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SUMMARY 

Recent s e i smic - r e f l ec t ion  surveys r e v e a l  a f r o n t i e r  province of 

except iona l  size--the Navarin h s i n  province--beneath t h e  northwestern Bering 

Sea s h e l f .  S t r u c t u r a l  contours  drawn on a c o u s t i c  basement def ine  t h r e e  bas ins  

w i th in  t h e  province; t h e  bas ins  conta in  s t r a t a  10 t o  15 km t h i c k  and unde r l i e  

more than  45,000 km2 (11 mi l l i on  a c r e s )  of t h e  Bering Sea s h e l f .  

T e r t i a r y  mudstone dredged from t h e  c o n t i n e n t a l  s lope  averages more than  

0.25 percent  organic  carbon, and Cretaceous mudstone a long  t h e  c o n t i n e n t a l  

s lope  i n  P r i b i l o f  Canyon conta ins  as much a s  1 pe rcen t  organic  carbon. 

However, t h e s e  beds may no t  be c o r r e l a t i v e  with t h e  lower bas in  sequences i n  

t h e  Navarin province because t h e  s t r a t i g r a p h i c a l l y  lower beds wedge ou t  

a g a i n s t  t h e  f l anks  of t h e  basin.  

Eocene t o  P l iocene  diatomaceous mudstones exposed on t h e  con t inen ta l  

s lope  have p o r o s i t i e s  ranging from 14 t o  68 pe rcen t  (average,  48 p e r c e n t ) .  

Neogene r e s e r v o i r  beds may be p re sen t  i n  t he  ad j acen t  Navarin province because 

6 sedimentation has matched subsidence, which averaged 100 t o  200 m/10 y r  

during Cenozoic t ime. Also, dur ing  Neogene time t h e  Navarin bas ins  were f e d  

by major Alaskan and Siber ian  r i v e r s ,  e . g . ,  t h e  Yukon, Kuskokwirn, and Anardy 

r i v e r s .  

Large a n t i c l i n a l  s t r u c t u r e s  i n  t h e  nor thern  ha l f  of t h e  province t h a t  may 

have d i a p i r i c  cores ,  s t r u c t u r e s  a s s o c i a t e d  with growth f a u l t s  a long t h e  f l a n k s  

of t h e  bas ins '  s t r a t a  draped over  basement blocks, and s t r a t i g r a p h i c  pinch 

o u t s  and discordances i n  t h e  bas in  f i l l ,  are a l l  p o s s i b l e  t r a p s  for 

hydrocarbons. Fur ther  explora t ion ,  inc luding  t h e  d r i l l i n g  of s t r a t i g r a p h i c  

t e s t  wel l s  is  needed to def ine  t h i s  f r o n t i e r  province. 



The  leut ti an Bas in  is one of t h e  t h r e e  deepwater (more t h a n  3,000m) 

sed imenta ry  b a s i n s  t h a t  l i e  n o r t h  of t h e  A l e u t i a n  Ridge. S e v e r a l  g e o l o g i c  and 

geophys ica l  o b s e r v a t i o n s  made by i n v e s t i g a t o r s  working i n  t h e  A l e u t i a n  Bas in  

(summarized by Cooper and o t h e r s ,  1978), when c o n s i d e r e d  c o l l e c t i v e l y ,  s u g g e s t  

t h a t  t h e  basin is a promising area f o r  hydrocarbon e x p l o r a t i o n .  Observa t ions  

r e l e v a n t  to  t h e  e x i s t e n c e  of hydrocarbon accumula t ions  i n c l u d e  t h e  

fo l lowing :  1 )  t h e  b a s i n  c o n t a i n s  a t h i c k  s e c t i o n  of mos t ly  Cenozoic 

sed imenta ry  d e p o s i t s  ( 2  t o  9 hn t h i c k )  o v e r l y i n g  a n  igneous  o c e a n i c  c r u s t a l  

s e c t i o n ;  2 )  p o t e n t i a l l y  h igh  the rmal  g r a d i e n t s  e x i s t  i n  t h e  sedimentary  

s e c t i o n ;  3 )  s t r u c t u r a l  f e a t u r e s  ( d i a p i s s ,  f a u l t s ,  basement ridges) a r e  p r e s e n t  

th roughout  t h e  basin; 4 )  t h e  sed imenta ry  s e c t i o n  c o n t a i n s  p o t e n t i a l  s o u r c e  and 

r e s e r v o i r  beds; and 5 )  w i t h i n  t h e  c e n t r a l  par t  of t h e  b a s i n  a r e  abundant  

VAMP'S ( v e l o c i t y  ampl i tude f e a t u r e s ) ,  which may be caused by t r a p p e d  g a s e s  

w i t h i n  t h e  sed imenta ry  s e c t i o n .  



XNTRODUCT ION 

Since 1976 we have conducted two geological-geophysical expedi t ions  along 

t h e  Bering Sea con t inen ta l  margin and she l f  i n  t h e  v i c i n i t y  of t h e  U.S.-~ussia  

Convention Line of 1867. In  1976 and 1977 w e  c o l l e c t e d  approximately 3600 km 

of 24 channel and s i n g l e  channel s e i smic - r e f l ec t ion  da t a  as we l l  a s  l e s s e r  

amounts of g r a v i t y ,  magnetic, bathyrnetric, and h igh- reso lu t ion  seismic-  

r e f l e c t i o n  (1.0 kHz and 3.5 kHz) da t a  (F ig .  1 ) .  Xn 1978, we c o l l e c t e d  s ingle-  

channel sparker  1160 kJ) se i smic - r e f l ec t ion  da t a  a long  t h e  margin and 

succes s fu l ly  occupied 20 dredge s t a t i o n s  along t h e  con t inen ta l  s lope  from west 

of t h e  P r i b i l o f  I s l ands  t o  t h e  northwest towards S ibe r i a .  Pub l i c ly  a v a i l a b l e  

d a t a  a r e  shown by t h e  t r a c k  l i n e s  i n  Figure 2. A summary desc r ip t ion  of t h e  

dredge samples has been publ ished by Marlow and o t h e r s ,  1979a. 

The fol lowing s e c t i o n s  a r e  divided i n t o  t h r e e  parts - t h e  f i r s t  s e c t i o n  

descr ibes  t h e  geophysical explora t ion  of Navarin bas in ,  t h e  r e s u l t s  of 

dredging along t h e  ad jacent  margin, and updates t h e  petroleum geology of the  

a rea .  The second p a r t  d i scusses  t h e  r e s u l t s  of surveying i n  t h e  deepwater 

a r e a s  of t h e  Bering Sea basin.  The f i n a l  s e c t i o n  gives recommendations f o r  

t r e a t y  nego t i a t i ons  concerned with t h e  nor thern  Bering Sea s h e l f  and Aleut ian 

bas in .  



Figure 1. Tracklines of geophysical cmises  conducted in 1976 and 1977. 
Heavy l ines  ind ica te  coverage of 24 channel seismic-reflection 
data. Dashed and dotted line def ines  the Navarin basin province. 
Albers equal area projection. 





NAVARIN BASIN PROVINCE AND BERING SEA MARGIN 

Geophysical  E x p l o r a t i o n  

I n  1970 approx imate ly  1000 km of  s i n g l e  channe 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 ,  u s i n g  a 160-kJ s p a r k e r  sound source ,  were c o l l e c t e d  i n  t h e  Navarin 

p r o v i n c e  ( S c h o l l  and o t h e r s r  1970) .  The reconna i ssance  r e c o r d s  i n d i c a t e d  t h a t  

a t h i c k  s t r a t i f i e d  s e c t i o n  u n d e r l i e s  t h e  nor thwes te rn  B e r i n g  Sea s h e l f .  

T h e r e f o r e ,  i n  t h e i r  r e p o r t  based on t h e s e  d a t a ,  Marlow and o t h e r s  (1976) c o u l d  

o n l y  g i v e  a rough o u t l i n e  of t h e  b a s i n  province.  A more d e t a i l e d  o u t l i n e  o f  

t h e  b a s i n s ,  based on p r o p r i e t a r y  d a t a ,  w a s  i n c l u d e d  i n  our  1977 r e p o r t .  

During 1976 and 1977 surveys ,  800 km of 24-channel s e i s m i c - r e f l e c t i o n  

d a t a  were c o l l e c t e d  o v e r  t h e  b a s i n  p rov ince  p r o p e r  u s i n g  a  sound s o u r c e  of 

3 f i v e  a i r  guns t o t a l i n g  1326 i n  . The m u l t i c h a n n e l  d a t a  r e v e a l e d  t h a t  t h e  

Navar in  b a s i n  p r o v i n c e  comprises  a s e r i e s  of nor thwes t - t rend ing  b a s i n s  and 

r i d g e s  ( F i g s .  3 , 4 )  and t h a t  t h e  s t r a t i f i e d  sequence i n  t h e  b a s i n s  i s  10 t o  15 

km t h i c k .  To c o n v e r t  two-way t r a v e l t i m e  on 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  t o  

dep ths  i n  mete r s  of k i l o m e t e r s ,  w e  used  a  g e n e r a l i z e d  v e l o c i t y  f u n c t i o n .  

D = 1.266t + 1.033t2 - 0.117t 3  

where 

D = Depth or t h i c k n e s s  i n  k m  

t = One-way t r a v e l t i m e  

T h i s  f u n c t i o n  w a s  d e r i v e d  by f i t t i n g  a  polynomial curve  t o  v e l o c i t y  d a t a  from 

150 sonobuoy stations i n  t h e  B e r i n g  Sea. The v e l o c i t y  f u n c t i o n  used  h e r e  

s u p e r s e d e s  t h e  c u r v e  p u b l i s h e d  by Marlow and o t h e r s  (1976) .  

Although Mesozoic beds may form part of t h e  b a s i n  f i l l ,  t h e  g r e a t e r  p a r t  



of t h e  sequence is  probab ly  of Cenozoic age.  The sed imenta ry  beds i n  t h e  

s o u t h e r n  two b a s i n s  are undeformed except a l o n g  t h e  f l a n k s  of t h e  b a s i n ,  where 

r e f l e c t o r s  are c u t  by normal f a u l t s .  The sedimentary  s e c t i o n  i n  t h e  n o r t h e r n  

b a s i n  i s  f o l d e d  i n t o  large a n t i c l i n e s  10 t o  15 km wide t h a t  may have d i a p i r i c  

cores ( p r o f i l e  C-D, benea th  t h e  l a t e  Miocene-Pliocene unconformity ,  Fig.  5 ) .  

Geophysical  coverage of t h e  Navarin p rov ince  nor thwes t  of t h e  1867 U.S.-Russia 

Convention L ine  is l i m i t e d  t o  a few l i n e s  t a k e n  by t h e  U.S. Geolog ica l  Survey 

( n o  p r o p r i e t a r y  d a t a  e x i s t s  fox t h e  S o v i e t  s ide  of t h e  l i n e ) ,  and  hence,  the 

s i z e  and e x t e n t  of t h e  f o l d e d  beds a r e  unknown. 





Figure 4. Outline of the Navarin basin province and Nunivak arch (a 
basement high) based on the s t ruc tura l  contours on acoustic 
basement shown i n  Figure 3 .  Generalized geology of western 
Alaska, the Alaska Peninsula, and eastern Siberia is from 
Burk (19651, Yanshin (1966), and Beikman (1974, 1978). Note 
location of seismic-reflection p ro f i l e s  A-B and C-D shown i n  
Figure 5. 



