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M. L .  Holmes  a n d  D .  R .  T h o r

ABSTRACT

S e i s m i c  r e f l e c t i o n  r e c o r d s  from N o r t o n  Sound a n d  ChiriAov basin c o n -

tain numerous zones

su~5urface s e d i m e n t

using sound sources

1326 cubic inch air

of a n o m a l o u s  a c o u s t i c  r e s p o n s e s  caused by gas in the

l a y e r s . These a c o u s t i c  a n o m a l i e s  have Seen detected

rang i ng i n  s i z e  a n d  po;tier f r o m  3.!3 ~liz tracsdscers t o

g u n  a r r a y s . T h e  f r e q u e n c y  a n d  d i s t r i b u t i o n  of these

z o n e s  suggest that u p  to 7000 km2 o f  t h e  n o r t h e r n  B e r i n g  S e a  (Norton b a s i n )

may be

biogen

sional

the ve

u n d e r l a i n  b y  Sas-charsed s e d i m e n t . M u c h  o f  the gas i s  o f  s h a l l o w

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

v e l o c i t y is a b o u t  1 . 5  k m / s e e  i n  these l a y e r s ,  or 7 p e r  c e n t  b e l o w

ocity in cjas free a r e a s  a s  d e t e r m i n e d  f r o m  seismic r e f r a c t i o n  s t u d i e s .

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

1.2 k m / s e e  i n  the i n t e r v a l  f r o m  2 5 0 - 4 4 0  in below the s e a  floor. V,  e r e ,

thermogenic  g a s e s  o f  d e e p e r  o r i g i n  a r e  m i g r a t i n g  u p w a r d s  a l o n g  a  s y s t e m

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



Disc~very of the submarine se?pagz of n a t u r a l  sss  south of N o m e ,

A l a s k a , in 1~76 (Cline and H o l m e s , 1977) prompted a comprehensive review

o f  s e i s m i c  r e f l e c t i o n  d a t a  f r o m  t h e  N o r t o n  b a s i n  a r e a  ( F i g .  1). The same

t y p e s  o f  a n o m a l o u s  a c o u s t i c  r e s p o n s e s  a s s o c i a t e d  ~Ji th t h e  s e e p  z o n e

(Cline and Holmes, 1977; Holmes  a n d  Cline, 1978; N e l s o n  e t  a l . ,  1978) w e r e

f i r s t  e n c o u n t e r e d  by G r i m  a n d  P,cP’ianus (1970) in t h e  c o u r s e  o f  a  high-

r e s o l u t i o n  s e i s m i c  study of the n o r t h e r n  B e r i n g  S e a  i n  1967’. T h e y  i n t e r -

p r e t e d  t h e  z o n e s  of a c o u s t i c a l l y  i m p e n e t r a b l e  sea f loor on their sparker

r e c o r d s  a s  r e p r e s e n t i n g  a  Y u k o n  R i v e r  d e p o s i t  v e r y  n e a r  t h e  s u r f a c e  of the

p r e s e n t - d a y  ses floor. T h e  h i g h l y  r e f l e c t i v e  nature o f  t h i s  surficial

d e p o s i t  wes t h o u g h t  t o  c a u s e  the sudden  te rmina t ion  o f  deeper  re f l ec to rs

o b s e r v e d  a l o n g  p o r t i o n s  of the  se ismic  t rack  (Gr im  and  McManus,  1970).

A i r  gun r e f l e c t i o n  r e c o r d s  c o l l e c t e d  i n  Chirikav basin d u r i n g  a  c r u i s e  by
..

N O A A  (then ESSA) in 1 9 6 8  (Walton et  al .  , 1969) a l s o  c r o s s e d  a  f~w  o f  t h e s e

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

Cline and Holmes  (1977 )  f i r s t  sugges ted  tha t  these a c o u s t i c  r e s p o n s e s

were caused by the presence of  bubble phase gas i n  t h e  n e a r - s u r f a c e  s e d i -

m e n t ;  H o l m e s  a n d  Cline (1978) ,  N e l s o n  e t  al. ( 1 9 7 8 ) ,  a n d  K v e n v o l d e n  e t  a l .

( 1 9 7 9 )  p r e s e n t e d  d e t a i  l e d  a n a l y s e s  o f  t h e  d e e p  p e n e t r a t i o n  a n d  h i g h  resol -

ution s e i s m i c  r e f l e c t i o n  r e c o r d s  c o l l e c t e d  o v e r  t h e  s e e p  z o n e  a n d  t h e

geochemistry of  sediment  samples from Norton Sound and Chirikov basin on

USGS cruises in  1977 and 1578.

