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

Th is  r e p o r t  i s  a  summary of the  reg ional  geology, petroleum 
p o t e n t i a l ,  and environmental c h a r a c t e r i s t i c s  o f  the  con t inen ta l  
she1 f p o r t i o n  o f  the Navarin Basin Planning Area. The pa r t s  o f  
t he  p lanning area encompassing con t inen ta l  s lope and r i s e  
bathymetr ies were no t  assessed because o f  t he  pauc i t y  o f  seismic 
data. The r e p o r t  i s  based, i n  g rea t  par t ,  on d e t a i l e d  analyses 
o f  data obtained from the  ARC0 Navari n  Basin COST No. 1 We1 1 , t h e  
f i r s t  deep s t r a t i g r a p h i c  t e s t  i n  t he  area. This we l l  received 
exhaust ive treatment i n  OCS Report MMS 84-0031, Geological and 
Operat ional  Summary, Navar in Basin COST No. 1 ~ e r B e r i n g S e a ,  
A1 aska ( ~ u r i i i a n d c t h e r s , ~  1984 ) . ~ 7 r t - T g T m a n  t p o r t x n s  
r that  r e p o r t  a re  reproduced here, an equal amount o f  new and 
r e i n t e r p r e t e d  data i s  included. I n  p a r t i c u l a r ,  the  common- 
depth-poi n t  (CDP) seismic r e f 1  ec t i on  data base has been g r e a t l y  
expanded and improved by t he  i n c l u s i o n  o f  key Western Geophysical 
l i nes .  Permission t o  use these l i nes ,  w i t h  some r e s t r i c t i o n s ,  was 
granted by Western Geophysical Company. A number o f  U.S. Geological 
Survey (USGS) s tud ies  were a l so  used. 

The Navarin Basin Planning Area ( f i g s .  1 and 2 )  i s  bounded on 
t he  no r th  and south by the b3' and 58' l a t i t u d e  l i nes ,  respec t i ve ly .  
The southern boundary extends from 174' long i tude  on the  east  t o  
180" l ong i t ude  on t he  west. The northwest boundary f o l l ows  the 
d isputed i n t e r n a t i o n a l  boundary between the United States and t he  
Sov ie t  Union (US-USSR Convention o f  1867 1. This l i n e  a1 so 
approximates the  boundary between the Navarin Basin and the  Anadyr 
and Khatyrka Basins ( f i g .  3). 

Risked mean 1 easeabl e economical l y  recoverable hydrocarbon 
resources i n  the Navarin Basin as o f  J u l y  1984 a re  est imated t o  be 
890 m i l l i o n  b a r r e l s  o i l  equ iva len t  (U.S. Department o f  the I n t e r i o r ,  
1985). The economic and 1 og i  s t i c a l  f ac to r s  assoc ia ted w i th  the  
product ion o f  any hydrocarbons discovered a re  no t  w i t h i n  the  scope 
o f  t n l s  repor t .  

Analyses o f  COST w e l l  data and seismic mapping i n d i c a t e  t h a t  
the  volume and d i s t r i b u t i o n  o f  source rock, r ese rvo i r  rock, seals, 
and t rapp ing  con f igura t ions  a re  s u f f i c i e n t  t o  ensure f u r t h e r  
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F I G U R E  1. L o c a t i o n  of N a v a r i n  Bas in  Planning Area.  



NAVARIN  BASIN 

LEASE SALE 83 
APRIL 1984 

BLOCKS RECEIVING 
BIDS IN SALE 83 

BIDS REJECTED 

COST NO. I W E L L  

S A L E  AREA 

1 80° 1 7 7 O  17 
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exp lo ra t i on  e f f o r t s  i n  t h e  basin. Matu r i t y ,  migrat ion,  and t i m i n g  
do not  appear t o  pose ser ious problems a t  t h i s  time. 

The f i r s t  Navar in Basin lease o f f e r i n g ,  Sale 83, was he ld  by 
t h e  Minera ls  Management Serv ice (MMS) i n  A p r i l  1984 ( f i g .  2). A 
t o t a l  o f  5,036 lease b locks cover ing about 28 m i l  1  i o n  acres were 
of fered.  Despi te t h e  remoteness o f  t h e  area, 186 b locks cover ing 
about 1 m i l l i o n  acres rece ived $1.148 b i l l i o n  i n  t o t a l  b ids .  High 
b ids t o t a l e d  over $631 m i l l i o n .  The h ighest  b i d  was over $39 
m i l l i o n  f o r  a  b lock on a  l a r g e  s t r u c t u r e  i n  t h e  cen t ra l  p a r t  o f  
t h e  bas in  (approximately 25 m i l es  northwest o f  t h e  COST we1 1  ). 
The f i r s t  exp lo ra to r y  d r i l l i n g  i s  expected t o  t a k e  place  i n  1985. 



I. Regional Geology 



G e o l o g i c  F r a m e  w o r k  

The Navarin Basin i s  one o f  f i v e  l a r g e  T e r t i a r y  bas ins on t he  
Ber ing  Sea shel f ( f i g .  3 ) .  The bas in  covers an area approximately 
t he  s i ze  o f  t he  State  o f  Maine (32,000 square m i l e s ) ,  as de l inea ted  
by the  7,000-foot s t r u c t u r e  contour on acoust ic  basement. The 
bas in  i s  bounded by t he  con t inen ta l  shel f break t o  t he  southwest, 
the Okhotsk-Chukotsk vo lcan ic  b e l t  t o  the  east  and southeast, and 
the  Anadyr Ridge, a  basement high, t o  t he  northwest. 

Marlow and others  (1976) f i r s t  recognized the  bas in  as a  s i t e  
o f  s i g n i f i c a n t  T e r t i a r y  sedimentation. Subsequent seismic mapping 
has shown t h a t  the  Navarin Basin cons is ts  o f  th ree  en echelon subbasins 
f i l l e d  w i t h  up t o  36,000 f e e t  o f  l ayered  T e r t i a r y  sedimentary rocks;  
we have i n f o r m a l l y  named these th ree  subbasi ns the  Navarinsky, 
Pervenets, and Pinnacle Is1 and subbasins ( f i g .  16) .  

F isher  and o thers  (1979) grouped areas w i t h  s i m i l a r  p re -Ter t ia ry  
geology i n t o  reg iona l  l i t h o s t r a t i g r a p h i c  provinces. The Navarin 
Basin 1 i e s  w i t h i n  t h e i r  forearc  bas in  province .  The Okhotsk-Chukotsk 
vo lcan ic  be1 t and a miogeocl i n a l  be1 t represent  t he  remaining pre-  
T e r t i a r y  provinces t o  the  nor th .  