. . 
I a 
U C 
.d Q 

G h 
-d (d 
0 3 
rr! I 
0 

4 3 
2 4J 

2 .: 
f a ,  

E 
Q' .-I 
rV Cl 



Geological Exploration 

During 1978 twenty dredge sites were occupied and successful ly  dredged 

from t h e  R/V S.P. LEE along the  eas te rn  Bering Sea cont inenta l  margin (F ig .  

6) .  A t o t a l  of seve ra l  tons of rock were co l l ec ted  using a  chain-bag 

dredge. Samples were recovered i n  water depths ranging from 750 t o  2,750 

meters from exposures along t h e  cont inenta l  slope bordering the  l a rge  Bering 

Sea she l f .  A prel iminary petrographic descr ip t ion  of the  major l i t h o l o g i e s  

recovered a t  each s t a t i o n  i s  given i n  Table 1. A t  one l o c a l i t y ,  s t a t i o n  L5- 

78-BS-5, rocks probably recovered from acoust ic  basement contain the  

megafossil ,  Buchia rugosa, of Kimmeridigian o r  Late J u r a s s i . ~  age. Similar  

l i t h i c  volcanic sandstones were recovered a t  e i g h t  o ther  s i t e s ,  L5-78-BS-2, 

-4, -6, -8, -13, -21, -22, and -27. These samples a r e  a l s o  thought t o  be from 

t h e  basement complex beneath the  margin, bu t ,  unfortunately,  these  rocks did 

not y i e l d  d iagnost ic  f o s s i l s .  The basement s t r a t a  a r e  over la in  unconformably 

by diatomaceous mudstone o r  sandstone a s  o ld  as Late Eocene o r  e a r l y  

Oligocene. 

Seismic-reflect ion and gravi ty  da ta  ind ica te  t h a t  the  basement rocks 

beneath the  margin a r e  p a r t  of a  b e l t  of interconnected r idges  t h a t  extend 

from the  western t i p  of t h e  Alaska Peninsula northwest t o  S ibe r i a ,  a  d is tance  

of near ly  1 ,250  h (Marlow and o the r s ,  1979~). 
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Metagabbro 
Andesite t u f f  
G laucon i t i c  sandstone w i t h  

a n d e s i t e  c l a s t  
M icr i t ic  l imestone Late  Miocene t o  Quaternary 
L a t i t e  o r  Daci te  

Tuff Quaternary 
Volcanic sandstone Early P l iocene  
Muds tone  
Tuff ( r ep l aced  by c a l c i t e )  

Sandy s i l t s t o n e  in te rbedded  Poss ib ly  Eocene 
wi th  vo l can i c  sandstone 

Volcanic sandstone 
Sandy mudstone Late  Miocene 
Sandy l imestone Late Miocene t o  Ea r ly  P l iocene  
Volcanic sandstone 

Apparent minimum (sample a l t e r e d )  age u s ing  K~~ decay c o n s t a n t s  o f :  = 4.962 x 10-"/~r; = 8.78 x 1 0 - ' ~ / ~ r ;  
abundance 4 0 ~ / ~  = 1.1676 x 10-~a tom pe rcen t  



Petroleum Geology 

Source Beds 

The Navarin bas in  province has no t  y e t  been d r i l l e d  o r  sampled; t h u s  

l i t t l e  is known about p o s s i b l e  source beds i n  t h e  province ' s  sedimentary 

s ec t i on .  Rocks dredged from t h e  Beringian c o n t i n e n t a l  s l ope  w e s t  and 

sou theas t  of t h e  Navarin province i nc lude  l i t h i f i e d  vo l can i c  sandstone a t  Late  

J u r a s s i c  age, mudstone of La t e  Cretaceous age, and less consol ida ted  depos i t s  

of e a r l y  T e r t i a r y  age (F ig .  6 ) .  Geochemical ana lyses  and t h e  p h y s i c a l  

p r o p e r t i e s  of some of t h e s e  rocks are l i s t e d  below: 

Table 2 .  Geochemical ana lyses  and phys i ca l  p r o p e r t i e s  o f  rocks dredged from 

the  Bering Sea c o n t i n e n t a l  maxgin. See Figure 6 f o r  l oca t ions .  

Sample Li thology Age Organic P y r o l y t i c  V i t r i n i t e  P o r o s i t y  ( % )  

number carbon hydro r e f l e c t a n c e  perm. 

(ma) ( W t . % )  carbon ( W t % )  (Avg. % )  

S6-77-BS 
DR 1-2 0 Volcanic La te  

sandstone 
DR1-26 Volcanic 

sandstone 
m-1-021 

00 1 Mudstone 

L5-78-BS 
5-5 Sandstone 
2-3 Mudstone 

16-9 Mudstone 
2-4 Mudstone 
2- 11 S i l t s t o n e  
5-10 Tuff 
7-3 Mudstone 

J u r a s s i c  0.79 
Late  
J u r a s s i c  0.26 

La te  0.62 
Cretaceous 

L.Jurassic  .27 
Paleogene .33 
M .  Eocene .83 
L.Oligocene - 
L. Oligocene - 
L. Oligocene - 
M.Miocene - 

P y r o l y t i c  ana lyses  of t h e s e  rocks i n d i c a t e s  t h a t  none are good source 

beds f o r  petroleum, with t h e  p o s s i b l e  except ion of t h e  Cretaceous mudstone 

(Sample # TT-1-021-001) and one Upper J u r a s s i c  sandstone (Sample #S6-77-BS-DR- 



1-20).  However, t h e  mudstone was dredged from t h e  con t inen ta l  s lope  i n  

P r i b i l o f  Canyon, 5 0 0  km sou theas t  of t h e  Navarin province. The outcrops 

sampled by rock dredging a r e  genera l ly  sandy u n i t s  t h a t  may not  be 

r ep resen ta t ive  of f iner -gra ined  poss ib l e  source beds t h a t  axe exposed e i t h e r  

a long t h e  margin or l i e  wi th in  the  sub-shelf basins .  Also, many of t h e s e  

dredge samples a r e  from exposures t h a t  crop ou t  t o o  f a r  down on t h e  

con t inen ta l  s lope  t o  be r ep resen ta t ive  of the  lower sediment s e c t i o n s  i n  t h e  

bas ins  of t h e  Navarin province. 



Reservoir  Beds 

The p o r o s i t i e s  of Oligocene t o  Pl iocene rocks dredged from e i g h t  s i t e s  

a long t h e  Bering Sea c o n t i n e n t a l  margin range from 14 t o  68 pe rcen t  (avg. 48 

p e r c e n t ) .  These T e r t i a r y  samples a r e  genera l ly  very porous - probably because 

of abundant diatom f r u s t u l e s .  The permeabi l i ty  of t h e  four  samples t e s t e d  i s  

v a r i a b l e ,  no doubt due t o  submarine weathering and cementation. T e r t i a r y  

outcrops can be t r a c e d  a s  se i smic  r e f l e c t o r s  t o  t h e  subshelf  bas ins ,  where, i f  

t h e  beds remain diatomaceous, good p o t e n t i a l  r e s e r v o i r  beds may occur.  

Neogene r e s e r v o i r  rock beds of shallow-water o r i g i n  a r e  l i k e l y  t o  be 

p re sen t  i n  t h e  Navarin bas ins  because sedimentat ion has matched subsidence,  

6 which averaged 100 t o  200 m/10 y r  dur ing  Cenozoic time. The t h i c k  s e c t i o n s  

of t h e s e  bas ins  beneath t h e  Bering Sea she l f  accumulated near  t h e  mouths of 

major Alaskan and Siber ian  r i v e r s ,  inc luding  t h e  Yukon, Kuskokwim, and 

Anadyr. During Neogene time, t h e  s h e l f  was swept by numerous marine 

t r ansg res s ions  and r eg res s ions  (Hopkins, 1967; Hopkins and Scho l l ,  1970). A l l  

t h e s e  f a c t o r s  suggest  t h e  l i k e l y  depos i t ion  of n e r i t i c  and d e l t a i c  s t r a t a .  

The s t r a t i g r a p h i c a l l y  Lower s e c t i o n s  of t h e  bas ins  a r e  presumed t o  

inc lude  upper Mesozoic and lower T e r t i a r y  beds. The geologic  evolu t ion  of t h e  

Bering Sea she l f  and margins sugges ts  t h a t  i n  l a t e  Mesozoic and e a r l y  T e r t i a r y  

time, t h e  then-forming s h e l f  bas ins  were f lanked by c o a s t a l  mountains, 

peninsulas ,  and i s l ands .  These subs id ing ,  y e t  r e l a t i v e l y  h igh ,  land masses of 

Mesozoic rock probably shed coarse  c l a s t i c  d e b r i s  t o  t h e  ad jacent  bas ins  

dur ing  e a r l y  T e r t i a r y  time. 



Traps  

S t r a t a  i n  t h e  n o r t h e r n  b a s i n  of t h e  Navarin p rov ince  a r e  f o l d e d  i n t o  

a n t i c l i n a l  s t r u c t u r e s  10-15 km a c r o s s  ( F i g .  5 ) ;  t h i s  f o l d i n g  may have been 

caused e i t h e r  by d i a p i r i s m  o r  by l a t e r a l  compression.  Only t h r e e  su rvey  l i n e s  

c r o s s  t h e  f o l d s  h e r e ,  and t h e  s i z e  and  e x t e n t  of t h e  f o l d s  a r e  unknown. The 

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

of mete r s  of f l a t - l y i n g  s t r a t a .  High-amplitude r e f l e c t i o n  e v e n t s  a r e  observed  

w i t h i n  t h e  s t r a t a  above t h e  ba lded  f o l d s .  Beds i n  t h e  s o u t h e r n  two b a s i n s  are 

c u t  by normal f a u l t s  a l o n g  t h e  f l a n k s  of  t h e  b a s i n s .  I n c r e a s e  i n  t h e  o f f s e t  

a c r o s s  t h e s e  f a u l t s  w i t h  dep th  i n d i c a t e s  t h a t  t h e  f a u l t s  a r e  growth s t r u c t u r e s  

t h a t  formed contemporaneously w i t h  b a s i n  f i l l i n g .  

P o t e n t i a l  s t r a t i g r a p h i c  t r a p s  a l s o  e x i s t  w i t h i n  t h e  Navar in  b a s i n s .  For 

example, beds i n  t h e  lower b a s i n  f i l l  t h i n  toward the basement f l a n k s  of t h e  

b a s i n  and g e n e r a l l y  d i p  toward t h e  b a s i n  axis, s o  t h a t  fluids m i g r a t i n g  updip 

cou ld  be t r a p p e d  a g a i n s t  d e n s e r ,  less permeable r o c k s  of t h e  Mesozoic 

basement. I n  a d d i t i o n ,  t h e  lower s t r a t i g r a p h i c  sequence i n  t h e  b a s i n  is  o f t e n  

over lapped  d i s c o r d a n t l y  by t h e  younger o v e r l y i n g  beds. Thus hydrocarbons  

moving updip a long  t h e  lower beds cou ld  be c o n t a i n e d  by impermeable l a y e r s  i n  

t h e  upper f l a t - l y i n g  s t r a t a .  

Other  p o t e n t i a l  t r a p s  for hydrocarbons i n  t h e  Navarin prov ince  i n c l u d e  

d rape  s t r u c t u r e s ,  i.e. s t r a t a  i n  t h e  bottom of t h e  t h r e e  b a s i n s  o f t e n  a r e  

draped o v e r  b locks  i n  t h e  basement and t h i s  c l o s u r e  c o u l d  form p o t e n t i a l  t r a p s  

f o r  m i g r a t i n g  f l u i d s  f r a n  t h e  basement complex. Some of t h e s e  f e a t u r e s  a r e  

q u i t e  l a r g e  - o f f s e t  on t h e  basement b locks  o f t e n  is  s e v e r a l  thousand meters 

and t h e  b locks  ex tend  l a t e r a l l y  more t h a n  5-10 km. 



