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INTRODUCTION 

The in t e rp re t ed  di rec t ions  of n e t  longshore 
sediment t ranspor t  along the Alaskan mainland 
coas t  of the  Bering Sea, from Bering S t r a i t  i n  
the north t o  unimak Pass i n  the south, are  shown 
on sheets  1 t o  5 of t h i s  r epor t .  Longshore sedi-  
ment t ranspor t  is the movement of sediment, mostly 
sand and gravel ,  i n  alongshore di rec t ions  on beaches 
and i n  the adjacent shallow-water zone of breaking 
waves. On most coas ts ,  waves and wave-driven 
currents  are  the main t ranspor t ing agents,  bu t  
t i d a l  and other currents  may be loca l ly  important 
causes of t ranspor t .  We do not  attempt t o  show 
the d i r ec t ions  of t ranspor t  i n  deeper water ,  
where t i d a l  and other  currents are  more l i k e l y  
t o  be important. 

The r a t e  of longshore t r anspor t  increases 
with increasing wave s i z e .  Where wave s i z e  i s  
constant,  the  t r anspor t  r a t e  i s  g rea t e s t  when 
the  waves approach shore a t  an angle of about 
45O (Zenkovitch , 1967; Komar, 1976) . 

Longshore t r anspor t  a t  any given point  along 
a coast  can be i n  e i t h e r  of the two shore-para- 
l l e l  d i rec t ions .  Along many coasts the t rans-  
po r t  d i r ec t ion  a l t e rna te s  many times a year as 
wave conditions change. Thus, the d i r ec t ion  
of n e t  t ranspor t  over a period of a year may 
d i f f e r  from the  di rec t ion a t  any i n s t a n t ,  and 
the  d i r ec t ion  of ne t  t ranspor t  over many years 
may d i f f e r  from the  d i r ec t ion  over a s ing le  year.  
The symbols shown on the summary map (sheet  1) 
a re  the in t e rp re t ed  d i r ec t ions  of long-term ne t  
t ranspor t ,  where Long-term means a t  l e a s t  severa l  
years and perhaps as many as a few thousand years.  
The locat ions  of the  s p e c i f i c  fea tures  used i n  
making these in t e rp re t a t ions  are  shown on sheets  
2 t o  5 ,  and the symbols used on these sheets  arc  
explained on sheet  1. 

Directions of longshore t ranspor t  can be 
determined by severa l  methods, such a s  monitor- 
ing the movement of a r t i f i c i a l l y  introduced 
t r a c e r  gra ins  ( Ingle ,  1966) , calcula t ing the  
t ranspor t  from known wave conditions by the use 
of a formula (Komar and Inman, L970), making 
in t e rp re t a t ions  from longshore var ia t ions  i n  
the  gra in  s i z e  o r  composition of the  beach 
sediments, o r  making in t e rp re t a t ions  from 
coasta l  landfoms.  A l l  these methods have 
advantages and disadvantages. Monitoring the  
movement of t r a c e r  g ra ins ,  f o r  example, is the 
most r e l i a b l e  method f o r  determining short-term 
t ranspor t  bu t  would be a very time-consuming 
method of determining the long-term net  t rans-  
por t .  The use of a formula is probably f a i r l y  
r e l i a b l e  but  requires extensive wave data  t h a t  
a re  not now avai lable  f o r  the  Bering Sea. The 
methods based on gra in  s i z e ,  sediment composi- 
t i o n ,  and landform in t e rp re t a t ion  are  moderately 
r e l i a b l e ;  of these ,  the  in t e rp re t a t ion  of land- 
forms i s  the  quickest and most inexpensive method. 

The di rect ions  of longshore t r anspor t  shown 
i n  t h i s  r epor t  were in t e rp re t ed  from coas t a l  
landforms. The in t e rp re t a t ions  were made from 
a e r i a l  observations during two summers and from 
maps and a e r i a l  photographs. Only ce r t a in  kinds 
of coas t a l  landforms, which are  described l a t e r  
i n  t h i s  repor t  and sketched on sheet  1, indicate  
the d i r ec t ion  of longshore t ranspor t .  

Acknowledgments 

This study was supported jo in t ly  by the U.S. 
Geological Survey and the  Bureau of Land Manage- 
ment through interagency agreement with the National 
Oceanic and Atmospheric Administration, under 
which a multi-year program responding t o  needs of 
petroleum development of the Alaskan cont inenta l  
shel f  i s  managed by the Outer Continental Shelf 
Environmental Assessment Program (OCSEAP) Office.  

We wish t o  thank David M .  Hopkins and 
H .  Gary Greene f o r  t h e i r  c r i t i c a l  reviews. 

GENERAL PROBLEMS OF INTERPRETING 
TRANSPORT DIRECTIONS FROM LANDFORMS 

One of the more ser ious  problems i n  in t e rp re t ing  
the di rec t ions  of longshore t ranspor t  from coas t a l  
Laniiforms i s  t h a t  some landforms mimic those pro- 
duced by longshore t ranspor t  but  i n  ac tua l i ty  owe 
t h e i r  form t o  o ther  causes,  such as the  geologic 
s t ruc tu re  of the bedrock. A problem leading t o  
s imi l a r  uncer ta in t ies  is t h a t  some coas t a l  landforms 
can be in t e rp re t ed  a s  indicat ing t ranspor t  i n  e i t h e r  
of the two longshore di rec t ions .  On sheets  2 t o  5 
of t h i s  repor t  we indicate  by question marks those 
in t e rp re t a t ions  t h a t  we judge t o  be questionable.  

Another problem is t o  estimate how much t i m e  
was required f o r  a landform t o  develop. The l a rges t  
landforms take many centur ies  t o  develop and thus 
indicate  the long-term t ranspor t  d i r ec t ion ,  whereas 
the  smal les t  landforms, such as oblique ba r s ,  may be 
produced during a s ing le  storm and thus indicate  only 
short-term t r anspor t .  Depositional landforms, which 
are  composed of unconsolidated sediment, may develop 
more quickly than eros ional  Landforms cut  i n  bedrock. 
We dis t inguish  by the symbol "m" those minor land- 
forms t h a t  we judge could have formed i n  l e s s  than 
a year.  The s ignif icance of minor landforms i s  
increased, however, i f  they are  numerous along a 
sect ion of coas t  a t  any one time o r  i f  they were 
observed during severa l  years;  we note multiple 
occurrences by the symbol "6". We a l so  note by a 
spec ia l  symbol (an arrow marked by an X) those 
short-term d r i f t  d i r ec t ions  t h a t  we consider t o  be 
opposite from the  di rec t ions  of long-term ne t  d r i f t .  