FOREARC BASIN PROVINCE 

Paleozoic and ~ lesozo lc  rocks composed o f  deep-water me1 dnye 
and o l is tost romes,  maf ic  vo lcan ics ,  and nonmarine and marine sediments 
may extend beneath t he  T e r t i a r y  fo rearc  basins.  The nor thern 
p o r t i o n  o f  t he  Koryak Range o f  eastern S ibe r i a  con ta ins  complexly 
juxtaposed s labs of o l i s tos t rome and melange sequences and u l  t ramaf ic  
masses. These poss ib ly  al lochthonous b locks  a re  unconformably 
over1 a i  n by Pal ~ n z a i c  sedimentary rocks and Mesozoic vo l  canics o r  
te r r igenous  deposi t s .  Devonian through Permian 1  imestones are 
a1 so present  (Meyerhoff , 1980; Marl ow and others ,  Tectonic Evolu t ion,  
1983). The Anadyr Ridge i s  probably an o f f sho re  extension o f  the 
Koryak Range and def ines t h e  nor thern  boundary o f  t h e  Navarin 
Basi n  . 

The Navarin Basin COST No. 1 w e l l  encountered Late Cretaceous 
nonmarine c l a s t i c s  and coals  and marine c l a s t i c s  and t u f f  t h a t  may 



EXPLANATION FOR FIGURE 3. 

Tv: undiffsrentiaed volcanic rocks. 

Kv: undifferentiated volcanic rodu. 

KJ: lava, tuff, agglomerate, argillite, 
shale, graywacke, quartzite, and 
conglomerate. Slightly 
metamorphosed in places. 

KPz: south of 64' N latitude sandstone, 
siltstonb, limestone, chart, cnd 
volcaniclastic rocks of Permian 
through Late Cretaceous age. 
Locally includes melangeand 
olistostrome sequencer. North 
of  64O N latitude are sandstone, 
siltstone, argillite, conglomcwate, 
coal, spilite, and basalt. 

Pot: sedimentary rocks of  Permian and 
Mississippian age. Includes some 
Ordovician, Silurian, and 
Mississippian limestone. 

O N :  phyllite, sandstone, siltnone, 

limestone, chert, and quartzite. 

pe: und i f fmt ia ted  mataredimentory 
and metamorphic rocks. 





be c o r r e l  a t  i ve w i t h  USGS dredge samples o f  basement exposures a1 ong 
t h e  Navarin con t i nen ta l  s h e l f  and slope. The dredge samples i nc l ude  
La te  Cretaceous sandy s i l t s t o n e  and sandstone, La te  and Middle Jurass ic  
vo lcan ic  sandstone ( t a b l e  I ) ,  and Late Jurass ic  shallow-water 
a rkos ic  sandstone (Marl ow and others,  1979). Dredge samples f rom 
t h e  P r i b i l o f  Canyon inc luded  Late Cretaceous mudstones and 
s i  l t s t o n e s  (McLean, 1979c), and t h e  St. George COST No. 2 we1 1 
encountered La te  Ju rass ic  through E a r l y  Cretaceous nonmarine 
c l a s t i c s  and coal  (Turner and others,  1984). La te  Ju rass ic  t o  
E a r l y  Cretaceous s i l t s t o n e s  and sandstones o f  t h e  Naknek Formation 
on t h e  western end o f  t h e  Alaska Peninsula may c o r r e l a t e  w i t h  t h e  
LaLe Jurass ic  sandstone and s i l t s t o n e  dredged f rom t h e  P r i b i l o f  
Canyon (Val1 i e r  and others,  1980). The recovery o f  Late t o  Middle 
Jurass ic  rock i n  dredge samples f rom t h e  Zemchug Canyon and Navar in 
con t inen ta l  s lope suggests t h a t  t h e  Naknek Formation ( o r  a  
ch ronos t ra t i  graphic equ iva len t )  extends i n t o  t h e  Navari n  s h e l f  
(Marl ow and others,  1979; Turner and others, Navari n  COST No. 1 , 
1984). This supports t h e  con ten t ion  o f  Marlow and others  (1979; 
Tectonic Evolu t ion,  1983) t h a t  t h e  basement rock i n  t h e  Navari n  
s h e l f  i s  an extension o f  t h e  Alaskan Mesozoic t e r r ane  and suggests 
t h a t  t h e  ou te r  Ber ing ian  s h e l f  i s  a  s ing le ,  cont inuous ter rane.  

OKHOTSK-CHUKOTSK VOLCANIC BELT 

The Okhotsk-Chukotsk vo lcan ic  b e l t  ( f i g .  3) i s  a  continuous, 
narrow zone o f  most ly  upper Mesozoic v o l c a n i c l a s t i c  and associated 
p l u t o n i c  rocks. It 1 i e s  t o  t h e  west and no r t h  o f  t h e  Koryak-Anadyr 
f o l d  b e l t ,  para1 l e l  t o  t h e  S iber ian  coast.  From t h e  S iber ian  coast 
t h e  vo lcan ic  b e l t  t rends  southeast and extends from t h e  southern 
Chukotsk Peninsula o f  eastern S ibe r i a  t o  t h e  Yukon-Koyukuk province 
o f  western Alaska (Be ly i ,  1973; F isher  and others, 1979). I n  t h e  
Be r i  ng Sea, t h e  vol  can ic  be1 t encompasses western St. Lawrence 
Is land ,  St. Matthew Is land,  t h e  P r i b i l o f  Is lands, and Nunivak Is land. 
In western Alaska, t h e  vo lcan ic  b e l t  i s  c o r r e l a t i v e  w i t h  a  broad 
zone o f  Cretaceous and e a r l y  T e r t i a r y  vo lcan ic  and sedimentary 
rocks t h a t  make up t h e  Yukon-Koyukuk province and extend i n t o  t h e  
Brooks Range (Patton, 1973; F isher  and others, 1979). Marlow and 
others  (1976) speculated t h a t  t h i s  b e l t  i s  a  magmatic arc  associated 
w i t h  t h e  La te  Cretaceous t o  e a r l y  T e r t i a r y  ob l ique  subduction o f  
t h e  Kula p l a t e  a t  t h e  Be r i  ngian margin. 

