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INTRODUCTION 

The study area, r e f e r r e d  t o  i n  t h i s  r e p o r t  as the Navarin bas in  p rov ince ,  
i s  l o c a t e d  on the  o u t e r  c o n t i n e n t a l  s h e l f  and upper s lope i n  t h e  nor thwes te rn  
Ber ing  Sea (F ig .  I ) .  The area i s  bounded on the nor thwest  by the  US-USSR 
Convention 1 i n e  o f  1867, on t h e  southwest by t h e  base o f  t he  c o n t i n e n t a l  s lope 
and extends t o  w i t h i n  100 km o f  St. Matthew I s l a n d  t o  the no r theas t  and St.  
Paul I s1  and t o  the  southeast.  Th is  r e g i o n  p o t e n t i a l  l y  con ta ins  s i g n i  f i c a n t  
vas t  accumulations o f  o i l  and gas and i s  l i k e l y  t o  be the  sub jec t  o f  ex tens i ve  
e x p l o r a t i o n  a c t i v i t y  . 

The p r i n c i p a l  purpose o f  t h i s  r e p o r t  i s  t o  p rov ide  p r e l i m i n a r y  
i n t e r p r e t a t i o n s  of s e a f l  oor hazards and re1  ated sediment and m i  c ro fauna l  
s t u d i e s  o f  t he  Navarin Bas in p rov ince  p repara to ry  t o  OCS lease  sa le  83. 
Several geolog ic  processes t h a t  a re  a c t i v e  i n  Navar in Basin p rov ince  a r e  
p o t e n t i a l  l y  hazardous t o  commerci a1 development and w i l l  be d i  scussed i n  t h i  s 
r epo r t .  

P rev i  ou s  Stud i  es 

P r i o r  t o  the summer o f  1980, systematic geohazard surveys data had n o t  
been conducted i n  the  Navari  n  Bas in  p r o v i  nce. However, several  e a r l i e r  mar ine 
geology and geophysics c r u i s e s  had c o l  1  ec ted  dredge samples and s e i  smic data 
ad jacen t  t o  and w i t h i n  p a r t  o f  t he  prov ince.  A t h i c k  sedimentary sequence 
t h a t  unde r l i es  much o f  the  p resen t  study area was f i r s t  d iscovered on a 1970 
c r u i s e  o f  the  R / V  B a r t l e t t  (Scho l l  and others ,  1975, 1976). Marlow and o t h e r s  
( 1976) named t h i s  10-15 km t h i c k  sedimentary sequence o f  Mesozoic and Cenozoic 
age depos i ts  Navari n  Basin. However, d e t a i l e d  mapping o f  t he  "acous t i c  
basement" was no t  completed u n t i l  s e i  s m i c - r e f l e c t i o n  surveys o f  1976, 1977, 
and 1980 prov ided  mu1 ti -channel se i  smi c coverage necessary t o  a1 l ow 
de l  i n e a t i  on o f  the nor thwes t - t rend i  ng bas ins (Mar l  ow and o thers ,  1981) . 

Bathymetr ic  maps o f  t he  Be r i ng  Sea cons t ruc ted  by P r a t t  and Walton (1972) 
and Schumacher ( 1976) , i n c l  ude very 1  i m i  t e d  bathymetr ic  data from the  Navari  n  
area. We have made a more d e t a i l e d  ba thymet r i c  map o f  the  study area by 
combining the bathymetr ic  data ob ta ined  on the DISCOVERER c r u i s e  o f  1980 w i t h  
da ta  from several  U. S. Geolog ica l  Survey c r u i s e s  du r i ng  t h e  p a s t  decade 
(Scho l l  and Marlow, 1970; Scho l l ,  Bu f f i ng ton ,  and Marlow, 1976; Marlow and 
Cooper, 1979 and 1980). 

L i s i  t s y n  (1966) Russians pub1 i shed t h e  f i r s t  genera l i zed  maps o f  sediment 
d i s t r i b u t i o n  i n  the  study area; w i t h o u t  access t o  the o r i g i n a l  data, we o n l y  
have been ab le  t o  e x t r a c t  a  few data p o i n t s  a long t h e  no r the rn  border  o f  t he  
Navarin prov ince t h a t  we a re  us ing  t o  supplement our sediment d i s t r i b u t i o n  
maps. Data from the  U n i v e r s i t y  of Washington cores and grab samples, some o f  
which were c o l l e c t e d  i n  the  eas te rn  p a r t  o f  Navar in Basin (Knebel, 1972), a re  
of much g rea te r  use. Other s t u d i  es t h a t  p r o v i  de comparative sediment01 og i  c 
data have been conducted on nearby p a r t s  o f  the  Ber ing Sea (Anadyr Basin, 
Kummer and Creager, 1971; B r i s t o l  Bay, Sharma and others ,  1972; Norton Basin, 
Nelson and others ,  1974, McManus and others ,  1977, Kvenvolden and o thers ,  
1979, Drake and others ,  1980; St. George Basin, Gardner and o thers ,  1980; 
Val 1  i e r  and others ,  1980). 



Although oceanographic data have been gathered from the  Be r i ng  Sea f o r  a t  
l e a s t  100 years ( D a l l ,  N.H., 1881 t o  Cacchione and others ,  i n  press)  and by 
s c i e n t i s t s  from numerous c o u n t r i e s  (e.g. USSR-Natarov, 1963; Japan-Takenouti 
and Ohtani, 1974; U.S.A.-Hughes and others ,  1974), very l i t t l e  i s  known about  
t h e  de ta i  1 s o f  c i  r c u l  a t i  on and o t h e r  oceanographic parameters wi t h i  n t h e  
Navar in  Basin prov ince.  These o t h e r  s tud ies  have i nvo l ved  water mass 
c h a r a c t e r i  s t i c s  (Say1 es and others ,  1979) o r  l a r g e  sca le  c i  r c u l  a t i o n  (Hughes 
and others,  1974) o f  the  e n t i r e  Ber ing  Sea o r  the deep A leu t i an  Basin o r  have 
concentrated on movement and c h a r a c t e r i s t i c s  o f  the  water i n  and through the  
major o u t l e t s ,  the Ber ing  S t r a i t  (Coachman and others ,  1975) o r  t he  passes i n  
t h e  A leu t i an  Chain (Favo r i t e ,  1974) . 

Sea-ice i s  o f t e n  p resen t  throughout  o f  the  Navarin bas in  p rov ince  f o r  
about f i v e  months o f  the  year  (January through May). Whereas the  average 
month ly  l i m i t  o f  sea-ice i n  t he  Be r i ng  Sea has been determined (Webster, 
19791, l i t t l e  i s  known about the movement and deformation o f  the sea- ice f i e 1  d 
(Tabata, 1974). The i n c r e a s i n g  a v a i l a b i l i t y  o f  sate1 1 i t e  imagery (Muench, 
1974; Ah1 nas and Wendler, 1980) t oge the r  w i t h  w i n t e r  f i e l d  work (Drake and 
o thers ,  1979; Parquet te  and Bourke, 1980) wi 11 p rov ide  needed d e t a i  1 ed 
i n f o r m a t i o n  he lp i ng  t o  d e l i n e a t e  the  sea-ice f i e l d s  i n  the  Navar in  Basin 
p r o v i  nce. 

Data Col 1 e c t i o n  

The p r i n c i p a l  sources o f  data f o r  t h i s  study have been the  se ismic-  
r e f 1  e c t i o n  p r o f i l e s  and sediment samples c o l l  ec ted  on t he  1980 R / V  DISCOVERER 
c r u i s e  (F igs .  2 and 3 ) .  

The geophysical systems used on t h e  1980 Navarin Bas in c r u i s e  were as 
fol1ows: 

Sy s tem Resol u ti on 

1. A i r  gun (40  i n  '1 
2. M in i  sparker (800 J )  
3. 3.5 kHz 

The bottom samplers used were: g r a v i t y  co re r ,  dredge, and grab samplers. 
Suspended p a r t i c u l a t e  samples were c o l l e c t e d  a t  the  sea sur face  and near t h e  
s e a f l  oo r  . 

Spacing between geophysical  t rack1  i nes was approximately 30 km and 
sea f l oo r  geo log ica l  samples were taken a t  i n t e r s e c t i o n s  o f  t r a c k  l i n e s  and a t  
se lec ted  s i t e s  deemed g e o l o g i c a l l y  s i g n i f i c a n t .  Nav iga t iona l  c o n t r o l  was 
LORAN C updated w i t h  sate1 1 i t e  p o s i t i o n i n g .  



Some add i t i ona l  data were c o l l e c t e d  i n  1980 from the  USGC POLAR STAR and 
the R/V S. P. LEE. We are a1 so i nco rpo ra t i ng  i n t o  our data base seismic- 
r e f 1  e c t i o n  records t h a t  were c o l l e c t e d  over t he  pas t  f i f t e e n  years  by the 
U.S.G.S. f o r  resource eva lua t ion  (Marl  ow and others, 1981). Other sources of 
data inc lude studies by the  U n i v e r s i t y  o f  Washington and Alaska, Russian, and 
Japanese s c i e n t i s t s  (e.g. Knebel , 1972; Sharma, 1979; L i s i  tsyn, 1966; 
Takenouti and Ohtani . 1974). 
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Figure  1 .  Locat ion map of t h e  study area t h a t  inc ludes N a v a r i n ( 1 )  and Zhemchug(2) 
b a s i n s  a s  d e l i n e a t e d  by t h e  2 km th ickness o f  s t r a t a  contour  ( a f t e r  Marlow and 
o t h e r s ,  1 9 7 9 ) .  







MORPHOLOGY OF NAVARIN BASIN PROVINCE 

Paul R. Carlson, J e f f r e y  M. F i  scher, and Herman A. K a r l  

INTRODUCTION 

There are t h ree  phys iograph ic  p rov inces  i n  the  Navar in  study area. These 
a r e  (1) the  f l a t ,  wide, 100,000 km2 c o n t i n e n t a l  s h e l f  t h a t  extends from the  
100 t o  the  150 m i soba th  and has an average g rad ien t  o f  0.02"; (2) t he  steep, 
rugged 47,000 km2 c o n t i n e n t a l  s lope t h a t  extends from the  150 t o  t h e  28002m 
i soba th  and has a range of g rad ien t s  from 3" t o  8"; and (3 )  t h e  40,000 km 
r i s e  which extends from the  base of t h e  s lope t o  t h e  3600 m i sobath. Three 
1 a r  ge submarine canyons deeply d i  ssec t  the outer  s h e l f  and slope. Coal esc i  ng 
fans a t  the  mouths of these canyons have c o n t r i b u t e d  i n  p a r t  t o  t h e  wedge o f  
sediment t h a t  forms the c o n t i  nen ta l  r i  se, 

The purpose o f  t h i s  chapter  i s  t o  show a p r e l i m i n a r y  d e t a i l e d  ba thymet r i c  
map (F ig .  4) o f  the Navarin bas in  p rov ince  and t o  d iscuss c h a r a c t e r i s t i c s  of  
t h e  p r i n c i p a l  geomorphic fea tu res .  

The remoteness o f  t he  Navari  n  b a s i n  p rov ince  has undoubtedly c o n t r i b u t e d  
t o  the l ack  o f  d e t a i l e d  publ  i shed  bathymetr ic  maps o f  the  area. A1 though 
Sov ie t  s c i e n t i s t s  have d i  scussed morphologic f ea tu res  o f  the  Be r i ng  Sea 
( L i  s i  tsyn, 1966; Gershanovi ch, 19681, they have n o t  publ  i shed d e t a i  1  ed maps o f  
t h e  Navarin bas in  margin. Scho l l  and o the rs  (1970) pub l i shed  a d e t a i l e d  
geomorphic diagram o f  Zhemchug Submarine Canyon and a ba thymet r i c  map o f  t he  
ad jacen t  con t i nen ta l  s lope t h a t  i nc l uded  the  southern p a r t  o f  t he  study 
area. Four years l a t e r  Schol l  and o the rs  ( 1974) pub l i shed  a map t h a t  i n c l u d e d  
t h e  e n t i r e  con t i nen ta l  s lope o f  the  Be r i ng  Sea. At t he  same time, P r a t t  and 
Wal ton ( 1974) re1 eased a ba thymet r i c  map t h a t  inc luded  coverage o f  t he  Navari  n  
c o n t i n e n t a l  shel f .  However, bo th  of these maps were contoured us ing  very 
sparse depth c o n t r o l  e s p e c i a l l y  i n  the nor thern  p a r t  o f  the  Navar in  bas in  
p r o v i  nce. 

DATA COLLECTION AND PROCESSING 

Shipboard 

Depth soundings c o l l e c t e d  on severa l  c ru i ses  by the U.S. Geologica l  
Survey s c i e n t i s t s  were used i n  c o m p i l a t i o n  o f  a  p r e l i m i n a r y  ba thymet r i c  map o f  
the Navarin Basin prov ince (F ig .  4 ) .  The bu lk  o f  the soundings were made on 
t h e  1980 c r u i s e  of t he  NOAA sh ip  DISCOVERER (DC 4/5-80-BS/NB); supplemental 
soundings were added t o  the data s e t  from prev ious c r u i s e s  by U.S. Geolog ica l  
Survey sh ips R / V  S. P. LEE and R / V  SEA SOUNDER (S3-77-BS,L5-76-BS, L8-77-BS, 
L5-78-BS, L6-80-BS). Nav iga t ion  f o r  a l l  c ru i ses  i nc l uded  LORAN C and 
Sa t e l l  i te .  



Laboratory 

The bathymetr ic p r o f i l e s  (3.5 and 12 kHz records)  were d i g i t i z e d  on a 
Tek t ron ix  p l o t t e r .  Depths were "picked" a t  5 minute i n t e r v a l s  and a t  major 
changes i n  slope. The d i g i t i z e d  data were merged w i t h  co r rec ted  nav iga t ion ,  
computer p lo t t ed ,  and hand contoured a t  a  scale o f  1:1,000,000. 

THE NAVARIN MARGIN 

She1 f 

The Bering Sea con t i nen ta l  s h e l f  i s  one o f  the widest and f l a t t e s t  i n  t h e  
world,  i s  about 700 km wide and has a g rad ien t  o f  0.02" seaward o f  the  Yukon 
River  de l ta .  By comparison, Shepard ( 1963) repor ted  a worl d-wide average for  
con t i nen ta l  shelves o f  0.12". The p o r t i o n  o f  the Ber ing s h e l f  t h a t  inc ludes  
the Navarin basin prov ince l i e s  between the 100 m and 150 m isobaths and 
ranges i n  width from about 120 km a t  t he  nor thern  and southern p a r t s  o f  the 
study area t o  a maximum wid th  o f  about 235 km i n  the cen t ra l  p a r t  (F ig .  4 ) .  
These boundaries def ine an area o f  about 100,000 km2, The r a d i e n t  of the 
Navarin basin she l f  averages approximately 0.02" (range 0.0 9 t o  0.03"). 
A1 though, the ou ter  con t i nen ta l  s h e l f  i s  c u t  by th ree  massive submarine 
canyons, there are no apparent morphologic expressions o f  these canyons 
landward o f  the 125 m isobath.  

The cont inenta l  s l  ope fo rmi  ng the sou theastern boundary o f  the Navar i n 
Basin prov ince begins a t  t he  150 m i sobath and extends t o  a depth o f  2800 m 
northwest o f  Zhemchug Canyon (F ig .  4 ) .  Southeast o f  t h i s  magn i f i cen t  canyon 
the  slope abrup t ly  changes g rad ien t  a t  2400 rn. The slope inc ludes  an area o f  
about 47,000 km2. The grad ien ts  o f  the Navarin slope range from 3" t o  8' w i t h  
even steeper gradients over shor te r  segments of slope. This  compares w i t h  
worl  d-wide average g rad ien t  f o r  con t i nen ta l  slopes of about 4.3" (Shepard, 
1963). The w id th  o f  the con t i nen ta l  s lope ranges from 47 km i n  t he  middle of 
the province t o  19 km south o f  Zhemchug Canyon. Exceptions t o  these w id th  and 
g rad ien t  values are w i t h i n  the  th ree  submarine canyons t h a t  are deeply i n c i s e d  
i n  the she l f  and on e i t h e r  s ide o f  Zhemchug Canyon where pronounced r i d g e s  
extend as much as 105 km seaward o f  t he  base o f  the slope. The l onges t  o f  
these r idges  a lso  funct ions as the northwestern wa l l  o f  Zhemchug Canyon. 
These prominent r idges  have several  hundred t o  more than a thousand meters o f  
r e l i e f .  



Submari ne Canyons 

The three major submarine canyons t h a t  c u t  deeply i n t o  the  Ber ing 
cont inenta l  margin (F ig.  4) are Navarinsky (named a f t e r  Cape Navarin) , 
Pervenets, and Zhemchug (both named a f t e r  Russian research vessels) (Kotenev , 
1965). A l l  three canyons head i n  water depths l ess  than 150 m. Extensive 
deep-sea fans have been b u i l t  a t  the  mouths o f  the canyons i n  water depths o f  
about 3000 m. Navari nsky i s  the 1 ongest canyon (340 km) , Pervenets the  
sho r tes t  (125 km) and Zhemchug in te rmed ia te  i n  length  (240 km). Both 
Navarinsky and Zhemchug Canyons are about 100 km wide a t  the s h e l f  break, b u t  
t he  smal ler Pervenets Canyon i s  only  30 km wide. Wall r e l i e f  o f  the th ree  
canyons a t  the she l f  break ranges from 700 m fo r  Navarin and 800 m f o r  
Pervenets, t o  a spectacular 2600 m f o r  Zhemchug. Each o f  the th ree  canyons 
cons i s t  o f  two main branches o r  t r i b u t a r i e s  on the landward s ide o f  the  s h e l f  
break. The two t r i b u t a r i e s  i n  Zhemchug Canyon t rend  180" away from each 
other,  forming a l a r g e  trough-shaped basin. Each o f  these t r i b u t a r i e s  i s  
about 150 km long. The average g rad ien t  along the  thalweg o f  each branch i s  
about 1.2', bu t  a maximum grad ien t  o f  2.2" occurs along the steepest p a r t s  of 
these t r i b u t a r y  canyons. I n  cont ras t ,  the two main branches or t r i b u t a r i e s  i n  
Navarinsky and Pervenets Canyon i n t e r s e c t  a t  a 90" angle. The l eng th  of the  
nor thern  t r i b u t a r y  o f  Navarinsky Canyon i s  270 km and the  southern 180 km. 
The thalweg gradients o f  these broad, shallow branches average 0.33" and 
0.50°, respect ive ly .  The small e r  Pervenets Canyon has a 90 km long  nor thern  
t r i b u t a r y  and a 80 km long southern one. These shor ter  t r i b u t a r i e s  average 
0.30" and 0.33" i n  gradi  ent, respec t i ve l y .  

These canyons are i n c i  sed i nto Neogene and 01 der more-1 i t h i  f i  ed Pal eogene 
rocks, p r i n c i p a l l y  mudstones, t h a t  are thought t o  make up much o f  Navarin 
Basin (Marl ow and others, 1976). The canyons, especial  l y  Zhemchug, a re  
apparent ly s t r u c t u r a l l y  con t ro l l ed ,  the s t ruc tu res  da t ing  back a t  l e a s t  i n t o  
the Paleogene (Schol l  and others, 1975). The major c u t t i n g  of the canyons 
probably occurred when g l a c i o - e u s t a t i c a l l y  lowered sea-levels exposed most o f  
the Bering shelf .  

The cont inenta l  r i s e  i n  t h i s  remote p a r t  o f  the wor ld  has been sparsely 
sounded, bu t  i s  a prominent enough feature to be e a s i l y  recognized on p r o f i l e s  
t h a t  t raverse  the bounding features - the  Ber ing cont inenta l  slope and the  
A leu t ian  abyssal p l a i n .  The r i s e  inc ludes  40,000 km2 of the Navarin Basin 
prov ince and begins a t  the base o f  the slope, a depth o f  2800 rn northwest o f  
Zhemchug Canyon and 2400 m south of the canyon, and extends t o  the  3600 m 
i sobath  t h a t  m r k s  the beginning o f  the  abyssal p la in .  The w id th  o f  the r i s e  
averages about 75 km, ranging from a minimum o f  25 km northwest o f  Zhemchug 
Canyon t o  a w id th  o f  more than 100 km adjacent t o  the  mouths o f  the th ree  
l a rge  canyons. The gradients across the r i s e  range from a low o f  0.5" 
adjacent t o  the canyon mouths t o  1.8" o f f  the two prominent r idges  l oca ted  
northwest o f  Zhemchug Canyon. Deep-sea channels cross the r i s e  i n  the area o f  
t he  canyon m u t h s  and are apparent ly  connected t o  the submarine canyons. 
Grav i ty  cores c o l l e c t e d  near the mouths o f  the canyons and on the adjacent  
r i  se conta i  n sand lenses t h a t  i n d i c a t e  deposi ti on by t u r  b i  d i  t y  cu r ren ts  ( see 
Kar l  and others, t h i s  r e p o r t ) .  Seismic r e f l e c t i o n  p r o f i l e s  o f  the r i s e  a l so  



i n d i c a t e  the  presence o f  t u r b i d i t e s  which together  w i t h  the cores suggest t h a t  
the r i s e ,  a t  l e a s t  adjacent t o  the canyons, cons is ts  o f  deep-sea fan  
deposits.  The grad ien ts  measured across the  r i s e  near t he  canyons are a l so  
s i m i l a r  t o  gradients repor ted  from o ther  deep-sea fans (Nelson and o thers ,  
1970, p.  282-283). 
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SUSPENDED PARTICULATE MATTER IN  NAVARIN BASIN PROVINCE, 
SUMMER, 1980 

H. A. Ka r l ,  B. Lamb, and P. R. Carlson 

INTRODUCTION 

D i s t r i b u t i o n ,  concentrat ion,  and composit ion of p a r t i c u l  a te matter 
suspended i n  the water column r e f 1  e c t  oceanographic cond i t ions  prevai  1 i ng i n  
Navarin Basin province. Terrigenous sediment and plankton i n  l a r g e  p a r t  
c o n s t i t u t e  the t o t a l  suspended matter (TSMJ i n  the  water column. I n  add i t ion ,  
waves and cur ren ts  resuspend f i ne-grai  ned materi  a1 prev ious ly  deposi ted  on the  
bottom. P a r t i c u l a t e  matter occurs i n  suspension throughout the  water column, 
bu t  i s  concentrated a t  dens i ty  d i  scont i  nu i  t i e s  where p a r t i c l e s  accumulate as 
they s e t t l e .  Major concentrat ions of suspensates occur a t  the  water surface, 
a1 ong densi ty  gradients w i  t h i n  the thermocl i ne, and near the bottom. Spat i  a1 
and temporal v a r i a t i o n s  i n  the d i  s t r i  but ion,  concentrat ion, and composit ion of 
suspended sediment de f ine  pathways of sediment d ispersal  and zones o f  e ros ion  
and deposit ion. 

Methods 

Samples o f  TSM were c o l l e c t e d  a t  the  surface and w i t h i n  1-2 m o f  the sea 
f l o o r .  Samples o f  surface water were c o l l e c t e d  by cas t ing  a PVC bucket from 
the  ship a t  4-hour i n t e r v a l s  w h i l e  seismic p r o f i l i n g  and 1-2 minutes be fore  
coming t o  a stop a t  each core s ta t i on .  Water near the bottom was sampled 
us ing  a 5 l i t e r  N i sk in  b o t t l e  mod i f ied  t o  c lose  when a weighted l i n e  contacted 
the seabed. Vacuum pumps sucked a 1-4 l i t e r  a l i q u o t  of water taken from these 
samples through prewei ghed 47 tnn diameter polycarbonate Nucl epore f i  1 t e r  s w i t h  
a nominal pore s ize o f  0.4 urn. The f i l t e r s  were r i nsed  w i t h  d i s t i l  l e d  water 
and placed i n  covered p l a s t i c  p e t r i  dishes. Onshore the  f i l t e r s  were d r i e d  
f o r  24 hours a t  50°C and reweighed t o  an accuracy o f  10 ug. I n  add i t i on ,  one- 
h a l f  o f  each f i l t e r  was combusted f o r  5-6 hours a t  550°C i n  ta red  p lat inum 
f o i l  c ruc ib les  i n  order t o  ob ta in  an est imate o f  organic matter 
concentrat ion.  Concentrat ions o f  TSM, organic matter,  and ash res idue were 
ca lcu la ted  as m i l  1  igrams o f  suspensate per 1 i t e r  o f  seawater. 