S t i l l  another problem i s  t h a t  a landform may 
cause a change i n  the pa t t e rn  of t r anspor t  as i t  
develops. Many coasta l  landforms, such as hooked 
bays, develop i n  ways t h a t  reduce the ne t  t ranspor t  
r a t e  ( see ,  f o r  example, Zenkovitch, 1967);  these 
may eventually reach equilibrium s t a t e s ,  i n  which 
there  i s  no n e t  t ranspor t .  Some coas t a l  landfoms,  
such as s p i t s ,  sometimes produce reversa ls  of t rans-  
po r t  d i r ec t ion  as they grow and s h e l t e r  downdrift 
p a r t s  of the coast from the  dominant waves. A few 
of the  landforms i n  the Bering Sea may have reached 
equilibrium; i f  s o ,  the t ranspor t  d i rec t ions  shown 
on the maps indicate  the d i rec t ions  during the devel- 
opment of these landforms. 

The absence of landforms t h a t  indicate  t r anspor t  
d i r ec t ion  along a s t r e t c h  of coas t  does not  necessar- 
i l y  mean t h a t  t ranspor t  i s  negl ig ible .  I E  landforms 
indicate  t ranspor t  i n  the same d i r ec t ion  a t  two 
points along the coast and i f  the intervening shore- 
l i n e  i s  s t r a i g h t  o r  curves gradually from one po in t  
t o  the  o the r ,  it can be assumed t h a t  the t ranspor t  
i s  i n  the same di rect ion along t h a t  s t r e t c h  of coast- 
l i ne .  Considerations of t h i s  kind were used i n  pre- 
par ing the generalized map of t r anspor t  d i r ec t ions  



(sheet  1) from the s p e c i f i c  keatures shown on sheets  
2-5. On some sect ions  of coas t ,  such as the  ac t ive  
Yukon River d e l t a ,  landforms t h a t  indicate  t ranspor t  
d i r ec t ion  are too r a re  f o r  i n t e rp re t a t ions  t o  be 
made even with these  considerations.  

The grain  s i z e  Of the avai lable  sediment a f f e c t s  
the  in t e rp re t a t ion  of a coas ta l  landform. Coarse 
gravel  can be moved only by the  l a rges t  waves, whereas 
f i n e  sand o r  s i l t  can be moved by r e l a t ive ly  small  
waves. I t  is conceivable, then,  t h a t  f ine-grained 
sediment might be transported i n  a d i f f e r e n t  d i r ec t ion  
from coarse-grained sediment i f  the  smaller waves moved 
i n  a d i f f e ren t  d i r ec t ion  from the l a rge r  waves and i f  
the  smaller waves pe r s i s t ed  long enough t o  t rans-  
p o r t  more fine-grained sediment than was t rans-  
ported by the infrequent l a rge r  waves. 

TYPES OF LANDFORMS THAT 
INDICATE TRANSPORT DIRECTION 

A s  a general r u l e ,  i f  the d i r ec t ion  of long- 
shore t ranspor t  i s  t o  be in fe r r ed  from a coas ta l  
landform, the landform m u s t  be asymmetric with 
respect  t o  a l i n e  normal t o  the  generalized shore- 
l i ne .  In most coas t a l  landforms, the  S~SyllUIet~ 
of the  shorel ine  i t s e l f  provides a s u f f i c i e n t  
bas i s  f o r  i n t e rp re t a t ion .  Coastal landforms 
have been described by many other  workers, includ- 
ing Zenkovitch (1967) , King (1972) , s i l v e s t e r ,  
(1974) , and Komar (19 76) . 

Shoreline Off s e t s  

Offsets o r  s t eps  i n  the map view of a coast-  
l i n e  were recognized a s  an indicator  of t rans-  
po r t  d i rec t ion by Gulliver (1896, 1899). Geo- 
metr ica l ly ,  o f f s e t s  a re  of two types.  In one 
type, a downdrift sec t ion of the shorel ine  is 
o f f s e t  seaward from an updr i f t  sec t ion (sheet  1, 
symbols G H ,  GG, GJ, GR, and G ) .  In the second 
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type, a downdrift sec t ion of the  shoreline i s  
o f f s e t  landward from an updr i f t  sec t ion (sheet  
1, symbol I) . Offsets  can be produced e n t i r e l y  
by eros ion,  e n t i r e l y  by deposit ion, or  by a 
combination of the  two e f f e c t s .  They occur a t  
r e s i s t a n t  headlands, a t  manmade s t ruc tu res ,  
and a t  channel mouths. 

Offsets a t  Groins 

Groins are manmade s t ruc tu res  placed across 
a beach t o  slow down o r  h a l t  coas t a l  erosion. 
They produce a downdrift-landward o f f s e t  (sheet  
1, symbol GG) by causing deposit ion o r  lessening 
erosion updr i f t  of the s t ruc tu re .  Because most 
groins t r a p  r e l a t i v e l y  small  amounts Of sediment, 
the o f f s e t s  v i s i b l e  a t  any one time do not  necess- 
a r i l y  indicate  the d i r ec t ion  of longterm ne t  trans- 
po r t .  The only examples of what might be ca l l ed  
groins i n  the Bering Sea a r e  some accidenta l  collec- 
t i ons  of metal debr is  on the beaches near Nome. 

Offsets a t  Headlands 

~ e a d l a n d s  of r e s i s t a n t  bedrock tend t o  a c t  
l i k e  groins ,  producing downdrift-landward o f f s e t s  
(sheet  1, symbol G H ) ,  and i n  f a c t  they have been 
ca l l ed  "natura l  groins" (Inman and Frautschy, 
1965). Most o f f s e t s  a t  headlands a re  produced 
by d i f f e r e n t i a l  eros ion,  bu t  deposit ion updr i f t  
of the headland may be involved i n  the  formation 
of some o f f se t s .  Offsets a t  most headlands a re  
large-scale fea tures  t h a t  i nd ica t e  the d i r ec t ion  
of long-term n e t  t ranspor t .  