T!-ie m a i n  o b j e c t i v e  o f  t h i s  s t u d y  w a s t o  d e t e r m i n e  t h e  g e o g r a p h i c

extent  and distr ibut ion o f  z o n e s  s h o w i n g  a n o m a l o u s  a c o u s t i c  r e s p o n s e s  on

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 m  N o r t o n  S o u n d  a n d  Chirikov b a s i n . C e r t a i n



characteristics of these a c o u s t i c  alnor; al ies CGUIC’  zher b: anaj~..zed to

d e t e r m i n e  t h e  mest p r o b a b l e  c a u s e  of t h e  anomaly (~zs, chsa~e i n  sedimsnt

t y p e ,  e t c . ) . S e i s m i c  r e c o r d s  u s e d  f o r  t h i s  study w e r e  c o l l e c t e d  aboard

U . S .  G e o l o g i c a l  S u r v e y  a n d  U n i v e r s i t y  o f  W a s h i n g t o n  r e s e a r c h  v e s s e l s

d u r i n g  t h e  p a s t  12 y e a r s  a l o n g  s o m e  2 7 , 0 0 0  k m  o f  trackline (Fig.  2) .

Sound sources used in these geophysical studies incltided mzdium- a n d  h i g h -  ,

r e s o l u t i o n  s p a r k e r ,  40 to 1 3 0 0  cubic i n c h

profi  lers.

GEOLOGIC SETT

The  f loor  o f  the  nor the rn  Ber ing  Sea

s h e l f  ( F i g .  l). W a t e r  d e p t h s  i n  Chirikov

a i r  g u n ,  Uniboom, and subbottom

NG

i s  a  b r o a d , shallo~ epicontinental

basin in the w e s t e r n part of the

survey area range fr~m 20-50 m . Norton Sound is  bounded on the north by

Setiard P e n i n s u l a , on the east  by the Alaska mainland,  and on the south by

the Yukon !)elta. Water- depths in Norton Sound range from 10-25 m . The

surficial s e d i m e n t  o f  N o r t o n  S o u n d  i s  p r i m a r i l y  d e r i v e d  f r o m  t h e  Y u k o n

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

r i c h , nonmarine, peaty mud. Surficial s e d i m e n t  i n  Chirikcv b a s i n  c o n s i s t s

m o s t l y  o f  g l a c i a l  g r a v e l  a n d  transgressive f i n e  s a n d  ( N e l s o n  a n d  H o p k i n s ,

1974; McManus et al., 1 9 7 4 ) .

D~scRIPTION  AND CAUSE OF ACOUSTIC ANOMALIES

F i g u r e s  3  a n d  4 s h o w  t h e  l o c a t i o n s  o f  a c o u s t i c a l l y  a n o m a l o u s  z o n e s  along

m o r e  t h a n  2 0 , 0 0 0  k m  o f  s e i s m i c  r e f l e c t i o n  l i n e s  i n  N o r t o n  b a s i n . T h e  d i s -

t r ibu t ion  o f  the  many c r o s s i n g s  o f  t h e s e  z o n e s s u g g e s t s  t h a t  t h e y  o c c u r  i n
a

l a r g e  p a t c h e s  b e n e a t h  m u c h  o f  t h e  s e a  f l o o r  o f  N o r t o n  S o u n d ;  t h e  t o t a l  a r e a

may be as much as 7000 kmz. T w o  d i s t i n c t  t y p e s  o f  a c o u s t i c  a n o m a l i e s  w e r e

o b s e r v e d  o n  t h e  s e i s m i c  r e f l e c t i o n  r e c o r d s : R e f l e c t o r  p u l l - d o w n s  a n d
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other investigators frcm both deep  and shal low water a r e a s  w h e r e  gas h a d

a c c u m u l a t e d  i n  t h e  s u b s u r f a c e  s t r a t a  ( L i n d s e y  a n d  C r a f t ,  1 9 7 3 ;  C o o p e r ,  1978).

The low compressional v e l o c i t y  i n  g a s - c h a r g e d  h o r i z o n s  c a u s e s  t h e  r e c o r d e d

t i m e  s e c t i o n  ( s e i s m i c  r e c o r d )  to b e  d i s t o r t e d  r e l a t i v e  to the t r u e  d e p t h

s e c t i o n . T h e  g r e a t e r  t r a v e l  t i m e  through t h e  gessy s e d i m e n t  p r o d u c e s  a

zons  of pul  l e d  down r e f l e c t o r s  beneath it o n  the seis,mic r e c o r d . T h e  Gas

d o e s  n o t  n e c e s s a r i l y  h a v e  t o  b e  i n  the f r e e  state (Eubble  phase) to p r o d u c e

this pbeno-~enon;  g a s – w a t e r  o r  o i l - w a t e r  s o l u t i o n s  h a v e  compressional