Summary 

The Navarin basin province is a r e c e n t l y  discovered f r o n t i e r  s h e l f  a r ea  

of s i g n i f i c a n t  hydrocarbon p o t e n t i a l .  Though r e l a t i v e l y  unexplored and 

unknown, t h e  province unde r l i e s  at l e a s t  45,000 km2 (11 mi l l i on  a c r e s )  of t h e  

s h e l f  and comprises t h r e e  l a r g e  basins .  The sedimentary sequences f i l l i n g  t h e  

bas ins  are 10 t o  15 Ian t h i c k .  Although Cretaceous uni ts  may form part of the 

s t r a t i f i e d  sequences, most of t h e  s e c t i o n  i s  probably of Cenozoic age. 

Reconnaissance geophysical da ta  r e v e a l  a n t i c l i n a l  o r  d i a p i r i c ( ? )  

s t r u c t u r e s ,  s t r a t i g r a p h i c  pinchouts ,  and growth f a u l t s  wi th in  t h e  bas ins .  

Discoveries  of o i l  and gas i n  T e r t i a r y  beds i n  nearby S i b e r i a  encourage 

specula t ions  t h a t  hydrocarbon depos i t s  occur i n  t h e  Navarin basins .  The v a s t  

s i z e  of t h e s e  bas ins  s t a t i s t i c a l l y  argues f o r  t h e  presence of o i l  and gas 

beneath t h e  northwestern Bering Sea s h e l f .  

Fur ther  explora t ion  of t h e  Navarin bas ins  and t h e  ad jacent  c o n t i n e n t a l  

slope i s  needed. Se ismic- ref lec t ion ,  and se i smic- ref rac t ion  surveys,  a s  we l l  

a s  g rav i ty  and magnetic data  a r e  e s p e c i a l l y  needed t o  understand t h e  geologic  

h i s t o r y  of t h e s e  l a r g e  s t r u c t u r e s .  Samples obtained by dredging on t h e  

con t inen ta l  slope and by d i r e c t  d r i l l i n g  i n  t h e  bas ins  may confirm t h e  

ex i s t ence  of s u i t a b l e  source and r e s e r v o i r  beds with in  t h e  Navarin province. 



ALEUT I A N  BASIN PROVINCE 

I n t r o d u c t i o n  

The Bering Sea c o n t i n e n t a l  margin ex tends  1300 km nor thwes t  from t h e  

A l e u t i a n  Ridge t o  Cape Navarin,  S i b e r i a .  The o u t e r  margin which, i n c l u d e s  t h e  

o u t e r  c o n t i n e n t a l  s h e l f ,  t h e  c o n t i n e n t a l  s l o p e ,  Umnak P l a t e a u  and t h e  

c o n t i n e n t a l  r i s e ,  is  c u t  by s e v e r a l  immense submarine canyons. Thick 

accumulat ions  of Cenozoic s t r a t a  a r e  found a l o n g  t h e  sediment-draped p a r t s  of 

t h e  c o n t i n e n t a l  s l o p e  as w e l l  a s  benea th  t h e  a b y s s a l  A l e u t i a n  Basin.  The 

t r a n s i t i o n  from c o n t i n e n t a l  c r u s t ,  which i s  i n c i s e d  by deep s h e l f  b a s i n s ,  t o  

o c e a n i c  c r u s t ,  which is covered by t h i c k  sed iment ,  o c c u r s  benea th  t h e  

c o n t i n e n t a l  s lope .  

The A l e u t i a n  Bas in  i s  t h e  deep water (greater t h a n  3,000 m )  b a s i n  t h a t  

l i e s  n o r t h  of t h e  A l e u t i a n  I s l a n d s  a d j a c e n t  t o  t h e  Ber ing  Sea c o n t i n e n t a l  

s h e l f .  The b a s i n ,  abou t  t h e  s i z e  of Texas,  i s  u n d e r l a i n  by a  2-9 km-thick 

f l a t - l y i n g  sequence of most ly  Cenozoic sediment  t h a t  rests on an  igneous  

o c e a n i c  c r u s t a l  s e c t i o n .  P r i o r  t o  1974, marine  i n v e s t i g a t i o n s  i n  t h e  A l e u t i a n  

Basin were d i r e c t e d  a t  unders tand ing  the b a s i n ' s  r e g i o n a l  geo log ic  and 

geophys ica l  framework; more r e c e n t  i n v e s t i g a t i o n s  by the U . S .  Geolog ica l  

Survey have been aimed a t  a s s e s s i n g  t h e  b a s i n ' s  hydrocarbon p o t e n t i a l .  

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  four major requ i rements  f o r  hydrocarbon 

accumulat ions  may be p r e s e n t ,  namely s t r u c t u r a l  and s t r a t i g r a p h i c  t r a p s ,  

s o u r c e  r o c k s ,  r e s e r v o i r  beds ,  and a n  adequa te  the rmal  and s e d i m e n t a t i o n  

h i s t o r y .  

The r e c e n t  energy r e s o u r c e  s t u d i e s  i n d i c a t e  t h a t :  1. numerous s t r u c t u r a l  

f e a t u r e s  ( g e n t l e  f o l d s ,  d i a p i r s ,  basement r i d g e s )  a r e  p r e s e n t  i n  t h e  c e n t r a l  



and e a s t e r n  p a r t s  of t h e  b a s i n ;  2. a c o u s t i c  f e a t u r e s  c a l l e d  VAMP's ( V e l o c i t y  

Amplitude f e a t u r e s )  a r e  common ( o v e r  350 i d e n t i f i e d )  i n  t h e  c e n t r a l  b a s i n ;  

t h e s e  f e a t u r e s  may be caused by p o c k e t s  of g a s e s  and p o s s i b l y  o t h e r  

hydrocarbons t h a t  have been t r a p p e d  i n  t h e  sed imenta ry  s e c t i o n ;  3. t h e  

sed imenta ry  s e c t i o n  c o n s i s t s  of diatomaceous sediment  o v e r l y i n g  i n d u r a t e d  

mudstones; h igh  p o r o s i t i e s  (58%-85%) and  good p e r m e a b i l i t i e s  (10-35 

m i l l i d a r c y )  i n  the diatomaceous sediment s u g g e s t  it i s  a p o t e n t i a l  r e s e r v o i r  

u n i t  whi le  t h e  t h i c k  s e c t i o n  o f  under ly ing  mudstone may c o n t a i n  s o u r c e  beds;  

4. c o n c e n t r a t i o n s  of o r g a n i c  gases ,  p r i m a r i l y  methane, i n  t h e  upper 1-3 mete r s  

benea th  t h e  s e a f l o o r  are very  small,  t h e y  i n c r e a s e  w i t h  dep th ,  and  t h e y  a r e  

h i g h e s t  i n  a r e a s  n e a r  VAMP'S, and; 5. t h e  the rmal  g r a d i e n t  and t h e  sediment 

t h i c k n e s s  are s u f f i c i e n t l y  l a r g e  t o  a l low hydrocarbon m a t u r a t i o n  a t  dep th ,  i f  

s u i t a b l e  o r g a n i c  material i s  p r e s e n t .  

Our i n i t i a l  r e s u l t s  s u g g e s t  t h a t  t h e  A l e u t i a n  Basin  d e s e r v e s  f u r t h e r  

e x p l o r a t i o n  as a  s i t e  f a r  p o s s i b l e  hydrocarbon accumulat ions .  



Overview 

Excel len t  syntheses  of t h e  Bexing Sea Basin and surrounding a r e a s  have 

been given by Ewing and o t h e r s  (1965),  Stone (1968),  Gnibidenko (1973),  ~ c h o l l  

and Creager (1973) ,  Ludwig ( 1 9 7 4 ) ,  Schol l  and o t h e r s  (1975) ,  and Cooper and 

others ( 1 9 7 7 ~ ) ;  a b r i e f  summary of t h e  ideas  presented  i n  t h e s e  papers  is  

given here. 

The Bering Sea Basin, t y p i c a l  of many o t h e r  marginal bas ins  surrounding 

the P a c i f i c  Ocean, con ta ins  a t h i c k  (2-9 km) s e c t i o n  of mostly Cenozoic 

sediment impounded behind an  o u t e r  i s l a n d  a r c ,  t h e  Aleut ian  Ridge (F ig .  7 ) .  

Except for t h e  great th ickness  of t h e  over ly ing  sedimentary s e c t i o n ,  t h e  

c r u s t a l  s t r u c t u r e  of t h e  bas in  i s  geophysical ly  s i m i l a r  t o  an oceanic  r a t h e r  

than  a c o n t i n e n t a l  a r ea .  This s i m i l a r i t y  along with o t h e r  geologic  and 

geophysical da t a  from both t h e  bas in  and from surrounding a r e a s ,  sugges ts  t h a t  

t h e  a r ea  may have been p a r t  of t h e  North P a c i f i c  Ocean be fo re  Late  Mesozoic 

(60-70 rn.y.1 time. A t  t h e  end of t h e  Mesozoic Era,  t h e  i n i t i a l  development of 

t h e  Aleut ian Ridge f r a c t u r e d  t h e  oceanic  p l a t e  (Kula p l a t e )  and i s o l a t e d  a  

segment of oceanic c r u s t  on t h e  nor th  s i d e  of t h e  newly formed r idge .  The 

growth of t h e  two i n t e r i o r  submarine r idges ,  Bowers and Shirshov Ridge (Fig.  

71, may a l s o  have s t a r t e d  a t  t h i s  time. Since Late  Mesozoic time, t e r r igenous  

and pelagic sediment have cont inued t o  drape t h e  c o n t i n e n t a l  s lopes  and f i l l  

t h e  Aleut ian  and Bowers bas ins  with a nea r ly  f l a t - l y i n g  s e c t i o n  of sedimentary 

rock. 

Geologic Data 

Geologic sampling of su r f ace  sediment i n  t h e  Aleut ian  Basin (Hanna, 1929; 

L i s i t s y n ,  1966; Gershanovich, 1968; F raze r  and o t h e r s ,  1972; Anonymous, 1977) 

i n d i c a t e s  t h a t  t h e  primary c o n s t i t u e n t  i s  s i l i c e o u s  mud, with vary ing  amounts 

of interbedded te r r igeneous  m a t e r i a l  depending on t h e  proximity of the 



sampling s i t e  to  shallow regions. The upper 627 meters of the  basin's 

sedimentary f i l l  w a s  d r i l l e d  a t  DSDP si te  190 (Fig.  7 )  and has been described 

by meager ,  Scholl  and o thers  (1973) and Scholl  and Cooper (1978). Three 

sedimentary u n i t s  were penet ra ted  - an upper 375-meter-thick u n i t  of 

diatomaceous s i l t y  c lay  with interbedded t u r b i d i t e s  (Holocene through Late 

Pl iocene) ,  a middle 240-meter-thick unit of semi-indurated diatomaceous s i l t y  

c lay  (Late  Pliocene through upper Miocene), and a lower u n i t  of indurated 

mudstone of unknown th ickness  (upper middle Miocene). 