When in fe r r ing  t ranspor t  d i r ec t ions  from 
o f f s e t s  a t  headlands, one must take care t o  ru le  
out the p o s s i b i l i t y  t h a t  the  o f f s e t  was produced 

d i r e c t l y  by f au l t ing  o r  fo lding,  by di f fea ing ero- 
s iona l  res is tances  of the  bedrock on e i t h e r  s ide  of 
t he  headland, o r  by d i f f e r ing  amounts of sediment 
supplied t o  the  shorel ine  on e i t h e r  s ide  of the 
headland. Such p o s s i b i l i t i e s  can most e a s i l y  be 
ruled out where the o f f s e t s  occur i n  a s e r i e s ,  form- 
ing what might be ca l l ed  a "stepped shoreline." 

Offse ts  a t  J e t t i e s  

J e t t i e s  a re  manmade seaward-extending s t ruc tu res  
b u i l t  a t  the s ides  of stream mouths, t i d a l  i n l e t s ,  or  
harbors t o  prevent shoaling o r  migration of the channel. 
d hey tend t o  a c t  l i k e  groins ,  producing a downdrift- 
landward o f f s e t  of the shorel ine  across the  channel 
mouth (sheet  1, symbol Gj). However, the complicated 
pat terns  of water flow and sediment t ranspor t  i n  the 
v i c i n i t y  of the channel mouth can produce exceptions 
t o  t h i s  tendency; these  poss ible  complications are  
discussed i n  the  next sect ion.  The only j e t t i e s  i n  
the Bering Sea are  the p a i r  a t  the mouth of the Snake 
River i n  Nope. 

Offse ts  a t  Tidal  I n l e t s  

Offse ts  a t  t i d a l  i n l e t s  can be e i t h e r  downdrift- 
landward o r  downdrift-seaward (sheet  1, symbols GI 
and I ) .  The causes of these o f f s e t s  have been s tudied 
by Todd (1968), Hayes and others  (1970), Goldsmith 
and others  (1975) , and Lynch-Blosse and Kumar (1976) , 
but  a re  st i l l  not completely understood. Among the  
f ac to r s  responsible f o r  o f f s e t s  a t  i n l e t s  are  t i d a l  
currents  and wave r e f r ac t ion ,  both of which can be 
very complex. Another f ac to r  probably important i n  
control l ing the kind of o f f s e t  i s  whether the i n l e t  
i s  a ne t  s ink ( t h a t  i s ,  an area  in  which sediment i s  
l o s t  from the t ranspor t  system) o r  a ne t  source f o r  
sediment moving along the coast.  I f  the i n l e t  t r aps  
sediment coming from the updr i f t  d i r ec t ion  and does 
not supply an equal amount t o  the downdrift coas t ,  
it i s  a ne t  s ink ,  j u s t  a s  a groin i s ,  and w i l l  tend 
t o  produce a downdrift-landward o f f s e t .  I f  the i n l e t  
i s  a ne t  source of sediment, it w i l l  tend t o  produce 
a downdrift-seaward o f f s e t .  

~t may not be easy t o  determine i f  a t i d a l  i n l e t  
i s  a n e t  source o r  sink of sediment. One indicat ion 
is  the s i z e  r a t i o  of the  ebb-tidal and f lood- t idal  
de l t a s :  a f lood- t idal  d e l t a  t h a t  i s  l a rge r  than the  
ebb-tidal d e l t a  suggests t h a t  the i n l e t  i s  a ne t  
s ink,  and conversely. An i n l e t  t h a t  migrates along- 
shore and cuts  i n t o  a large  body of sand o r  gravel  
is  l i k e l y  t o  be a ne t  source of sediment. 

Offse ts  a t  Stream Mouths 

I£  the in t e rac t ion  of stream mouths with the 
longshore t r anspor t  follows the ru l e  hypothesized 
f o r  t i d a l  i n l e t s ,  a l l  stream mouths should be char- 
ac ter ized by downdrift-seaward o f f s e t s ,  f o r  a11 
streams are  n e t  suppl iers  of sediment t o  the sea.  
In ac tua l i ty ,  no o f f s e t s  of any kind occur a t  the 
mouths of many small streams, evidently because they 
a re  too small  t o  have any s i g n i f i c a n t  e f f e c t .  

Surpr is ingly ,  many small streams i n  the  upper 
p a r t  of B r i s t o l  Bay and i n  southern Norton Bay have 
dawndrift-landward o f fee t s  a t  t h e i r  mouths (sheet  1, 
symbol GR) , the d i r ec t ion  of ne t  d r i f t  being confirmed 
by other  evidence. A l l  o f f s e t s  of t h i s  kind occur 
only on low, eroding coas ts  vegetated by tundra and 
underlain by unconsolidated c lay ,  s i l t ,  o r  peat .  
Evidently the streams draining the low tundra carry  
very l i t t l e  sediment and somehow a c t  a s  groins ,  per- 
haps by t h e i r  water discharge stopping p a r t  of the 
l i t t o r a l  d r i f t ,  as suggested by the  common occurrence 
of small s p i t s  a t  the updr i f t  s ides  of the stream 
mouths. 



Hooked Bays 

Certain bays have a d i s t inc t ive ly  asymmetric 
plan form (sheet  1, symbol H )  as noted i n  1906 
by Halligan (quoted by Davies, 1973, p. 136).  The 
s ignif icance of such bays as indicators  of t rans-  
po r t  d i r ec t ion  has been s t r e s sed  by S i lves t e r  
(1960). These bays, which have variously been 
ca l l ed  zetaform bays,  s p i r a l  bays, headland bays, 
hal f -hear t  bays, crenulate bays, and hooked bays 
(Davies, 1973: LeBlond, 1972 Rea and Komar, 1975; 
S i lves t e r ,  1960, 1970, 1974; and Yasso, 1965) , a re  
produced by coas t a l  erosion downdrift of headlands. 
Although the reasons f o r  t h e i r  form are  not  f u l l y  
understood, they seem t o  be one of the more r e l i a -  
b l e  indicators  of the d i r ec t ion  of long-term ne t  
t ranspor t .  They a re  ccumnonly associated with off -  
s e t s  a t  headlands. 