v e l o c i t i e s  less t h a n  water a l o n e  ( C r a f t , 1 9 7 3 ) ,  a l t h o u g h ,  t h e  d e c r e a s e  i s

m u c h  qrearer if gas i s  p r e s e n t i n  t h e  s e d i m e n t  i n t e r s t i c e s . The strong

h o r i z o n t a l  r e f l e c t o r  e x h i b i t i n g  a  18o” p h a s e  s h i f t  w h i c h  i s  a s s o c i a t e d  w i t h

the observed p u l l - d o w n s  ( F i g . 5 )  c o u l d  b e  t h e  r e s u l t  o f  r e f l e c t i o n s  f r o m

interfaces b~~b+~en cjas-chargzd  zones  a n d  s t r a t a  where w a t e r  a l o n e  fills

the pore spaces. T h e  d e c r e a s e  i n  b o t h  compressional  v e l o c i t y  a n d  d e n s i t y

d u e  to the p r e s e n c e  o f  gas i n  t h e  s e d i m e n t  r e s u l t s  i n  a  l a r g e  n e g a t i v e

r e f l e c t i o n  c o e f f i c i e n t  a t  t h e  t o p  o f  t i n e  g a s - c h a r g e d  l a y e r  ( C r a f t ,  1 9 7 3 ;

Savit, 1974) . S u c h  a  c o n d i t i o n  w o u l d  p r o d u c e  a c o u s t i c  r e s p o n s e s  s i m i l a r  t o

t h e  s t r o n g  h o r i z o n t a l r e f l e c t o r s  a b o v e  t h e  r e f l e c t o r  p u l l - d o w n s  ( F i g .  5 ) .

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

of  Nome are shown in Figs.  5 a n d  6 . The anomaly covers an area of  about

5 0  k m2;  i t  i s  c h a r a c t e r i z e d  b y  a  s u d d e n t e r m i n a t i o n  o f  subbottom r e f l e c t o r s ,
k

a n d  b y  a  d r a m a t i c  p u l l - d o w n  o f  t h e  r e f l e c t o r s  a t  i t s  m a r g i n s  ( F i g .  6 ) . The

depth to the t o p  of  the feature causing the a n o m a l o u s  a c o u s t i c  s i g n a t u r e

appears to  be q u i t e  s h a l l o w , o n  t h e  o r d e r  o f  5 0 - 2 0 0  m. I n  p l a c e s  t h e  s u r -

face of  the a c o u s t i c a l l y  o p a q u e  z o n e  r i s e s  a b r u p t l y  t o  w i t h i n  a  f e w  m e t e r s

3



o f  ~he s e a  floor (Nels,on  et a l .  ,  1378). T’X~se ~>c~~ r,3y lrl~~~~;~ ~fi~

]OCat~~n5  of ihe active  seeps (Kvenvol den e t  a l .  ,  1975).

Calcula~ions b y  Cline a n d  Holmes  (1977, 1s78) indicated that the con-

centrations o f  t h e  l o w  m o l e c u l a r  weight h y d r o c a r b o n s  w h i c h  had a c c u m u l a t e d

,in

v a

Wil

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

ues. T h i s  f i n d i n g  was in c o n f l i c t  with t h e  s e i s m i c  r e f l e c t i o n  data,

ch s t r o n g l y  suggested the p r e s e n c e  of bubble p h a s e  gas i n  t h e  s e d i m e n t .

T h e  p a r a d o x  w a s  r e s o l v e d  b y  the r e c e n t  d i s c o v e r y  that t h e  s e e p  c o n s i s t s

p r i m a r i l y  o f  C02 r a t h e r  t h a n  h y d r o c a r b o n s ,  and tha t  C02 is present in the

f r e e  s t a t e  i n  t h e  s e d i m e n t  i n t e r s t i c e s  (Kvenvo]den et al. , 1979).

~xai~ples o f  o t h e r  reflecror terminat i o n  ano~,al ies ehssrved. or, a i r  giun

r e c o r d s  i n  N o r t o n  b a s i n  ( F i g .  7 )  a r e  quite d i f f e r e n t  f r o m  t h e  one a s s o c i a t e d

wi th  the  gas s e e p . T h e y  e x h i b i t  o n l y  slight r e f l e c t o r  p u l l - d o w n s  at their

rr,argins, a n d  l a c k  the d r a m a t i c  “wipe-out” appearance of the seep a n o m a l y .