Acoustic basement ( b a s a l t ? )  has not been reached a t  d r i l l i n g  s i t e s  within 

t h e  th ick  sedimentary sec t ion  of t h e  Aleutian and Bowers Basins; consequently, 

t h e  age and l i thology of t h e  g rea te r  p a r t  of t h e  sec t ion  (1-7 km) a r e  

unknown. Regional geologic considerat ions and rock samples co l l ec ted  along 

t h e  cont inenta l  s lope (Schol l  and o ther ,  1966; Hopkins and o the r s ,  1969), l e d  

Scholl  and o the r s  (1975) t o  suggest t h a t  the  o l d e s t  sedimentary rocks 

overlying acoust ic  basement may be of l a t e  Mesozoic o r  e a r l y  Ter t i a ry  age. 

However, the  i d e n t i f i c a t i o n  of Early Cretaceous seaf loor  spreading anomalies 

i n  the  Aleutian Basin (Cooper and o thers ,  1976a, b, c )  supports  the  notion 

t h a t  the  lower Cretaceous sedimentary u n i t s  may l i e  at t h e  base of t h e  

sedimentary sec t ion .  

Geophysical Data 

Single-channel seismic-reflect ion p r o f i l e s  recorded i n  t h e  Bering Sea 

Basin (Ewing and o the r s ,  1965; Ludwig and o the r s ,  1971a; Creager, Scholl  and 

o the r s ,  1973; Scholl and o the r s ,  1976; Rabinowitz and Cooper, 1977; Cooper, 

unpublished records)  ind ica te  an i n t e r n a l l y  r e f l e c t i v e  and w e l l - s t r a t i f i e d  

layer  overlying a deeper acous t i ca l ly  opaque uni t .  Seismic-refraction surveys 





(Shor, 1964; Houtz and o thers ,  1970; Ludwig and o the r s ,  1971b; Hamilton and 

o the r s ,  1974; Rabinowitz and Cooper, 1977; Childs and Cooper, 1979) confirm 

t h a t  the  change i n  r e f l e c t i v e  u n i t s  general ly coincides with a w e l l  defined 

r e f r a c t i o n  horizon (2.7-2.9 km/sec) t h a t  separa tes  overlying lower ve loc i ty  

u n i t s  (1 .5-2.0 km/sec) from underlying higher ve loci ty  (3.5-4.7 km/sec) 

layers .  The r e f r a c t i o n  data a l s o  confinn t h a t  the bas in ' s  th ick  sedimentary 

sequence is  underlain by oceanic c rus t .  This c r u s t  cons i s t s  of a 1-2 km-thick 

layer  with a ve loc i ty  of 5.0-6.0 km/sec (oceanic l aye r  2 ) ,  a 2-6 km-thick 

l aye r  with a veloci ty  of 6.6-7.2 km/sec (oceanic l a y e r  3 )  and a high-velocity 

layer of 7.5-8.2 km/sec (mantle) .  Figure 8 shows a r e f r a c t i o n  ve loc i ty  

s t r u c t u r e  sec t ion  t h a t  extends across the  Bering Sea Basin. Multichannel 

se ismic-ref lec t ion  data have a l s o  been recorded along p a r t  of t h e  s t r u c t u r e  

sec t ion  (MCS Line 44, Cooper and o thers ,  1977b); these  and o the r  unpublished 

multichannel data (authors '  f i l e s )  confirm t h e  g rea t  thickness of sedimentary 

beds (2-9  km) t h a t  f i l l  t h e  basin. These data  a l s o  reveal  folded and fau l t ed  

sec t ions  along t h e  nor th  s i d e  of Bowers Ridge and a t  t h e  base of t h e  

cont inenta l  slope i n  the  eas te rn  Aleutian Basin. 

Magnetic surveys i n  t h e  Bering Sea Basin (Vorobev, 1970; Kienle, 1971; 

Soloveva, 1968; Regan and o the r s ,  1975; Cooper and o the r s ,  1975; Cooper and 

o the r s ,  1976a, b; Cooper and o the r s ,  1 9 7 7 ~ )  i l l u s t r a t e  two d i s t i n c t  types of 

anomalies. The f i r s t  type i s  a set  of narrow 25-100 km-wide l i n e a r  anomalies 

bel ieved t o  have been formed by seaf loor  spreading (Cooper and o the r s ,  

1976b). The second type i s  a long-wavelength negative anomaly centered over 

t h e  Aleutian Basin (Regan and o t h e r s ,  1975; Cooper and o the r s ,  1977c), an 

anmaly  thought to  be r e l a t e d  t o  deep-seated thermal a c t i v i t y  beneath the  

basin (Cooper and o the r s ,  1 9 7 7 ~ ) .  



Figure 8. Crustal  s t ructure  section (A-A') across the Bering Sea Basin; see 
Figure 7 for  location. The abyssal basins have an oceanic c rus ta l  
section consisting of layers  of diatomaceous sediments (1.8-2.0 
km/sec), indurated mudstones (2.6-2.91, other sedimentary un i t s  
(3.5-4.7)  , acoustic basement (oceanic layer 2 basal t?  4.8-6.0) , 
oceanic layer 3 (6.4-7.4) , and mantle (7.5-8.6) . Note the regional 
thinning of the sedimentary section toward the center of the  
Aleutian Basin. Acoustic basement depths are  from U.S.G.S. Multi- 
channel seismic (MCS) l i n e  44 recorded i n  1976. Unless otherwise 
indicated, a l l  ve loc i t ies  (km/sec) a r e  unreversed refract ion 
ve loc i t ies  from sonobuoys recorded along MCS l i n e  44. 



Published g rav i ty  d a t a  (Kienle .  1971; Watts,  1975) r e f l e c t  t h e  presence 

of both t h e  l a r g e  submarine r i d g e s  ( g r a v i t y  h i g h s )  and t h e  t h i c k e r  s e c t i o n s  of 

sedimentary beds t h a t  u n d e r l i e  t h e  per imeter  of t h e  bas in  ( g r a v i t y  lows).  

Broad low-amplitude anomalies a r e  i n  t h e  c e n t e r  of t h e  bas ins  and a r e  t h e  

r e s u l t  of r eg iona l  v a r i a t i o n s  i n  e i t h e r  t h e  depth t o  igneous basement or i n  

the t h i ckness  of the oceanic c r u s t  (Cooper and o t h e r s ,  1 9 7 7 ~ ) .  

Several  hea t  flow measurements have been made i n  t h e  Bering Sea Basin 

(Fos t e r ,  1962; Erickson, 1973; Watanabe and o t h e r s ,  1977; Marshal l  and o t h e r s ,  

1978). Watanabe and o t h e r s  (1977) r e p o r t  an average h e a t  flow of 1.442 0.22 

2 cal/cm /sec f o r  t h e  Aleut ian Basin, a va lue  t h a t  is  compatible with t h e  

p red ic t ed  hea t  flow f o r  Mesozoic oceanic  c r u s t .  A r eg iona l  c o r r e l a t i o n  of 

higher  hea t  flow va lues  with broad magnetic anomalies i n  t h e  c e n t r a l  and 

e a s t e r n  Aleut ian  Basin i s  noted by Cooper and o t h e r s  ( 1 9 7 7 ~ )  and is  bel ieved 

t o  r e s u l t  from higher  subc rus t a l  temperatures  i n  t h e s e  a r eas .  

Hydrocarbon Explora t ion  

P r i o r  t o  1974, t h e  primary i n t e r e s t  of i n v e s t i g a t o r s  working i n  t h e  

Bering Sea Basin was to decipher  t h e  b a s i n ' s  r eg iona l  geologic  and t e c t o n i c  

h i s to ry .  More r e c e n t  s t u d i e s  have been d i r e c t e d  toward eva lua t ing  t h e  

hydrocarbon p o t e n t i a l  of t h e  basin. The r e c e n t  s t u d i e s  i n d i c a t e  t h a t  four  of 

t h e  important f a c t o r s  genera l ly  r equ i r ed  f o r  t h e  accumulation of hydrocarbon 

depos i t s  may be present :  ( 1 )  adequate  s t r u c t u r a l  o r  s t r a t i g r a p h i c  t r a p s ,  ( 2 )  

an appropr i a t e  thermal  and sedimentat ion h i s t o r y ,  ( 3 )  source rocks,  and ( 4 )  

r e s e r v o i r  beds. Severa l  observa t ions  made s i n c e  1974 have con t r ibu ted  t o  t h i s  

conclusion. 

A. Recognition of marginal bas ins  i n  general  a s  p o t e n t i a l  hydrocarbon 



accumulat ion a r e a s  (Sch langer  and Combs, 1975) ;  

B. I d e n t i f i c a t i o n  o f  a c o u s t i c  f e a t u r e s  (VAMP'S) w i t h i n  t h e  sed imenta ry  

s e c t i o n  which may be a s s o c i a t e d  w i t h  low-ve loc i ty ,  g a s - s a t u r a t e d  sediment  

(Cooper, 1974; S c h o l l  and  Cooper, 1978) ;  

C. I d e n t i f i c a t i o n  o f  a p o s s i b l e  the rmal  anomaly benea th  t h e  c e n t r a l  A l e u t i a n  

Basin  (Cooper and S c h o l l ,  1974; Cooper and  o t h e r s ,  1 9 7 7 ~ ) ;  

D. I d e n t i f i c a t i o n  of s t r u c t u r a l  f e a t u r e s ,  such as i n t r a b a s i n  f a u l t s ,  

basement r i d g e s ,  and d i a p i r s ,  f e a t u r e s  t h a t  a r e  o f t e n  a s s o c i a t e d  w i t h  

VAMP'S (Cooper,  1977; Cooper and o t h e r s ,  1977a; Cooper and o t h e r s ,  1979) .  

E. Recogni t ion of s u i t a b l e  o r g a n i c  carbon c o n t e n t  and o r g a n i c  g a s e s  i n  

sed imenta ry  d e p o s i t s  of t h e  Ber ing  Sea Basin  (Gershanovich,  1968; Bode, 

1973; Claypool and o t h e r s ,  1973; Marlow and o t h e r s ,  1976; Underwood and 

o t h e r s ,  1979).  