RESULTS 

During the 1980 DISCOVERER cru ise,  from Ju ly  6 t o  August 18, we c o l l e c t e d  
187 surface samples and 38 bottom sarnpl es ( F i g  5) . Table 1 shows the  
concentrat ions o f  TSM, organic matter,  and ash residue o f  those samples 
processed t o  date. Concentrat ions of surface suspended sediment averaged 0.55 
mgl l  ranging from a low o f  0.04 mg/l t o  a h igh o f  2.32 mg/l . The average 
bottom TSM concentrat ion, exc lus ive  of 3 contaminated samples (BS-6, BS-12, 
BS-17) and a non-contaminated sample (BS-181, bu t  one w i t h  an unusual ly h igh  
TSM concentrat ion i s  1.91 mg/l t h a t  i s  3.5 t imes the average sur face 
concentrat ion.  By i n c l u d i n g  the h ighes t  concentrat ion recorded, 18.32 mg/l, 
the mean i s  ra i sed  t o  2.33 mg/l . The lowest  concentrat ion measured was 0.39 
rng/l. We have ca lcu la ted  the percent  of organic matter i n  144 surface samples 
and 13 near bottom samples. The mean percentage o f  organic mat te r  f o r  sur face 



samples i s  65.7%; the range i s  from 12.2% t o  95.2%. The organic content  o f  
the near bottom samples which have been analyzed i s  l ess  than h a l f  the  sur face 
mean averaging 29.1% and ranging from 10.9% t o  85.5%. 

Maps of the spa t i a l  d i s t r i b u t i o n  o f  TSM and ash residue percent ( t he  non- 
combust ible p o r t i o n  o f  the sample which i s  taken t o  be the inverse  o f  the 
organic matter percentage) reveal  several t rends. Regional l y ,  concentrat ions 
of surface TSM tend t o  be greater  i n  the  southeastern p a r t  o f  the prov ince 
than elsewhere (F ig.  6). There i s  no c l e a r  c u t  cross-shelf  g rad ien t  i n  
concentrat ion.  Instead i sop1 e ths  farm lobes, plumes and closures. A1 though 
sample coverage i s  meager, bottom TSM concentrat ions tend t o  decrease seaward 
(F ig .  7 ) .  Higher than average concentrat ions occur a t  the heads o f  Pervenets 
and Zhemchug canyons. Percentage o f  ash residue i n  surface samples a lso  tends 
t o  be greater i n  the southeastern p a r t  o f  the  area (F ig.  8) .  A narrow, 
e l  ongate band o f  anamol ously-1 ow val ues extending across the upper s l  ope and 
outer  shel f perpendicul a r  t o  i sobaths i s  an except ion t o  t h i  s t rend  
(F ig,  8). Higher percentage occur i n  the northwest t o  the east  o f  Pervenets 
Canyon, and t o  the southeast o f  Navarinsky canyon. Except f o r  the  t ransec t  
nor theast  o f  Pervenets Canyon, percentages o f  ash res idue i n  near bottom 
sampl es decrease seaward ( F i g  . 9) . 

DISCUSSION 

Surface TSM 

The r e l a t i v e l y  low concentrat ions o f  TSM i n  the surface water i s  n o t  
s u r p r i s i n g  i n  t h a t  Navarin Basin 1 i e s  several hundred k i lometers  from major 
sources o f  t e r r i  genous sediment. The higher concentrat ions o f  surface TSM i n  
the  southeast i n  the v i c i n i t y  o f  Zhemchug Canyon, over the  upper slope and 
outer  shel f, and near Pervenets and Navari nsky Canyons may r e f l  e c t  populat ions 
o f  plankton. S i m i l a r l y  i s o l a t e d  areas o f  h igher  TSM values may be the  r e s u l t  
o f  concentrated pockets o f  plankton. This i n t e r p r e t a t i o n  i s  conjecture,  
because no suspended matter composit ions have as y e t  been determined. A major 
p o i n t  which must be considered when i n t e r p r e t i n g  our areal d i s t r i b u t i o n  o f  
suspended p a r t i c u l a t e s  i s  the t ime requ i red  t o  sample such an enormous area. 
D i s t r i b u t i o n s  and concentrat ions may have changed from the f i r s t  sample 
c o l l e c t e d  t o  the l a s t .  Temporal changes i n  concentrat ions may i n  p a r t  account 
f o r  the patchy and convoluted d i  s t r i  but ions.  A1 te rna te l y ,  these pa t te rns  may 
r e f l  e c t  eddies i n  the she l f  and slope c u r r e n t  systems. The percentage o f  ash 
res idue tends t o  be c o r r e l  a ted p o s i t i v e l y  w i th  higher TSM concentrat ions.  Ash 
res idue i s  composed no t  only  o f  te r r igenous debris,  bu t  inc ludes the  non- 
combustible, o f ten  s i l i ceous ,  p a r t s  o f  organisms. Diatoms (see Bal dauf, t h i  s 
r e p o r t )  dominate and r a d i  01 a r i  ans (01 ueford, t h i s  r e p o r t )  a re  impor tan t  
con t r i bu to rs  t o  the micro-organi sm assembl ages. The s i  1 iceous t e s t s  o f  these 
organisms could c o n t r i b u t e  t o  the  ash residue. 



Near-bottom TSM 

D i s t r i b u t i o n  pa t te rns  of TSM and ash res idue near the bottom o f  the water 
c o l  umn are more read i  l y  i nte rp re ted  than surface d i  s t r i  b u t i  ons. Decreasi ng 
grad ien ts  seaward suggest l e s s  energy i s  ava i l ab le  t o  resuspend sediment. 
This might be explained by shoal ing surface waves t h a t  a f f e c t  bottom sediments 
more i n  shallow water than i n  deep water. Other oceanic processes a f f e c t  
sedimentation, bu t  no t  enough i s  known about Bering Sea she l f  cur ren ts  t o  
discuss the r o l e  o f  var ious cu r ren ts  on the  t ranspor t  o f  near bottom sediment. 

Three near-bottom samples ( BS-6, BS-12, and BS-17) o f  anamol ously h igh  
concentrat ions were d i  scounted as bei  ng contaminated. Even d i  scount i  ng these 
samples, there i s  a plume o f  h igher  than average TSM extending from the shel f 
towards the head o f  Pervenets Canyon (F i g .  7 ) .  Another plume i s  l oca ted  near 
the head o f  Zhernchug Canyon. These canyons possib ly  may modify cu r ren ts  
around t h e i r  heads i n  such a way as t o  i n t e n s i f y  resuspension o f  bottom 
sediment on the adjacent shel f  and t o  draw water from the she l f  down canyon. 
Such canyon e f f e c t s  on shel f sediment dynamics have been postu l  a ted  e l  sewher e 
(Kar l ,  1980). A1 te rna te l y ,  these higher concentrat ions may r e f l e c t  greater  
numbers of benth ic  and p lank ton i c  microorganisms near the  canyon heads. 

CONCLUSIONS 

A substant ia l  number o f  suspended sediment sampl es have been c o l l  ected 
from a v i r t u a l l y  unstudied area o f  the Bering Sea. The pre l im inary  stage o f  
data reduct ion does n o t  warrant  making d e t a i l e d  statements about the  processes 
t h a t  i n f l uence  sediment dynami cs i n  Navarin basi  n. Generally, the  
concentrat ion o f  t o t a l  suspended mat te r  near the  bottom i s  more than 3 t imes 
t h a t  on the surface. This very 1 i k e l y  r e f l e c t s  f ine-gra ined ma te r ia l  
resuspended by cur ren ts  generated by surface waves bu t  may i nvo l ve  other  
processes. The patchy d i s t r i b u t i o n  o f  surface suspended sediment suggests n o t  
on ly  t h a t  plankton may i n f l uence  the  TSM concentrat ions, b u t  a lso  may r e f l e c t  
complex she l f  and slope cur ren ts .  The submarine canyons may a f f e c t  both 
surface and near-bottom d i  s t r i  bu t i ons  by supplying n u t r i e n t - r i  ch upwell ed 
water and by modifying cu r ren t  pa t te rns  on the adjacent she l f .  
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Figure 5. Suspended particulate matter station locations.  











Table 1.: Analyses of suspended particulate matter 

SAMPLE DEPTH TSM' NCM 2 NCM m3 CM 
NO. (m) (@3/1) (mg/l)  8 (mg/l)  % 

SS-1 S u r f  ace 0.64 0 .33  51 .3  0 .31  
SS-2 

a 
0.73  0 .21  28 . O  0 .52 

SS-3 a 0.64 0.27 42 .9  0.36 
SS-4 

II 

0 .53  0 .27  51.7 0 .25  
SS-5 

n 
0.67  0 .28  42 .5  0 .38  

SS-6 a 
1 . 2 0  0 .23  1 9 . 0  0 .97  

SS-7 II 1.04 0 .26  25.0 0 .76  
SS-8 

n 
0.66  0.12 1 9 . 3  0 . 5 3  

ss-9 
I1 

0.29 0 .12  42.6 0.16 
SS-10 

n 
0 .72  0.30 42.0 0 .41  

SS-11 
I1 

0 .93  0 . 4 1  44 .4  0 . 5 1  
SS-12 n 0 - 6 5  0.22 34.7 0 .42  
5s-13 n 1 . 2 5  0 .46  37.4 0 . 7 8  
SS-14 I1 0 . 2 3  0.10 42 .7  0  - 1 3  
SS-15 n 0.54 0 -11 20.8 0 . 4 3  
SS-16 I 0.34 0.14 40 .3  0.20 
SS-17 11 0 .27  0 . 1 3  48.8 0 .14  
SS-18 n 0 .75  0.17 23 .7  0.57 
SS-19 n 0.70  0 .06  09 .5  0 .63  
SS-20 *I 0.26  0 .07  28 .7  0 .18  
SS-21 w 0.28 0 .  LO 35 .5  0 .18  
ss-22 n 0.82 0.28 3 4 . 1  0 .54  
SS-23 II 0.26  0 .08  33.7 0.17 
SS-24 II 0.28  0.10 35 .8  0 .18  
SS-25 I t  0.24 0 .07  32 .8  0 .16  
SS-26 I1 0.34  0  -13 38.9 0 . 2 1  
SS-27 I1 0.62  0 . 3 2  51 .5  0 .30  
SS-28 I1 0 . 6 3  0.30 4 8 . 5  0 .32  
SS-29 I1 0.33  0 .09  2 6 . 8  0.24 
SS-30 I* 0.45  0 .08  19 .4  0 .37  
SS-31 I1 0.29 0 .05  1 9 . 8  0 .23  
SS-32 I1 0 .27  0 .10  39.5 0.16 
25-33 I t  0.30  0 .08  2 6 . 1  0 .22  
SS-34 n 0.42  0 . 1 3  32.5 0 .28  
s s -35  n 0.24 0 .09  3 7 . 1  0 .15  
SS-36 u 0.38 0 . 1 1  28.8 0 .27  
SS- 3  7  n 0.36  0  -14  39.6 0 .22  
SS-38 11 0 . 3 1  0 .07  25.4 0 . 2 3  
SS-39 u 0 .18  0.04 25.7 0 . 1 3  
SS-4 0 I* 0.23  
SS-4 1 n 0.66  0 . 3 1  48 .1  0.34 
SS-4 2  w 0 .59  0 .30  5 2 . 1  0 .28  
SS-4 3  u 0.40  0 . 1 3  31.8 0 .27  
ss -44  11 0.48 0 .16  34 - 6  0 . 3 1  
SS-4 5 It 0 . 0 1  0 .17  21.4 0 .63 
SS-4 6  n 0 . 6 5  0 .24  36 .8  0 .47  
ss -4  7 II 0.44 0 .12  28.5 0 . 3 1  

'concentration o f  t o t a l  suspended  matter i n  t he  s a m p l e  

'concentration of non-combus t ib l e  matter i n  the s a m p l e ;  t h i s  matter i s  assumed 
t o  be t e r r i g e n o u s  p a r t i c l e s  a n d l o r  the non-combus t ib l e  p a r t s  of o r g a n i s m s .  

3 c o n c e n t r a t i o n  o f  c o m b u s t i b l e  m a t t e r  i n  t he  sample ;  t h i s  matter i s  assumed t o  
be the  o r g a n i c  consti tuents o f  t h e  t o t a l  suspended  s e d i m e n t .  

* C = c o n t a m i n a t e d  sample .  
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Table 1.: Analyses of suspended particulate matter (cont'd) 

SAMPLE DEPTH TSM' NCM NCM CM3 CM 2 

NO. (m) (mg/l) (mg/l) 0 (mg /l 1 % 

BS-1 
85-2 
85-3 
85-4 
BS-5 
BS-6 
BS-7 
BS-8 
BS-9 
BS-10 
BS- 11 
BS-12 * 
BS-13 
85-14 
BS-15 
BS-16 
BS-17 * 
BS-18 
BS-19 
BS-20 
BS-21 
BS-22 
BS-23 
BS-24 
BS-25 
BS-26 
BS-27 
BS-28 
85-29 
BS-30 
BS-31 
BS-32 
BS-33 
BS-34 
BS- 3 5 
BS-36 
BS-37 
BS-38 
BS-39 
BS-40 
BS-41 
BS-42 

 o on cent ration of total suspended matter in the sample. 
2~oncentration of non-combustible matter in the sample; this matter is assumed 
to be terrigenous particles and/or the non-combustible parts of organisms. 

3 
Concentration of combustible matter in the sample; this matter is assumed to 
be the organic constituents of the total suspended sediment. 

C = contaminated sample. 



TEXTURAL VARIATIONS AND COMPOSITION OF BOTTOM SEDIMENT 

H. A. K a r l ,  P. R. C a r l s o n ,  J. F i s c h e r ,  K. Johnson,  and R. Lamb 

I n  t h i s  s e c t i o n  we p r e s e n t  t h e  a v a i l a b l e  d a t a  from o u r  a n a l y s e s  of 
s e d i m e n t  subsamples  t aken  from g r a v i t y  c o r e s  and q r a h  samples .  Subsamples 
were  soaked i n  H 2 0 2  s o l u t i o n  t o  remove o r g a n i c  m a t t e r .  The samples  were t h e n  
w e t  s i e v e d  a t  >63 urn t o  s e p a r a t e  mud and sand f r a c t i o n s .  If g r a v e l  ( >  2 m m )  
w a s  p r e s e n t ,  it was s e p a r a t e d  from sand by d r y  s i e v i n g .  The p e r c e n t a g e  of  
b i o g e n i c  m a t e r i a l  i n  t h e  sand f r a c t i o n  w a s  de t e rmined  by c o u n t i n g  500 g r a i n s  
unde r  l o w  power m a g n i f i c a t i o n .  

Sed imen t  s ampl ing  s t a t i o n s  a r e  p l o t t e d  i n  F i g u r e  10. Sediment  t y p e s  are 
d e r i v e d  from q u a l i t a t i v e  v i s u a l  d e s c r i p t i o n s  o f  s u r f a c e  samples .  We c o n s i d e r  
bu lk  subsamples  from g r a b  samples  and d i s c r e t e  subsamples  from t h e  upper  35 cm 
of g r a v i t y  c o r e s  as s u r f a c e  samples .  F i g u r e  11 i s  a c o n t o u r  map o f  t h e  
sand/mud r a t i o s  o f  s u r f a c e  samples .  F i g u r e s  10 and 11 show two t r e n d s .  
Whereas s i l t s  g e n e r a l l y  c h a r a c t e r i z e  t h e  s h e l f  and s l o p e ,  t h e r e  i s  a zone of 
c o a r s e r  s e d i m e n t  a t  the s h e l f  b r e a k ,  on t h e  upper s l o p e ,  and i n  t h e  heads  of 
submar ine  canyons .  Also ,  s u r f i c i a l  s ed imen t  on t h e  s h e l f  i s  s l i g h t l y  c o a r s e r  
i n  t h e  s o u t h e a s t e r n  p a r t  of t h e  area t h a n  e l sehwere .  The p e r c e n t a g e s  of 
v a r i o u s  components i d e n t i f i e d  i n  t h e  sand f r a c t i o n  a r e  shown i n  Tab le  2. The 
s m a l l  amounts of  v o l c a n i c  g l a s s  may be i m p o r t a n t  s t r a t i g r a p h i c  marke r s  are 
d i s c u s s e d  by C a r l s o n  and o t h e r s  e l s e w h e r e  i n  t h i s  volume. 

C h a r a c t e r i s t i c s  o f  g r a v i t y  c o r e s  c o l l e c t e d  a l o n g  a s h e l f - t o - s l o p e  p r o f i l e  
are shown i n  F i g u r e  12 .  The c o r e s  c o l l e c t e d  on t h e  s h e l f  are r e p r e s e n t a t i v e  
o f  many s h e l f  c o r e s  i n  t h a t  t h e r e  i s  v e r y  l i t t l e  v a r i a t i o n  i n  t e x t u r e  and 
s t r u c t u r e  down c o r e .  Cores  c o l l e c t e d  w i t h i n  submar ine  canyons  (see e .q . ,  Core 
37, Fiq .  1 2 )  and deep-sea  f a n  c h a n n e l s  o f t e n  c o n t a i n  l e n s e s  and l aminae  o f  
sand and c o a r s e  s i l t .  
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Figure 12. Sedkntary  structures observed in gravity mres along 
bathymetric profile A-A'. 
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Table 2. Corrposition of sand fractions (values in permt). cont'd 
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CLAY MINERAL DISTRIBUTION I N  NAVARIN BASIN, BERING SEA 

Kenneth A. Johnson 

INTRODUCTION 

Previous analyses of c l a y  minera ls  o f  Bering Sea sediment a r e  
predominantly r e s t r i c t e d  t o  the southern reaches o f  the sea, Hein and o thers  
(1976), and Hein and Scholl ( 1978) repor ted on c l a y  minera logical  analyses of  
D.S.D.P. cores i n  the  southern Ber ing Sea and nor thern P a c i f i c  Ocean. Gardner 
and others (1980) mapped the d i s t r i b u t i o n  of c lay  minerals i n  surface 
sediments i n  the S t .  George Basin reg ion  j u s t  southeast o f  the P r i b i l o f  
Is lands.  This study discusses the d i s t r i b u t i o n  o f  c lay  minera ls  i n  sediments 
o f  the Navarin Basin province. 
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METHODS 

Subsamples from 58 cores were analyzed and r e l a t i v e  percentages of 
i t  1 i te, c h l o r i t e ,  smecti t e  and kaol i n i  t e  were determined (Table 3) . Twenty- 
three o f  these samples were from near surface (de f ined as w i t h i n  35 cm of t op  
o f  core) sediments. The remainder o f  samples ranged from 37 t o  513 cm i n  
depth. Generally only  two samples per core were analyzed, one from the top  
and bottom of each core. The except ion i s  i n  core 26 where e i g h t  samples were 
c o l l e c t e d  from d i f f e r e n t  co lo red u n i t s  separated by d i s t i n c t  h o r i  tons. 

Samples were f i r s t  t r e a t e d  w i t h  equal p a r t s  o f  hydrogen peroxide and 
Morgan's so lu t i on  (sodium acetate p l u s  g l a c i a l  ace t i c  a c i d  d i l u t e d  w i t h  
d i s t i l l e d  water).  Clays were dispersed w i t h  a 2% sodium carbonate s o l u t i o n  
before i s o l a t i n g  the l ess  than two micron f r a c t i o n  by cen t r i f uga t i on .  This  
s i ze  f r a c t i o n  was saturated w i t h  a 1 M MgC12 s o l u t i o n  and subsequently washed 
twice w i t h  d i s t i l l e d  water t o  remove excess s a l t s .  Analyses were run on a 
Picker In tegra ted  h igh angle d i  f f rac tometer  us ing n i c k e l  f i l t e r e d  
copper K r a d i a t i o n  a t  34 kV and 16 mA. S l ides  were prepared us ing  the smear 
technique (Gibbs, 1968) and X-rayed from 3-14' 28 a t  1" per minute. S l ides  
were then g lyco la ted  a t  6 5 O C  for 1 hour and run  again a t  lo per minute from 3- 
14' 28, and a1 so from 24-26" 28 a t  slow scan (1/4" per minute) t o  d i s t i n g u i s h  
kaol  i n i  t e  and c h l o r i t e  ( B i  scaye, 1964). 

Peak areas were measured us ing  an e l e c t r o n i c  planimeter.  These values 
were then m u l t i p l i e d  by Biscaye's (1965) weight ing fac tors  ( 4  x 108 i l l i t e  
peak, 2 x 78, c h l o r i t e  peak and 1 x 178, smecti t e  peak). Re1 a t i v e  percentages 
were ca lcu la ted  by d i v i d i n g  the weighted area of each peak by the t o t a l  of a1 1 
th ree  weighted peaks and m u l t i p l y i n g  by 100. Only c lay  mineral  groups were 
considered i n  t h i s  study. A l l  minera ls  whose d-spacing expands t o  17Aupon 
g l yco l  a t i o n  are c a l l  ed smecti t e .  Kaol i n i  t e  and c h l o r i t e  were d i  s t i n g u i  shed by 



t h e i  r respect ive  second -order (3.588) and four th-order  (3.548) basal 
d i f f r a c t i o n  peaks. Values o f  kaol  i n i  t e  + c h l o r i t e  are a lso  presented because 
t h i s  a n a l y t i c a l  method does n o t  always prov ide c l e a r  peak d i s t i n c t i o n  (Mar t i n  
V i va ld i  and Gallego, 1961). Random mixed l a y e r i n g  o f  smect i te and i l l i t e  was 
seen i n  a l l  samples. Percentages o f  expandable l aye rs  i n  these mixed-layer 
minera ls  were determined from the char ts  o f  Perry and Hower (1970) and 
Reynol ds and Hower ( 1970) . 

RESULTS 

The d i s t r i b u t i o n  o f  c lay  minera ls  i n  near-surface samples i s  shown i n  
F igure  13. Areal d i s t r i b u t i o n  of smect i te was p l o t t e d  and contoured w i th  a 5% 
contour i n t e r v a l  (F ig .  14). D i s t r i b u t i o n  o f  other  c lay  minera ls  d i d  n o t  show 
any s i g n i f i c a n t  trends. The surface d i s t r i b u t i o n  o f  smecti t e  e x h i b i t s  a band 
o f  r e l a t i v e l y  h igh concent ra t ion  (>30%) across the  middle o f  the  study area, 
roughly p a r a l l e l  t o  the s h e l f  break (F ig .  14). Wi th in t h i s  band smect i te  
seems t o  be s l i g h t l y  mare concentrated a t  the northwest and southeast ends o f  
the study area, roughly co inc iden t  w i t h  the heads o f  Navarinsky and Zhemchug 
canyons. No d i s t i n c t  t r end  i s  e x h i b i t e d  by k a o l i n i  t e  + c h l o r i t e  d i s t r i b u t i o n ;  
however, t h e i r  concentrat ion a lso  shows a subt le  increase i n  the v i c i n i t y  o f  
t he  canyon heads. Conversely, ill i t e  d i  s t r i  but ion, shows a $1 i g h t  decrease i n  
concentrat ion around the canyon heads. No downcore trends could be r e l i a b l y  
discerned, due t o  the i r r e g u l  a r  sampl i ng i n t e r v a l  s throughout t h i  s study. 
However, a downcore increase i n  c h l o r i t e  was not iced i n  approximately 70% o f  
the  cores. 

DISCUSSION 

The average percentages o f  c l a y  minera ls  i n  the Navarin reg ion  a re  
s i m i l a r  t o  those determined by Gardner and others (1980) and Hein and o thers  
( 1976) i n  other p a r t s  o f  the Ber ing Sea (Table 4). 

I l l i t e  and c h l o r i t e  are genera l l y  be l ieved t o  have a d e t r i t a l  o r i g i n  a t  
h igh  1 a t i  tudes ( B i  scaye, 1965). Smecti t e  however, wh i le  commonly associ ated 
w i t h  a l t e r a t i o n  of vo lcanic rocks, can have both d e t r i t a l  and auth igen ic  
o r i g i n s  (Hein and Schol l  , 1978; B i  scaye, 1965). D e t r i  t a l  smecti t e  i s  u s u a l l y  
n o t  pure smectite, b u t  most o f t e n  some combination o f  random and/or ordered 
i 1 1 i te-smecti t e  i n t e r l  ayers ( Reynol ds and Hower , 1970). Smecti t e  w i  t h  50-70% 
expandable l aye rs  i s  associated w i t h  a d e t r i t a l  o r i g i n  (Hein and Griggs, 1972) 
whereas authigenic smecti t e  usual l y  has expandable 1 ayers i n  the 90-100% range 
(Hein and others, 1979). The smect i tes from t h i s  study were found t o  con ta in  
50-75% expandable 1 ayers, thus imp ly ing  a d e t r i  t a l  o r i g i n .  



