3 . - -D is t r i bu t i on  of bay b lo fac ies  i n  Norton Sound. Percentage of 

lndicsttve bay spechens i n  each sample i s  contoured t o  show d i s t r i b u t i o n  

pattern,  

F i g u r e  4 . - 4 i s t r i b u t i o n  of bay l inner -she l f  b i o f a c l e s  i n  Norton Sound. 

Percentage of i n d i  c a t i v e  bayl inner-she1 f speclrnens Jn each sample i s  

contoured t o  show d i s t r i b u t i o n  pa t te rn .  

F i g u r e  5.--Distribution of de l ta  b io fac ies  i n  Norton Sound. Percentage o f  

I n d i c a t i v e  delta specimens i n  each sample i s  contoured t o  show d i s t r i b u t i o n  

pa t te rn .  

F igu re  6.--For&minl f e r a l  c a p o s f  t i o n  and  depth. Yest-to-east t ransect  

through Norton Sound shows t h a t  percentage o f  bay/i  nner-s he1 f speci  es 

(vertical l i n e s )  i n  surface samples decreases as wate r  depths decrease. 

whereas percentage of t he  bay (do ts )  and d e l t a  (ho r i zon ta l  l l n e s )  

species increases. The unpatterned a r e a  represents those species no t  

associated w i t h  any of the th ree recognized b i o f a c i e s .  

Figure 7.--Foramlni f e r a l  composl t i o n  snd depth. North-to-south t ransect  

through Norton Sound shows t h a t  bayl inner-she1 f spec i  es ( v e r t i c a l  

l i n e s )  occur on l y  i n  deeper no r the rn  p a r t  of Norton Sound and t h a t  

percentage of d e l t a  spec ies (ho r i zon ta l  l i n e s )  i n c r e a s e s  rapldly near 

the Yukon R i v e r .  Only a small percentage o f  fo ramin i fe ra1  faunas i s  
4 

not sssoc4ated w4 t h  one of the  r e c q n i z e d  b i  o fac ies .  







Flgure 0.--Distr ibut ion o f  assoclrted micro foss l l  groups. Ostracods and 

t f n t i n n l d s  were canisn f n  eastern pa r t  of Norton Sound. whereas d l a t m s  

were common f n  samples from western part. . 

f fgure 9. --Faunal cmpos 1 t i o n  of core 78-22. Forami n i  feral assemblages i n  

lower part of core are dominated by delta species (hor izonta l  l i nes ) ;  

bay species (dots) rnd species representing transitional blotope of 

Anderson (1963) are also present. Above i n te r va l  o f  p lan t  fragments, 

benthic foraminf feral species of bay b i  ofacies predmlnate. 

Figure 10. --Faunal canposf t f  on of core 76-145 (Includf ng care 76-1458). 

Foraminifera1 assemblages i n  lower p a r t  of 'core contain nearly q u a 1  

proport ions of d e l t a  (hor izontal  l f nes )  and bay (dots) species. Above 

Interval  o f  p lan t  fragments, delta species predominate. 

Flgure 11.--Fsunal canposi tion of  cores 78-3 and 77-17. Benthic f o r m i n i  f e ra l  

species charac te r i s t i c  of  bay b i  ofacies (dots) predominate throughout, 

~ l ~ u r e  12.--Faunal canposl t l o n  of core 78-15. Benthlc foraminl f e ra l  rpeci es 

charac te r i s t i c  of d e l t a  biofacles (hor izontal  l f nes )  predominate In 

rssemblages below plant-fragment-dominatd in te rva l ,  whereas bay 

(dots) p r d a n i  nate above. 
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INTRODUCTION 

Nor ton  Sound i s  a large s h a l l o w  r e e n t r a n t  o f  t he  Bering Sea w i t h  water 

d e p t h s  of  less t h a n  2 5  rn, m o s t l y  less than 2 0  m, over an area of 2 4 , 0 0 0  km2 - 
( F i g  I .  Sed imen t  is primarily derlved fran t h e  Yukon R i v e r ,  one o f  t h e  

largest s o u r c e s  i n  Nor th  America,  and  d i s c h a r g e s  v i a  t h e  a c t i v e  Yukon D e l t a  

lobe i n  s o u t h e r n  Nor ton  Sound (Dupre ,  t h i s  vo lume) .  Much of t h i s  s e d i m e n t ,  

h w e v e r ,  h a s  a s h o r t  r e s i d e n c e  t i m e  i n  t h e  Nor ton  B a s i n ;  i n s t e a d ,  it is 

t r a n s p o r t e d  northward i n t o  t h e  Chukchl  Sea b y  t h e  Alaskan  C o a s t a l  Water  

( N e l s o n  and  Creager, 1 9 7 7 )  that f l w s  n o r t h  a l o n g  t h e  -st side of t h e  Yukon 

D e l t a  and Nor ton  Sound. Thus ,  a l t h o u g h  t h e  Yukon D e l t a  i s  p r e s e n t l y  

p r o g r a d ~ n g  i n t o  Nor ton  Sound, r e l a t i v e l y  l i t t l e  s e d i m e n t  is  a c c u m u l a t i n g  

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

s t o r m - s u r g e  e v e n t s  a n d  c a r r i e d  off by strong g e o s t r o p h i c  c u r r e n t s  (Drake 

e t  a l . ,  1 9 8 0 ) .  T h i s  is  an  a t y p i c a l  d e l t a - i n f l u e n c e d  s y s t e m  because t h e  d e l t a  

i s  b u i l d i n g  into a n o n - s u b s i d i n g  d e p o s i t i o n a l  basin a c r o s s  a s equence  of 

r e l i c t  s e d i m e n t s  t h a t  were subaer i a l l y  exposed  d u r i n g  P l e i s t m e n e  t ime  (Ne l son  

a n d  C r e a g e r ,  1 9 7 7 ) .  

Sediment facies  i n  t h e  wedge of d e l t a - f r o n t  platform deposits and 

prodelta b i o t u r b a t e d  muds are def ined  i n  t h i s  paper. P a s t  c h a n g e s  i n  s e a  

l e v e l  and progradation of the d e l a t i c  f a c i e s  h e r e  r e s u l t  i n  a n  a l t e r n a t i n g  

stratigraphic sequence  of n e a r s h o r e  and  off s h o r e  f ac i e s .  

Sed imen t  c o r e s  i n  Nor ton  Sound were c o l l e c t e d  u s i n g  a  Naval  E l e c t r o n i c s  

Lab (NEL) box c o r e r  m o d i f i e d  f r a n  t h e  o r i g i a l  K a s t e n g r i f e r  of W i n e c k  

(1963) .  The box c o r e  is c a p a b l e  of t a k i n g  a large ( 2 0  x 30 x 64  cm) 

u n d i s t u r b e d  core. However, maximum p e n e t r a t i o n  of 6 4  cm was r a r e l y  achieved 

because of substrate r e s i s t a n c e .  
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ABSTRACT 

Sedimenta t ion  i n  an  e p i c o n t i n e n t a l  sea i n f l u e n c e d  by d e l t a i c  p r o g r a d a t i o n  
i s  exempl i f i ed  by the Norton Sound-Yuk n De l t a  r eg ion .  Norton Sound i s  a 
l a r g e  embayment of more than 24,000 lcmq with  water  dep ths  of leas than  25 m. 
The Yukon D e l t a ,  on t h e  s o u t h  s i d e ,  i s  a major North American source  of 
sediment t h a t  e n t e r s  t h e  Sound. P r o g r a d a t i o n a l  d e p o s i t s  on the seaward p a r t  
of t h e  d e l t a  are h i g h l y  reworked by s to rm waves and c u r r e n t s ,  and s e r v e  a s  a  
model f o r  a d e p o s i t i o n a l  sequence t h a t  encroaches  on a shallow s h e l f .  To 
d e s c r i b e  t h e  primary p h y s i c a l  and b iogen ic  sedimentary  s t r u c t u r e s  of t h e  
s e v e r a l  facies i n  this ernbayment, we u t i l i z e d  X-ray radiographs, relief c a s t s ,  
and g r a i n - s i z e  a n a l y s e s  of 83 box c o r e s .  

Primary p h y s i c a l  sedimentary  s t r u c t u r e s  a r e  best developed i n  and 
a d j a c e n t  t o  t h e  Yukon Delta and i n c l u d e  p a r a l l e l -  and r ipp le - l amina ted  sand 
and s i l t  and crossbedded sand. Biogenic sed imenta ry  s t r u c t u r e s  are found 
th roughout  Norton Sound and,  i n  t h e  n o r t h e r n  p a r t ,  complete ly  o b l i t e r a t e  
p h y s i c a l  sedimentary  s t r u c t u r e s .  B i o t u r b a t i o n  c l o s e  t o  t h e  n o r t h e r n  s h o r e l i n e  
s u g g e s t s  t h a t  r a t e s  of s e d i m e n t a t i o n  t h e r e  a r e  low. Dominance of p h y s i c a l  
s t r u c t u r e s  nea r  the delta r e s u l t s  from (1) i n c r e a s e d  wave and c u r r e n t  energy 
i n  t h i s  very shal low water ,  ( 2 )  reduced b i o l o g i c a l  a c t i v i t y  i n  b rack i sh  water ,  
and ( 3 )  i n c r e a s e d  r a t e s  of d e p o s i t i o n .  As a r e s u l t ,  t h e  Holocene 
progradational sequence in Norton Sound c o n s i s t s  of basal beds w i t h  well- 
developed p h y s i c a l  s t r u c t u r e s  d e p o s i t e d  dur ing  lower e u s t a t i c  sea l e v e l ,  a  
thin middle i n t e r v a l  of b i o t u r b a t e d  mud and a t h i c k  upper s e c t i o n  of 
s t r u c t u r e d  beds d e p o s i t e d  by t h e  prograding d e l t a .  



Clean  sand  ( l e ss  t h a n  10b s i l t  and clay) I s  l i m i t e d  m o s t l y  t o  t h e  delta-  

f r o n t  p l a t f o r m  a n d  t h e  sea f loor  on t h e  w e s t e r n  s i d e  of Norton Sound 

( F i g .  3 ) .  As d i s c u s s e d  by !3upr& and Thompson (1979 ) ,  c l e a n  saKd on t h e  Yukon 

Delta f r o n t  is the r e s u l t  of wave r ework ing  t h a t  removes t h e  f i n e r  f r a c t i o n .  

The p r e s e n c e  of c l e a n  s a n d  t o  the s o u t h w e s t  of the d e l t a  and i n  t h e  tongue i n  

t h e  s o u t h w e s t  p a r t  o f  the study area ( F i g .  31 r e f l e c t s  t h e  c u r r e n t  s h e a r  of 

t h e  Alaska  C o a s t a l  Water on  t h e  e a s t e r n  s i d e  of Shpanberg  S t r a i t  as the water 

moves toward  t h e  B e r i n g  S t r a i t  and i n t o  the Chukchi  Sea. C u r r e n t s  i n  t h i s  

a r e a  d u r i n g  s t o r m s  r e a c h  1 0 0  cm/s a n d  a r e  more t h a n  a d e q u a t e  t o  remove t he  

s i l t  and c l a y  f r a c t i o n s  (see F i g .  1 of Ne l son ,  t h l s  volume). 

S i l t y  s a n d  that d o m i n a t e s  most  o f  t h e  w e s t e r n  o p n  a r e a  o f  Norton Sound 

i s  l i k e w i s e  a r e f l e c t i o n  of t h e  i n f l u e n c e  o f  t h e  Alaskan Coastal Water. The 

e a s t e r n  margin  of the s i l t y  sand i n  t h i s  a r e a  appears t o  mark t h e  * s t e r n  edge  

of t h e  p r i n c i p a l  p a t h  o f  t h e  north-moving water mass c o n t a i n i n g  Yukon 

sed imen t .  Elsewhere  i n  Nor ton  Sound t w o  p a t c h e s  of s i l t y  s a n d  a p p e a r  t o  be 

c o n t r o l l e d  by ba thymet ry .  

Sandy silt makes up most of t h e  c e n t r a l  Nor ton  Sound area. The  

d i s t r i b u t i o n  p a t t e r n  fo r  t h i s  s e d i m e n t  shows ( 1 )  t h e  i n f l u e n c e  of s e d i m e n t  

del ivered from the Yukon R i v e r  d i s c h a r g e ,  ( 2 )  t h e  r e d u c e d  c u r r e n t  speed of t h e  

d a s k a n  C o a s t a l  Water ,  and ,  ( 3 )  t h e  p r e s e n c e  o f  a t r o u g h  d e e p e r  t h a n  20  rn 

water  depth o r i e n t e d  roughly e a s t - w e s t  i n  t h e  n o r t h - c e n t r a l  part o f  t h e  Bas in .  

Silt is t h e  d m i n a n t  s e d i m e n t  a l o n g  t h e  e a s t e r n  marg in  of Norton sound - 
n o r t h  of St. Michae l s .  The a r e a  is  a p r o t e c t e d  c o r n e r  of t h e  Sound without a 

local  s a n d  source. 

I n  s p i t e  of t h e  d i s t i n c t  and  r e c o g n i z a b l e  d e p o s i t i o n a l  patterns t h a t  

emerge f r cm t h i s  mapping of t e x t u r e s  fran box-core samples, it i s  i m p o r t a n t  to 

point out that  t h e  box cores r a r e l y  p e n e t r a t e d  more t h a n  3 0  c m .  mom our 
4 



INTRODUCTION 

Norton Sound i s  a  large sha l low r e e n t r a n t  o f  t h e  Ber ing Sea w i t 6  wa te r  

depths  of less than 2 5  m ,  most ly  less than 2 0  m ,  over an  a r e a  of 2 4 , 0 0 0  km2 

( F i g .  1 ) .  Sediment is primarily derived from the Yukon River ,  one of t h e  

l arges t  sources i n  North America, and d i s c h a r g e s  v i a  the  a c t i v e  Yukon Del ta  

lobe i n  s o u t h e r n  Norton Sountl (Dupre, t h i s  volume).  Much of t h i s  sediment ,  

hcwever, h a s  a s h o r t  residence time I n  the Norton Basin; i n s t e a d ,  it i s  

t r a n s p o r t e d  northward i n t o  t h e  Chukchi Sea by t h e  Alaskan C o a s t a l  Water 

 elso son and Creager, 1977) that f l m s  n o r t h  a l o n g  t h e  *st s ide  of t h e  Yukon 

Delta and Norton Sound. Thus, a l though  the Yukon Delta is p r e s e n t l y  

prograding i n t o  Norton Sound, r e l a t i v e l y  l i t t l e  sediment  i s  accumulat ing 

beyond the d e l t a  front because large quant i t ies  of sediment  are resuspended by 

storm-surge e v e n t s  and  carr ied  off by s t x o n g  g e o s t r o p h i c  c u r r e n t s  (Drake 

e t  a l . ,  1 9 8 0 ) .  T h i s  is  an a t y p i c a l  d e l t a - i n f l u e n c e d  sys t em because t h e  d e l t a  

i s  b u i l d i n g  i n t o  a non-subsiding d e p o s i t i o n a l  b a s i n  across a sequence of 

relict sed iments  that were subaer  i a l l y  exposed d u r i n g  P le  i s t m e n e  time (Nelson 

and Creager, 1 9 7 7 ) .  

Sediment facies i n  the wedge of  d e l t a - f r o n t  platform d e p o s i t s  and  

p r o d e l t a  bioturbated muds are d e f i n e d  i n  t h i s  paper. Past changes  i n  sea 

l e v e l  and p r o g r a d a t i o n  o f  t h e  de l a t i c  facies  here result i n  a n  a l t e r n a t i n g  

s t r a t i g r a p h i c  sequence of nearshore  and o f f s h o r e  f a c i e s .  

Sediment c o r e s  i n  Norton Sound were c o l l e c t e d  u s i n g  a  Naval E l e c t r o n i c s  

Lab ( N E L )  box c o r e r  m o d i f i e d  £ran the o r i g i a l .  K a s t e n g r i f e r  of k i n e c k  

( 1 9 6 3 ) .  The box c o r e  i s  capab le  of t a k i n g  a l a r g e  ( 2 0  x 30  x 64  cm) 

u n d i s t u r b e d  c o r e .  However, r n a x i m m  p e n e t r a t i o n  of 64 an was r a r e l y  ach ieved  

because of substrate res i s tance .  



i n t e r b e d d e d  s a n d  and mud a r e  a l s o  i m p o r t a n t  bedd ing  types. Most of  t h e  box 

c o r e s  were t a k e n  in w a t e r  10 m d e e p  o r  more and lie i n  t h e  p r d e l t a  f a c i e s  of  

Duprh ( t h i s  volume) .  C o r e s  on t h e  d e l t a  f r o n t  ( 2 9 ,  47A, 49 ,  61, 157,  and 1 5 0 )  

. 
a r e  m o s t l y  c h a r a c t e r i z e d  by r ipple  and p a r a l l e l  l aminae  t h a t  r e f l e c t  wave 

r ework ing .  C o r e s  49  and  61, which a r e  w e l l  b i o t u r b a t e d ,  are obv ious  

exceptions, b u t  t h e y  occur a t  t h e  margin  of a now-abandoned d e l t a  

d i s t r i b u t a r y  . 
B i o g e n i c  Sed imen ta ry  Structures 

Organisms have  s i g n i f i c a n t l y  a f f e c t e d  the  s u r f a c e  sediment of Nor ton  

Sound. F i g u r e s  2 and 4  d e p i c t  t h e  i n f l u e n c e  o f  b i o g e n i c  a c t i v i t y  i n  t h r e e  

ways. Figure 2 s h m s  t h e  d e g r e e  of b i o t u r b a t i o n  i n  s p e c i f i c  l a y e r s  of t h e  

c o r e s  and  t h e  specific biogenic s e d i m e n t a r y  s t r u c t u r e s  r e c o g n i z e d  from 

e x a m i n a t i o n  of peels and X-ray r a d i o g r a p h s :  Figure 4  i l l u s t r a t e s  t h e  b a s i n -  

wide p a t t e r n  of  b i o t u r b a t i o n .  Because t h e  c o r e s  were t a k e n  w i t h o u t  an  

a c c m p a n y i n g  toological s t u d y ,  t h e  s p e c i f i c  origin of many of the biological 

s t r u c t u r e s  1 s  unknown, b u t  s a n e  have been i d e n t i f i e d  i n  a n o t h e r  s t u d y  w i t h  

a s s o c i a t e d  biological research (Nelson e t  a l . ,  i n  p r e s s ) .  I n  a d d i t i o n ,  t h e  

i d e n t i t y  o f  sane o r g m i s m s  can be i n f e r r e d  based on core s t u d i e s  frun o t h e r  

a r e a s  and  from s t u d i e s  of s p e c i f i c  o r q a n i s n s  i n  s e d i m e n t - f i l l e d  aqdaria 

(Howard and W e y ,  1 9 7 5 a , b ) .  

Most o b v i o u s  i n  t h e  Nor ton  Sound box c o r e s  i s  t h e  widesp read  x c u r e n c e  of 

total b i o t u r b a t i o n  (Fig. 4 ) .  I n  the area shown as 90% b i o t u r b a t e d  t h e r e  i s  

l i t t l e  e v i d e n c e  of primary p h y s i c a l  s e d i m e n t a r y  s t r u c t u r e s  e x c e p t  f o r  an  

o c c a s i o n a l  h i n t  of remnant  s t r a t i f i c a t o n .  T h i s  degree of b i o t u r b a t i o n  i s  

c h a r a c t e r i s t i c  o f  a r e a s  t h a t  l i e  b e l w  wave b a s e  o r  t h a t  a re  receiving v e r y  

little new sed imen t .  I n  t h e  case of Norton Sound, t h i s  i n t e n s i t y  of 

b i o t u r b a t i o n  is  probably due  t o  very l a w  rates of a c c u m u l a t i o n ,  i n  places 



exper ience  with box c o r i n g  i n  a wide var i e ty  o f  envixonments,  t h i s  i n d i c a t e s  

hard s u b s t r a t e s  and probably l o w  r a t e s  of sed imenta t ion .  Xn fine-grained 

sediment ,  as most o f  t h e s e  a r e ,  sediment d e p o s i t e d  r a p i d l y  is  r e l a t i v e l y  - 
e a s i l y  p e n e t r a t e d .  Fur thermore,  r e c e n t l y  acquired v h r a c o r e s  used i n  Norton 

Sound, which provide deeper  p e n e t r a t i o n ,  show t h e  presence of deep f a c i e s  

different fran t h o s e  t h a t  e x i s t  tcday. Radiocarbon d a t e s  s u b s t a n t i a t e  t h a t  

p resen t -day  s e d i m e n t a t i o n  i n  Norton Sound is low e x c e p t  f o r  t h e  immediate 

v i c i n i t y  of t h e  d e l t a  (see Figs. 3 and 4B of Nelson, t h i s  volume).  

P l a n t  fragments a n d  s h e l l s  a r e  a c c e s s o r y  sediment  ccmponents found i n  t h e  

Norton sound box c o r e s .  Thin l a y e r s  of p l a n t  material occur i n  f o u r  c o r e s  on 

t h e  d e l t a  margin. A l l  of t h i s  m a t e r i a l  is a p p a r e n t l y  derived from the d e l t a ,  

which c o n t a i n s  abundant organic d e t r i t u s  in p l a t f  o m  and channe l  sediment.  

Shells and s h e l l  fragments are found i n  cores throughout  t h e  Sound. M o s t  

a r e  s i n g l e  or broken v a l v e s  of pelecypods,  and  sane are whole gas t ropod  

s h e l l s .  The s h e l l s  appear t o  be mainly s torm t r a n s p o r t e d  and reworked i n t o  a 

b i o t u r b a t e d  matrix. A few a r t i c u l a t e d  pelecypods and she l l s  i n  growth 

positions a r e  observed.  

P h y s i c a l  Sedimentary S t r u c t u r e s  

Most of the Nor ton  Sound box c o r e s  are 90% b i o t u r a t e d  and t h e  m a j o r i t y  

a r e  e n t i r e l y  reworked b y  b e n t h i c  organisms. It thus a p p e a r s  t h a t  r a t e s  of 

s e d h e n t  a c c m u l a t i o n  are l w  i n  most of Norton Sound. Primary p h y s i c a l  

sed imenta ry  s t r u c t u r e s  a r e  abundant o n l y  i n  t h e  v i c i n i t y  of t h e  Yukon D e l t a  

where b e t t e r  sorted, c l e a n e r  sand occurs. Daninance of p h y s i c a l  over b i o g e n i c  

a e d i n e n t a r y  structures is  a p p a r e n t l y  i n  response t o  sha l lower  water  where wave 

reworking,  r a p i d  d e p o s i t i o n  and l w - s a l i n i t y  wa ta r  i n h i b i t  b i o t a  developnent  

w the d e l t a  front. Wave-formed ripple laminae and p a r a l l e l  laminae a r e  t h e  

predminant  physical sedimentary  s t r u c t u r e s ,  but crossbedded sand and 



s t r u c t u r e s  b e c a u s e  p o l y c h a e t e s  are somewhat l i m i t e d  i n  t h e  v a r i e t y  of p a t t e r n s  

they c a n  c r e a t e .  

. 
Amphipods c r e a t e d  U-shaped bu r rows ,  b r a n c h i n g  burrows and t h e  amphipod 

b i o t u r b a t i o n  in t h e  Norton Sound c o r e s .  T h i s  c o n c l u s i o n  i s  b a s e d  on 

c a n p a r i s o n s  w i t h  c o r e s  from o t h e r  a r e a s  where more d e t a i l e d  s t u d i e s  have been 

c a r r i e d  o u t  (Howard and Frey, 1 9 7 5 a , b ) .  Also, i n  s e v e r a l  of the c o r e s  

c o n t a i n i n g  these  s t r u c t u r e s  we found l i v i n g  amphipods. Amphipod-created 

s t r u c t u r e s  a r e  present t h r o u g h o u t  Norton Sound, b u t  a r e  l e a s t  abundan t  i n  t h e  

v i c i n i t y  of t h e  Yukon D e l t a  and  i n  t h e  muddy c o a r s e r  s ed imen t  i n  t h e  n o r t h w e s t  

part o f  t h e  b a s i n .  The U-shaped bu r rows  a t t r i b u t e d  t o  amphipods a r e  most  

a b u n d a n t  i n  the  n o r t h e a s t  part of t h e  Sound, a l t h o u g h  some s imi l a r  a p p ~ a r i n g  

s t r u c t u r e s  were a l s o  found i n  c o r e s  £ r a n  t h e  c e n t r a l  part of Norton Sound. As 

is t r u e  of p o l y c h a e t e  b u r r o w s ,  v a r i o u s  species of  amphipods a r e  c a p a b l e  o f  

making s i m i l a r  s t r u c t u r e s .  

A b i o g e n i c  s t r u c t u r e  referred t o  a s  " s t r e a k e d  b i o t u r b a t i o n "  was a  

p r a n i n e n t  f e a t u r e  i n  f i v e  c o r e s  in the w e s t e r n ,  open p a r t  of Norton Sound. 

~ l t h o u g h  not specifically i d e n t i f i e d ,  i t  i s  l i k e l y  t h a t  t h i s  structure was 

formed by b r i t t l e  stars ( o p h i u r o i d s )  because of  i t s  s t r o n g  s i m i l a r i t y  t o  

f e a t u r e s  known t o  be formed by t h i s  o r g a n i s n  e l s e w h e r e  (Howard and R-ey, 

' 1975b) .  Another v e r y  r e s t r i c t e d  f o r m ,  r e f e r r e d  t o  as " c o n c e n t r i c - w a l l e d  

bu r rows , "  occurs i n  the v i c i n i t y  of t h e  Yukon D e l t a .  T h i s  burrow i s  v e r y  

similar to a s t r u c t u r e  found i n  a p r e v i o u s  s t u d y  (Howard and  W e y ,  19755) 

w h i c h  was r e f e r r e d  t o  a s  u n i d e n t i f i e d  w o r m  bur row,  possibly formed by the 

p o l y c h a e t e  Nereis. 

T h r e e  adjacent  c o r e s  ( 2 0 ,  21 a n d  1 5 4 )  c o n t a i n  s p r e i t e  s t r u c t u r e s  o r  

concent : ' i c  v e r t i c a l  bu r rows  ( F i g .  2 ) .  Such s t r u c t u r e s ,  e s p e c i a l l y  when 

vertically o r i e n t e d ,  c m o n l y  i n d i c a t e  periods of r e l a t i v e l y  rapid 



<2 cm/1000 y e a r s  (Ne lson  and Creager ,  1977).  As p o i n t e d  out by Drake et a l .  

(1980) ,  storms can e a s i l y  rework t h e  s u b s t r a t e  of Norton Sound, and most of 

t h e  shallmi f l o o r  o f  t h e  Sound is above s torm wave base. Indeed, many of the 

" 
box c o r e s  fran water  less t h a n  20  m deep show sane ev idence  o f  

s t r a t i f i c a t i o n .  One e x c e p t i o n  is t h e  n e a r s h o r e  area i n  t h e  n o r t h - c e n t r a l  part 

of t h e  Sound e a s t  of Nane. Here a s e r i e s  of c o r e s  (25 ,  27 ,  33, 34 ,  35 ,  3 6 ,  

3 7 ,  101, and 1 5 0 )  a r e  e n t i r e l y  b i o t u r b a t e d .  However, a l l  are very  s h o r t  c o r e s  

owing t o  t h e  substrate r e s i s t a n c e ,  a c h a r a c t e r i s t i c  of b o t r a n s  t h a t  a r e  n o t  

r e c e i v i n g  new sediment  and are ccmmonly e r o s i o n a l .  

I n  t he  g r a v e l l y  a r e a  n e a r  N a n e ,  t h e  degree  o f  b i o t u r b a t i o n  i s  

speculative. Sediment there  a p p e a r s  t o  be t o t a l l y  btoturbated because t he re  

is no h i n t  o f  any primary physical sedimentary  structures; t h i s  absence i n  

part  may rela- t o  t h e  g l a c i a l  origin o f  t h e  sediment  (Nelson and Hopkins, 

1972) .  On t h e  other hand, t h e r e  is no i n d i c a t i o n  of any s p c i f i c  b i o g e n i e  

s t r u c t u r e s  e i t h e r ,  which may b e  due t o  t h e  predaminance of a relict rocky- 

i n t e r t i d a l - t y p e  fauna a s s o c i a t e d  w i t h  c o a r s e  gravel lag d e p o s i t s  (Nelson 

e t a l . ,  i n  p r e s s )  . 
In spite of t h e  h i g h l y  bioturbated c h a r a c t e r  o f  most of t h e  Norton Sound 

sediment ,  we were able t o  reccqnize a n m b e r  of s p e c i f i c  b i q e n i c  sedimentary 

s t r u c t u r e s .  Most w r e  probably  formed by po lychae te  worms and amphipods. The 

assumed polychae te  burrows inc lude  large and mall,  simple, v e r t i c a l  t o  n e a r l y  

v e r t i c a l  burrows and, i n  one c o r e ,  a h o r i z o n t a l  burrow r e f e r r e d  t o  as a 

po lychae te  tunne 1. These var tous s t r u c t u r e s  occur th roughout  t h e  Sound 

without any apparent r e l a t i o n  t o  water  depth or sediment  type, except t h a t  . 
they are scarce in t h e  vicinity of t h e  Yukon Delta .  This  l a c k  of v a r i a t i o n  

w i t h  dep th  and t e x t u r e  i s  n o t  s u r p r i s i n g ,  because  i n  most s h e l f  environments  

po lychae tes  are ubtquitaus. P r d a b l y  a v a r i e t y  of s p e c i e s  have c r e a t e d  these 



: wave energy t h a t  creates p h y s i c a l  s t r u c t u r e s  and  it traps sediment  only 

i n t e r m i t t e n t l y  that i s  c a r r i e d  i n  by t h e  Alaskan C o a s t a l  Water -(Nelson and 

Creager ,  1977; Drake  e t  a l . ,  1980 ) .  
.. 

Another noteworthy aspect of the Norton Sound c o r e s  i s  t h e  abundance of 

d i s t i n c t  burrows.  I n  of fshore  sediment  it i s  c m o n  t o  s e e ,  a s  w e  do h e r e ,  a 

h i g l y  b i o t u r b a t e d  s u b s t r a t e .  G e n e r a l l y ,  however, t h e  r e s u l t i n g  f a b r i c  has  a 

hanoqeneity t h a t  p r e c l u d e s  r e c o g n i t i o n  of any s p e c i f i c  s t r u c t u r e .  In most of 

t h e  Norton Sound c o r e s ,  i n  c o n t r a s t ,  we were a b l e  t o  r e c o g n i z e  some s p e c i f i c  

burrow types. The prcbable r e a s o n  i s  a restricted number o f  species (Nelson 

e t  dl., i n  p r e s s )  , and hence t h e  e f f e c t  of one burrow type  c a n c e l l i n g  o u t  

a n o t h e r  i s  less l i k e l y .  