S t r u c t u r a l  and  Acous t i c  F e a t u r e s  

The abundance of V e l o c i t y  Amplitude f e a t u r e s  (VAMP'S), t h e  deep-water 

e q u i v a l e n t  of s e i s m i c  "bright s p o t s "  ( S c h o l l  and  Cooper, 1978), th roughout  t h e  

A l e u t i a n  Bas in  i s  t h e  s t r o n g e s t  ev idence  t h a t  s t r u c t u r a l  and s t r a t i g r a p h i c  

t r a p s  may be p r e s e n t  w i t h i n  t h e  upper p a r t  of t h e  sed imenta ry  s e c t i o n .  VAMP'S 

appear on bo th  t h e  s ing le -channe l  and m u l t i c h a l l e n  seismic data ( F i g . 9 )  and 

are c h a r a c t e r i z e d  by columns of concave-upward r e f l e c t o r s  t h a t  o f t e n  i n c r e a s e  

i n  ampl i tude  with dep th ,  high-amplitude r e f l e c t i o n s  and phase  r e v e r s a l s  

immediately above t h e  columns, and s t r u c t u r a l  upbowing of  t h e  beds and 

s e a f l o o r  immediately above t h e  feature. Scholl and Cooper (1978)  i n t e r p r e t  

t h e  VAMP'S as r e s u l t i n g  from a low-veloci ty  zone o f  gas-charged d e p o s i t s  and 

p o s s i b l y  o t h e r  hydrocarbon p r o d u c t s  w i t h i n  t h e  upper  p a r t  of t h e  sed imenta ry  
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Example of a t y p i c a l  Velocity-AMPlitude f e a t u r e  (VAMP), V 2 ,  shown 
on both a s ingle-channel  seismic (SCS) and 24-fold mult ichannel  
se i smic  (Mcs) record ;  s e e  F igure  7 for l o c a t i o n .  Disturbed re- 
f l e c t o r s  (D) l i e  above the t o p  of t h e  VAMP, which i s  marked by a  
phase i n v e r t e d  (P) i nc reased  amplitude (A) r e f l e c t o r .  A v e l o c i t y  
p u l l d w n  (V) appears  beneath r e f  l e c t o r  "A, P" and i n c r e a s e s  i n  
magnitude ( t ime delay i n c r e a s e s  from 0.0 t o  0.1 sec)  downsection 
t o  and inc lud ing  t h e  a c o u s t i c  basement r e f l e c t o r  (B). VAMP V2 has 
been cored a t  s t a t i o n  6 (Figure 1 3 ) .  Depth s c a l e  from Cooper and 
o t h e r s  (1977a). 



s e c t i o n .  D e t a i l e d  surveys  show t h a t  VAMP'S o f t e n  occur  o v e r  t h e  t o p  of 

basement r i d g e s  (Fig.  1 0 )  b u t  are n o t  always r e l a t e d  t o  basement topography 

(Fig.  9 ) .  P s e u d o s t r u c t u r a l  r e l i e f  on t h e  a c o u s t i c  basement i s  observed i n  t h e  

time b a s e  r e f l e c t i o n  p r o f i l e s  a c r o s s  some VAMP'S. The s m a l l  d e p r e s s i o n  (0.15 

s e c )  i n  t h e  basement r e f l e c t o r  beneath  VAMP V2 ( F i g .  9 )  r e s u l t s  mos t ly  f r o m  

t h e  time d e l a y  caused by t h e  low-ve loc i ty  d e p o s i t s  n e a r  t h e  t o p  of t h e  VAMP. 

The i sopach  map of t h e  sed imenta ry  s e c t i o n  above a c o u s t i c  basement (F ig .  

11)  i n d i c a t e s  t h a t  l a r g e  l o c a l  v a r i a t i o n s  i n  sediment  t h i c k n e s s  e x i s t  beneath  

t h e  c e n t r a l  and e a s t e r n  parts of t h e  A l e u t i a n  Basin .  Because t h e  s e a f l o o r  i s  

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

i n  t h e  a c o u s t i c  basement s u r f a c e .  Fo ld ing  and f a u l t i n g  o f  sed imenta ry  

h o r i z o n s  are commonly found over  b u r i e d  basement r e l i e f  such as r i d g e s ,  

i s o l a t e d  k n o l l s  and domes, and f a u l t - d i s p l a c e d  basement rocks .  A t y p i c a l  

example of  a l a r g e  ( 3  km r e l i e f )  b u r i e d  basement f e a t u r e ,  Sounder r i d g e ,  is  

l o c a t e d  i n  t h e  e a s t e r n  A l e u t i a n  Basin. Profile L6 (F ig .  1 2 )  r e v e a l s  t h a t  t h e  

sedimentary  s e c t i o n  above t h e  r i d g e  i s  f o l d e d ,  t h e  s e a f l o o r  i s  u p l i f t e d ,  and 

f a u l t e d  r e f l e c t o r s  occur  a t  dep th  a l o n g  t h e  r i d g e  f l a n k s .  Sounder r i d g e ,  as 

w e l l  as o t h e r  r i d g e s  i n  t h e  e a s t e r n  A l e u t i a n  Bas in ,  h a s  a complex h i s t o r y  o f  

growth. The d i f f e r e n c e  i n  a c o u s t i c  c h a r a c t e r  of t h e  r e f l e c t o r s  and t h e  

d i f f e r e n c e  i n  the t o t a l  sediment  t h i c k n e s s  on t h e  nor thwes t  and s o u t h e a s t  

s i d e s  o f  t h e  r i d g e  imply t h a t  t h e  r i d g e  i s  a n  o l d  f e a t u r e  ( e a r l y  T e r t i a r y ? )  

that has a c t e d  as a long-term sediment b a r r i e r ;  s t r u c t u r a l  deformat ion of t h e  

s h a l l o w  sediment  and s e a f l o o r  s u g g e s t  a renewal of r i d g e  growth i n  L a t e  

Cenozoic t i m e .  
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F i w e  10. Box Survey (BS1) over an a rea  of VAMP'S; see  Figure 7 f o r  locat ion .  
The contour map (upper r i g h t )  g ives  t h e  total depth (h) from sea 
l e v e l  t o  acoustic basement. I n  t h e  t h r e e  t r ave r ses ,  t h e  VAMP'S 
occur over the top of a buried basement r idge  t h a t  has a r e l i e f  of 
near ly  1500 meters. The upbowing of r e f l e c t o r s  directly above the  
V k W  along l i n e  32 i s  a l s o  seen as a 2-meter upbowing of the  sea- 
f l o o r  i n  high reso lu t ion  bathymetric p r o f i l e s  (not  shown). Here. 
the V W ' s  appear t o  be r e l a t e d  t o  basement relief, whereas in 
Figure 9. the  VAMP is  not.  The VAMP along line 30 has been cored 
a t  Station 2 (see Figure 13) .  Depth scale from Cooper and o the r s  
(1977a). 
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Figure 12. A migrated multichannel seismic ref lect ion prof i le  (L6) along the 
ax i s  of Sounder ridge; see Figure 7 for location. The ridge h a s  
a r e l i e f  of about 3 km. Sedimentary layers that cover the ridge 
are folded, faulted,  and upbowed t o  form a s e t  of low-relief sea-  
floor ridges. Depth scale  from Cooper and others (1977al. 



Thermal and Sed imenta t ion  H i s t o r y  

Sch langer  and Combs (1975)  i n d i c a t e  t h a t  t h e  hydrocarbon p o t e n t i a l  of a 

mature  b a s i n ,  such as t h e  A l e u t i a n  Basin ,  i s  l a r g e l y  dependent upon t h e  l e n g t h  

o f  t ime  t h a t  i t s  sedimentary  s e c t i o n  h a s  been exposed t o  t h e  h igh  b u r i a l  

t e m p e r a t u r e s  n e c e s s a r y  f o r  t h e  kerogen-hydrocarbon t r a n s f o r m a t i o n .  xf c u r v e s  

f o r  t empera tu re  v e r s u s  age and dep th  for known o i l  and g a s  producing b a s i n s  

(Sch langer  and  Combs, 1975, F igs .  10,  11)  are a p p l i e d  t o  t h e  A l e u t i a n  Basin ,  

t h e  g e n e r a t i o n  of hydrocarbons c o u l d  occur  i n  h o r i z o n s  as young a s  e a r l y  

Miocene (18  t o  23 rn.y.1. Although t h e  observed  h e a t  f low v a l u e s  i n  t h e  

2 A l e u t i a n  Bas in  are n o t  h i g h ,  t h e  average  h e a t  f low (1.44+0.22 - ucal/cm s e c ;  

Watanabe and o t h e r s ,  1977) and  t h e  the rmal  c o n d u c t i v i t y  of t h e  sediment  (2.5 

0 
mcal/cm-sec- C, Er ickson ,  1973) g i v e  a the rmal  g r a d i e n t  (58O/km) t h a t  is  

s u f f i c i e n t  t o  r e a c h  t h e  o n s e t  of hydrocarbon g e n e r a t i o n  ( 5 0 - 1 0 0 ~ ~ )  at 

r e l a t i v e l y  sha l low sub-bottom d e p t h s  (0.9-1.8 k m ) .  The s e d i m e n t a t i o n  r a t e  

measured a t  DSDP s i t e  190 i n  t h e  wes te rn  A l e u t i a n  Basin  is h i g h ,  about  100 

m/m.y from Holocene t o  upper  Miocene t ime  ( C r e a g e r  and S c h o l l  and o t h e r s ,  

1973).  Consequently,  t h e  a c t u a l  h e a t  f low v a l u e s  and a s s o c i a t e d  t empera tu re  

g r a d i e n t s ,  a f t e r  c o r r e c t i o n  f o r  s e d i m e n t a t i o n  e f f e c t s ,  may be 10-25% l a r g e r  

t h a n  observed.  L o c a l l y  h i g h e r  h e a t  f l o w  v a l v e s  o r  h i g h e r  sed imenta t ion  r a t e s  

would b o t h  cause  m a t u r a t i o n  t e m p e r a t u r e s  t o  occur  a t  s h a l l o w e r  sub-bottom 

depths .  Because t h e  sediment t h i c k n e s s  i n  t h e  A l e u t i a n  Basin ranges  from 2 t o  

9 km (Fig .  51, t e m p e r a t u r e s  s u i t a b l e  f o r  b i o g e n i c  and thermogenic  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  (50 - 1 0 0 ~ ~ )  may be found th roughout  t h e  b a s i n .  

Organic  Carbon-Hydrocarbons 

DSDP h o l e s  w i t h i n  t h e  A l e u t i a n  and Bowers Bas ins  ( S i t e s  188, 189, 190) 



a r e  t h e  s o l e  source of sub-seafloor  information concerning t h e  organic  carbon 

and hydrocarbon content  of sediment underlying t h e  abyssa l  basins .  The 

maximum sub-bottom pene t r a t ion ,  871 meters ,  i s  a t  site 189. Organic carbon 

values f o r  t h e  diatomaceous s i l t y  c l a y  and mudstone (Holocene t o  middle 

Miocene age)  sampled a t  t h e  t h r e e  DSDP ho le s  a r e  nea r ly  uniform with depth and 

range f r o m  0.2% t o  0.8% (Bode, 1973); t h e  average i s  0.42 + 0.15% for 50 

samples. Late  Cenozoic sedimentary rocks cored (Gershanovich, 1968) and 

dredged (Marlow and o t h e r s ,  1976; Underwood and o t h e r s ,  1979) from t h e  

nor thern  and e a s t e r n  Bering Sea con t inen ta l  margin have a s i m i l a r  organic  

carbon content .  

Organic gases  i n  t he  abyssa l  bas in  sediment have been measured both i n  

su r f ace  samples frcm t h e  Aleut ian Basin and i n  sub-surface cores  a t  DSDP ho les  

185, 189, and 191. The s u r f a c e  samples were c o l l e c t e d  and analyzed aboard t h e  

v e s s e l  SEA SOUNDER i n  June 1977. Gas chromatography on water samples ex t ac t ed  

from f r e s h ,  two-meter g rav i ty  co re s  shows t h a t  only small amounts of gas  are 

p re sen t ,  t h e  gas is t o t a l l y  d isso lved  i n  t h e  i n t e r s t i t a l  water (no f r e e  gas 

bubbles) ,  and t h e  primary c o n s t i t u e n t  i s  methane. A compilat ion of the gas 

analyses  (Fig.  13)  i n d i c a t e s  t h a t  t h e  methane concent ra t ion  inc reases  with 

sub-bottom depth a t  a l l  s i t e s .  General ly ,  those sites (Sta. 2,  3, 6 )  l oca t ed  

i n  a r e a s  where VAMP'S a r e  abundant ( s e e  Fig. 11) have h ighe r  methane 

concent ra t ions  a t  comparable sub-bottom depths t han  those  s i t e s  l y i n g  e i t h e r  

a t  t h e  edge (Sta. 1, 4 )  o r  o u t s i d e  (S ta .  8, 9 )  of t h e  zone of VAMP'S. 