Source Area 

The l o c a t i o n  o f  the study area, near the center o f  the Ber ing Sea, 
suggests the Navarin area cou ld  conceivably be suppl ied w i t h  c l a y  mater ia l  
from many sources. The ukon and Kuskokwim Rivers, w i t h  respect ive  r u n o f f  J t o t a l s  o f  185 and 45 km per year ( L i s i  tsyn, 1966) are 1 i k e l y  sources o f  much 
Ber ing s h e l f  sediment. Problems a r i s e  w i t h  t h i s  source i n  t h a t  modern Yukon 
and Kuskokwim suspended c l a y  minera ls  inc lude v i r t u a l  l y  no smecti t e  (Hei n, 
person. commun., 1981). The Anadyr River, emp y i n g  i n t o  the Ber ing Sea j u s t  5 nor th  o f  the study area has a r u n o f f  o f  41 km per year ( L i s i t s y n ,  1966). 
L i s i  t syn  describes a Cenozoic e f f u s i v e  t e r r a i n  a t  the mouth o f  the Anadyr , 
t h a t  could a1 so supply sediment t o  the area. The A leu t ian  i s l a n d  chain a l so  
prov ides a source o f  vo lcanic d e t r i t u s .  The smecti t e  d i s t r i b u t i o n  throughout 
the Bering Sea i s  described by L i s i t s y n  (1966, p. 57) as being " ... very 
nonuniform. I t s  content  being very low i n  the  no r th  of the sea, whereas i t  i s  
the most widespread mineral o f  the c lay  f r a c t i o n  i n  the south." Gardner and 
o thers  (1980) a lso note t h a t  the  h ighes t  percentages o f  smect i te occur c l o s e s t  
t o  the Aleut ians, bu t  a un i fo rm decrease i n  smect i te concentrat ion away from 
t h e  Aleut ians i s  no t  proposed. Comparison o f  mean smecti te percentage between 
Navarin and southern Bering shel f  sediments a lso agrees w i t h  a general 
decrease i n  smect i te w i t h  d is tance from the  Aleut ians;  however, the  
d i s t r i b u t i o n  determined i n  t h i s  study a1 so precludes a simple t rend  throughout 
t h e  Ber ing Sea. 

The Navarin reg ion  i s  one of the l e a s t  s tud ied  and hence hydrographical l y  
unknown areas i n  the Bering Sea. Hughes and others (1974) g ive a summary o f  
surface cu r ren t  s tudies t h a t  genera l l y  show northward flow across t h i s  p a r t  of 
the she1 f, u l t i m a t e l y  passing through the Bering S t r a i t  i n t o  the Chukchi Sea. 
However, one must be wary o f  only  us ing surface cur ren ts  i n  d iscussing c l a y  
d i  s t r i  bu t ion  because bottom cur ren ts  p o t e n t i a l  l y  p l  ay the most important  r o l e  
i n  determining u l t i m a t e  s i t e s  of deposit ion. Kinder others ( 1975) and Kinder 
and Schumacher (1980) propose a hydrographic regime t h a t  suggests a source 
area t o  the south. Their  Ber ing Slope Current supports the  add i t i ona l  
p o s s i b i l i t y  of the c lay  mineral  d i s t r i b u t i o n  being the product o f  a reworked 
sediment source. 
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Table 3 .  

Core No. 

16G 

Relative percentages of clay minerals 

Depth 
Interval (cmj Illite Smectite Chlorite Kaolinite 
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Table 3. Relative percentages of clay minerals (cont'd) 

Depth 
CoreNo. Interval Illite Smectite Chlorite 

408-431 24 3 1 4 0 

1 OOG 24-26 3 1 2 5 3 9 

382 3 1 2 4 4 1 

112G 6- 8 3 0 36 2 7 

74 3 0 3 4 28 

Kaolinite 

7 

9 

6 

9 

6 

6 

6 

6 

5 

5 
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6 

6 

6 

6 
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2 3 

5 

5 
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K a o l i n i t e  & 
Chlorite 



Table 4 .  Comparison of r e l a t i v e  p e r c e n t a g e s  of c l a y  m i n e r a l s  from severa l  p a r t s  
of t h e  Bering Sea. 

Mineral Minimum Maximum Mean - S t a n d a r d  deviation 

T h i s  s t u d y  

Smecti te 

I l l i t e  

Kaol i n i  te 

Chlorite 

Kaolinite + Chlorite 30 

Gardner and others, 1980 

Illite 17.0 47.0 29.8 

Kaolinite 0 11.8 6.0 

C h l o r i t e  24.3 4 4 . 3  3 3 . 2  

Heln and others, 1976 
Site 184 

Smectite - - 3 1 

Kaolinite - 10 

Chlorite - - 2 9 

Kaolinite & Chlorite - 
Slte 185 

Smectite - 
Illlte - 

Chlorite - 
Kaolinite + Chlorite - 

S i t e  188 

Smecti te - - 3 2 5 

Illite 

Kaolinlte 

Chlorite - 
Kaolinltc + Chlorite - 



CARBON CONTENTS OF NAVARIN BASIN  SEDIMENTS 

Je f f rey  M. Fischer  

INTRODUCTION 

Carbon p lays  an impo r tan t  r o l e  i n  sedimentat ion, even though i t  i s  a 
r e 1  a t i v e l y  small component o f  the  sediments. The re1  a t i o n  between o rgan ic  
carbon con ten t  and depos i t i ona l  env i  ronment has l o n g  been es tab l  i shed (Dow, 
1975). Fac to rs  such as bas in  morphology, g r a i n  f a b r i c ,  sed imentat ion ra tes ,  
and source areas a l l  a f f e c t  carbon d i s t r i b u t i o n .  Organic mat te r  a l s o  has a 
r o l e  i n  d iagenet i c  processes t h a t  a f f e c t  mineralogy and chemist ry  o f  sediments 
( L i s i t s y n ,  19721, as w e l l  as i t s  bea r i ng  as a p o s s i b l e  petroleum source. The 
purpose o f  t h i s  chapter i s  t o  d iscuss the d i s t r i b u t i o n  o f  o rgan ic  and 
carbonate carbon i n  t he  Navar in  Bas in prov ince.  

Prev ious work 

Var ious s tud ies  o f  carbon con ten ts  f o r  the e n t i r e  Ber ing Sea area have 
been conducted. Gershanovich ( 1962) and L i  s i  t s y n  (1966) d i  scussed v a r i  a t i o n s  
i n  carbonate and organic  carbon based ma in ly  on data from the  western Be r i ng  
Sea. Carbonate values were u n i v e r s a l l y  low, whereas o rgan ic  carbon showed 
r e l a t i v e l y  h igh  concent ra t ions  i n  coas ta l  areas and a t  the base of t h e  
c o n t i n e n t a l  slope. Stud ies of t he  d i s t r i b u t i o n  o f  carbon i n  t h e  sediments 
no r theas t  and southeast of Navar in  Basin were conducted by Knebel (1972) and 
Gardner and o the rs  (1980). Both s tud ies  showed sediments a lmost  devoid o f  
carbonates; the l a r g e s t  concen t ra t i ons  of organic  carbon occurred i n  the  f i n e -  
g ra ined  sediments. 

Methods 

Two cent imeter  subsamples were taken w i t h i n  t he  top 35 cen t imete rs  o f  14 
o f  the cores (cons idered a near sur face sample f o r  t h i s  s tudy) .  Each 
succeeding 100 cen t imete rs  l e n g t h  of co re  was subsampled; subsampl es a1 so were 
taken from the core ca tchers .  Samples were f reeze dr ied,  ground t o  a f i n e  
powder, and s to red  i n  a dess i ca to r .  Analyses for  carbonate and o rgan i c  carbon 
were done a t  a commercial l a b o r a t o r y  by the d i r e c t  o rgan ic  carbon-wet 
o x i d a t i o n  method (Bush, 1970). Knebel (1972) data were determined on a LECO 
i n d u c t i o n  furnace and carbon determinator  us i ng  the Walkley-Black ana l ys i s .  
L i s i  t s y n  (1966) does n o t  d iscuss  a n a l y t i c a l  methods. 

RESULTS 

Values o f  carbonate and o rgan i c  carbon from t h e  52 sample s i t e s  a re  shown 
as weight  percent  i n  t a b l e  5. Surface d i s t r i b u t i o n  o f  carbonate i s  u n i f o r m l y  
l ow  and shows l i t t l e  v a r i a t i o n  (0.04% t o  0.22%) throughout t he  Navarin Bas in 
area (F ig .  15). The t o t a l  range i n  carbonate values i s  small from 0.03% t o  
0.57%. Some changes were observed down a few cores (F ig .  16) ; however, i n  t he  
rna jo r i  ty o f  cores the carbonate percentages were un i f o rm ly  1 ow. 



Organic carbon values i n  c o n t r a s t  w i t h  carbonate values showed greater  
variance, averaging 0.83% f o r  the e n t i r e  area and ranging from 0.26% t o  
1.56%. Figure 17 shows the d i s t r i b u t i o n  o f  organic carbon i n  surface 
sediments for the Navarin Basin. S a l i e n t  features inc lude h igh  organic carbon 
values on the northwest con t i nen ta l  she l f  and low values on the southeast 
cont inenta l  shel f. I n  add i t ion ,  an arcuate band o f  low percentages o f  organic 
carbon content  exi  s t s  p a r a l l e l  t o  the cont inenta l  slope a t  depths o f  l e s s  than 
1600 m. Some of the lowest organic carbon values are found a t  the heads o f  
t he  l a r g e s t  submarine canyons (Navari nsky and Zhemchug) . Comparisons o f  shel f 
and slope areas (Table 6) shows t h a t  organic carbon i n  Navarin Basin i s  
concentrated a t  the base of the con t i nen ta l  slope and on the cont inenta l  s h e l f  
west o f  S t .  Matthew I s land  (F ig.  17). 

Va r ia t i on  o f  organic carbon w i t h  depth i n  the cores can be seen i n  
f i g u r e s  16 and 18. There i s  a general t r end  towards lower organic content  
w i t h  depth i n  those cores c o l l e c t e d  i n  water depths greater  than 1600 m; 
however, there are no cons i s ten t  trends w i t h  depth i n  cores c o l l e c t e d  on the 
shel f and upper slope. 

DISCUSSION 

The cons i s ten t l y  l w carbonate values show the re1 a t i v e  1 ack o f  
calcareous organisms i n  the Navarin Basin area. S imi la r  r e s u l t s  were obta ined 
t o  the southeast o f  the study area by Gardner and others (1980), and t o  the 
no r th  o f  the study area by Knebel (1972). Sporadic increases i n  carbonate, 
both a t  the surface and down core, probably represents the concentrated 
remains o f  calcareous organisms. 

The primary source o f  carbon i n  the  Ber ing Sea i s  organic carbon 
( L i s i t s y n ,  1966). Two sources f o r  t h i s  organic carbon are t e r r e s t r i a l  and 
marine. T e r r e s t r i a l  organics are c a r r i e d  t o  sea v i a  r i v e r s  and marine 
phytoplankton produce organics a t  sea. 

Once organics are i n  t he  sea they are in f luenced by several f ac to rs ,  the 
most important  o f  which are d is tance o f  t ranspor t ,  r a t e  o f  sedimentation, and 
g r a i n  size. Organic p a r t i c l e s  are destroyed i n  t ranspor t  over l a r g e  
distances; the more prolonged t h e i r  stay i n  the water, the h igher  t h e i r  
degree of decomposition ( L i s i t s y n ,  1959). One except ion worth no t i ng  i s  the 
re1  a t i v e l y  s tab le  bitumens; however Bordovskiy ( 1964) has est imated t h e i  r 
concentrat ion t o  be 0.05% or l e s s  for organic carbons i n  the  Ber ing Sea. The 
r a t e  of sedimentation a1 so af fects the concentrat ion of organic carbon; 
d i s s o l u t i o n  of organic matter i s  r e l a t e d  t o  i t s  dura t ion  o f  exposure, so the 
sooner the organic matter i s  bu r ied  the slower the r a t e  o f  decay ( L i s i t s y n ,  
1972). F i n a l l y ,  i n  f i n e  gra ined sediments organic matter i s  absorbed, and 
thus preserved, by c l  ays. This negat ive c o r r e l  a t i o n  between organic carbon 
and g ra in  s ize  has been observed by many s c i e n t i s t s  (eg., Trask, 1932; Gardner 
and others, 1980). 

The c o n t r i b u t i o n  o f  organic matter from the th ree  l a r g e s t  r i v e r s  t h a t  
enter  the Bering Sea, the Anadyr, Kuskokwim, and Yukon, i s  est imated t o  be 
l e s s  than 1% o f  the t o t a l  organic mat ter  i n  the Ber ing Sea ( L i s i t s y n ,  1966). 



I n  add i t ion ,  these r i v e r s  are over 400 km away; these two f a c t o r s  seem t o  
preclude t e r r e s t r i a l  sources as s i g n i f i c a n t  con t r i bu to rs  o f  organics t o  the  
study area. 

Most organic carbon i n  the  Ber ing Sea probably i s  r e l a t e d  t o  in tense 
diatom blooms t h a t  occur i n  the spr ing  ( L i s i t s y n ,  1966). These blooms are 
c l o s e l y  r e l a t e d  t o  i c e  r e t r e a t ,  supply o f  n u t r i e n t s  from upwel l ing, spr ing 
r i v e r  runoff, and general t u r b i d i t y  of the seas due t o  spr ing  storms 
( L i s i t s y n ,  1966). Diatoms are s i g n i f i c a n t  con t r i bu to rs  t o  sediments a t  the 
base o f  the slope and some northwest s h e l f  regions o f  the Navarin Basin study 
area (Kar l  and others, t h i s  r e p o r t ) .  Comparison o f  sediment composit ion t o  
organic carbon d i s t r i b u t i o n  shows a pos t ive  c o r r e l  a t i o n  between areas of 
diatom concentrat ion and areas of h igh organic carbon content. 

Winnowing and r e d i s t r i b u t i o n  of sediments by cur ren ts  can p lay an 
important  r o l e  i n  the d i s t r i b u t i o n  o f  organic carbon. Re la t i ve l y  low organic 
carbon values are associated w i t h  coarse sediments where cur ren ts  have 
winnowed out  the f i n e  f r a c t i o n s  t h a t  con ta in  organic carbon (Gershanovich, 
1962). Comparison o f  sand/mud r a t i o s  (F ig.  11, Kar l  and others, t h i s  r e p o r t )  
and organic carbon (F ig.  17) shows t h a t  the  negat ive c o r r e l a t i o n  o f  organic 
carbon and gra in  s ize  holds f o r  the Navarin Basin province. Where cu r ren ts  
predominate, as along the  s h e l f  break and a t  the heads o f  the submarine 
canyons, sand content increases w i t h  a concommi t a n t  reduc t ion  i n  organic 
carbon. Conversely a t  the base of the  slope where slumped sediment 
accumulates, where cur ren ts  are r e l a t i v e l y  weak, and where muds predominate, 
the  organic carbon content  i s  high. Deplet ion o f  organics a t  the top o f  the  
cont inenta l  margin and accumulation of organics a t  i t s '  base i s  normal f o r  
con t i nen ta l  margins according t o  Bordovskiy (1965). 

Var ia t ions  o f  organic carbon percentages on the cont inenta l  s h e l f ,  
al though not  e a s i l y  understood, are probably due t o  a v a r i e t y  o f  f ac to rs .  
The general patchiness may be due i n  p a r t  t o  d i f f e r e n t i a l  consumption o f  t he  
organic matter by the benth ic  fauna. Low values o f  organic carbon on the 
southeast shelf  between S t .  Paul I s l a n d  and S t .  Matthew I s land  (F ig .  17) a re  
cons i s ten t  w i t h  a coarser p a r t i c l e  s i ze  t h a t  perhaps r e s u l t s  from a more 
hydrodynamically a c t i v e  she1 f. A1 te rna te l y ,  the s h e l f  west o f  S t .  Matthews 
I s l a n d  has some o f  the h ighes t  organic carbon values found i n  t h i s  study. 
Cor re la t i on  of organic carbon (Figs. 17) w i t h  p a r t i c l e  s ize  of sediments (F ig .  
11; Karl  and others, t h i s  r e p o r t )  shows t h a t  the h igh organic content  i s  
accompanied, as would be expected, by f i ne  grained sediments. Both these 
pieces o f  evidence seem t o  i n d i c a t e  an area o f  1 i  t t l e  water movement. Indeed 
Muench and others (1976), have suggested j u s t  such an area. Sources f o r  t he  
organics could be diatom blooms t ranspor ted  across the  she l f  from upwel l ing  
a1 ong the cont inenta l  margin. A seasonal cover o f  i c e  probably p r o t e c t s  t h i s  
area from the winnowing a c t i o n  of in tense w in ter  storms. 

CONCLUSIONS 

The data f o r  the Navarin Basin prov ince seem t o  i n d i c a t e  normal t rends 
f o r  an a r c t i c  cont inenta l  margin w i t h  a somewhat anomalous area on the  s h e l f  
west o f  S t .  Matthew Is land.  Carbonate contents are low and i n  most cases 
i n s i g n i f i c a n t .  Most organic carbon i s  probably suppl ied by diatoms and 



deposited c lose  t o  t h e i r  source. Some o f  the h ighes t  organic carbon 
percentages were found i n  sediments from the base o f  the cont inenta l  slope. 
Organic carbon i s  depleted a t  shal lower depths along the slope. Grain s i ze  
shows a negat ive c o r r e l a t i o n  w i t h  organic carbon especial  ly on the shel f. The 
f i n e  grained sediments o f  the  northwest she l f  have a higher organic carbon 
content  than the southeast shel f  which has l o w  organic carbon poss ib ly  due t o  
f i n e s  having been removed by winnowing o f  currents.  
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Figure 18. Variation in prcent organic carbon with depth in core. 



T a b l e  5 ,  Weight percents of organic carbon and carbonate carbon in Navarin B a s i n  
Province sediment. 

DC 4 /5  - BOBS cruise d a t a  

Carbbna te 
Core Number Depth in core (em) Depth of Water (m) Organic Carbon ( % I  Carbon ( $ 1  

Core catcher 
**  Grab sample 



Table 5. Weight percents of 
Province s ed iment .  

organic carbon 
( c o n t  'd )  

and carbonate 

DC 4/5 - 808s cruise Data 

Core Number Depth in c o r e  (cm) 

42 7-8 

97-98 

204-210* 

5- 7 

120-122 

246-256* 

8-10 

112-114 

200-210* 

8-10 

106-116* 

14-15 

79-80 

127-137* 

5- 7 

84-94* 

14-15 

192-202" 

12-14 

160-162 

232-242* 

17-19 

134-135 

165-1157 

205-215* 

240-250* 

5- 7 

100- 102 

200-20,' 

214-224* 

c a r k n  i n  Navarin B a s i n  

Depth of  Water (m) Organic Carbon ( e )  

141 1.15 

1.03 

1.09 

148 1.11 

0.94 

0.90 

1.03 

0.94 

0.59 

0.96 

0.54 

0.99 

0.44 

0.70 

0.93 

0.45 

1-10 

0.76 

1.35 

1.09 

1-10 

1.41 

1.06 

1.06 

1.35 

1 .22  

1,36 

1.05 

1.04 

1.24 

Carbonate 
Carbon (%J 



Table 5 .  Weight percents of organic carbon and carbonate carbon in Navarin B a s l r i  
Province sediment (cont'd) 

DC 4 / 5  - 80BS cruise Data 

Carbonate 
Core Number Depth  in core (cm) Depth of Water (m) Orqanic C a r b o n  ( % )  Carbon ( % )  



Table 5 .  Weight percents of organic carbon and carbonate carbon i n  Navarin B a s i n  
Province sediment. (cont 'dl  

DC 4 /5  - BOBS cruise data 

Core Number 
Carbonate 

Depth i n  core (em) Depth of Water (rn) Organic  C a r b o n  ( % )  Carbon ( % )  

* Core catcher 
** Grab sample 

Data from H. Knebel (1972) 

Core Number 

42-140-GR297 

42-144-GR301 

42-147-GR338 

42-149-PC313 

42-150-GR314 

51-011-GR030 

51-109-GR208 

L i - 1  ' 

Li-2 

Li- 3 

L i - 4  

L1- 5 

Depth in Core (cm) Depth of Water (m) 

0- 2 0 - - 
0-20 - - 
0-20 - - 
0-17 - - 
0-2C - - 
0-20 - - 
0-20 - - 

Data from A .  P. L i z i t s y n  (1966) 

Carbonate 
Organic Carbon ( % )  Carbon ( % )  



Table 6. Organic carbon averages from selected areas i n  Navarin B a s i n  province 
(Ave. for DC 4/5-BOBS samples) 

lncat ion Number of sam2les 

Northwest she1  f 56 

Southeast s h e l f  7 

200 - 1600 m 5 

1600 m 2 4 

Organic Carbon ( % I  
Maximum Minimum Avera~ l r .  



SEAFLOOR GEOLOGIC HAZARDS 

Paul R. Car lson and Herman A. Kar l  

INTRODUCTION 

P o t e n t i  a1 geolog ic  hazards i n the  Navar i n Basin p r o v i  nce i nc1 ude fau l  ti ng 
and earthquakes; sea f l  oor i n s t a b i l i t y  due t o  submarine lands1 ides ,  sediment 
t r a n s p o r t  and eros ion,  and subsidence or blowouts r e s u l t i n g  from d is tu rbance  
o f  gas-charged sediment; v o l c a n i c  a c t i v i t y  ; and i ce .  Seafl oor i n s t a b i l i t y  
probably  poses the g rea tes t  sea f l oo r  hazard. The purpose o f  t h i s  chapter i s  
t o  p resen t  p r e l i m i n a r y  maps and b r i e f  d iscuss ions  of the  p o t e n t i a l  geo log ic  
hazards i n  the study area. 

FAULTING AND SEISMICITY 

The l i m i t e d  seismic coverage i n  the Navarin Basin p rov ince  r e s t r i c t s  t he  
i n t e r p r e t a t i o n  of leng th ,  o r i e n t a t i o n ,  and age o f  the f a u l t s .  The 
d i s t r i b u t i o n  o f  the f a u l t s  i s  shown i n  f i g u r e  19; however, the wide spacing o f  
t h e  t r a c k l i n e s  ( r b  30 km) makes c o r r e l a t i o n  from l i n e  t o  l i n e  ext remely  
unce r ta i n .  Thus, u n t i l  more seismic 1 i nes  are ava i l ab le ,  the on l y  c o r r e l a t i o n  
t h a t  we have at tempted i s  t o  connect those p o i n t s  t h a t  represen t  t h e  bounding 
f a u l t s  on a graben t h a t  i s  o r i e n t e d  i n  a northwest-southeast d i r e c t i o n  (F ig .  
19). Th is  graben i s  about 5 km wide and has been mapped over a  d i s tance  o f  
nea r l y  240 km. The maximum apparent r e l i e f  o f  t h i s  s t r u c t u r e  (F ig .  20) i s  
about  50 rn, r e s u l t i n g  from a s e r i e s  of o f f s e t s  on each s ide  o f  the down-thrown 
b lock .  Throw o f  the  i n d i v i d u a l  f a u l t s  v a r i e s  from about 10 t o  20 m. The 
graben i s  bu r i ed  beneath 130 m of sediment over the  depressed b lock  and about  
80 rn o f  sediment over the  ad jacen t  fl a t - l y i n g  s t r a t a .  The f a u l t s  l o c a t e d  on 
l i n e s  o r i e n t e d  perpend icu la r  t o  t he  l ong  a x i s  o f  Navar in bas in  g r e a t l y  
outnumber those on l i n e s  t h a t  para1 l e l  the basin,  suggest ing a nor thwest -  
southeast  t r e n d  of the  f a u l t s .  Th i s  t r e n d  i s  p a r a l l e l  t o  t he  b a s i n  and t o  the 
shel f-break. The m a j o r i t y  of these f a u l t s  occur on the c o n t i n e n t a l  s lope and 
ou te r  most she l f .  

Many of the f a u l t s  shown on F igu re  19 a re  mapped from h i g h - r e s o l u t i o n  
s e i s m i c - r e f l e c t i o n  records t h a t  have r e s o l u t i o n  of 1-3 meters; however, none 
o f  the  f a u l t s  napped t o  date show offsf& of the  Holocene sea f l oo r .  Although 
the ages of the f a u l t s  are unknown, C dates o f  sediment i n  the southern 
p a r t  of the  area i n d i c a t e  acc m u l a t i o n  r a t e s  o f  the  upper s i x  meters o f  Y sediment t o  be about 25 cm/lO y r s .  (Askren, 1972). Therefore f a u l t s  t h a t  
reach t o  w i t h i n  t h ree  meters of the  seaf loor  may c u t  sediment as young as 
12,000 y r s .  B.P. and are cons idered a c t i v e .  