Low f r e q u e n c y  r e f l e c t i o n s  a t  0 . 6 , 0.9 ,  a n d  1 .2  s e c o n d s  c a n  be trac~d across

t h e  a c o u s t i c  a n o m a l y  z o n e  ( F i g . 7 ) ;  t h e s e  r e f l e c t o r s  s h o w  d i s t i n c t  pull-

ciown re la t i ve  to t h e  c o r r e s p o n d i n g  r e f l e c t o r s  i n  t h e  n o r m a l  s e c t i o n . The

a t t e n u a t i o n  o f  a l l  but t h e  low f r e q u e n c y  e n e r g y  is a  d i s t i n c t i v e  c h a r a c t e r -

i s t i c  o f  t h e  r e f l e c t o r  t e r m i n a t i o n  z o n e s  ( F i g s .  3 a n d  4).

O t h e r  i n d i r e c t  e v i d e n c e  i n d i c a t i n g  a b n o r m a l l y  l o w  compressional v e l o c -

i t ies i n  t h e s e  s h a l l o w  z o n e s  i s  p r o v i d e d  b y  t h e  m u l t i c h a n n e l  s e i s m i c  r e f l e c -

t ion data col lected by the USGS in August  1978 . An oscil lographic camera is

used to monitor  the signal  f rom the%hydrophone  streamer every 50 s h o t s .

A “normal” s h o t  r e c o r d  i s  s h o w n  in  F igure 8 . T h i s  i s  n o t  a  “ g a t h e r ”  i n

t h e  t rue  s e n s e  o f  t h e  w o r d ,  b u t  merely a

of the 24 streamer c h a n n e l s  f o r  o n e  s h o t

a i r  g u n  a r r a y . R e f r a c t e d  a r r i v a l s  ( h e a d

recording’  of  the output from each

from the 1326 cubic inch (21.71)

w a v e s ) ,  t h e  w a t e r  wave, a n d

—



o v e r  the gas seep  r e f l e c t o r  termirf at ion z o n e (Fig. 9). Little reflected

e n e r g y  i s  return~d to the s t reamer  over  the g a s - c h a r g e d  z o n e . S e v e r e  a t t e n -

u a t i o n  o f  the r e f l e c t e d  a r r i v a l s  i s  a p p a r e n t , and thz 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  direct water w a v e  ( D ) . This phenomenon can easi ly  be

e x p l a i n e d  b y  i n v o k i n g  the moc!el o f  nesr-surface ~~s-c~,ar~ed s e d i m e n t ;

a t t e n u a t i o n  o f  the r e f l e c t e d  a r r i v a l s , especially the h i g h  f r e q u e n c i e s ,

w i l l  be p r o n o u n c e d  (Mavko  and N u r , 1~~~),  as in  the case of Figure 9 .

,Anar=lous  a c o u s t i c  r e s p o n s e s  were a l s o  o b s e r v e d  o n  m i n i - s p a r k e r  a n d

~niboom reflection r e c o r d s  ( G r i m  a n d  f’+c~’lanus> 1970;  N e l s o n  e t  a l . ,  1 9 7 8 ;

Kvenvolden  e t  a l . ,  1979). S m a l l  r e f l e c t o r  p u l l - d o w n s  o b s e r v e d  o n  the air-

gun r e c o r d s  u s u a l l y  appear a s  a b r u p t  r e f l e c t o r  t e r m i n a t i o n s  o n  the h i g h

r e s o l u t i o n  p r o f i l e s . A n o m a l i e s  o n  Uniboom  and  min i -sparke r  records

ch,aracteristica lly are pear ~he s u r f a c e  ( 1 0  meters o r less) and i n  ~ome

c a s e s  the t o p  o f  anonal i es  a re  in  the e n e r g y  pulse of the r e c o r d . Core-

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

zone is ~lithin a  c o u p l e  t e n s  o f  c e n t i m e t e r s  o f  t h e  s u r f a c e  (Kvenvolden  et

a l . , i n  p r e s s ) . T h e  t h i c k n e s s  o f  t h e s e  n e a r - s u r f a c e  Gas z o n e s  i s  u n k n o w n ,

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

from l o w e r  r e f l e c t o r s . A  m i n i m u m  t h i c k n e s s  o f  5 m  Is s e t  b y  t h e  c o n t i n u -

o u s l y  h i g h  gas contents in  a S - m - l o n g  c o r e .

Figure 10 shows a port ion of  a  mini - s p a r k e r  (8OO j o u l e s )  r e c o r d  o v e r

a n  a n o m a l y  a p p r o x i m a t e l y  2 0  km east  of  the Norton basin gas s e e p . The n e a r
&

s u r f a c e  z o n e  o f  d i f f r a c t i o n s  (point s o u r c e r e f l e c t o r s )  w a s  a t  f i r s t  t h o u g h t

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

o b s e r v e d  o n  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 . ilowever,

c a r e f u l  e x a m i n a t i o n  o f  t h e  s e i s m i c  d a t a  ( F i g . 1 0 )  s h o w s  t h a t  t h e  d i f f r a c t i o n s

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

5



sss in t h e  nzs r-surface secil.ment apparently a;t~n;z~~s ~-iz~g~ :1:CCT24Te>--”

f r o m  d e e p e r  h o r i z o n s i n  t h e  gas-ct-,arged zone, thereby making t+e zone o f

d i f f r a c t i o n s  m o r e  a p p a r e n t  o n  r e c o r d s  o v e r  t h e  ~~s-cl-isr~~d  zcnes. The

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

N o r t o n  S o u n d  a n d  Chirikov basin are probably c a u s e d  b y  c o a r s e  s e d i m e n t

( c o b b l e s  a n d  p e b b l e s )  b u r i e d  in or a few meters b e n e a t h  the H o l o c e n e  s e c t i o n .