MIOGEOCLINAL BELT 

The miogeoc l ina l  b e l t  o f  F i she r  and others (1979) i s  composed 
o f  Precambrian, Paleozoic, and e a r l y  Mesozoic sedimentary rocks. 
Th is  b e l t  l i e s  no r t h  o f  t h e  Okhotsk-Chukotsk vo lcan ic  b e l t  and 
extends from t h e  nor thern  Chukotsk Peninsula and Wrangel Is1 and 
t o  t h e  Seward Peninsula and i n t o  t h e  Brooks Range ( f i g .  3) .  The 
S ibe r i an  rocks are mos t l y  Paleozoic and e a r l y  Mesozoic carbonates 



and nonvolcanics. The Brooks Range c o n s i s t s  o f  Paleozoic carbonates 
and e a r l y  Mesozoic sedimentary rocks.  I n  t h e  Ber ing  Sea, t h e  
miogeoc l ina l  b e l t  i s  present i n  t h e  c e n t r a l  and eastern  p a r t s  o f  
S t .  Lawrence I s l a n d  and on t h e  Seward Peninsula (Pat ton and 
Dutro, 1969). A comprehensi ve d e s c r i  p t i  on o f  t h e  m i  ogeocl i nal 
geology o f  t h i s  area i s given by Dut ro  (1981). 

Geologic Ftramwokk, 7 1 



I n t r o d u c t i o n  t o  O f f s h o r e  S t r a t i g r a p h y  

The Navar in Bas in  i s  a  t r u e  f r o n t i e r  area both i n  t h e  sense 
t h a t  t he re  has been v i r t u a l l y  no exp lo ra t ion  there,  and i n  t h e  f a c t  
t h a t  i t  i s  loca ted  i n  an excep t i ona l l y  remote area character ized by 
a  r igorous,  subarc t i c  marine environment. The nearest app l i cab le  
geolog ica l  exposures a re  outcrops i n  eastern S iber ia .  The nearest 
subsurface analog, i f  i t  t r u l y  i s  such, i s  t he  r e l a t i v e l y  poor l y  
known Anadyr Basin, a l s o  i n  S iber ia .  Because o f  these fac to rs ,  t h e  
offshore s t r a t i g r a p h y  sect i n n  o f  t h i s  r e p o r t  i s  based almost e n t i r e l y  
on d e t a i l e d  analyses and i n t e r p r e t a t i o n s  o f  data f rom t h e  ARC0 
Navar in Basin COST No. 1 Well. These data were then i n t eg ra ted  
w i t h  t h e  seismic s t r a t i g raphy  seen a t  t h e  w e l l  s i t e  and ex t rapo la ted  
i n t o  t h e  basin by means o f  c o r r e l a t i o n  w i t h  reg iona l  seismic 
p r o f i l e s .  In essence, an area t h e  s i z e  o f  t he  S ta te  o f  Maine i s  
be ing evaluated us i ng  a  s t r a t i  graphic co l  umn der ived f rom a  
s i n g l e  we l l .  Th is  i s  t h e  on l y  reasonable approach, g iven t h e  
pauci t y  o f  data. 

The o f f s h o r e  s t r a t i g r a p h y  i s  t r e a t e d  i n  t h r e e  r a t h e r  
exhaust ive chapters: B i o s t r a t  igraphy, L i t hos t r a t i g raphy ,  and 
Seismic St ra t igraphy.  The nature of t h e  data d i c t a t e s  t h a t  each 
chapter approach an e l u c i d a t i o n  o f  t h e  subsurface s t r a t i g r a p h y  
from a  d i f f e r e n t  perspect ive,  each u t i l i z i n g  d i f f e r e n t  " t oo l s "  
w i t h  d i f f e r e n t  powers o f  r eso l  u t  ion. When possible,  t h e  
s t r a t i g r a p h y  i s  discussed i n  terms o f  geologic t ime, bu t  de f ined  
1 i t  hol  ogi  c  zones, seismic sequences, and seismic r e f l e c t o r s  a re  
a l s o  commonly used. P l a t e  1  and f i g u r e  7 i l l u s t r a t e  t h e  var ious 
s t r a t i g r a p h i c  u n i t s  and t h e i r  r e l a t i onsh ips .  

Most depths r e f e r r e d  t o  i n  t h e  B ios t r a t i g raphy  and 
L i t  hos t r a t  i graphy chapters were measured from the  COST we1 1  ke l  l y  
bushing, which was 85 feet above sea l e v e l ,  Most depths i n  t h c  
Seismic S t ra t i g raphy  chapter  were measured f rom sea leve l .  
Discrepancies between depths g iven  f o r  se i  smic hor izons and depths 
f o r  n e a r l y  equiva lent  li tho1 ogic and t ime -s t r a t i g raph i c  boundaries 
no t  a t t r i b u t a b l e  t o  datum d i f f e rences  ( ke l  l y  bushing o r  sea 1  eve1 ) 
a re  probably a  r e s u l t  o f  d i f fe rences  i n  t h e  v e r t i c a l  r e s o l u t i o n  of 
seismic, we1 1  log,  and pa1 eon to log ic  techniques. 



B i o s t r a t i g r a p h y  

The ch ronos t ra t i  graphic bas is  f o r  c o r r e l a t i o n s  i n  t h e  Navarin 
Basin i s  t h e  b i o s t r a t i g r a p h i c ,  pa leonto log ic ,  and paleoecologic 
ana lys is  o f  t h e  sedimentary sec t i on  penetrated by t h e  Navarin Basin 
COST No. 1 we1 1 (Turner and others,  1984). Age and environmental 
determinat ions i n  t h e  we l l  were based on d e t a i l e d  analyses o f  
m i c r o f o s s i l  assemblages con ta i n i ng  Foramini fera,  ostracodes, 
s i l i c o f l a g e l l a t e s  and ebr id ians,  diatoms, calcareous nannoplankton, 
Radio1 a r i  a, and mari ne and t e r r e s t r i a l  pa lynomrphs ( d i  no f lage l  1  ates, 
po l len ,  and spores). MMS personnel processed and examined r o t a r y  
d r i l l  b i t  samples ( taken a t  30-foot i n t e r v a l s )  f rom t h e  f i r s t  
sample a t  1,536 f e e t  t o  t h e  t o t a l  depth o f  16,400 f ee t .  Data from 
convent ional  and s idewdl 1  cures were a1 so examined and used. I n  
add i t i on ,  s l  ides, processed samples, and repo r t s  prepared f o r  t h e  
p a r t i c i p a n t s  by micropal  eon to log ica l  consu l tan ts  (B ios t r a t i g raph i cs ,  
1983; ERT b i  os t r a t ,  1983) were examined, i n t e rp re ted ,  and i n t eg ra ted  
i n t o  t h i s  repor t .  D i f fe rences  between consul tant  repor ts ,  p r i  nc i  pal  l y  
t h e  l o c a t i o n  o f  b i o s t r a t i g r a p h i c  tops, appear t o  be due, i n  va ry ing  
measure, t o  ph i  1  osophi ca l  d i f f e rences  concerning t h e  taxonomy and 
b i o s t r a t i g r a p h i c  s i g n i f i c a n c e  o f  c e r t a i n  m i c ro foss i l s ,  t o  v a r i a t i o n s  
i n  i n i t i a l  sample content,  and t o  v a r i a t i o n s  i n  m i c r o f o s s i l  content  
caused by d i f f e r e n t  sample preparat ion techniques. 