According t o  Cooper and o the rs  ( 1976) , Marlow and o the rs  (1976), and 
Schol l  and o thers  (1975), subduct ion o f  the  Kula p l a t e  beneath t he  Ber ing  Sea 
marg in  apparent ly  ceased i n  l a t e  Mesozoic or e a r l y  T e r t i a r y  and subduct ion o f  
t h e  P a c i f i c  p l a t e  s h i f t e d  t o  the  A l e u t i a n  Trench. Th is  t r a n s f e r  t e c t o n i c a l  l y  
deac t i va ted  the  Ber ing  Sea margin. The l ack  o f  modern s e i s m i c i t y  i s  r e a d i l y  
seen on the maps of Alaska earthquake ep i cen te rs  pub1 ished by Meyers (1976).  



Only s i x  earthquakes have been r e p o r t e d  from the  Navarin Bas in p rov ince  f o r  
the  t ime p e r i o d  p r i o r  t o  1974, and a l l  were l e s s  than magnitude s i x .  These 
da ta  may be somewhat m is l ead ing  because o f  the wide spacing and l i m i t e d  number 
o f  seismograph s t a t i o n s  i n  western A1 aska. 

SEAFLOOR INSTABILITY 

Wi th i n  the  broad category of seaf l  oor i ns tab i  1 i ty ,  we have i n c l  uded 
d iscuss ions  o f  t h ree  major types;  submari ne lands1 ides,  sediment t r a n s p o r t  and 
eros ion,  and gas-charged sediment. 

Submarine Lands1 i d e s  

Submarine l a n d s l i d e  i s  used as an a l l  i n c l u s i v e  term f o r  a v a r i e t y  o f  
s lope movements. The p r e l i m i n a r y  na tu re  o f  our study makes i t  i m p r a c t i c a l  a t  
t h i s  t ime t o  a t tempt  t o  c l a s s i f y  each of the  areas o f  s lope movement accord ing 
t o  type of movement and type of m a t e r i a l .  

The con t i nen ta l  margin of the  Navarin Bas in p rov ince  i s  i n c i s e d  by t h ree  
l a r g e  submarine canyons and i t  i s  i n  assoc ia t i on  w i t h  these canyons t h a t  man.y 
o f  the  submarine s l i d e s  have been found (F ig .  21) .  We have n o t  c o r r e l a t e d  
s l i d e  masses from 1 i n e  t o  1 i n e  because of the wide spacing between 
t r ack1  ines .  None o f  the  s l i d e s  beg in  i n  water shal lower than 200 m, severa l  
begin below 400 m, and one appears t o  begin a t  a depth o f  g rea te r  than 1200 
m. The l e n g t h  o f  the  zone a f f e c t e d  by down-slope movement i s  a t  l e a s t  50 km 
and some o f  these zones appear t o  be 25 km wide. Some 1 andsl i des  may a f f e c t  
t he  upper 200-300 m o f  the  sediment column (F ig .  22).  G rav i t y  cores (2-5 m) 
were c o l l e c t e d  from a few of t he  s l i d e  masses. These cores recovered a 
v a r i e t y  o f  sediment types t h a t  range from pebbly mud t o  sandy mud t o  very 
so f t ,  probably oversa tu ra ted  mud. P r e l  im inary  eva lua t i on  o f  the  se ismic 
p r o f i l e s  c ross ing  t he  outer  c o n t i n e n t a l  she l f  and slope suggest t h a t  the  s lope 
movements vary accord ing t o  Varnes' ( 1979) c l  ass i  f i  c a t i  on from slumps t o  
d e b r i s  s l i d e s  t o  e a r t h  f lows.  The most l i k e l y  t r i g g e r i n g  mechanisms o f  the 
submarine l ands l i des  a re  a g i t a t i o n  o f  presumed underconsol idated sediment by 
storm waves, i n t e r n a l  waves or tsunamis. Other l e s s  l i k e l y  causes o f  s l i d i n g  
i n  t h i s  r eg ion  are prolonged ground shaking du r i ng  earthquakes, ove r l oad ing  
and excessive steepeni ng by e ros ion  and/or r a p i d  sediment accumul a t i  on, and 
b u i  1 dup of excessive pore-water pressures i n  underconsol i d a t e d  c l  ayey 
sediments due t o  r a p i d  sedimentat ion or inc rease  i n  concen t ra t i on  o f  bubble- 
phase gas i n  the sediment. 

Sediment T ranspor t  and Eros ion  
Large Bedforms 

Large sediment waves have been found a t  t he  heads of Zhemchug, Pervenets, 
and Navarinsky Submarine Canyons (F ig .  2 3 ) .  The sediment waves i n  each area 
a r e  s i m i l a r .  Those a t  t h e  head of Navar insky Canyon have been s tud ied  i n  
g rea tes t  d e t a i l .  These l a r  e bedforms occur on a subs t ra te  of s i l t y  very f i n e  4 sand w i t h i n  a 600 t o  700 km area between t he  215 and 450 m isoba ths .  These 
bedforms s t r i k e  approx imate ly  north-south,  have an average wavelength o f  about  
600 m, and have an average h e i g h t  o f  about 8 m and a maximum h e i g h t  about 15 m 
(F ig .  24). Both symmetrical and asymmetrical waves have been observed. The 



bedforms are n o t  on ly  expressed on t he  surface, b u t  a l so  a re  remarkably w e l l  
de f ined  i n  the  subsurface. The s t r a t i g r a p h i c  u n i t  con ta in i ng  the  sediment 
waves developed over a f l a t - l y i n g  r e f l e c t o r  and a t t a i n s  a maximum th i ckness  o f  
about 120 m i n  the sediment wave f i e l d .  I n  a few places the bedforms a r e  
covered by a t h i n  l a y e r  o f  apparen t l y  younger sediment. One such l o c a l i t y  
occurs a t  the head o f  Pervenets Canyon, where the  b u r i e d  sediment waves a r e  
p a r t  o f  an i n t r i c a t e  s t r a t i g r a p h i c  complex l y i n g  below a u n i t  o f  p a r a l l e l  
bedded r e f l e c t o r s  (F ig .  25). The p a r a l l e l  bedded u n i t  i s  gene ra l l y  about 20 m 
t h i c k ,  b u t  ranges i n  th ickness  from l e s s  than 5 m t o  about 110 rn. 

We do n o t  know i f  these bedforms are re1  i c t  or i f  some o f  the bedforrns 
a re  p resen t l y  ac t i ve ,  nor a re  we c e r t a i n  i f  they i n d i c a t e  cont inuous 
sedimentat ion or d i s c r e t e  episodes o f  a c t i v i t y  and non -ac t i v i  t y .  I f  these 
f ea tu res  are ac t i ve ,  they, as w e l l  as t he  processes respons ib l e  f o r  them, 
cou ld  represen t  sea- f loor  hazards. 

Surf ace Waves 

Currents  generated by sur face  waves probably are a more s i g n i f i c a n t  
f a c t o r  i n  the t r a n s p o r t  o f  s i l t  and l a r g e r - s i z e  p a r t i c l e s  on the open s lope 
and s h e l f  o f  Navar in Bas in than, f o r  example, t i d a l  c u r r e n t s  o r  t he  m a n  
c i r c u l a t i o n .  Bottom c u r r e n t s  have n o t  been measured i n  the lease  sa le  area, 
nor a re  t he re  good observa t ions  of surf  ace waves. However, some s u r f  ace wave 
data has been compiled i n  areas ad jacen t  t o  and i n c l u d i n g  a p o r t i o n  o f  t he  
eas te rn  boundary o f  the  l ease  sa le  area (Brower and others ,  1977). 

Storms, and consequent ly storm-generated waves, are s t r onges t  and most 
f r equen t  du r i ng  the f a l l  and w i n t e r  ( L i s i  tsyn, 1966; Brower and o thers ,  
1977). Waves as h i gh  as 15 m w i t h  poss ib l e  per iods  o f  9-11 seconds have been 
observed j u s t  t o  the  eas t  o f  the l ease  area (Browers and others ,  1977). Waves 
w i t h  these he igh ts  and per iods  do n o t  generate cu r ren t s  of s u f f i c i e n t  s t r e n g t h  
near t he  bottom t o  erode sediments over a l a r g e  p o r t i o n  o f  the shel f .  Assurni ng 
a th resho ld  value o f  10 cm/sec for f i n e  sand (Komar and o thers ,  1972), an 11 
sec, 15-m h igh  wave generates c u r r e n t s  s t r ong  enough t o  erode on ly  f i n e  sand 
and smal ler g ra ins  i n  water shal lower  than 125 m. A wave 10-m h igh  w i t h  a 15 
second per iod,  however, produces near-bottom c u r r e n t s  g rea te r  than  10 cm/sec 
i n  water as deep as 200 m. Extreme waves, e m p i r i c a l l y  est imated t o  be as 
l a r g e  as 42.5 m high, can occur s t a t i s t i c a l l y  on the  average once every 100 
years i n  the Navarin area (Rrower and o thers ,  1977). These data i n d i c a t e  t h a t  
storm waves are a p o t e n t i a l  hazard i n  t h e  Navarin Bas in area. 

Gas-charged sediment 

Gas-charged sediment has reduced s t reng th  and bear ing  capac i t y  compared 
t o  t he  s t r eng th  o f  gas-free sediment (Nelson and others ,  1978; Whelan and 
others ,  1976). An inc rease  i n  the concen t ra t i on  o f  gas r e s u l t s  i n  an inc rease  
of  excess pore pressure and a decrease i n  sediment s t a b i l i t y  u n t i l  f a i l u r e  
occurs. F a i l u r e  of the  sediment poses a p o t e n t i a l  hazard t o  sea f l oo r  
e x p l o i t a t i o n  because d r i l l  i ng i n t o  gas-charged sediment, d i s r u p t i o n  o f  the  
sediment by c y c l i c  l oadi ng, or spontaneous over -pr essur i z a t i  on may cause a 
sudden re lease  of gas l e a d i n g  t o  f a i l u r e  of p i p e l i n e s  or p l a t f o rms  (U.S. 
Geological  Survey, 1977) . 



The numerous areas of gas-charged sediment mapped i n  Navar in Bas in (F ig .  
26) are i d e n t i f i e d  on t he  h i  gh-resol  u t i o n  seismic r e f l e c t i o n  p r o f i l e s  by 
acous t i c  anomalies such as d i  sp l  aced r e f 1  ec to r  s, and "wipe out"  zones 
(F ig .  27). These anomalies are p r e v a l e n t  i n  the  upper 50 t o  100 m o f  
sediment. Often these s h a l l  ow anomal i es c o i  n c i  de c l o s e l y  w i t h  we1 1 -developed 
" b r i g h t  spots" t h a t  show up deeper i n  the sec t i on  on mul t i -channel  or medium- 
r e s o l u t i o n  sing1 e-channel p ro f  i 1 es. 

G r a v i t y  cores c o l l e c t e d  throughout  the bas in  p rov ince  were analyzed f o r  
hydrocarbons (methane through butanes) (Vogel and Kvenvol den, t h i s  r e p o r t ) .  
A l l  o f  the  cores sampled con ta ined  hydrocarbon gases, b u t  none showed 
s i g n i f i c a n t  amounts of thermogenic hydrocarbons. Three cores, two from the  
s h e l f  and one from the  slope, con ta ined  concent ra t ions  of methane and ethane 5 
t o  and 10 t o  20 t imes h igher ,  r e s p e c t i v e l y ,  than background values (Vogel and 
o thers ,  1981). These cores a l s o  con ta ined  r a t i o s  o f  ethane t o  ethene and 
methane t o  ethane and propane t h a t  m a r g i n a l l y  suggest the presence o f  some 
thermogenic hydrocarbons. A p o s s i b l e  expl  ana t i on  f o r  the  low concen t ra t i ons  
of hydrocarbons i s  the s h o r t  l e n g t h  of the cores ((6m; most o f  the cores 
c o l l e c t e d  on the  s h e l f  were (2 m l o n g ) .  

VOLCANIC ACTIVITY 

Although no evidence o f  a c t i v e  volcanism e x i s t s  i n  t he  Navar in  Bas in 
prov ince,  the v o l c a n i c a l l y  a c t i v e  A1 aska Peninsula and A1 e u t i  an I s 1  ands mark 
t h e  southern border of t he  Ber ing  Sea (F ig .  28). Coats (1950) l i s t s  25 a c t i v e  
volcanoes i n  the A l e u t i a n  I s l ands  and 11 on the Alaska Peninsula.  Quate rnary  
volcanism on the  P r i  b i l o f f  I s lands ,  i s  l o c a t e d  l e s s  than 500 krn southeast  o f  
Navar in  Basin. Volcanic  hazards a re  assoc ia ted w i t h  e rup t i on  of l ava  and ash 
and the  accompanying earthquakes, and t h e  poss ib l e  genera t ion  of l a r g e  seismic 
sea waves. 

Erup t ions  from l a r g e  a n d e s i t i c  cones l i k e  those found on t h e  A leu t i ans  
and the Alaska Peninsula are exp los i ve  and can spread p y r o c l a s t i c  m a t e r i a l  
over l a r g e  areas. Erup t ions  from b a s a l t i c  volcanoes l i k e  those on t h e  
P r i b i l o f  I s lands  are l e s s  exp los i ve  and would have l o c a l  e f f e c t s .  

About 21 km o f  ash, was e rup ted  i n  Alaska i n  1912 by Katmai volcano when 
ash was c a r r i e d  over d is tances  of 2000 km or more. Ash was deposi ted 180 km 
f rom the  volcano w i t h  a dens i t y  o f  about 45 g/cm ( L i s i t s y n ,  1966). According 
t o  h i s t o r i c a l  data, i n d i v i d u a l  ash depos i ts  i n  the Ber ing  Sea reg ion  extend 
200 t o  2000 km from the  source. We have found minor amounts o f  vo l can i c  g lass  
i n  Navar in cores (see Ka r l  and o thers ,  t h i s  r e p o r t ) .  



ICE 

We have est imated i c e  c o n d i t i o n s  i n  Navar in Basin prov ince by 
syn thes i z i  ng data repo r ted  i n  L i  s i  t s y n  (1966) , McRoy and Goeri ng ( 1974) , and 
Brower e t  a1 . (1977). The proposed lease  area i s  i c e - f r e e  from June through 
October. M ig ra to ry  pack i c e  begins t o  encroach upon t he  no r the rn  p a r t  o f  the  
lease  area i n  November. The pack i c e  i s  f u l l y  developed by March or A p r i l  a t  
which t ime t he  extreme southern l i m i t  o f  t he  i c e  edge extends over most o f  the  
lease area (F ig .  28). I c e  concen t ra t i ons  begin t o  decrease i n  A p r i l  and t he  
i c e  edge cont inues t o  r e t r e a t  nor thward through May. F i r s t  year i c e  i n  t he  
southern p o r t i o n  o f  the Ber ing  Sea ranges i n  th ickness  from 30-71 cm, whereas 
i c e  f u r t h e r  n o r t h  can a t t a i n  a th ickness  o f  1-2 m i n  unst ressed f l o e s  
( L i s i t s y n ,  1966). The southern 1 i m i t  and concent ra t ion  o f  the pack i c e  v a r i e s  
from year t o  year dependi ng upon weather condi tions--some years m ig ra to r y  pack 
i c e  may no t  a f f e c t  the lease  area, b u t  i n  other years concen t ra t ions  o f  i c e  
may completely cover it. 
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Figure 23. Preliminary rap of areas of sedimat waves in Navarin Basin 
province. Letters N, P, Z locate Navarinsky, P e m e n e t s  , and 
Zhemchug Canyons. 
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GEOTECHNICAL PROPERTIES OF' NAVARIN BASIN SEDIMENT 

Br ian  D. Edwards 

C o r e s  from 68 s t a t i o n s  have  been t e s t e d  t o  d e f i n e  g e o t e c h n i c a l  v a r i a b l e s  
u s e f u l  i n  d e s c r i b i n q  r e g i o n a l  changes  i n  Navar in  Bas in  s e d i m e n t  p r o p e r t i e s .  
The t e r m  g e o t e c h n i c a l  i s  a p p l i e d  i n  t h i s  s t u d y  t o  q u a n t i t a t i v e  p h y s i c a l  
c h a r a c t e r i s t i c s  o f  t h e  sed imen t  t h a t  a r e  u s e f u l  i n  a s s e s s s i n g  s e d i m e n t a r y  
p r o c e s s e s  o f  e n g i n e e r i n g  impor t ance .  Basic p r o p e r t i e s  of  g e o t e c h n i c a l  
i m p o r t a n c e  i n c l u d e  s t r e n g t h  and c o m p r e s s i b i l i t y  c h a r a c t e r i s t i c s .  A d d i t i o n a l  
" index"  v a r i a b l e s  t h a t  a r e  known t o  c o r r e l a t e  w i t h  o r  a f f e c t  t h e s e  more 
fundamen ta l  p r o p e r t i e s  i n c l u d e  w a t e r  c o n t e n t ,  g r a i n  d e n s i t y ,  A t t e r b e r q  l i m i t s  
( i .e.  p l a s t i c  and l i q u i d  l i m i t s ) ,  g r a i n  s i z e  d i s t r i b u t i o n  and c o m p o s i t i o n  of 
sed imen t .  

Sh ipboa rd  l k c h n i q u e s  

A s u i t e  o f  68 g r a v i t y  c o r e s  was c o l l e c t e d  f o r  s t r a t i g r a p h i c  and 
s e d i m e n t o l o g i c  a n a l y s i s .  A t  7 s t a t i o n s ,  r e p l i c a t e  c o r e s  were c o l l e c t e d  and 
p r e s e r v e d  i n  r e f r i g e r a t i o n  for  s u b s e q u e n t  t r i a x i a l  and c o n s o l i d a t i o n  t e s t i n g .  
Sh ipboa rd  t e s t i n q  was l i m i t e d  t o  s t r e n g t h  measurements  and subsampl ing  f o r  
w a t e r  c o n t e n t .  

Cores  were c u t  i n t o  m u l t i p l e  s e c t i o n s  by u s e  of a r o t a r y  k n i f e  b l a d e  
c u t t e r .  Core s e c t i o n s  d e s i g n a t e d  f o r  s t r a t i g r a p h i c  and s e d i m e n t o l o g i c  
a n a l y s e s  were t h e n  s p l i t  l o n g i t u d i n a l l y  u s i n g  a  s p e c i a l l y  d e s i g n e d  c u t t i n g  
sys t em and a  w i r e  saw. Although sample  d i s t u r b a n c e  i s  a g g r e v a t e d  by s u c h  
l o n g i t u d i n a l  s p l i t t i n g ,  t h i s  p r o c e d u r e  a l l o w s  more f r e q u e n t  downcore t e s t i n q  

. w h i l e  m a i n t a i n i n g  sample  i n t e g r i t y  f o r  o t h e r  a n a l y s e s  (e .g. ,  X-ray 
r a d i o g r a p h y ,  photography,  and t e x t u r a l  a n a l y s i s ) .  

S t r e n q t h  measurements  were made u s i n g  a moto r i zed  Wykeham-Farrance 
m i n i a t u r e  vane s h e a r  dev ice .  Tests were  made a t  20 c m  i n t e r v a l s  on t h e  
s t r a t i g r a p h i c  c o r e s  u s i n g  a  fou r -b l aded  1 / 2  i n c h  vane which was i n s e r t e d  i n t o  
t h e  c o r e s  s o  t h e  t o p  o f  t h e  vane was b u r i e d  by  a n  amount e q u i v a l e n t  t o  blade 
h e i g h t .  Torque was a p p l i e d  t o  t h e  vane by e i t h e r  a t o r q u e  c e l l  t h a t  r o t a t e s  
t h e  vane d i r e c t l y ,  o r  by a connec ted  s p r i n g .  R o t a t i o n  rate o f  t h e  t o r q u e  c e l l  
and t h e  t o p  o f  t h e  c a l i b r a t e d  s p r i n q  was a c o n s t a n t  90' per minute .  When t h e  
s p r i n q  sys t em was used ,  t o r s i o n  was measured and c o r r e l a t e d  d i r e c t l y  w i t h  
t o r q u e  a p p l i e d  a t  t h e  vane.  Because o f  t h e  s p r i n g ' s  f l e x i b i l i t y ,  r o t a t i o n  
r a t e  a t  t h e  vane  changed t h r o u g h o u t  t h e  test .  The method of  t o r q u e  
measurement ( s p r i n q  v s  t o r q u e  c e l l )  and t h e  c o r e  s t a t e  ( s p l i t  v s  u n s p l i t )  
a p p e a r e d  t o  have  l i t t l e  impac t  on t h e  g e n e r a l  t r e n d  o f  t h e  s h e a r  s t r e n q t h  
v e r s u s  d e p t h  v a r i a t i o n  (Fiq. 29). Vane s h e a r i n g  s t r e n q t h  ( S v ) ,  i s  c a l c u l a t e d  
from peak t o r q u e  by assuming t h a t  t h e  s e d i m e n t  b u i l d s  a peak s h e a r i n g  
r e s i s t a n c e  everywhere  a l o n q  a r i g h t - c i r c u l a r  c y l i n d e r  i n s c r i b e d  a round  t h e  
vane. T h i s  term (Sv)  i s  commonly e q u a t e d  w i t h  t h e  u n d r a i n e d  s h e a r  s t r e n q t h  of 
t h e  s e d i m e n t  ( SU ) . 



Water c o n t e n t  and b u l k  d e n s i t y  subsamples  were o b t a i n e d  from t h e  l o c a t i o n  
o f  t h e  vane  test  immedia t e ly  f o l l o w i n g  s t r e n g t h  t e s t i n g .  These samples  were 
t a k e n  w i t h  a small t u b e  sample r  and s t o r e d  i n  s e a l e d  sample b o t t l e s  f o r  
s u b s e q u e n t  we igh ing  and d r y i n g  a t  t h e  s h o r e b a s e d  l a b o r a t o r y .  

R e p l i c a t e  c o r e s  c o l l e c t e d  f o r  more s o p h i s t i c a t e d  g e o t e c h n i c a l  t e s t i n g  
l a b o r a t o r y  were s e c t i o n e d  as d e s c r i b e d  above ,  b u t  were n o t  s p l i t  
l o n g i t u d i n a l l y .  Vane s h e a r  tests were conduc ted  a t  t h e  t o p  o f  e a c h  u n s p l i t  
core s e c t i o n  and w a t e r  c o n t e n t  subsamples  were t a k e n  a t  t h o s e  sites. End caps 
were  s e a l e d  on b o t h  e n d s  of  e a c h  c o r e  s e c t i o n .  Cores  w e r e  t h e n  wrapped i n  
c h e e s e c l o t h ,  s e a l e d  w i t h  a non- sh r ink ing ,  m i c r o c r y s t a l l i n e  wax, l a b e l l e d ,  and 
s t o r e d  v e r t i c a l l y  i n  r e f r i q e r a t i o n .  The r e p l i c a t e  cores were s h i p p e d  by  
r e f r i g e r a t e d  a i r  t r a n s p o r t  from Kodiak, A laska ,  t o  s t o r a q e  f a c i l i t i e s  a t  t h e  
U.S. G e o l o g i c a l  Survey l a b o r a t o r y  i n  P a l o  A l t o ,  C a l i f o r n i a .  These cores w e r e  
s u b s e q u e n t l y  s h i p p e d  t o  t h e  commercial  t e s t i n g  l a b o r a t o r y .  A t  a l l  times, t h e  
c o r e s  were k e p t  i n  r e f r i g e r a t i o n  and hand led  v e r t i c a l l y .  