The r e s t r i c t e d  fauna may be due t o  t h e  h a r s h n e s s  of t h i s  d e p o s i t i o n a l  

environment  because  of l a r g e  sediment  loads and reduced s a l i n i t y  £run t h e  

nea rby  d i s c h a r g e  o f  t h e  Yukon River .  I n  a d d i t i o n ,  most of the  species p r e s e n t  

appear  t o  be suspens ion  r a t h e r  than substrate f e e d e r s  and l e a v e  no subsurface 

t r a c e s .  Whatever t h e  c a u s e ,  it i s  s u r p r i s i n g  t h a t  the burrow t y p e s  and 

v a r i e t y  and t h e  g e n e r a l  b i o g e n i c  r e c o r d  i n  Norton Sound, e x c l u s i v e  of the a r e a  

immediately a d j a c e n t  t o  the Yukon D e l t a ,  a r e  s i m i l a r  t o  the b i o g e n i c  r e c o r d s  

i n  Georgia  e s t u a r i n e  sed iment  (Howard and mey, 1975b). I n  both a r e a s ,  

polychaete burrows a r e  the  d a n i n a n t  p r e s e r v e d  b i o g e n i c  s t r u c t u r e s ,  b r i t t l e -  

s t a r - t y p e  b i o t u r b a t o n  = c u r s ,  and t r u n c a t e d  s a n d - f i l l e d  burrows and spreite 

are  found l o c a l l y .  This i s  n o t  t o  imply t h a t  t h e  s t r a t i g r a p h i c  record of 

Norton Sound would be confused  w i t h  an e s t u a r i n e  d e p o s i t i o n a l  sequence.  1t 

probably would not, but t h e r e  a r e  many s i m i l a r i t i e s :  Norton Sound i s  a 

r e s t r i c t e d  d e p o s i t i o n a l  embayment w i t h  a l a r g e  discharge f r a n  t h e  Yukon Rlver ,  

lm rates of d e p o s i t i o n ,  a n d  o c c a s i o n a l  Storms t h a t  cause loca l  sco= and a t  

t i m e s ,  r ap id  deposition. 



s e d i m e n t a t i o n  (Howard, 1978). Five c o r e s  (15 ,  16, 25,  122 and 1521, from an 

a r e a  m e d i a t e l y  n o r t h e a s t  of t h e  a r e a s  e x h i b i t i n g  s p r e i t e ,  all c o n t a i n  well- 

defined s a n d - f i l l e d  burrows i n  an o therwise  s i l t y  s u b s t r a t e .  I n  a l l  cases t h e  

.. 
burrows are t r u n c a t e d  and l i e  s e v e r a l  c e n t i m e t e r s  below the sediment-water 

i n t e r f a c e .  Such f e a t u r e s  s u g g e s t  t h a t  t h e r e  was ( 1 )  e r o s i o n  t h a t  opened t h e  

burrow, fol lowed by ( 2 )  t r a n s p o r t  o f  sand across t h e  eroded surface t h a t  

f i l l e d  t he  open burrow, t h e n ,  ( 3 )  resumption of normal slow sed imenta t ion  and 

a t t e n d a n t  biogenic reworking.  

D I S C U S S I O N  

An overview of t h e  Norton Sound sediment shows sane expec ted  and sane  

unexpected results. I n  g e n e r a l ,  an increase i n  b i o t u r b a t i o n  away from shore  

is &served as water  depth i n c r e a s e s  and sediment beccmes f i n e r  grained. Such 

a p a t t e r n  i s  t y p i c a l  of normal nearshore  t o  s h e l f  sequences  because  fewer 

p h y s i c a l  structures form a s  wave energy  d e c r e a s e s  in deeper water  (Howard and 

h? ineck,  1972).  This is e s s e n t i a l l y  the c a s e  i n  Norton Sound, where t h e  

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

s t r u c t u r e s  daminate in t h e  v i c i n i t y  of t h e  Yukon mlta.  However, t h i s  i s  n o t  

t h e  c a s e  i n  o t h e r  p u t s  of Norton Sound where h i g h l y  b i o t u r b a t e d  sediment 

o c c u r s  close t o  shore .  

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

p a r t s  of Norton Sound. South and *st of Ncrne, s t r o n g  longshore  t i d a l  

c u r r e n t s  and g e n e r a l l y  c o a r s e  lag sed iments  occur and no  new sediment  i s  b e i n g  

depos i t ed .  Likewise ,  t o  t h e  e a s t  of Name, i n  t h e  a r e a  of s t a t i o n s  33 ,  34,  35 

and 36, p o o r  p e n e t r a t i o n  by the corer suggests t h a t  this is daninantly an 

e r o s i o n a l  c o a s t a l  zone. The e a s t e r n  end of Norton Sound is c h a r a c t e r i z e d  by  

h igh ly  b i o t u r b a t e d  c o r e s ,  and probably i s  a n  a r e a  of active sed imenta t ion ,  

because c o r e s  p e n e t r a t e  deeply .  T h i s  area appears t o  he p r o t e c t e d  fram large 
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P r e l i m i n a r y  examina t ion  of v i b r a c o r e s  t a k e n  i n  1978 i n d i c a t e s  t h a t  

sediment i n  c e n t r a l  Norton Sound j u r t  a few t e n s  of c e n t i m e t e r s  below the 

s u r f a c e  was caused by a s i g n i f i c a n t l y  d i f f e r e n t  set of d e p o s i t i o n a l  p r o c e s s e s  
* 

dminated by an energetic d e p o s i t i o n a l  sys tem leaving abundant p h y s i c a l  

sedimentary s t r u c t u r e s  ( s e e  Nelson, t h i s  volume). 

CONCLUS IONS 

What i s  t h e  s i g n i f i c a n c e  of the  present-day sediment of Norton Sound? If 

we can assume c o n t i n u a t i o n  of present-day processes th rough  an ex tended  p e r i o d  

of g e o l o g i c  t ime,  t h e  record of t o d a y ' s  e v e n t s  would be t h a t  of a r e l a t i v e l y  

t h i n  u n i t  of highly b i o t u r b a t e d  sediment.  It is reasonable to expect t h a t  the 

Yukon Delta w i l l  con t inue  t o  p rograde  across t h e  basin. P r o g r a d a t i o n  of t h e  

d e l t a  would provide i n c r e a s i n g  p r o t e c t i o n  and re s t r i c t i o n  t o  e a s t e r n  Norton 

Sound, and sediment  l a t e r a l l y  e q u i v a l e n t  t o  the d e l t a - f r o n t  f a c i e s  would be 

highly b i o t u r b a t e d  s i l t  and sandy silt s i m i l a r  t o  t h a t  &served  i n  t h e  c o r e s  

n o r t h  and northeast of St. Michaels. The p resen t -day  Norton Sound floor would 

be preserved as a thin bioturbated u n i t  s e p a r a t i n g  two t h i c k  sequences  

d a n i n a t e d  by p h y s i c a l  sedimentary  s t r u c t u r e s .  The u n d e r l y i n g  unit would 

represent h i g h e r  energy  nearshore environments  of lower s e a  l e v e l s  i n  t h e  

early Holocene. The s i m i l a r  upper u n i t  w i t h  well-developed p h y s i c a l  

structures would r e p r e s e n t  progradat ion of t he  a c t i v e  d e l t a  lobe across t h e  

offshore b i o t u r b a t e d  mud. 



Figure C a p t i o n s  

Figure 1. L m a t i o n  map of  study area.  Shaded portion i s  Norton Sound. - 
Figure 2 .  P h y s i c a l  and biogenic sedimentary s t r u c t u r e s  and i n t e n s i t y  of 

b io turba t ion  i n  Norton Sound, A l a s k a .  

Figure 3 .  Generalized s ed iment  types of Norton Sound, ~ l a s k a .  

Figure 4. B i o t u r b a t i o n  in Norton Sound, Alaska. 
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Linear Sand Bodies in the Bering Sea Epicontinental Shelf 

by 

2 1 C.  Hans  els son', William R .  Dupre , Michael E. Field , and James D. Howard 3 

ABSTRACT 

The epicontinental shelf of the Bering Sea is characterized by variations 
in river and glacial sediment supply, wave energy, tidal range (microtidal to 
mesotidal), and tidal, geostrophic, and storm-induced currents. These 
factors, combined with the effects of the Holocene rise in sea level, have 
resulted in the formation of a complex assemblage of linear sand bodies of 
similar morphology and lithology,*but different origins. The sand bodies are 
large features (10 km long found from the present shoreline to tens of 
kilometers offshore in water depths up to 50 m. They include modern sand 
bodies formed by present-day processes; relict sand bodies formed during lower 
stands of sea level; and palimpsest sand bodies formed under past conditions 
but modified by modern day processes. Together they reflect the wide variety 
of offshore sand bodies that may be found in epicontinental settings like the 
modern North Sea or some ancient shelves. 

The different types of sand bodies (linear tidal sand ridges, shore 
parallel shoals, delta front channels, leeside shoals, ancient shoreline 
shoals and morainal features) may be identified by variations from the norm: 
linear morphology, orientation parallel to the strand line, enclosure by shelf 
sand or mud, fine sand texture, and horizontal lamination. Linear tidal sand 
ridges (5-35 by 1-3 km) which form at the present time in the macrotidal, 
funnel-shaped Kuskokwim Bay, are oriented perpendicular to the shoreline, 
enclosed by tidal flat and shelf mud, and sometimes sigmoidal in shape. The 
modern shore parallel shoals (including barrier islands) (5-10 by .5-1 km) 
form in mesotidal environments, are the smallest of the shelf sand bodies, and 
typically are bounded by tidal flat mud inshore and shelf mud offshore. Delta 
front channels (20 -30 by 2-4 km) extend seaward from the modern river distri- 
butaries and form sand bodies perpendicular to the shoreline; they are 
enclosed by graded overbank sand beds and mud, and are characterized by large- 
to small-scale trough cross lamination. Leeside shoals, (25-100 by 5 to 25 
km) which form now and in the past behind obstructions to unidirectional 
shelf currents, are the longest, possess the finest grain size, and exhibit 
the most consistent rhythmic flat lamination of any sand bodies encountered on 
the Bering shelf. Ancient shoreline shoals (15-30 by 3-7 km) are remnant 
shoreline features paralleling strand lines of lower sea levels; they contain 
cycles of ripple and trough cross lamination alternating with high angle 
foreset beds formed by modern sand waves that cover crests of these sand 
bodies. Relict sand and gravel bodies deposited in moraines are distinguished 
by their coarse grain size and irregular size and shape. 

'u+s. Geological Survey, Menlo Park, Ca. 
*university of Houston, Geology Department, TX 
3~kidawey ~nrtitute of Oceanography, -Savannah. GA. 
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INTRODUCTION 

T k  e p i c o n t i n e n t a l  s h e l f  o f  t h e  e a s t e r n  Ber ing  Sea is  c h a r a c t e r i z e d  by  , 

l a r g e  v a r i a t i o n s  i n  f l u v i a l  i n p u t  a t  d i f f e r e n t  l o c a t i o n s  and  i n  t h e  ene rgy  of 

s y s t e m s  t h a t  d i s t r i b u t e  and  d e p o s i t  t h e  l o a d .  Sediment  is d i s t r i b u t e d  not 

only by wave and t i d a l  c u r r e n t s  b u t  a l s o  by s t r o n g  g e o s t r o p h i c  and storm- 

induced  c u r r e n t s .  The wide v a r i e t y  of p r o c e s s e s ,  c a n b i n e d  with t h e  e f f e c t s  of 

the Holocene rise i n  sea l e v e l ,  has  r e s u l t e d  i n  t h e  d e p o s i t i o n  of s a n d  bodies 

w i t h  s i m i l a r  l i n e a r  morphology but d i f f e r e n t  d e p o s i t i o n a l  s e t t i n g s ,  

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

linear t i d a l  s a n d  r i d g e s ,  and s h o r e - p a r a l l e l  shoals ( i n c l u d i n g  b a r r i e r  

i s l a n d s )  like t h o s e  i n  t h e  Nor th  Sea, a s  w e l l  as d e l t a - f r o n t  ( s u b - i c e )  

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

may be more s p e c i f i c  t o  the B e r i n g  s h e l f .  

The Ber ing  e p i c o n t i n e n t a l  s h e l f  c o n t a i n s  a c a n b i n a t i o n  o f  ( 1) modern s a n d  

bodies formed by p r e s e n t - d a y  p r o c e s s e s ,  ( 2 )  r e l i c t  s and  b o d i e s  formed under 

past conditions, and ( 3 )  p a l i m p s e s t  s a n d  b o d i e s  f o n e d  unde r  p a s t  c o n d i t i o n s  

b u t  m c d i f i e d  by modern-day p r o c e s s e s .  The v a r i e t y  o f  modern s a n d  bodies on 

B e r i n g  s h e l f  may be  similar t o  t h a t  found on a n c i e n t  s h e l v e s .  The recognition 

of these d i f f e r e n c e s  i s  crucial t o  r e c o n s t r u c t i o n  o f  a n c i e n t  e p i c o n t i n e n t a l  

she , l f  f a c i e s  and t h e  task of  hydroca rbon  e x p l o r a t i o n .  

* t h d s  

The r n o r p h o l q y ,  geomet ry ,  and  l i t h o l o g y  o f  t h e  s a n d  b o d i e s  on t h e  Ber ing  

she l f  have been  s t u d i e d  over t h e  p a s t  decade  u s i n g  a c c m b i n a t i o n  of h igh -  

r e s o l u t i o n  b a t h y m e t r y ,  Be isnic p r o f i l i n g ,  s i d e - s c a n  s o n a r ,  v i b r a c o r e s  of  2 -  

6 m,  box c o r e s ,  and  grab samples. Sediment samples have  been a n a l y z e d  for 

grain s i z e  and X-rayed t o  d e t e r m i n e  i n t e r n a l  s e d i m e n t a r y  structures. Grain-  

size d i s t r i b u t i o n s  have b e e n  mapped vertically and h o r i z o n t a l l y  u s i n g  s t a n d a r d  
< 



g r a i n - s i z e  techniques, a l t h o u g h  t h e  d e g r e e  of d e t a i l  v a r i e s  i n  d i f f e r e n t  

l o c a t i o n s .  I n  s ane  a r e a s  of e x t r e m e l y  s h a l l o w  water of Kuskokwim Bay and  off 

t h e  Yukon D e l t a ,  s h i p b o a r d  s u r v e y s  and sampl ing  have n o t  been possible. - 
There ,  s e d i m e n t s  have been sampled by  h e l i c o p t e r  and  sand b d i e s  have been  

mapped u s i n g  s a t e l l i t e  imagery .  

Z e o l q i c  and  o c e a n o j r a p h i c  s e t t i n g s  

Tidal r a n g e  and wave c l i m a t e  v a r y  g r e a t l y  i n  d i f f e r e n t  l x a t i o n s  of  t h e  

e a s t e r n  B e r i n g  s h e l f .  Waves w i t h  10-12-second p e r i o d s  and with h e i g h t s  of 13- 

2 0  rn a r e  possible i n  t h e  s o u t h e r n  s h e l f ,  b u t  maximum wave h e i g h t s  a r e  o n l y  7 m 

on t h e  n o r t h e r n  B e r i n g  s h e l f  (Arctic Env i ronmen ta l  I n f o r m a t i o n ,  1 9 7 7 ) .  

Similarly, maximum s p r i n g  t i d a l  heights r a n g e  from up t o  5 m i n  t h e  uppe r  

Kuskokwim Bay t o  less  t h a n  0.5 m i n  t h e  northeastern B r i n g  shelf. Where th* 

Alaskan  Coastal Water flcms n o r t h w a r d  and  is  c o n s t r i c t e d  by t h e  e a s t e r n  s w a r d  

P e n i n s u l a  s t d e  of B e r i n g  S t r a i t ,  b o t t m  c u r r e n t  speeds of o v e r  200 ca/s mcur  

( see  F i g .  1 of Nelson, t h i s  volume) . I n  t h e  constrictions of  Anadyr and 

Shpanberg  S t r a i t s ,  maximum c u r r e n t  s p e e d s  are 100-150 cm/s. I n  Norton Sound 

e v e n  s m a l l - s c a l e  s t o r m  t i d e  e v e n t s  have  been  observed t o  increase c u r r e n t  

speeds of t h e  n o r t h w a r d  g e o s t r o p h i c  f l o w  f r cm l e s s  t h a n  30  t o  70 cm../s 

(Cacch ione  and  Drake ,  1979) .  

Q u a t e r n a r y  g l a c i a t i o n s  and sea-level f l u c t u a t i o n s  on the n o r t h e r n  Bering 

s h e l f  have  b e e n  c r u c i a l  t o  t h e  d e v e l o p e n t  of m o r a i n a l  and a n c i e n t  s h o r e l i n e  

s a n d  b o d i e s .  C o n t i n e n t a l  and v a l l e y  g l a c i e r s  near  the e a s t e r n  s ide  of Anadyr 

S t r a i t  and off Nane, r e s p e c t i v e l y ,  have  l e f t  m o r a i n e s  t h a t  have b e e n  reworked  

b y  t h e  Pleistocene-Holocene transgression of t h e  p a s t  20,000 y e a r s  (see Fig .  4 

i n  Nelson, t h i s  v o l m e ) .  S e a - l e v e l  s t i l l s t a n d s  a c c m p a n y i n g  t h e  l a t e  

P l e  i s t o c e n e - u o l o c e n e  t r a n s g r e s s i o n  remain as c o a s t - p a r a l l e l  off s h o r e  b a r s  

(Nelson  and Hopkins, 1972; Tagg and Greene, 1973) .  The s t i l l s t a n d s  are most 



apparent a t  d e p t h s  of  1 0  t o  1 2  m, 20 to 24 m, 30 m, and 38 m (see N e l s p n ,  t h i s  

vo lume  1 . 
* 

B o t h  t h e  Yukon a n d  K u s k o k w ~ m  R i v e r s  c o n t r i b u t e  l a r g e  a m o u n t s  of s e d u n e n t  

t o  t h e  n o r t h e a s t e r n  Bering Sea and t h i s  i n p u t  i s  a significant factor i n  t h e  

d e v e l o p n e n t  of p r e s e n t l y  forming sand  bodies. The Yukon p r o v i d e s  69-'30x13~ t ,  

or 908 of t h e  modern  f l u v i a l  s ed iment  i n t r o d u c e d  into the e n t l r e  B e r i n g  Sea; 

the s e c o n d  largest source i s  the Kuskowkirn R i v e s  w h i c h  y i e l d s  n e a r l y  4 x l o 6  t 

of sediment a n n u a l l y  (Drake e t  a l . ,  1 9 8 0 ) .  

TIDAL SAND RI3GES 

L i n e a r  tidal sand ridges form i n  s t r u c t u r a l l y  s u S s l d i n g  r n a c r ~ ~ t d a l  ( > d  n) 

erhayments (Hayes,  1 9 7 5 )  s u c h  a s  Kuskokwirn Bay ( F i g .  1 ) .  T i d a l  s a n d  r i d g e s  

are b e s t  d e v e l o p e d  i n  t h e  bay a t  t h e  m o u t h  a n d  offshore f r m  t h e  Kusicokii in 

R i v e r  b u t  a l s o  occur i n  other nearby m a c r o t i d a l  e n b a y m e n t s  ( e . g . ,  B r i s t o l  

Bay) .  The t i d a l  sand r i d g e s  in K u s k o k w i ~  Say t y p i c a l l y  a r e  0 .5  t o  4 'm w l d e ,  

4 to 5 0  kn l o n g ,  a n d  r a n g e  i n  r e l i e f  from 4 t o  1 0  m n e a r  t h e  mouth of t h e  

r l v e r  tc 3 2  m of £shore ( F i g .  2 ) .  S m e  of t h e  Kuskokwim t i d a l  s a n d  r s d g e s ,  

l i k e  t h o s e  i n  t h e  N o r t h  Sea, a r e  a s y m m e t r i c  i n  c r o s s  section and slightly 

s i g m o i d a l  i n  p l a n  v iew ,  a c o n f i g u r a t i o n  t h a t  reflects o p p o s i n g  tidal cur re2 t s  

(Cas ton ,  1 9 7 2 ) .  

The g r a i n  size on the e m e r g e n t  surface of t h e  ti?al r i d g e s  c o n s i s t s  of 

fine, w e l l - s o r t e d  sand (Fig.2) The t ~ d a l  mud flats that f l a n k  t h e  r ~ d g e s  

consist o f  ve ry  poorly s o r t e d  silt ( F i g .  3 ) .  Bedfor7.s  o n  ridge s u r f a c e s  

consist of s a n d  wases  of a b o u t  50 rn wavelength c h a t  c o n t a s n  s u p e r i m p o s e 2  

current r i p p l e s .  The  o n l y  internal structures o b s e r v e 3  in s h a l l o w  t r e n c h e s  

c u t  i n t o  t h e  e m e r g e n t  r s d g e s  were horizontal p a r a l l e l  laminations. 

A p p a r e n t l y ,  l i k e  t h e  p r e d a n i n a n c e  of p a r a l l e l  l a n l n a t i o n  o b s e r v e d  or, t h e  eSS- 

d o m i n a t e d  s i d e  of t h e  t i d a l  sari* r i d g e s  o f  t h e  Oosterscheld E s t u a r y  i n  t h e  



Nether lands  (Nio  and o t h e r s ,  1979),  p r e s e r v a t i o n  of i n t e r n a l  s t r u c t u r e s  of 

la rge-sca le  bedforms i s  l i m i t e d  i n  Kuskokwim Bay t i d a l  r i d g e s ,  

O r i e n t a t i o n  o f  the  t i d a l  sand r i d g e s  i s  roughly para l le l  t o  the 
" 

r e c t i l i n e a r  t i d a l  c u r r e n t s  (F ig .  21. The currents range £ran s l i g h t l y  over 

50 cm/s i n  t h e  o u t e r  p a r t  of the  bay t o  n e a r l y  150  cm/s k n o t s  a t  t h e  mouth of 

t h e  Kuskokwim River  ( U . S .  Department of Cmerce, NOAA, 1 9 7 7 ) .  The landward 

i n c r e a s e  i n  t i d a l  c u r r e n t  v e l o c i t y  is  a l s o  p a r a l l e l e d  by a landward i n c r e a s e  

i n  t i d a l  r ange ,  t h e  maximum of  which is 5 m a t  t h e  r i v e r ' s  mouth. C u r r e n t  

a t t e n u a t i o n  within t h e  r i v e r  channel r e s u l t s  i n  an upstream decrease  i n  t i d a l  

ampl i tude t o  s l i g h t l y  less t h a n  1.5 m approximately  100 km inland and also 

c a u s e s  an asymmetry i n  t h e  t i d a l  c u r r e n t s  t o  f lood-duninated i n  t h e  lower part: 

of t h e  river, s i m i l a r  t o  t h a t  d e s c r i b e d  i n  t h e  Ord River,  A u s t r a l i a  by Coleman 

and W i g h t  (1978) .  

Most sand r i d g e s  i n  Kuskokwim Bay appear  t o  be formed by presen t -day  

t i d a l  reworking of sand by the  r i v e r .  Sane of t h e  sand b o d i e s  f a r t h e s t  

o f f s h o r e  may have formed d u r i n g  i n t e r v a l s  of lcmered s e a  l e v e l  and t h u s  may be 

p a l i m p s e s t  o r  r e l i c t  features l i k e  t h e  "moribund" sand ridges descrbed by 

Kenyon and others ( 1979). The sand ridges i n  the  n e a r s h o r e  r eg ions  of t h e  bay 

are s l i g h t l y  offset t o  t h e  e a s t  of the  main t r e n d ,  s m a l l e r  i n  s c a l e  and s i z e ,  

and more closely spaced t h a n  are the r i d g e s  f a r t h e r  o f f  s h o r e  ( Fig.  2 )  . The 

sand r i d g e s  t h a t  trend more n o r t h e s t e r l y  are more sigmoidal i n  shape, 

p o s s i b l y  because  of t h e  i n c r e a s e d  t i d a l  a m p l i f i c a t i o n  and flood-dominated 

t i d a l  asymmetry toward t h e  r i v e r ' s  mouth. The longest and s t r a i g h t e s t  ridges 

are found i n  the s o u t h e a s t e r n  p a r t  o f  the r e g i o n ,  where it i s  p o s s i b l e  that 

ebb and f l o o d  c u r r e n t s  a r e  more e q u a l  (Fig.  2 ) .  



SHORE-PARALLEL SAND SHOALS AND ASSOCIATED BARRIER ISLANDS 

The l i n e a r  t i d a l  r i d g e s  o f  t h e  m a c r o t i d a l  uppe r  Kuskokwim Bay r e g ~ o n  

grade e s t w a r d  i n t o  m e s o t i d a l  (2-4 m) a r e a s  where wide t i d a l  f l a t q ,  l a r g e  

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

(F ig .  3 ) .  The s h o a l s  n e a r e s t  t h e  mouth of t h e  Kuskokwim R i v e r  are 

a p p r o x i m a t e l y  3 0  hn o f f s h o r e  and  are emergen t  only d u r i n g  l o w e s t  s p r i n g  tides, 

They g r a d e  *restward i n t o  lcrw-lying b a r r i e r  i s l a n d s  a p p r o x i m a t e l y  10 km 

o f f s h o r e .  S i m i l a r  b a r r i e r  i s l a n d s  p r e s e n t  i n  m e s o t i d a l  areas along the 

w e s t e r n  marg in  of t h e  Yukon-Kuskokwim d e l t a  c m p l e x  off Cape Romanzof were n o t  

s t u d i e d .  

The s h o r e - p a r a l l e l  s h o a l s  ( i n c l u d i n g  b a r r i e r  i s l a n d s )  i n  Kuskokwim Bay 

are 5 t o  1 0  km l o n g ,  0.5 to 1 kn wide ,  and may have as much as 15 m o f  r e l i e f  

above t h e  a d j a c e n t  s e a f l o o r .  They ,  l i k e  t h e  t i d a l  s h o a l s ,  a r e  c h a r a c t e r i z e d  by  

w e l l - s o r t e d  f i n e  s a n d  ( F i g .  2 )  and are enclosed by s i l t y  s a n d  t h a t  g r a d e s  

i n s h o r e  t o  t h e  s i l t y  mud of the t i d a l  f l a t s  (Figs. 2 a n d  3 ) .  The b a r r i e r  

i s l a n d s  r ise a p p r o x i m a t e l y  2 rn above s e a  l e v e l ,  b u t  u n l i k e  t h o s e  formed i n  

drier temperate climates, they lack e o l i a n  dunes .  When t h e  e a s t e r n m o s t  s h o a l s  

are emergen t ,  however,  s a n d  waves a r e  s e e n  t h a t  s a n e t i m e s  i n t e r s e c t  each o t h e r  

a t  right a n g l e s  ( F i g .  4-11, The s a n d  waves,  a l t h o u g h  p l a n e d  t o  small 

a m p l i t u d e s ,  are c o v e r e d  by  s e t s  of d i v e r g e n t l y  o r i e n t e d  r i p p l e s  formed by  

d i v e r s e l y  o r i e n t e d  n e a r s h o r e  waves and t i d a l  c u r r e n t s .  The only o b s e r v e d  

internal s e d i m e n t a r y  s t r u c t u r e s  of t h e s e  e p h e m e r a l  r i p p l e s  and  s a n d  waves a r e  

para l le l  l a m i n a t i o n s .  

The s h o r e - p a r a l l e l  s a n d  b d i e s  and  b a r r i e r  i s l a n d s  form i n  equilibrium 

w i t h  t h e  m e s o t i d a l  s e t t i n g  on t h e  *st. Emergent b a r r i e r  i s l a n d s  grade 

eastward t o  submergent s h o a l s  where t h e r e  i s  a n  i n c r e a s e  i n  t i d a l  range .  

B a r r i e r  i s l a n d s  d e c r e a s e  i n  l e n g t h  and t i d a l  c h a n n e l s  b e c a n e  more n m e r o u s .  

< 
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Tidal flats i n c r e a s e  i n  width  t o  more t h a n  10 Ian. F a r t h e r  to the east  t h e  

s h o r e - p a r a l l e l  shoals grade i n t o  t h e  shore -perpend icu la r  l i n e a r  tidal ridges 

i n  a m a c r o t i d a l  s e t t i n g .  w 

The barrier i s l a n d ,  s h o r e - p a r a l l e l  s h o a l s  and t i d a l  sand ridges formLng 

i n  e q u i l i b r i u m  w i t h  t i d a l  and wave energy  today  i n  Kuskokwim Bay are s i m i l a r  

t o  those i n  t he  Rhine River  estuary of t h e  North Sea (Hayes, 1975; Numrnendal, 

7979). The s i z e  and s e t t i n g  of t h e  Kuskokwim system make it e s s e n t i a l l y  a 

r e p l i c a  of t h e  Rhine River-North Sea system i f  Kuskokwim Bay *re i n v e r t e d  

fran n o r t h  t o  sou th .  Sand bodies i n  b o t h  systems a r e  r e p r e s e n t a t i v e  o f  

e p i c o n t i n e n t a l  s h e l f  m a c r o t i d a l ,  funnel-shaped e s t u a r y  sys tems wi th  a 

s i g n i f i c a n t  sediment  i n p u t  (Coleman and W i g h t ,  1978) .  

DELTA FRONT (OR SUB-ICE) CHANNELS 

The Yukon River mouth, i n  c o ~ . t r a s t  t o  t h e  funnel-shaped e s t u a r y  of t h e  

nearby Kuskokwim River ,  h a s  a c o n s t r u c t i o n a l ,  lobate d e l t a  ( F i g .  1 ) .  The 

delta s h o r e l i n e  is an a r e a  of r e l a t i v e l y  low wave energy  and t i d e s  ( t y p i c a l l y  

1 m o r  l e s s )  ( A r c t i c  Environmental. In format ion ,  1977) D e l t a i c  sed imenta t ion  

a l s o  i s  s t r o n g l y  affected by t h e  p resence  of s h o r e f a s t  i c e  t h a t  f r i n g e s  the 

d e l t a  f o r  almost seven months o f  t h e  year ( ~ u p r & ,  t h i s  volume) . The s h o r e f a s t  

i ce  forms over t h e  sub- ice  p l a t f o r m  that i s  t y p i c a l l y  2-3 m deep and e x t e n d s  

a s  far as 30  Ian o f f s h o r e ,  The p l a t f o r m  is crossed by a series of subaqueous 

channe l s  t h a t  e x t e n d  o f f s h o r e  fran major d i s t r i b u t a r i e s  of t h e  d e l t a  ( s e e  

Fig. 5 i n  Duprb, t h i s  volume).  These c h a n n e l s  are  t y p i c a l l y  5 t o  1 0  m deep, 

and 0.5 to 1 km wide; lateral m i g r a t i o n  of t h e  c h a n n e l s  produces  sand b o d i e s  

approximately 10 m t h i c k  and 1 to 4 km wide t h a t  e x t e n d  up t o  2 5  km beyond the. 

s h o r e l i n e  . 
The g r a i n  size of the channe l  fill v a r i e s  widely from w e l l - s o r t e d  medium 

to f ine  sand in thalwegs of the inshore active channel ( F i g .  4-F) t o  g raded  
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s a n d  beds i n t e r b e d d e d  w i t h  s i l t y  mud t h a t  f l a n k  and may i n  part f i l l  abandoned 

c h a n n e l s  (Fig. 4 s ) .  I n d i v i d u a l  graded units up  t o  30  rn t h i c k  vary f r a n  

w e l l - s o r t e d  f i n e  s a n d  at t h e  b a s e  t o  p o o r l y  sorted silt a t  the top. Off t h e  

* 

e a s t e r n  d e l t a ,  where c u r r e n t  c h a n n e l  f i l l  i s  l o w ,  f i n e  s a n d  o c c u r s  and t h e  

s a n d  beds i n  t h e  upper sequence  o f  c h a n n e l  fill a r e  o n l y  a few c e n t i m e t e r s  

t h i c k .  

L a r g e - s c a l e  m e g a r i p p l e s  on t h e  f l o o r  of  a c t i v e  subaqu?ous  c h a n n e l s  appear 

t o  be r e p r e  s e n  ted by l a r g e - s c a l e  , m o d e r a t e l y  d i p p i n g  c r o s s b e d d i n g  

( Fig .  4-F) . Subaqueous p o i n t - b a r  s e q u e n c e s  p r e s e n t l y  f o m  i n  meander ing  sub- 

ice c h a n n e l s  and c o n s i s t  of trough c r o s s - l a m i n a t e d  s a n d  f i n i n g  upward i n t o  

i n t e r b e d d e d  s i l t  and peat. A c a n p l e t e  v e r t i c a l  s equence  of s e d i m e n t a r y  

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

f l a t - l a m i n a t e d  s a n d  ( F i g .  4 4 ) .  F a r t h e r  o f f s h o r e  t h e  b a s a l  f l a t - l a m i n a t e d  

beds may b e  r e p l a c e d  by m a i n l y  t r o u g h  c r o s s - l a m i n a t e d  o r  r i p p l e - l a m i n a t e d  

u n i t s  w i t h  t h i n ,  f l a t - l a m i n a t e d  upper p a r t s .  