Channel-Mouth Deflections 

The f a c t  t h a t  stream mouths tend t o  become 
def lec ted i n  a downdrift d i r ec t ion  (sheet  1, sym- 
bol  DR) has been known f o r  many years ( ~ u l l i v e r ,  
1896, 1899). Such def lec t ion i s  caused by (1) the 
ha l t ing  of longshore t r anspor t  a s  the  sediment 
reaches the deeper water of the channel, ( 2 )  the 
consequent tendency f o r  the channel t o  be f i l l e d  
on the  updr i f t  s i d e ,  ( 3 )  t he  diversion of the  
stream flow t o  the downdrif t s i d e ,  and f i n a l l y ,  
(4 )  the erosion of the downdrift s ide  of the 
channel. Channel mouths can migrate many miles 
downdrift by the continued operation of t h i s  
process. Tidal  i n l e t s  can be def lec ted i n  the  
same way (sheet  1, symbol D ) and therefore  com- 
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monly migrate t o  the  downdrlft ends of the  lagoons 
t h a t  they dra in  (Pr ice ,  1952) . 

Channel-mouth def lec t ions  caused by longshore 
t r anspor t  can be confused with those due t o  o ther  
causes. Sane def lec t ions  are  caused by longshore 
var ia t ions  i n  wave height ,  these var ia t ions  being 
caused most commonly by wave r e f r ac t ion  (Bascom, 
19541. Deflections of t h i s  kind are  produced 
when storm waves bu i ld  a berm o r  beach ridge t h a t  
dams a stream mouth, whereupon the impounded water 
breaks through the lowest p a r t  of the berm. Since 
the height  of the berm is roughly proportional 
t o  wave height ,  the point  of breakthrough is 
control led  by longshore va r i a t ions  i n  wave height .  
W def lec t ions  of t h i s  kind are produced suddenly, 
any evidence of a gradually increasing def lec t ion 
rules  out t h i s  process and ind ica t e s  an or igin  by 
longshore t ranspor t .  

Stream-mouth def lec t ions  take d i f f e r e n t  forms 
on s t ab le  coasts,  on s t r a i g h t  prograding coas ts ,  
and on de l t a s .  A def lec ted stream on a s t a b l e  
coas t  flows p a r a l l e l  t o  the shorel ine  i n  back of 
a berm ridge f o r  some dis tance ,  whether the  
def lec t ion is produced by longshore t ranspor t  
or  by longshore var ia t ions  i n  wave height .  Streams 
t h a t  flow obliquely t o  the  shorel ine  across a 
s t r a i g h t  prograded s t r and  p la in  can be i n t e r -  
pre ted  a s  having been gradually def lec ted by 
longshore t ranspor t  (Allen, 1965); some wel.1- 
developed def lec t ions  of t h i s  kind occur on the 
north s ide  of Br i s to l  Bay between Cape Constantine 
and Kulukak Point.  Deflections of delta-building 
streams can a l s o  be ascribed t o  the gradual e f f e c t  
of longshore t ranspor t  during d e l t a  growth; some 
well-developed though small-scale examples occur 
on the  e a s t  s ides  of Kuskokwim Bay and Norton 
Bay. A d e l t a  i t s e l f  i s  l i k e l y  t o  be made asymme- 
t r i c  by longshore t ranspor t  (Komar, 1973). 

Depositional Bodies 

Oblique bars. Bars a re  ridges of sand or  
gravel  i n  the  i n t e r t i d a l  o r  shallow sub t ida l  zones 

of a beach (sheet  1, symbol 0). Only bars  that 
a re  oblique t o  shore can be used t o  i n t e r p r e t  
t r anspor t  d i r ec t ions ;  oblique bars  t rend seaward 
i n  a d m n d r i f t  d i r ec t ion  ( ~ u i l c h e r ,  1974). I f  the  
ba r s  are  submerged, they may be v i s i b l e  from a i r c r a f t  
i f  the  water is c l ea r ;  otherwise, t h e i r  form may be 
indicated by the pa t t e rn  of breaking waves or  stranded 
i c e  on the  ba r  c re s t s .  ~ l s o ,  oblique bars  can often 
be recognized from protuberances of the shorel ine  
where the  ba r s  are  attached t o  shore; these protuber- 
ances a re  ca l l ed  g i a n t  cusps, though not a l l  g i an t  
cusps a re  associated with oblique bars .  Most oblique 
bars  a re  r e l a t ive ly  small deposit ional bodies and thus 
do no t  necessar i ly  indicate  the long-term ne t  trans- 
po r t  d i r ec t ion .  

Spits. Spi t s  d i f f e r  from oblique bars  i n  being 
a t  l e a s t  p a r t l y  above the  high-water l i n e .  Some s p i t s  
protrude from a shorel ine  t h a t  was r e l a t ive ly  s t r a i g h t  
before the s p i t  grew, whereas others continue the l i n e  
of an updr i f t  shorel ine  where the shorel ine  o r ig ina l ly  
curved landward i n t o  an embayment: i n  e i t h e r  type, the 
f r e e  end of the s p i t  points  i n  the downdrift d i r ec t ion  
(sheet  1 ,  symbol S ) .  Most s p i t s  a re  large  enough t o  
ind ica t e  the d i rec t ion of long-tern n e t  t ranspor t .  They 
a re  one of the  most r e l i a b l e  indicators  of t r anspor t  
d i r ec t ion .  

A s p i t  may produce a loca l  reversa l  i n  t ranspor t  
d i r ec t ion  i n  the  area behind and downdrift of the  s p i t  
by protect ing t h a t  p a r t  of the shorel ine  from the domi- 
nant waves while leaving it exposed t o  waves from other  
d i rec t ions .  The d i f f r ac t ion  of the  dominant waves 
around the t i p  of the s p i t  can a l so  cause a reversed 
t ranspor t  d i r ec t ion  i n  the  area  behind the  s p i t .  

cuspate forelands and s p i t s .  A cuspate foreland 
is a roughly t r i angu la r  deposi t ional  p l a in  t h a t  pro- 
trudes from the generalized shoreline (sheet  1, symbol 
F). The seaward t i p  of a cuspate foreland may be 
e i t h e r  sharply pointed or  rounded. Smaller fea tures  
of t h i s  type have been ca l l ed  cuspate s p i t s .  Most 
cuspate forelands and s p i t s  are  composed of sediment 
t h a t  was ca r r i ed  t o  the deposi t ional  s i t e  by longshore 
t r anspor t ,  bu t  some have been in t e rp re t ed  as having 
formed by other  processes,  such as modification of a 
previously formed d e l t a  (Hoyt and Henry, 1971) . The 
or ig in  of cuspate forelands and s p i t s  has been a sub- 
j ec t  of much discussion (Gul l iver ,  1896; Zenkovitch, 
1959 ; Tanner, 1962 ; Pr ice ,  1964; Voskoboynikov, 1966 i 
White, 1966; Hoyt and Henry, 1971; Swift and others ,  
1972). 