RESULTS 

D i s t r i b u t i o n  of Peak Shea r  S t r e n g t h  

The a r e a l  d i s t r i b u t i o n  o f  peak undra ined  s h e a r  s t r e n q t h  (S,) a t  a 
subbo t tom d e p t h  o f  one  m i s  shown i n  F i g u r e  30. The s t u d y  a r e a  c a n  be d i v i d e d  
p h y s i o q r a p h i c a l l y  i n t o  t h r e e  zones: ( 1 )  s h e l f ,  ( 2 )  s h e l f  b r e a k  and uppermost  
s l o p e ,  and ( 3 )  s l o p e .  S h e l f  s e d i m e n t  ( <  200 m) t y p i c a l l y  h a s  a peak vane 
s h e a r  s t r e n g t h  ( S v )  t h a t  r a n g e s  between 10  and 15 kPa (1 psi=6.9 kPa) .  An 
e l o n g a t e  zone o f  weaker s e d i m e n t  ( ( 1 0  kPa)  e x t e n d s  o n t o  t h e  c e n t r a l  s h e l f  from 
t h e  n o r t h  and r e f l e c t s  t h e  p r e s e n c e  of a tongue  o f  f i n e - g r a i n e d ,  h i g h e r  w a t e r  
c o n t e n t  s e d i m e n t  (see K a r l  and o t h e r s ,  t h i s  r e p o r t ;  Fig.  11 ). A zone  o f  
s t r o n g e r  s e d i m e n t  ( > I 5  kPa )  e x i s t s  t o  t h e  s o u t h e a s t  a l t h o u g h  s t a t i o n  c o n t r o l  
i s  t o o  s p a r s e  t o  a l l o w  d e f i n i t i o n .  Shea r  s t r e n g t h s  i n  t h e  r e g i o n  o f  t h e  s h e l f  
b r e a k  ( l i n e d  a r e a )  a r e  n o t  shown b e c a u s e  h i g h  sand  c o n t e n t  a l l o w s  po re -wa te r  
d r a i n a g e  d u r i n g  t e s t i n g  which compromises measured S, v a l u e s ,  and /o r  
i n s u f f i c i e n t  sample  was r e c o v e r e d  t o  w a r r a n t  t e s t i n g .  Peak s h e a r  s t r e n g t h  
t y p i c a l l y  d e c r e a s e s  downslope,  r a n g i n g  from 11 kPa n e a r  t h e  s h e l f  b r e a k  t o  3 
kPa,  on t h e  a b y s s a l  f l o o r ,  However, anomalous ly  s t r o n g  s e d i m e n t  w a s  
e n c o u n t e r e d  a t  two s t a t i o n s  i n  3000 m o f  w a t e r  a t  a b o u t  58°30'N, 178°301W 
( C o r e s  G 2 2  and G73). Here, s h e a r  s t r e n g t h s  a r e  between 19 and 39 kPa. 

Water C o n t e n t  D i s t r i b u t i o n  

Sed imen t  a t  a 1 m subbot tom d e p t h  on t h e  s h e l f  h a s  a w a t e r  c o n t e n t  t h a t  
r a n g e s  be tween 40 and 110% by d r y  we igh t  ( F i g .  31) .  An e l o n q a t e  zone of water 
c o n t e n t s  g r e a t e r  t h a n  100% i s  s e e n  i n  t h e  n o r t h - c e n t r a l  p a r t  o f  t h e  s h e l f .  
T h i s  zone is  c o i n c i d e n t  w i t h  t h e  a r e a  o f  anomalous ly  low peak u n d r a i n e d  s h e a r  
s t r e n g t h .  Water  c o n t e n t  o f  s h e l f  s e d i m e n t  q r a d u a l l y  d e c r e a s e s  t o  t h e  
s o u t h e a s t ,  w i t h  t h e  e x c e p t i o n  o f  two s t a t i o n s  t h a t  have  w a t e r  c o n t e n t s  g r e a t e r  
t h a n  50%. 



Sediment  from t h e  s h e l f  edge  and uppermost  s l o p e  t y p i c a l l y  h a s  a low 
w a t e r  c o n t e n t  ( ~ 5 0 % )  which c o r r e l a t e s  w i t h  i n c r e a s e d  sand p e r c e n t a g e s .  Water 
c o n t e n t  i n c r e a s e s  down s l o p e  and r e a c h e s  a maximum (>300%; Core G 1 3 )  t o  t h e  
s o u t h e a s t  i n  t h e  vicinity of Zhemchuq Canyon. 

C o n s o l i d a t i o n  S t a t e  

Nea r - su r face  s e d i m e n t  from Navar in  Basin is l i g h t l y  t o  m o d e r a t e l y  
o v e r c o n s o l i d a t e d  (OCR: 3-4) e x c e p t  on t h e  s h e l f  where o v e r c o n s o l i d a t i o n  r a t i o s  
as h i g h  as 22 are obse rved  ( T a b l e  7 ) .  The c a u s e  o f  t h e  obse rved  
o v e r c o n s o l i d a t i o n  i s  u n c e r t a i n ,  Sediment  on t h e  s h e l f  i s  s u b j e c t e d  t o  a  
number of  l o a d s  c a p a b l e  o f  i n d u c i n g  t h i s  o v e r c o n s a l i d a t i o n  s t a t e  (e .g. ,  
c r e e p ,  e r o s i o n  o f  o v e r l y i n g  m a t e r i a l ,  c y c l i c  l o a d i n q ,  c e m e n t a t i o n ,  ice 
l o a d i n g ,  and s u b a e r i a l  e x p o s u r e  a t  low s e a  l e v e l  s t a n d s ) .  A t  p r e s e n t ,  we have  
i n s u f f i c i e n t  d a t a  t o  e v a l u a t e  t h e s e  mechanisms. 

SUMMARY OF FINDINGS 

An i n v e r s e  c o r r e l a t i o n  e x i s t s  between peak u n d r a i n e d  s h e a r  s t r e n g t h  (Sv)  
and w a t e r  c o n t e n t  o f  Navar in  Bas in  sed imen t .  A t  a 1  m subhot tom d e p t h ,  a 
tongue  o f  r e l a t i v e l y  weak ( <  10 k P a ) ,  h i g h  w a t e r  c o n t e n t  ( >  l o o % ) ,  Eine-  
g r a i n e d  s e d i m e n t  e x t e n d s  o n t o  t h e  c e n t r a l  s h e l f  from t h e  n o r t h .  To t h e  
s o u t h e a s t ,  n e a r  t h e  head o f  Zhemchug Canyon, s h e a r  s t r e n g t h s  are anomalous ly  
h i g h  ( >  15 k P a ) ,  Vane s h e a r  s t r e n q t h s  a t  t h e  s h e l f  edge are o f  low 
r e l i a b i l i t y  b e c a u s e  o f  t h e  c o a r s e - g r a i n e d  t e x t u r e  and a r e  n o t  r e p o r t e d .  
S t r e n g t h  o f  t h e  f i n e - g r a i n e d ,  h i g h  water c o n t e n t  s e d i m e n t  on t h e  s l o p e  
t y p i c a l l y  d e c r e a s e s  w i t h  water d e p t h  from a h i g h  o f  11 kPa near t h e  s h e l f  
b r e a k  t o  a low o f  3 kPa a t  t h e  base of t h e  s l o p e .  I*lo s t a t i o n s  of v e r y  high 
s h e a r  s t r e n g t h  ( 1 9  and 39 k p a )  were found a t  t h e  b a s e  of  t h e  slope between 
Zhemchug and P e r v e n e t s  Canyons. 

P r e l i m i n a r y  c o n s o l i d a t i o n  d a t a  i n d i c a t e s  t h a t  t h e  s h e l f  s e d i m e n t  i s  
l i g h t l y  t o  h e a v i l y  o v e r c o n s o l i d a t e d  (OCR's r a n g i n g  from 3 t o  22 a t  a subbot tom 
d e p t h  o f  1 m ) ,  A t  p r e s e n t ,  we have  i n s u f f i c i e n t  d a t a  t o  i n t e r p r e t  t h e  c a u s e  of 
o v e r c o n s o l i d a t i o n .  It i s  a p p a r e n t  t h a t  t h e  c e n t r a l  s h e l f  i s  more h e a v i l y  
o v e r c o n s o l i d a t e d  t h a n  a d j a c e n t  areas. 

TABLE 7.' O v e r c o n s o l i d a t i o n  R a t i o s  (OCR's) o f  n e a r - s u r f a c e  s e d i m e n t  

Core  OCR P h y s i o g r a p h i c  
P r o v i n c e  

( k P a )  ( k P a )  

S h e l f  
Canyon 
S h e l f  
S l o p e  
S h e l f  
Can yon 
S h e l f  

* v a l u e s  1 m subbot tom d e p t h  e x c e p t  G78 which was d e t e r m i n e d  a t  58 c m .  
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F i g u r e  29 .  P e a k  u n d r a i n e d  s h e a r  s t r e n g t h  ( S  ) v e r s u s  core d e p t h  f o r  
v 

core G36. Note t h e  g e n e r a l  increase i n  S w i t h  s u b b o t t o m  dep th  
V 

and t h e  good c o r r e l a t i o n  be tween s t r e n g t h  d e t e r m i n a t i o n s  by t h e  
v a r i o u s  methods used.  







HYDROCARBON GASES IN NAVARIN BASIN  PROVINCE SEDIMENTS 

Timothy M. Vogel and K e i t h  A. Kvenvolden 

INTRODUCTION 

The f i r s t  occurrence o f  hydrocarbon gases i n  marine sediments was 
described by Emery and Hoggan (1958) who noted these gases i n  the  sur face 
sediments of the Santa Barbara Basin offshore southern Cal i f o r n i a .  They 
repor ted  concentrat ions of methane (C1), ethane (C2), propane ( C j ) ,  butanes 
(C4), pentanes ( c ~ ) ,  and hexanes (C6). However, s ince 1958 the m a j o r i t y  o f  the 
geochemical s tudies devoted t o  gases i n  marine sediments have centered on the 
d i s t r i b u t i o n  and o r i g i n  o f  methane, which i s  usua l ly  several orders of 
magnitude greater i n  concent ra t ion  than the  C2-C4 hydrocarbons (Reeburgh, 
1969; Whelan, 1974; Martens and Berner, 1974; Claypool and Kaplan, 1974; 
Oremland, 1975; and Kosiur and Warford, 1979). I n  recent  years, methods have 
been developed tha t  measure the hydrocarbons C2-C4 a t  the 1 ppb l e v e l .  For 
example, Bernard and o thers  (1978) repor ted  the  concentrat ions of C - C  i n  
sediment from the slope and shelf  of the Gulf of Mexico. Whelan (14793 
observed C -C7 hydrocarbon gases i n  Deep Sea D r i l l i n g  P r o j e c t  cores over 1000 
m i n  l e n g t  4 , and Whelan and o thers  (1980) repor ted the occurrence o f  C1-C, 
hydrocarbons i n  surface sediment of Wal v i  s Bay, o f fshore  South A f r i ca .  
Kvenvol den and others (1979) repor ted the occurrence o f  C -C4 hydrocarbons i n  
sediment from Norton Sound, Alaska, and Kvenvolden and Re a den (1980) observed 
C1-C4 hydrocarbon gases i n  sediment from the shel f ,  slope, and basin o f  the  - Ber ing Sea. Recently, models have been developed t h a t  charac ter ize  the  
hydrocarbon gases found i n  seeps i n  the marine environment, Bernard and 
o thers  (1977) suggested the use of the r a t i o  C1/C2+C3 t o  help charac ter ize  the 
source of the hydrocarbon gases i n  submarine seeps. A C / C  +C r a t i o  greater  
than 1000 i s  i n d i c a t i v e  of b iogen ic  gas and a r a t i o  lesslth%n $0 i s  suggestive 
of thermogenic gas. C l i ne  and Holmes ( 1977) discussed the usefulness o f  the 
r a t i o  C2/C2,. If the r a t i o  i s  s i g n i f i c a n t l y  greater than one, the hydrocarbon 
gas i s  p o s s ~ b l y  thermogenic, and if the r a t i o  i s  l ess  than one the gas i s  
poss ib l y  biogenic. Kvenvol den and Redden ( 1980) caut ioned t h a t  i n  areas where 
gas concentrat ions are low (non-seep areas), i n t e r p r e t a t i o n  o f  sources o f  
gases based on the r a t i o  C1/C2+C3 can be equivocal.  The same can be sa id  
when the r a t i o  C2/C2= i s  used t o  i n t e r p r e t  sources o f  gases, 

This  study considers the hydrocarbon gases C1, Cp, Cg , ethene (C = )  , 
tj propene (Cg.l, isobutane ( i - C 4  1 and normal butane (n-C4), detected y semi- 

q u a n t i t a t i v e  ana lys is  o f  sediment recovered from the-~avar in Basin prov ince i n  
the Bering Sea. I n t e r p r e t a t i o n  based upon e x i s t i n g  models and s t a t i s t i c a l  
eva lua t ion  of the data are presented t o  prov ide a general view o f  the region. 

METHODS AND MATERl ALS 

Ana ly t i ca l  procedures used i n  t h i  s work have been prev ious ly  described 
(Kvenvol den and Redden, 1980). Cores were c u t  i n t o  10-crn lengths a t  var ious  
i n t e r v a l s  (usua l ly  100-110, 200-210 cm, etc.  sediment depths). Sediment from 
each of these 10-cm sect ions was placed i n  an un l ined can (0.95 1 i t e r s )  t h a t  
had two septa-covered holes on the  s ide near the top. Each can was f i l l e d  
w i t h  d i s t i l  l e d  and degassed water. The can was sealed w i t h  a 1 i d  a f t e r  a 



headspace was es tab l ished by removing 100 ml o f  water. The headspace was 
purged w i t h  helium through the septa. The cans were then shaken f o r  10 
minutes t o  e q u i l i b r a t e  t h e  hydrocarbon gases i n  the  sediment w i t h  the hel ium 
headspace. A sample of the headspace o f  about one-half the cans was withdrawn 
through a septa by a gas - t i gh t  syringe. This syr inge was sealed by a valve i n  
the syr inge and stored f o r  shore-based studies. The cans o f  sediment were 
inver ted ,  frozen, and shipped back t o  the shore-based l abo ra to ry  where gases 
i n  both syringes and the cans were analyzed by gas chromatography us ing flame 
i o n i z a t i o n  and thermal conduc t i v i t y  detectors. The cans o f  sediment were 
brought t o  room temperature and shaken fo r  f i v e  minutes before po r t i ons  o f  
t h e i r  headspaces were analyzed. Cal cu l  a t i o n s  o f  the gas concentrat ions were 
deterrni ned by computer compar i son o f  the i ntegrated area o f  each hydrocarbon 
w i t h  the i n teg ra ted  area o f  a hydrocarbon standard. P a r t i  t i o n  c o e f f i c i e n t s  
were ca lcu la ted  by repeatedly purg ing the headspace o f  some o f  the cans, re- 
e q u i l i b r a t i n g  the gases by shaking the  cans again, and analyz ing a p o r t i o n  of 
the r e s u l t i n g  headspace gas mixture.  The p a r t i  t i o n  c o e f f i c i e n t  ( P . C . )  i s  
der ived from the f o l l  owing equations: 

amount i n  gas phase (GI) new amount i n  gas phase a f te r  purge (G2) 

'.'* = t o t a l  alnount i n  can (TI) = new t o t a l  i n  can a t t e r  purge I T 2 )  
..- 

T = T - G  s0P .C . -  2 1 2' - 1-q- G2 , or genera l l y  P . C . = I ~ ~  where n = # o f  t imes 

For a discussion o f  the theory see Drozd and Novak (1979). Concentrat ions of 
the hydrocarbons are repor ted i n  n l  o f  g a s / l i t e r  o f  wet sediment ( n l / l ) ,  
except f o r  methane, which i s  repor ted  i n  u l  o f  methane/ l i ter  o f  wet sediment 
1 1  1. The a n a l y t i c a l  de tec t ion  1 i m i t  i s  1 n l  o f  gas/l i te r  o f  wet 
sediment. P a r t i t i o n  c o e f f i c i e n t s  used are 0.7 f o r  C1, and 0.5 f o r  C2:C4. The 
p a r t i  t i o n  c o e f f i c i e n t s  were rounded t o  the nearest 0.1. Error  determi ned from 
repeat  analysis,  dupl i c a t e  cores a t  the same s t a t i o n  and a n a l y t i c a l  v a r i a t i o n  
i s  (20%. 

RESULTS 

Hydrocarbon gases (C1-C4) were observed t o  a subbottom depth of 520 cm i n  
the  sediments o f  the Navarin Basin prov ince (Table 8).  The l o c a t i o n s  o f  the 
co r ing  s i t e s  are shown i n  F igure  32. Methane (C ), was the most abundant gas, 
o f ten  present i n  concentrat ions several orders o f magnitude l a rge r  than the  
other hydrocarbon gases. C ranged from 2 t o  over 850 u l / l .  The geographic 
d i s t r i b u t i o n  o f  C a t  the 1d0-110 crn and the  200-210 cm sediment depths are 
shown i n  Figures 43 and 34, respec t i ve l y .  I n  s i x  cores (22, 36, 37, 70, 74  
and 97), anomalously h igh  C concent ra t ions  were observed. These 
concentrat ions are ou ts ide  the 85% conf i  dence i n t e r v a l  , which i s  based upon 
the  concentrat ions o f  a1 1 the  samples, assuming a lognormal d i  s t r i  but ion.  

Ethane (C2) i s  the second most abundant hydrocarbon gas measured i n  the  
Navarin Basin province sediment. The d i s t r i b u t i o n  o f  propane (C3) genera l l y  
f o l l ows  the same t rend as ethane (C2), b u t  i s  l ess  abundant. Cp ranged from 
t r a c e  amounts t o  approximately 1500 n l  /l , whereas C3 ranged from t race  amounts 
t o  about 200 1 Geographic d i s t r i b u t i o n  of these gases a t  the sediment 
depths of 100-110 cm and 200-210 cm are shown i n  Figures 35-38. 



The alkenes, ethene (C2=) and propene (C3=), are genera l l y  lower i n  
concentrat ion than C2 and C3, respect ive ly ,  and the a1 kenes usual l y  decrease 
w i t h  depth. The gas- t igh t  syr inges used f o r  sampl i n g  contained s i g n i  f i c a n t  
amounts of C3=, r e s u l t i n g  from outgassing o f  C = f r a  the t e f l o n  plunger. No 
other  hydrocarbon gases were outgassed i n  sign ? f i c a n t  amounts. 

Concentrations of i sobutane ( i  -C4) and normal butane ( n-C4) are 1 ower 
than the concentrat ions o f  the l i g h t e r  hydrocarbons C C . T h e  concentrat ions 
o f  i - C 4  and n-C4 are of ten below the de tec t ion  1 i m i t  3 n l / l  , and range t o  a 
maximum concFntrat ion of 272 and 36 n l / l ,  respect ive ly .  The C5-C7 
hydrocarbons are measured as a s ing le  back-flush peak on the gas 
chromatogram. These hydrocarbons were sel dom detected and are general l y  low 
i n  concentrat ion (1 ess than 100 n l  11) . Occasional 1-y, the C5-C7 concent ra t ion  
reached 400 n l / l  . Carbon d iox ide  was qua1 i t a t i v e l y  est imated and i t s  
concentrat ion var ied  l i t t l e  from a mean of 2 m l / l  o f  wet sediment. For a l l  
the  samples analyzed, the  C1/C2+C3 r a t i o  ranged from less  than 10 t o  over 
2000, averaging 248. The C2/C2= r a t i o  ranged from 0.2 t o  198, averaging 12. 

Six cores (22, 36, 37, 70, 7 4 ,  and 97) have anomalous C1 concentrat ions;  
four of these (22, 36, 37 and 74) have anomalous ethane concentrat ions. Three 
o f  these four cores (22, 36, and 37) have anomalous propane concentrat ions. 
The C / C  +C3 r a t i o  i n  core 37 i s  721, whereas the r a t i o  i n  cores 22 and 36 are  
70 ana 66, respect ive ly .  A p r o f i l e  of the d i s t r i b u t i o n  o f  hydrocarbons C - 
C3, C1/C2+C3 and C2/C = r a t i o s  w i t h  depth i n  core 36 are shown i n  F igure  3 . P For comparlson, a pro i l e  o f  gas concentrat ions w i t h  depth i n  core 100, i n  

4 
which a l l  the gas concentrat ions are w i t h i n  the 85% confidence i n t e r v a l  based 
upon a lognormal d i s t r i b u t i o n ,  i s  shown i n  F igure 40. 

DISCUSSION 

Sediment i n  Navarin Basin prov ince conta ins mixtures o f  gases t h a t  can be 
c l  a s s i  f i e d  i n t o  four types based on the re1 a t i v e  abundances of the hydrocarbon 
gases present. These four types are de f ined i n  Table 9. The f i r s t  and most 
abundant type (Type 1) has l o w  concentrat ions o f  a l l  the hydrocarbon gases. 
The t y p i c a l  d i s t r i b u t i o n  w i t h  depth of Type I gas mix ture  i s  shown on Figure 
40. Type I i s  def ined as the environmental basel ine for Navarin Basin 
prov ince sediment. Twenty-nine s t a t i o n s  have Type I gas a t  some depth i n  the 
sediment (see Table 8).  

The second type o f  gas (Type 11) has anomalously high concentrat ions o f  
C1 and j u s t  basel ine concentrat ions of the other hydrocarbon gases. F i ve  
cores (49, 63, 68, 102, and 105) have Type I 1  gas. The Type I 1  gas mix ture  i s  
character ized by h igh C1/C2+C3 r a t i o  (greater  than 450) and a low C2/C2= r a t i o  
( l e s s  than two). 

The t h i r d  type of gas (Type 111) has above-baseline concentrat ions of C 1 and always has anomalously h igh  concentrat ions o f  C2 and C . E igh t  cores ( 2 - ,  
25, 36, 37, 70, 71, 74, and 97)  have Type I11  gas. The c1?c2+ C3 r a t i o  ranges 
from 56 i n  core 36 t o  721 i n  core 37. The C2/C2= r a t i o  ranges from 6 i n  core 
7 1  t o  198 i n  core 22. 



The f o u r t h  type o f  gas (Type I V )  has h igh concentrat ions of a t  l e a s t  one 
o f  the alkanes C2-C4. I n  the Navarin Basin sediments, Type IV gas i s  
character ized by the presence of measureable q u a n t i t i e s  of i - C 4  and n-C . Two 
major groups e x i s t  w i t h i n  Type I V ;  the f i r s t  group, (cores 26, 31, fly $2, 43, 
45, 50, 59, and 105) only has anomalous concentrat ions of C3; the  second, 
group, (cores 52, 54, 63, 6 6 ,  68, 73, 97, 101, and 107) has var ious anomalies 
i n  the C -C3 hydrocarbon range. The C1/ CZ+C r a t i o  ranges from as low as 16 
t o  over A00 and the C2/C2. r a t i o  ranges from ? ess than one t o  over 24. 

I n  Type I gas, i n t e r p r e t a t i o n s  based on the C1/C + C3 and C2/C2, r a t i o s  
are inconclus ive because the concentrat ions o f  the hy $ rocarbon gases are t o o  
low fo r  these r a t i o s  t o  i n d i c a t e  whether the gases are der ived from a b iogenic 
or thermogenic source (Kvenvolden and Redden, 1980). A1 though C1 alone i s  
o f t e n  considered t o  be a b iogenic gas, the  alkanes C2 and C3 a re  o f t e n  
considered t o  be thermogenic gases. However, i n  open-ocean sediment i s o l a t e d  
from any apparent thermogenic source, t races  o f  C2 and C3 are  found, and 
evidence e x i s t s  t h a t  suggests t h a t  these t races can be produced by b i o l o g i c a l  
processes (Davis and Squires, 1954; Kvenvolden and Redden, 1980; Whelan and 
others, 1980; Vogel and others, 1980; Oremland and others, 1980). 

Type I1 gas has anomalous C1 concentrat ions,  probably der ived from 
microb io log ica l  a c t i v i t y  i n  the surface sediment. The h igh concentrat ion o f  
C i n  anoxic sediments r e s u l t i n g  from m ic rob ia l  a c t i v i t y  i s  we l l  documented 
(Qarnes and Goldberg, 1976; Kosiur and Warford, 1979; and Martens and Berner , 
1974). The l ess  reducing sediment o f  the open marine environment has b iogenic 
C present i n  lesser  amounts (Bernard and others, 1978; Kvenvolden and Redden, 
1480; Kvenvolden and others, 1981). The m ic rob ia l  processes t h a t  produce C1 
i n  both types o f  sediment are probably s i m i l a r .  

Type 111 gas has the molecular d i s t r i b u t i o n  o f  hydrocarbons most s i m i l a r  
t o  the d i s t r i b u t i o n  t h a t  would suggest a thermogenic source. However, i - C 4  
and n-C4 are general ly  no t  present  i n  anomalous concentrat ions i n  Type 111. 
Sam-cores (22, 25, 36, and 74) have Cl/C2+C3 r a t i o s  less  than 80 and C / C  = 
r a t i o s  greater  than one. However, only  cores 22 and 36 have extremely g ig$  
concentrat ions of a l l  three alkanes C -C . Core 36 a lso has detectable i - C 4  
and n-C4 a t  depth i n  the  sediment. I# t i l e  observed gas was from a thermogenic 
sourFe a t  depth i n  the sediment, the hydrocarbon gases should increase w i t h  
depth s im i l a r  t o  core 36 ( F i g .  39). 