The p r e s e n c e  of t h e  sub- i c e  p l a t f  o m  and a s s o c i a t e d  subaqueous  c h a n n e l s  

a p p e a r s  t o  be r e s t r i c t e d  t o  t h e  i c e - d a n i n a t e d  de l tas  (see Fig.  5 i n  DuprC, 

t h i s  v o l . )  t h a t  are canmon i n  a r c t i c  and  s u b - a r c t i c  s h e l v e s  t o d a y .  The effect 

of t he  s h o r e f a s t  ice is t o  extend the ~ l l - s o r t e d  d i s t r i b u t a r y  s a n d  f a r  beyond 

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

mud 'overbank d e p o s i t s  . 
LEESIDE SHOALS 

Leeside s h o a l s  a r e  l a r g e  a c c u m u l a t i o n s  of  s a n d  d e p o s i t e d  i n  the c u r r e n t  

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

flows in t h e  n o r t h e r n  B e r i n g  Sea  (see Fig. 1 i n  Ne l son ,  t h i s  vo lume) .  These 

s h o a l s  are most t y p i c a l l y  found  on t h e  east sides of s t r a i t s  where l a n d  

projects w s t w a r d  b t o  t h e  s t r o n g e s t  c u r r e n t  flow. Examples are n o r t h  of cape 



~ornanzof ,  t h e  Yukon delta, and  n o r t h e s t  of Cape P r i n c e  of Wales (F ig .  1 ) . 
Leeside  s h o a l s  a l s o  form i n  t h e  n o r t h  l e e  of King and S t .  Lawrence I s l a n d s  

which o b s t r u c t  the s t r o n g  n o r t h e r l y  water c i r c u l a t i o n  (F ig .  1 ) .  

Xeeside s h o a l s  vary i n  size and shape £ram l o n g  and narrow behiLd King 

Island ( 2 0  by 5 km)  and Cape P r i n c e  of Wales (100 by 14 Ian) ( F i g .  1 )  to broad 

and d i f f u s e  sand b o d i e s  ( 45  by 2 5  )an) n o r t h  of the modern Yukon d e l t a .  T h e i r  

r e l i e f  ranges from 10 to 20  m, and  t h e i r  o r i e n t a t i o n  g e n e r a l l y  p a r a l l e l s  the 

c u r r e n t  f l o w  d i r e c t i o n  r a t h e r  than t h e  shape of  t h e  c o a s t l i n e ,  Ercm which t h e y  

a r e  t y p i c a l l y  detached. 

The g r a i n  s i z e  of t h e  l e e s i d e  s h o a l  i n  a l l  settings i s  v e r y  f i n e  sand 

(Fig. 11, and consequen t ly ,  asymmetric c u r r e n t  r i p p l e s  are t h e  t y p i c a l  surface 

bedform. Sedimentary s t r u c t u r e s  o f  the s h o a l  n o r t h  o f  Cape P r i n c e  of Wales, 

where geostrophic c u r r e n t  shear i s  maxknum and most con t inuous ,  are v e r y  even 

p a r a l l e l  f l a t  l a m i n a t i o n s  and i n t e r m i t t e n t  r i p p l e  l a m i n a t i o n s  (F ig .  4 4 ) .  The 

leeside shoal n o r t h  of t h e  Yukon delta ( F i g .  1 )  e x h L b i t s  well-developed 

a l t e r n a t i n g  layers  of exossbedded and h o r i z o n t a l l y  l amina ted  sand (see Fig.  2 

i n  Howard and c el son, t h i s  volume).  Large-scale  t a b u l a r  foresets also deve lop  

a s  the sand body a p p a r e n t l y  grows o f f s h o r e  from t h e  edge of t h e  t h e  Yukon 

d e l t a - f r o n t  p l a t f o m  (Fig .  4-Ef . 

Because d e p o s i t i o n  r e s u l t s  from f low s e p a r a t i o n  on the lee side of  

& s t r u c t ' i o n s  (Middleton and Southard,  1977) , the sediment source  for l e e s i d e  

shoals is e n t r a i n m e n t  of sediment  t h a t  has been stripped from a d j a c e n t  

C o a s t l i n e s ,  r i v e r  mouth d i s c h a r g e ,  or u p c u r r e n t  shelf sand. One sand source  

of the Cap= p r i n c e  of wales  l e e s i d e  s h o a l  is b e l i e v e d  t o  be v e r y  f i n e  sand 

eroded fran t h e  s o u t h e r n  s w a r d  P e n i n s u l a  beaches between Cape prince of wales 

and Port Clarence.  These beaches  l a c k  v e r y  f i n e  sand ( 4 5 %  a t  8 s t a t i o n s )  

whereas the leeside shoal and beach on t h e  north s i d e  o f  Cape P r i n c e  of Wales 



a r e  c m p o s e d  of d a n i n a n t l y  v e r y  f i n e  s a n d  (>97% a t  6 s t a t i o n s ) .  The v e r y  f i n e  

sand  f r a c t i o n  n o r m a l l y  eruied f r a n  b e a c h e s  and  deposited i n  o f f s h o r e  b a r s  

d u r i n g  s t o r m  e v e n t s  a p p a r e n t l y  i s  e n t r a i n e d  and  c a r r i e d  no r thward  t h r o u g h  t h e  
w 

Bering S t r a i t  by t h e  g e o s t r o p h i c  c u r r e n t .  Because o f  flow s e p a r a t i o n  on t h e  

lee side north of Cape P r i n c e  of Wales,  t h e  e n t r a i n e d  v e r y  f i n e  sand  is  

deposited on the b e a c h e s  and leeside s h o a l .  

The l e e s i d e  s h o a l  n o r t h  of t h e  modern Yukon d e l t a  contains v e r y  f i n e  s a n d  

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

t h e  Yukon R i v e r  (Duprb ,  t h i s  v o l m e ) .  T h i s  d i s t r i b u t a r y  is  located i n  t h e  

m a x i m u m  c u r r e n t - s h e a r  r e g i o n  o f  eastern Shpanberg S t r a i t  ( see  F i g .  1 o f  

Ne l son ,  t h i s  v o l u m e ) ,  where s t r o n g  g e o s t r o p h i c  c u r r e n t s  are l b c a t e d .  These 

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

s h o a l  located 30-130 km n o r t h  and  east of the main r i v e r  d i s c h a r g e  point (see 

Fig. 5 in DuprB, t h i s  volume) .  I n  t h e  d e l t a - f r o n t  area, geostrophic water 

c i r c u l a t i o n  is n o t  v i g o r o u s  and  is  r e i n f o r c e d  by i n t e r m i t t e n t  s t o r m  t ides  

(Nelson and Creage r ,  1977; Nelson ,  t h i s  volume) .  A p p a r e n t l y ,  i n  t h i s  more 

c a n p l e x  d e l t a  s e t t i n g ,  the l e e s i d e  shoal d e v e l o p s  a d i f f u s e  f a n  shape and 

c o n t a i n s  a wide r  v a r i e t y  o f  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  ( F i g .  4-E and 

F ig .  2 i n  Howard, t h i s  vo lmne) .  

ANCIENT SHORELINE SHOALS 

Many areas of t h e  B e r i n g  s h e l f  a r e  marked by e l l - d e v e l o p e d  f i e l d s  of  

linear sand  b o d i e s  formed b y  a n c i e n t  s h o r e l i n e s  ( Fig .  1 ) .  The l a r g e s t  of 

these is a series of l o n g ,  linear shoals t h a t  l i e  o f f s h o r e  from P o r t  C l a r e n c e  

a t  w a t e r  d e p t h s  of  10-12, 20-24, 30 ,  and  38 meters ( F i g .  5 ) .  A w e l l - d e f i n e d  

linear f i e l d  o f  r i d g e s  a t  similar wa te r  d e p t h s  e x i s t s  o f f  Nome (Nelson and 

Hopkins, 1972;  Hopkins,  1973; Tagg and Greene,  1973).  West o f  St. Lawrence 

Island is a l o n g ,  l i n e a r  ridge at a d e p t h  of 30 m that a l s o  appears t o  be an 



a n c i e n t  s h o r e l i n e  ( F i g *  1 ) .  A l l  of t h e  s h o a l s  descr ibed  above occur  i n  the  

Chir ikov Basin, an area where detailed studies o f  a n c i e n t  beaches have been 

made because strong c u r r e n t s  have preven ted  burial  by post-Holocene d e p o s i t i o n  . 
(Nelson and Hopkins, 1972: McManus and o t h e r s ,  1974; s e e  Nelson, t h i s  volume).  

The sand bodies formed by ancient shoreline s h o a l s  are 15 t o  30 kxn long,  

3 to 7 h wide, and 1 0  t o  15 m high.  Seismic r e f l e c t i o n  and sampling reveals 

that the sand ridges off Port  Clarence a r e  a t  l e a s t  6 m t h i c k  and are c m p o s e d  

o f  wel l - sor ted  fine t o  medium sand (Figs. 1 and 5 ) .  Troughs between the  sand 

r i d g e s  c o n t a i n  v e r y  f i n e  sand t o  silt (F ig .  51,  Near Nome and nor thwes t  of 

St. Lawrence I s l a n d ,  the a n c e s t r a l  s h o r e l i n e  f e a t u r e s  have been i n c i s e d  i n t o  

p e b b l y ,  sandy g l a c i a l  till (Nelson and Hopkins, 1972; see  Fig. 4 i n  Nelson, 

t h i s  volume) and consequen t ly  c o n t a i n  f i n e  t o  coarse sand and g r a v e l .  

Near Por t  Cla rence ,  bottom c u r r e n t s  rework t h e  c r e s t s  o f  the ancient 

s h o r e l i n e  s h o a l s  i n t o  a s e r i e s  of m c b i l e  bedfonns  (Fig. 5 ) .  The l a r g e s t  

f e a t u r e s  are sand waves w i t h  wavelengths  up t o  200 m and h e i g h t s  of 2 m 

(Nelson and o t h e r s ,  1978) .  Superimposed on them are snal ler ,  s l i g h t l y  oblique 

sand waves t h a t  have wavelengths  up t o  1 0  m and heights  of up t o  0 .5  m. 

Linguoid r i p p l e  f i e l d s  wi th  wavelengths of 10-30 cm and wave h e i g h t s  of a few 

c e n t b n e t e r s  occur on the s t o s s  s i d e  of sand  waves (F ig .  4-H). A l l  of t h e  

bedforms have c r e s t s  aligned t r a n s v e r s e  t o  t h e  l i n e a r  r i d g e  c r e s t  and axe 

asymnetr ic ,  s t e e p  s i d e  t o  t h e  north, t r a n s v e r s e  t o  t h e  flow d i r e c t i o n  of t h e  

s t r o n g  g e o s t r o p h i c  c u r r e n t s .  Significant modification of ice gouges by these 

mobile bedfonns shows t h a t  t h e  bedform f i e l d s  are p r e s e n t l y  a c t i v e .  Near P o r t  

Clarence,  when s t r o n g  n o r t h  winds create l a r g e  s t o n n  waves, t h e  m a l l - s c a l e  

bedf oms may be modi f ied  by ephemeral o s c i l l a t i o n  r i p p l e s  until t he  normal 

northward c u r r e n t  regime resumes. Near Nane, t h e r e  is  an even g r e a t e r  degree 

of mixing between asymmetric r i p p l e s  developed by  t i d a l  current flcrr and 



o s c t l l a t i o n  r i p p l e s  deve loped  i n s h o r e  by s t o r m  waves ( H u n t e r  and Thor ,  t h i s  

v o l m e ) .  The r e g i o n  of t h e  l a r g e ,  l i n e a r  r i d g e  w e s t  of St. Lawrence I s l a n d  

a l s o  has m a b i l e  bedforms ( N e l s o n  and o t h e r s ,  1978) .  - 
I n  the l a r g e s t  area of a n c i e n t  s h o r e l i n e  s h o a l s  n e a r  P o r t  C l a r e n c e ,  

reworking of t h e  a n c i e n t  s h o r e l i n e  s h o a l s  by modern c u r r e n t s  r e s u l t s  i n  well- 

deve loped  s e d i m e n t a r y  s t r u c t u r e s ,  e s p c i a l l y  on t h e  shoals closer to s h o r e .  

R i p p l e  l a m i n a t i o n  is  u b i q u i t o u s  and  b i o t u r b a t i o n  is  d u n i n a n t ,  p a r t i c u l a r l y  on 

o f f s h o r e  s h o a l s  and a t  s e v e r a l  m e t e r s  depth i n  a l l  s h o a l s .  Ripple l a m i n a t i o n  

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

b e d s .  T h i s  c y c l e  samet imes  i s  r e p e a t e d  a t  a b o u t  50-cm i n t e r v a l s  and  may 

r e p r e s e n t  a l t e r n a t i n g  episodes of l i n g u o i d  r i p p l e  and m a l l - s c a l e  ( 5 0  c m  wave 

h e i g h t )  sand-wave m i g r a t i o n  a l o n g  s h o a l  c r e s t s  ( F i g .  5-C and  5-HI. Thin  rnud- 

drapes a n d  storm p e b b l e  l a g  h o r i z o n s  a l s o  are t y p i c a l  i n  the n e a r s u r f a c e  

s e d i m e n t  o f  a n c i e n t  s h o r e l i n e  s h o a l s  ( F i g .  5 A ) .  

The a n c i e n t  s h o r e l i n e  s h o a l s  t y p i c a l l y  are f l a n k e d  by o l d e r ,  l i m n i c ,  

p e a t y  mud w i t h  r a d i o c a r b o n  dates r a n g i n g  £ r a n  12 ,000 t o  more t h a n  40 ,000 years 

B.P. ( see F i g .  5 i n  Nelson ,  this v o l m e )  . The p r e s e n c e  o f  t h i n ,  modern mud 

( (50  cm) w e r  peaty mud w i t h  radiocarbon dates e x c e e d i n g  40,000 yrs B.P.  

indicates l a c k  of modern d e p o s i t i o n  or s c o u r  between t h e  s h o a l s .  

Con-sequently,  t h e  i n t e r v e n i n g  sand s h o a l s  on b e d r w k  highs (Fig. 5 )  appear t o  

r e p r e s e n t  a n c i e n t  c o n s t r u c t i o n a l  ridges undergoing p r e s e n t - d a y  m o d i f i c a t i o n  02 

t h e i r  c r e s t  b y  m i g r a t i o n  of  s u r f a c e  bedfoms;  t h e  main r i d g e s ,  however,  d o  n o t  

change s i g n i f i c a n t l y  i n  s i z e  o r  shape .  

The shape of t h e  submerged s h o a l s  west  of Por t  C l a r e n c e  i s  s i m i l a r  t o  

t h a t  of the m d e r n ,  subaerial P o r t  C l a r e n c e  s p i t  (Fig. S F - F ' ) ;  i n  addition 

t h e i r  g r a i n  sic is coarser (fine t o  medium s a n d )  r e l a t i v e  t o  t h a t  of 

enclosing i n n e r  ohelf  d e p o s i t s  ( f i n e  t o  very  fine sand), or o f  leeside s h o a l s  
4 



(very fine sand) i n  Chi r ikov  Basin (F ig .  l ) ( s e e  F igs .  3 and 6 o f  Nelson, t h i s  

volume). Both c h a r a c t e r i s t i c s  suggest t h a t  the submerged s h o a l s  may be 

P l e i s t o c e n e  s h o r e l i n e  a n a l q s  t o  t h e  P o r t  Clarence Spit and  t h a t  they formed 
- 

by l i t t o r a l  d r i f t  p r o c e s s e s ,  d e p o s i t i n g  f i n e  t o  medium sand a t  lower 

s t i l l s t a n d s  of sea l e v e l  (Figs. 1 and 5; Nelson, t h i s  volume) . Submerged 

s h o a l  crests  off P o r t  Clarence and St. Lawrence Is land are s i m i l a r  i n  d e p t h  

and g r a i n  size to a n c i e n t  s h o r e l i n e  f e a t u r e s  a t  N o m e  and e l sewhere  i n  the 

n o r t h e r n  Bering Sea (Figs. 1 and 5), again l e n d i n g  s u p p o r t  to an  o r i g i n  d u r i n g  

o l d e r  s e a - l e v e l  s t i l l s t a n d s  a t  wa te r  depths of 10-12, 20-24, and 30 m (Nelson 

and Hopkins, 1972; Hopkins, 1973) .  

M n y  areas of t h e  U . S .  A t l a n t i c  shelf c h a r a c t e r i z e d  by s i m i l a r  f i e l d s  of 

l i n e a r  sand r i d g e s  (Duane and o t h e r s ,  1972 )  have been i n t e r p r e t e d  as shoreface 

r i d g e s  s t r a n d e d  by a r e t r e a t i n g  s h o r e l i n e  (Field, 1980).  Present-day reworking 

by  shel f  c u r r e n t s  i s  modifying t h e s e  f e a t u r e s  i n t o  a c t i v e  m d b i l e  bedform 

f i e l d s  l i k e  t h o s e  on & r i n g  Shelf ( S w i f t  and F i e l d ,  1980) .  

GLACIAL MORAINES 

A few large b o d i e s  of sand and g r a v e l  d e p o s i t e d  by a n c i e n t  glacial 

activity remain exposed and surrounded by P l e i s t o c e n e  t r a n s g r e s s i v e  sand on 

t h e  s e a f l o o r  i n  t h e  Chi r ikov  Basin reg ion .  A l a r g e  outwash f a n  approximately  

5 la i n  d iamete r  i s  located o f f  shore  s o u t h e a s t  of Nane ( Fig.  1 ) .  Two v e r y  

l a r g e  coarse sand and g r a v e l  r i d g e s  about 75 lun long  and 2 5  km wide extend 

southward fran Cape Prince of Wales toward t h e  c e n t e r  of Chir ikov Basin and 

northward from St. Lawrence I s l a n d  t o  t h e  same point. The two r i d g e s  are 

t r a c e a b l e  as t h e  e n d s  o f  major moraines  o f  c o n t i n e n t a l  glaciers t h a t  moved 

southward i n to  Chi r ikov  Basin from S i b e r i a  ( s e e  Fig .  4 i n  Nelson,  t h i s  volume; 

G r i m  and McManus, 1970; Nelson and Hopkins, 1972).  



The g l a c i a l  f e a t u r e s  i n  g e n e r a l  are coarser g r a i n e d  t h a n  t h e  o t h e r  s h o a l s  

of t h e  e a s t e r n  B e r i n g  c o n t i n e n t a l  s h e l f  (F ig .  11,  Because g r a v e l  is di,f f i c u l t  

t o  sample,  *R have  n o t  been  able t o  o b s e r v e  internal s e d i m e n t a r y  s t r u c t u r e s .  - 
SAND BODY GENESIS 

Hydrograph ic  and  sedimentary p r o c e s s e s  v a r y  from s o u t h  t o  t h e  n o r t h  on 

the e a s t e r n  Bering e p i c o n t i n e n t a l  s h e l f  and  c o n s e q u e n t l y  genesis and  age  of 

shelf sand b o d i e s  v a r y  according t o  g e o g r a p h i c  location. Toward the 

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

t h e  local t r a n s p o r t  h i s t o r y ,  whereas  i n  the n o r t h e a s t e r n  shelf area, the 

e f f e c t s  of ice and  q e o s t r o p h i c  b o r t m  c u r r e n t s  f l o w i n g  t o  t h e  n o r t h  are more 

important. The i n f l u x  of f l u v i a l  s e d i m e n t  i s  p a r t i c u l a r l y  i m p o r t a n t  i n  t h e  

s o u t h e a s t e r n  and e a s t - c e n t r a l  r e g i o n  o f  t h e  s h e l f ,  whereas  g l a c i a l  d e p o s i t i o n  

and  local t r a n s g r e s s i v e  h i s t o r y  d u r i n g  t h e  Pleistwene are more s i g n i f i c a n t  i n  

t h e  n o r t h e a s t e r n  s h e l f  area. 

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

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

area, which r e c e i v e s  9 0 %  o f  t h e  B e r i n g  S e a ' s  s e d i m e n t  l o a d  ( L i s i t s y n ,  1966). 

The s a n d  b o d i e s  i n  t h e  s o u t h e a s t e r n  s h e l f  are m d e r n  f e a t u r e s  d e r i v e d  £ram 

s e d i m e n t  d e p o s i t e d  by t h e  Kuskokwim R i v e r  and modified by t i d a l  c u r r e n t s  and  

waves i n  Kuskokwim Bay. The f unnel -shaped estuary of the Kuskokwim R i v e r  

c o n t a i n s  l i n e a r ,  c o a s t - p e r p e n d i c u l a r  sand ridges t h a t  a r e  c h a r a c t e r i s t i c  of  a  

t i d e - d m i n a t e d  river mouth (Coleman and Wright ,  1978) .  s h o r e - p a r a l l e l  s a n d  

b o d i e s  i n  *st a n d  n o r t h w e s t  KuskokwCm Bay r e s u l t  from a  m e s o t i d a l  reg ime.  I n  

t h e  m i c r o t i d a l  ( ( 2  m) env i ronmen t  of f  the Yukon R i v e r ,  c h a n n e l  sand b a d i e s  

d e v e l o p  on t h e  d e l t a  f r o n t  platform m a i n l y  because of p r o c e s s e s  a s s o c i a t e d  

w i t h  s h o r e f a s t  ice and t h e  h i g h  s e d i m e n t  discharge o f  t h e  Yukon R i v e r  (Duprf!, 

t h i s  vo lume) ,  



BY c o n t r a s t ,  sand  and gravel b o d i e s  in the n o r t h e a s t e r n  Ber ing  shelf are 

the result either of re l ic t  or p a l i m p s e s t  dkposition. The l e e s i d e  sand b o d i e s  

p rabab ly  accumulated d u r i n g  the p r e s e n t  Holocene h i g h  sea level and Other 

P l e i s t o c e n e  h i g h s t a n d s  S e i m i c - r e f  l e c t i o n  p r o f i l e s  over t h e  n o r t h  end of the 

l e e s i d e  shoal i n  e a s t - c e n t r a l  Shpanberg S t r a i t  and the shoal n o r t h  o f  t h e  

Yukon d e l t a  show s i g n i f i c a n t  Holazene d e p o s i t i o n  (see Fig. 4 i n  Nelson, t h i s  

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

d e p o s i t i o n ,  most l i k e l y  fran s e d i m e n t a t i o n  during s e v e r a l  p a s t  h igh sea 

l e v e l s .  The c o n s i s t e n t  l i t h o l o g y  of v e r y  f i n e  sand and h o r i z o n t a l  f l a t  

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

i n  d e p o s i t i o n  of t h e  s u s p n d e d  sand load as bottom currents pass over  t h e  sand 

body. Ripple  l a m i n a t i o n s  and high-angle f o r e s e t  b e d s  i n  t h e  Yukon s h o a l ,  show 

t h e  i n f l u e n c e  of storm e v e n t s  on t h e s e  t y p i c a l  f l a t - l a m i n a t e d  d e p o s i t s .  

Unlike t h e  l e e s i d e  sand b o d i e s ,  which exhibit s i g n i f i c a n t  Holocene 

d e p o s i t i o n ,  t h e  fo rmat ion  of t h e  a n c i e n t  s h o r e l i n e  sand bodies i s  r e l a t e d  

mainly  to d e p o s i t i o n  of f i n e  t o  m e d i m  sand b y  l i t t o r a l  d r i f t  currents on 

s t r a n d l i n e s  d u r i n g  lcwer s t a n d s  of s e a  l e v e l s .  The h i s t o r y  o f  t h e s e  r i d g e s  i s  

cmplex,  a s  d e p o s i t s  fo rmer ly  a t  a  lower sea l e v e l  are now b e i n g  modi f i ed  i n t o  

a c t i v e  r i p p l e  and sand wave f i e l d s  by p resen t -day  bottom c u r r e n t s .  Mobile 

bedforms are f u r t h e r  d i s r u p t e d  b y  pebb le  l a g s  and mud d r a p e s  formed during 

present-day stom e v e n t s ;  t h u s ,  t h e  r e s u l t a n t  i n t e r n a l  sedimentary  s t r u c t u r e s  

do n o t  r e p r e s e n t  t h e  s h o r e l i n e  precesses mainly  r e s p o n s i b l e  for  fo rmat ion  of 

t h e  main sand r i d g e s .  I n t e r n a l  s t r u c t u r e s ,  e x c e p t  for  rare t rough  

crossbeddtng,  are mainly unknown i n  those relict sand  and gravel b d i e s  

deposited by g l a c i a l  e v e n t s ,  but now a r e  p r e s e r v e d  by s t r o n g  modern 

geos t roph ic  c u r r e n t s .  



GEOLOGIC SIGNXFICANCE OF SAND-BODY CHARACTERISTICS 

The e a s t e r n  Bering e p i c o n t i n e n t a l  s h e l f  c o n t a i n s  numerous o f f s h o r e  and . 
n e a r s h o r e  l a r g e ,  l i n e a r  sand bod ies .  Neaf shore  and o f f s h o r e  sand b o d i e s  

resemble one a n o t h e r  i n  c h a t  t h e y  a r e  canposed of w e l l - s o r t e d  f i n e  sand and 

are e s s e n t i a l l y  l i n e a r ,  e x c e p t  f o r  s e v e r a l  of t h e  l e e s i d e  s h o a l s  and g l a c i a l  

f e a t u r e s .  They d i f f e r  in t h a t  n e a r s h o r e  sand b o d i e s  o r i e n t  wi th  wave and 

tidal c u r r e n t s ,  but o f f s h o r e  s h e l f  sand  bodies mainly follcrw t r e n d s  of 

g e o s t r o p h i c  and storm-related c u r r e n t s .  

Other  d i s t i n c t i o n s  may h e l p  t o  d i f f e r e n t i a t e  sand b o d i e s  because  of 

d i f f e r e n c e s  i n  shape, g r a i n  s i z e  and  i n t e r n a l  sedimentary  s t r u c t u r e s  

(Tab le  1 ) .  s h o r e - p a r a l l e l  s h o a l s  appear  t o  b e  c o n s i s t e n t l y  s h a p d ,  s m a l l e r ,  

and more c o i n c i d e n t  w i t h  s h o r e l i n e  t r e n d s  than the  o t h e r  types of s h o a l s ,  

Linear t i d a l  ridges and d e l t a - f r o n t  c h a n n e l s  a r e  g e n e r a l l y  p e r p e n d i c u l a r  t o  

s h o r e l i n e  t r e n d s  and are q u i t e  c o n s i s t e n t  i n  gross s i z e  and shape,  e x c e p t  f o r  

s i n u o s i t y  of meanders i n  c h a n n e l - f i l l  b o d i e s  and s igmaida l  shape i n  t i d a l  

ridges. b e s i d e  s h o a l s  are o r i e n t e d  p a r a l l e l  t o  d a n i n a n t  s h e l f  currents and 

a r e  long and narrow where c u r r e n t  s p e d s  a r e  c o n s i s t e n t l y  u n i d i r e c t i o n a l  and 

s t r o n g ;  e l sewhere ,  t h e y  may be more fan-shaped. O v e r a l l  s i z e  v a r i e s  quite 

markedly depending on t h e  s i z e  of t h e  a d j a c e n t  l a n d  b a r r i e r ,  t h e  magnitude of 

f lw,  and sediment load .  Ancient s h o r e l i n e  sand b o d i e s  a l s o  vary  i n  size and 

have d i f f e r e n t  shapes  and o r i e n t a t i o n s  w i t h  r e s p e c t  t o  t h e  s h o r e l i n e  (Fig. 1 ) .  

Grain size  v a r i e s  for different types of s h e l f  sand b o d i e s  (Tab le  1) .  

Deposits of subaerial g l a c i e r s  d a n i n a t e d  by coarse sand and f i n e  g r a v e l  a r e  

d i s t i n c t i v e l y  c o a r s e r  grained t h a n  a l l  o t h e r  types. I n  c o n t r a s t ,  leeside 

s h o a l s  c o n s i s t i n g  of v e r y  fine sand because of  d e p o s i t i o n  frcm the  suspended 

sediment  load, a r e  t y p i c a l l y  the f i n e s r  g r a i n e d  ( F i g .  1 ) .  Ancient s h o r e l i n e  

shoals are consistently coarser g r a i n e d  than deltaic or l e e s i d e  d e p o s i t s .  



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

fran modern d e p o s i t s ,  a g a i n  h e l p  d i f f e r e n t i a t e  modern shelf s h o a l s  and perhaps 

prov ide  one of the best c r i t e r i a  for a n c i e n t  ana logs .  UesLde sand bodies, - 
where uncanpl i c a t e d  by d e l t a i c  and s t o m  sand sed imenta t ion ,  are c h a r a c t e r i z e d  

by c o n s i s t e n t ,  r h y t h i c  f l a t  l a m i n a t i o n  (Fig. 4-C).  The very fine grain s i z e  

of sand making up leeside sand bodies i n h i b i t s  d e v e l o p e n t  of large-scale 

bedforms and thus such  d e p o s i t s  g e n e r a l l y  shou ld  l a c k  l a r g e -  and medium-scale 

crossbeddlng, a l t h o u g h  ripple lamination of storms may i n t e r r u p t  flat 

l amina t ion .  Large-, medium-, and smal l - sca le  trough c r o s s - l a m i n a t i o n s ,  on the 

o t h e r  hand, axe persistent i n  sand bodies and e n c l o s i n g  overbank deposits of 

d e l t a - f r o n t  channels .  Because l a r g e - s c a l e  bedforms form i n  channe l  thalwegs,  

large-scale cross-bedding i n  clean sand shou ld  c h a r a c t e r i z e  the  main-channel 

sand body, whi le  smaller scale t r o u g h  c r o s s - l a m i n a t i o n  shou ld  c h a r a c t e r i z e  

overbank mud t h a t  e n c l o s e s  t h e  sand body. Rhythmic graded storm sand w i t h  

v e r t i c a l  sequences of i n t e r n a l  s t r u c t u r e ,  o r g a n i c  d e b r i s ,  and mud caps also 

shou ld  be a s s a c i a t e d  wi th  younger channe 1-f ill and laterally e q u i v a l e n t  

d e p o s i t s .  High-angle f o r e s e t  beds i n  cyclic sequences  w i t h  r i p p l e  and t rough  

c r o s s - l a m i n a t i o n  help i d e n t i f y  s h o r e l i n e  sand b o d i e s  s t r a n d e d  by  eus ta t l c  

rises of sea l e v e l ,  b u t  reworked by mobi le  bedforms while submerged. 

M d i f  i e a t i o n  of t h e s e  a n c i e n t  shore1 i n e  sand b o d i e s  by  present-day m o b i l e  

bedform fields and b i o t w b a t i o n  suggests that i n t e r n a l  s t r u c t u r e s  of the 

o r i g i n a l  beach fo rmat ion  p r o c e s s e s  may r a r e l y  be p r e s e n t  i n  such sand b o d i e s .  

I n  r e c o n s t r u c t i n g  a n c i e n t  s h e l f  environments ,  r e s e a r c h e r s  must realize 

t h a t  1)  sand-body g e n e s i s  ie h igh ly  variable w i t h i n  the same s h e l f  s e t t i n g ,  

2 )  large sand bodies may be detached far fran shore and n o t  parallel later 

atrandl ines ,  and 3) features of  d i f f e r e n t  history and age may c o e x i s t  

(Table 1 ) .  
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Table  1. C 5 a r a c t e r i s t l c s  of W r i n g  She l f  Sand Dodit=s 

LMVIRONHErW OF LEN(;TH WIWl'H HELIEP LIT HOWGY SEOIHEHTARY DISTINGUISHING 
D E W S I T I O H  ( ~ ! ! ~ - - - .  ( K M l  IH) SCRl-g_TUHES FEATURES 

Linear 
s and  r 

t i d a l  Macro t ida l  funne l -  5-35 1-3 4-32 Fine sand 
, i d g e s  shaped bay and 

e s tua ry .  

S h o r e - p a r a l l e l  Outer  edge of sub- 5-10 0.5-1 15 do. 
s h o a l s  t i d a l  f l a t s  i n  
( +  b a r r i e r  aresot i d a l  regions .  
i s l a n d s )  

De l t a  f  r m t  Of f a h o r e  e x t e n s i o n s  20-30 2-4 5-15 Fine  t o  ve ry  f i n e  
I ( sub - i ce )  of ma jo r  sand in  tha lweg,  

channe 16 d i s t r  l b u t a r t e s .  qraded sand beds  
in  overbank mud 

Leeside  ahoala Lee of i s l a n d s  o r  
p n l n s u l a a  i n t e r -  
r u p t  i nq  s t r o n g  
g e o s t r o p h l c  h o t t m  
c u r r e n t s .  

M c i e n t  ehore- Shore1 i n e  d e p o s i t s  
1 lne  shoals formed d u r  tnq st i l l-  

s t a n d s  of s e a  l eve l .  

nora  i n a l  
F e a t u r e s  

25-100 5 - 2 5 '  10-20 Very f i n e  sand 

P a r a l l e l  l amina t ion ,  Enclosed by t i d a l  
surf ace r i p p l e  f l a t  an4 s h e l f  mud, shore-  
fields, aand waves perpenr l icular  , varying i n  
obv?.rved s i r e  and shape--manetimes 

s iqmoida l .  