The MMS b i o 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  incorporated analyses 
o f  megafossi ls recovered from convent ional  cores (Marks, 1983; E. 
G .  Kauffman, w r i t t e n  commun., 1983), ostracode s tud ies  (E l i zabe th  
Brouwers, w r i t t e n  canmun., 1984), and i d e n t i f i c a t i o n s  o f  t he  r a r e  
p lank ton ic  Foramin i fera  i n  t h e  we1 1  (Gerta Kel l e r ,  w r i t t e n  commun., 
1984). Foramini fera1 i d e n t i f i c a t i o n  and t he  synthesis o f  o ther  
data were done by  t h e  author. S i l i ceous  m i c r o f o s s i l  ana lys is  was 
done by Dona1 d  L. 01 son, o f  t h e  MMS Alaska OCS Region. 

S t r a t a  a re  discussed i n  t h e  order  i n  which they  were penetrated. 
The i n t eg ra ted  b i  o s t r a t i  graphic  u n i t s  de l ineated were der ived from 
var ious micropaleonto l  og ica l  subdi s c i  p l  i nes t h a t  do no t  agree i n  
every b i o s t r a t i g r a p h i c  p a r t i c u l a r .  F igure  4 summarizes t h e  MMS 
b i o s t r a t i g r a p h i c  and paleobathymetr ic i n t e r p r e t a t i o n .  F igure  5 i s  
a  comparison o f  t h e  MMS i n t e r p r e t a t i o n  w i t h  those o f  t h e  two 
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consul tants.  It i s  u n l i k e l y  t h a t  any o f  these t h ree  zonations 
represents t h e  f i n a l  word on t h e  Navarin Basin b i o s t r a t i  graphy. 
Sample depths may disagree s l i g h t l y  w i t h  measured depths. Foss i l  
occurrences are l i s t e d  as h ighest  and lowest r a t h e r  than t he  
p o t e n t i a l l y  confusing f i r s t  and l a s t .  Data obtained from 
convent ional  cores a re  given somewhat more weight than those from 
cu t t ings .  Sidewal l  core data were not  as r e l i a b l e  as usual because 
t h e r e  was some t r o u b l e  w i t h  uphole contaminat ion from c i r c u l a t i n g  
d r i l l i n g  mud. The var ious l i t h o l o g i c  zones and seismic sequences 
r e f e r r e d  t o  i n  t h e  t e x t  are discussed a t  leng th  i n  t he  app l i cab le  
sect ions o f  t h i s  r epo r t  and a t  some leng th  i n  t h e  Navarin Basin 
COST we1 1 r e p o r t  (Turner and others,  1984). Regional c o r r e l a t i o n  
i s  discussed a t  t h e  conclusion o f  t h i s  section. 

Paleoenvironmental determi nat ions are based on bo th  m ic ro foss i l  
and macrofossi 1 su i tes.  Pal eocl  imato l  og ica l  i n t e r p r e t a t i o n s  are 
based on spore and po l l en  assemblages and, t o  a lesser  extent,  on 
diatoms, s i l i c o f l a g e l l a t e s ,  Foramini fera,  ostracodes, and molluscs. 
Fl  uv i  a1 , lacus t r i ne ,  and pal udal environments are c l a s s i f i e d  as 
con t inen ta l  o r  nonmari ne. T rans i t i ona l  envi  ronments inc lude  marshes, 
brack ish estuar ies,  and hypersa l ine and hyposal ine lagoons, For 
sediments deposi ted i n  marine environments, t h e  paleoenvironment 
i s  expressed i n  terms o f  bathymetry ( f i g .  4 )  and i s  d i v i ded  i n t o  
i n n e r  n e r i t i c  (0 t o  60 f ee t ) ,  middle n e r i t i c  (60 t o  300 f ee t ) ,  
ou te r  n e r i t i c  (3UO t o  600 f ee t ) ,  upper bathyal  (600 t o  1,500 fee t ) ,  
and middle bathyal  (1,500 t o  3,000 f ee t ) .  Pal eobathymetric 
determinat ions a re  p r i m a r i l y  based on fo ramin i fe ra1  c r i t e r i a ,  but  
d i  n o f l  age1 1 ates and o the r  marine organisms such as bryozoans, 
m l l u s c s ,  brachiopods, echinoids,  ophiuroids,  and c i r r i p e d s  were 
taken i n t o  account. L i t h o l o g i c a l  and sedimentological  c r i t e r i a  
were a1 so used. 

PLIOCENE 

The Pl iocene sec t ion  of t h e  we1 1 (1,536 t o  3,180 f e e t )  was 
subdivided i n t o  e a r l y  and l a t e  ages p r i m a r i l y  on t h e  bas is  o f  
diatom and s i l i c o f l a g e l  l a t e  d l s t r l b u t i o n s .  Although t he  s i l i ceous  
m ic ro f l o ras  were both abundant and diverse, t h e  zonal subdiv is ions 
are somewhat tenuous. Even a f t e r  f ac to r s  such as reworking and up- 
and downhol e contaminat ion a re  taken i nto  account, s i  1 i ceous 
m i c r o f o s s i l  assemblages from t h e  we1 1 a re  s t i l l  character ized by 
unusual s t r a t i  graphic ranges and associat ions. Zonal equivalences 
were d i f f i c u l t  t o  es tab l i sh  because " f l agsh ip  t a x a "  were f requent l y  
e i t h e r  absent o r  out o f  place. That d i f f e r e n t  taxonomic and zonal 
systems were used by t h e  t h ree  s i l i c e o u s  m ic ro foss i l  i n ves t i ga to r s  
on l y  compounded t he  problem. A p rov i s i ona l  zonat ion was erected 
nevertheless. 

The l a t e  Pl iocene (1,536 t o  1,920 f e e t )  conta ins t h e  middle 
and lower  pa r t  o f  t he  Dent icu lops is  seminae var. f o s s i l i s  Zone 



FIGURE 6 Comparison of b lostrat igraphic summaries of ERT biostrat ,  
BioStrat igraphics,  and Minerals  Management  Service.  Depths a r e  
measured from the  kelly bushing. 