Type I V  gas has a l a r g e  v a r i a b i l i t y  i n  the concentrat ions o f  the 
hydrocarbon gases, causing conclusions t o  be equivocal. Type IV may be 
i n t e r p r e t e d  t o  be a mix ture  o f  thermogenic and b iogenic gases. The h igh  
methane concentrat ion cou ld  poss ib ly  be caused by the mix ing o f  l a r g e  amounts 
of biogenic C1 i n  the surface sediments w i t h  the C1 d i f f u s i n g  up from a 
thermogenic source. The l a r g e  amounts of C2 and C seem t o  poss ib ly  r e q u i r e  a 
thermogenic source f o r  product ion. For example, i? a natura l  gas depos i t  
ex i s ted  a t  depth, C -C3 hydrocarbon gases would possib ly  d i f f u s e  upward i n t o  

surface. 
1 the  surface sedimen , mix ing w i t h  the b iogenic gas produced by microbes a t  the 



A gas m ix tu re  t h a t  has on l y  h i gh  C3 cou ld  be caused e i t h e r  by e r r o r  i n  
determin ing the propane concen t ra t i on  or by a phys ica l  or chemical process 
(1  i ke d i f f u s i o n )  reduc ing  t h e  concen t ra t i on  o f  t he  other  gases. 

The alkenes C = and C3= are present  i n  a l l  the gas types i n  some f q u a n t i t y .  These a kenes have been produced i n  t he  l a b o r a t o r y  (Davies and 
Squires, 1954); Cp, i s  produced i n  s o i l s  by b a c t e r i a  (Pr imrose and D i lwo r th ,  
1976) and C2= and C3= have been observed i n  non-thermogenic gases i n  t h e  
southern Ber ing Sea (Kvenvolden and Redden, 1980) and i n  San Franc isco Bay 
(Vogel and others,  1980) . The processes t h a t  produce t h e  alkanes p robab ly  
d i f f e r  from the b i o l o g i c a l  processes t h a t  produce the alkenes. All cores (31, 
54, 59, 63, 66, and 107) t h a t  have anomalous Cp= and C3= concent ra t ions ,  have 
Type I V  gas. Th is  f u r t he r  confuses any i n t e r p r e t a t i o n  o f  the source f o r  Type 
I V  gas. Obviously, the  h i gh  alkene concent ra t ions  imply  a s i g n i f i c a n t  
b i o l o g i c a l  i n p u t  t o  the gas de tec ted  i n  the sur face sediments. 

Cores 42-45 were taken above an acous t i c  anomaly t h a t  ranges t o  w i t h i n  25 
meters o f  the sediment sur face (see F ig .  27, Car lson and K a r l ,  t h i s  r e p o r t ) .  
The gas concent ra t ions  d i d  n o t  show a c o r r e l a t i o n  w i t h  t he  acous t i c  anomaly, 
poss ib l y  because e i t h e r  the  anomaly i s  no t  due t o  gas-charged sediment or t h e  
gas i s  stopped from reach ing  t h e  surface by some impenetrab le  sediment l a y e r .  

CONCLUSIONS 

Our r e s u l t s  show t h a t  hydrocarbon gases a re  common i n  near-surface 
sediment o f  the Navar in  Basin p rov ince .  Genera l ly ,  the concent ra t ions  o f  
gases are low r e l a t i v e  t o  e a r l i e r  observa t ions  made on sediment from Norton 
Sound (Kvenvol den and o thers ,  1981). The concent ra t ions  of methane i n  Nor t on  
Sound, were h i gh  enough t o  a f f e c t  t he  s t a b i l i t y  o f  the  sediment and thus pose 
a poss ib l e  geolog ic  hazard. Measured concent ra t ions  of gases i n  sediment f rom 
t h e  Navar in  Bas in p rov ince  a r e  much sma l le r ;  thus, we are  l e s s  c e r t a i n  o f  the  
degree o f  hazard. The composi t ion of hydrocarbon gases i s  v a r i a b l e  over t he  
prov ince.  Most of the  observed gas m ix tu res  can be a t t r i b u t e d  t o  
m i c r o b i o l o g i c a l  a c t i v i t y .  No s i g n i f i c a n t  anomalies were observed, a1 though 
t h e  gas from sediment samples from core  36 suggest t h a t  some thermogenic gas 
may be present .  No c o r r e l a t i o n  was observed between gas concen t ra t i ons  
measured i n  t he  s u r f i c i a l  sediment and t he  occurrence of an acous t i c  anomaly 
t h a t  i s  a t t r i b u t e d  by Carlson and Kar l  ( t h i s  r e p o r t )  t o  p o s s i b l e  h i gh  gas 
concen t ra t i ons  a t  depths o f  about 25 meters. 
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DIATOMS FROM LATE QUATERNARY SEDIMENTS 
FROM THE N A V A R I N  BASIN PROVINCE 

Jack G. Baldauf  

INTRODUCTION 

Diatoms are d i  f f i c u l  t t o  use as b i o s t r a t i g r  aphic  i n d i c a t o r s  because no 
e x t i n c t i o n s  or f i r s t  occurrences e x i s t  younger than 0.26 m.y., t he re fo re ,  i t  
i s  necessary t o  use f l u c t u a t i o n s  i n  abundance o f  commonly o c c u r r i n g  species, 
such as Den t i cu lops i  s semi nae and N i  t z s c h i a  oceanica, t o  i d e n t i f y  the g l a c i a l  
and i n t e r  g l a c i a l  s t a g e m e  l a t e  Quaternary and the probable 
Hol ocene/Pl e i  stocene boundary. 

METHODS AND PROCEDURE 

Strewn s l i d e s  o f  unproccesed sediment were prepared f o r  each sample. 
Near top and bottom samples o f  each core  were scanned a t  500 x f o r  age- re la ted  
species. Samples from 30 core  tops were used t o  e s t a b l i s h  the modern 
eco log i ca l  d i s t r i b u t i o n  and samples taken a t  15 cm i n t e r v a l s  down two cores 
were used f o r  down-core s tud ies  (F ig .  41). Strewn s l i d e s  were examined i n  
d e t a i l  a t  1,250 x, and t he  f i r s t  300 specimens encountered were t a b u l a t e d  t o  
determine the abundance o f  i n d i  v i  dual species w i t h i n  each sample. 

The q u a l i t y  o f  p rese rva t i on  f o r  each sample was based on t he  absence and 
presence of se lec ted  diatoms. Fine, d e l i c a t e  species such as Thal a s s i o s i r a  
hya l ina ,  T h a l a s s i o t h r i x  longessima, and Pseudopodosira elegans, were used t o  
determi ne we l l  preserved sampl es, whereas the presence dfonly h e a v i l y -  
s i l i c i f i e d  forms such as Coscinodiscus marginatus, C. r a d i a t u s  and 
Rhizosolen ia  hebatata forma. hebatata,  suggest p o o r p r e s e r  v a t i  on. 

RESULTS 

Cores recovered from t h i s  r e g i o n  were examined and a l l  except  Core 106 
c o n t a i n  l a t e  Quaternary diatoms. Core 106 i s  assigned t o  t h e  Dent i cu l  ops i  s 
seminae var.  f o s s i l  i s  - D. kamtschat ica Zone o f  Barron ( 1980) and i s  
merit i n  age t o  t h e T a r l y  l a t e  Pl iocene. Occurrence of P l iocene sediments 
w i t h i n  t h i s  core i s  n o t  s u r p r i s i n g ,  because the core  i s  l o c a t e d  on t h e  
c o n t i n e n t a l  s lope where down-sl ope t r a n s p o r t  may be a common phenomenon. 

Table 10 shows the occurrences of species encountered du r i ng  t h e  
examinat ion o f  the sur face  samples. The assemblages composed o f  p l a n k t i c  and 
tychopel ag ic  species (See P l a t e  I ) ,  represen t  the Arctoboreal  and Nor th  Boreal  
diatom complexes o f  Jouse (1971). The abundance o f  i n d i v i d u a l  taxa remains 
f a l r l y  cons tan t  throughout  the  study area, w i t h  the except ion o f  D e n t i c u l o p s i s  
smi nae and Ni t z s c h i a  oceanica. These two species a1 t e r n a t e  i n  t h e i r  
dominance o f  the two i d e n t i f i e d  assemblages. 0. seminae comprises 22 t o  40 
percen t  o f  the assemblage i n  areas where w a t e r d e p t h s e  g rea te r  than 2800 m 
(F ig .  42).  Th is  abundance r a p i d l y  decreases t o  10 t o  20 percen t  near t he  
s h e l f  break a t  approximately 200 m water depth, and on ly  t o  1 t o  10 percen t  i n  
sediment from water depths l e s s  than 200 m. Th is  d i s t r i b u t i o n  p a t t e r n  agrees 



w e l l  w i t h  the p a t t e r n  descr ibed  by Sancetta ( i n  press)  f o r  t h e  e n t i r e  Be r i ng  
Sea. N i t z s c h i a  oceanica i s  the  other  common diatom species w i t h i n  the  Navar in  
Bas in  sur face sediment. Th i s  species i s  abundant i n  sediment from the  shal low 
she l f  i n  the nor thwestern p o r t i o n  of the  study area where i t  composes 
approx imate ly  25 percen t  o f  t he  assemblage (F ig .  43). The abundance o f  N. 
oceanica g radua l l y  decreases southward, across the c o n t i  nenta l  s lope t o  Ttie 
deeper reg ions  where i t  comprises 7-15 percen t  o f  the  assemblage. Th is  p a t t e r n  
o f  abundance i s  c o n s i s t e n t  w i t h  p rev ious  s tud ies  by Jouse (1962, 1967), Hasle 
(1965), and Kozlova and Mukhina (1967) and Sancetta ( i n  p ress)  who a l l  found 
N. oceanica t o  be common i n  the  A r c t i c  coas ta l  waters as we l l  as i n  coas ta l  - 
reg ions  o f  the Ber ing  Sea. I n  a d d i t i o n ,  Gran (1904), Homer and Alexander 
( 1972), and Sancetta ( i n  press)  concluded t h a t  N. oceanica i s  assoc ia ted  w i t h  
ice-covered areas where i c e  e x i s t s  for  a p e r i o d  of a t  l e a s t  s i x  months. 

The boundary between dominance o f  the f l o r a s  by N. oceanica and 0. 
semi nae i n  sur face samples c l o s e l y  c o i  nc ides w i t h  the  s h e l f  break ( F i g .  44) . 
The southern zone, dominated by D. semi nae, i s  conf ined t o  the  A l e u t i a n  b a s i n  
reg ion ,  whereas the  s h e l f  zone i s  dominated by N. oceanica, and corresponds t o  
the  ex ten t  of i c e  d i s t r i b u t i o n  i n  the  Ber ing Sea (Park and o thers ,  1974). 

The present  day d i s t r i b u t i o n  of diatoms w i t h i n  sur face  sediments o f  
Navar in Basin prov ides a foundat ion  for eco log i ca l  i n t e r p r e t a t i o n s  o f  d ia tom 
assemblages from s t r a t i g r a p h i c  samples. A1 1 i n t e r v a l s  examined from Cores 13 
and 26 con ta in  diatoms o f  the  1 a t e  Quaternary Den t i cu lops i s  seminae Zone o f  
Barron (1980). The s t r a t i g r a p h i c  assemblages a re  s i m i l a r  to-of su r face  
samples and are dominated by D. semi nae or N, oceanica w i t h  an o c c a s i o n a l l y  
common occurrence of T h a l a s s i o s i v d a  7 V ' i m  However, i n  Core 26, a t  
the  i n t e r v a l s  231 cm and 300 cm. r a r e  s~ec imens  o f  Rhizosolen ia  c u r v i r o s t r i s  
and Tha lass ios i r a  n i d u l  us occur;  t h a t  suggest the  sediment i s  s l  i g h t l y  o lder .  
We1 l -preserved d i  a n  the  D. Semi nae Zone e x i s t  be1 ow these two i n t e r  v a l  s. 
which' suggests t h a t  specimens %--tFK%F i n t e r v a l s  o f  231 cm and 300 cm a re  
reworked. 

Sediments i n  the  u m e r  232 cm o f  Core 13 l o c a t e d  i n  2962 m o f  water a re  . , 

dominated by D. semi nae. D e n t i c u l  ops i s  semi nae composes approx imate ly  25 
pe rcen t  of thFassemb1 age i n  t h i  s i n t e r v m i  s s imi 1 a r  t o  t he  abundance 
w i t h i n  the sur face samples. The abundance of 0. seminae sharp ly  decreases a t  
232 cm as the  abundances o f  N. oceanica and T . g r a v i d a n c r e a s e .  Th i s  
dominance o f  - N. oceanica a n 6 7 .  grav ida c o n t x u e s  t o  the base o f  t he  core  a t  - 
290 cm. 

A s i m i l a r  p a t t e r n  e x i  s t s  i n  t h e  top  230 cm o f  co re  26 taken i n  
3377 m o f  water. The remain ing samples i n  core  26 show a b r i e f  increase,  a t  
250 cm i n  the  number o f  D. seminae and a decrease i n  t he  abundance o f  N. 
oceanica and T. g rav ida  p r i o r  t o  the o v e r a l l  dominat ion o f  N. ocean i caTnd  T. 
grav ida.  M i n F f l u c t u a t i o n s  i n  t he  t h r e e  taxa e x i s t  within-e upper 227 c r  
but i n  p a r t  r e s u l t  from downslope t r a n s p o r t  f rom Navarinsky and Pervenets 
Canyons, which have submarine fans  t h a t  i n t e r s e c t  near t h e  l o c a t i o n  o f  co re  
26. 

The d i s t r i b u t i o n  of N. oceanica i n  sur face  samples suggest t h i s  species 
represents  a cold-water G r m  assoc ia ted  w i t h  i ce ,  whereas the d i s t r i b u t i o n  o f  



D, seminae suggests i t  represen ts  a t r u e  oceanic form assoc ia ted  w i t h  coo l  - 
w a t m  i s  there fo re  p o s s i b l e  t o  use t h i s  p a t t e r n  t o  i n t e r p r e t  t he  
s t r a t i g r a p h i c  occurrences of dominant N. oceanica over D. seminae i n  cores 13 
and 26 as a record  of the l a s t  g l a c i a l e v e n t  i n  the B e r i n g ~ o n s e q u e n t l y ,  
t h e  Hol ocene/Pl e i  stocene boundary may be p l  aced immedi a t e l y  above t h e  
i n t e r v a l  . 

The abundance of T h a l a s s i o s i r a  grav ida,  which mimics the  abundance o f  N. - oceanica throughout the core, s u p p o r ~  conc lus ion.  T. g rav ida  i s  a 
coarse, we1 1 - s i l i c i f i e d  species assoc ia ted  w i t h  condi t i o F F ~ s h e 1 f  and 
upper slope. Lowered sea l e v e l  du r i ng  a g l a c i a l  stage exposes broad areas o f  
t h e  con t i nen ta l  s h e l f  t o  e r o s i o n  and r e s u l t s  i n  increased downs1 ope t r a n s p o r t  
o f  sediments. Concentrat ions of f r u s t u l e s  o f  T. grav ida occur a t  231 cm i n  
co re  13, and 227 cm i n  core  26 and can be interp-o c o r r e l a t e  w i t h  a 
marine regress ion.  The 1 i tho logy  of the cores lends  fu r ther  suppor t  t o  t h e  
i n t e r p r e t e d  g l a c i a l / i n t e r g l  a c i a l  t r a n s i t i o n .  Both cores a re  predominate ly  
mud; however, i n  co re  13, from 227 t o  237 crn, and i n  core 26, f rom 223 t o  230 
cm, an i n t e r v a l  of pebbles, g rave ls  and s h e l l  fragments occurs. These coarse 
g r a i n  l a y e r s  probably r ep resen t  l a g  deposi ts .  The top  of these i n t e r v a l s  occur 
e x a c t l y  where the  reve rsa l  of t he  diatom species takes place. 

If the change-over i n  dominance of D. seminae and N. oceanica i s  assumed 
t o  represen t  the end o f  the  l a s t  g l a c i a l -  v ~ a b o u t 1 1 , 0 0 0  years  ago, then 5 an average sedimentat ion r a t e  of 22 cm/lO years i s  found i n  cores 13 and 26. 
Th i s  average sedimentat ion r a t e  agrees w i t h  those c a l c u l a t e d  by Knebel a d 
o the rs  ( 1974), who repo r ted  an approximate accumul a t i o n  r a t e  o f  34 cm/lO 9 
yea rs  based on radio-carbon data.  

To determine whether t h e  D. serninae-N. oceanica reve rsa l  i s  a l o c a l  even t  
r e s t r i c t e d  t o  the immediate a r = , r l ' f i t c a n  be reproduced i n  o ther  areas o f  
t h e  Ber ing  Sea, samples a t  10 cm i n t e r v a l s  were taken from a g r a v i t y  co re  S3- 
77 6151) recovered from the A l e u t i a n  Basin (Gardner, e t  al., i n  p ress) .  Diatom 
abundance data from these samples a re  a l s o  shown i n  F igu re  45. The r e s u l t s  
from core  6G1 are s i m i l a r  t o  those ob ta ined  from cores 13 and 26 b u t  suggest a 
lower sedimentat ion ra te .  The abundance of D. seminae i n  t h e  upper 25 cm o f  
661 i s  25 t o  30 percent,  f o l l owed  down-coreTy-nance o f  N. oceanica. A 
b r i e f  increase a t  approx imate ly  60 cm occurs i n  D. seminae, a f e a t u r e  t h a t  
a1 so occurs i n  core  26. If the Holocene/ P l e i s t ~ e ~ d a r y  i s  p laced  a t  25 
cm, t h i s  g ives an average sedimentat ion r a t e  o f  2.25 cm/1000 years.  The b r i e f  
inc rease  o f  D. seminae a t  60 cm would r e f l e c t  a warming t r e n d  t h a t  occur red  
about 2 5 , 0 0 0 7  BP preceded by g l a c i a l  c o n d i t i o n s  a t  about 29,000 y.BP. 

CONCLUSION 

Diatoms can be used t o  recognize g l a c i a l  and i n t e r g l a c i a l  events  i n  l a t e  
Quaternary sediments and a1 1 ow r e c o g n i t i o n  o f  the Hol ocene/Pl e i  stocene 
boundary. 

Cores w i t h i n  t he  study area a re  cha rac te r i zed  by an assemblage dominated 
by D. seminae and r e l a t i v e l y  minor numbers of N. oceanica and T. g rav ida  i n  
t h e u p p e r  sec t i on  of t he  cores. Th i s  i s  f o l l o w 3  down core  by i n t e r v a l  



where D. seminae ab rup t l y  decreases i n  abundance and i s  replaced by N. 
oceanica a n d T . g r a v i  da. This reversa l  i s  i nterpre ted  t o  de f ine  the- 
Hol ocene/~lei=ocene boundary a t  11,000 y BP. 
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Figure 41. Location of surface samples and cores used for studies. 



Figure 42. Distribution of Denticulopsis semime in the surface 
sedinents. Ccnt0u.r~ represent values of 10. 20 and 30 percent. 



Figure 43.  Dis t r ibu t ion  of Nitzschia aeanica in the &ace 
m i m n t s .  Contours represent values of 10, 20, and 30 ~ r c e n t  . 



Figure 44. Area within the Navarin Basin, t ha t  is daninated by 
D. seminae or N. ooeanica in the sediments. Contours represent - 
depths of 100 &d 200 meters. The 200 mters cantour is the 
shelf-slop boundaxy. 
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Thal ass ios i  ra t r  i f u l  a t a  Fryxel  1 
Sample 26-1, I5 cm; F m i n  diameter 

Thal ass ios i  r a  gravida Cl eve 
Sample 13-2, 135 cm; 25 p m i n  diameter 

Asteromphalus robustus Castracane 
Sampl e 22-1, 2-3 cm; 56 p m i n  diameter 

Thal ass i  o s i  r a  nor denski 01 d i i  C l  eve 
Sample 26-1, / 5  cm; 22 p m i n  diameter 

Bacter ia  f r a g i l i s  Gran 
Sample 83-1, 0-2 crn; 20 m i n  diameter 

Cosci nodi scus 1 a c u s t r i  s Gr unow 
-9 p m i n  diameter 

Pseudopodosira elegans Sheshukova-Poretskaya 
Sample 26-1, /m p m i n  diameter 

Thal ass i  o s i  r a  oes t r  up i  i 
Sample 26-1, 75  cm; 8 p m i n  diameter 

Porosi r a  g l  a c i  a1 i s  (Gr unow) Jdr gensen 
Sample 28-1, 0-2 cm4 48 p m i n  diameter 

Navicula sp. 2.  
Sample 28-1, 0-2 cm; 48 p m i n  length  

Rhizosolenia hebatata f ,  hiemal i s  (Ba i ley)  Gran 
Sample 13-3, 165 cm; 84 p m i n  1 ength 

Ni t zch ia  oceanica (Cleve) Has1 e 
Sample 22-1, 2-3 cm; 28 p m i n  length  

Dent icu lops i  s semi nae (Semina) Simonsen 
Sample 22-1, 2-34 p m i n  length  
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PRELIMINARY REPORT ON BENTHIC FORAMINIFERS FROM NAVARIN B A S I N  
PROVINCE, BERING SEA, ALASKA 

Paula J. Qu in terno 

INTRODUCTION 

Previous studies o f  benth ic  f o ramin i fe rs  i n  t he  Ber ing Sea are  m s t l y  
conf ined t o  areas t o  the no r th  and west (Saidova, 1967; L i s i  tsyn, 1966) and t o  
shallow-water areas t o  the eas t  and nor theast  of the study area. (Anderson, 
1963; Knebel and others, 1974) of the study area. The d i s t r i b u t i o n  o f  benth ic  
fo ramin i fe rs  i n  the present study area was determined i n  49 subsamples from 
water depths o f  91m t o  3420 m. Fourteen of these subsamples are from core 
tops or grab samples (F ig.  4 6 ) ,  and 33 are  from var ious depths w i t h i n  the  
cores. The goals o f  t h i s  study are t o  determine the d i s t r i b u t i o n  o f  benth ic  
f o ramin i fe rs  i n  surface sediment and t o  record  s t r a t i g r a p h i c  changes of the 
fauna w i th  depth. 

METHODS 

Five of the 14 surface samples were preserved i n  70% e thy l  a lcohol  and 
s ta ined w i t h  Rose Rengal s h o r t l y  a f te r  they were co l lec ted .  Rose Bengal 
s ta ins  protoplasm a deep p ink,  thereby d i s t i n g u i s h i n g  1 i v i n g  fo ramin i fe rs  from 
dead specimens. This method i s  no t  w i thou t  e r ro r ;  f o r  example, f o re ign  
organic mater ia l  such as bac te r i a  or worms on or w i t h i n  the tes ts ,  may take 
t h e  s t a i n  and be mistaken f o r  foramini fera1 protoplasm. Also, if the t e s t s  
are th i ck  or amber-colored, the s t a i n  i s  d i f f i c u l t  t o  see. 

The sampling techniques used t o  c o l l e c t  the  cores i n  t h i s  study d is tu rbed 
the upper few cent imeters o f  sediment. Jus t  before the sampler h i t s  bottom, 
i t  creates a shock wave t h a t  s c a t t e r s  some of the surface sediment. A l l  
g r a v i t y  cores co l l ec ted  on t h i s  c r u i s e  were turned h o r i z o n t a l l y  t o  remove the 
1 i n e r  i n  order t o  f a c i l i t a t e  hand1 i n g  on deck. I f  the upper sec t ion  o f  a core 
consis ted o f  water-saturated sediment, some o f  the s l u r r y  was l o s t  and some 
probably mixed w i t h  sediment deeper i n  t he  core. Because fo ramin i fe rs  l i v e  i n  
the upper few cent imeters o f  sediment, i t  i s  not  l i k e l y  t h a t  a rep resen ta t i ve  
sample of the 1 i v i  ng popu la t ion  was obtained. Therefore, resul  t s  o f  1 i v e  
studies are approximations. 

Samples (both preserved and unpreserved) were processed by washing over a 
62 f l  mesh sieve t o  remove s i l t  and c lay.  Preserved samples were a i r  d r i e d  
t o  prevent protoplasm from shr ink ing ;  unpreserved samples were d r i e d  i n  an 
oven. I n  samples w i t h  abundant t e r  r i genous mater i a1 , foramin i fe rs  were 
concentrated by f l o a t i n g  i n  carbon te t rach lo r i de .  A microspl i t t e r  was used t o  
ob ta in  a representa t ive  s p l i t  of approximately 300 benth ic  forami n i  f e r  s, but  
t he  actual  number o f  benth ic  fo ramin i fe rs  i n  the s p l i t s  ranged from 3 t o  2860. 
Foramini fers were mounted on cardboard s l  ides, i den t i f i ed ,  and the percentage 
of each species i n  the assemblage was ca l cu la ted  (Table 11). 



DISTRIBUTION OF FORAMINIFERS 

F o r t y - f i v e  calcareous and 20 agg lu t ina ted  benth ic  species have been 
i d e n t i f i e d  i n  the samples examined (Table 11). 