Same: a s  a b w e  Enclosed by t i d a l  f l a t  
and e h e l f  mud, ehore  
p a r a l l e l ,  c o n s l a t e n t  
l - i t e d  stze and shape. 

Trouqh c ros sbedd ing  Enclosed by graded w e  rbank 
graded sand beds sand beds  i n  mud, sho re  
wi th  E l a t l a m i n a -  perpendicu lar , large- sca le  
t i o n ,  c r o s s  lamina- t r o u q h  c r o s s b e d s  i n  thalwcq 
t i o n  in  v e r t i c a l  sand beds.  
secpence  

Rhythntc f l a t  lmi- 
n a t i o n s  a l t e r n a t i n g  
wi th  occas iona l  
thCn r i p p l e  lamina- 
t i o n s  

15-30 3-7 10-15 Fine t o  m e d i m  sand i n t e r -  h l t e r n a t i n g  r i p p l e  
I n t e r r u p t e d  near surface and t r ough  c ros s -  
by  pebb le  lags  anrl mud l amina t ion  wi th  
d r a p e s  hiqh-angle f o r e s e t  

beds ,  b  i o t u r h a t  ion 
calman 

G l a c i a l  d e p o s i t i o n  5-75 5-25 10-15 Hediumcoarse  s and  and 
during l cws tands  of g r a v e l  
s e a  l e v e l .  

Enclosed by ehe l f  rand and 
mud, o r i e n t a t i o n  p a r a l l e l  to 
shelf c u r r e n t s  no t  r h o r e l i n e ,  
widely va ry ing  ehape and m i z t ,  
v e r y  f i n e  sand nize  w i th  ry t - i c  
t l a t  l amina t lon  i n t e r r u p t e d  by 
r i p p l e s .  

Encloeed b y  s h e l f  sand and mud. 
p a r a l l e l  t o  a n c i e n t  s t r a n d l  inem. 
high ang le  f o r e s e t s  i n t e r r u p t e d  
b y  r i p p l e  and t rouqh  c r o a s l m i -  
n a t i o n ,  storm pebble and s h e l l  
lags, b i o t u r b a t i o n  i n  l o v e r  and 
o f f  sho re  sequence a .  

Rare t rouqh  cross- Enclosed by shelf sand and mud, 
l amina t ion  and size and shape v a r l a b l s ,  n o t  
shall lamtnattcxrs s h o r e  parallel o r  p e r p e n d l c u l u ,  

coa rae  and v a r i a b l e  q r a l n  mlre. 
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Figure Captions 

Figure  1. Location of sand b o d i e s  on the e a s t e r n  Bexing e p i c o n t i n e n t a l  ' 

s h e l f .  - 
Figure 2.  Phys iograph ic ,  hydrographic ,  and textural charactertstics of 

Kuskokwim Bay sand bodies .  

Figure 3. General  geology of Kuskokwim Bay sand  bodies. 

Figure 4. Seafloor bedforms and i n t e r n a l  sed imenta ry  otructures of  sand body 
d e p o s i t s  on % r i n g  S h e l f .  See Fig. 1 f o r  pho to  l o c a t i o n s .  

A. Baxcore slab f r a n  c r e s t  of Ukivok a n c i e n t  s h o r e l i n e  s h o a l  
west of  P o r t  C la rence  showing storm s h e l l  l a g s  and c l a y  drapes 
(31 rn water d e p t h ) .  

B. Boxcore s l a b  c o n t a t n i n g  t h i c k  e l l - s o r t e d  t r a n s g r e s s i v e  l a g  
g r a v e l  fran s h o r e l i n e  s t i l l s t a n d  a t  dep th  of 30 m o f f  NW Cape of 
S t .  Lawrence Island, Note f a i n t  c rossbedd ing  i n  center of c a s t .  

C, Vibracore  r a d i o g r a p h  f rm c r e s t  of T i n  City s h o a l  west of 
P o r t  Clarence showing ripple l a m i n a t i o n ,  f o r e s e t  bedding and 
t rough c r o s s - l a m i n a t i o n  i n  a t y p i c a l  sequence (18 m 
water depth)  . 

D. Vibracore  r a d i o g r a p h  from l e e s i d e  s h o a l  n o r t h  of Cape Prince 
of Wales (6 rn water d e p t h )  showing rhythmic h o r i z o n t a l  
l a m i n a t i o n s  and o c c a s i o n a l  r ipple  lamina t ions .  

E. Boxcore rad iograph  from Yukon l e e s i d e  s h o a l  n o r t h w e s t  of 
Yukon Delta shwing r i p p l e  l a m i n a t i o n  and f o r e s e t  bedding 
(10 rn water d e p t h )  . 

F. Vibracore  r a d i o g r a p h  fran d e l t a - f r o n t  channe l  thalweg showing 
t r o u g h  c rossbedd ing  off Yukon Delta (1 m water  d e p t h ) .  

G. Photograph of  v i b r a c o r e  epoxy p e e l  from margin  of d e l t a  front 
channe l  west of Yukon D e l t a  showing a graded s torm sand 
l a y e r  w i t h  a t y p i c a l  v e r t i c a l  sequence of flat, c r o s s ,  and 
f l a t  l a m i n a t i o n  f r a n  b a s e  t o  top of layer (1.5 rn water depth ) .  

H. 70-mm bottom photograph of a m a l l  sand wave ( 0 . 5  rn wave 
height and 10 m wavelength)  wi th  superimposed l i n g u o i d  
ripples on t h e  crest  of York s h o a l  west of  Por t  Clarence 
(17 rn w a t e r  d e p t h ) .  

I. Oblique aer ia l  photograph of a s h o r e - p a r a l l e l  shoal In 
n o r t h $ s t  Kuskokwim Bay. Note subdued c r o s s  s e t s  of sand waves. 

J. Ground-based photograph of r i p p l e s  on a s h o r e - p a r a l l e l  shoal i n  
north= st Kuskokwlm Bay. 

Fimre 5. Morpholwy, t e x t u r e ,  anO bedforms of sand  r i d g e s  near w r i n g  S t r a i t .  
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ABrnRACT * 

Sonographs and bathymetric prof i l e s  f rm  water depths l e e s  than 15 m i n  

the Nome-Solanon, Port Clarence, and Yukon delta areas of the Alaskan Bering 

Sea coast ehow features generated  by waves, currents,  and drifting ice. The 

surfic ial  m e d h e n t s  in the Home-Solamon and Port Clarence areas range in grain 

s i z e  fran sand to boulder gravel and have many surface features v i s i b l e  on 

sonoqraphs, whereas the sediments  of the Yukon de l ta  are fine sands and 651t6 

that have few such features. 

M t e r i a l s  i n  the Ncme-Solanon and P o r t  Clarence areas have been 

segregated by grain s ize  into ribbons and irregular, elongate, and lobate 

patches. The sand patches canmonly have convex-up p r o f i l e s  and probably rest 

on gravel l a g  deposits t h a t  are exposed i n  adjacent gravel patches. Coarse 

sand and f i n e  gravel patches and ribbons a r e  characterized by synmetrical 

ripples, spaced 0.5 t o  2 m apart ,  that  c o u l d  o n l y  have been generated by storm 

vaves. Gravelly sand vaves i n  the Nome-Solaaon area were formed by wstward 

shore-paral le l  currents. Boulder gravel ridges  in this  area are of unknown 

origin. 

Sand and gravel ribbons are cannon near the entrance to Port Clarence. 

Unlike ribbons elsewhere, which have been at tr ibuted t o  t i d a l  or other 

currents, the ribbons i n  the  Port Clarence area show features suggesting 

generation by storm waves. These ribbons are oriented approximately normal t o  

the associated large wave ripples, and both the r i p p l e s  and ribbons vary i n  

o r i e n t a t i o n  in ways t h a t  can be explained a s  effects of wave refract ion  w e r  a 

shoal ing b o t t m .  Ribbonlike features of unknown or ig in  occur lcrcally on the 

Yukm delta front. 



f ee-gouged furr .ms, though l e s s  canmon than i n  areas farther off shore ,  

occur i n  a l l  the nearshore a r e a s  studied. The gouges arc 5 t o  15 m wide, as 

much as hundreds of meters l ong ,  and usually less than 0 .25  m deep. Same 
* 

gouges off N a n e  and S a f e t y  Sound are caused by tugboat  cables, barge cables, 

or anchors dragging on the bottaa. 

INTRODUCTION 

Strong currents are k n m  to occur in parts of the northern B r i n g  Sod, 

part icular ly  in the approaches to Bering S t r a i t .  These currents  include a 

semipermanent northward d r i f t  toward Bering S t r a i t  and f l u c t u a t i n g  tidal and 

wind-driven c u r r e n t s  (Coachman e t  al., 1975). The g e o l o g i c  hportance of 

these currents i n  areas more than a few ki lane ters  fran shore has been shown 

i n  s tud ie s  by Neleon and Hopkins (19721, Moore and Welkie (1976),  Field et al. 

(1977) ,  Nelson e t  a1  (19771,  Cacchione ct al. (this volume),  and Drake e t  a l .  

(in press). Studies by Hunter et al. (19791,  i n  contrast, have shown t h a t  

waves and wave-induced currents are the daninant geologic agents  on the 

beaches during the i c e - f r e e  season.  The shoreface ,  fran the shoreline to a 

depth of 15 m, seemed l i k e l y  t o  i n c l u d e  the zone of t r a n s i t i o n  from wave 

daninance t o  current daninance, and this previously little studied depth zone 

was the t a r g e t  of t h e  p r e s e n t  study. 

we selected for d e t a i l e d  study three areas that o f f e r  a wide variety of 

eediment gra in  sizes and exposures to  waves and currents: Port Clarence and 

v i c i n i t y ,  the stretch of coast from Ncme t o  Solamon, and the  Yukon d e l t a  

(Pig. 11. 

D a t a  on these a r e a s  wrr  gathered aboard the R/V KARLUK during June and 

July 1970. Data c o l l e c t e d  w h i l e  underway inc lude  side-scan sonar, 7 kHz, 

and 200 k ~ z  records ;  data collected a t  s t a t i o n s  inc lude  underwater t e l e v i s i o n  

4 
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tapes ,  nbservat ions  made whi le  diving with  acuba, a n d  a few sediment samples 

to mupplement those gathered d u r i n g  p r e v i o u s  s t u d i e s  by Nelson and Hopkins  

(1972) ,  Wore and V k l k i e  (19761, and *hianus e t  al. (1977) .  

SETTING 

Port Clarence 

P o r t  Clarence i s  an  embayment 25 to 3 0  )ao a c r o s s  (Fig. 21,  protected fran 

the wring Sea by a Holocene gravel spit ( B l a c k ,  1958). On t h e  n o r t h ,  a 

Holocene gravel barrier s e p a r a t e s  Port Clarence  from Brev ig  Lagoon. The i n l e t  

t o  Port Clarence is 7.3 Iuu wide,  has a maximum d e p t h  of 16 m ,  and i s  f l o o r e d  

by mud ( W o r e  and W l k i e ,  1976; WcManus e t  al . ,  1977).  The margins of the 

i n l e t ,  where most of the features visible on sonographs are l o c a t e d ,  are 

flocrred by sand and gravel. The s u r f i e i a l  sediments are presumably Holocene, 

b u t  the t h i c h e s s  of H o l o c e n e  deposits  i s  not known. 

The mean t i d a l  range i n  Port Clarence  i s  0.4 m. Currents through the 

i n l e t  have not been e t u d i e d ,  but the mall tidal range and large cross- 

s e c t i o n a l  area of t h  i n l e t  ensure that t h e  tidal c u r r e n t s  a r e  n o t  e x t r e m e l y  

mtrong. Storm S U F S ,  known t o  be as high as 3.25 rn ( S a l l e n g e r  e t  &I., 19781, 

undoubtedly create s t r o n g e r  c u r r e n t s .  The northward d r i f t  of t h e  Alaskan 

Coastal Water toward Bering Stra i t  (Coachman et el., 1975) may n o t  a f f e c t  the 

embayed c w s t  near P o r t  C la rence  v e r y  s t r o n g l y .  The only long  f e t c h  for waver 

LE to the ~ o u t h e a t *  

Nome-Solanon Area 

The coast in the N u n e  area has developed by erosion of Pleistocene 

g l a c i a l  and a s s o c i a t e d  d e p o s i t s  (Hopkins e t  a l . ,  1960; Nelson and Hopkins, 

1972; Tagg and Greene, 1973).  I n  the area frun Safety  Sound to Solanon, 



Holocene barriers of sand and gravel have formed in  front of the mainland 

( ~ f g .  3 ) .  The ehoreface i n  t h e  Nane-Solanon arFa slopes s t e e p l y  t o  a depth  of 

12 m. Beyond the ehoreface, the seafldor s l o p s  more gently. The only 

Holocene deposits off N a n e  are gravel  lag  depos i t s  and t h i n  eand patches .  - 
Sand and gravel  of presuned Holocene age occur off t h e  Safety Sound-Solanon 

area, but the thickness of Holocene deposits is not known. 

The mean tidal range a t  Nome i s  0 . 3  m. Strong nestward currents, t i d a l  

in part but  reinforced by a net d r i f t ,  axe known to occur i n  northern Norton 

Sound (Nelson and Hopkins. 1972; Coachman e t  al., 1975). Currents  a s soc ia ted  

with storm surges, which are as high as 4.75 m a t  the e a s t  end of Norton Sound 

(Sallenger e t  al., 19781, may be very strong. Sktchee for waves are fairly 

long t o  the south and southeast and longest to the oouthwst.  

Yukon D e l t a  

The Yukon River debouckr Into the  northern Bering Sea and forms a large 

arcuate delta canplex i n  south=stern Norton Sound. The offshore part of this 

canplex ccmpriees three major canponents: ( 1 )  a sub-ice platform, ( 2 )  a d e l t a  

# 
front, and ( 3 )  a prodelta (Dupre, this voltme) (Fig. 4 ) .  The sub-ice platform 

extends 10 t o  3 0  lun offshore as a bearkt  featureless plain at water depths o f  

1 .to 3 m. D i s s e c t i n g  the platform are several subaqueous dis tr ibutary  

channels. The delta f ront ,  which i s  r e l a t i v e l y  s teep and locally irregular, 

extends frm the break In slope a t  the outer edge of  the sub-ice platform t o  a 

water depth of 10 m. T h e  prodelta slopes gently seaward from the t toe of the 

delta front. Sediment of the  d e l t a  canplex 1~ si l t  t o  f i n e  sand. 



Wave and current patterns i n  ~ o u t h w s t e r n  Norton Sound are poorly 

known. The major wave t r a i n s  o w e  northward frcm the s o u t h e r n  Bering Sea and 

refract clockwise around the  p r o t r u d i n g  Yukon shoals (Sallenger et a l e ,  

1978).  Fetches are s h o r t e r  t o  t h e  n o r t h  and n o r t h e a s t .  The mean'tidal range 

varies £run 0.5 to 1 . 2  m around the d e l t a  margin. 

m i n e  Climate 

The coastal  waters of t h e  n o r t h e a s t e r n  Ber ing sea are usually free of ice 

frun middle  or late May t o  l a t e  Octdier or ear ly  November. During the ice- 

free season the wind and wave regimens are v a r i a b l e ;  n o  d i s t i n c t l y  duninant 

wind or wave d i r e c t i o n  is e v i d e n t  i n  d a t a  frau t h e  n o r t h e a s t e r n  Ber ing Sea 

(Brewer e t  al., 1977). The l a r g e s t  s to rms  u s u a l l y  occur around t k  time of 

freeze-up in the f a l l ,  and the winds and waves d u r i n g  these s to rms  are mostly 

fran the e a s t ,  northeast, or north. These storms may or may n o t  affect the 

coastal  waters, depending on t k  fetch in t h e  d i r e c t i o n  o f  the s to rm winds and 

the t i m i n g  of the storm with r e s p e c t  t o  freeze-up. In  g e n e r a l ,  t he  d i r e c t i o n  

of the daninant waves a l o n g  a given stretch of ahore i s  c l o s e l y  related t o  the 

d i x e c t i o n  of g r e a t e s t  f e t c h .  

FEATURES PRODUCED BY WAVES AND CURRENTS 

Areas off Southern Seward P e n i n s u l a  

F e a t u r e s  i n  the P o r t  C la rence  and None-Solanon i n n e r  s h e l f  a r e a s  o f f  t k  

oouthern Seward Peninsu la  are s i m i l a r ,  largely because  of t h e  s i m i l a r l y  coarse 

mediment i n  t h e  two areas.  Wave- and current-produced features i n  these areas 

include sand and g r a v e l  p a t c h e s  and r i b b o n s ,  wave r ipp le s ,  and large c u r r e n t -  

produced transverse bedforms. 



Patches 

Irregular segregations of sand m d  gravel are ubiquitous in the Nune-  

solaoon area (Fig. 5 ) .  On soncqraphs, the sand patches are l i g h t  toned and 

the gravel patches dark toned.  The patches a r e  extremely variable i n  width,  

ranging fran 10 to  500 m. In the shallovest  water depths studied,-4 to B m, 

the eand patches are sharply separated from gravel, which consists  of cobbles 

and boulders. These shallou-water patcbs range In shape fran very irregular 

(fig. 5a) to  roughly elongate a t  high angles t o  shore (Fig. 5b). Locally the 

nand patch8  are m o o t h l y  curved seaward-convex l e e s  spaced an average of 

450 m apart (Fig.  6 )  On some of the bathymetric profiles, sand patches can 

be distinguished fran gravel patches by differences in acoustic signature 

(Fig. Sc, d l .  The sand patches  have sooth convex-up surfaces t h a t  typically 

rise abwe the in tervening  gravel, and with little doubt the sand forms lenses 

resting on a gravel substrate. Where the gravel surface i s  irregular, gravel 

ridges or mounds canmonly rise above the sand lenses ( F i g .  5 ) .  

In water deeper than 10 m, the patches became leea d i s t i n c t  because 

patches of pebbly sand and pebble gravel camonly mcur between the coarser  

gravel and the sand. Much of the pebbly sand and pebble gravel is  visibly 

rippled on sonographs ( F i g .  7 ) .  Mnny t e x t u r a l  segregations are recognizable 

more by differences in ripple size and trend than by t o n a l  differences on the 

sonographs (Fig. 7b). 

The tendency for the patches t o  be e l o n g a t e  a t  high angles to shore and 

to have ~ t r a i g h t e r  boundaries a t  high angles to shore than a t  low angles 

represents a tendency t w a r d  ribbonlike forms. No e l l - d e v e l o p e d  ribbons are 

found in the Nane-Solanon area, however. The possible significance of the 

x h b a n l i k e  forms will be d i s c u s s e d  in connect ion  wi th  the w e l l - d e v e l o p d  

ribbons in the  Port Clarence area. The lcbate form and regular spacing of 



sane of t h e  nearohore  sand patches suggest an  o r i g i n  by s t a t i o n a r y  r i p  

c u r r e n t 6  o r  edge waves. 

- 
Wave Ripples 

R i p p l e s  w i t h  s p a c i n g s  of 0.5 t o  2.0 m a r e  ccumonly visible on sonographs 

i n  both the Nane-Solanon and Port Clarence a r e a s  (Fig .  7 ) .  These r i p p l e s  were 

identified as wave g e n e r a t e d  by their symmetry as meen on t h e  sonographs ,  by 

underwater t e l e v i s i o n ,  and by d i v i n g .  They occur wherever the sediment i s  

moderate ly  t o  tell sorted and of a s u i m b l e  g r a i n  s i z e ,  i n  the very coarse 

sand t o  pebble g r a v e l  grades. Wave ripples of similar s ize  i n  s h i l a r l y  

coarse sediment are known frun many a r e a s  ( T r a s k ,  1955; Vause, 1959; Newton 

and Werner, 1972; Channon and Hamilton, 1976).  All of t h e  l a r g e  wave r i p p l e s  

= r e  i n a c t i v e  when seen by t e l e v i s i o n  camera or by diving and must have formed 

d u r i n g  storms. Xn a d d i t i o n  t o  the l a r g e  i n a c t i v e  r i p p l e s ,  a c t i v e  r i p p l e s  t o o  

6mall t o  be visible on eonographs e r e  p r e x n t  i n  median-grained mand. 

A l l  wave r i p p l e s  i n  t h e  Port Clarence i n l e t  area t r e n d  northest -  

southeast and can be explained a s  p r o d u c t s  of storm waves propagating 

nor theas tward  o u t  of the  Ber ing &a. I n  the Ncme a r e a ,  a t  least three sets of 

wave r i p p l e s  can be seen  a t  a depth of 12 m ( F i g .  f d ) .  The largest r i p p l e s  

(spacing 1.3 m) *re formed by waves from t h e  s o u t h e s t ,  t h e  middle-sized 

ripples (spacing 0.7 m) were formed by waves f r a n  the south, and  the smallest 

ripples v i s i b l e  on t k  sonographs ( s p a c i n g  0.4 m) vere  formed by waves £ran 

the south-southwest.  Ripples of s u c c e e s i v e l y  smaller size occur in 

~ucces s ive ly  f i n e r  w e d b e n t .  Waves g e n e r a t e d  d u r i n g  a major stoxm must have 

formed the l a r g e s t  r ipples i n  t h e  c w r s e s t  rippled sediment. T h i s  large storm 

presumably formed r i p p l e s  i n  f i n e r  sediment  as w e l l ,  b u t  o n l y  t h e  r i p p l e s  in 

the coarsest eediment remained i n a c t i v e  and u n m d i f i e d  u n t i l  t h e  t ime of 
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cbservation. After the largest ripples *rere formed, success ive ly  smaller 

ripples were formed i n  success ive ly  finer material by what must have been 

successively maller waves a t  euccess ive ly  later times. 
7 

In more d e t a i l e d  hydrodynmic terms, the wave r i p p l e s  may be classified 

a s  vortex ripples because of their steepness (Dingler and Inman, 1977). A t  

least  the larger r ipples  are probably of orb i ta l  type, having a spacing 

similar t o  the o r b i t a l  diameter of the waves [Clifton, 1976, Figs. 11-13). 

Calculations based nn threshold veloei ties for grain movement (Rance and 

Warren, 1969; Komar, 1976; Dingler, 1979) and on the upper limit for thz 

existence of orbital ripples  (Mogridge and Karnphuis, 1972) suggest tha t  the 

largest ripples (r ipple  spacing of 2 . 0  m in gravel having a median diameter of 

2 to 8 mm a t  a water depth of 12 m) were formed by waves 2 t o  5 m high having 

a period of 6 to 11  s. 

Ribbons 

L inear  segregations or  ribbons of sand and gravel are well developed a t  

water depths of 4 to B m on the  nor th  s i d e  of Port Clarence, just outside and 

inside the  inlet ( F i g .  81. The ribbons are developed i n  three s izes  of 

material with d i s t i n c t  side-scan sonar signatures similar t o  those in the 

N m - S o l a n o n  area: unrippled cchble and coarse-pebble gravel,  pebbly sand and 

fine-pebble gravel w i t h  wave ripples visible an sonographs, and sand with wave 

ripples t o o  mall to  be visible on sonographs. Commonly the three mater ia l s  

l i e  next to  one another in order of grain e i z e  (Fig. 8a, c ) .  The ribbons show 

l i t t l e  regularity of epacing or width, but the average spacing is roughly 

estimated a t  60 m. N o  re l i e f  i s  detectable on the bathymetric profiles,  but 

underwater t e l e v i e i o n  suggests  t h a t  the sand l i e s  on the gravel .  



Ribbons in other areas have been  i n t e r p r e t e d  as l o n g i t u d i n a l  current- 

produced bedfonns (Kenyon, 1970). The c u r r e n t s  t h a t  p r d u c e  most ribbons are 

t i d a l ,  though wind-driven c u r r e n t s  have a p p a r e n t l y  prcduced sane ribbons or - 
similar textural bands (Stride and Ches teman ,  1973; HcKinney e t  al., 1974) .  

For tk Port Clarence  a r e a ,  however, a s t r o n g  though n o t  c o n c l u s i v e  argument 

can be made t h a t  the ribbons are produced by wave action and are o r i e n t e d  

para l le l  t o  the  d i r e c t i o n  of wave propagation. 

The evidence for a wave o r i g i n  of t h e  ribbons le In part  n e g a t i v e .  The 

r i b b o n s  a r e  n o t  p a r a l l e l  t o  the expected east-west direction of t i d a l  or 

etorm-surge c u r r e n t s  th rough  t h e  i n l e t  (Fig. 9 ) .  Nor a r e  t h e  ribbons 

approximately p a r a l l e l  t o  ~ h o r e ,  as would be expec ted  f o r  m a n  currents 

d r i v e n  by winds a t  almost any a n g l e  t o  shore i n  very shallow water  (Nemann 

and P i e r s o n ,  1966, p. 202-2031. The r i b b o n s  d o  not change In o r i e n t a t i o n  

significantly a l o n g  i r r e g u l a r l y  c u r v i n g  i scbaths  on the n o r t h  side of the 

i n l e t ,  as might b e  e x p e c t e d  if the ribbons e r e  parallel to currents that e r e  

&f l e c t e d  around s e a f l o o r  irregularities. 

S e v e r a l  p o s i t i v e  kinds  of evidence suggest a n  origin by wave action. The 

g e n e r a l  n o r t h e a s t - s o u t h e s t  trend o f  t h e  ribbons i s  parallel to t h e  d i r e c t i o n  

of greatest fetch and roughly normal t o  the  t r e n d  of the accompanying wave 

r i p p l e s .  Both t h e  ribbons and the ripples c u r v e  in ways c o n s i s t e n t  with wave 

refraction; t h a t  i s ,  tk r i b b o n s  becane more n e a r l y  p r p n d i e u l a x  t o  s h o r e  as 

the b o t t a n  shoals  and t h e  ripples becane more n e a r l y  p a r a l l e l  to shore .  

E x a c t l y  hou waves might  produce ribbons i s  not known, though several 

mechanisms are conce ivab le .  Originally irregular t e x t u r a l  segrega t i o n r  

produced by other causes might become streaked o u t  by sed iment  t r a n s p o r t  

caused e i t h e r  by wave-induced n e t  wa te r  motion i n  t h e  direction of wave 

propagation or, i f  n e t  water motion i s  absent,  by the time-velocity asymmetry 
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of wave o r b i t a l  motion ( s h o r t  but s t r o n g   pulse^ I n  t b  d i r e c t i o n  of wave 

propigat ion and longer  but weaker p u l s e s  i n  t h e  oppos i te  d i r e c t i o n ) .  Langmuir  

c i r c u l a t i o n  induced by waves or by wave-current i n t e r a c t i o n  (Faller and ' 

Caponi, 1978) might be capable of fo rn ing  l i n e a r  t e x t u r a l  eegregatione. where 

no segregations had existed previous ly .  

The h y p o t h s i l s  of r ibbon  gene ra t i on  by vave action i s  ccmplicated by the 

f a c t  that sane of t h e  r i bbons  i n  very shal low water are p a r a l l e l  to, and 

poss ib ly  bounded by, ice  gouges (Fig. Bd) .  These ribbons may have sanehow 

been produced by gouging. The occurrence of straight  p a r a l l e l  ribbons through 

a depth range of 4 to 15 m, hodever,  i i 3  d i f f i c u l t  t o  r e c o n c i l e  with an o r i g i n  

by gouging, given the  probability of ice grounding sanewhere i n  t h a t  depth 

range. 

An o r i g i n  by wave action may explain t h e  r i bbon l ike  tendencies of t h  

elongate t e x t u r a l  segregations i n  t h e  Nane-Solanon area. The poorer 

developnent  of ribbonlike forms i n  that a r e a  than i n  the P o r t  Clarence area 

could be expla ined  by  a g r e a t e r  v a r i a b i l i t y  of wave d i r e c t i o n s ,  as suggested 

b y  t h e  greater v a x i a b i l i t y  i n  o r i e n t a t i o n  of wave r i p p l e s .  

Ribbons or elongate t e x t u a l  patches o r i e n t e d  a t  h igh  a n g l e s  t o  shore or 

normal t o  wave r i p p l e s  have been observed elsewhere.  McKinney and ~ i l k e y  

(7969) &served t e x t u r a l  bands oriented normal t o  large wave ripples on the  

A t l a n t i c  shelf of the  sou theas t e rn  United S t a t e s .  Newton et a l .  (1973)  

&served bands o r i e n t e d  a t  high angles t o  shore a t  r e l a t i v e l y  shallow depths 

(30-40 rn) on the Atlantic shelf of northwest  Africa. Swift et a l .  (1976)  and 

Swift  and Freeland (1978) observed t e x t u r a l  bands o r i e n t e d  a t  high angles to 

share  off  t k  n o r t h e a s t e r n  United States but were not c e r t a i n  whether the 

bands were paral lel  t o  or t r a n s v e r s e  t o  t h e  c u r r e n t s .  m i m n i t z  et al. (1976) 

interpreted shore-normal rippled and unrippled bands of f  t h e  = s t  coast Of 



bkxico a s  products of rip currents. Such an i n t e r p r e t a t i o n  i s  not f e a s i b l e  

for t k  Port Cla tence  ribbons, which extend t o  water depths of 15 m,  maore than 

3 ba from shore. Textural bands t e n t a t i v e l y  interpreted as a p r o d u c t  of - 
Xangmuir c i r c u l a t i o n s  generated by a c a n b i n a t i o n  of wind and waves have been 

observed on the S a n  Fedro ohe l f  off s o u t h e r n  C a l i f o r n i a  (Kar l ,  1980) .  

C u r r e n t - P r d u c e d  Transverse B?dfonns 

Bedforms t h a t  can d e f i n i t e l y  be i n t e r p r e t e d  as produced by currents are 

n o t  cumon in the P o r t  Clarence and Nane-Solunon areas. Asymmetric sand waves 

having spacing6 of 2 to 4 m occur i n  the d e e p r  parts  of t h e  i n l e t  t o  P o r t  

Clarence  (Fig. 9 ) .  Asynrmetric transverse bedforms canposed a t  least  partly of 

p e b b l e  gravel  =cur i n  water depths  of 12 t o  15 rn off Safety Sound 

(Fig.  10a). These bedforms are as  much as 2.5 m in h e i g h t ,  average 200 m in 

&pacing,  t r e n d  a t  a high  angle t o  s h o r e  (N 12*E),  and face w s t w a r d .  

Boulder r i d g e s  i n  water depths of 12 t o  15 m off Nme t r e n d  a t  high 

a n g l e s  to shore ( t r e n d  N 33-60 E) and have r e l a t i v e l y  steep wes t - fac ing  slopes 

(Fig. l o b ) .  Underwater t e l e v i s i o n  ahowed that  the west-facing s l o p e s  are 

camposed of b o u l d e r s  and the more g e n t l e  e a s t - f a c i n g  s lops  are c a n p o m d  of 

sand and r e l a t i v e l y  f i n e  g r a v e l .  

The d i r e c t i o n  of asymmetry of t b  bedforms off safety Sound i s  i n  accord 

with the daninance of rrestward c u r r e n t s  i n  n o r t h e r n  Norton Sound (Nelson and 

Kopkins, 1 9 7 2 ~  Coachan e t  al., 1975) .  These bedforms were probably produced 

by weetward tidal currents r e i n f o r c e d  by the semipermanent n e t  e s t w a r d  drift, 

by mtozmreurge relaxation currentr, o r  by a ccmbina t ion  of these c u r r e n t s .  

The origin o f  the  boulder r i d g e s  off Nane i s  not  known. If they were produced 

by modern currents, only stomsurge r e l a x a t i o n  c u r r e n t s  c o u l d  possibly be of 

adequate  mtrength, and even these c u r r e n t s  may not be c a p a b l e  of moving 
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boulders. An alternative e x p l a n a t i o n  i s  that the boulder ridges were produced 

during the Holocene t r a n s g r e s s i o n  a t  water depths  shallower than present. ~f 

eo, they may be similar i n  o r i g h  to the boulder ridges a t  water depth8 of 4 

to 8 m off Ncme ( F i g .  5 c )  except that sand and finer gravel have bee< banked 

up against their  east aides. m e n  assuming an o r i g i n  i n  shallcrver water, it 

remains unknown whether the  ridgelike form of t h e  boulder masses was produced 

by wave and current action or resulted fram the original  d is tr ibut ion of 

boulders Fn the glacial or glaciofluvial material eroded during the Holocene 

transgression. 