T h e  e x t e n s i v e  r e f l e c t o r  termifiation ancmalies o b s e r v e d  ~hrou~houi  Norton

basin ( F i g s . 3 and 4) are probably cacsed by a subsurface accumulation of

gas  i n  s u f f i c i e n t  q u a n t i t y  t h a t  s c a t t e r i n g  a n d  a t t e n u a t i o n  of the seismic

signal ,  even f rom la rge  sources ,  i s  a lmos t  comple te . T h e  d r a s t i c  r e d u c t i o n

i n  a p p a r e n t  ampl itude o f  b o t h  t h e  r e f l e c t e d  a n d  d i r e c t  a r r i v a l s  w a s  observed

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

course of  the geophysical  s u r v e y s . I t  i s  i n d i c a t i v e

impedance mis~,atch at  t h e  s e a  floor; t h e  most  1 ikely

p r e s e n c e  o f  f r e e  ( b u b b l e - p h a s e )  gas i n  t h e  s e d i m e n t .

Geochemical  a n a l y s e s  b y  Kvenvolden a n d  o t h e r s  (

o f  a n  tinesually l o w

e x p l a n a t i o n i s  the

979) have shown that

biogenic m e t h a n e  a n d  thermogenic c a r b o n  d i o x i d e  are p resen t  a t  sa tu ra t ion

v o l u m e s  i n  n e a r - s u r f a c e  s e d i m e n t  a t  m a n y  s t a t i o n  s i t e s  i n  N o r t o n  b a s i n .

A t  m a n y  o f  t h e  s a m p l e d  s i t e s ,  b u t  n o t  a l l , a c o u s t i c  anomal  i e s  a r e  a s s o c i -

a t e d  w i t h  k n o w n  s a t u r a t e d  Sas c o n d i t i o n s .

Re f lec to r  Pu? l - D o w n  A n a l y s i s

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

changes due to  the presence of  gas, a method was developed for  computing
&

the compressional  v e l o c i t y  in g a s - c h a r g e d  z o n e s  o v e r  which single c h a n n e l

s e i s m i c  r e f l e c t i o n  r e c o r d s  s h o w  a  d i s t i n c t  p u l l - d o w n  o f  r e f l e c t o r s . Com-

pressional  v e l o c i t y  d a t a  o b t a i n e d  f r o m  sonobuoy  r e f r a c t i o n  p r o f i l e s  ( H o l m e s

a n d  F i s h e r , 1979)  were f i rst  u s e d  to c o n s t r u c t  a n  a v e r a g e  t h i c k n e s s  v e r s u s

r e f l e c t i o n  t i m e  c u r v e  f o r  t h e  “ n o r m a l ” g a s - f r e e  s e c t i o n  i n  N o r t o n  b a s i n .
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~,arker h o r i z o n s  w h i c h  c a n  b e  traced across a  p u l l - d o w n  zone. T!ne ref?zc-

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

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

T2=T2-~
v r 2

~1
o

wh~re  T =  a p p a r e n t  reflection t i m e  f r o m  the r e c o r d , x  =  source t o  r e c e i v e r
r

o f f s e t ,  V =  compresslonal v e l o c i t y  j u s t
o

beneath t h e  s e a  f l o o r  ( 1 . 6 0  k n / s e e ) ,

and T = c o r r e c t e d  ( n o r m a l  i n c i d e n c e )  r e f l e c t i o n  t i m e .
v

The depth t o  a  given r e f l e c t o r  c o u l d  :hec b e  cistermined  usin~ che

e q u a t i o n  for the depth ( t h i c k n e s s )  v e r s u s  r e f l e c t i o n  time c u r v e  derii~ed f r o m

the sonobuoy  m e a s u r e m e n t s :

D =  0.8fJ Tv~0.16~T2
v

I t  was t h e n  p o s s i b l e  to c o n s t r u c t  average  v e l o c i t y  c u r v e s  for b o t h

t h e  normal zonzs a n d  t h e  Sas-charged z o n e s :

<= 4 D2  + X2

T ’
v

where T =  c o r r e c t e d  v e r t i c a l  r e f l e c t i o n  t i m e  t o  a  g i v e n  r e f l e c t o r  i n  t h e
v

normal z o n e  a n d  t o  t h a t  s a m e  r e f l e c t o r  i n the p u l l e d - d o w n  ( g a s - c h a r g e d )

s e c t i o n . These average veloci ty  curves can then be used

i n t e r v a l  v e l o c i t i e s  i n  e a c h  z o n e .