Calcareous Species 

The maximum water depth a t  whSch cat careous benth ic  f o ramin i fe rs  have 
been found i n  the Ber ing Sea i s  3500 m; agg lu t ina ted  species occur from 
shallow depths to  depths greater  than 3500 (Saidova, 1967). 

Calcareous benth ic  fo ramin i fe rs  are present i n  a l l  b u t  4 o f  the samples 
(Table 11). The exceptions are a G-14 (2-3  cm) from 91 m water depth, which 
conta ins  a11 agg lu t ina ted  specimens; G-6 ( 19-20 cm and 80-81 cm) from a water 
depth o f  113 m -- both i n t e r v a l s  are barren o f  calcareous and agg lu t ina ted  
specimens; and 6-106 (55-58 cm) from 1785-m water depth which conta ins several 
fragments o f  poorly-preserved 1 arge, agg lu t ina ted  forms t e n t a t i v e l y  i d e n t i f i e d  
as Hyper ammi na and Rhabdammi na. 

Calcareous benth ic  fo ramin i fe rs  i n  t h e  samples s tud ied  are  w e l l -  t o  
poorly-preserved (P la tes  2A and 26). Both abrasion dur ing t ranspor t  and 
d i s s o l u t i o n  seem t o  a f f e c t  preservat ion.  A1 though E lph id i  urn t e s t s  look 
robust,  broken specimens are common. D isso lu t i on  a-ts t h i s  genus; i n  
some surface samples the e n t i r e  calcareous t e s t  has been dissolved, l eav ing  
only  the amber-col ored organic inner l i ning (P la te  20). Calcareous specimens 
i n  6-13 (240 cm) and G-12 1582-584 cm) show d e f i n i t e  signs o f  d i sso lu t i on .  
Tests are d u l l  and gra iny and fea tures  are obscure, These samples are from 
water depths o f  2962 and 3164 m, respect ive ly .  

Aggl u t i  nated Species 

Previous studies i n  the Ber ing Sea have repor ted the h ighes t  percentages 
o f  agg lu t ina ted  fo ramin i fe rs  a t  water depths of l e s s  than 200 meters and a l so  
a t  depths greater than 2500 m (Anderson, 1963 and Saidova, 1967). This t r e n d  
was n o t  observed i n  the present  study. Percentages va r ied  from h igh  t o  low a t  
a l l  water depths. There i s ,  however, a d e f i n i t e  decrease i n  the percentage of  
agg lu t ina ted  fo ramin i fe rs  w i t h  depth i n  the  cores (F igs.  47, 48, and 49; 
Table 11). This decrease cou ld  be a t t r i b u t e d  t o  poor p r e s e r v a b i l i t y ;  t he  
organic cement b ind ing  the  gra ins  together may be destroyed a f t e r  t he  t e s t s  
are buried, or t o  present cond i t i ons  which prov ide a more-favorable h a b i t a t  
f o r  agg lu t ina ted  forms and l e s s  favorab le  f o r  calcareous forms than d i d  pas t  
condi ti ons. 

The large,  agg lu t ina ted  f o r  ami n i  f er s, Hyper ammi na and Rhabdammi na, i n 
core G-106 (55-58 cm) d i f f e r  from the agg lu t ina ted  specimens near the top of 
t h i s  core (5-8 cm) and from those of a1 1 other  samples analyzed (Tab1 e 11). 
The fauna a t  55-58 cm resembles the  faunas found i n  Bering Sea dredge samples 
which were dated as poss ib ly  e a r l y  T e r t i a r y  (Robert Arnal, personal 
communication). Although age-diagnostic fo ramin i fe rs  are absent from 6-106 
(55-58 cm) , the general character  o f  the  fauna and the  l i t h o l o g y  (we l l -  
consol ida ted  mud w i t h  shale fragments) suggests a pre-Quaternary age, 



Down-core Studi e r  

A1 1 the benth ic  foramini fer  species found i n  these cores have 
representat ives t h a t  are s t i l l  1 i v i n g  today, so evo lu t ionary  e x t i n c t i o n s  
cannot be used here for s t r a t i g r a p h i c  i n t e r p r e t a t i o n .  F luc tua t i ng  abundances 
o f  c e r t a i n  species, however, may be usefu l  fo r  decipher ing Quaternary h i s t o r y .  

Elphidium i s  genera l l y  considered t o  be r e s t r i c t e d  t o  the she l f ,  y e t  h igh  
percentages o t  t h i s  genus occur i n  3 cores from water depths greater than 
1900 m (Figs. 47, 48, 49) .  These occurences may i n d i c a t e  a change i n  envi ron-  
mental cond i t ions  a t  the t ime o f  deposi t ion.  Percentages o f  Elphidium i n  6-13 
increase from less  than 5% i n  the i n t e r v a l s  examined above 221 cm t o  35% and 
22% a t  230-231 crn and 235-236 cm, respect ive ly .  A decrease t o  8% or l e s s  
occurs below 240 cm (F ig .  4 7 ) .  Elphidium reaches a maximum o f  74% a t  330 cm 
i n  6-26 and a maximum of 20% a t  325 cm i n  6-36 (Figs. 48 and 49) .  These 
maxima are associated w i t h  sediment cons i s t i ng  of sands and g r a v e l l y  sands. 
This coarse sediment i s  o v e r l a i n  by diatom ooze i n  G-13 and 6-26 which extends 
from the core top down t o  220 cm, Diatom ooze i s  the dominant sediment type 
i n  surface samples from the cont inenta l  slope o f  the Navarin Basin prov ince 
(Ka r l  and others, t h i s  r e p o r t )  , Coarse sediment on the slope may have been 
displaced from she l f  depths. Lowering o f  sea l eve l  dur ing Ple is tocene 
g l a c i a t i o n  caused much o f  the f l a t  s h e l f  t o  be exposed. Shallow-water faunas 
could have been e a s i l y  t ranspor ted  downslope or Jce r a f t e d  i n t o  the deep-water 
environment. Furthermore, cores 36, 26, and 13 are loca ted near the  mouths af 
Navarinsky, Pervenets, and Zhemchug Canyons, respect ive ly  (F ig.  46) ; where 
downslope sediment t ranspor t  would have been f a c i l i t a t e d .  

Bal dauf ( t h i s  repo r t )  concludes t h a t  f l u c t u a t i n g  abundances o f  t he  
diatoms D. seminae, N. oceanica, and T. gravida can be used t o  i d e n t i f y  the  
Hol o c e n e ~ l ~ n e ~ o u n d a r y  i n  c o r e y  G-26 (Figs. 50 and 5 1 ) .  He 
s ta tes  t h a t  N. oceanica i s  a co l  d-water species associated w i t h  ice,  whereas 
D. seminae is a t r u e  oceanic species associated w i t h  cool waters. The change 
i n  domi'nance from D. seminae t o  N. oceanica marks the t r a n s i t i o n  from g l a c i a l  
t o  i n t e r g l  a c i a l  c o F d i l i  ons t h a t  Fccur red about 11,000 years ago. The maximum 
abundance o f  Elphidium i n  G-13 occurs a t  Baldauf 's  proposed 
Holocene/Plei stocene boundary (F ig.  50). A1 though E l p h i d i  urn does n o t  show a 
peak a t  220 cm i n  6-26 ( t h e  proposed Holocene/Pleistocene boundary), the  peak 
a t  330 cm co r re la tes  w i t h  another decrease o f  - D. semi nae (F ig.  51). 

Faunas from Low-Oxygen Envi ronments 

Low d i v e r s i t y ,  high abundance benth ic  forami n i f e r a l  assemblages are 
t y p i c a l  i n  sediments where the d issolved oxygen content  o f  the ove r l y i ng  water 
i s  l ess  than 1 m l / l  . A few species o f  the genera Bo l iv ina ,  Bu l im ine l l a ,  
Fur senkoi nay and G l  obobul im i  na o f  ten dominate the fauna. 

Benthic fo ramin i fe ra1  faunas a t  2 depth i n t e r v a l s  i n  G-66 are  s i m i l a r  t o  
the low-oxygen faunas described by Douglas and Heitman (1979) from t h e  
southern C a l i f o r n i a  border land and by I n g l e  and K e l l e r  (1980) from the eastern 
P a c i f i c  margin. Frequency percentages o f  the most abundant species from 2 
depth i n t e r v a l s  i n  G-66 are presented i n  Table 12. 



Table 12. Percentages of ben th ic  f o r a m i n i f e r s  
from 2 i n t e r v a l s  i n  6-66 

Core 66 ( 1336 m deep) 380-382 cm 385-387 ern 
Bul i m i  ne l  1 a tenua ta  45% 5 2% 
B o l i v i n a  p a c t t i c a  25 25 
It u r  senkoi na spp. 23 6 
-ur i c u l  a t a  4 4 

The 380-382-cm i n t e r v a l  o f  6-66 i s  a dark greenish gray and o l i v e  gray 
l ami nated mud. The sand-size f r a c t i o n  i s  approximately 90% fo ram in i f e r s ,  
dominated by the f e ~  species shown i n  Table 12. Previous s tud ies  have shown 
t h a t  lamina ted  sediments a re  common where d i sso l ved  oxygen con ten t  of the  
o v e r l y i n g  water i s  l e s s  than l m l / l ;  these cond i t i ons  are unfavorable for most 
scavengi ng macro-i nver tebra tes ,  so t h e r e  a re  few organi  sms t o  d i  s t u r  b t he  
sediment. A1 though the  fauna a t  385-387 cm i n  G-66 i s  s i m i l a r  t o  the fauna a t  
380-382 cm (Table 12), t he  sediment i s  very d i f f e r e n t .  The lower i n t e r v a l  
(385-387 cm) i s  coarse m a t e r i a l  made up l a r g e l y  o f  vo lcan ic  ash. The sediment 
below 390 cm changes a b r u p t l y  t o  mud ( s i r n i l  a r  t o  sediment a t  380-382 cm) , b u t  
the  fauna does no t  change s i g n i f i c a n t l y .  The coarse l aye r  i s  probably  an a i r -  
borne vo l can i c  ash deposi t ,  and i f  found i n  o ther  cores i n  the Navar in  Bas in 
province, cou ld  be a use fu l  s t r a t i g r a p h i c  marker . 

L i v e  Species 

Rose Bengal s t a i n  was used t o  recognize l i v e  f o r a m i n i f e r s  i n  5 sur face  
samples, and the percentage o f  each species i n  the l i v e  fauna was ca l cu la ted .  
The composi t ion o f  the l i v e  and dead species i n  sur face  samples 6-59, 6-32, S- 
110, and G-40 are s i m i l a r  f o r  each s t a t i o n .  Th is  i s  n o t  the case a t  G-26 
(Tables 11 and 13). E ighteen species were p resen t  i n  G-26, b u t  on ly  6 o f  
these species (33%) were represented by bo th  l i v e  and dead specimens. 
Elphidium, a genus u s u a l l y  r e s t r i c t e d  t o  s h e l f  depths, made up 8% of t he  t o t a l  
fauna (Table 11) i n  6-26 (3373 m. water depth) .  A l l  specimens o f  E lph id ium 
were dead and poo r l y  preserved. Displacement, poss ib l y  by downs1 ope t r a n s p o r t  
i n  Pervenets Canyon, coul  d account for the  d i  screpancy between 1 i v i  ng and dead 
species i n  core 6-26. 
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Figure 46.  Sanple locations 
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CORE 6-13 
PERCENT OF TOTAL FAUNA 

Figure 47 Distribution of benthic forminifen with depth in Core Cr13. 
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CORE 6-36 
PERCENT OF TOTAL FAUNA 

Figure 49. Distribution of benthic foraminifers w i t h  &pth in Core G36. 
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Figure 50. Domcore distributions of diatam and foraminifers in Core 61 3 .  



Figure 51. -core distributions of diataos, radiolarians, and 
forahifers in Core G-26. 



PLATE 2 

A .  Well-preserved Elahid *. from S-110 ( ~ 6 0 )  

B. Organic inner It'ning of Eiphtdivm w. From G-54, 0 - t c m  (~100) 









Table 11 ( u n t l n u e d ) .  



RADIOLARIA FROM THE NAVARIN BASIN  PROVINCE, BERING SEA 

Joyce R. B l ue fo rd  

INTRODUCTION 

A1 though several  b i o s t r a t i g r a p h i c  s tud ies  descr ibe  r a d i o l a r i a n  faunas i n  
the Nor th  P a c i f i c  (Hays, 1970; N i g r i n i ,  190; Sachs, 1973; K l i n g ,  1971 and 
1973; Ling, 1970; Robertson, 1975; and Krugl  ikova, 1976 and 1977), t h e  on ly  
comprehensive study of the r a d i o 1  a r i a n  fauna from sur face sediments from t h e  
Be r i ng  Sea i s  by L i ng  and o the rs  (1970). Many n o r t h  P a c i f i c  species a re  n o t  
found i n  the Ber ing Sea. Rad io l a r i ans  from the sur face layer  i n  t he  Sea of 
Okhotsk (Krugl  ikova,  1975) a re  s i m i l a r  t o  those analyzed for t h i s  r e p o r t .  

The purpose of t h i s  p r e l i m i n a r y  survey o f  r a d i o l a r i a  i s  t h r e e f o l d .  
F i r s t ,  i t  es tab l i shes  what species a re  p resen t  i n  t he  upper 600 cm o f  the 
sediment; secondly, i t  suggests useful  species f o r  s t r a t i g r a p h y ;  and t h i r d l y ,  
i t  suggests areas of f u r t he r  s t u d i e s  t h a t  may y i e l d  use fu l  s t r a t i g r a p h i c  and 
environmental  i n f o rma t i on .  

METHODS 

It was concluded a f t e r  a p r e l  i m i  nary scan o f  prepared forami n i f e r a l  
samples t h a t  samples from cores c o l l e c t e d  i n  water depths deeper than 200 m 
con ta i  ned the most abundant and d iverse  r a d i o l a r i a  fauna. Therefore,  a 
concen t ra ted  e f f o r t  was made on deep water cores as shown i n  F igu re  52. 
Samples were taken from the top  and bottom o f  most of the cores. Some cores,  
such as 12, 26, 109, and 115, were sampled a t  i n t e rmed ia te  l e v e l s  as w e l l .  

Samples were washed through a 52 mn mesh sieve. Because carbonate and 
o rgan ic  contents  were low, t he  usual method of adding HC1 and hydrogen 
perox ide  was n o t  used. R a d i o l a r i a  from samples t h a t  con ta in  a h i gh  percentage 
o f  diatoms were concentrated by f i r s t  d r y i n g  t he  sample, then p u t t i n g  h a l f  o f  
the sample on a watch glass, then pour ing  i t  i n t o  another watchglass. The 
f i r s t  watchglass i s  wiped c l ean  and the  process i s  repeated about 4 or 5 
t imes. Diatoms tend t o  adhere t o  the  watchglass t h a t  does n o t  have the b u l k  
o f  the sample because of s t a t i c  e l e c t r i c i t y .  R a d i o l a r i a  a re  concen t ra ted  i n  
the  sample and strewn s l i d e s  a re  then made. The e n t i r e  s l i d e  was scanned i n  
an e f f o r t  t o  look a t  t h e  t o t a l  assemblage. 

RESULTS 

The r a d i o l a r i a n  fauna o f  t he  Ber ing  Sea i s  d i f f e r e n t  f rom t h a t  o f  t he  
Nor th  P a c i f i c  i n  be ing more d i ve rse  w i t h  endemic a rc toborea l  and cosmopol i t a n  
species (Krugl  i kova, 1977) . The Navari n Basin p rov ince  assemblage i s  s imi  1 ar 
t o  the assemblage i n  sur face  sediment throughout  t he  Ber ing  Sea ( L i n g  and 
o thers ,  1970) and t he  Sea of Okhotsk (Krugl  i kova, 1975). Th is  may be due i n  
p a r t  t o  oceanographic c u r r e n t  and water mass pa t t e rns .  

Seventy d i f f e r e n t  species were i d e n t i f i e d  from Navar in  Basin p rov ince  
cores ( f a b l e  14). Their  abundance as a group i n  samples c o l l e c t e d  from the  
s lope  and r i s e  i s  second on l y  t o  diatoms. The f o l l o w i n g  species a re  found t o  
be most abundant i n  t h i s  area ( i n  decreas ing order ) : Sty1 ochl  ami djum venustum 



( B a i l e y ) ,  Spongotrochus g l a c i a l  i s  Popof sky group, Cycladophora ( ? )  co rnu ta  
(Bai  1 ey) , Cyc l  ado hora dav i  s iana threnberg, S t y l o d i c t y a  acul  ea ta  Jorgensen, 
A c a n t h o d e s h e t .  sp. inde t .  A, L I  t h e l i u s  sp., S t y l a t r a c t u s  pyr i forrni s 
( B a i l e y ) ?  emend Krug l  ikova, Dictyophimus g r a c i T i  es Ba i ley ,  Prunopyle 
a n t a r c t i c a  Dreyer , A c a n t h o d e ~ m i c r o p o r a  7l-k opo s y )  , ~rach-0 dubi us 
Dogiel- Sty1 od i c t ya  v a l  i d i  sp i  na Jorgensen. Table 15 shows the  a b u n d a T i F Z  
a l l  species counted i n  t h i s  study. 

The occurrence o f  Lychnocanoma grande i n  some samples (Table 15) i s  
noteworthy i n  t h a t  t h i s  species has been shown i n  s tud ies  o f  P a c i f i c  Ocean 
cores t o  be s t r a t i g r a p h i c a l  l y  s i g n i f i c a n t  (see e.g., Robertsen, 1975; 
Krug l  i kova, 19761. Not enough samples have been exami ned, however, t o  
determine the  s i g n i f i c a n c e  o f  L. grande i n  t he  Navarin cores. 
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Table 14. LIST OF RADIOLARIAN SPECIES FOUND I N  NAVARIN BASIN 
Percentage 
of samples 
i n  which 
species 
occur 
(62 t o t a l  

Species Name Taxonomic Reference sampl es ) 

*1,2Acanthodesmi a micropora (Popof sky) 
*l ,Acanthodesmiidae gen. et.sp. i ndet  A 

Acanthodesmiidae gen. et.sp. i n d e t  B 
Acanthosphaera sp. i n d e t .  

*1,2,Arachnocorys dubius Dogiel  
A r t o s t r o b i i d a e  sp. i n d e t .  
A r tos t robus  annulatus ( B a i l e y )  
Botryocampe i n f l  a ta  ( B a i l e y )  
Bot ryost robus a u r i  t u s  (Ehrenberg) 
Carposphaera sp. i nde t .  A 
Carposphaera sp. i nde t .  B 
Carposphaera sp. i n d e t .  C 
Carposphaera sp. i nde t .  D 
Cenosphaera c r  i s t a t a  Haeckel 
Cenosphaera sp. i nde t .  A 
Cenosphaera sp. i n d e t .  B 
Co rnu te l l  a profunda Ehrenber g 
Cromyechi nus borea l  i s  (C l  eve) 

*2 ,Crytopera 1 aguncul a Haeckel 
*1,2 ,Cycl adophora ? cor nuta (Ba i  1 ey ) 
*1 ,Z,Cycladophora davi s iana Ehrenberg 

Dic tyocephal  us p a p i l l  osus ( Ehrenberg) 
* l ,Dictyophimus g r a c i l i p e s  B a i l e y  
*2 ,Di  ctyophimus h i  rundo (Haeckel group) 

Dictyophimus sp. inde t .  
D i  p l  op l  egma banzare R i  edel 
Echi nomma del i c a t u l  um ( Dogi e l  ) 
Echi  nomma sp. i ndet.  
Eucecryphal us h i  s t r  i cosus Hul seman 
Eucyr ti d i m  hexagonatum Haeckel 
Euphysetta elegans Boger t  
He1 isoma sp. i n d e t .  
Lipmanel l a  d ic tyoceras  (Haeckel ) 
L i r e l l a  mela (Cleve) 

*1 ,Li the1 i us? sp. 
*2 ,Li thomi t r a  arachnea (Ehrenberg) 
*2,Lychnocanoma grande Campbell 

Per i d i  um mi nuturn C l  eve 
Per id ium sp. i nde t ,  
Per ipyramis c i rcumtex ta  Haeckel 
Phaeodaria gen. e t .  sp. i nde t .  A 
Phaeodaria gen. e t .  sp. i n d e t .  B 
P lagon i idae  gen. e t .  sp. i nde t .  

Krugl  i kova, 1975 6 3 
K l  ing,  1973 8 1 

44 
2 

Dogie1 , 1952 58 
3 

L i n g  e t  al., 1970 8 
Krugl  i kova, 1974 3 2 
N i g r i n i  and Moore, 1978 40 

5 5 
27 
37 
16 

Riedel  , 1958 35 
23 
6 

Casey, 1972 3 2 
Hul seman, 1963 2 
Haeckel , 1887 42 
Krugl  i kova, 1974 8 2 
L i ng  e t  al., 1970 7 6 
Riedel  , 1958 37 
Petrushevskaya, 1967 7 4 
N i g r i n i  and Moore, 1978 45 

13 
Riedel  , 1958 29 
Krugl  i kova, 1975 4 2 

E 
J 

Hul seman, 1963 15 
N i g r i n i  and Moore, 1978 11 
Reshetnyak , 1966 5 

4 7 
K l i n g ,  1973 2 

2 
Petrushevskaya, 1967 3 2 
Ling, 1970 2 9 
Casey, 1972 3 5 
Cleve, 1899 11 

11 
CAsey, 1972 5 5 

2 
11 
15 



Pl ec tacantha  o ik i  skos Jorgensen 
Polysolenia  a r k t i o s  Nigrini  
Polysol eni a sp. i nde t .  

*1,2,Prunopyle a n t a r c t i c a  Dreyer 
Pterocani urn korotnevi (Dogi e l  ) 
Pterocanium sp. i n d e t .  

*2 ,Pterocorys hi rundo Haeckel 
Rhi zopl egma boreal e ( C l  eve)  
Saccospyr i s robustus  Krugl ikova 
Sethoconus ? tabu1 a t u s  (Ehrenberg)  

*2 ,Siphocame aqui lonar i  s (Bai ley  ) 
*1 ,Spongotrochus gl a c i  a1 is  Popof sky 

Spongur us py1 omati cus R i  edel  
Spongurus sp. 

*2,Styl acontarium acquiloniurn (Hays) 
*1 ,Sty1 a t r a c t u s  pyri  forrnis (Ba i l ey )  

Sty1 a t r a c t u s  univerus  
*1,2,Stylochlamidium venustum ( ~ a i l e y )  
* 1 , 2  ,Sty1 odi c tya  acul e a t a  Jor  gensen 
*1 ,Sty1 odictya val i di sp i  na J o r  gensen 

Tetraphormi s enneastrurn (Haeckel ) 
Theoperidae gen. et .  sp. i n d e t .  A 
Theoperidae gen. et .  sp. i nde t .  B 
Theoperidae gen. et .  sp. i n d e t .  C 
T hol ospyr i s boreal i s (Bai 1 ey 1 

*2 ,Tho1 ospy r i s  spi  nosus Kr ugl i kova 
Tr iceraspyr  i s a n t a r c t i c a  (Haecker ) 

Jorgensen, 1905 
N i  gr i n i  , 1970 

Riedel , 1958 
Nigri n i  and Moore, 1978 

Krugl i kova, 1974 
Ling e t  a1 . , 1970 
Krugl i kova , 1974 
Petrushevskaya, 1967 
Ling e t  a1 . , 1970 
Nigrini and Moore, 1978 
Krugl  i kova , 1974 
Ling e t  a1 . , 1970 
Hays, 1971 
Kr ugl i kova, 1974 
Hays, 1971 
Kr ugl i kova, 1974 
Ni gr i ni and Moore, 1978 
Krugl i kova, 1974 
Nu1 seman, 1963 

Krugl i kova , 1974 
Krugl i kova, 1974 
Casey, 1972 

* Detai led information given i n  Table 15a and 15b. 
1. Species t h a t  a r e  abundant. 
2. Poss ib le  s t r a t i g r a p h i c  or envi ronrnental i n d i c a t o r s .  