Areas M f  Yukon D e l t a  

Rolling and h m o c k y  topography 

Irregular rolling and hunmwzky topography characterizes the seaward edge 

of the sub-ice platform and the upper part of the d e l t a  f r o n t  ( F i g .  4b). 

North of the d e l t a ,  t h ~  topography consists of east-west- trending sediment 

shoals that form a t r a n s i t i o n  zone b e t m e n  t h e  sub-ice platform and the delta 

front. Water depths over  t h e  shoal crests are 1 to 2 m and wer the 

intervening troughs are 4 to 6 m. The shoa l  crests are 3 to 6 km apart. 

&award of the shoals, on the upper part of the delta f r o n t ,  the surface i s  

undulatory or r o l l i n g .  k l i e f  i s  as much as 1 m, and the crests are 100 to 

300  m apart. B e l w  a water depth of about 5 m, the undulations disappear and 

the d e l t a  front s l o p e s  wloothly  down to  the nearly flat prodelta. 

The morpholegic character of the offshore pirt of the de l ta  changes fran 

the northern to the western side. The sub-ice platform on the *stern side i s  

narrcmx than the platfonn on the northern side, and the s l o p  of the d e l t a  

front and prodelta on the *stern side i s  twice as steep as the slope on the 

northern s ide .  The =stern delta front is irregular and hmmocky but dces not 



have the s h o a l s  o r  r o l l i n g  topography c h a r a c t e r i s t i c  of t h e  n o r t h e r n  delta 

f r o n t .  L a a l l y  , the b e s t e r n  d e l t a  f r o n t  has seaward-facing steps, which m y  

be clump scarps , w i t h  as  much a s  0.5 m relief. P o s s i b l e  slump features a r e  
w 

shown in Figure 1 la .  Current-scour  d e p r e s s i o n s  and  e r o s i o n  i n t o  under ly ing  

c a n p t e n t  beds are also seen  on the 1-r part of the * s t e r n  d e l t a  f r o n t  o r  

upper p r d e l t a  (Fig. 11  b) . Two major and numerous minor eubaqueous 

d i s t r i b u t a r y  channels c u t  th rough  the mub-ice p l a t f o r m  and d e l t a  f r o n t .  I n  

c o n t r a s t ,  t h e  n o r t h e r n  parts of t h e  sub- ice  platform and delta f r o n t  have no 

channe l s .  Scour i n  the c h a n n e l s  ( F i g .  l l c )  i s  proof t h a t  the  c h a n n e l s  are 

modern and active. 

The d i f f e r e n c e s  i n  topograph ic  f e a t u r e s  b e t e e n  t h e  n o r t h e r n  and b e s t e r n  

s i d e s  o f  t h e  o f f s h o r e  d e l t a  canp lex  s u g g e s t  d i f f e r e n t  precesses or  d i f f e r e n c e s  

i n  degree  and intensity of the processes a t  work. Unlike the n o r t h e r n  s i d e ,  

which f a c e s  Norton Sound, t h e  western side faces the open Bering Sea and i s  

s t r o n g l y  affected by the north-f lowing Alaskan C o a s t a l  Water Current. The 

n o r t h e r n  d e l t a  f r o n t  and sub- ice  platform are i n  a  d e s t r u c t i v e  or e r o s i v e  

phase c h a r a c t e r i z e d  by wave and c u r r e n t  reworking of sediment i n t o  features 

ouch a s  s h o a l s ,  r i p p l e s ,  and r o l l i n g  topography. The * s t e r n  d e l t a  f r o n t  and 

sub- ice  p l a t f o r m  are i n  a c o n s t r u c t i v e  phase c h a r a c t e r i z e d  by r a p i d  

medimentation and a s s o c i a t e d  process$ such a s  channe l ing ,  c u r r e n t  scour, and 

slumping. 

Sand waves a n d  ripples 

Sand waves and r i p p l e s  are found on the upper parts of t h e  d e l t a  f r o n t  

and on th flank6 and b o t t m s  of t h e  major subaqueous distributary channe l s  on 

the v e s t e r n  side of the d e l t a  (Fig. 4b). Wavy bedforms on the upper part of 

t h e  delta front have h e i g h t s  of 1 0  to 50 em and wavelengths  of 1 0  t o  200 m. 
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These bedforms p r o g r e s s i v e l y  l n c r e a s e  i n  h e i g h t  t w a r d  the t o p s  of the 

t r a n s i t i o n - z o n e  s h o a l s .  The bedfom crests t r e n d  g e n e r a l l y  east-=st,  

s u b p a r a l l e l i n g  t h e  trend of the s h o a l s .  

Asymmetric r i p p l e a  on the flanks of subaqueous d i s t r i b u t a r y  c h a n n e l s  have 

wavelengths  of 3 to 5 m. Sand waves i n  t h e  channels are s t r o n g l y  asytnuietxical 

seaward-facing bedform w i t h  wavelengths  ranging frm 2 5  to 200  m and heights  

of 0.5 to 1 a ( F i g .  IOc, d l .  

The sand waves and ripples are interpreted to be i n  equilibrium w i t h  the 

p r e s e n t  wave and c u r r e n t  regimes. Bedforms on the  d e l t a  front are caused by 

vaves and/or  currentr impacting the s h o a l s  of t h e  delta f r o n t .  Ripples on the 

f l a n k s  o f  subaqueous distributary c h a n n e l s  are possibly caused by werbank 

flw during times of high river discharge. Sand waves on channe l  b o t t a n s  are 

caused by high flow v e l o c i t i e s  during t i m e s  of high r i v e r  discharge. 

Ribbons 

Features i n t e r p r e t e d  a s  sediment ribbons (P ig .  1 l d )  are visible on 

monographs f rm an area nor th  of the  Yukon delta, on the  upper part of the 

d e l t a  f r o n t  (F ig .  4b).  The ribbons occur on t h  crests, flanks, and troughs 

of the broadly  r o l l i n g  ridges c h a r a c t e r i s t i c  of the upper part of t h e  delta 

f r o n t .  The r i b b o n s  t r e n d  N 60-90.~.  g e n e r a l l y  p a r a l l e l  t o  t h e  t r e n d  of t h e  

r o l l i n g  topography. Spacing b e t w e n  r i b b o n s  varies fran 10 t o  150 m. The 

wider spaced ribbons t e n d  to occur more ccmmonly in the t r o u g h  areas* 

Associated with the r i b b o n s  are wavy bed-relief features, visible on depth 

p r o f i l e s ,  that have wavelengths similar to r i b b o n  spac ing ,  b u t  the lack of a 

one-to-one correspondence i n  l o c a t i o n  or spacing b e t e e n  t b s e  two features 

obscuxes their relations. As ribbon and i n t e r r i b b o n  a r e a s  -re n o t  sampled, 

the grain ~ i z e  of t h e e  features ie not known. The c h a r a c t e r  of the ribbons 



on the monographs, however, require~ sane acoustic d i f f e r e n c e  (probably grain 

s i r e )  b e t w e n  ribbon and Antexribbon areas. The lack of correspondence 

b e t e e n  r e l i e f  features and ribbons e l iminates  t k  possibility that the: ribbon 

features are  sMply  bedform shadows. * 

The r i b b o n s  occur i n  s h a l l w  water on the south 6 i d e  of the entrance t o  

Norton Sound. This axea is highly susceptible  t o  southern Bering Sea storm 

waves, mtorm-surge run-off, the Alaskan Coastal Water Current, and tidal 

currents that would pass through the area e i t h e r  in a uestward or an eastward 

direction. The ribbons here are subparal le l  t o  known ox probable current 

directions and are possibly longi tudinal  features produced by one or more of 

these currents. 

FEATURES PRODUCED BY ICE 

Furrows produced by gouging of the seafloor are found i n  parts of the 

study area ( F i g .  12) .  Three types of gouging occur: two are formed naturally 

by i c e  plowing the  bottan sediment and one i s  formed s r t i f i c i a l l y  by anchors, 

anchor chains, or cables dragging t h  b o t t m ,  S ingle  ice gouges are produced 

by a s i n g l e  ice kee l  plowing the  bottun sediment.  These gouges range in width 

from 5 to 2 0  m and are a8 much a s  one meter deep, although most are less than 

one-half meter deep (Fig. 12a, b) . Multiple gouges are produced by multikeel 

ice p l a ~ i n g  or *rakingw the bottan sediment, creat ing  nunerous para l l e l  

furrows (Fig. 12c). Zones of raking are a s  much a s  100 m wide. Arti f ic ia l  

gouge8 are s tra ighter  and narrower ( 2  m or less) than most ice gouges 

(Pig* 12d). 

Both s i n g l e  and mult ip le  gouges are r e l a t e d  t o  ice dynamics i n  Norton 

Sound. Landsat knagery has been used to study i c e  movement i n  northeastern 

# 
Bering Sea (Dupre, 1978). Pack i c e  usually m w e s  i n  s southwestward or 



westward direction,  pushed by the  p r e v a i l i n g  n o r t h e a s t e r l y  winds. When this 

pack i c e  c o l l i d e s  with other floes or with s t a t i o n a r y  shorefast ice,  ice k e e l 6  

are forced d e e p s  into the water. These keels keep moving with the ice p a c k  . 
but ex tend  down far enough to plow t h e  bottan. Gouges i n  Norton Sound 

g e n e r a l l y  trend subparallel to t h e  shore (F ig .  4b), i n  agreement with ice 

movement d i r e c t i o n s  as determined by s a t e l l i t e  imagery. Ice-gouge t r e n d s  i n  

and around P o r t  Clarence are more fandmly  o r i e n t e d  (Fig. 91, suggesting more 

canplex ice movement Fn t h i s  smbayed axea. 

Gouge furrows are not a canmon feature i n  the Nome/Safety Sound area 

because of ice movement p a t t e r n s  and because of current and wave a c t i o n .  Ice 

g e n e r a l l y  mwes i n  a eouthwestward d i r e c t i o n ,  making n o r t h e r n  Norton Sound an 

area of i c e  divergence ,  not conducive t o  i n t e n s e  or dense  gouging. 

Southwestern Norton Sound (Yukon p r o d e l m  a r e a )  is  an a r e a  of ice convergence 

and consequen t ly  of h i g h  gouge d e n s i t y .  Gouges are probably ephemeral 

features in this area because storm waves and tidal currents are capable of 

eroding t h e  gouges or b u r y i n g  them by sediment.  

A r t i f i c i a l  gouges (Fig. 12dl have been found off Nome and off Safety 

Sound. T h y  d i f f e r  f run ice gouges in that  they are narrower, usually t r e n d  

a t  a h igh  a n g l e  t o  shore, and are found only in areas that have high barge 

traffic. P o t e n t i a l  gouging tools are: (1)  anchors  and anchor chains that 

drag the bottom during deployment or recavery, ( 2  1 long tow cables between 

barges and tugboat, which t e n d  to drag bot tm even while underway, and 

( 3 )  s t a b i l i z a t i o n  cables that t r a i l  frm barge e t e r n s .  



CONCLUSIONS 

A r i c h  assemblage of wave- and current-produced features v i s i b l e  on 

eonographs i s  p r e s e n t  i n  s h a l l w  water close to  the southern shore  of S w a r d  

Peninsula .  The r i e h n e e s  of the assemblage 16 dependent on the te i iural  

v a r i a b i l i t y  and genera l  coareeness of t k  sediment.  F e w  features -re seen on 

monographs fran t h e  f i n e  sand and s i l t  areas of the Yukon d e l t a  except i n  

channel8 subject t o  river discharge. 

In genera l ,  f e a t u r e s  known or thought to be produced by waves are more 

canmon than current-formed f e a t u r e s .  Where current-formed features d o  occur, 

they tend to be restricted to deeper parts of the shallaw depth zone 

i n v e s t i g a t e d  here. Although t h e  current-formed features are n o t  c a m o n ,  sane 

of t b m  imply cons iderable  sediment transport by strong c u r r e n t s .  In the 

Nane-Solanon area, the current-formed features i n d i c a t e  rrestward eediment 

t r a n s p o r t ,  opposite frun the wave-induced n e t  sediment t ransport  along the 

beaches. 

The more problematical features descr ibed  here clearly need to be 

i n v e s t i g a t e d  f u r t h e r .  Among such f e a t u r e 8  are the l&ate  sand patches off 

Safety Sound, t h e  ribbons i n t e r p r e t e d  to be prdueed  by wave a c t i o n  i n  the 

Port  Clarence area, the boulder r i d g e 6  off Nme and S a f e t y  Sound, and the 

r ibbons  on the Yukon D e l t a .  
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FIG. 1 -- Index m p  mhowing areas I tud icd  i n  the  n o r t h e a r t e r n  B e r i n g  Sea.  

FIG. 2 -- nap rhowing t r r e k l i n e s  and l o c r t i o n r  of i l l u m t r m t t d  f e a t u r t r  i n  the 

Port C l a r e n c e  area. 

FIG. 3 -- Map mbwing  t r a c k l i n e s  and  l o c r t l o n s  of i l l u e t r a t c d  f c a t h s  i n  the 

Nome-Solmmn area. 

FIG. 4 -- a. n a p  of t r a c k l i n e s  i n  Yukon d e l t a  a r e a .  

be Hap of m r p h o l o g i c  features, and of f e a t u r e s  rhown on monographs 

i n  Yukon delta area. 

FIG. 5 -- Irregular t o  e l o n g a t e  s a n d  and g r a v e l  p a t c h t s  i n  the  Home-Solomon 

a r e a .  D i s t i n c t i v e  p o i n t s  a l l o v i n g  canpar imon of a monograph and i t 6  

accanpnny ing  b a t h y m e t r i e  p r o f i l e  are l a b l l e d  x and y .  

a. Sonograph of  irregular p a t c h e s .  

b. Sonograph of elongate patches. 

c. Bathymetric prof i le  of a r e a  ahown i n  a. 

d. Bathymetric p r o f i l e  of a r e a  shown i n  b. 

FIG. 6 -- Sonograph of cucpate s a n d  and g r a v e l  patches off s a f e t y  Sound. 

FIG. 7 -- Sonographs of wave r i p p l e s  and  &msoc ia t ed  features. 

a. Sand ( l i g h t - t o n e d ) ,  g r a v e l  ( d a r k - t o n e d ) ,  a n d  r i p p l e d  f i n e  gravel 

p a t c h e s  o f f  Nome. 

b. P a t c h e s  o f f  N o m e  distinguished by differences i n  r i p p l e  s i z e  a n d  

t r e n d .  

c .  Sand,  gravel, and r i p p l e d  fine g r a v e l  p a t c h e s  i n  Port Clarence 

a r e a ,  

d .  Sand and r i p p l e d  f i n e  gravel patches o f f  Nome. Note :  the three  

areas distinguished by d i f f e r e n c e s  i n  r i p p l e  s i z e  and t r e n d .  



r ~ b .  e -- Sonographs of ribbons i n  the Port Clarence area. 

a. Sand ( l ight- toned) ,  gravel (dark-toned), and r ippled f ine  gravel 

ribkrhs . 
b. Sand and rippled f i n e  gravel ribbans. 

c. Elongate patches of sand surrounded by gravel, with narrow 

t r ans i t i ona l  z o n e s  of rippled f i n e  gravel .  . 
d. Sand and gravel ribbons or iented pa r a l l e l  t o  i c e  gauge (lower 

r i g h t ) :  note gauge-like fea tures  a t  bundaries  between s a n d  and 

gravel. 

FIG. 9 -- Map of features s h o r n  on s o n o g r a p h s  i n  v ic in i ty  o f  Port Clarence 

entrance. 

Fig. 10  -- Bathymetric prof i les  of sound waves and s imi lar  features.  

a. Large transverse bedforms compared p a r t l y  of gravel, off Sa fe ty  

Sound. 

b. Somewhat asymmetric ridges whose s teep west faces a r e  of boulder 

gravel, off Nome. 

c .  Large sand waves i n  a channel t h a t  crosses the subice  platform, 

Yukon del ta .  

d.  Small sand waves in a channel t h a t  crosses t h e  sub-ice platform, 

Yukon delta. 

FIG. 1 1  -- Features shown on sonographs i n  Yukon delta area. 

a. Probable alurap features. 

b. Current-scour depressions and ice gouges. 

c. Scour features i n  a channel t h a t  croesee the rub-ice platform. 

d ,  Ribbon-like features. 

PIG. 12 -- Sonoqraphe of ice a u g e s  and ~ i m i l a r  featureu. 

a So?.itary gouge i n  the  Port Clarence area.  

b. Sol i t a ry  gouges i n  the Port  Clarence area. 
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c .  Pressure-ridge raking off Safety Sound. 

d -  h r t i f i c i a l  9 U 9 e s  off Nome; one i n  marked by arrows. 
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hbetract 

We have used long-term measurements of near-bottom ve loc i t i e s  a t  foux 
.. 

heights a h v e  the eea f l o o r  i n  Norton Sound, Alaska,  to compute hourly values 

of shear velocity u,, roughness to, and bottom-drag coefficient c,,. Maximum 

eediment resuspension and transport, predicted for periods when the computed 

value of u, exceeds a crit ical  l eve l ,  occur during peak tidal currents 

associated with spring tides. The f o r t n i g h t l y  variation i n  u, is correlated 

with a distinct nepheloid layer that i n t e n s i f i e s  and thickens during s p r i n g  

tides and diminishes and thins during neap tides. The passage of a storm near 

the end of the experiment caused s i g n i f i c a n t l y  higher u, values than those 

found during fair weather. We attribute these increases i n  u* to stronger 

b o t t o m  currents and larger surface waves. 



XNTRODUCT I ON 

. 
The most impor tan t  dynamic parameter c o n t r o l l i n g  the t r a n s p o r t  of 

mediment i n  t h e  b t t o m  b u n d a r y  l a y e r  over c o n t i n e n t a l  r h e l v e s  i s  the bottom 

mhear stress T ~ .  Biatorically, most estimates of T~ i n  both n a t u r a l  and  

l a b o r a t o r y  e e t t i n g s  have h e n  made by measuring the f low v e l o c i t y  a t  one or 

more heights  a b v e  the k m t t o m  and apply ing  a n  a p p r o p r i a t e  boundary-layer 

equation that relates the h t t o m  shear stress to the v e l o c i t y  field. For 

example, i n  steady u n i d i r e c t i o n a l  t u r b u l e n t  f l m  over  a f l a t  h d  whose o n l y  

bottom i r r e g u l a r i t i e s  are uniform sand grains, T,, can be calculated f r o m  the 

r e l a t i o n s  ( S c h l i c h t i n g ,  1968): 

( l a )  

where u is the c u r r e n t  speed a t  a h e i g h t  z a b v e  the bttorn, P i s  the f l u i d  

d e n s i t y ,  k i s  von Karman's c o n s t a n t  (0 .41,  u , ~  i s  t h e  b t t o m  shear v e l o c i t y ,  

and  zo Is a roughness  parameter .  Equa t ion  ( l b )  applies w i t h i n  t h e  turbulent 

l w e r  part of the v e l o c i t y  p r o f i l e ,  commonly r e f e r r e d  t o  as the logarithmic 

zone; over c o n t i n e n t a l  shelves, this zone is  w i t h i n  about 10 m of the sea 

f l m r  (Wirnbush, 1976). S t e r n k r g  (1968)  found that approximately 85 percent 

of the v e r t i c a l  v e l o c i t y  d i s t r i b u t i o n s  measured i n  s i x  different t i d a l  

channels fit the l o g a r i t h m i c  v e l o c i t y  p r o f i l e  g iven by e q u a t i o n  ( l b ) .  Other 

v e l o c i t y - p r o f i l e  measurements i n  dominant ly  sha l low tidal f lows  also 

demnstrst t  the applicability of equation (lb) i n  e s t i m a t i n g  ueb 



(Bcwden and others, 1959; McCave, 1973; Smith and McLean, 1977). 

'h*o major d i f f i c u l t i e s  t h a t  ar i se  i n  app ly inq  equat ion ( lb )  to n a t u r a l  

baundary-layer flows involve s i t u a t i o n s  ( 1 )  where bt torn i r r e g u l i r i t i e s  or bed 

features e x i s t  whose vert ical  l e n g t h  s c a l e s  exceed t h a t  of t h e  eedimentary  

g r a i n s  a t  the t e d  e u r f a c e ,  and ( 2 )  when act ive  sediment t r a n s p o r t  of b d  load 

and near-bottom suspended l o a d  occurs. Smith and HcLean (1977) ,  r h o  

cons idered  t h e s e  problems, presented methods for  d e a l i n g  w i t h  t h e  changes i n  

s h e a r  v e l o c i t y  u+ t h a t  r e s u l t .  I n  p a r t i c u l a r ,  when more than one vert i ca l  

scale  of bed roughness is present, Smith and McLean argued  that t h e  velocity 

p r o f i l e  is separated into vertical zones t h a t  r e f l e c t  the scales of these 

roughness  e lements .  They suggested that equation (Ib) applies w i t h i n  each 

v e r t i c a l  t o n e  and t h a t  zo for t h a t  zone is  related t o  a particular physical 

roughness  scale, Tor  example, i f  t h e  bottom c o n s i s t s  of w e l l - s o r t e d  sand 

g r a i n s  and regularly spaced asymmetric sediment  r i p p l e s ,  t h e  slope of the 

velocity p r o f i l e  above t h e s e  features changes a t  a height determined by the 

t r a n s i t i o n  f r o m  a layer dominated ky s k i n  f r i c t i o n  over t h e  i n d i v i d u a l  sand 

g r a i n s  t o  an  upper l a y e r  i n  which the  form drag imposed by sediment  r i p p l e s  on 

the flar is dominant. This change i n  the velocity p r o f i l e  s i g n i f i e s  a 

cor responding  change i n  u* and  ro,  which i n  the lowes t  l a y e r  (where u, ueb) 

are the appropriate parameters associated with s k i n  f r i c t i o n  a c t i n g  on t h e  

murficial eedimentary  grainm. 

When ueb exceeds the  value n e c e s s a r y  t o  i n i t i a t e  bed-load t r a n s p o r t ,  to 

i r  effectively p r o p o r t i o n a l  to the excess nhear stress (Smith and McLean, 

19771 m d  exceeds  the values of ro commonly given f o r  t u r b u l e n t  boundary 

layerr (Schlichting, 1968). 



An a d d i t i o n a l  problem i n  e s t i m a t i n g  u, at the s e a  f l o o r  a r i s e s  when 

l u r f a e e  waves g e n e r a t e  lmttorn v e l o c i t i e r  (and stresses) t h a t  a r e  of magnitudes 

comparable to those t y p i c a l  of the mean flow. Smith (1977) a n 3  Grant  and 

Cladsen (1979) ahowed t h a t  the wave and c u r r e n t  stresses a r e  n o n l i n e a r l y  

coupled and t h a t  t h e  n e t  e f f e c t  is  t o  i n c r e a s e  the mean s t r e s s  above t h e  value 

i t  would have i f  waves wexe absen t .  Both Smith (1977) and Grant and Madsen 

(1979) a l s o  showed that 2, v a l u e s  d e r i v e d  from v e l o c i t y - p r o f i l e  measurements 

when waves and quas i - s t eady  c u r r e n t s  are both s i g n i f i c a n t  a r e  i n c r e a s e d  by 

wave-current  i n t e r a c t i o n .  G r a n t  and Madsen sugges ted  that some of t h e  

anomalously high v a l u e s  of zo r e p o r t e d  by o t h e r  r e s e a r c h e r s  can be explained 

by t h i s  e f f e c t .  

The e s t i m a t e s  of u, r e p o r t e d  h e r e  were d e r i v e d  by the l o g a r i t h m i c - p r o f i l e  

method, using measurements of near-bottom c u r r e n t  v e l o c i t i e s  on an open 

c o n t i n e n t a l  ~ h e l f .  The d a t a  were m l l e c t e d  i n  outer Norton Sound, Alaska,  

d u r i n g  a n  80-day p e r i o d  from July 8 to September 26, 1977, using an  

instrumented, i n - s i t u  k a t t o m  tripod (GEOPROBE; F i g .  1 ) .  

Cacchione and Drake (1980)  and Drake and o t h e r s  (1980)  have documented 

t h e  importance of late-summer, e a r l y - f a l l  ~ to rms  i n  c a u s i n g  high r a t e s  of 

mediment transport th roughout  o u t e r  Norton Sound. They found t h a t  s t o r m -  

d r i v e n  bottom stresses a r e  o f t e n  l a r g e  enough t o  resuspend  s u r f i c i a l  d e p o s i t s  

a t  the GEOPROBE 6ite  and t h e r e b y  enhance removal of t h e s e  d e p o s i t s  by t h e  

r e g i o n a l  northward flow. I n  a d d i t i o n ,  Drake and o t h e r s  (1980)  a l s o  argue that 

d u r i n g  t h e  more p e r s i s t e n t  f a i r - w e a t h e r  regime, t i d a l  b t t o m  s t r e s s e s  a r e  

n i g n i f i ~ a a t  i n  the n e a r - b t t o m  t r a n s p o r t  of sediment  d e r i v e d  from the Yukon 



River (Fig .  11, which o c c u r s  a t  r e l a t i v e l y  lower r a t e s  than d u r i n g  storms but 

over  prolonged d u r a t i o n s .  

- 
I n  this r e p o r t  we discuss the v a r i a t i o n  of u, d u r i n g  f a i r r e a t h e r  periods 

m d  emphasize the d i u n a l  and f o r t n i g h t l y  t idal  i n f l u e n c e .  We also i n c l u d e  

brief discussion of additional c o n t r i b u t i o n s  t o  u, d u r i n g  periods of high 

n u r f a c e  waves. Cacchione and Drake (1980) have already used these data to 

show the  i n f l u e n c e  of s t r e s s e s  due t o  s u r f a c e  waves on w a n  or qgasi-steady 

mtress, as p r e d i c t e d  by t h e  t h e o r e t i c a l  f o r m u l a t i o n s  of S m i t h  (1977) and Gran t  

and  Hadsen (1979) 

METHODS 

The GEOPROBE system is an instrumented t r i p o d  des igned  t o  make o n s i t e  

n e a r - b t t o r n  measurements of currents, p r e s s u r e ,  t empera tu re ,  and light 

t r a n s m i s s i o n  and ecattering, and t o  photograph the sea f l o o r  over d u r a t i o n s  of 

a b o u t  3 months (Cacchione and Drake, 1979). During 1977 the GEOPROBE w a s  

deployed i n  Norton Sound in 18-m mean water  depth a b u t  6 0  krn s o u t h  of Norne, 

Alaska (Fig. 1) .  Data were o b t a i n e d  at a basic i n t e r v a l  of 1 h over a 3-mo 

p e r i o d  and recorded an  a digital c a s s e t t e  tape. M orthogonal components of 

h o r i z o n t a l  current were measured w i t h  s p h e r i c a l  e l e ~ t r o m a ~ e n t i c  (e-rn) c u r r e n t  

a e n s o r s  a t  four heights--  20, 50, 70, and 100 cw-  a b v e  t h e  s e a  f l oo r  

(Caechione and Drake, 1979). At the hourly b s i c  intervals, each component of 

c u r r e n t  was sampled i n  a b u r s t  mode, once each second f o r  a one-minute 

d u r a t i o n ;  bottom p r e s s u r e  was sampled a t  the same r a t e .  C u r r e n t  speed and 

d i r e c t i o n  were measured with a Savonius rotor and vane,  respectively, a t  

h o u r l y  i n t e r v a l s .  These l a t t e r  measurements p rov ided  a c o n s i s t e n c y  check on 

the r-m cur ren t -mete r  data. 



The e-m cur ren t -mete r  & t a  v e r e  t r e a t e d  as f o l l c w s .  F i r s t ,  individual 

pairs of velocity component measurements, ui and vi, at each verticpl  l e v e l  

were r o t a t e d  to p r o v i d e  nor th-eouth  ( v )  and eas t -wes t  ( u )  components. The - 
r o t a t i o n  angle was determined from photographs of an underwater  compass 

l~ounted on the GEOPROBE and was c o r r e c t e d  for magnet ic  d e c l i n a t i o n ;  the 

accuracy  of t h i s  procedure  i s  about  so. 

~ u r s t  means (3,;) f o r  each component were then c a l c u l a t e d  o v e r  t h e  one-minute 

sample d u r a t i o n s :  

B u r s t  wan c u r r e n t  opeed s and b u r s t  mean c u r r e n t  d i r e c t i o n  0 were also 

computed for  each one-minute burst: 

- 
s = (,I-2 +vg2 1'4 1 0 = tan-' - v. - 

u 

A t o t a l  of 1,920 v a l u e s  of s and 0 were thus  o b t a i n e d  over the 3-month 

experiment. The e v a l u e s  conpared f a v o r a b l y  with t h e  hourly c u r r e n t  speeds  

measured w i t h  the  Savonius  rotor, except d u r i n g  periods of r e l a t i v e l y  high 

murface waves (wave h e i g h t s  >1 m), when r o t o r  v a l u e s  were s p u r i o u s l y  l a r g e  

("pumped upn; Kaweit, 1974).  

Because mignificant wave-induced stresses can i n t e r a c t  nonlinearly w i t h  

t h e  quas i - s teady  s t r e s s e s  (Smith, 1977; Grant and Madsen, 1979) and thus  

modify q u a t i o n  (Ib), it i s  impor tan t  to identify periods of s ign i f i cant  wave 

activity  during the experiment. Var iance  e s t i m a t e s  of t h e  current speed were 



computed t o  i n d i c a t e  these periods of i n c r e a s e d  wave a c t i v i t y .  

Shear  v e l o c i t y  u. and bottom roughnees zo were determined f o r  each h o u r l y  

ret of one-minute averages of current speeds  s by f i t t i n g  t o  a  least-squares 
* 

curve ,  u s i n g  q u a t i o n  ( l b )  t o  the e-m t h e  cur ren t -mete r  data o b t a i n e d  a t  the 

four heights. A r e g r e s s i o n  c o e f f i c i e n t  r and s t a n d a r d  e r r o r  were a l s o  

computed for each least-equarec curve.  

RESULTS 

During f a i r - w e a t h e r  p e s i o d s ,  b o t t o m  currents a t  t h e  GFOPROBE site 

(F ig .  1 )  were characterized by mixed r o t a r y  t i d a l  c u r r e n t s  s t r o n g l y  polarized 

In a WNW-ESE o r i e n t a t i o n  and by a weaker n o r t h e r l y  mean f l o w .  During stormy 

p r i o d e ,  moderate n o r t h e r l y  wind-driven bottom c u r r e n t s  and i n t e n s e  

o s c i l l a t o r y  wave c u r r e n t s  were a l s o  observed (Cacchione and Drake, 1980).  

Figure 2 shows p a r t  of the c u r r e n t  record t a k e n  wi th  the e-rn c u r r e n t  meter  a t  

100 cm above t h e  s e a  f l o o r .  The mixed-tidal o s c i l l a t i o n s  and f o r t n i g h t l y  

t i d a l  c y c l e  are readily a p p a r e n t  i n  the speed da ta .  The east-west c u r r e n t  

opeeds a r e  larger t h a n  t h e  nor th-south  c u r r e n t  speeds and c o n t a i n  a pronounced 

d i u r n a l  periodicity. Harmonic tidal a n a l y s i s  shows that t h e  K, t i d a l  

c o n s t i t u e n t  is the most e n e r g e t i c  and t h a t  t h e  K, tidal e l l i p s e  has pronounced 

WNW+ESE o r i e n t a t i o n ;  the  r a t i o  of major to minor axis l e n g t h  of this ellipse 

(K1) ia about  10: 1. The r e l a t i v e l y  lcm daily averages  ("sticks") i n  curve 

cm 1 (Fig.  3 )  i n d i c a t e  a  g e n e r a l l y  veak n o r t h e r l y  f low (about 3 cm/s). T i d a l  

end higher frequency motions i n  t h e  c u r r e n t  data have k e n  removed from t h e  

d a i l y  mean currents (Q). The n o n t i d a l  n o r t h e r l y  c u r r e n t  on July 25 and 26 was 

a s s o c i a t e d  with an  i n c r e a s e  i n  wind speed.  The e f f e c t s  of t h i s  e v e n t  on t h e  



computat ions  of u, a r e  diecussed la ter .  