Depth 
(feet) 

2.000 

3,000 

4.000 

5,000 

6,000 

7,000 

8,000 

9.000 

10,000 

1 1.000 

12,000 

13,000 

14,000 

15,000 

16,000 

16,400 T.D. 

Pl iocene 

l a t e  Miocene 

middle Miocene 

, ? - ? ? ,  

l a t e  Oligocene 

- 
p-12.171' 

e a r l y  Eocene 

--12:854 

L a t e  Cretaceous. 
d a a s t r i c h t i a n  

(12.854-12.875') 

L a t e  Cretaceous.  
? M a a s t r i c h t i a n  
(13.143- 16.400.) 

ERT biostrat ( 1  9 8 3 )  

- - 1.536' 

-3,420' 

-6,300' 

-1 0.984' 
10,993' 

-12.077' 

l a t e  Pl iocene 

e a r l y  Pliocene 

- 

l a t e  Miocene 

p o b  mjd to late Miocene 
probable middle Miocene 

possible e a r l y  t o  
middle Miocene. 

Oligocene? 

- 

Oligocene o r  
Eocene t o  
Oligocene 

l a t e  Eocene 
t o  O l i y c e n e  

-12 743: -12,750' 
-12.854' 

-1,536' 

- - 1,020' 

-3.180' 

I:;::,": 
4 , 7 1 0 '  

-5,790' 

l a t e  t o  l a t e  middle 
Eocene 

-12,780' 

l a t e  Pliocene 

ear l y  Pl iocene 

l a t e  Miocene 

-7*NH6?)---- 

l a t e  Miocene 

middle and ear l y  
Miocene 

l a t e  O l ~ g o c e n e  

-?(T02.2?) - - - - 

l a r e  Oligocene 

~ - ? ( T 0 2 .  I?& -- I  

e a r l y  Oligocene, 
P 2  I Zone. 
Subzone a - ? v v v ~ - - ? - - 1 2 , 2 8 0 '  

L a t e  Cre taceous ,  
Campan ian  t o  
M a a s t r i c h t i a n  

--1.536' 

- i,oeol 

-3,180' 

---3.716' 

-4.7 10' 

-5,704' 

-7.500' 

1,100' 

L a t e  Cretaceous,  
M a a s t r i c h t i a n  

-15,300' 

- 16,400' -16.400' 

BioStratigraphics (1  9 8 3 )  MMS (this paper) 

L a t e  Cretaceous.  
probable 

CampanianCorOlder?) 
- 16,400' 



and t h e  e n t i r e  Dent icu lops is  seminae var. f o s s i l i s  - Dent i cu lo  s i s  
kamtschatica Zone. The former zone (1,536 t o  1,710 f e e t  T--- i s 
character ized by t h e  h ighest  occurrences o f  Ste hano x i s  horr idus,  +-- Thalass ios i ra  zabelinae, Coscinodiscus ustu atus, ~ h i z o s o l e n i a  
c u r v i r o s t r u s  inermis,  and Ammodochiurn rectan k u are; t h e  l a t t e r  zone 
(1,710 t o  1,920 f e e t )  i s  somewhat more problematical ,  and i s  def ined 
here by t he  h ighest  occurrence o f  Thalass ios i ra  ant iqua and the  
1 owest occurrence o f  Dent icu l  ops is  seminae var. f o s s i l  i s .  

The l a t e  Pl iocene s i l i c e o u s  m i c r o f l o r a  contains a t  l e a s t  70 
species, many of which have l ong  o r  uncer ta in  s t r a t i  graphic ranges. 
Genera present inc lude  Act inocyclus,  Amodochium, Arachnoidiscus, 
Aulacodiscus, Bac te r ios i ra ,  Biddulphia,  Coscinodiscus, Chaetoceros, 
C l  adogramma, Cosmi od i  scus, Del ph i  ne i  s , Dent i  c u l  opsi  s , Di stephanus, 
Ebr iops is  , Grammatophora, Goniothecium, Hyal odi  scus, Me1 os i  ra ,  
Navicul  a, N i  t z sch i  a, Porosi ra,  Pseudopodosi r a y  Pseudopyxi 11 a, 
Rhaponeis, Rhizosol enia, Stephanopyxis, Thal assionema, Thal ass ios i  ra ,  
Tha lass io th r i x ,  and Xanthi opyxis. 

The e a r l y  Pl iocene (1,920 t o  3,180 f e e t )  i s  subdivided i n t o  
Subzones b and c o f  t h e  Dent icu lops is  kamtschatica Zone. Subzone c 
(1,920 t o  2,550 f e e t )  i s  de f ined  by t h e  h ighest  s t r a t i g r a p h i c  
occurrence o f  Thalass ios i ra  na t i va  and t h e  presence o f  common 
Dent icu l  o s i  s karr~l;schdL i cd  dnd Ebr-iops i s  d11L i qud. The Lop o f  
Subzone b 2,550 t o  3,180 f e e t )  i s  def ined by t h e  highest occurrences * 
o f  Cosmiodi scus i n s i  gni  s and Coscinodi scus temperei ; t h e  base i s  
def ined by t h e  lowest occurrence o f  Thal ass ios i ra  o e s t r u p i i  and 
t h e  t o p  o f  t he  subjacent zone. 

The generic composit ion o f  t h e  d ive rse  e a r l y  Pl iocene m ic ro f l o ra  
i s  s i m i l a r  t o  t h a t  o f  t he  ove r l y i ng  l a t e  Pliocene. Add i t iona l  . - 

genera inc lude  Actinoptychus, Cocconeis, Cymatosira, Dictyocha, 
Dip loneis ,  Endictya, Mesocena, Rhabdonema, Rouxia, and Stephanogonia. 

The moderately diverse, though q u i t e  sparse, ostracode assembl a 
present from 1,536 t o  3,180 f e e t  i nd i ca tes  a Pl iocene age f o r  t he  
i n t e r v a l  (E l i zabe th  Brouwers, w r i t t e n  cornmun., 1984). The l a t e  
Pl iocene (1,536 t o  1,920 f e e t )  conta ins specimens o f  Normanicythere 
leioderma, Eucytheridea brady i ,  Acanthocythereis dunelmensis, 
?Rabi l imis  sp. B, "Rabi l imis  sp. A, and Robertsoni tes tubercu la ta.  
The e a r l  v Pl iocene ostracode fauna i s  s i m i l  ar. bu t  a1 so contains a 
s i n g l e  siecimen o f  Aust ra l  imoosel la sp. a t  2,070 fee t .  Several of 
these taxa were p rev ious ly  recorded i n  t h e  Pl iocene sec t ion  o f  t h e  
Norton Sound COST No. 1 and No. 2 we l l s  (Turner and others, 1983). 