Table 15a. Ablindance, shown i n  % of tota; assernb?asje o r  cores 4 to 65. Spec ies  lised are those 
i d e n t i f i e d  i n  t ab l e  1 as e i t h e r  abundant or patientially s t r a t i g r a p h i c a l l y  s i q n i f i -  
c a n t .  ( x  = less than 1%) 



T & l e  15b. Abundance,  shown i n  5 of to ta l  assernb-ape of cores 4 t 65. Sj'ecies ised are  :r.;.~e 
i d e n t i f i e d  i n  t a b i e  1 as e i t he r  a b d n d a n t  or  pntientia-ly stratipraphica::~ ei?n!f:- 
can t .  ( x  = less t h a n  1%: 



A PRELIMINARY REPORT ON AMINO ACID DIAGENESIS I N  FOSSIL 
MOLLUSKS RECOVERED FROM THE NAVARIN BASIN PROVINCE, BERING SEA 

David J. B l u n t  and K e i t h  A. Kvenvol den 

INTRODUCTION 

F o s s i l  mol lusks were recovered i n  marine sediments from t h e  Navarin Bas in 
prov ince,  Ber ing  Sea. The r e 1  a t i v e  age o f  the f o s s i l  mol lusks can be 
c a l c u l a t e d  from the  amount of amino a c i d  d iagenesis  t h a t  has occur red  w i t h i n  
the f o s s i l  s h e l l  s ince  the organism's  death. C o r r e l a t i o n  and geochrono'logy o f  
mar ine sedimentary depos i ts  can be accomplished us ing  t h e  diagenesi  s of amino 
ac ids  i n  mol lusk she1 1 s. Reviews and recen t  advances us ing  t h i s  method can be 
found i n  Hare and o the rs  ( 1 9 8 0 ) .  

Theory 

I n d i v i d u a l  amino ac ids  t h a t  are no longer be ing  b i o l o g i c a l l y  reproduced i n  
t h e  p r o t e i n  o f  the s h e l l  m a t r i x  undergo a stereochemical  change from the  L- 
enantiomer ( I  i v i n g  o p t i c a l  c o n f i g u r a t i o n  hav ing a m i r r o r  image) t o  the D- 
enant iorner ic c o n f i g u r a t i o n  d u r i n g  hyd ro l ys i s .  The process o f  i n t e r c o n v e r s i o n  
i s  c a l l e d  racemizat ion.  Over t ime,  a m i x tu re  o f  L- and D-amino a c i d s  
r e s u l t s .  The k i n e t i c s  o f  racemiza t ion  can be expressed as a r e v e r s i b l e  f i r s t -  
order r eac t i on :  

L - amino a c i d  L 
'kD 5 - amino a c i d  

where kL and k5 are the r e s p e c t i v e  r e a c t i o n  r a t e  constants  f o r  the  L- and D- 
amino a c i d  enantiomers. The i n t e g r a t e d  r a t e  express ion f o r  t h e  racemi z a t i  on 
r e a c t i o n  as der i ved  by Bada and Schroeder (1972) i s :  

where k i s  the racemiza t ion  r a t e  constant ,  D/L i s  the r a t i o  of D- and L- amino 
a c i d  enantiomers, and t i s  t ime. The l o g a r i t h m i c  term a t  t =o  i s  eva lua ted  by 
measuring the D/L r a t i o s  i n  modern specimens. 

MATERIALS AND METHODS 

Samples 

Grav i t y  cores se lec ted  f o r  t h i s  study were recovered i n  the n o r t h e r n  
Navar in  Basin p rov ince  (F ig .  52) .  Bottom water temperatures i n  t he  r e g i o n  a re  
about 2' C, b u t  they a re  r e l a t e d  t o  the  hydrographic regime i n  some complex 
f ash ion  (Herman Kar 1 , personal communication). 



F o s s i l  mol lusks se lec ted  f o r  amino a c i d  a n a l y s i s  a re  r e p o r t e d  i n  
Table 16 together w i t h  g r a v i t y  co re  numbers and subbottom depths, O f  the t e n  
g r a v i t y  cores se lec ted  for t h i s  study, on l y  i n  cores 42 and 44 were samples 
recovered from more than one depth i n t e r v a l  . Seven a r t i c u l a t e d  samples were 
recovered. 

Method01 ogy 

The procedures used t o  e x t r a c t  and q u a n t i t a t e  amino a c i d  res idues  i n  t h e  
t o t a l  amino a c i d  f r a c t i o n  (bo th  f r e e  and bound) i n  mol lusk s h e l l  a re  f u l l y  
descr ibed  i n  Kvenvolden and o t h e r s  (1981).  B r i e f l y ,  about 0.2 g of  s h e l l  
ma te r i a l  i s  hydro lyzed i n  6 N HCL f o r  20 hours a t  110" C, The hydro lysa te  i s  
then  d r i e d  and redissolved i q  a pH 1 n o r l e u c i n e  standard. The m ix tu re  i s  
a p p l i e d  t o  DOWEX 50 W x  8 (H ) c a t i o n  exchange res in .  Amino ac ids  are e l u t e d  
w i th  2N NH40H. The e l u a t e  i s  subsequent ly s p l i t ;  h a l f  i s  q u a n t i t a t e d  by 
automatic 7 on-exchange chromatography and h a l f  i s  d e r i v a t i z e d  as a penta- 
f l uo ropr  op iony l  -amino ac id - (+ ) -2  b u t y l  es te r  and analyzed for amino a c i d  D/L 
r a t i o s  by gas chromatography. 

RESULTS 

Amino a c i d  composit ions i n  twelve mol lusks recove ed i n  sediments from t h e  5 Navar in  Bas in p rov ince  a re  r e p o r t e d  i n  res idues  per 10 (Tab le  17). R e l a t i v e  
d i f f e r e n c e s  i n  amino a c i d  composStion between each species can be de tec ted  by 
t h i s  method of p resen ta t ion .  For example, the  specimens o f  Nuculana have 
r e l a t i v e  concen t ra t ions  o f  about 200 far a s p a r t i c  ac id ,  proline and g l y c i n e ,  
whereas the specimens o f  Macoma have re1  a t i v e  concent ra t ions  t h a t  a re  about 25- 
50% lower f o r  the same t h r e e  amino ac ids.  Mya t runca ta ,  Yo ld ia  mya l i s ,  
C l  i nocard i  um n u t t a l l  i i and Cycl oca rd i  a  creb-ostata a1 s o s h o w r ~ e  
d i  t fe rences  i n  t h e i r  amino a c i d  composit ions. To ta l  amino a c i d  concen t ra t i ons  
a r e  q u i t e  v a r i a b l e  and range from 22.7 micro-moles per gram o f  s h e l l  (um/g) i n  
Cycl  ocar d i  a  c r e b r i  cos ta ta  t o  6.12 umlg i n  Mya t runca ta .  - 

Amino a c i d  D/L r a t i o s  for a s p a r t i c  ac id ,  a lan ine,  g lu tamic  ac id ,  
phenyla lan ine,  pro1 ine,  leuc ine ,  and va l  i n e  are repor ted  f o r  each specimen 
(Tab le  18). The h ighes t  D lL  r a t i o  was c o n s i s t e n t l y  measured i n  a s p a r t i c  a c i d  
and the lowest  D/L r a t i o  was c o n s i s t e n t l y  measured i n  va l ine .  The h i g h e s t  
a s p a r t i c  a c i d  D/L r a t i o  was measured t o  be 0.379 i n  Nuculana r a d i a t a  ( co re  no. 
26, 227 cm), and the lowes t  was measured t o  be 0.071 i n  M ~ C O M  sp. (core no. 
6, 10 cm). The h ighes t  v a l i n e  D/L r a t i o  was m a s u r e d  t o  b-6 i n  Yo ld ia  
mya l i s  (core no. 42, 60 cm), and the lowes t  v a l i n e  D/h r a t i o  was m e a s u r e d o  be 
m n  Macoma sp. ( co re  no. 6, 10 cm) . The D/L r a t i o s  of a lan ine,  g lu tamic  
ac id ,  p h e m n i n e ,  p r o l i n e ,  and l e u c i n e  i n  a l l  samples were measured t o  be 
between the  l i m i t s  of a s p a r t i c  a c i d  and v a l i n e  (0.379-0.027).  

DISCUSSION 

Cor re l  a t i o n  and Geochronology 

Re la t i ve  c o r r e l a t i o n  and geochronology o f  sediments from Navarin Bas in 
p rov ince  us ing  amino a c i d  d iagenes is  i n  f o s s i l  mo l lusks  i s  poss ib le ,  p r o v i d i n g  
the  s h e l l s  have n o t  been reworked. She l l s  t h a t  were l i v i n g  i n  s i t u  p robab ly  
have n o t  been d i  s a r t i c u l  ated, and seven a r t i c u l a t e d  samples were recovered a t  



f i v e  d i f f e r e n t  s t a t i o n s  (see Table 16). A l l  o f  the  specimens of Nuculana a r e  
a r t i c u l a t e d .  These samples p rov ide  a means o f  r e l a t i v e  geochronology and 
c o r r e l a t i o n .  C l e a r l y  from Table 18 t h e  amino a c i d  D/L r a t i o s  i n  - N. r a d i a t a  
from core no. 26 are h igher  than the  amino a c i d  D/L r a t i o s  i n  N. r a d i a t a  f rom 
co re  no. 50. Both o f  these samples were recovered from about T e  same 
subbottom depth i n t e r v a l  which i n d i c a t e s  t h a t  d i f f e r e n t  sedimentat ion ra tes ,  
e ros ion  and/or non-deposi t i o n  has occur r e d  i n  these cores. Sampl es of Macoma 
are  more 1 i k e l y  t o  have been reworked as i s  suggested by the i r  d i  s a r t i c T E f X  
s t a t e  ( w i t h  t he  excep t ion  o f  co re  no. 44) .  However, the  D/L r a t i o s  o f  Macoma 
ob l i qua  and Macoma b r o t a  recovered from subbottom depths o f  200 cm i n  co re  44 
and 217 c m ~ r ~ r e s p e c t i v e l y  are d i s t i n c t l y  g rea te r  than t h e  D / L  r a t i o s  
i n  the two Macoma sp. samples recovered from subbottom depths o f  o n l y  10 cm 
i n  core 6 and 13 cm i n  core 59. Th is  i s  an expected r e s u l t  f o r  samples 
recovered i n  s i t u .  

I so leuc ine  and l e u c i n e  a re  two amino ac ids t h a t  are commonly used f o r  
co r  re1  a t i  on and geochronol ogy i n  f o s s i l  m o l l  usk she1 1 s ( f o r  exampl e, see 
M i  t t e r e r  , 1974; Wehmi 1 l e r  and others ,  1977; Kvenvol den and others ,  1979; and 
M i l l e r  and others ,  1979). Aspar t i c  a c i d  and g lu tamic ac id  have a1 so been used 
i n  c o r r e l a t i o n  and geochronology o f  f o s s i l  e s t u a r i n e  depos i ts  (Kvenvol den and 
others ,  1979). Only l e u c i n e  w i l l  be a p p l i e d  i n  t h i s  p r e l i m i n a r y  r e p o r t .  

A p p l i c a t i o n  o f  amino a c i d  geochronology i s  poss ib l e  p r o v i d i n g  t he  f a c t o r s  
t h a t  a f f e c t  l euc ine  racemiza t ion  i n  each sample have been p rope r l y  assessed. 
Leucine geochronology shoul d i n c l u d e  t h r e e  major f a c t o r s :  1) appl i c a b i  1 i t y  o f  
1 inear  racemizat ion k i n e t i c s ;  2) assessment o f  i n  s i  t u  temperature h i s t o r y  and 
3) species e f f e c t s  on racemi r a t i o n  k i n e t i c s .  L inear  racemiza t ion  k i n e t i c s  
us ing  equat ion 1 can be a p p l i e d  i n  t h i s  study because the h i ghes t  l e u c i  ne D/L 
r a t i o  measured i s  on ly  0.116 and i t  has been repo r ted  t h a t  non- l inear  k i n e t i c s  
occur i n  mol lusks a t  l e u c i n e  DIL r a t i o s  greater  than  - 0.3 (Wehmil ler and 
Belknap, 1978). The i n  s i t u  temperature h i  s t o r y  i s  perhaps t he  most d i f f i c u l t  
f a c t o r  t o  assess, a n m e s e n t  bottom water temperature o f  - 2" C w i l l  be 
t e n t a t i v e l y  used f o r  c a l  c u l  a t i o n s .  Species e f f ec t s  on 1 euc i  ne racemi z a t i  on 
k i n e t i c s  are apparent when samples hav ing the same t ime and temperature h i s t o r y  
a r e  compared. Species e f f e c t s  between Nucul ana, Macoma, and C l  i nocard i  urn wi 11 
be discussed i n  the f o l l o w i n g  sec t ion .  

Leucine C a l i b r a t i o n  

Specimens o f  Nucul ana, Macoma, C l  inocardiurn and Mya a1 1 of which have been 
measured f o r  l e u c i n e l T / 1 a t i o s d  have been r e c o v e r e d f r  om rad iocarbon dated 
l o c a l i t i e s ,  are repo r ted  on Table 19. Temperature h i s t o r i e s  a re  based on long-  
term c l i m a t o l o g i c a l  records f o r  the reg ion .  Temperature h i s t o r i e s  o f  - 10' C 
have been est imated f o r  samples from the  Puget Low1 and (see M i  1 l e r  and Hare, 
1980; Kvenvolden and o thers ,  1981). The Mya t r unca ta  from Anchorage i s  
es t imated  t o  have a temperature h i s t o r y  OF? C ( M i l l e r  and Hare, 1980). 
Di f ferences i n  1 euc i  ne D/L r a t i o s  between Nucul ana, Macoma and C l  i nocar d i  urn a r e  
smal l  and the  l e u c i n e  D/L r a t i o s  a re  probably  too  l o ~ s t i n g u i s h  species 
c h a r a c t e r i s t i c s  for these samples w i t h  t h i s  1 i m i  t e d  compar i son. These sampl es 
have t h e  same magnitude of D/L r a t i o  as t h e  Navari n Bas in  p rov ince  samples. 



However, the leucine D/L r a t i o  for Mya truncata i s  about 50% lower than others  
o f  about the same age. This d i f f e r E e  i s  a r e su l t  of i t s  lower ( - 2 "  C) 
temperature history. This i l l u s t r a t e s  a necessity for proper assessment of 
temperature h i  story. 

The leucine racemization r a t e  constant used i n  equation 1 must r e f l e c t  the 
diagenetic temperature h i  s tory t ha t  the sample has experienced. The var iables  
of time and temperature recorded in Navarin Basin province sediment need 
further study. A preliminary estimate of a leucine r a t e  constant usable in the 
Navarin Basin province can be calculzted from the Washington and Alaskan 
l o c a l i t i e s  t ha t  have been radiocarbon-dated and have temperature h i s t o r i e s  t ha t  
can be calculated.  Leucine racemization r a t e  constants can be calculated using 
the Arrhenius re1 ationship: 

where k2 and kl are  the leucine racemization r a t e  constants; the leucine 
racemization act ivat ion energy (Ea)  i s  assumed to  be 29.4 kcal/mole for a l l  
samples; the gas constant R i s  1.987; and T and T are  the respective f estimated temperature hi s t o r i e s  in degrees i e l  vin or each sample. 

Leucine ra te  constants from Table 19 can be cal ibra ted by the rrcethod of 
Bada and Protsch (1973) using equation 1. These cal ibra ted r a t e  constants and 
calculated temperatures can be applied t o  equation 2 and a leucine r a t e  
constant a t  2' C can be calculated for Nuculana, Macoma, and Clinocar dium, The 
leucine racemi ra t ion r a t e  cons an t  calculated a t  2 ' o r  ea h species i s :  
Nu~ulana, (1.73 2 0.23) x lo-'; Macoma, (1.78 0.09) x lo*'; and 
Cl~nocardium, 1.45 x Leucine r a t e  constant determined for Macoma and 
C1 i nocar dium are tenta t ively  appl ied t o  Yo1 dia and Cyclocardi a.  S i n c e t h e  
cal ibra ted @a truncata already has a ei@KXiure history of 2' C ,  the 
ca l ibra ted x e  constant of 2.31 x 10-' will be used in ca lcula t ions .  

Age and Accumulation Rates 

The ca l ibra ted leucine r a t e  constants a t  2" C and the measured leucine D / L  
r a t i o s  from foss i l  mollusks i n  the Navarin Basin province r e su l t s  i n  ages from 
equation 1 tha t  range from 5,600 years in core 59 t o  53,000 years in core 26 
(Table 201.. I t  must be res ta ted  t ha t  the present lack of a local in s i  t u  
temperature ca l ibra t ion s i t e  w i t h i n  the Navarin Basin province proTiiKTFthese 
ages as being considered "absolute" . For exampl e,  an average temperature 
hi s tory of about 6' C for bottom water temperatures wil l  reduce the calcula ted 
ages by as much as 50 percent. I t  i s  encouraging to  note t ha t  the ages 
determined from two depth in te rva l s  i n  cores 42 and 44 are  in  the  cor rec t  
geochronological order. The oldes t  age of 53,000 years i s  calculated from an 
a r t i cu la ted  Nucul ana from core 26. The radi 01 a r i  an Lychnocanum grande which 
may have become ex t inc t  about 35,000 t o  40,000 years ago (Joyce m r d ,  
personal communication) occurs w i t h  the Nucul ana i n  core 26. However, diatom 
assemblages of t h i s  ant iqui ty  are  not present in core 26 (Jack Baldauf, 



personal communication). The a r t i c u l a t e d  Nuculana i n  core  26 may have been 
reworked per haps from submarine slumping. 

The p r e l i m i n a r y  age c a l c u l a t i o n s  can be used t o  eva lua te  minimum 
accumulat ion r a t e s  i n  cores c o l l e c t e d  on the shel f ,  slope, and bas in  i n  t h e  
Navar i n Basin p rov i  nce. Sample rework ing,  e ros ion  and/or non-deposi t i o n  o f  
sediment w i l l  r e s u l t  i n  minimum accumulat ion r a t e s  be ng ca l cu la ted .  Minimum 5 average accumulat ion r a t e s  range from 0.6 t o  16 cm/lO years  (Table 20). 
Aveerage ccumulat ion r a t e s  a long  the s h e l f  are qu t e  v a r i a b l e  and range f rom 3 3 0.6 cm/lO years  i n  core  28 t o  as h i gh  as 16 cm/lO years  i n  core  50. The 
p a u c i t y  of microfauna i n  co re  28 may be a t t r i b u t e d  t o  d i l u t i o n  o f  microfauna by 
r a p i d  accumul a t i o n n  (Paul a Qu in te rno ,  personal communication). The c o n t r a s t i n g  
slower accumulat ion r a t e  us ing  amino a c i d  geochronology i n  core  28 suggests 
t h a t  the  top of the  core  has undergone e ros ion  or t h a t  t he  n o n - a r t i c u l a t e d  
Cycl ocar d i a  has been reworked and redepos i ted  du r i ng  cond i t i ons  o f  r a p i d  
accumulat ion. The average minimum accumulat ion r a t e  above t he  200 m contour i n  
the nor thern  Navarin Basin p rov ince  i s  about 7 cm/103 years, us i ng  amino a c i d  
geochronol ogy . 

Core 66, c o l l e  t e d  i n  1336 m o f  water, has a minimum average sedimentat ion 5 r a t e  o f  1.4 cm/lO years.  Th is  apparent accumulat ion r a t e  i s  low, perhaps 
f rom eros ion  and/or non-deposi t i o n  above the a r t i c u l a t e d  Yo1 d i a  myal i s  l o c a t e d  
a t  a subbottom depth o f  60 cm. Core 26, c o l l e c t e d  i n  3 3 3 7  wat5r, i s  
c a l c u l a t e d  t o  have a minimum average accumulat ion r a t e  o f  4.3 cm/lO years.  

SUMMARY 

F o s s i l  mol lusks recovered f rom sediments i n  Navar in Bas in  p rov ince  were 
analyzed for amino a c i d  con ten t  and s tereochemist r  . Concentrat ions o f  3 i n d i v i d u a l  amino ac ids r e p o r t e d  i n  res idues  per 10 cha rac te r i ze  spec ies o f  
Nucul ana, Macoma, C l  i nocar d i  urn, Yo1 d ia ,  Cyc locard ia  and Mya. Amino a c i d  D/L 
r a t i o s  s h o m a b l e  ex ten t s  of m z a t i o n  between t h e T F ? t s  of v a l i n e  and 
a s p a r t i c  ac id .  Geochronology us ing  l e u c i n e  racemiza t ion  i s  1 i m i  ted, ma in ly  due 
t o  the l a ck  of i n  s i t u  temperature h i s t o r y  and l o c a l  c a l i b r a t i o n  samples. 
Ten ta t i ve  amino a c i d  geochr on01 ogy based on an aver age temperature h i  s t o r y  o f  
2" C r e s u l t s  i n  age es t ima t i ons  which range from 5,600 years  t o  53,000 year . 
Minimum average accumulat ion r a  es on the  s h e l f  range from 0.6 t o  16 cm/lO 5 3 
years  and average about 7 cm/lO years.  The i n t e r p r e t a t i o n  o f  accumulat ion 
r a t e s  us ing  f o s s i l  mo l lusks  must take  i n t o  account sample rework ing and 
sediment e ros ion  and/or non-deposi t i o n .  
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Table 16.  Sample Identification and Subbottom Depths i n  Gravity 

. Cores Recovered in the Navarin Basin Province, Bering Sea 

Station No. Gravity Subbottom Sample 
Core No. Depth cm 

3 6 10 Macoma SD. (not art. J 
173 Mya truncata (not a r t .  1 

223-230 Nuculana radiata (art.) 
8 Cvclocardia crehricostata (not art. l - .  

Clinocardium nuttallii ( a r t .  ) 
Nuculana f ossa Iart. ) 
Nuculana f ossa (art. -- 
Macoma cf . M. obliqua (art. 1 
~ucrllanaradiata Iart. 1 
Macoma sp. (not art . I  
~ a c o m a  brota (not art. ) 
Yoldia mvalis (art. 1 

1.Specimens identified by L. Marincovich, U S G S ,  Menlo Park 

2. (not art.)= sample not articulated; (art.)= sample articulated 



3 
T;lble 1 7 .  Amino k i d  Resirlues/ln i n  Molluscan Fauna Recovered i n  the Navarin R a s h  Province 

Sample Nuculana Nuculana NucuLana Nuculana M- Macoma Macana Nacma M!! Yoldia Clinocardium C y c l a a r d i a  
Core No. 26 5n 4 ? 44 4 4  6 ? 6 9 2 5 66 4 2 2 8 
Subbottom 

Depth cm. -. 227 225 170 125 I. 203 ?, 217 10 % 14 1 7 3  60 97 8 

Aspart ic  ac id  
Tbreonine 
Ser ine  
Glutamic a c i d  
P r o l i n e  
Glycine 
Alanine  
Va l ine  
Methionine 
I s o l e u c i n e  
Leucine 
Tyrosine 
PhenyIalanine 
H i s t i d i n e  
Lysine 
Arqinine 

Tota l  
Concentration 
(urn& 9 . 5 4  1 3 . 7  1 4 . H  1 0 . 6  8 .  O h  ' ? . 4 1  16.7 8 . 7 2  6 . 1 2  12 .2  11.8 2 2 . 7  
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Table 19. Calibration Localities Used for Age Calculation by Leucine Racemization 

Sample/ Leucine 2 

Sample Locality No I D/L kleu  T~ Locat ion Age 4 
(x10--6) 

Nuculana f ossa 

Nuculana fossa 

calcarea 

Macoma sp. 

Clinocardium nuttallii 

Mya truncata 

80-37 0.105 11,640k275 6.89 a 10 Cedarvil le , WA 
(w-940) 

80-24 .I42 13,010+170 9.07 ?, 10 Penn Cove, WA 
(UW-32) 

80-37 -125 11,640+_275 8.63 plr 10 Cedarville , WA 
(W-940) 

80-24 .126 13,010+170 7.82 2. 10 Penn Cove, WA 
(UW-32) 

Penn Cove, WA 

7 7 -MTA-1 -055 13,000t 2.31 'L 2 Bootlegger Cove, 
(rn1552) Anchorage, AK 

L 
c-l Samples from the Puget Lowland, Washington, collected with D. Easterbrook, Western Washington University. 
b b  

c) Alaskan Mya - received as an interlabratory calibration sample, 1977, with G. Miller, INSTAAR, University 
of Colorado 

2 
For all calculations a leucine D/LtZo of 0.025 was used 

'Average diagenetic temperature esti wted from long-term temperature records 

4~ashington radiocarbon dated localities can be found in Easterbrook , 1969. Alaskan locality reported in 
Miller and Hopkins, 1980 



Table 2 0 .  Leucine ~acemization Age and Sedimentation Rate in Cores 

from the Navarin Basin Province, Bering Sea 

Subbottm Estimated sample1 Minimum 
2 

Reworked 
3 

Gravity Core No. Depth cm. Age ZC Sedimentation Sample 
Rate (cm xl0-3~r) 

1 
Error reported is from the calibrated rate constant. An increase of 4' in average 
temperature history will decrease the calculated age by as much as 50% 

2 
Assuming constant sedimentation and sediment surface is at time zero 

3Disarticulated samples possibly reworked 