Cuspate forelands composed of mater ia l  ca r r i ed  
by longshore t ranspor t  can occur i n  two d i f f e ren t  
s e t t i n g s ,  e i t h e r  where the n e t  t ranspor t  approaches 
the foreland from both s ides  o r  where the  ne t  trans- 
p o r t  i s  unidi rect ional  but  decreases i n  a downdrift 
d i r ec t ion .  The second kind, which i s  t yp ica l ly  
asymmetric i n  form, commonly occurs a t  pre-existing 
shorel ine  i r r e g u l a r i t i e s .  The few cuspate forelands 
i n  the Bering Sea seem t o  be of the asymmetric type. 

Downdrift-tapering b a r r i e r s .  Barr ier  i s lands  
t h a t  have one wide, bulbous, rounded end and one 
narrow, pointed end (sheet  1, symbol T) are  very sug- 
ges t ive  of n e t  t ranspor t  i n  the d i r ec t ion  of narrow- 
ing (Pr ice ,  1954; Hayes and others ,  1973). This i n t e r -  
pre ta t ion i s  based on the  s imi l a r i ty  of a tapering 
i s l and  t o  a s p i t .  

Depositional Ridges Marking Former Shorelines 

Many coas t a l  deposi t ional  fea tures  a rc  covered 
by ridges t h a t  mark former shorel ines  and thereby 
record the s tages  of growth of the deposi t ional  bodies.  
These ridges include (1) beach r idges ,  most of which 
a re  probably formed by wave swash during storm surges,  
( 2 )  foredune r idges ,  which are  formed by onshore winds 

b l w i n g  sand i n t o  vegetated areas behind the beach, 
where the sand i s  trapped, and ( 3 )  cheniers ,  which 



a r e  beach r i d g e s  s e p a r a t e d  from one another  by 
t i d a l  f l a t  or  marsh d e p o s i t s .  

The p a t t e r n  of r i d g e s  may permi t  t h e  long- 
term t r a n s p o r t  d i r e c t i o n  t o  be i n t e r p r e t e d  even 
where t h e  g r o s s  form of t h e  d e p o s i t i o n a l  body i t s e l f  
does n o t  f u r n i s h  s u f f i c i e n t  evidence ( s h e e t  1, symbol 
B) .  The h i s t o r i c a l  type  of evidence f u r n i s h e d  by 
beach r i d g e s  i s  of t h e  same type  f u r n i s h e d  by repea ted  
maps o r  a e r i a l  photographs of t h e  c o a s t .  The p r i n c i p l e  
on which i n t e r p r e t a t i o n  is based is  t h a t  a  d e p o s i t i o n a l  
c o a s t a l  landform g e n e r a l l y  grows or migra tes  i n  a  
downdrif t  d i r e c t i o n .  However, some c o a s t a l  landforms,  
such a s  cuspate f o r e l a n d s ,  can perhaps migra te  u p d r i f t  
under c e r t a i n  c o n d i t i o n s  (R. C. H .  R u s s e l l ,  i n  Will iams,  
19561, and t h i s  p o s s i b i l i t y  should be cons idered  when 
t r a n s p o r t  d i r e c t i o n s  a r e  be ing  i n t e r p r e t e d  from t h e  
p a t t e r n  of r i d g e s .  

GENERAI. PROPERTIES OF LONGSHORE TWSPORT SYSTEMS 

The p a t t e r n s  of longshore t r a n s p o r t  along shore-  
l i n e s  can b e s t  be analyzed i n  terms of c o a s t a l  c e l l s  
(Inman and Frau tschy ,  1965; Longinov, 1965; Zenkovitch,  
1967; King, 1972; Davies,  1973; Inman and Brush, 1973; 
Tanner,  1973;  and S i l v e s t e r  , 1974) . A c o a s t a l  c e l l  
i s  def ined  here  a s  a  s e c t i o n  of s h o r e l i n e  bounded by 
p o i n t s  of n e t  divergence of  t h e  longshore t r a n s p o r t ;  
o t h e r  au thors  use somewhat d i f f e r e n t  d e f i n i t i o n s .  
Because a c e l l  i s  def ined  a s  having divergence p o i n t s  
a t  e i t h e r  end, it must have a convergence p o i n t  some- 
where w i t h i n  t h e  c e l l .  

Coas ta l  c e l l s  a r e  commonly marked by c o a s t a l  
e r o s i o n  a t  and n e a r  t h e  divergence p o i n t s  t h a t  bound 
t h e  c e l l s  and by a c c r e t i o n  a t  and n e a r  t h e  convergence 
p o i n t s .  The divergence p o i n t s  t end  t o  be l o c a t e d  a t  
headlands and t h e  convergence p o i n t s  w i t h i n  embay- 
ments, b u t  except ions  can occur.  

Every c o a s t a l  c e l l  has a sediment budget c o n s i s t -  
i n g  of t h e  var ious  sediment sources  and s i n k s ,  which 
may be l o c a t e d  onshore,  o f f  s h o r e ,  o r  alongshore.  
The most common onshore sources  a r e  r i v e r s ,  whi le  
t h e  most common onshore s i n k s  a r c  c o a s t a l  dunes. 
The most c m o n  o f f s h o r e  sources  a r c  e roding  s h e l f  
d e p o s i t s ,  whi le  t h e  most common o f f s h o r e  s i n k s  a r e  
growing s h e l f  d e p o s i t s ,  s h e l f  edges ,  and submarine 
canyons; canyons do n o t  occur n e a r  t h e  Bering Sea 
c o a s t .  The most common alongshore sources  a r e  
e roding  c o a s t a l  bedrock and unconsolidated d e p o s i t s ,  
whi le  t h e  most common alongshore s i n k s  a r e  growing 
c o a s t a l  d e p o s i t i o n a l  bodies .  