The v a r i a n c e  of current speeds  f o r  each e-m c u r r e n t  me te r 'bver  the  p e r i o d  

J u l y  8-Septemkr 8 are p l o t t e d  i n  F i g u r e  3. s i g n i f i c a n t  i n c r e a s e s  i n  v a r i a n c e  

e s t i m a t e s  a b v e  g e n e r a l l y  low v a l u e s  occur  i n f r e q u e n t l y ,  most n o t a b l y  on J u l y  

25 end a f t e r  September 1 (Fig. 3 ) .  The h i g h e r  v a r i a n c e  v a l u e s  on J u l y  2 5  

cor respond  t o  the higher n o n t i d a l  da i ly -averaged  c u r r e n t s  clhcwn i n  Figure 2. 

Late on July 24,  weather  r e c o r d s  from the N a t i o n a l  Weather S e r v i c e ,  Nome, 

i n d i c a t e  t h a t  h o u r l y  wind mpeeds i n c r e a s e d  t o  15 t o  20 knots; these higher 

winds p e r s i s t e d  u n t i l  e a r l y  on J u l y  26, Wind directions were persistently 

fxom t h e  s o u t h - s o u t h e a s t  th roughout  that time. The bottom p r e s s u r e  data taken 

on the GEOPROBE d u r i n g  t h i s  p e r i o d  i n d i c a t e  t h a t  wind waves i n c r e a s e d  on July 

25 t o  about 1-m h e i g h t s  (data not shown), with cor respond ing  wave-induced peak 

c u r r e n t  speeds  of s h u t  15 c m / s  (measured with t h e  e-rn c u r r e n t  meter  a t  1 m 

above t h e  s e a  f l o o r ) .  These wave currents were the h i g h e s t  r e c o r d e d  d u r i n g  

the  p e r i o d  July 8-September 1. A f t e r  September 1, t h e  energy l e v e l s  i n  wave- 

induced  bottom c u r r e n t s  i n c r e a s e d  e u b s t a n t i a l l y  i n  response t o  the more 

f r e q u e n t  passage  of i n t e n s e  mtoxms. The high v a r i a n c e  values d u r i n g  the 

p e r i o d  September 3-8 were caused  by high wave c u r r e n t s  (Fig. 3 ) .  

Hourly values of u, and c u r r e n t  epeed a t  100 cm above the sea floor 

( u I O D )  are shorn i n  F i g u r e  4. Higher v a l u e s  of u, and ulOO r e g u l a r l y  occur  

d u r i n g  sp r ing  tides a t  peak v a l u e s  of a b u t  3.5 and 33 cm/s, r e s p e c t i v e l y .  

The f o r t n i g h t l y  rhythmic  p a t t e r n  i n  these paramete r s  is  a l s o  easily 

d i s c e r n i b l e  i n  Figure 4. The b t t o m  roughness  zo has a more irregular 

v a r i a t i o n  not r e a d i l y  c o r r e l a t e d  w i t h  the  spring-neap cyc le .  The reason f o r  
- 

t h i a  e r r a t i c  variation i n  meaeured r, I s  unknown; however, as d i s c u s s e d  
4 



. earlier,  rediment tran6port b r i n g  periods when U. > u*, c o u l d  s i g n i f i c a n t l y  

alter the value of zo (Smith, 3977). The es t imated  value of u* , for  eurface 

d e p o s i t s  a t  the GEOPROBE s i t e  is abut 1 .3  m / s  ( m a n  grain size is 70 urn) ;  " 

[Cacchione and Drake, 1979). This value of u,, was derived from the modified 

Ghie ld ' s  m r v e  s h m  by Smith (19771, applicable for uniform flow over a 

noncohesive sediment bed. The drag c o e f f i c i e n t  c,,, computed from cD = 

(u, 1 2 ,  i s  p l o t t e d  for comparison with previous  estimates (for example, 
I_ 
U 
100 

Sternberg, 1968; HcCave, 1973 1. 

DISCUSSION 

Although the computation of u* and z, was c a r r i e d  out for each of the 

hourly uets of e - m  data points, as discussed above, it is useful to examine 

the accuracy of f i t t i n g  a curve ( i n  the least-squares sense) u s i n g  equation 

( l b )  to  the burst-averaged speed data. A sumnary of correlation c o e f f i c i e n t s  

r, which are est ixetes  of the goodness of f i t  of the l eas t - squares  curve t o  

the data p o i n t s  (Davis,  19731, is shown i n  Table 1. The large number (approx. 

BO percent of r values greater than 0.8) ind i ca te s  the generally good f i t  of 

the least-squares curve given by equation ( lb )  to  the e n t i r e  data s e t .  This  

r e s u l t  implies that hourly velocity prof i l e s  i n  t h i s  s h e l f  region are 

dominantly logarithmic.  

rigllr~ 5 plots the relation of r2 and tilo0. In general (except f o r  about 

5 data points in the middle of the diagram), lckt values of r2 occur at the  low 

2 values  of ulOO ( < l o  dl); conversely, high values  of r predominantly are 

correlated w i t h  high values of ulo0 (1- 10 crn/s). This  result  suggests tha t  

the vaet  majority of poor logarithmic fits to the data occur a t  times of low 



currents. T h i s  r e s u l t  $8 not  e u r p r i s i n g  because low tottom cu r r en t s ,  l i k e  

pe r iods  of l i g h t  su r f ace  winds, could be expected to vary considerably i n  both 

rpeed and d i r e c t i o n  i n  the  bottom boundary l a y e r  and thus  t o  &form the 

- 
velocity p r o f i l e .  

We have a l r eady  e h m  t h a t  the measured u, values  a t  t i m e s  exceed u * ~  

( 1.3 ~m/sl. Figure 4 indicates t h a t  s i g n i f i c a n t  bottom-sediment movement a t  

the GEOPROBE s i t e  occurs On a f o r t n i g h t l y  cyc le ,  during pe r iods  of s p r i n g  

t i d e s .  Evidence for t h i s  rhythmic p a t t e r n  of sediment movement a s s o c i a t e d  

w i t h  the  tidal cyc l e s  dur ing  f a i r  weather i s  a l s o  found i n  t h e  bottom 

photographs and l i g h t - s c a t t e r i n g  measurements taken with t h e  GEOPROBE. I n  

p a r t i c u l a r ,  t h e  t u r b i d i t y  i n  t h e  water a t  a b u t  2 m a b v e  the  sea f l o o r  (as  

de tec t ed  w i t h  t h e  GEOPROBE nephelometer) i nc reases  and decreases  with t h e  

s p r i n g  and neap cyc l e s ,  r e spec t ive ly .  During peak s p r i n g  tides, bottom 

photographs are t o t a l l y  obscured by t h e  increased turbi&ity of t h e  water. 

Since  the critical bottom s t r e s s  is  exceeded during s p r i n g  t ides  (Fig.  41, 

l o c a l  resuspension of t r o t t o m  ma te r i a l  probably occurs ,  and t h e  increased 

turbulence causes  upward mixing of the suspended ma te r i a l s .  Th i s  mixing could 

c r e a t e  a bottom t u r b i d  l a y e r  t h a t  diminishes  and t h i n s  during tines of l w  us 

(neap t i d e s ) .  Turb id  bottom l a y e r s  (nepheloid l a y e r s )  have k e n  reported i n  

other cont inenta l - she l f  a r e a s  (Drake, 1976; Pak and Zaneveld, 1977),  al though 

t h e i r  p r e c i s e  mechanism is unreeolved. 

W t  note  both t he  vary ing  and p e r i o d i c a l l y  high values  of measured z, 

( F i g .  4 ) .  The average va lue  of to f o r  the pe r iod  J u l y  8-September 8 was about 

2.2 em; s i m i l a r  high va lues  of z, have been r epo r t ed  for t i d a l l y  dominant 

f low6 W i n g  cur ren t -meter -prof i le  da t a  (Kagan, 1971). Measurements of zo i n  a 



ahallow-marine environment a l s o  show c o n s i d e r a b l e  r e a t t e r  ( f rom loe6 t o  

10' cm) in rny  one l o c a l i t y  over a range of hydrau l ic - f l cw conditions 

(Heathermhaw, 1976). - 

The a c t u a l  physical bottom roughness a t  the GEOPROBE s i t e  was d i f f i c u l t  

to de te rmine  from bottom photohgxaphs because of t h e  hi* t u r b i d i t y .  

Shipboard underwater  t e l e v i s i o n  and 70-m bottom photographs  t a k e n  two days 

a f t e r  deployment of t h e  GEOPROBE r e v e a l  a eedimentary  s u r f a c e  characterized by 

low animal-generated mounds and burrows, with t y p i c a l  h o r i z o n t a l  s c a l e s  of 2 

to 20 em and v e r t i c a l  scales of 1 t o  10 cm. The l a r g e s t  number of these 

f e a t u r e s  appear  to protrude about 4 to 8 cm a b v e  the g e n e r a l  bed level. A 

few i s o l a t e d  s h o r t - c r e s t e d  incipient sediment r i p p l e s  a l s o  a r e  s c a t t e r e d  about 

t h e  GEOPROBE site. The infrequent occurrence of ripples in this area is 

probably due to the x e l a t i v e l y  high s i l t  c o n t e n t  of the surface deposits and 

t h e  active d e s t r u c t i o n  of these f e a t u r e s  by the abundant organisms. I f  a 

p h y s i c a l  roughness k, of 6 cm is  used to r e p r e s e n t  t h e  bed, z, ,  estimated from 

*o = k,/30 (hydraulically rough f l o w ) ,  would be about  0.2 cm ( S c h l i c h t i n g ,  

99681, a va lue  t e n  times e m a l l e r  t h a n  t h e  mean measured value of zo determined 

from the v e l o c i t y  profiles. The reason  f o r  this disc repancy  is  unknown, but 

the estimate for kB here i s  based on an  extremely limited number of 

pho tograph ic  o b s e r v a t i o n s  of l o w  accuracy,  Other  r e s e a r c h e r s  have reported 

large v a l u e s  of measured z0 based on v e l o c i t y - p r o f i l e  measurements on 

eor. t lnenta1 s h e l v e s  (Scott and  Csanady, 1976). 

A8 p o i n t e d  o u t  e a r l i e r ,  Smith and HcLean (1977) showed t h a t  ro should be' 

p x o p o r t i o n a l  to the e x c e s s  s h e a r  rtress when bed-load transport is occurring: 



2 where tc - pu,, , P m  is  the d e n s i t y  of the l o c a l  sediment ,  g 18 the 
" 

g r a v i t a t i o n a l  a c c e l e r a t i o n ,  + i s  the Nikuradse  roughness ( S c h l i c h t i n g ,  1968) ,  

a n d %  is an e m p i r i c a l l y  determined c o n ~ t a n t  (Smith and McLean, 1977) .  do 
was extimated to b~ 26.3 4. Smith and McLean (1977)  on the basis of their 

v e l o c i t y - p r o f i l e  measurements i n  t h e  Columbia River .  

Equa t ion  ( 4 )  can be r e w r i t t e n :  

=o - 1.63 x 1 0 " ~ ( u f ~  - 1.69) + rN, 

3 when P s  = 2.65 g/cm , w0 = 26.3, and ub = 1.3 m/s. Apparent ly  the v a l u e s  of 

z, computed from equation ( 5 )  a r e  cons iderab ly  belw t h e  peak v a l u e s  shown i n  

Figure 4. For example, u s i n g  a value of ueb = 3.5 W s ,  (zo-% 1 as de te rmined  

f r o m  e q u a t i o n  (51  is  about 0.2. If zN is  a b o u t  0.2 cm (see above), zo i s  

about 0.4 cm. 

Large v a r i a t i o n s  i n  5 have a l so  h e n  r e p o r t e d  p r e v i o u s l y  (Heathershaw, 

1976). Sternberg  (1968) ,  using v e l o c i t y  data o b t a i n e d  i n  s i x  tidal c h a n n e l s  

in Puget  Sound, Washington, o v e r  a vide range of f l o w  and bottom conditions, 

c a l c u l a t e d  a mean % v a l u e  of 3.1 x t h e  range i n  c,, v a l u e s  was o m  0.87 

x 10-\0 11.1 x to-). The m a n  v a l u e  of %, using the d a t a  shown i n  figure 

4, is 10 x lo-'. We note t h a t  high v a l u e s  of % (and r , )  are correlated w i t h  

low v a l u e s  of ulO0 (Fig. 4 ) .  

F i n a l l y ,  t h e  r e l a t i v e l y  l a r g e  v a l u e s  of u* and u lO0  on J u l y  25 are a 

r e s u l t  of the increased  c u r r e n t  speeds and bottom stresses caused by wind- 



driven c u r r e n t s  and r u r f a c e  waves. Measured o s c i l l a t o r y  currents dur ing  t h e  

period July  25-26 had peak speeds of 15 cm/s a t  100 cm above the sea f l o o r ;  

the average wave p e r i o d  determined from the burst pressure o v e r  1 0  cofisecutive 

b u r s t s  was a b u t  6.8 om The hour ly  u* values ( r e p o r t e d  i n  Fig. 4 )  dur ing  t h e  

p e r i o d  of i n c r e a s e d  wave stresses on J u l y  25 ( a s  w e l l  as a f t e r  September) a r e  

probably  underes t imated .  Smith (1977) and Grant  and Wadsen (1979) have s h w n  

t h a t  o s c i l l a t o r y  wave s t r e s s e s  can i n t e r a c t  n o n l i n e a r l y  w i t h  the quas i - s teady  

stress components t o  i n c r e a s e  the quas i - s teady  part.  T h i s  wave-current 

i n t e r a c t i o n  d u r i n g  the periods of increased wave a c t i v i t y ,  p a r t i c u l a r l y  

S e p t e m h r  7 t o  17, 1977, i n  Norton Sound, is discussed e l sewhere  (Cacchione 

and Drake, 1980).  

CONCLUSIONS 

More t h a n  80 p e r c e n t  of t h e  measured v e l o c i t y  p r o f i l e s  t a k e n  w i t h  t h e  

GEOPROBE i n  Norton Sound vary logarithmically with distance a b v e  the 

bottom. Nonlogarithmic profiles g e n e r a l l y  occur during periods of low 

c u r r e n t s  associated with t u r n i n g  of the tide. L o g a r i t h i c i t y  o f  t h e  p r o f i l e  

p e r s i s t e d  th roughout  p e r i o d s  of i n c r e a s e d  n o n t i d a l  b t t o m  c u r r e n t s ,  probably 

caused by h i g h e r  local wind stxess. 

D i u r n a l  and f o r t n i g h t l y  v a r i a t i o n s  i n  u, and  ulO0 appear  throughout  the 

pbeasurementu. Both % and zo a l s o  shaw diurnal p e r i o d i c i t i e s ,  a l though  no 

f o r t n i g h t l y  cycles are d i s c e r n i b l e .  The v a l u e s  of cD are h i g h e r  t h a n  previous 

e s t i m a t e s  lor t i d a l l y  dominant f l a w s  ( S t e r n b e r g ,  1968; McCave, 1973 ) ; however , 

u n l i k e  thome of previous r t u d i e s  that were c a r r i e d  out i n  t i d a l  channe l s ,  our 

m a s u r e m i n t s  were o b t a i n e d  i n  the muth  of a wide embayment on an  expansive 



c o n t i n e n t a l  a h e l f .  The mean v a l u e s  of % and to o v e r  the  65-day period were 

10 x lo- '  and 2.2 cm, r e s p e c t i v e l y .  T h i ~  mean v a l u e  of zo Is cons4derab ly  

larger t h a n  t h a t  p r e d i c t e d  f o r  h y d r a u l i c a l l y  rough flow o v e r  a bottom v i t h  - 
i r r e g u l a r  random roughness e lements  of 4- t o  8- cm h e i g h t s .  

A d i s t i n c t  bttorn n e p h e l o i d  l a y e r  persisted th roughout  t h e  e x p e r i m e n t a l  

p e r i o d ;  the t u r b i d i t y  and t h i c k n e s s  of this layer  i n c r e a s e d  i n  r e sponse  t o  

h i g h e r  v a l u e s  of u+ during peak t i d a l  f lows.  During maximum t i d a l  c u r r e n t s ,  

and p a r t i c u l a r l y  d u r i n g  s p r i n g  t i d e s ,  v a l u e s  of u* e x c e e d i n g  u+= i n d i c a t e  

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

a s s o c i a t e d  with h i g h e r  u, v a l u e s  probably caused  the near-bottom l a y e r  t o  

t h i c k e n  and t o  i n t e n s i f y  i n  t u r b i d i t y .  Weakex mean r e g i o n a l  flw probab ly  

a d v e c t s  t h e  suspended m a t e r i a l s  nor thward away from the Yukon p r o d e l t a .  

Apparen t ly ,  during f a i r  weather this flow removes large amounts of the f i n e  

aediment s u p p l i e d  to t h e  r e g i o n  & t h e  Yukon River.  Drake and others (1980) 

discuss the role of r e g i o n a l  f low and s to rm-genera ted  c u r r e n t s  i n  t r a n s p o r t i n g  

Yukon-derived m a t e r i a l s  into the  Arctic b a s i n .  

The d a t a  r e p o r t e d  here y i e l d  the l o n g e s t  c o n t i n u o u s  e s t i m a t e s  of u,, z,, 

and 5 yet r e p o r t e d  for a b o t t o m  boundary l a y e r  on a n  open c o n t i n e n t a l  

mhelf. S i m i l a r  measurements i n  other c o n t i n e n t a l - s h e l f  a r e a s ,  as w e l l  as 

o t h e r  g e o l o g i c  and geophys ica l  data c o l l e c t e d  w i t h  the GEOPROBE system, shou ld  

i n c r e a s e  our u n d e r s t a n d i n g  of t h e  response of s u r f a c e  deposits i n  p a r t i c u l a r  

regions t o  bottom r t r e s s e s  driven by different p h y s i c a l  w c h a n i s m s .  
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Figure Captions 

F i g  1 Bbthymetric chart of Norton Sound, Alaska, showing location of 

GEOPROBE (A) during July-Septemkr 1977. . 

F i g .  2. Time series of currents measured at 100 em above sea floor vith 

GEOPROBE t-m current meter, showing variations in current speed ulo0 

(a); current direction (b), east(+)-west(-) component u ( c ) ,  , 

north(+)-south(-) component v ( d l ,  and daily-averaged speed vectors 

( m 8 t i ~ k ~ " ) .  

Fig. 3. Variance of burst-averaged current speeds for GEOPROBE e-m current 

meters at 20 ( c m l ) ,  50 (cm2) ,  70 (cm3) and 100 (cm4) cm a b v e  sea 

floor. Horizontal a x i s  is mrked at 4-day intervals. 

Fig. 4. Time-series values of shear veloci ty  (u,), current speed at 100 cm 

above sea floor (uIo0), drag caefficient (cD), and roughness (zo) 

during period July 8-Septenbr 10, 1977. Horizontal axis  is marked 

at 6-day intervals. 

2 Fig. 5. Square of correlation coefficient (r ) obtained for least-squares- 

fitted curves to current-meter data and current speed at 100 cm above 

bottom (uIOO). 
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Geotechnical Cha rac te r i s t i cs  o f  Bottom Sediment 

i n  the Northern Ber ing Sea 

Harold W. Olsenl, Edward C. Clukey2, and 

C. Hans tielson* 

Abstract 

Yukon sediment o f  Holocene age, c o n s i s t i n g  dominantly o f  s i  1  t y  f i n e  sand 

and sandy s i l t ,  covers t he  bottom o f  cen t ra l  and western Norton Sound, which 

i s  a h i gh  energy environment i n v o l v i n g  extensive i c e  loading, h igh  waves, and 

s t rong  bottom currents.  The sediment contains s i  3ni  f i c a n t  amounts o f  sand i n  

some areas and a genera l l y  minor amount o f  c l ay -s i ze  rn - te r ia l  ranging from 0 

t o  20 percent. Moreover, i t  i s  genera l l y  dense al though loose and weak zones 

occur a t  the  surface and a1 so a t  depth between r e l a t i v e l y  dense layers .  These 

c h a r a c t e r i s t i c s ,  evidence o f  storm sand layers and scour depressions, and t h e  

r e s u l t s  o f  p r e l  irninary a n a l y t i c a l  s tud ies  i n d i c a t e  t h i s  sediment i s  

suscep t i b le  t o  l i q u e f a c t i o n  du r i ng  major storms. 

Substant i a 1  l y  f i n e r  grained, weak, and h i g h l y  compressible sediment of 

Holocene age, der ived  from t he  Yukon R i v e r  and from l o c a l  r i v e r s  and streams, 

covers eastern Norton Sound and t h e  Por t  Clarence embayrnent, which are low 

'u.s. Geological  Survey, Box 25046, Ma i  l Stop 903, Denver, Colorado 

80225. 

'lI.5. Geological  Survey, 345 M i d d l e f i e l d  Road, Menlo Park, Ca l i fo r , l ia  



energy environments w i t h  n e g l i g i b l e  i c e  loading, low waves, and weak bottom 

currents. 

Transgressive deposi ts  of l a t e  - ~ l e i s t o c e n e  age tha t  cover the bottom o f  , 

Chi r ikov Basin inc lude an inner-shel f  f i n e  sand under la in by a basal 

t ransgress ive  medium sand t h a t  i s  exposed on the  nor th  and eas t  f l anks  o f  the  

basin. Geotechnical data on the l a t t e r ,  obtained i n  the sand-wave f i e l d s  near 

Por t  Clarence, show the ma te r ia l  i s  loose near the surface but becomes f i rm 

r a p i d l y  w i t h  depth and could not be penetrated more than about 3 m w i t h  the  

A1 p i n e  v i b r a t o r y  sampler. 

P le is tocene peaty deposits under1 i e  the  Holocene and l a t e  Ple is tocene 

deposits i n  both Norton Sound and Ch i r i kov  Basin and are somewhat 

overconsol idated, probably because o f  subaer ia l  des icca t ion  dur ing  low sea 

l eve l  stands i n  the  l a t e  Pleistocene. These mater ia ls  have a higher c l a y  

content than the ove r l y i ng  depos i ts  and they conta in  subs tant ia l  amounts o f  

organic carbon and gas, The presence of gas suggests t h a t  i n  s i t u  pore 

pressures may be high. If so, t h e  s t rength  of the mater ia l  could be low even 

though the ma te r ia l  i s  general ly overconsol idated. 

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

During the l a s t  few years the  U.S. Geological Survey (USGS) has been 

acqu i r i ng  geotechnical data on bottom sediment i n  the Northern Bering Sea. 

This e f f o r t  has been p a r t  o f  a broad group o f  USGS studies i n  t h i s  reg ion  

aimed a t  c l a r i f y i n g  and eva lua t i ng  those geologic cond i t ions  and processes 

t h a t  may be hazardous t o  of fshore resource development a c t i v i t i e s  (Thor and 

Nelson, 1979; Larsen, Nelson, and Thor, 1980). 

Previous repor ts  concerning t h i s  geotechnica? e f f o r t  inc lude the papers 

by Clukey, Nelson, and Newby (1978); Nelson, Kvenvolden, and Clukey (1973); 

Nelson et  a l ,  (1979); and Sangrey et a l .  (1979). These repo r t s  describe near- 



~ : ~ r f < c c  data on samples obtained during 1976 and 1977 w i t h  box corers, Sou ta r  

Van Veen samplers, and a Kiel vibracore sampler czpablp o f  penetrating 2 m 

beneath tile ocean  floor^/. The d a t a .  a 1  so include penetration r a t e  

measure~ents during vibracurer sanpl i ng operat ions. Daring 1978,' additional 

samples and penetration records were obtained with an  Alpine vibratory corer 

systm equipped t o  obtain C.89 c m  dianetcr con:inuous sa:pl es to  a naxirr;u;i~ 

d e p t h  of 6 m. A1 1 of the data obtained t o  date have been car,pil ed f o r  the 

Bureau of Land Flanaye~~ient in a USCS open-file report by Larsen, B. R . ,  e t  a l .  

(1980). 

The purpose o f  t h i s  paper i s  t o  summarize the  gcotechnicdl infonat ion  

obtained i n  the above studies in relation t o  the geologic and environrnenlal 

conditions i n  the northern Bering Sea  an3 t o  assess the implications of these 

d a t a  w i t h  regard t o  potential hazards t o  offshore resource devel op~ient 

ac t iv i t ies  i n  the region. 

Geologic and e n v i  romental framewcrk 

Ttte bo t ton  of Norton Sound consists of s i l t y  f i n e  saod a n d  sandy s i l t  of 

Holocene age discharge6 frun t h e  Yukon River ,  except for  nearshore areas there 

Pleistocene (>10,000 years B.P.;  Hopkins, 1975) transgressive deposits remain 

and t ida l ly  scoured troughs where transgressive and Holocene depos i ts  are 

mixed ( F i g .  1; Nelson, t h i s  volume, Fig. 6 ) .  In southern Norton Sound, the 

Holocene sed'ment i s  interbedded with f ine  sand layers as much as  20 cm t h i c k  

near the  Yukon Delta. Pleistocene freshwater s i l t  interbedded with peaty muds 

and pea t  layers underlies the Holocene sediment. 

3 ~ s e  of  brand names i n  t h i s  report i s  for descriptive purposes only and 

does not c o n s t i t u t e  endorsement by the U.S. Geological Survey. 



::35t of C h j r i k o v  Bas in  i s  covered by an i n n e r  s h e l f  f i n e  sand depos i ted  

by the  l a t e  P le i s t ocene  shore1 i ne t r ansg ress i on  across this r e g i o n  (F ig .  1; 

Nelson, t h i s  volume, F ig .  6 ) .  Th i s  depos i t  i s  u n d e r l a i n  by a basal  

t r ansg ress i ve  medium sand t h a t  i s  exposed on t h e  n o r t h  and east  f l a n k s  o f  t h e  

basin.  Lag g r a v e l s  are exposed near  t h e  b a s i n  margins where the  l a t e  

P le i s t ocene  s h o r e l i n e  t ransgr.?ssion has rdworked pre-Quaternary  bedrock and 

g l a c i a l  moraines and where s t r o n g  modern c u r r e n t s  have prevented subsequent 

depos i t i on .  St rong bot tom c u r r e n t s  and water  c i r c u l a t i o n  p a t t e r n s  have 

i n h i S i t e d  d e p o s i t i o n  of Holocene sediment from t h e  Yukon R i v e r  th roughou t  

Chir i l :ov Basin,  except  f o r  some a c c u m u l a t i ~ n ~  w i t h  i c e - r a f t e d  pebbles i n  l o c a l  

depressions i n  eas te rn  and southern C h i r i k o v  Bas in  (McManus, Hopkins, and 

Nel son, 1977). 

P r i o r  t o  t h e  d e 2 o s i t i o n  of t h e  t r a n s g r e s s i v e  sand l aye rs ,  tundra -der i ved  

peat depos i t s  f o rozd  d u r i  ng severa l  P l e i s t ocene  1  ow sea-1 eve l  stands t h a t  

p e r i o d i c a l  ly exposed t h e  e n t i r e  n o r t h e r n  Be r i ng  she1 f u n t i l  12,000-13,COO 

years ago. These P le i s t ocene  l i lnn ic  pea ty  muds g e n e r a l l y  over1 i e  P le i s t ocene  

g l a c i  a1 and a1 l u v i  a1 depos i t s  t h a t  a re  u n d e r l a i n  by pre-Quaternary  bedrock. 

The P le i s t ocene  peaty mud i s  a source o f  b i o g s n i c  gas t h r o ~ g h o u t  t he  

region. Seismic p r o f i l e s  showing acous t i c  a n m a l i e s  assoc ia ted  w i t h  these 

m a t e r i a l s  i n d i c a t e  gas concen t ra t i ons  a r e  of s u f f i c i e n t  magnitude t o  a f f e c t  

sound t : ransn iss ion th roughou t  Nor ton  Sound (Holmes and Thor, t h i s  volume). 

The presence of sha l l ow  c r a t e r s  i n  t h e  t h i n  Holocene sediment i n  eas t - cen t ra l  

Nor ton Sound suggests ven t i ng  o f  b i ogen i c  gas accumulat ions frm t h e  

unde r l y i  ng peaty  muds. Genera l l y  1 ow background 1  eve l  s o f  d i  ssol ved 

hydrocarbons i n  t h e  w a t e r s  o f  Nor ton  Sound and h i g h  gas con ten ts  i n  t he  

unde r l y i ng  peaty  mud suggest v e n t i n g  i s  ep i sod i c ,  w h i l e  t h e  Holocene sediment 

gene ra l l y  a c t s  as a sea l  p reven t i ng  t h e  b i ogen i c  gas fran d i f f u s i n g  f r e e l y  t o  



t h r  sea f l o o r  as  i t  appears t o  do through t he  t r ansg ress i ve  sand i n  C h i r i k o v  

Bas in  (Nelson e t  a l . ,  1979). 

A l a r g e  submarine seepage o f  thermugenic gas i n  wes t -cen t ra l  Norton Sound 
* 

was d iscovered i n  1976 ( C l i n e  and Holrnes, 1977; Kvenvolden e t  al., 1979b). 

Acous t i c  i n v e s t i g a t i o n s  i n d i c a t e  t h e  presence o f  bubble-phase gas assoc ia ted  

w i t h  t he  sediment i n  t h e  seep i n  an area o f  50 km2 (Nelson e t  al., 1978). 

D e t a i l e d  geophys ica l  and geochemical s t u d i e s  i n d i c a t e  that  hydrocarbons and 

C02 are m i g r a t i n g  upward a long a m a j w  growth f a u l t  i n  the sedimentary s e c t i o n  

(Kvenvol den e t  a1 , , 1579a) .  

Bottom sediment i n  t he  no r t he rn  Ber ing  Sea i s  exposed t o  i c e  load ing ,  

c y c l i c  stress from waves, and drag frm bottom c u r r e n t s  (Table 1). Ice 

l o a d i n g  i s  ex tens ive  i n  t h e  v i c i n i t y  o f  t he  Yukon De l t a  (Thor and Nelson, 

1979). High waves and s t r ong  bottom c u r r e n t s  occur i n  c e n t r a l  and western 

Nor ton Sound and i n  C h i r i k o v  Basin. Storm waves and bottom cu r ren t s  cause 

s i g n i f i c a n t  rework ing and e ros i on  o f  t h e  sediment i n  Norton Sound (Larsen, 

Nelson, and Thor, 1979)  and a l s o  cause t h e  t r a n s p o r t  o f  sediment from Nor ton 

Sound t o  t h e  Chukchi Sea, almost 1000 km t o  t h e  nor thwest  (Cacchione, Drake, 

and Weiberg, t h i s  volume; Dupre and Thompson, 1979; Welson and Creager, 1977; 

Drake e t  al., 1980). Two areas i n  t h i s  study, Por t  Clarence and eas te rn  

Nor ton Sound, a re  p ro tec ted  f rom l a r g e  waves and s t r ong  bottom cur ren ts .  

Geotechnical  p r o f i l e s  

Met hods 

The geo techn ica l  p r o f i l e s  (Figs.  2-6) present ,  f o r  each o f  t h e  reg ions 

o u t l i n e d  i n  Tab le  1, i n f o rma t i on  concerning t he  composi t ion and t h e  r e l a t i v e  

d e n s i t y  or c o n s o l i d a t i o n  s ta te  o f  t h e  ma te r i a l s .  D i r e c t  evidence concerning 

the composi t ion o f  t he  m a t e r i a l s  inc ludes  t h e  data on l i t h o l o g y ,  t e x t u r e ,  

A t t e r b e r g  l i m i t s ,  and gas content.  The o t h e r  data on mo is tu re  content,  



densi ty,  strength indices, and vibracore penetration resista1.c.e reflect the  

cmibined influences of t h e  cunposition arid the relative density or 

consol idation s tate .  The l a t t e r  can usually be inferred on a qua1 i t a t iv r  

basis f r m  the sui tes  of infornation presented. 
- 

The d a t a  in Figs. 2-6 were obtained with shipboard and laboratory 

procedures as follows: penetration rates were deri ded f r m  vibratory corer 

penetration rates during sanpling; gas  content data were obtained on shipboard 

fran 10- to 15-cn sample tube sections using the procedures described by 

Kvenvolden e t  a1. (1979a); b u l k  densities o f  tube sections were calculated 

frail shipbosrd measurements of the i r  volume and w e i g h t ;  visual descriptions, 

shear stvength index nleasurernents, and subsanples for moisture content, 

density, Atterberg 1 imi t s ,  and texture analyses were obtained on s h i p b o a r d  

fran s p l i t  tube sections of a l l  cores except 78-1 through 78-5. The l a t t e r  

cores were preserved on shipboard and were subsequently extruded, logged, and 

tested in the USGS geotechnical laboratory i n  Denver. The Holocene- 

Pleistocene boundaries noted on Figs. 2-6 were derived frail l i  tho1 o g i c  Icg5i n3 

and radiocarbon dates (Nel son, t h i s  vol une) , and f r m  rnicrofailnal analyses 

(McDougal 1 , t h i s  volume). Texture analyses were run with ~ e o l  ogic 

(Larsen, B. R. ,  e t  al . ,  1980), and engineering standard (American Society for  

Testing and Materials, 1977) sieving and sedimentation column techniques. 