I n  a c t u a l  practice,k r e f l e c t o r s  w e r e  picked a t  t i m e

s e e , a n d  t h e s e  i n t e r v a l s  w e r e  c a r r i e d  t h r o u g h  the e n t i r e

lations. Figure 1 1  Is a n  examp’

z o n e  ovsr the gas s e e p  s h o w n  i n

to compute

ncrements  o f  O .

c h a i n  o f  calcu-

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

Figure 6 . T h e  a n a l y s i s  extends only to

7



a n d  i n t e r v a l  v e l o c i t y  c u r v e s  f o r  t h e  g a s - c h a r g e d  z o n e  b e n e a t h  the s e e p

suggest that the entire s e c t i o n  a b o v e  b a s e m e n t (about 1.3 km) probably

c o n t a i n s  e n o u g h  gas tc s i g n i f i c a n t l y  lower compi-essionaI v e l o c i t y .

T h e  i n t e r v a l  v e l o c i t y  c u r v e  c a n  a l s o  b e  u s e d  as a  q u a l i t a t i v e

i n d i c a t o r  o f  gas  concen~rat

s n o w s  t h a t  compressional  v e

betwzzn 2 5 0 - 4 4 0  m  subbottom

o n  i n  t h e  s e d i m e n t a r y  s e c t i o n . ~l~ure  11

ocity reac’nes  a m!iniinum  of 1 .21-1.24 ‘k\m\’sec

d e p t h . T h i s  r e p r e s e n t s  a  decr~cse of ehout

35 per cent from t h e  v e l o c i t y  o n e  waulcl  expect S: t:,at depth in a normal

s~dirrtenrary s e c t i o n . i f  t h e  i n t e r v a l  v e l o c i t y  c u r v e  could be constructed

f o r  t h e  e n t i r e  s e c t i o n  d o w n  to base~lent, i t  m i g h t  e x h i b i t  several minima

s i m i l a r  t o  the o n e  shown i n  F i g u r e  1 1 . These minima a r e  probably a n

e x p r e s s i o n  o f  a  c h a n g e  i n  s e d i m e n t  o r r o c k  t y p e  w h i c h  allows gas to 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 distribution of acoustic anomalies (Figs. 3 and 4) suggests that

near-surface accumulations of gas are most common in the central part of

Norton basin northwest of the Yukon River delta. T h e  a p p a r e n t  Gss-free

zones a long the southern and eastern shores of Norton Sound (Fig. 3) are

due to the absence of data from these very shallow water areas. Such is

n o t  t h e  c a s e  f o r  w e s t e r n  N o r t o n  b a s i n ,  h o w e v e r . S e i s m i c  r e f l e c t i o n  c o v e r
b

a g e  i s  g o o d  ( F i g . 2);  there a r e  s i m p l y  f e w  o c c u r r e n c e s  o f  a c o u s t i c  anomal

T h e  p o s s i b l e  s o u r c e s  o f  t h e  g a s  a r e  still b e i n g  i n v e s t i g a t e d . The

g a s  s e e p  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

e s .
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v a l u e s  ( re la t i ve  to  PDB)  of - . 2 7 %  a n d  - 3 . 6 % ,  r e s p e c t i v e l y  ( K v e n v o l d e n  e t

a l . , 1 9 7 9 ) . Holmes  a n d  C l  ine (1979) h a v e  u s e d  these data to estirmte t h e

s o u r c e  depth  of ~hese seep ~?ses. ,4 r313C value of -3.6% is characteristic

of methane from a de?ih of ebout 2500 m [Gal ilmov, 1969). T h i s  g r e a t l y

exceeds

Sas h a s

k.~aslri.

Lasement depth (85c)-Ik50 m )  b e n e a t h  the s e e p ,  suggesting that the

m i g r a t e d  to the s22p a r e a  fron th? deeper central p o r t i o n  o f  !Jorton

The s o u t h e r l y  d i p  of b e d s  and  uncon~oi-mities  as well as numerous

faults observed on the r e f l e c t i o n  r e c o r d s  o v e r  t h e  se2? also s u p p o r t  s u c h

a n  i n t e r p r e t a t i o n .