INTERPRETED DIFZCTIONS OF NET LONGSHORE TRANSPORT 

General  Discussion 

Wave-induced sediment t r a n s p o r t  along t h e  e a s t e r n  
Bering Sea c o a s t  is seasona l .  During w i n t e r  it is  
c u r t a i l e d  by i c e  cover ,  which begins  t o  advance 
southward i n  October,  covers  most of t h e  c o a s t  by 
February,  and remains on nor thern  p a r t s  of  t h e  
c o a s t  u n t i l  June ( A r c t i c  Environmental Information 
and Data Center ,  1974).  Offshore i c e  i n h i b i t s  t h e  
g e n e r a t i o n  of l a r g e  waves by l i m i t i n g  t h e  wind f e t c h ,  
and i c e  a t t a c h e d  t o  shore  o r  shea th ing  t h e  beach 
g i v e s  p r o t e c t i o n  a g a i n s t  wave-induced sediment move- 
ment. I n  g e n e r a l ,  t h e  p e r i o d  dur ing  which i c e  does 
n o t  d i r e c t l y  a f f e c t  t h e  c o a s t  v a r i e s  from t h r e e  
months (~uly-sep te rnber )  i n  t h e  n o r t h e r n  p a r t  of  t h e  
s tudy  a r e a  ( ~ e r i n g  S t r a i t  t o  Norton Sound) t o  seven 
months (May-November) along t h e  Alaska Peninsu la  
Coast of B r i s t o l  Bay. 

Coas ta l  weather s t a t i o n s  i n  t h e  southern  Bering 
Sea (Cape Newenham and P o r t  Moller)  r e p o r t  an 
e s s e n t i a l l y  bimodal d i s t r i b u t i o n  of wind d i r e c t i o n s  
f o r  t h e  i c e - f r e e  season ,  wi th  t h e  s t r o n g e r  component 
from t h e  south and t h e  o t h e r  from t h e  northwest  
( A r c t i c  Environment Information and Data Center ,  

1 9 7 4 ) .  Net l i t t o r a l  d r i f t  d i r e c t i o n s ,  which a r e  
summarized on ,sheet 1, t y p i c a l l y  r e f l e c t  t r a n s p o r t  
by waves from one of t h e s e  two d i r e c t i o n s .  The 
Alaska Peninsu la  c o a s t  of  B r i s t o l  Bay i s  p r o t e c t e d  
from t h e  s o u t h ,  and t r a n s p o r t  along t h e  c o a s t  i s  
t o  t h e  n o r t h e a s t  i n  response t o  waves genera ted  by 
winds from t h e  northwest  o r  west .  Between t h e  Alaska 
Peninsu la  and Norton Sound t h e  t r a n s p o r t  i s  gener-  
a l l y  t o  t h e  nor th  i n  response t o  waves genera ted  by 
s o u t h e r l y  winds. Wind d i r e c t i o n s  recorded a t  Nome,  
i n  t h e  nor thern  p a r t  of t h e  study a r e a ,  a r e  more 
n e a r l y  uniformly d i s t r i b u t e d .  However, t h e  nor th-  
t rending  s e c t i o n s  of c o a s t  on t h e  e a s t e r n  s i d e  of 
Norton Sound and between Bering S t r a i t  and Norton 
Sound s t i l l  r e f l e c t  t r a n s p o r t  predominantly t o  t h e  
nor th .  The e a s t - t r e n d i n g  s e c t i o n s  of c o a s t  on t h e  
n o r t h  and south  s i d e s  of Norton Sound i n d i c a t e  t r a n s -  
p o r t  t o  t h e  e a s t  i n  response t o  t h e  cons iderab ly  
longer  f e t c h  t o  t h e  west .  

During s torms ,  much more sediment can be t r a n s -  
por ted  by waves than under normal c o n d i t i o n s ,  and 
many of t h e  c o a s t a l  f e a t u r e s  used t o  i n t e r p r e t  t r a n s -  
p o r t  d i r e c t i o n  may have been formed l a r g e l y  dur ing  
storms. A major storm t r a c k  c r o s s e s  t h e  e a s t e r n  
Bering Sea from southwest  t o  n o r t h e a s t  dur ing  t h e  
l a t t e r  p a r t  of t h e  i c e - f r e e  season ( l a t e  J u l y  t o  
e a r l y  September) ( A r c t i c  Environmental Information 
and Data Center ,  1974) .  The c y c l o n i c  a i r  flow about  
t h e  low-pressure storm systems fo l lowing  t h i s  t r a c k  
causes  a northward a i r  flow along t h e  c o a s t ,  which 
c o r r e l a t e s  w e l l  wi th  t h e  i n t e r p r e t e d  dominantly 
northward t r a n s p o r t  along t h e  c o a s t .  

Discussion of Shee ts  2-5 

For t h i s  r e p o r t  t h e  n e a r l y  3,000 km of open coas t -  
l i n e  of t h e  e a s t e r n  Bering Sea has  been d iv ided  i n t o  
f o u r  s e c t i o n s .  Coas ta l  s t r i p  maps f o r  each s e c t i o n  
have been compiled on s h e e t s  2-5. Longshore t r a n s -  
p o r t  d i r e c t i o n s  and t h e  geomorphic c r i t e r i a  used i n  
i n t e r p r e t i n g  t h e  d i r e c t i o n s  a r e  i n d i c a t e d  on t h e s e  
s h e e t s .  Shee t  2 covers t h e  Alaska Peninsu la  c o a s t  
of B r i s t o l  Bay and Unimak I s l a n d .  Shee t  3 i n c l u d e s  
t h e  c o a s t a l  a r e a  between t h e  Alaska Peninsu la  and 
t h e  Yukon-Kuskokwim Del ta  complex and Shee t  4 i n c l u d e s  
t h e  Yukon-Kuskokwim Del ta .  Shcet  5 covers t h e  nor thern  
p o r t i o n  of  t h e  s tudy  a r e a  from Norton Sound t o  the 
Bering S t r a i t .  