Moisture content and density d a t a  were obtained on subsamples taken wi th  the 

miniature coring device described by Clukey e t  a l .  (1978). Atterberg l imits  

were run i n  accordance with ASTM Stand~rds us ing  the  wet preparation mcthcd, 

D 2217 (American Society for Testing and Materials, 1977). Strength index 

da t a  were obtained with laboratory vane, hand vane, pocket penetrometer, and 

unconf i ned canpressior~ t e s t  equipment. C i  rcumstances d i  3 not general ly a1 1 ow 

these measureinents t o  be made under control1 ed conditions with standardized 



prore2lrres t h a t  must be enlployed for ttre da ta  t o  have q u a n t i t a t i v e  

s ign i f i cance  regarding shear strengths. Nevertheless, these d a t a  show 

di f ferences i n  s t rength  t h a t  r e f l e c t  va r i a t i ons  i n  the composit ion and t h e  

r e l a t i v e  density or conso l i da t i on  s ta tes  of t h e  m t e r i a l  s tested, The absence 

o f  s t rength  index data i n  some o f  t h e  p r o f i l e s  i s  a l so  s i g n i f i c a n t  i n  t h a t  

mater ia ls ,  such as c lean sands t h a t  do not possess any apparent cohesion, 

cannot be tes ted  w i t h  the  s t rength  index t e s t  methods used i n  t h i s  study. 

Yukon Prude l ta  

The th ree  p r o f i l e s  i n  the  v i c i n i t y  of t h e  Yukon De l ta  (F ig.  2 )  show 

mostly Holocene ma te r ia l s  t ha t  are don inant ly  s i l t y  f i n e  sand, and sandy s i l t  

w i t h  occasional t h i n  beds o f  organic clayey s i l t  having clay contents 

genera l l y  i e s s  than 20 percent. Gas contents vary over a wide range a t  

s t a t i o n  78-22 frm about 0.2 t o  7 0  m l / l  of i n t e r s t i t i a l  water; t h e  range a t  

s t a t i o n s  78-23 and 78-24 i s  consider-ably less ,  from about 0.8 t o  4.0 m1/1, 

The  re :a t ive  dens i ty  of the  material var ies  over a w ide  range. Moderately 

dense t o  dense zones predominate. However, loose zones, i nd i ca ted  by a watery 

appearance and very low strengths, a re  p a r t i c u l a r l y  ev ident  a t  a  depth o f  2- 

3 m a t  s t a t i o n  78-22, and from t he  sur face t o  a depth of about 1.5 m a t  

s t a t i o n  78-24. The watery appearance o f  the  loose zones merged  f a i r l y  

r a p i d l y  a f t e r  t he  core  was split ,  apparent ly  because the  m a t e r i a l  d e n s i f i e d  i n  

response t o  v i b r a t i o n s  generated by the  sh ip  engines. The v a r i a t i o n s  o f  

penet ra t ion  res i s tance  w i t h  depth genera l l y  c o r r e l a t e  w i t h  the  presence o f  

loose o r  dense zones. The v a r i a t i o n s  i n  gas content  w i t h  depth do not show a 

c lose  assoc ia t i on  e i t h e r  w i t h  r e l a t i v e  dens i t y  as i n f e r r e d  above or w i t h  the  

v a r i a t i o n s  i n  t e x t u r e ,  densi ty ,  and s t reng th  with depth. 

W::st-central Norton Sound 

The f i v e  p r o f i l e s  i n  west-central  Norton Sound (Fig. 3)  a re  loca ted i n  



t h e  ther!noyenic (Kvenvolden e t  al,, 197%) gas seep acoust ic  a r ! o ~ a i y  ( s t a t i o n s  

78-1, 78-2, and 78-3 ) , w i t h i n  a nearby b i  ogenic (Kvenvolden e t  a1 . , 197Ya) gas 

acoust ic anomaly ( s t a t i o n  78-4), and'adjacent t o  the  b iogenic gas acoust ic  

ananaly ( s t a t i o n  78-5). Very high gas contents occur a t  one l o c a t i o n  i n  t h e  

thennogenic anomaly ( s t a t i o n  78-3) and i n  the  b iogenic anomaly ( s t a t i o n  72- 

4). Much lower gas contents occur a t  s t a t i o n s  78-1 and 78-2 i n  t h e  

themogenic anomaly and a t  s t a t i o n  78m5 adjacent t o  the biogenic anomaly. 

These p r o f i l e s  penetrate s i l t y  f i n e  sand and sandy s i l t  t h a t  are s i m i l a r  t o  

the ma te r ia l s  i n  t h e  Yukon De l ta  reg ion  (F ig .  2) and t h a t  a re  probably 

Holocene deposits because of t h e i r  l i t h o l o g y ,  texture,  and cons i s ten t l y  low 

mo is tu re  contents. The two p r o f i l e s  w i t h  very h igh  gas contents a l so  

penetrate Ple is tocene peaty muds a t  depths o f  about 3 m and 1 n a t  s t a t i o n s  

78-3 and 78-4, respect ive ly .  Note t h a t  t h e  h igh  water contents and low 

dens i t i es  are  c l e a r l y  associated with  t h e  peaty muds. The r e l a t i v e  dens i ty  o f  

t h e  ma te r i a l s  var ies  over a wide range, which i s  similar to t h2  range observed 

i n  t he  Yukon De l ta  reg ion  (Fig. 2 )  as i n d i c a t d  by watery-appezring zones and 

the  wide v a r i a t i o n s  i n  strength. The v ihracore penet ra t ion  res is tance appears 

t o  c o r r e l a t e  in general w i t h  t h e  s t reng th  data, although not below 3 m depth 

a t  s t a t i o n  78-4. Low penet ra t ion  res is tance i s  associated w i th  very h igh  gas 

contents i n  t h e  p r o f i l e  a t  s t a t i o n  78-3 and above 3 m i n  t he  p r o f i l e  a t  

s t a t i o n  78-4. However, the  increase i n  penet ra t ion  res is tance below 3 m a t  

s t a t i o n  7 8 4 ,  and t h e  low penetration res is tance a t  s t a t i on  78-5 are  not 

associated w i t h  changes i n ,  o r  h igh  values o f ,  gas contents, resp2ct ive ly .  

East-central  Norton Sound 

I n  east-centra l  Norton Sound (Fig.  4 )  f o u r  o f  t he  f i v e  p r o f i l e s  ( s t a t i o n s  

78-6, 78-9, 76-121, 76-125) penetrate t h i n  deposi ts  o f  l i ~ l o c e n e  s i l t y  f i n e  

sand and sandy s i l t  and extend i n t o  the under ly ing P le is tocene deposi ts  which 



i n c l u d e  freshwater peaty mud. The p r o f i l e  a t  s t a t i o n  78-10 appears t o  

perletrate only  the  Holocene mater ia l .  Compared w i t h  t h e  west-central  Norton 

Sound and Yukon De l ta  regions (Figs.. 2 and 3),  these p r o f i l e s  show s i d l i l a r  

ma te r i a l s  w i t h  r e l a t i v e  dens i t i es  t h a t  are low near t h e  surface,-but t h a t  

increase much more r a p i d l y  w i t h  depth. I n  f a c t ,  the  A lp ine  v i b r a t o r y  co re r  

was unable t o  penetrate d e c ~ e r  than about 3 n i n  t h i s  region.  The r a p i d  

increase i n  penet ra t ion  res is tance w i t h  depth occurs i n  bo th  Holocene and 

Ple is tocene mater ia ls ,  even though t h e i r  gas contents are s i m i l a r  t o  those i n  

weaker  ma te r i a l s  a t  o ther  l oca t i ons  such a s  i n  the  s t a t i o n  78-5 p r o f i l e  i n  

west-central  Norton Sound (Fig.  3) .  

Eastern Norton Sound and the  Port  Clarence embaynent 

The p r o f i l e s  from eastern Norton Sound, near S tuar t  Is land,  and f r a n  t h e  

Por t  Clarence enbayment (F ig .  5 )  penetrate mater ia l  s t h a t  a r e  general l y  f i n e r  

grained and have r e l a t i v e l y  h igh  moisture contents, h igh  p l a s t i c i t y ,  l o w  

densi ty ,  low strength, and low penet ra t ion  res is tance compare3 Hi t h  the  

ma te r ia l s  i n  t he  regions prev ious ly  discussed. The c h a r a c t e r i s t i c s  of these 

prof i les  (F ig .  5 )  appear t o  be associated w i t h  t h e i r  low-energy 

environments. S t a t i o n  78-21 i s  loca ted  i n  Port  Clarence, the  most p ro tec ted  

envirorrnent i n  t h e  region. The ma te r ia l s  i n  t h i s  p r o f i l e  have s u b s t a n t i a l l y  

h igher  water contents (s90 percent)  and lower s t rengths  (do kPa) than o t h e r  

ma te r i a l s  encountered i n  t h e  nor thern  Ber ing Sea. The very low s t rengths  and 

t h e i r  u n i f o m i t y  w i t h  depth suggest t h e  Holocene ma te r ia l s  i n  Por t  Clarence 

may be somewhat underconsolidated; i . e . ,  not  yet i n  e q u i l i b r i u m  w i th  the  

weight o f  t he  mater ia l .  

Sand-wave f i e l d s  near Por t  Clarence 

Four p r o f i l e s  i n  t he  sand-wave f i e l d s  near Port  Clarence i n  t h e  Chiril;ov 

Basin are shown i n  Fig .  6. S ta t i ons  78-14 and 78-16 are l oca ted  on one sand- 



wave crest ,  and the  p r o f i l e s  penetrate r~~edium sand t h a t  appears t o  be the  

basal t ransgress ive  deposi t  described by Nelson ( t h i s  volume, Fig. 6) .  

S ta t i on  73-15 i s  loca ted  i n  t h e  adjacent sand-wave t ro6 .gh  t o  the east, and 

penetrates the  PI e i s toce r~e  peaty mud t h a t  under1 i e s  t h e  basal t r a n w r e s s  i v e  

deposits i n  t he  region.  The p r o f i l e  a t  s t a t i o n  78-17 i s  loca ted  on t h e  

adjacent sand-wave c r e s t  t o  t h e  east. I t  penetrates the basal t ransgressive 

sand t o a  depth of about 1.5 rn and t h e  Ple is tocene peaty mud from 1.5 t o  

2 , 2  m. The m a t e r i a l s  f ran  2.5 t o  3.5 m a re  poor ly  t o  moderately sorted w S i u n  

t o  f i n e  sand w i t h  abundant pebbles and some s i l t -  and c l a y - s i z d  ma te r ia l .  

Belaw a  sharp contact  a t  3.5 m t h e  mater ia l  appears t o  be g l a c i a l  t i l l  

cons i s t i ng  of a  f i r m  muddy sand w i t h  scat tered pekbles. 

The r e l a t i v e  dens i ty  of t he  basa l  t ransgress ive  sand i s  low near the 

sur face but  increases r a p i d l y  w i t h  depth, as i nd i ca ted  by t h e  s t rength  and 

penet ra t ion  res is tance data i n  t he  p r o f i l e s  f o r  s ta t i ons  78-14 and 78-16. The 

peaty mud a t  s t a t i o n s  78-15 and 78-17 i s  comparat ively weak and has a very 

wide range o f  water contents due t o  the  i n t e r n i t t e n t  d i s t r i b u t i o n  and var iab le  

character  o f  t he  peaty mater ia l .  A t  s t a t i o n  78-17 t h e  sand beneath t h e  peaty 

mud appezr t o  be firn and dense w i t h  a moderate t o  h igh  res is tance t o  

v ibracore penetrat ion.  

Consol idat ion and s t a t i c  t r i a x i a l  data 

Consol i d a t i o n  data ( F i g .  7 )  on th ree  box core  samples o f  Holocene 

sediment show a  wide range i n  the  i n i t i a l  vo id  r a t i o  and campress ib i l i t y  cf 

ma te r i a l s  from t h e  Yukon De l ta  and c e n t r a l  regions o f  Morton Sound ,:Fig, 1; 

s ta t i ons  76-154, 76-156). The wide range i n  these p rope r t i es  i s  cons is ten t  

w i th  the h igh  v a r i a b i l i t y  in the s t reng th  and pene t ra t i on  res is tance o f  t h c s e  

mater ia ls  as shown i n  Figs.  2, 3, and 4. The c o m p r e s s i b i l i t i e s  of the  szn;~les 

fran s t a t i o n  76-156 may be high compared wi th  other m a t e r i a l s  i n  these 



regions, because t h i s  s t a t i o n  i s  loca ted  near v i b raco re  s t a t i o n  78-24, whose 

p r o f i l e  (Fig, 2 )  shows a  very loose and weak zone a t  t h e  surface, 

T r i a x i a l  data on v ib racore  samples o f  Holocene Yukon sedinent from 

s t a t i o n s  78-22 and 78-23 (F ig .  8 )  show moderate t o  h igh s t a t i c  s t rengths  w i t h  

f r i c t i o n  angles i n  the  range o f  35" t o  40". The v a r i a t i o n  i n  f r i c t i o n  a n ~ l e  

i s  small f o r  t he  s s ~ p l e s  fran s t a t i o n  78-22, cons i s ten t  w i t h  the  small 

v a r i a t i o n s  i n  t e x t u r e  and dens i t y  among t h e  samples. The wider v a r i a t i o n  i n  

f r i c t i o n  angle f o r  t h e  samples frm s t a t i o n  78-23 appears t o  be associated 

w i t h  v a r i a t i o n s  i n  both the  t e x t u r e  and dens i t y  of t he  samples tested.  

S o i l s  t h a t  tend t o  cont rac t  dur ing shear ( c o n t r a c t i v e )  weaken and may 

1  iquefy  d ~ r i n g  c y c l i c  load ing  from earthquakes and ocean waves (Sangrey, e t  

al., 1978). The s t ress  paths i n  F ig.  8 show t h e  ma te r ia l s  tested are 

genera l l y  c o n t r a c t i v e  a t  low dev ia to r  s t ress  1  evels  and becone d i l a t i v e  ( tend 

t o  d i l a t e  dur ing  shear) as they approach t h e  y i e l d  surface. Wreover, w i t h  

the  exce?t ion of the  sanple f r o g  2.34 rn depth a t  s t a t i o n  78-22, t h e  s t ress  

paths becme less  con t rac t i ve  and more d i l a t i v e  a t  decreasinz i n i t i a l  

vo lumetr ic  s t ress  1  eve1 s. This  behavior p a t t e r n  i s  normal f o r  hoinogeneous 

mater ia l .  The i n  s i t u  s t resses a t  t h e  depths f r a n  which t h e  samples were 

obtained a re  on the  order  of 10 kPa t o  30 kPa. These st resses are  very low 

cmpared t o  t h e  i n i t i a l  vo lumetr ic  s t resses used t o  o b t a i n  the data i n  F ig.  

8. Therefore, t he  behavior  of t he  ma te r ia l s  i n  s i t u  should be l e s s  

c o n t r a c t i v e  and more d i l a t i v e  than t h a t  shown by t h e  s t r e s s  paths i n  Fig. 8. 

The s t ress  path f o r  t h e  sample from 2.34 n depth a t  s t a t i o n  78-22 

(Fig. 8) i s  o f  p a r t i c u l a r  i n t e r e s t  i n  t h a t  i t  shows t h i s  sanple i s  more 

c o n t r a c t i v e  a t  low s t ress  l e v e l s  than any of t h e  samples tested. Th i s  

behavior i s  cons is ten t  w i t h  t h e  data i n  Fig. 2 which shows t h i s  sample 

represents the looses t  zone i n  the p r o f i l e s  a t  s t a t i o n s  78-22 and 78-23. Thus 



t h e  d:ta indicate t h a t  loose zones within t h e  Holocene Yukorl sedir.rent are o f  

the  most. concern with reyard t o  strength loss and liquefaction during c y c l i c  

loading from earthquakes and  ucearl waves. Work i t 1  yrosress i s  aimed a t  
* 

defining the potential for strength loss in these materials on a care 

quantitative b a s i  s ( C l  ukey, Caccliione, and Nel son, 1980). 

Discussion of potential hazards 

Potential hazards associated with t h e  geotechnical characteristics of 

botton: sediment in t h e  northern Bering Sea include the  liquefaction of bottom 

sediments i n  response t o  ocean waves, earthquakes, znd the upwird migration o f  

gas  frav thernogenic and biogenic sources; the  scour and transport o f  So t toy  

seainents and m o b i l e  bed f o n s  in response to  bo t tm currents; l o w  s t r e n g t h  

and h igh  canpl-essibil i~y of ~nater ia l s  i n  low r e l a t i ve  density and 

cons07 idztion s ta tes ;  and gas-charged sediment. 

Liquefaction i s  of particular concern in  central and western Norton Sound 

because t h e  area i s  exposed t o  strong cyc l i c  loading frrn s t o n  waves a n d  i s  

underlain by g a s - c h a r g e d  naterial . Moreover, the susceptiSi1 i t y  o f  t h e  

Holocene Yukon sediment in these regions t o  liquefaction i s  suggested by i t s  

dan inan t l y  s i l t y  f ine  sand  and sandy s i l t  texture and by the occurrence of 

relatively loose zones within i t  (Figs .  2 ,  3 ,  4 ) .  I n  addition, h i s to r i c  

occurrences of wave-induced liquefaction are suggested by evidence of 

widespread stom-sand layers and scour depressions i n  the vicinity of t he  

Yukon Delta (Nelson th i s  volume; Larsen e t  a l . ,  1979). 

Work i n  progress i s  aimed a t  assessing on a quantitative basis t h e  

susceptibil i ty of  the Holocene Yukon sediment t o  liquefaction d u r i n g  s tonn  

waves. The approach i n v o l v e s  the measurement o f  s t o m  waves to  define the 

cyclic bottom stresses induced during major storms; laboratory cyclic shear 

tests on Yukon Prodelta materials t c  deternine the dynarnic properties t h a t  



goverq the rate  of pore pressure increase and associated degradation of  

strength d u r i n g  cyclic loading; and analyses of these measurements with a 

finite-ele~ncnt model that takes into-account both the buildup o f  pore pr'cssure 

induced by cyclic loading and  the conccmitant dissipation o f  pore pressure 

t ha t  i s  governed by the  penneability of the \;laterial. 

Prel i~ni nary analyses have been canpl eted ( C l  ukey e t  a1 . , 1980) f o r  a 

semi-infi n i te  ha1  f-space model of t h e  Yukon prodelta using dynanic property 

and penneability data estimated frm the geotechnical characteristics reported 

in th i s  paper together with 3-17 and  6-rn sinusoidal surface waves, The 3-17 

wave represents worst-case conditions for  a storn recorded in July  1977,  and  

the 6 - m  wave corresponds to  a 1-percent occurrence interval for s toms in 

September and  October (Arctic Enviromental Information and Data Center, 

1977) .  The resul ts  indicate the prodelta will n o t  liquefy in response t o  the 

3-m storm wave even for the extrme case when zero dissipation of pore 

pressure i s  asswed. However, t h e  resul ts  for the 6-17 s tom wave, presented 

in Fig. 9, indicate t h e  sediment will liquefy to  a depth of a~proxirnately 

3.5 n. The resul ts  in Fig.  9 further indicate t h a t  the depth of liquefaction 

varies w i  t h  storm duration bu t  does not increase significantly for  durations 

greater than 1 hour. This re1 ation i s  suggested by the 4-m pore pressure 

contour, which i s  increasing a t  a very sl ow ra t e  a t  the end of the 1-hour 

s tom assumed in the analysis. 

Materials with low strength and high compressibility are present in 

eastern Norton Sound and the Port Clarence embaynent. Comparison of Fig.  5 

with F igs .  2 ,  3 ,  and 4 shows t h a t  these materials are substantially f iner  

grained and weaker than those i n  central and western Norton Sound. Because 

eastern tlorton Sound and the Port Clarence mbayn~ent are protected frail strong 

bot tm currents and large waves, deposition has taken place in a low energy 



envi r3 i1 lent .  A1 so the ma te r ia l s  have not been subjected t o  c y c l i c  shear 

s t r e s s e s  associated w i t h  l a rge  waves, which have probably dens i f i ed  much o f  

the sedinent i n  ottrer p a r t s  of t h e  nor thern  Ber ing  Sea. The organic sandy 

clayey s i l t  i n  t h e  Por t  Clarence enbaynent i s  p a r t i c u l a r l y  weak and h i g h l y  

canpressible because the  very low st rengths i n d i c a t e  the  ma te r ia l  may be 

sa:iewhat underconsol idated. 

Scour and t ranspor t  o f  bo t tan  sedinent depend on t h e  drag associated w i t h  

b o t t m  cur ren ts  and the s t rength  o f  the  b o t t m  sediment. Bottom cur ren ts  a re  

strong i n  cen t ra l  and western Norton Sound (Table 1). The bottom sediment i s  

loose and weak a t  some loca t i ons  i n  these r e g i o r , ~  (F igs .  2, 3, 4 )  and a lso i n  

t h e  sand waves near Por t  Clarence i n  Ch i r i kov  Bas in  (Fig.  6). I n  add i t ion ,  

the bottom sediment i n  cen t ra l  and western t iorton Sound appear t o  be 

suscept ib le t o  l i q u e f a c t i o n  dur ing major storms. These cond i t ions  are 

cons is ten t  w i t h  evidence o f  scour depressions i n  t he  v i c i n i t y  o f  the  Yukon 

Delta and a l s o  evidence f o r  t h e  large-scale t r anspor t  and m c d i f i c a t i o n  o f  sand 

waves near Port  Clarence i n  t he  C h i r i  kov Basin (Nel son, t .his volume; Larsen e t  

a1 . , 1979; Larsen e t  a1 . , 1980). 

The importance o f  gas i n  sediment depends on whether i t  i s  present i n  t h e  

bubble phase and whether the  amount present i s  s u f f i c i e n t  t o  cause 

s i g n i f i c a n t l y  e levated pore f l u i d  pressures. Elevated pore pressures :an 

induce 1 i q u e f a c t i o n  i n  ove r l y i ng  mater ia ls ,  and they are associated w i t h  

reduct ions i n  the s t reng th  of sediment i n  s i t u  (Sanyrey, 1977). 

Seismi!: and core studies i n  Norton Sound suggest bubble phase gas i s  

present i n  t h e  ananaly associated with the thermogenic gas seep south of Ncie 

and a t  several o the r  l oca t i ons  where bioyenic gas i s  be ing  generated i n  t h e  

Pleistocene peaty mud beneath t h e  Holocene s i t  t (Kvenvolden e t  a?. , 1979a;  



F l ~ 1 n . p ~  and Tllor t h i s  volume; Kvenvolden e t  a1 ., 1983; Nelson e t  a1 ., 1978; 

Nelson et a1 . , 1979). 

Previous work t h a t  suggests bubble phase gas may be causing elevated pore 

pressures i n  s i t u  inc ludes:  l i m i t e d  data showing an assoc ia t ion  of low 

v ibracore sample penet ra t ion  res is tance w i t h  very h igh  gas contents (Nelson e t  

al., 1978); and s tud ies  o f  shallow c r a t e r s  on the  b o t t m  o f  east-centra l  

Norton Sound which a t t r i b u t e  t h e i r  o r i g i n  t o  t p i s o d i c  vent ing  o f  biogenic gas 

generated i n  the Ple is tocene peaty mud and t rapped by the ove r l y i ng  Holocene 

Yukon sediment (Nelson e t  a1 . , 1979). 

The geotechnical p r o f i l e s  i n  t h i s  paper (Figs. 2-6) show add i t iona l  d a t a  

concerning the  assoc ia t ion  of v ibracore penet ra t ion  res is tance and gas 

contents. Low penet ra t ion  res is tance i s  associated w i t h  very high gas 

contents i n  some o f  t h e  p r o f i l e s  (see s t a t i o n s  78-3, 78-4, 78-8, and 78-15), 

but  not i n  general as noted i n  t h e  sec t ion  on geotechnical p r o f i l e s  above. 

F o r  example, the  penet ra t ion  res is tance a t  s t a t i o n  78-5 i s  about t he  saze a s  

t h a t  a t  s t a t i o n  78-3 even thaugh the  gas contents i n  t h e  two p r o f i l e s  d i f f e r  

subs tan t i a l l y .  

However, t h e  lack  of cons is ten t  c o r r e l a t i o n s  between gas content and 

penet ra t ion  res is tance i n  a1 1  t h e  p r o f i l e s  does no t  e l  i r n i  nate the  p o s s i b i l  i t y  

t h a t  gas i s  causing e levated pore pressures i n  s i t u .  The r e l a t i v e  dens i ty  o r  

consol i d a t i o n  s t a t e  o f  the  ma te r ia l s  a1 so i n f l  uences the  penet ra t ion  

res is tance and may be masking t h e  e f f e c t s  of gas. In t h i s  regard the 

assoc ia t ion  of t h e  shear s t reng th  and penet ra t ion  res is tance data i n  t h e  

p r o f i l e s  i s  o f  i n t e r e s t  because both measurenents are inf luenced by the  

re1 a t i v e  density o r  consol i d a t i o n  s ta te ,  but  o n l y  t he  penet ra t ion  res is tance 

i s  in f luenced by i n  s i t u  elevated pore pressures. The s t reng th  data *re 

obtained fran samples on shipboard and i n  t h e  l a b o r a t o r y  where elevated pore 



pressures woill d have e a s i l y  d i ss ipa ted  p r i o r  t o  t l ~ e  ~neasureri~ents. 

The ic~portance of t he  r e l a t i v e  d e l ~ s i t y  o r  c o n s o l i d a t i ~ n  s t a t e  of the  

mater ia l  on penet ra t ion  res is tance i? c l e a r l y  ev ident  i n  t h e  geotechnical 
" 

p r o f i l e s  frm eastern Norton Sound and t h e  P o r t  Clarence enbaynent ( F i g .  5). 

As noted i n  t he  d iscussion above very low s t rengths  occur because these 

l oca t i ons  are not exposed t o  s i g n i f i c a n t  i c e  loading and waves t h a t  can 

densi fy and cons01 i d a t e  sediment. The penet ra t ion  res is tance i s  

correspondingly low, i t  var ies  w i t h  t h e  shear strength, and i t  does not appear 

t o  be in f luenced by v a r i a t i o n s  i n  gas content. Similarly, i n  the p r o f i l e s  

frm the  Yukon De l ta  reg ion  (Fig, 2), t he  penet ra t ion  res is tance is more 

c lose l y  associated w i t h  r e l a t i v e  densi ty ,  as i nd i ca ted  by t h e  s t rength  data, 

than w i t h  the  gas content. 

Hence t h e  quest ion remains whether s i g n i f i c a n t  elevated pore pressures 

associated w i t h  b iogenic and thermogenic gas e x i s t  i n  the  b o t t m  sedinent of 

t h e  nor thern Bering Sea. Add i t iona l  work i s  needed t o  d e t e m i  ne the  

magnitudes of i n  s i t u  pore pressures and t h e i r  reg iona l  d i s t r i b u t i o n ,  
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Figure Captions 

1. Location map of northern B e r i q  Sea showing regions and s a p 1  i ng s t a t  ions 

cited i n  t h i s  paper. 

2, Geotechnical profiles f r a  t h e  Yukon Prodelta. . 
3, Geotechnical profiles fran west-central Norton Sound. Stations 78-1, 

78-2, and 78-3 are i n  the  thernogenic gas seep acoustic anc~laly south o f  

Nome. Station 78-4 i s  on a nearby biogenic $as acoustic anomaly. Station 

78-5 i s  adjacent t o  the bioyenic gas acoustic ananaly. 

4. Geotechnical profiles from east-central Norton Sound where shallow gas 

craters  are associated with thin devosits of Holocene Y u k o n  s i l t  overlying 

Pleistocene freshwater peaty mud. 

5. Geotechnical profiles frun eastern ?lorton Sound, including Stuart Island 

(78-8), and the Port Clarence embayment (78-21). 

6. Geotechnical profiles fran the sand-wave f ie lds  near Port  Clarence in the 

Chirikov Basin. Stations 78-14 and 78-16 are located on one sand-wave 

crest .  Station 78-17 i s  located on the adjacent sand-wave crest. S t a t i o n  

78-15 i s  i n  the trough between these sand-wave crests .  

7. Consolidation data on samples o f  Holocene Yukon s i l t  f r m  box cores i n  the 

vicinity o f  the Yukon Delta and central Norton Sound. ( S  Fig. 1.) Box 

core s tat ion 78-156 i s  adjacent t o  vibracore s tat ion 78-24 whose 

geotr~ilriical profile i s  shown in Fig .  2. u = moisture content in percent 

dry Soil weight; Ytz  bulk density i n  g/cm3; Cc = canpression index. T e s t s  

run according t o  procedures described by the American Society for  Testing 

and Materials (1977) and Mi ssa e t  a1 . (1971). 



8, Consol idated-undrai ned t r iax i  a1 data on samples of Holocene Yukon s i l t  

fran Alpine vibracores a t  stations 78-22 and 78-23 near the Y u k o n  p~odel ta  

(see Fig.  2 ) .  Q' = effective fr ic t ion angle. and  u 3  are the total  

vertical and horizontal stresses,  respectively. ol' and a)' are t h e  

effective vertical and horizontal stresses,  respectively. o and yt a r e  

defined in the caption for  Fig. 7. dS0 and < 2 ~  ar; the median grain s i z e  

and minus 2 micron fraction, respectively. Tests run according t o  

procedures described by Bishop and Henkel (1962). 

9. Resul t s  of prel ini nary analyses o f  wave-i nduced 1 i  quefact i on potenti a1 o f  

Holocene Yukon s i l t  near the Yukon prodelta, assuming a wave height o f  

6 n, a period o f  10 seconds, a relative density of 54 percent, and  a 

coefficient of permeability o f  1.50~10-~ cm/s. U/o = r a t io  of pore 

pressure t o  total  overburden stress.  The figure shows the variation o f  

pore pressure r a t io  with time a t  depths below the sediment surface ranging 

from 0.25 m t o  6 m. 
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P 1 5 T Z i  357 I C!; 3- CAS-C:.LRGE3 ST2 i "f t4T' I K ~3;,?,2!; sp.5 16,  
NC'F,TEE:t\ SE?, l F:, SEA 

H. L. Holazs and D. R. Thor 

ASSTFACT 

Se ism ic  r e f l e c t i o n  r s c o r d s  fram Nor:on Sound and C h i r i L o u  t a s i n  ron- 

t a i n  nun2rous zones  o f  zno:calous a c o u s t i c  r2rpGnses caused  by g a s  ir, t h e  

suksu r face  sed in2n :  l ~ k z r s .  Thzse acocs;ic a? ,o r a l i ? s  h z v s    re^, de;ec:*d 

u s i n g  s o u n d  s o u r c e s  r a n g i n g  i n  s i z e  and pc,-ier f r o m  3 . 5  LKz ira-,s.d1;cers t o  

1 3 2 6  c u b i c  i n c h  a i r  gun a r r a y s .  The f requency and d i s t r i S u t i o n  o f  rhese  

zones s u q s e s t  t h a t  u p  t o  7000 kn2 o f  t h e  n o r t h e r n  B e r i n g  Sea (G3r ton  b a s i n )  

,-,ay be u n d e r l a i n  by 52s -cha rsed  sed iment .  Much of t h e  93s  i s  o f  s h a l l o w  

b i o g e n i c  o r i g i n ,  h a v i n g  b?en g e n e r a t e d  i n  S u r i e d  F e a t  d e p o s i t s .  Cori~pres- 

sior,al  v e i o c i t y  I s  abou: 1 . 5  km/sec i n  t h e s e  l a y e r s ,  o r  7 p e r  c e n t  below 

t h e  v e l o c i t y  i n  gas  f r e e  a r e a s  a s  determined from s ~ i s m i c  r e f r a c t i o n  s t u d i e s .  