The l o c a t i o n  of ~any o f the other reflector t e r m i n a t i o n  zones, espec-

ially in  Nor ton  Sound> c o i n c i d e s  w i t h  known o c c u r r e n c e s  o f  b u r i e d  tundra-

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

Q u a t e r n a r y  ( N e l s o n  a n d  Crea~er,  1 9 7 7 ) . Biogenic methane and carbon dioxide

genzrated in these peat  beds  could cause t h e  o b s e r v e d  a n o m a l o u s  a c o u s t i c

r e s p o n s e s  (Kvenvolden  et al. , in p r e s s ) ; t h e  p e a t  l a y e r s  t h e m s e l v e s  c o u l d

aIso act to t rap upward  m i g r a t i n g  p e t r o l e u m - d e r i v e d  gases. A  v e l o c i t y

a n a l y s i s  s i m i

per fo rmed  fo r

A l t h o u g h  t h e  I
h

a r  ic) the o n e  p r e v i o u s l y  d i s c u s s e d  f o r  t h e  s e e p  z o n e  w a s

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

eflector t e r m i n a t i o n  a n o m a l i e s  u s u a l l y  a s s o c i a t e d  w i t h  this

t y p e  o f  g a s  a c c u m u l a t i o n  m a k e  i t  d i f f i c u l t  t o  t r a c e  ref?ector p u l l - d o w n s ,

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

h o r i z o n s  u p  t o  a  f e w  t e n s  o f  m e t e r s  t h i c k . Ccmpressional v e l o c i t y  i n  t h e s e

l a y e r s  i s  a p p r o x i m a t e l y  1.5 k m / s e e , or about 7 percent less than in the

surrounding gas-free sediment.
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Tne abserice of a c o u s t i c  ano~,a] ies -_:(,-.a----fiarce~ ~:j~r.,:~~) ;p ,,J&-+,L~rn

Chirikov basin i s  probably d u e  t o  the different ty?es of ~uaternary  dezOSitS.

Chirikov b a s i n  WaS e x t e n s i v e l y  g l a c i a t e d  d u r i n g  the P l e i s t o c e n e  (Grim  =nd

HcP8anus, 1970); the boundary between the glaciated and unglaciated terrain

c o r r e s p o n d s  c l o s e l y  w i t h  t h e  ezstern limit o f  a c o u s t i c  a n o m a l i e s  i n  F i g s .  3

aiid 4. T h e  Qtiaternary g l a c i a l  a n d  glaciG-~,arine sediments deposited i n

Chirikov besin do n o t  h a v e  a  h i g h  p o t e n t i a l  f o r  biogenic gas g e n e r a t i o n

b e c a u s e  a d v a n c e  and r e t r e a t  o f  the i c e  s h e e t s  e v i d e n t l y  d e s t r o y e d  o r  pre-

vented  t h e  g r o w t h  o f  t u n d r a - d e r i v e d  peats cmrnon  to  Norton  S o u n d . Also,

t h e  relatively  t h i n T e r t i a r y  s e d i m e n t a r y s e c t i o n  b e n e a t h  Chirikov b a s i n

h a s  n o t  a t t a i n e d  s u f f i c i e n t  t h i c k n e s s  to s u b j e c t  t h e  basal sediments  to

rhe t e m p e r a t u r e s  a n d  p r e s s u r e s r e q u i r e d  for the g e n e r a t i o n  of h y d r o c a r b o n

gzses.

SLIH%ARY

T h e  d i s t r i b u t i o n  o f  a c o u s t i c  a n o m a l i e s  i n d i c a t e s  that a l m o s t  7 0 0 0  k m2

of  sea f loor  in  Nor ton  Sound and Chirikov b a s i n  i s  u n d e r l a i n  b y  s e d i m e n t s

c o n t a i n i n g  s u f f i c i e n t  gas to a f f e c t  sound  transm

A  method  o f  i n d i r e c t l y  d e t e r m i n i n g  compressional

c h a r g e d  z o n e s  g a v e  v a l u e s  f r o m  7  t o  35 p e r  c e n t

ssion t h r o u g h  t h e s e  z o n e s .

v e l o c i t y  i n  t h e

ower than would

e x p e c t e d  i n  the c a s e o f  g a s - f r e e  s e d i m e n t . The cause of  one of

anomal  ies, t h a t  a s s o c i a t e d  w i t h  t h e  N o r t o n  b a s i n  gas s e e p ,  i s  w e

mented. H e r e  thermogenic g a s e s  a r e  s e e p i n g  t o  t h e  s u r f a c e  a l o n g

gas-

be

he

1 docu-

a  s y s t e m

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

thermogenic  g a s  m a y  e x i s t i n  Norton  S o u n d  o r  Chirikov b a s i n ,  m o s t  o f  t h e

a c o u s t i c  anomal  ies in this area a r e  p r o b a b l y  c a u s e d  b y  biogenic g a s e s

g e n e r a t e d  i n  b u r i e d  p e a t  l a y e r s . Fur ther  detai?ed p r o c e s s i n g  a n d  a n a l y s i s

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

o f  t h e  a m o u n t s  o f  g a s  p r e s e n t  i n  t h e s e  a c o u s t i c a l l y  a n o m a l o u s  z o n e s .
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FIGURE 6.