I n t e r e s t i n g l y ,  t h e  h ighes t  concent ra t ion  of methane i s  found d i r e c t l y  over  a 

VAMP (S ta .  2 ;  Fig. 13) t h a t  is  a s s o c i a t e d  with a bur ied  basement r i d g e  (BS 1 ,  

Fig. 10) .  Gases i n  sediment cores  recovered a t  DSDP d r i l l i n g  sites are a l s o  

p r imar i ly  methane, although ethane is  p re sen t  a t  s i t e  189 near  t h e  base of t h e  



Figure 13. Concentration of hydrocarbon gases measured i n  fresh gravity core 
samples collected during June 1977. Stat ions  2 and 6 ,  shown by s t a r s ,  
are  located d i r ec t ly  over the top of the VAMP'S i l l u s t r a t ed  i n  
Figures 9 and 10, respectively. Graphs show both the t o t a l  methane 
concentration and the ethane/methane r a t i o  i n  the upper 2 meters 
beneath the seafloor,  Methane concentrations are small, they increase 
with depth, and they are  larger i n  the area of VAMP'S (see a l so  
Figures 9,  11) . 



Aleutian Ridge (McIver, 1973; Claypool and o the r s ,  1973). 

The o r i g i n  of the  organic gases i n  both surface  and subsurface samples 

could l~ t h e  r e s u l t  e i t h e r  of bac te r io log ica l  fermentation o r  of thermal 

degradation of organic compounds. Carbon-isotope measurements f o r  t h e  methane 

gases recovered a t  DSDP s i t e s  c lose  t o  t h e  Aleutian Basin ( s i t e s  185, 189, 

191) are r e l a t i v e l y  s m a l l  ( C  13 = - 70°/00; Claypool and  o the r s ,  1973), 

suggesting a biagenic source. Similar  isotope measurements could not  be made 

on the surface  gas samples because the  quan t i ty  of gas i n  the  surface  cores 

was too  small. The paucity of the  higher hydrocarbon f r a c t i o n s  i n  the  surface  

gases a l s o  favors a biogenic o r i g i n  for t he  methane but does not exclude a 

thennogenic o r ig in ,  A t  site 189, t h e  amount of ethane increases  with depth, 

and l i k e  o ther  DSDP sites i n  the  Bering Sea a r e a  (186, 191), the absolute 

concentrat ion of ethane shows a p o s i t i v e  co r re la t ion  with t h e  in fe r red  

temperature f lux ;  si tes with higher heat  flow general ly have l a rge r  ethane 

concentrat ions a t  the  same depth (Claypool and o the r s ,  1973, Figure 9 ) .  The 

o r ig in  of the  ethane a t  these  s i t e s  i s  thermogenic, and t h e  ethane could be 

coming e i t h e r  from i n  s i t u  generation along t h e  na tu ra l  geothermal gradient  o r  

from upward migration out of an e x i s t i n g  hydrocarbon rese rvo i r  (Claypool and 

o thers ;  1973). Organic gas measurements were not made a t  DSDP s i t e  190 within 

t h e  Aleutian Basin, therefore  we do not  know i f  higher hydrocarbon f r a c t i o n s  

a r e  present  a t  depth near an area  t h a t  has a concentrat ion of VAMP'S. 

Low-surface concentrat ion of gas, even over p o t e n t i a l  gas pockets 

(VAMP'S), suggest t h a t  i f  gases a r e  accumulating a t  depth, they are not 

d i f fus ing  through the  overlying sediment and are not reaching the  surface  i n  

s i g n i f i c a n t  q u a n t i t i e s .  The multi-channel da ta  recorded over a VAMP (V2, Fig. 

91, which has been cored and analysed f o r  surface  gases (Sta.  6, Fig. 1 3 ) ,  



show t h a t  the r e f l e c t o r s  between t h e  top  of t h e  VAMP and the  seaf loor  a r e  

discontinuous and phase inver ted  ("D". Fig. 9). These d i s t r i b u t e d  r e f l e c t o r s  

suggest  t h a t  l a rge r  concentrat ions of gas than measured i n  the  upper t w o  

meters beneath the  seaf loor  may be present  a t  shallow sub-surface depths. 

Po ten t i a l  Reservoir Beds 

Subsurface poros i ty  and permeabil i ty values have been determined f o r  a 

small number of core samples recovered from DSDP s i t e s  190 and 188 (Fig. 8A, 

8B; Table 3 ) .  These two s i t e s  a r e  located i n  d i f f e r e n t  physiographic a reas  of 

the  deep-water Bering Sea basin , yet  the  s t r a t i g r a p h i c  sequences d r i l l e d  a t  

both sites contain diatomaceous sedimentary beds t h a t  may be p o t e n t i a l  

r e se rvo i r  uni ts .  S i t e  190 l i e s  on t h e  western edge of the Aleutian Basin 

above a buried basement knol l  where t h e  sedimentary sequence i s  shallower and 

th inner  than i n  t h e  surrounding basin area. The deposi t ional  regime and 

physical  p roper t i e s  (poros i ty  and permeabil i ty)  at s i t e  190 may d i f f e r  from 

those elsewhere i n  t h e  c e n t r a l  Aleutian Basin (zone of VAMP'S) because t h e  

d r i l l i n g  s i t e  is w e r  the  knoll. These dif ferences  may be small,  however, 

s ince  t h e  acoust ic  s t r a t ig raphy  i s  l a t e r a l l y  continuous from s i t e  190 t o  the  

cen te r  of t he  basin. S i t e  188 l i e s  a t  the  perimeter  of Bowers Basin on t h e  

w e s t  f lank o f  Bowers Ridge; the  seaf loor  here is  severa l  hundred meters above 

t h e  b s i n  f loor .  The sedimentary sec t ion  a t  s i t e  188 comprises diatom ooze 

t h a t  has a smaller terr igenous s i l t  and c lay  component than found a t  s i t e  

190. The poros i ty  and permeability da ta  from s i t e  188 may a l s o  be appl icable  

to  the  c e n t r a l  Aleutian Basin where s imi la r  oozes a r e  thought t o  occur. 

I n  general,  t h e  poros i ty  of the  diatomaceous sediment recovered a t  Bering 

Sea d r i l l i n g  sites increases  with increas ing amounts of diatomaceous debr is  i n  



TABLE 32 Penneability and Porosity 

Site Core - - Section 
In te rva l  

Cm 
Sub-Bo ttom 

Depth Meters 
Permeability lJ 

MDarcy 
Porosity 1/ 

% Sediment Type 3/ 

S i l t y  diatom ooze 
Clay r i c h  silty diatom ooze 
Diatom r i c h  s i l t y  c lay 
S i l t  and c lay  bearing diatom ooze 
S i l t  bearing clayey diatom ooze 
S i l t  bearing diatom r i c h  c lay 
S i l t  and c lay bearing diatom ooze 
S i l t  and clay bearing diatom ooze 
S i l t  bearing diatomaceous c lay  
S i l t  bearing diatomaceous c lay 
Clayey diatom ooze 
Clayey diatom ooze 
Diatom ooze 
Clay and/or s i l t  bearing diatom ooze 
S i l t  bearing diatom ooze 
Clay bearing, s i l t y  rich diatom ooze 
S i l t  and c lay r i c h  diatom ooze 
S i l t  rich diatom ooze 
Clay bearing s i l t  r i c h  diatom doze 
Black mudstone 

1/ Permeability measurements made by Core Labs Inc. See Appendix I. - 

2/ Porosity values determined from shipboard GRAPE density measurements (Creager and o thers ,  1973) using a grain - 
densi ty  of 2.5 gm/cc. *Values measured by Core Labs Inc. i n  ~ a n u a k y  1979. 

3/ Lithologic descr ipt ions  from DSDP s i t e  repor t s  (Creager and others ,  1973). - 



t h e  sediment (Creager, Scholl  and o the r s ,  1973; Figs. 14a,b).  Compressibility 

s tud ies  on t h e  Bexing Sea sediment (Lee, 1973) show t h a t  t h e  poros i ty  of 

diatomaceous ooze (<50% diatom content )  does not decrease s i g n i f i c a n t l y  with 

increas ing b u r i a l  depths. A s  t h e  d e t r i t a l  silt and c lay  component increases  

(diatom content  decreases) ,  however, t h e  sediment becvomes more compressible 

and the  poros i ty  decreases with depth. The range i n  poros i ty  values is near ly  

i d e n t i c a l  (58%-85%) for t h e  diatomaceous sec t ions  d r i l l e d  a t  s i t e s  190 and 

188, however, t h e  s c a t t e r  i n  t h e  values f o r  t h e  individual  9-meter cores is  

d i f f e r e n t  (Figs.  14a,b).  A t  s i t e  188, where the  diatom concentrat ions a r e  

high, the  co r re la t ion  between diatom content  and poros i ty  is good and t h e  

s c a t t e r  of poros i ty  values i s  l o w  ( +  - 5 % ) .  Conversely, a t  s i t e  190, where the  

diatom concentrat ions are lower (30-70%), t h e  diatom-porosity co r re la t ion  is  

Less apparent and the  s c a t t e r  i n  p o r o s i t i e s  i s  higher ( +  - 9%) .  

Only a small number of permeabil i ty measurements have been made a t  both 

s i t e s  but these values appear t o  increase  with increas ing depth (Figs. 

14a,b).  A t  s i te  140, t h e  permeabil i ty of t h e  diatomaceous sediment increases  

from about 10 mi l l idarcys  a t  150 meters t o  about 30 mi l l idarcys  a t  600 

meters. Similar values a t  equivalent  depths a r e  observed a t  s i te  188. A t  

depths where permeabi l i t ies  increase ,  the  v i sua l  es t imates  of diatom content  

decrease (Figs. 14a,b).  The decrease (300-600 meters sub-bottom) i s  more 

apparent a t  s i t e  188 than s i t e  190. This apparent co r re la t ion  between 

permeabil i ty and d i a t m  content i s  weak because of t h e  unknown e r r o r  i n  t h e  

v i s u a l  diatom es t imates  made onboard ship. Stosur and David (19761, i n  t h e i r  

work on t h e  diatomite formation of t h e  Lost Hills f i e l d ,  Cal i fornia ,  have 

noted t h a t  the  purer  the  diatomite, t h e  lower the  permeabil i ty and t h e  higher 



t h e  Bering Sea modified from Creager ,  S c h o l l  and o t h e r s  (1973).  See 
Figure 7 f o r  l o c a t i o n .  Note t h a t  above t h e  mudstone (600 meters) t h e  
p o r o s i t i e s  a r e  h igh  and t h e  p e r m e a b i l i t i e s  i n c r e a s e  w i th  depth.  A t  
t h e  mudstone i n t e r f a c e  t h e  p o r o s i t y  and pe rmeab i l i t y  va lues  drop 
sharply.  No ta t i ons  used: POROSITY: d o t s  a r e  shore  l a b  measurements 
(Lee, 19731, bars g ive  t h e  range of shipboard GRAPE p o r o s i t y  d e t e r -  

minat ions (assumed g r a i n  d e n s i t y 2 . 5  gm/cc) f o r  i n d i v i d u a l  9-meter 
c o r e s  (Creager,  S c h o l l  and o t h e r s ,  19731, c r o s s e s  a r e  1979 rneasure- 
ments (Table 3 ) ;  PEEIMEABILITY: d o t s  a r e  1979 measurements (Table 3 ) ;  
DIATOM CONTENT: d o t s  are va lues  e s t ima ted  onboard s h i p  (Creager , Schol l  
and o t h e r s ,  19731, and b a r s  show t h e  maximum range of t h e  shipboard 
es t imates .  Age boundaries  are from diatom s t r a t i g r a p h y  of Koizumi 
(1977). 
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t h e  p o r o s i t y .  They b e l i e v e  h i g h  c a p i l l a r y  p r e s s u r e  i n  t h e  diatoms i n h i b i t s  

f l u i d  motion and t h e r e b y  c a u s e s  lower p e r m e a b i l i t y  f o r  p u r e r  d i a t o m i t e .  The 

c o r r e l a t i o n  observed by S t o s u r  and David (1976)  is  s i m i l a r  t o  t h a t  which 

a p p a r e n t l y  e x i s t s  a t  s i t e s  188 and 190. Other  i n v e s t i g a t o r s ,  working i n  t h e  

s i l i c e o u s  s h a l e s  of t h e  Monterey Formation of C a l i f o r n i a ,  f i n d ,  however, t h a t  

t h e  p e r m e a b i l i t y  i n c r e a s e s  wi th  i n c r e a s i n g  p o r o s i t y  ( L a r r y  Beyer, w r i t t e n  

communication, 1979).  The e x p l a n a t i o n  for t h e  downward i n c r e a s e  i n  

p e r m e a b i l i t y  i n  t h e  Ber ing  Sea is u n c l e a r ,  y e t  we  s u s p e c t  t h a t  t h i s  i n c r e a s e  

i s  r e l a t e d  t o  t h e  diatom s t r a t i g r a p h y  of  t h e  sed imenta ry  s e c t i o n .  