Se ismic  v e l o c i t y  beneath  a l a rge  gas  seep  s o u t h  o f  Kone decreases t o  abou t  

1 .2  km/sec i n  tne i n t e r v a l  from 2 5 0 - 4 4 0  m be low t h e  sea f:oor. Here, 

thermogenic g a s e s  o f  deeper o r i g i n  a r e  m i g r a t i n g  upwards a l o n g  a  system 

o f  b a s i n  margin f a u l t s . '  



! h T R 3 3 ~ l i T l O N  

Disc~very of t h e  suLmarint seepage of natural Gas south o f  None, 

Alaska, in 1976 (Cl ine and Holrnes, 1977) prompted a comprehensive rev iew 

of seismic reflection data from the Norton basin area (F ig .  I)..  The same 

types o f  anomalous acoustic responses associated with the seep zone 

(Cline and Holnes, 1977; Holrnes and Cline, 1978; Nelson et a l . ,  1 9 7 8 ) , ~ e r e  

first encountered by Grim and Hcb'.anus (1970) in the course of a h igh-  

resolution seismic study of the northern Bering Sea in 1967. They inter- 

preted the zones of acoustically impenetrable sea floor on their s ~ a r k e r  

records as representing a Yukon River deposit very near the surface o f  the 

present-day sea floor. The highly reflective nature of this surficial 

deposit was thought to cause the sudden termination of deeper reflectors 

observed along portions of the seismic track ( ~ r i n  and McManus, 1970). 

Air pun reflection records collected in C h i r i k ~ v  5asin during a cruise by 

NOAA (then ESSA) i n  1968 ( ~ a l t o n  e t  al., 1969) also crossed a few of these  

reflector termination anomalies. 

Cline and Holmcs (1977) first suggested that these acoustic responses 

were caused by the presence of bubble phase gas i n  the near-surface sedi- 

ment; Holmes and t l  ine (1978), Nelson et al. (1978), and Kvenvolden et  al. 

(1979) presented detailed analyses o f  the deep penetration and high resol- 

ution seismic reflection records collected over the seep zone and the 

geochemistry of  sediment samples from Norton Sound and Chirikov basin on 

USGS cruises i n  1977 and 1578- 

The main objective of this study was to determine the geographic 

extent and distribution of zones showing anomalous acoustic responses o n  

seismic reflection records frm Norton Sound and Chirikov basin. C e r t a i n  



d e t e r n i n e  : h e  ncst pro5aSle cause of the aqovaly ( 5 2 5 ,  L ' . & P ? ?  in sedinont 

type,  e t c . ) .  Seismic rxords used for this study w o r e  collected a5oard  

U.S. Geological Survey  and Universi ty o f  Washington research vescels 

d u r i n g  the past 12 years along some 27,000 km of trackline ( ~ i ~ .  2). 

Sound sources csed  in t k s e  geo2hysical studies included nediuz- and high- 

resolution sparker, 40 to 1300 cubic inch air gun, U n i S o o ~ ,  and subbotton 

profi lers. 

GEOLOGIC S E T T I N G  

The flaor o f  t he  northern Bering Sea is a b r c a d ,  s h a l l o ~  epicontige~~al 

shelf ( F i g .  1 ) .  L'ater depths in Chirikov basin i n  :he ~ . s s ; ? r n  ;arr  of :he 

s u r v z v  a r ~ a  range from 2C-50 m. Norton Sound i s  hounded on t h e  north by 

Se*ard ??ninsula, on the east by t h e  Alaska mainland, and on ine s o u t h  by 

- 
the Y u k m  5el:a. L'ate: d e p t h s  in Norton Scund range from 13-25 rn. : h e  

surficial s ? d i n - ; n t  of Norton S o u a d  is prir,arily derived  fro^! t h z  Yukon 

River and consists o f  cosrse silt to very fine sand underlain by organic 

rich, nonrsrine, p e a t y  mud. Surficial sed imen t  in Chirikcv b a s i n  consists 

m o s t l y  o f  g l a c i a l  gravel and transgressive f i n e  sand  e el son and tiopkins, 

1974; McManus et al., 1974) .  

D E S C R l P T i O N  AND CAUSE OF ACOUSTIC AN0,YALIES 

,Figures 3 and 4 show the locations of acoustically anor4aious zones along 

more than 20,000 km of s e i s m i c  reflection lines in Norton b a s i n .  The d i s -  

tribution o f  the many crossincs o f  t h e s e  zones suggests that t h e y  occur in 

large pa tches  bsneath much o f  the sea floor of Norton So l~nd ;  the total ar-ea 

may be as  much as 7000 krn2. Two  distinct t y p e s  of acoustic anomalies were 

observed on the seismic reflection records: Reflector pull-downs and 



rErlet;or t e r m i n s t  ioqs (kioli-es an:! Cl in?, 1573) .  Lef :ector pull-do,~ns 

similar t c  t hose  shown in Fig. 5 hzve been &served and described by several 

other investigators f r m  both deep and shallow water areas where gas had 

accumulated in the subsurface strata (Lindsey and Craft, 1973; Cooper, 1978). 

The low compressional velocity i n  gas-charged horizons causes the recorded 

time section (seismic record) to be distorted relative to thc true depth 

section. The greater travel time through t h e  g z s s y  sedirilent produces a 

zone of pulled down reflectors beneath it on the seismic record. The 5as 

does not necessarily have to be in t h e  free stale (hucble phzse) to produce 

this phenoaen~n; pas-water or oil-water solutions have compressional 

velocities less than water alone (craft, 1973), although the decrease is 

m u ~ h  gre6ter if cas  is present in t h e  sediment interstices. The strong 

horizontal reflector exhibiting a 180' phase shift which is associated with 

the observed pull-downs ( ~ i ~ .  5) could be the result o f  reflections f r o m  

i nteria~es betiv2en 52s-charged roiles and strata where  sater a lone f i 1 1  s 

the pore spaces. The decrease in both conpressional velocity and density 

due to the presence o f  gas in the sediment results in a large negative 

reflection coefficient at t h e  top of the gas-charged layer (Craft, 1973; 

Savit, 1974).  Such a condition would produce acoustic responses similar to 

the strong horizontal reflectors above the reflector pull-downs (Fig. 5 ) .  

Crossings of the acoustic anomaly associated with t h e  gas seep south 

of Nome are  shown in Figs. 5 and 6. The anomaly covers an area of about 

50 km2; it i s  characterized by a sudden termination of subbottom reflectors, 
L 

and by a dramatic pull-down of the reflectors at its margins ( ~ i g .  6). The 

depth to the top of the feature causing the anomalous acoustic signature 

appears to  be q u i t e  shallow, on the order o f  50-200 m. In places the sur- 

face of the acoustically opaque zone r i s e s  abruptly to within a few meters 



of r h o  sea ?Toor ( f q e : s 4 m  e :  a ] .  , 1 3 7 5 ) .  f i z s e  i ;c$r . . 
- 2 )  , n d i c ~ ; e  t h e  

iocat;uns of t h e  active S E P > S  (~venvolden e t  al., i 5 7 2 ) .  

Calculations by Cline and Holnes ( 1 ~ 7 1 ,  1578)  indicated iktat t he  con- 
., 

,centrations of the low molecular w e i g h t  hydrocarbons which k,ad accumulated 

,in the sediment b2neath the seep zone were far below theoretical saturation 

values. This finding was in conflict with the s e i s m i c  reflection da;a, 

wh ich  strongly suggssted t h e  prsssnce o f  5ubble 2 h a s e  cas in the sediment. 

The pa radox  w a s  res~lved by t h e  recent discovery ;hat :he se2p consisrs 

~rir~arily of C02 rather than hydrocarbans, aad that CO; - is aresen: in i h 2  

free state in the sedinznt interstices (Kvenvoiden et a ) . ,  1979) .  

'xanples of other reflector ier?i>atio!l c!?oT,ali?s C ~ ; E ; V ? ~  3~ air szn 

rocords in Norton basin (Fig. 7 )  are quite different from the one assacisred 

w i t h  the  Gas seep. They e x h i b i t  only slight r e f l e c t o r  pull-dob,,~s at t h e i r  

rr,arg;ns, and lack the dramatic "wi?e-out" appEarance of seep ar;orr,aly. 

LON frequency refl2ctions at 0.6, 0.9, and 1.2 seconds can b e  traced across 

t h e  acoustic anowaly zone ( ~ i ~ .  7); these reflectors show distinct pull- 

down relative to th2 corres?onding reflectors in the normal section. The 

attenuation of all but the iow frequency energy is a distinctive character- 

istic o f  the reflector termination zones (Figs. 3 and 4 ) .  

Other indirect evidence indicating abnornally low conpressional veloc- 

ities in these shallow zones is provided by the m~ltick~annel seismic reflec- 

tion data collected by the USGS in Aupust 1978. An oscillographic camera is 

used to monitor the s igna l  from the+hydrophone streamer every 50 shots. 

A "normal" shot record i s  shown in Figure 8. This i s  not a "gather" in 

the true sense of  the word, but merely a recording of the output from each 

o f  the 24 streamer channels for one shot from the 1326 cubic inch (21.7k) 

air gun array. Refracted arrivals (head waves) ,  the water wave, and 



r e f - : t c ; e t  e - r i ~ a i s  a r e  r i c a r l \ ,  \ ; s i b ; € .  1.1 :.-.or; i a n : r a s t  i s  a 5-1s: r ; c ~ r c  

e 2 s  5 r l c t r  r i c  r e  ( i .  9 ) .  L i t t l e  re i le : f r ; ld  

e n e r g y  is r e ~ u r n e d  t o  t h e  s t reamer  o v e r  ;he gas-ck,arsed zcne.  Severe  a::cro- 

u a t i o n  o f  t h e  r e f l e c t e d  a r r i v a l s  i s  a F c a r e n t ,  and the o n l y  a r r i v a l ' b e y o n d  

t r a c e  2 2  i s  t h e  d i r e c t  r.:ater wave (D). T h i s  p h ~ n ~ a t n o n  can e a s i l y  be 

a i i e r i u a t i o n  o f  t h e  r e f l ? c : e d  a r r i v s l s ,  ~ s p e c i s l l y  :he h i g h  f r e q u e n c i e s ,  

h t i l l  55 pronounced ( ~ a v L o  a n d  Nur, l?:S),  a s  i n  t h ?  c a s e  o f  F i g u r e  9 .  

S ? 3 ~ ~ ~ l o u s  a c o u s t i c  responses were a l s o  o5se rved  on  m i n i - s p a r k e r  and 

97 ;133r :  re f1ec : ioa  reco rds  (Grirr and Hcb',anus, 1570; Ne lson  e t  a l . ,  197s; 

Y v c 7 v ~ ; d t ~  e t  a ] . ,  : ,072) .  S r . a l  1 r e f  l e c t o r  p u l l - d o . , , r s  o b s e r v e d o n  T ~ E  z i  r -  

r e s c l u t i o n  p r o f i l e s .  A n o t z a l i e s  on U n i j s o m  and m i n i - s s a r k e r  r e c o r d s  

c a s e s  :h? LOP of  a ~ ~ a 3 a l i e s  a r e  i n  t h e  c 7 e r g y  pu ' se  o f  tne  r e c o r d .  Lo r? -  

san?le pas a n a l y s i s  substantiates t h a t  t h e  top  of 52s-charged sediment  

zone i s  w i t h i n  a couple t e n s  of  c e n t i r n s t e r s  o f  t h e  s u r f a c e  ( ~ v e n v o l d e n  e t  

a l . ,  i n  p r e s s ) .  The t h i c k n e s s  o f  these near -sur face  gas zones is unknodn, 

because o n l y  t h e  t op  o f  t h e  zone a c t s  as a r e f l e c t o r ,  no e n e r g y  i s  r e t u r n e d  

f r o m  loder  r e f l e c t o r s .  A minimum t h i c k n e s s  o f  5 m i s  s e t  by  t h e  c o n t i n u -  

o u s l y  h i g h  gas c o n t e n t s  i n  G 5 - n - l o n g  c o r e .  

F i g u r e  10 shows a p o r t i o n  o f  a m i n i - s p a r k e r  (800 j o u l e s )  r e c o r d  o v e r  

an anorr,aly a ? p r o x i n a t e l y  20 hm e a s t  o f  t h e  N o r t o n  b a s i n  gas  seep. Ths n e a r  
b 

s u r f a c e  zone o f  d i f f r a c t i o n s  ( p o i n t  sou rce  r e f l e c t o r s )  &zs a t  f i r s t  t hough t  

t o  be r e l a t e d  t o  t h e  a c o u s t i c  anomaly; t h i s  d i f f r a c t i o n  l a y e r  i s  commonly 

obse rved  on  h i g h - r e s o l u t i o n  r e c o r d s  o v e r  t h e  r e f l e c t o r  w i p e - o u t s .  iioi.:ever, 

care fu l  e x a m i n a t i o n  of t h e  s e i s m i c  d a t a  ( ~ i g .  10) shows that  t h e  d i f f r a c t i o n s  

are  also present o u t s i d e  of the acous+ic anomaly zones. The presence o f  
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f r o i n  deeper horizons in t h r  ?as-ck ,a rged  zone, ther55y rihaking t i e  zone of  

diffractions iilore apparent on records over the 52s-charged zpnez. The 

patches of diffracted arrivals observed on the h igh  resolution -records i n  

Norton Sound and Chirikov b a s i n  are p r o b a b l y  caused by coarse sediment 

(cobbles and p e b b l e s )  b u r i e d  i n  o r  a few m e t e r s  h s n e a t h  t he  Holocene section. 

The extensive ref;~cior tsrmi~ation a~ioi-,zlies cSserved ;hroughout Norton 

basin ( ~ i g s ,  3 and 4) are p-ohably c s ~ s ~ d  ~y a subsurface accunulat~on o f  

Gas i n  sufficient q u a n t i f y  :boat  scarterin~ and a:tEn~ation of :he scisric 

signal, even f rom large sources, i s  almost complete.  The drastic reduction 

ir: ay.paren: a-r~pliiude of both the reflected and direct arrivsis \+as ohser~...? 

over virtually all of the r e f l e c t o r  terminarion anoxalies c r c s s e d  in t h e  

c o u r s e  o f  t h e  g e o p h y s i c a l  surveys. It is indicative of an uncsually i o w  

i r ,?edznce misrarcf i  at the  sea  floor; t h e  rr,ost l i k e l y  ex;lanatlor: is :he 

presence of free (bubble-~iiase) 22s  in t h e  scdimsnt. 

Geochemical ana iyses  by Kvenvolden and others (1979)  have s h o ~ n  t h a t  

biogenic netkane and t3ermogenic carbon dioxide are ?resent at saturation 

volunes in near-surface sediment at many station sites i n  Norton basin. 

At many of the sampled s i t e s ,  bu t  not all, acoustic anomalies are assoc i -  

ated with known sa turated  gas conditions. 

Reflector Pull-Down Analysis 

In an effort to gain mare quantitative estimates of the velocity 

changes due to the presence of g a s ,  a method was developed for computing 
a 

the compressional v e l o c i t y  in gas-charged zones over which single channel 

seismic r e f l e c t i o n  records show a d i s t i n c t  pull-down o f  reflectors. Com- 

pressional velocity data obta ined from sonobuoy r e f r a c t i o n  profi les (~olmes 

and F i s h e r ,  1979) were first used to construct an average thickness versus 

reflection t ime curve for the "normal" gas-free section i n  Norton bas in .  

4 
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rr~rker h u ~ i z o n s  w h i c h  can be t r a c e d  across a ~ull-dudn zoqe.  T7e  r e f l e c -  

tion t i m e s  mzzsured f rom t h e  s i n g l e  c h a n n e l  seismic sections were first 

- 
corrected for  source t o  r e c e i v e r  offset using the fo rmu la  

v:here T = agqaren t  reflection t i m e  f rom :he r e c o r d ,  x = sou rce  t o  r e c e i v e r  
r 

o f f  s e t ,  
\o 

= c~npressional v e l o c i t y  Just beaeaih t h e  sEa floor ( 1 . 6 0  kr;i/sec), 

,nd T = corrected (normal incidence) r e f l e c t  ion t i n e .  
v 

T ~ E  d e : , t h  t @  a g i v e n  r e f l ~ c l o r  c c u l d  : ne r  be d e t e r m i n e d  using r h e  

e q u a t i o n  for the d e p t h  (thicAness) versus rei:ection tine c u r v ?  deri\cd from 

:he  sonohdoy measurements:  

I t  was t h e n  pcssible t o  c o n s t r u c t  a v e r a g e  velocity c u r v e s  for both 

t h e  n o r r ~ a l  zonss a n d  t h e  5as-charged zones: 

where T = corrected vertical reflection t i m e  to a given r e f l e c t o r  in the 
v 

normal  zone a n d  t o  that same r e f l e c t o r  in t h e  pulled-down (gas-charged) 

s e c t i o n .  These average vclocity c u r v e s  can then be used to compute 

interval velocities i n  each zone. 

In actual practice,'ref?ectors \+ere  picked  at time increments of 0.1 

set, and these i n t e r v a l s  were c a r r i e d  t h r o u g h  t h e  entire chain o f  calcu- 

lations. F i g u r e  1 1  is a n  example o f  such an analysis of the pull-down 

zone over the gas seep shown i n  F i g u r e  6. The analysis extends only to 



. . anfit-,a l o u s  zone S ? : J E ~ :  h r h e  sec? a r e 2  p r e v e , z t s  a c z u r ? :  5 ; r z!.  , n g  of  : c ]  1 ?ti- 

down r e f ? e c t o r s  b e l o x  t h a t  d e p t h .  i l o ~ s v e r ,  ~h;. c2rlryl.ral t r e a d  o f  t h e  average 

and i n t e r v a l  v e l o c i t y  cu rves  f o r  t h e  gas-charged zone benea th  t h e  seep 

sugges t  t h a t  t h e  e n t i r e  s e c t i o n  above b a s e n ~ n t  (about  1 . 3  km) p r o b z b l y  

c o n t a i n s  enough ~ 2 s  t c  s i g n i f i c a n t l y  1c:ver con3ress io ; ia l  v e l o c i t y .  

T h e  i r i r e r v a l  v e l o c i t y  c u r v e  can  a l s o  be csed  2 s  3 C 9 i a l i t a t i v e  

i q d i c a t o r  o f  gas c o n c e n t r a t i o n  i n  t h e  s e d i n e n ~ a r y  secrion. Fi ,zure 1 1  

sbc,vs r h p t  compress iona l  v e l o c i t y  r e a c h e s  a r r , i p i p m  o f  i . 2 1 - 1 - 2 9  L . T , ' > ~ C  

be:hezn 250-440  m subbotrom d e p t h .  T h i s  r z ? r e , s r t s  a  d * c r s : s ~  o f   lout 

3 5  p e r  c e n t  f r o m  t h e  v e l o c i t y  one wau1d e x ? e c t  6 :  t k , a t  d e 3 t 5 ! ~ ' 2  -,9rr:al 

scdir;~en:ar:, s e c t i o n .  i f  t h e  i n t e r v a l  ve !c?c ; ry  curve  c c u l l  52 c o ? ~ t r u c ~ c - d  

f o r  t h e  e n t i r e  s e c t i o n  dam t o  k a s e r ~ e n t ,  i t  m i g h t  ~ x n i b i  t stveral r r i n i ~ a  

s i p i l a r  t o  :he one s h o ~ n  i n  F i ~ u r ~  1 1 .  These m i n i 7 2  a r e  ~ t o k a b ? ~  an  

e x p r e s s i o n  o f  a change i n  sed i r r~en t  o r  r o c k  t y p e  w h i c h  a l l o w s  Gas t o  be 

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

POSSIBLE SOURCES OF GAS 

The d i s t r i b u t i o n  o f  a c o u s t i c  anomal i e s  ( F i g s .  3 and 4) s u g s e s t s  t h a t  

nea r -su r face  a c c u m u l a t i o n s  o f  gas a r e  most common i n  t h e  c e n t r a l  p a r t  o f  

N o r t o n  b a s i n  n o r t h w e s t  o f  t h e  Yukon R i v e r  d e l t a .  The a ? p a r e n t  5 2 s - f r e e  

zones a l o n g  t h e  s o u t h e r n  and e a s t e r n  sho res  o f  N~rton Sound ( ~ i ~ .  3 )  a r e  

due t o  t h e  absence o f  d a t a  f r o m  t h e s e  v e r y  s h a l l o w  w a t e r  a reas .  Such i s  

n o t  t h e  case f o r  w e s t e r n  Norton b a s i n ,  however. Se i sm ic  r e f l e c t i o n  c o v e r -  
b 

age i s  good (F i g .  2 ) ;  t h e r e  a r e  s i m p l y  f e w  occu r rEnces  o f  a c o u s t i c  anomal ies .  

The p o s s i b l e  sou rces  o f  t h e  gas a r e  s t i l l  b e i n g  i n v e s t i g a t e d .  The 

gas seep s o u t h  o f  Nome i s  t h e  o n l y  w e l l - s u b s t a n t i a t e d  s o u r c e  o f  l o w  



i - l ~ l e ~ ~ : ~ ~  ,.e jc7: -1v~-c;:ar~3~, c.5;; z - , ~  ;a:bar, i 2 2 :  6 5  I - , ? ;  ;;: l \ ,e  o f  6 c ~ e ~  

tnsrrloosnic origir, (El i n e  an2 ~ o I T ~ ~ s ,  i 578; h'elson E i  61.  , 1378;  K~e7volden 

e t  al., 1573. 

Carbon isotope measurexnts on t h e  C02 and C H 4  cori7onents yielded 613c 
" 

values (relative to PDB) o f  - .27% and -3.62, respectively (Kvenvolden et 

al., 1979).  holmes and Cline (1579)  knave u:.ed these d a : a  to estirate t h e  

source k e p t h  o f  rhese s e e p  525~s. A d I 5 c  value o f  - 3 - 6 ;  is characteristic 

of methane from a dep th  of  about 2500 n [Galimov, 1969) .  This greatly 

Gas has migraled to the sezp area from the dseper central porticn of !dcrton 

k z s i n .  T h o  scu~herly dip o f  b e d s  and u n c o r , i o r r i t i e s  2 5  w e l l  a s  nuxr- us 

iaults observed on the re:lec;ion records over the see? zlso support such 

The location of K G n v  of i h e  other r e f l e c t o r  ierninatlon zones ,  espe-  

cially in tiorton S o ~ r t d ,  coincides with known occurrences o f  buried ~undra- 

derived peat deposits which were formed during low sea-level stands in the 

Q u a t e r n a r y  (Nelson and Crtacer, 1977 ) .  Biog~nic rnerhan~ and carbon dioxide 

genera ted  in these p e a t  beds could cause the observed anomalous acoustic 

responses (Kvenvolden et al., in ~ress); the peat layers themselves could 

also act to t r a p  u p ~ a r d  migrating pe~roleum-derived gases. A v e l o c i t y  

analysis similar to t h e  one przviously discussed fo r  t h e  seep zone was 

performed for an acoustic anomaly associated with a suspected peat deposit. 

Although the  reflector termination anomalies usually associated w i t h  this 

t y p e  o f  gas accumulation nake i t  difficult to trace reflector pull-dodns, 

preliminary results suggest that the gas has accumulated in n e a r  su r f ace  

horizons up to a f e w  tens o f  meters thick. Coo?rzssional velocity i n  these 

layers is approximately 1.5 km/sec, or about 7 percent less than in the 

surrounding gas-free sediment. 



, . Tnt  BZI-EFIC? ~f G C D U S ~  ; C  ana-,a! ! c 3 f - - r . ~ - ~ ~ c  32" T:?:) ; r: ,.:e;t2rn 

Chirikov hasin i s  p r 2 5 a S l y  5ue to the  different f y 2 e s  o f  Q~3:ernary kescsits. 

Cnirikov bssin vias extecsively glaciated during the PIzis:oc2ne ( ~ r i n  znd 

ficP,anus, 1970); the bougdary betwen the glaciated and unglaciatsd terrain 

corresponds closely with the eastern limit o f  acoustic snoaalies i n  Figs. j 

a ~ d  4. The Q u a t e r n a r y  glacial and glacic-:arine sed;~~,zn:s de?osited in 

Chirikov b2sin ao not  have a high potential for Siog5nic 2 a s  g3nzration 

b = c a b s e  aivance and retrsat of the i c e  s h e e t s  evid2ntly Z=stroyed or p;e- 

v e n i e d  the  gro~dth of tundra-derived p e a t s  coil-,~on t o  Norton sound. A l s o ,  

the relatively thin T?r t ;a r - y  sedinentary ssc: ion btneath Chi r i k o v  basin 

has no t  attained sufficient tnickn~ss tc s u k j e c t  the hasal ~ e d I - - . ~ n t s  to 

the iexperatures and 7ressure5 required for t h e  generation o f  hydracarbon 

cases. 

St't'YARY 

The distribution of acoustic anomalies i n d i c a t e s  t k < a t  almost 7000 k& 

o f  seafloor in Norton Sound and Chirikov Sasin is underlain by sed iments  

containing sufficient gas to  a f f e c t  sound transmission ~hrough these zones. 

A method of indirectly determining conpressional velocity in t h e  gas- 

charged zones gave values from 7 to 35 p e r  cent  lower than would be 

expected i n  the case of ~ZS-free sediment. The causa of one o f  i h e  

anor,alies, that associated kith the Norton basin gas seep, i s  well docu-  

mented. Here therrnogenic gases are seeping to the surface along a system 

o f  basic margin f a u l t s .  Although other undiscovered secps o f  the 

thernogenic gas may exist in tiorton Sound or  Chirikov basin, rrlost of t h e  

acoustic anomalies in this area are protably caused by biogenic gases 

generated in buried peat  layers. Further detailed processing and analysis 

of  the seismic data will possibly permit quantitative estimates to be  r7ade 

of the amounts o f  gas present i n  these acoustically anomalous zones. 

4 
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FIL:RE 1 .  I r0:at ior.  of s : u d \ ,  a:ea 5'13~..ing hc.;;on S o d n d ,  C h i r i k o v  b z s i n ,  
, . an5 r b , ~  I,;:-to:. r z s i r i  rat scpp  ( C l  i n c  anC kio;-~e:, i5:7; Hc l - :es  - 

an5 C l i n e ,  1379).  

F I G U R E  2 .  Se ismic  r e f l e c t i o n  t r a c k l i n e s  i n  t h e  n o r t h e r n  B e r i n g  Sea. 
C r u i s e  da res  and sound sou rces  used a r e  a l s o  shodn.' 

F I 5 L j R E  3. L o c a t i o n  o f  anormalous  nca;-surface s c o u s t i c  responses observed 
on s i n ~ 1 ~  c5a:nel a i r - g u n  and r n i n \ s ~ a r k e r  s e i s m i c  r e f l e c t i o n  
r e c o r d s  f r o ?  t i o r i o n  Sound and Chi r i k o v  h s i n .  A l s o  shodn ? r e  
t b ~ ?  ! ~ c s t  i ons  o f  t h t  t i o r t o n  b z s i n  g a s  s e 2 p  ( c I  i r je  and Helms, 
1 > 7 7 ) ,  and t h e  s e i s m i c  r e c o r d  s s c t i o n s  shown i n  F i g u r e s  5,6,7,10. 

1 . Loca:ion o f  anoA7,alous ~ r a r - r u r f a c r  a c o u s t i c  resDorses obse rved  
on L i n i k t ~ o ~ ~  r e f  l ec :  i o n  . e c o r c s  Jror Korron S o u 7 d  and Chi r i  kov  b a s i n .  

I 5.  S e i s n i c  r e f l e c t i o n  r ~ c o i - d  a c r c s s  :he t i a r t o n  t a s i n  Gas seep z o n e .  
L o c a t i o n  o f  l i n e  sh3w-1 i n  F i s u r e  3 .  T n i s  r e c o r d  s h o ~ ~ s  two 
~ ~ 7 2 s  o f  a z o c s t i c  a 7 3 - , a l : ~ s  i n ? i c a t i v e  o f  Gas i n  t h e  sed imen t :  - - ,  
t.5: i e c t o i  r e r n i r , s r  icj?s a n i  r e = l e c t o r  p u i  ? - ~ 3 ~ ~ , a s .  

FILCpE 6 .  j i n g l e  ;k ,annel  r e f l e c ~ i o n  :ecord a c r c s s  t h e  N o r t o n  b a s i n  52s 
~ e 2 p  si-ea. L o c a t i o n  o f  l i n e  sbo.vn i n  F i g u r e  3 .  X e f l e ~ t o r  
t e r m i n a t i o n  zone and f i a r ~ i n a l  p u l l - ~ o , , i n s  a r e  c l e a r l y  shcwn. 

FI;:RE 7. S i n c i e  cb ,anne l  seismic r e f i 5 c t i o n  r e c o r d  f r o m  easterx N o r t o n  
bas i n  s h o ~ l i n g  "normal" r e f  l e c t o r  zoaes and t y p i c a l  r e f  l e c t o r  
t e r m i n a r i o n  anoma l ies .  L o c a t i o n  o f  l i n e  i s  shown i n  F i g u r e  3.  

F I S U R E  8. M ~ i l t i c h a n n e l  sho t  r e c o r d  o v e r  "normal"  r e f l e c t o r  sequence shown 
i n  F i g u r e  7. E e f r a c t e d  head bizves (H), and r e f l e c t e d  a r r i v a l s  
(R) a r e  c l ~ a r l y  v i s l b l c .  

F I G U R E  9. M u l t i c h a n n e l  s h o t  r e c o r d  o v e r  r h e  gas seep r e f l e c t o r  t e r m i n a t i o n  
anomaly s h o ~ n  i n  F i g u r e  6. A l l  a r r i v a l s  a r e  marked ly  a t t e n u a t e d  
due t o  gas i n  the nea r  s u r f a c e  sed imen t .  A m p l i f i e r  s e t t i n g s  
s l i g h t l y  h i g h e r  ti-,an i n  F i g u r e  8 .  

FIGURE 10. K i n i s p a r k e r  (33O j o u l e s )  r eco rd  f r o n  hor;on b a s i n  s h w i n g  r e f l e c -  
t o r  t e r m i n a t i o n  anomaly w i t h  n e a r - s u r f a c e  d i f f r a c t i o n s .  L o c a t i o n  
o f  l i n e  is shown i n  F i g u r e  3. 

F I G U R E  11. V e l o c i t y  a n a l y s i s  of reflector p u l l - d o w n  zone benea th  t h e  N o r t o n  
b a s i n  s a s  seep ( ~ i g .  6 ) .  The two r i g h t  hand cu rves  shaw average 
and i n t e r v a l  v e l o c i t y  v e r s u s  depth i n  : he  g a s - f r e e  r e f l e c t o r  
sequence o u t s i d e  t h e  seep zone. The two cu rves  on t h e  l e f t  a r e  
f o r  the gas-charged s e c t i o n  benea th  t h e  seep i t s e l f .  
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APPENDIX 

Following i s  a l ist  of papers included i n  t h i s  volume. Followinq the 

paper name, i n  parenthesis ,  i s  the  name of t h e  journal or  book i n  which the 

paper can be found ,  when published, i n  t h e  near future.  I f  no journal o r  

book name follows the paper title, t h i s  indicates  that t he  paper appears 

o n l y  i n  t h i s  open f i l e  report .  

Abbreviations used : 

EBS- The Eastern Bering Shelf: Its Oceanography and Resources, Hood, D.W.,  

ed i to r .  ( i n  p r e s s ) .  

OTC- Offshore Technology Conference, Proceedings, Houston, TX. , paper 3773 .  

HMS- Holocene Marine S e d i m e n t a t i o n  i n  t h e  North Sea Basin, ~ i o ,  S . C . ,  

S c h a t t e n h e l m ,  R.T. , and Van Weerinq, T.C.E., ed i to r s ,  International 

Association of Sedimentalogists Special Publication, Blackwell Scien- 

tific Publications,  London. ( i n  press)  . 