Alaska Peninsu la  Coast of  B r i s t o l  Bay ( s h e e t  2 )  

This c o a s t  i s  r e l a t i v e l y  s t r a i g h t  b u t  is segmented 
by s i x  l a r g e  bays t h a t  a r e  more o r  l e s s  p r o t e c t e d  
from t h e  Bering Sea by b a r r i e r  s p i t s  o r  i s l a n d s .  
Between t h e  bays a r e  s u b t l e  headlands,  most of which 
a r e  b l u f f s  eroded i n  unconsolidated sediment.  I n  
g e n e r a l ,  t h e  n e t  t r a n s p o r t  d i r e c t i o n  along t h i s  c o a s t  
i s  t o  t h e  n o r t h e a s t  wi th  l o c a l  r e v e r s a l s  n e a r  t h e  bays.  

The c o a s t  i s  d iv ided  i n t o  a s e r i e s  of c o a s t a l  
c e l l s  i n  which t h e  convergences of longshore t r a n s -  
p o r t  occur a t  t h e  bays and t h e  divergences a r e  a 
s h o r t  d i s t a n c e  n o r t h e a s t  of each bay. The p o s i t i o n s  
of divergence occur most commonly ahout  10 km t o  t h e  
n o r t h e a s t  of each bay (Bechevin Bay, Izembek Lagoon, 
P o r t  Heiden, Ugashik Bay, and Egegik Bay). The P o r t  
Moller  a r e a  forms a much l a r g e r  c e l l  wi th  a divergence 
occur r ing  a t  Cape Kutuzof, 37 km t o  t h e  n o r t h e a s t  of 
P o r t  Moller .  The long-term e f f e c t  of wave a c t i o n  i n  
t h i s  system of c o a s t a l  c e l l s  is t o  s t r a i g h t e n  t h e  
c o a s t  by e roding  t h e  headlands and f i l l i n g  t h e  bays.  
One former c e l l ,  whose embayment was a t  t h e  mouth of 
Cinder River ,  has been incorpora ted  i n t o  t h e  ugashik 
Bay c e l l  by t h e  f i l l i n g  of  t h e  embayment, and o t h e r  
c e l l s  w i l l  be  combined a s  c o a s t  s t r a i g h t e n i n g  cont inues .  



High-Tidal Es tuar ies  ( shee t  3 )  

Between the  Alaska Peninsula and the Yukon-Kus- 
kokwim Delta complex a re  a s c r i e s  of funnel-shaped 
embayments. As the  t i d e s  move i n t o  these bays they 
a r e  amplified,  c r ea t ing  very l a rge  t i d a l  ranges. 
For example, the  d iu rna l  range a t  Clarks Point 
i n  Nushagak Bay i s  5.9 m and a t  ~ v i c h a k  a t  the  
head of Kvich* Bay i s  5.0 m. Within Kvichak, 
Nushagak and Kuskokwim Bays a r e  found l i n e a r  
shoals t h a t  a r e  a l i ned  p a r a l l e l  t o  the t i d a l  
currents .  These shoals ,  approximately 10 m i n  
he ight  and spaced 4 km apa r t ,  a r e  c h a r a c t e r i s t i c  of 
h igh - t i da l  environments. 

In genera l ,  t he  n e t  longshore,transport  d i rec-  
t i ons  range from northeastward t o  northwestward 
depending on shore l ine  o r i en t a t ion .  Thc bays, most 
of which are  kept  open t o  the  Bering Sea by s t rong 
t i d a l  cu r r en t s ,  form coas t a l  c e l l s  with convergence 
points  a t  the heads of bays and divergence points  
a t  the  headlands between bays. The t r anspor t  along 
the  shore l ines  of t he  bays i s  probably only a small  
f r ac t ion  of the  sediment t r anspor t  caused by t i d a l  
currents  i n  the  deeper p a r t s  of the  bays. 

Yukon-Kuskokwim Delta Complex (sheet  4) 

The Yukon-Kuskokwim d e l t a  complex encompasses the  
region between Kuskokwim Bay t o  t he  south and Norton 
Sound t o  t he  north.  I t  is an area  of r e l a t i v e l y  1% 
r e l i e f ,  i n t e r rup ted  only by the  Askinuk Mountains south 
of S c m o n  Bay and Nelson Is land south of Hazen Bay. 
The coas t l ine  i s  extremely va r i ed ,  i n  p a r t  because of 
the heterogeneity of source mater ia l  and the  v a r i a b i l i t y  
i n  t i d a l  range. Extremely broad t i d a l  f l a t s ,  l oca l ly  
bordered by sho r t  b a r r i e r  i s l ands ,  f lank the  macro- 
t i d a l  Kuskokwim d e l t a ,  whereas the  microt ida l  Yukon 
d e l t a  i s  f r inged by prograding distributary-mouth 
bars  and i n t e r d i s t r i b u t a r y  t i d a l  f l a t s  . ~ c l a t i v o l ~  
coarse-grained sandy beaches occur i n  the v i c i n i t y  
of Hooper Bay, where eroding Ple is tocene  sand 
dunes supply the  sediment. Steep gravel  beaches 
occur along the c l i f f e d  shore l ines  In  t hc  vicinity 
of Nelson Is land,  Cape Romanzof and Paint  Romanof. 
Elsewhere, the  coas t  cons i s t s  mainly of eroding low 
b l u f f s  cu t  i n t o  unconsolidated peaty s i l t  and sands.  

The genera l  t rend of nearshore sediment t rans-  
po r t  i s  t o  the  north due t o  thc  combined e f f e c t s  of 
l o c a l  winds and storms, southwesterly swel l  t i d a l  
cu r r en t s ,  and north-flowing coas t a l  waters.  Where 
examined i n  d e t a i l ,  hmever ,  t he  pa t t e rns  axe more 
complex. 

Most of the  sediment along the  northern margin of 
Kuskokwim Bay i s  t ranspor ted  perpendicular t o  t he  
shore l ine  by t i d a l  cu r r en t s ;  such t r anspor t  i s  not  
shown on the  map sheets .  Tidal  f l a t s  a r e  l o c a l l y  
10 km wide, with the  r e s u l t  t h a t  wave ac t ion  a t  the  
shore l ine  i s  neg l ig ib l e  except during major storms; 
sediment t r anspor t  by waves i s  important only on the  
sandy shoals  along the  outer  f r i nge  of t he  t i d a l  
f l a t s .  