~lL;JR~  7.

FIGURE 8 .

FIGURE 9.

FIGURE 10.

FIGURE 11.

S e i s m i c  r e f l e c t i o n  tracklines i n  t h e  n o r t h e r n  B e r i n g  S e a .
C r u i s e  dates and sound s o u r c e s  used a r e  a l s o  s h o w n .

Locat ion of  anomalous neai- s u r f a c e  a c o u s t i c  r e s p o n s e s  observsd
o n  single channel  air-gun and minlsparker seismic r e f l e c t i o n
r e c o r d s  from !~orton  Sound  a n d  Chirikov  basin. Also shown are
the locations  o f  the Norton  basin  eas s e e p  (Cline a n d  I-lolmes,

1977),  and the s e i s m i c r e c o r d  sections shown i n  F i g u r e s  5,6,7,10.

~oca:ion of anomalous  n~al--surFacs a c o u s t i c  respocses  o b s e r v e d
on Uniboom  r e f l e c t i o n  r e c o r d s  from Norton S o u n d  a n d  Chirikov basin.

Seismic reflection r e c o r d  acrcss the Norton basin g a s  s e e p  z o n e .
L o c a t i o n  of l i n e  s h o w n  i n  F i g u r e  3 . Tnis record shows two
typ?s of a c o u s t i c  anomalies i n d i c a t i v e  of gas in the s e d i m e n t :

. .
Ref;ector teimlnatlons and reflector pull-downs.

Single c h a n n e l  r e f l e c t i o n record acrcss the N o r t o n  b a s i n  gas
s~ep a r e a . Location of line shown in Figure 3. Reflector
termination  zone and marginal pull-tiowns  are clearly shown.

Single c h a n n e l  s e i s m i c  ref lection record  f rom eastern N o r t o n
basin showing “normal” r e f l e c t o r  z o n e s  a n d  t y p i c a l  r e f l e c t o r
te rmina t ion  anoma l ies . L o c a t i o n  o f  l i n e  i s  s h o w n  i n  Figure 3 .

Mult ichannel  shot  record over  “normal”  ref lector  sequence s h o w n
i n  F i g u r e  7 . R e f r a c t e d  head  waves  ( H ) ,  a n d  r e f l e c t e d  arrivals
( R )  a r e  c l e a r l y  v i s i b l e .

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  the cjas s e e p  r e f l e c t o r  t e r m i n a t i o n
a n o m a l y  s h o w n  in Figure 6 . A l l  a r r i v a l s  a r e  m a r k e d l y  a t t e n u a t e d
d u e  t o  g a s  i n  t h e  n e a r  s u r f a c e  s e d i m e n 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  t h a n  i n  F i g u r e  8 .

Minisparker (800 j o u l e s )  r e c o r d  f r o m Norton basin s h o w i n g  r e f l e c -
t o r  t e r m i n a t i o n  a n o m a l y  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

of  l ine is  shown in Figure 3 .

V e l o c i t y  a n a l y s i s  o f  r e f l e c t o r  p u l l - d o w n  z o n e  b e n e a t h  t h e  N o r t o n
b a s i n  g a s  s e e p  ( F i g .  6 ) . The two right hand curves show al$erage
a n d  i n t e r v a l  v e l o c i t y  v e r s u s  d e p t h  i n  t h e  g a s - f r e e  r e f l e c t o r
sequence outs ide the seep zone. T h e  t w o  c u r v e s  o n  t h e  l e f t  a r e
f o r  t h e  g a s - c h a r g e d  s e c t i o n  b e n e a t h  t h e  s e e p  i t s e l f .
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APPENDIX

Following is a list of papers included in this volume. Following the

paper name, in parenthesis, is the name of the journal or book in which the

paper can be found, when published, in the near future. If no journal or

book name follows the paper title, this indicates that the paper appears

only in this open file report.

Abbreviations used:

EBS- The Eastern Bering Shelf: Its Oceanography and Resources, Hood, D.W.,

editor. (in press).

OTC- Offshore Technology Conference, Proceedings, Houston, TX., paper 3773.

HMS - Holocene Marine Sedimentation in the North Sea Basin, Nio, S.C.,

Schattenhelm,  R.T., and Van Weering, T.C.E., ‘editors, International

Association of Sedimentologists Special Publication, Blackwell Scien-

tific publications, London. (in press).
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