The h igh  p o r o s i t y  (60-80%) and  good p e r m e a b i l i t y  (10-30 m i l l i d a r c y s )  o f  

t h e  upper 6 0 0  meters of t h e  sediment  s e c t i o n s  a t  sites 190 and 188 mark t h e s e  

upper diatomaceous sequences  a s  p o t e n t i a l  r e s e r v o i r  u n i t s  f o r  t h e  accumulat ion 

of hydrocarbons.  

The lower boundary o f  t h e  p o t e n t i a l  r e s e r v o i r  u n i t s  may be  c o n t r o l l e d  by 

a d i a g e n e t i c  boundary t h a t  s e p a r a t e s  t h e  o v e r l y i n g  diatomaceous sediment  from 

u n d e r l y i n g  i n d u r a t e d  mudstone. Beneath most o f  t h e  A l e u t i a n  Basin ,  t h e  t o p  of 

t h e  mudstone unit is  a prominent r e f r a c t i n g  h o r i z o n  t h a t  o c c u r s  a t  a sub- 

bottom dep th  of abou t  1 km. A t  s i t e  190 t h e  boundary is  a n  unconformity  

a s s o c i a t e d  wi th  a t h i n n e d  sedimentary  s e c t i o n  t h a t  o v e r l i e s  a b u r i e s  basement 

k n o l l .  The unconformity  p robab ly  does  n o t  e x i s t  where t h i c k e r  sed imenta ry  

sequences  u n d e r l i e  t h e  basin f l o o r .  A s i m i l a r  d i a g e n e t i c  boundary h a s  been 

encounte red  at most Ber ing  Sea DSDP s i t e s  ( H e i n  and o t h e r s ,  1978) ,  and,  a t  

s i t e  185, t h e  boundary i s  a s s o c i a t e d  wi th  h i g h e r  t h a n  t y p i c a l  l e v e l s  o f  

methane gas  (Creager ,  S c h o l l ,  and o t h e r s ,  1973) .  

The d i a g e n e t i c  boundary is  marked by a d i s t i n c t  d e c r e a s e  i n  b o t h  p o r o s i t y  

and p e r m e a b i l i t y  v a l u e s  (Lee,  1973; Tab le  3 ) .  Hein and o t h e r s ,  (1978)  



i n d i c a t e  t h a t  t h e  boundary r e s u l t s  f r a n  t h e  d i s s o l u t i o n  of biogenic s i l i c a  

(opal-A) and t h e  r e p r e c i p i t a t i o n  of c r y s t a l l i n e  s i l i c a  (opal-CT). Po ros i ty  

and permeabi l i ty  va lues  have not been determined f o r  t h e  mudstone a t  s i t e  190; 

however, a t  s i t e  188, t h e  po ros i ty  drops from 58% t o  32% and t h e  permeabi l i ty  

decreases  f r m  35 t o  0.1 mi l l i da rcy  ac ros s  t h e  d i agene t i c  boundary (F igs .  

14a,b) ;  Table 3) .  A drop i n  po ros i ty  ac ros s  t h e  boundary from 75% t o  40% i s  

noted by Lee (1973) a t  s i t e  185. The l a t e r a l  con t inu i ty  of t h e  d i a g e n t i c a l l y  

a l t e r e d  mudstone u n i t  i n  t h e  Aleut ian Basin may r e g i o n a l l y  r e s t r i c t  t h e  upward 

migra t ion  of deeply bur ied  thennoca ta ly t i c  hydrocarbons. Acoustic evidence, 

such a s  t h e  observed inc rease  i n  v e l o c i t y  pull-down with inc reas ing  depth 

beneath some VAMP'S, i n d i c a t e s ,  however, t h a t  low v e l o c i t y  pockets may occur 

deep wi th in  t h e  mudstone un i t .  Poss ib ly  t h e s e  pockets  imply t h a t  f r a c t u r e  

p o r o s i t y  and permeabi l i ty  near  VAMP'S may al low t h e  upward migrat ion of 

hydrocarbons i n t o  over ly ing  diatomaceous un i t s .  

Two l i n e s  of evidence suggest  t h a t  l a t e r a l l y  ex tens ive  r e s e r v o i r  s e a l s  

may e x i s t  i n  t h e  Aleut ian Basin. A t  s i t e  190, t h e  lowest permeabi l i ty  va lues  

a r e  measured wi th in  t h e  tu rb id i t e -bea r ing  sequence (0-175) where t h e  diatom 

content  is lowest ( c l a y / s i l t  conten t  h i g h e s t ) .  The l a r g e  v a r i a t i o n  i n  t h e  

f ine-grained c l a y / s i l t  conten t  of t h e  co re s  i n  t h e  t u r b i d i t e  sequence 

i n d i c a t e s  t h a t  t h i n ,  bu t  unsampled, u n i t s  of impermeable m a t e r i a l  may e x i s t .  

The seismic r e f l e c t i o n  da t a  provide a d d i t i o n a l  evidence r e l e v a n t  t o  r e s e r v o i r  

seals. Multichannel seismic da ta  r evea l  t h a t  a l a t e r a l l y  continuous sequence 

of " r a i l r o a d  t r ack"  r e f l e c t o r s  u n d e r l i e s  t h e  s e a f l o o r  t o  a sub-bottom time of 

0.5 see. A t  t h i s  depth, t h e  l o c a l i z e d  high-amplitude r e f l e c t i o n s  t h a t  mark 

t h e  top of VAMP'S appear a s  narrow d i s r u p t i o n s  a long  a continuous r e f l e c t i o n  

horizon. The l a t e r a l  d i s rup t ions  can be seen over a ho r i zon ta l  d i s t ance  of 



200-250 !a. Other VAMP'S t h a t  a r e  recorded i n  the  seismic data from d i f f e r e n t  

p a r t s  of t h e  basin a l s o  have t h e i r  tops near t h i s  horizon. Traced t o  DSDP 

s i t e  190, t h e  horizon is  found t o  l i e  near the  base of the  turbid i te-bear ing  

uni t .  I f ,  as we have speculated,  gas o r  o the r  hydrocarbons have accumulated 

below t h i s  horizon, then a seal a t  a sub-bottom depth near 0.5 sec  has 

regional ly  formed i n  t h e  upper p a r t  of the  c e n t r a l  basins sedimentary sec t ion .  

A simple model t h a t  explains the  acoust ic  configurat ion of VAMP'S and 

that is  based on the  p o r o s i t i e s  and permeabi l i t ies  measured a t  s i t e  190 and 

188 i s  i l l u s t r a t e d  i n  Figure 15. In  t h e  model, t h e  diatomaceous sediment is  

the  primary rese rvo i r  u n i t  t h a t  contains pockets of low ve loc i ty  mater ia l  

(LVM). This r e se rvo i r  u n i t  i s  sandwiched between an overlying tu rb id i t e -  

bearing u n i t  and an underlying d iagenet ica l ly  a l t e r e d  mudstone uni t .  The 

pockets of low ve loc i ty  ma te r i a l  a t  the  top  of the  VAMP'S and wi th in  t h e  

r e se rvo i r  a r e  marked by the  high-amplitude phase-inverted r e f l e c t o r s  and small 

ve loc i ty  pull-downs. A more pronounced ve loc i ty  pull-down (more low ve loc i ty  

ma te r i a l  1 occurs a t  grea ter  sub-bottom depths near the  mudstone boundary, and 

t y p i c a l l y  continues t o  increase  f o r  a few hundred meters beneath the  boundary. 

An i n t e r e s t i n g  s t r a t i g r a p h i c  analog of  t h e  Bering Sea may be found i n  t h e  

Sea of Japan. The sedimentary sec t ion  a t  s i t e  190 i s  s i m i l a r  t o  ones d r i l l e d  

i n  the  abyssal  p a r t  of t h e  Sea of Japan ( s i t e s  299, 301; Ingle ,  Karig and 

o the r s ,  1975) .  A t  s i t e s  299 and 301, ethane gas occurs a t  a sub-bottom depth 

of 500 meters near the  base of a t u r b i d i t e  sec t ion  t h a t  over l i e s  diatomaceous 

sediment. The diatomaceous beds appear t o  be t h e  re se rvo i r  units fox the  gas, 

which i s  i nh ib i t ed  f r a n  migrating upward by the  capping, less permeable 

t u r b i d i t e s .  The large  quant i ty  of ethane gas found near the  base of t h e  

t u r b i d i t e s  forced a termination of d r i l l i n g  operat ions.  Unlike the  Bering 
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Figure 15. Simple model for explaining VAMP'S i n  terms of l i thology,  and 
physical property measurements from DSDP s i t e  190. See Figure 7 
for location. The reservoir unit  i s  the diatomaceous sediment that 
i s  sealed by overlying turbidites and is underlain by indurated 
mudstone. High-amplitude, phase-inverted ref lectors  w i t h  under- 
lying ve loc i ty  pull-downs are found within the VAMP'S and are 
caused by pockets of low-velocity material, possibly gas or other 
hydrocarbons. Depth scale  from Cooper and others (1977a). 



Sea, VAMP'S have not been repor ted  from t h e  Sea of Japan. 

CONCLUSIONS 

The Navarin bas in  province i s  a r e c e n t l y  discovered f r o n t i e r  s h e l f  a r ea  

of s i g n i f i c a n t  hydrocarbon p o t e n t i a l .  Though r e l a t i v e l y  unexplored and 

unknown, t h e  province unde r l i e s  a t  l e a s t  45,000 km2 ( 11 mi l l i on  a c r e s )  of t h e  

s h e l f  and comprises t h r e e  large bas ins .  The sedimentary sequences f i l l i n g  t h e  

bas ins  a r e  10 t o  15 km th ick .  Although Cretaceous u n i t s  may form p a r t  of t h e  

s t r a t i f i e d  sequences, most of t h e  sec t ion  i s  probably of Cenozoic age. 

Reconnaissance geophysical da t a  r evea l  a n t i c l i n a l  or d i a p i r i c ( ? )  

s t r u c t u r e s ,  s t r a t i g r a p h i c  pinchouts ,  and growth f a u l t s  within t h e  bas ins .  

Discover ies  of o i l  and gas i n  T e r t i a r y  beds i n  nearby S i b e r i a  encourage 

specu la t ions  t h a t  hydrocarbon depos i t s  occur i n  t h e  Navarin bas ins .  The v a s t  

s i z e  of t h e s e  bas ins  s t a t i s t i c a l l y  argues f o r  t h e  presence of  o i l  and gas 

beneath t h e  northwestern Bering Sea s h e l f .  