The Pl iocene forami n i f e r a l  faunas are t y p i c a l  o f  high-1 a t i t u d e  
co l  d-water s h e l f  environments. There are no t r u l y  age-di agnos t i c  
species i n  t he  assemblage. The l a t e  Pl iocene fauna i s  character ized 
by Elphidium c l  avatum, E l  phidium b a r t l e t t i  , Protoelphidium orb icu lare,  
E l p h i d i e l l a  s i b i r i c a ,  E l p h i d i e l l a  c f .  E. gorbunovi, Buccel la  
fri gida, Buccel l a  tenerrima, Dental i na-baggi , Dental i na so l  uta, 



Pu l l en ia  sp., Poropul len ia  c f .  1. bu l lo ides ,  Cassidul ina c a l i f o r n i c a ,  
Cassidul i n a  lat icamerata,  Cassidul i n a  t e r e t i s ,  Cassidul i n a  norcross i  , 
Nonionellam-an- -phi na sp., Quinqueloc,ul i na 
akneriana, and Epis tominel la  cf. E. b rady i  . Molluscan shel 1 shards, 
barnacle p la tes,  f i s h  t e e t h  and bcnes, echi  no id  and ophi u r o i d  p la tes,  
and bryozoan fragments are common. 

The e a r l y  Pl iocene foramin i  f e r a l  fauna i s  e s s e n t i a l  l y  t h e  same 
as t h a t  o f  t h e  l a t e  Pliocene, w i t h  t he  add i t i on  o f  T r i f a r i n a  angulosa, 
Marg inu l ina c f .  M. adunca, Melonis c f .  M. barleeanum, Melonis c f .  - M. 

ompil i o ides ,  an3 Uv iger i  na juncea. ~hTn-she1 l e d  t e r e b r a t u l  i d  
g rach i  opods and r a r e  v i n c u l a r i  i fo rm bryozoan zoar ia  are a1 so present. 

The palynol  og ica l  assemblages present from 1,536 t o  3,180 f ee t  
i n d i c a t e  a Pl iocene age f o r  t he  i n t e r v a l  . The pol  l e n  and spore 
assembl age i s character ized by  A1 n i  pol  1 en i  t es  spp., Tsugaepol l e n i  t es  
spp., U l m i  po l  l e n i  t e s  sp., Caryapol l e n i t e s  sp., Pterocaryapol l  en i  t es  
sp., P iceapol l  en i tes  spp., Betu l  aepol l e n i t e s  spp., 
L i  quidambarpol l e n i t e s  sp., Juglanspol l e n i t e s  sp., Ma1 vaceae, Ericaceae, 
Onagraceae, Compositae, Quercus sp., P i  nus spp., Pediastrum sp. 
(fresh-water a1 gae), Jusseia sp., ~ i e m a  echinata, Chenopodium 
leptophyl lum, Deltoidospora spp., Lycopodiumsporites sp., 
Sphagnumsporites sp., Laev igatospor i tes spp., S te re i spo r i t es  spp., 
Epi lobium l a t i f o l  ium, and Cya th id i tes  minor. 

- 

The d i n o f l a g e l l a t e  assemblage conta ins Tectatodinium pe l l i tum,  
S p i n i f e r i  t es  spp., Cymatiosphaera sp., Operculodi niurn sp., 
Kal losphaeridium sp., Lejeunia spp., Lejeunia fa1  lax,  Nematosphaeropsis 
1 aby r i  nthea, and Impagidinium pacif icum. Reworked Cretaceous 
d i  nocysts are a1 so present. 

Judy Lent i n , o f  ERT b i  o s t r a t  , recognized two palynol  og i ca l  
zones i n t h e  Pl iocene sect ion:  t h e  spore-pol len Laev igatospor i tes 
Zone o f  Geoffrey No r r i s  ( i n  preparat ion)  and t he  d i no f l age l  l a t e  
Impagidinium pac i f icum zone o f  Bujak (1984). The former was developed 
b y  us ing  we l l  data from the  Beaufort-Mackenzie Basin; t h e  l a t t e r ,  
from core ho le  data from Leg 19 o f  t h e  Deep Sea D r i l l i n g  Pro jec t  i n  
t h e  Bering Sea. 

Environment 

The Pl iocene sec t ion  r e f l e c t s  shel f depos i t ion  i n  r e l a t i v e l y  
co ld  water. The l a t e  Pl iocene environment ranged from c o l d  temperate 
t o  sub f r i g i d .  The e a r l y  Pl iocene was predominantly co ld  temperate. 
Water depths i n  t h e  l a t e  Pl iocene were middle n e r i  t i c .  The e a r l y  
Pl iocene sec t ion  was deposi ted i n  ou te r  n e r i t i c  depths. 

MIOCENE 

The i n t e r v a l  f rom 3,180 t o  5,704 f e e t  i s  Miocene i n  age. This 
sec t ion  i s  subdivided i n t o  several b i o s t r a t i g r a p h i c  zones, f o r  t h e  



most p a r t  on t h e  bas is  of d iatom and palynomorph d i s t r i b u t i o n s .  I n  
add i t  i o n  t o  t h e  b i o s t r a t  i g raph i c  problems discussed i n  t h e  Pl iocene 
sect ion,  t h e  zonat ion of t h e  Miocene i s  f u r t h e r  compl icated by 
barren i n t e r v a l s .  Seismic hor izon A i s  unconformable on t h e  f l anks  
o f  t h e  basin;  a t  t h e  w e l l  s i t e  t h i s  r e f l e c t o r  corresponds t o  t h e  t o p  
o f  l i t h o l o g i c  zone A-2 and t o  t h e  t o p  o f  a  pa leon to l og i ca l l y  barren 
i n t e r v a l  beg inn ing a t  3,716 fee t .  Seismic hor izon A may correspond 
i n  p a r t  t o  t h e  NH6 h i a t u s  o f  Barron and K e l l e r  (1982). There a re  
s i g n i f i c a n t  d i f f e rences  o f  op in ion  between t h e  var ious consul tants  
and between t h e  var ious subdi s c i p l i n e s  concerning t h e  p o s i t i o n  o f  
t h e  Miocene-Oligocene boundary. 