The western margin of t he  d e l t a  complex between 
Cape Avinof and Cape Romanzof i s  dominated by north- 
ward sediment t r anspor t ,  as  evidenced by oblique 
ba r s ,  prograding s p i t s ,  and longshore va r i a t i ons  
i n  g ra in  s i z e .  There a r e ,  however, some s i g n i f i -  
cant  exceptions t o  northward t r anspor t .  The 
shore l ine  of Hazen Bay i s  e s s e n t i a l l y  e ros iona l ,  
with few deposi t ional  f ea tu re s  t o  def ine  a domi- 
nant d i r ec t ion  of longshore t r anspor t .  Most of 
t he  sediment appears t o  be t ranspor ted  perpendi- 
cu l a r  t o  t he  shore l ine  by t i d a l  currents  and s o  
i s  beyond the  scope of t h i s  r epo r t .  There i s  a 
s i g n i f i c a n t  divergence of longshore sediment 
t r anspor t  near Dall  Point ,  with southward t rans-  
p o r t  south of the  divergence po in t  a s  evidenced 
by Nuok Sp i t .  This divergence appears t o  be 
caused by the  r e f r ac t ion  of southwesterly waves 
due t o  o f f  shore bathymetry . 

The Sand Is lands  north of Cape R~manzof show 
some evidence of northward t ranspor t :  however, t he  
d i r ec t ion  of sediment t r anspor t  along the  adjacent 
mainland sho re l ine ,  where broad mudflats tend t o  
d i s s ipa t e  the e f f e c t  of waves, i s  l e s s  c l e a r .  A 

prcqrading s p i t  a t  the  mouth of the  Black River may 
ind ica t e  some northward t r anspor t ,  but  lobes of r i ve r -  
derived sand extending t o  the  south over mud f l a t s  
suggest  t h a t  most of the  sediment i s  t ranspor ted  t o  
the  south,  perhaps i n  p a r t  by river-induced currents .  

There a r e  v i r t u a l l y  no geomorphic i nd ica to r s  of 
longshore t r anspor t  along the  margins of the  present ly  
ac t ive  Yukon de l t a .  Much of the  sediment i s  trapped 
i n  distributary-mouth bars  o r  adjacent  t i d a l  f l a t s .  
~ u c h  of the remaining sediment remains i n  suspension 
t o  be t ranspor ted  across the  shel f  (Nelson and Creager, 
1977).  The she l f  i s  extremely shallow i n  t h i s  a r ea ,  
with breakers having been repor ted  as  much as  15 km 
offshore (Nat l .  Ocean Survey Nautical  Chart 16240) . 
Thc breadth of the  shallow she l f  tends t o  reduce wave 
height  by f r i c t i o n a l  a t tenuat ion  and t o  decrease the 
angle of wave incidence by r e f r ac t ion ,  thereby decreas- 
ing longshore currents  (see  Wright and Coleman, 1973). 

Norton Sound t o  Bering S t r a i t  ( sheet  51 

Norton Sound i s  a roughly rec tangular  embayment 
approximately 110 km wide and 220 km long. I t  has a 
remarkably uniform depth averaging about 20 m .  Along 
the  southern s ide  of Norton Sound between the Yukon 
d e l t a  and S t u a r t  I s l and ,  longshore t r anspor t  is t o  the  
e a s t .  East  of S tua r t  I s land i s  a lava-flow coas t  com- 
posed of boulders and bedrock with l i t t l c  indica t ion  
of n e t  t r anspor t  d i r ec t ion .  Probably l i t t l e  longshore 
t r anspor t  occurs along the  lava-flow sec t ion  of coas t ,  
due t o  t he  s c a r c i t y  of mater ia l  f i n e  enough t o  be t rans-  
ported.  Along the  north-trending coas t  forming the  
e a s t  s ide  of Norton Sound, the  t ranspor t  i s  t o  the  
north.  I n l e t  migration t o  the  north a t  Unalakleet 
threa tens  s eve ra l  houses a t  the  south end of t he  v i l -  
lage .  The t ranspor t  i n  Norton Bay, a r e l a t i v e l y  shal -  
low embayment a t  the  nor theas t  corner of Norton Sound, 
i s  genera l ly  t o  the  no r theas t ,  with convergence a t  
Koyuk I n l e t  a t  the head of the  bay. Golovnin Bay t o  
the west of Norton Bay forms a closed coas t a l  c e l l  
with northward t r anspor t  i n t o  the  bay. Between 
Golovnin Bay and the northwest corner of Norton Sound 
the  d r i f t  i s  i n f e r r ed  t o  be more var iable  through 
time than on most p a r t s  nf t he  Bering Sea coas t .  
Strean-mouth de f l ec t ions ,  a smal l  sediment accumula- 
t i o n  behind a j e t t y ,  beach r idges  on the  b a r r i e r  
s p i t s  enclosing Safety Lagoon, and s p i t  growth a t  
Safety Lagoon i n l e t  a l l  i nd i ca t e  t r anspor t  genera l ly  t o  
the  e a s t .  One s e t  of v e r t i c a l  a e r i a l  photographs 
of the  region between Topkok Head and Sledge I s l and ,  
however, shows longshore bars  which a r e  s l i g h t l y  
oblique t o  the  shore l ine  and a t tached t o  shore a t  
t h e i r  ea s t e rn  ends,  i nd i ca t ing  d r i f t  t o  the  west a t  
the  time of the  photographs. 

Coastal  f ea tu re s  between Norton Sound and the  
Bering S t r a i t  include a c l a s s i c  hooked bay, a recurved 
s p i t  over 30 km in  length encompassing P o r t  Clarence, 
and rocky headlands west of Por t  Clarence. Between 
Norton Sound and Por t  Clarence the long-term d r i f t  
i s  genera l ly  t o  t he  nor th .  The morphology of t he  
hooked bay may, however, have reached equil ibrium 
with waves coming from the  south,  so  t h a t  t he re  may 
now be l i t t l e  n e t  t r anspor t  within t he  bay. Two 
c e l l s  operate within Por t  Clarence, one with conver- 
gence a t  t he  mouth of Erantly Harbor and the  o ther  
with convergence a t  the  southern margin of Po r t  
Clarence. Between P o r t  Clarence and Bering S t r a i t  
t he re  i s  a divergence po in t  near King River. To the  
e a s t  of the divergence, sediment i s  t ranspor ted  i n t o  
Po r t  Clarence, and t o  t h e  west t r anspor t  i s  toward 
the  Bering S t r a i t .  
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