F'urther exp lo ra t ion  of t h e  Navarin bas ins  and t h e  ad j acen t  con t inen ta l  

s lope  i s  needed. Se ismic- ref lec t ion ,  and se i smic - r e f r ac t ion  surveys,  a s  we l l  

a s  g rav i ty  and magnetic da t a  a r e  e s p e c i a l l y  needed t o  understand t h e  geologic  

h i s t o r y  of t hese  l a r g e  s t r u c t u r e s .  Samples obta ined  by dredging on t h e  

c o n t i n e n t a l  s lope  and by d i r e c t  d r i l l i n g  i n  t h e  bas ins  may confirm t h e  

ex i s t ence  of s u i t a b l e  source and r e s e r v o i r  beds wi th in  t h e  Navarin province. 

The presence,  o r  absence, of economically s i g n i f i c a n t  hydrocarbon 

accumulations i n  marginal bas ins  of t h e  P a c i f i c ,  such as t h e  Bering Sea Basin, 

is  unknown, pr imar i ly  because l i t t l e  explora tory  work has been attempted. The 

extreme water depths (3,000-4,000m) pose severe  t e c h n i c a l  problems f o r  

exp lo ra t ion  as w e l l  as p o s s i b l e  product ion a c t i v i t i e s .  Exploratory programs 



i n  t h e s e  a r e a s  have, t h e r e f o r e ,  been l imi t ed  t o  r eg iona l  reconnaissance 

surveys. Since 1974, energy resource i n v e s t i g a t i o n s  i n  t h e  Aleutain Basin by 

the U.S. Geological  Survey have i d e n t i f i e d  seve ra l  i n t r a b a s i n  f e a t u r e s  which, 

we be l i eve ,  suggest  that t h e  bas in  may be t h e  h a b i t a t  f o r  s i g n i f i c a n t  

accumulations of gas and poss ib ly  o t h e r  hydrocarbon products .  

Perhaps t h e  b e s t  evidence f o r  t h e s e  depos i t s ,  i n  t h e  absence of deep 

subsurface hydrocarbon measurements, i s  the widespread occurrence of VAMP'S. 

The general  acous t i c  cha rac t e r  of deep-water VAMP'S (phase inve r t ed ,  high 

amplitude r e f l e c t o r  under la in  by a v e l o c i t y  pulldown) i s  s i m i l a r  t o  t h a t  of 

some "b r igh t  spots"  discovered i n  hydrocarbon producing a r e a s  on t h e  

c o n t i n e n t a l  shelf .  The ques t ion  of  what hydrocarbons, i f  any, a r e  p re sen t  and 

a r e  causing t h e s e  a c o u s t i c  f e a t u r e s  (VFMPts) cannot be answered without  

d r i l l i n g  information i n  t h e  c e n t r a l  Aleut ian  Basin. On t h e  b a s i s  of  l i m i t e d  

subsurface information t h a t  inc ludes  an a n a l y s i s  of gases i n  shallow sediment 

from t h e  Aleut ian  Basin (Fig.  1 3 )  and t o p i c a l  s t u d i e s  on DSDP co re s  from 

surrounding a r e a s  (Creager,  Schol l  and o t h e r s ,  1973) t h e  l i k e l y  cause of t h e  

VAMP'S i s  the presence of low v e l o c i t y  pockets  of biogenic methane gas. The 

gas appears  t o  be t rapped within porous diatomaceous sediment t h a t  is  

sandwiched between underlying indura ted  mudstone and shallow t u r b i d i t e  u n i t .  

Other higher  order  hydrocarbons o r i g i n a t i n g  from g r e a t e r  depths may a l s o  

be p re sen t ,  however. A common c h a r a c t e r i s t i c  of VAMP'S t h a t  is  d i f f i c u l t  t o  

explain unless  t h e r e  is a d d i t i o n a l  low v e l o c i t y  m a t e r i a l ,  presumably 

hydrocarbon charged depos i t s  beneath t h e  VAMP'S, i s  t h e  inc rease  i n  t h e  

v e l o c i t y  pulldown with depth t h a t  commences nea r  t h e  t o p  of t h e  mudstone u n i t  

(Fig.  15) .  These hydrocarbons, i f  p r e sen t ,  could  be migra t ing  upward from 

e i t h e r  i n  s i t u  generat ion p o i n t s  o r  deep sea t ed  r e s e r v o i r s .  The a s s o c i a t i o n  



of VZMP'S with basement r e l i e f  (F igs .  10 and 11)  al lows t h e  ex i s t ence  of t h e  

deep s t r u c t u r a l  pathways along which thermogenic hydrocarbons could move 

upward f r m  t h e  mudstone i n t o  t h e  diatomaceous r e s e r v o i r  rocks. Temperature 

g rad ien t s  wi th in  t h e  sedimentary s e c t i o n  a r e  s u f f i c i e n t l y  l a r g e  t o  al low - i n  

s i t u  genera t ion  of thermogenic hydrocarbons a t  moderate depths (2-4 km) i f  - 
s u i t a b l e  organic  m a t e r i a l  is present  wi th in  t h e  mudstone u n i t .  

Figure 16 summarizes t h r e e  important  f a c t o r s  for  eva lua t ing  t h e  

hydrocarbnon p o t e n t i a l  of t h e  Aleut ian Basin, namely t h e  a r e a s  of t h i c k  

sediment,  l a r g e  basement r e l i e f ,  and VAMP concent ra t ions .  I n t e r e s t i n g l y ,  t h e  

a r ea  i n  which VAMP'S a r e  found genera l ly  corresponds with t h e  a r e a s  of t h i n n e r  

sediment ( less than  4 km t h i c k )  and l a r g e r  basement r e l i e f  ( g r e a t e r  than  1 

km). The same a r e a  may a l s o  have l a r g e  methane concent ra t ions  i n  t h e  su r f ace  

sediments (Fig. 13) and s l i g h t l y  higher  hea t  flow va lues  (h ighe r  sub-seafloor  

temperatures;  Cooper and o t h e r s ,  1 9 7 7 ~ ) .  In  add i t i on ,  t h e  c e n t r a l  bas in  i s  

cha rac t e r i zed  by long-wavelength magnetic l o w s  t h a t  are recorded i n  both 

s a t e l l i t e  and shipboard measurements (Fig.  17) .  The unusual i nve r se  

c o r r e l a t i o n  of negat ive ( r a t h e r  than  p o s i t i v e )  magnetic anomalies with shallow 

igneous basement beneath t h e  t h i n  sediments sugges ts  t h a t  t h e  sub-crus ta l  

hea t ing  and demagnetizing processes  proposed by Cooper and o the r s ,  1977c, may 

be a f f e c t i n g  t h i s  a rea .  If thermogenic hydrocarbons a r e  p re sen t  i n  VAMP'S, 

t hey  may be t h e  mani fes ta t ion  of t h e  r eg iona l  thermal event  t h a t  may have 

e f f e c t e d  t h e  c e n t r a l  p a r t  of t h e  basin.  

The general  uniformity i n  t h e  geology and geophysics of t he  sedimentary 

sec t ion  i n  t h e  c e n t r a l  p a r t  of t h e  Aleutain Basin, where t h e s e  r eg iona l  

c o r r e l a t i o n s  are observed, sugges ts  t h a t  if hydrocarbon accumulations of 

economic importance can be s u b s t a n t i a t e d  f o r  one l o c a l i t y  i n  t h i s  region,  then  





Figure 17. Map of long-wavelength (greater than 100-150 km) magnetic anomalies 
recorded i n  both shipboard and s a t e l l i t e  data  (from Cooper and others 
1977~). Note the broad negative anomalies t h a t  l i e  i n  the central  
Aleutian Basin; these anomalies a r e  generally located over areas 
tha t  have shallow basement with large v e r t i c a l  r e l i e f  (compare w i t h  
Figure 1 6 ) .  This inverse correla t ion may r e s u l t  from sub-crustal 
heating and demagnetization. Shipboard magnetics are  the st ippled 
pat tern and s a t e l l i t e  data are  the heavy contours. 



it i s  l i k e l y  t h a t  s imi la r  deposi t s  may be found throughout the  e n t i r e  are.  

The most promising economic area of t h e  Aleutian Basin, t h e  area  of VAMP'S is  

l a r g e  (about t h e  s i z e  of the  s t a t e  of Washington) and the  area  l i e s  on the 

American s i d e  of t h e  in te rna t iona l  t r e a t y  l ine .  Although we can only 

specula te  on t h e  f u t u r e  econcanic value, i f  any ,  of t h i s  deep-water ' f r o n t i e r  

a rea ,  our data ind ica te  t h a t  the  basin is nonetheless a promising one and 

the re fo re  deserves f u r t h e r  explorat ion f o r  energy resources. 

In summary, the  hydrocarbon prospects  o f  t h e  Navarin basin province a s  

well  as t h e  adjacent  Aleutian Basin axe both good. Because both areas  a r e  

very remote, development of these a reas  may not  t a k e  place f o r  a number of 

years .  
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Appendix I - Permeability and poros i ty  measurements 

The permeabil i ty and poros i ty  values l i s t e d  i n  Table I were measured by 

Core Labs Inc.,  Bakersfield,  Cal i fornia  i n  January 1979 for  the  U.S. 

Geological Survey. Since few, i f  any permeabil i ty measurements have been made 

on semi-consolidated deep-sea sediment, a new procedure had t o  be designed by 

Core Labs t o  handle t h e  DSDP sediment samples. 

Permeability: 

Transversely-oriented sediment plugs, 1 1/4 inches i n  diameter by 1 inch 

long, w e r e  ex t rac ted  f r m  t h e  DSDP cores with a p l a s t i c  sampling tube. The 

water-saturgted sediment was dried i n  a humidity oven by decreasing the  oven's 

humidity (100% t o  1 0 % )  and temperature u n t i l  a l l  free water was expelled. The 

drying procedure was done slowly over a period of days t o  avoid shrinkage of 

the  hydrated c lay  minerals due t o  loss  of absorbed water. The plugs were 

mounted i n  lead sheathing and compressed under a t r i a x i a l  load of 250 p s i  t o  

sea t  the  samples f i rmly i n  the  sheath. Deformation of the  samples was not  

observed during t h e  loading. The samples were placed i n  a t e s t  c e l l  and a i r  

was passed through t h e  sample a t  a d i f f e r e n t i a l  pressure,  across  the  sample, 

of 15 p s i .  The a i r  flow was measured and permeabil i ty was ca lcula ted  from 

Darcy's Law. Since some samples were suspected of  a i r  leakage around t h e  

sheath,  all samples were stripped of t h e i r  sheaths and were mounted i n  p l a s t i c  

and rerun through t h e  a i r f low measurements. About ha l f  of the  samples showed 

a decrease i n  the  permeability of 10%-50% but t h e  o the r  half  showed l i t t l e  o r  

no change. The values i n  Table I a r e  the  f i n a l  r e s u l t s  from t h e  p l a s t i c  

mounting rerun. 



Porosity: 

The sediment samples were mounted in a sealed chamber and a volume of  

helium, equal to the  volume of the sample chamber a t  100 psi was introduced. 

The resulting chamber pressure was converted to grain volume of the sample 

using Boyle's L a w .  Bulk volume was measured by immersion of the  sample i n  

mercury. The porosity was calculated by div id ing  grain volume by bulk volume 

and subtracting t h i s  number from 100%. 