The i n t e r v a l  f rom 3,180 t o  4,710 f e e t  i s  l a t e  Miocene i n  age 
and i s  subdiv ided i n t o  t h e  Dent i cu lops is  kamtschatica Zone, Subzone 
a (3,180 t o  3,670 f e e t ) ,  and t h e  Dent i cu lops is  h u s t e d t i i  Zone (3,670 
t o  4,710 f e e t ) .  The t o p  o f  t h e  Dent i cu lops is  kamtschatica Zone, 
Subzone a, i s  de f ined  by  t h e  h ighes t  o c c u r r e n c ~ h e c i u m  
tenue and Rouxia c a l i f o r n i c a ;  t h e  base i s  de f ined  by t h e  t op  o f  t h e  
subjacent zone. There a re  approximately 170 s i l i c e o u s  m i c r o f o s s i l  
species i n  t h i s  i n t e r v a l .  Add i t i ona l  qenera no t  present i n  t h e  
ove r l y i ng  Pl iocene sec t i on  i n c l  ude ~ s t e r o m ~ h a l  us,' D ic lad ia ,  Dictyocha, 
Hemi aulus, Isthmia,  Lithodesmium, M u e l  l e r i ema ;  Rocel l a ,  Synedra, 
and Tetracyclus.  

The top uf  Lhe Dent i cu lops is  hus ted t i  i Zone I s  here d e f l  ned 
by t h e  h ighes t  occurrence o f  Thalassionema h i r osak iens i s  and t he  
lowest occurrence o f  Den t i cu lops is  kamtschatica. The base o f  t h e  
zone i s  placed a t  4,710 f e e t  on t h e  bas is  o f  t h e  lowest occurrences 
o f  Coscinodiscus a f f .  C. endoi and Dent i cu lops is  a f f .  D. h u s t e d t i i .  
The s i l i c e o u s  m i c r o f l  ora i n  t h i s  i n t e r v a l  i s  r e l a t i v e l y  d iverse 
and abundant bu t  very  p o o r l y  preserved. The zone o f  m inera log ica l  
phase change from opal-A t o  opal-CT appears t o  begin  a t  approximately 
3,565 f ee t ;  t h e  change from opal-CT t o  quar tz  appears t o  begin  below 
4,440 f ee t .  These changes were q u a l i t a t i v e l y  observable o p t i c a l l y ,  
a l though exhaust lve X-ray d i f f r a c t i o n  ana lys is  (A t iA I  , 1983; James 
Hein, o r a l  commun., 1984; Maurice Lynch, w r i t t e n  commun., 1984) 
f a i l e d  t o  d i sc l ose  unequivocal evidence f o r  t h e  presence o r  l o c a t i o n  
o f  these d iagenet ic  boundaries. D e f i n i t i v e  peaks are not  genera l l y  
d i s c e r n i b l e  on X-ray d i f f rac tograms when opal i ne s i l  i c a  i s  present 
i n  amounts o f  5 percent o r  less.  However, some s idewa l l  and 
convent ional  cores be1 ow 3,600 f e e t  con ta i  ned sediments composed 
o f  more than  50 percent diatoms. Th is  i s  discussed a t  some leng th  
i n  Turner and o thers  (Navari n  COST No. 1  , 1984, p. 129-38). 

The i n t e r v a l  f rom 4,710 t o  5,704 f ee t  probably represents t h e  
midd le  and e a r l y  Miocene. Most o f  t h e  m i c r o f o s s i l s  a re  t o o  poo r l y  
preserved t o  be use fu l  f o r  d e t a i l e d  zonal b ios t ra t ig raphy ,  The 
middle t o  e a r l y  Miocene age determinat ion i s  supported by  t h e  presence 
o f  S t i c t od i scus  a f f .  S. k i t t on i anus .  Dean Milow, o f  B ioSt ra t ig raph ics ,  
noted t h a t  i n  t h i s  inTerva1, popula t ions o f  Stephanopyxis t u r r i s  sensu 
s t r i c t 0  a re  equal t o  o r  more abundant than those o f  Stephanopyxis 



t u r r i s  var. intermedia.  He suggests t h a t  t h i s  r e l a t i o n s h i p  i s  
t y p i c a l  o f  Neogene populat ions,  whereas popula t ions dominated by 
Stephanopyxis t u r r i s  var. in termedia a re  r e s t r i c t e d  t o  t h e  Paleogene. 

The ostracode fauna i s  sparse and poor l y  preserved. Many o f  
t h e  species a l so  occur i n  t h e  Pl iocene sect ion.  New taxa  i n d i c a t i v e  
o f  a Miocene age i n c l u d e  "Costa" sp., "Leguminocythereis" sp., and 
E lo f sone l l a  a f f .  - E. concinna. 

Palyno log ica l  evidence a l so  supports a Miocene age f o r  t h e  
i n t e r v a l  f rom 3,180 t o  5,704 fee t ,  although i n  t h e  Miocene sec t ion  
t h e  pa lyno log ica l  consu l tan ts  begin  t o  d i f f e r  s i g n i f i c a n t l y  both i n  
taxonomy and i n t h e  placement of s t r a t i g r a p h i c  tops. This i n t e r p r e t i v e  
divergence cont inued u n t i l  Late  Cretaceous s t r a t a  were encountered and 
described. Species o f  Tsugaepol leni tes occur as h igh  as 3,090 f e e t  
( e a r l y  P l iocene)  bu t  become progress ive ly  more abundant downhole. 
The h ighes t  occurrence o f  Tsugaepoll en i  t e s  a1 exandri ana (3,420 f e e t  ) 
marks t h e  t o p  o f  t h e  unpublished Miocene Tsugaepol leni tes Zone o f  
Geoffrey N o r r i s  ( i n  preparat ion) .  I n  t h e  Navarin Basin COST No. 1 
we l l ,  t h i s  p o l l e n  zone appears t o  more o r  l ess  co inc ide  w i t h  t h e  
unpublished- d i n o f l  age1 l a c  Spi n i f e r i  t e s  ovatus Zone o f  Bu jak  (1984 
Di nuf laqel  l a t e s  became ~nur-e abur~ddr~t  drld s L r d t i  qrauhica l  1 Y use fu l  
be1 ow 3,800 fee t .  Taxa ~ r e s e n t  i nc l  ude S D ~  n i  f e r i  t e s  ova t i s .  

spp., cannosphaeropsi s spp. ,' Hystrichosphaeropsi s sp. 
1975), Tubercu lod in i  um vancampoae, Tuberculodi nium 

r o s s i  gnol i ae, Cordosphaeri d i  urn g rac i  1 i s ,  Pentadi n i  urn 1 a t i  c i  nctum, 
Achomosphaera a lc i co rnu ,  Para1 e c a n i e l l  a i ndentata, 0 e rcu l  o d i n i  um 
centrocarpum, Nematosphaeropsi s balcombi ana, 01 i gos a e r i  d l  urn sp 
Le jeunia  f a l l a x ,  and Le jeunia  globosa. 

e, 
Calcareous nannoplankton were o f  1 i m i t e d  value i n  t h e  we1 1. 

A s i  ng le  specimen o f  ~ y c l  i c a r g o l  i t h u s  f l o r i danus  was recovered from 
c u t t i n g s  composited over t h e  i n t e r v a l  5,520 t o  5,610 fee t .  I t 
i n d i c a t e d  an age range of midd le  Eocene t o  e a r l y  midd le  Miocene. 
The upper p a r t  o f  t h e  range i s  cons is ten t  w i t h  t h e  evidence f r o m  
o ther  f o s s i l  groups. 

The foramin i fera1 faunas support a Miocene age f o r  t h e  i n t e r v a l  
3,180 t o  5,704 fee t .  Foramin i fera  a re  r a r e  above 3,400 fee t .  The 
most s i g n i f i c a n t  forami n i  f e r a l  markers are t h e  h i  qhest occurrences 
o f  ~ o r o s o r o t a l  i a  c l  a r k i  a t  3,450 f e e t  and ~mmonia- japonica va r i an ta  
( =  R o t a l i a  b e c c a r m  5,280 fee t .  Other d i s t i n c t i v e  faunal  
elements a re  E l  p h i d i e l  l a  oregonensis, E l  p h i d i e l l  a prob l  ematica, 
E l  h i d i e l l a  a f f .  E. d i s c o i d a l i s ,  E l  h i d i e l l a  c f .  E. okhot ica,  

c t .  E. hannai , Cr ib roe  +k- idium c f .  C.-crassum, E l  phldlum 
clavatum, ElphidTum b a r t l e t t i  , H a p l o p h r a g ~ i d e s t r u l l  i ssa ta ,  
Hap1 ophragmoides deformes, Uv ige r i  na juncea, Uvi g e r i  na c f .  U. 
hoo t s i  , Bol i v i  na advena, S i  grnomorphi na sp., Cassidul i na caITforn ica,  
Cassidul i na 1 aticamerata, Cassidul i na norcross i  , and Sphaeroidi na 
b u l l o i d e s  v a r i a b i l i s .  



The fauna i s  s i m i l a r  t o  t h a t  descr ibed from the  Norton Sound 
COST No. 1 and No. 2 wel ls,  b u t  may represent a  somewhat deeper water 
depos i t iona l  environment . The Navari n  Basin Miocene forami n i  f e r a l  
fauna does not  appear t o  have as c lose  a f f i n i t i e s  w i t h  t h e  Sakhalin 
I s l and  and Kamchatka Peninsula assemblages as do those from the  
Norton Basin wel ls .  C o n f l i c t  between t h e  publ ished and unpublished 
b i o s t r a t  i graphi c  ranges o f  h i  gh-1 a t  i tude Foramini fera i s  a  problem 
t h a t  i s  compounded by t h e  la rgc  amount o f  taxonomic synonymy i n  
t h e  American, Russian, and Japanese nor thern P a c i f i c  l i t e r a t u r e .  
These compl icat ions add immeasurably t o  t h e  d i f f i c u l t y  o f  
b i o s t r a t i g r a p h i c  c o r r e l a t i o n  i n  t h i s  area. 

Molluscan f o s s i l s  recovered from core 4 (5,572 t o  5,580 f e e t )  
i n d i c a t e  a Miocene age. B iva lve  taxa i d e n t i f i e d  were Macoma?, 
T e l l  i na?. and a card i  id.  

Environment 

The upper p a r t  o f  t h e  Miocene sec t i on  was deposi ted i n  outer  
n e r i  t i c  depths; be1 ow 3,450 f e e t  t h e  paleoenvi ronment was middle 
n e r i t i c .  The c l  i m a t ~  was prohably temperate t o  co ld  temperate. 

OLIGOCENE 

01 i gocene s t r a t a  (5,704 t o  12,280 fee t )  represent t he  t h i ckes t  
sedimentary sec t ion  i n  t h e  Navarin we1 1. The t op  o f  t h e  Oligocene 
i s  placed a t  t h e  h ighes t  occurrence o f  diatom populat ions composed 
e n t i  r e l y  o f  poor ly  preserved Stephanopyxi s  t u r r i  s var. i ntermedi a. 
Althoush t h i s  evidence alone does no t  warrant a  f i r m  aqe assisnment. 
taken i n  conjunction w i th  t h e  palynological  assembl ageUat 5,7G0 f e e i ,  
i t i s  q u i t e  defensible.  The base o f  t he  01 igocene (12,280 f e e t )  
i s  placed a t  a  1  i t h o l o g i c  boundary (zone F )  t h a t  marks an apparent ly 
unconformable contact  w i t h  Eocene s t ra ta .  

The sec t ion  i s  pa leon to log ica l  l y  subdi vided i n to  1 a te  01 i gocene 
(5,704 t o  11,100 f e e t )  and e a r l y  Oligocene (11,100 t o  12,280 f ee t ) .  
The boundary between l i t h o l o g i c  zones D-2 and E (10,800 f ee t ;  p l  . 1 
and f i g .  7), as we l l  as t h e  unconformity on t he  bas in  f lanks  t h a t  
co r re l a tes  w i t h  t h e  r e f l e c t o r  a t  11,100 f e e t  ( f i g s .  4, 7, and 8),  
may bo th  be r e l a t e d  t o  a mid-Oligocene drop i n  sea l e v e l  caused 
by a g lobal  coo l i ng  event 28 t o  32 m i l l i o n  years ago (Keigwin and 
Ke l le r ,  1984). This event i s  character ized by coo le r  oceanic 
water and i s  thought t o  be associated wi th  an accumulation o f  
con t inen ta l  i c e  i n  t he  A n t a r c t i c  (Matthews and Poore, 1980; Kerr, 
1984). The e a r l y  Oligocene pa leon to log ic  t op  (11,100 f e e t )  i s  
c o r r e l a t i v e  w i t h  the  t op  o f  seismic sequence I V  (seismic hor izon 
C ) ,  which onlaps and t runcates o l de r  s t r a t a  and basement highs. 
Seismic sequence I V  grades i n t o  apparent proximal t u r b i d i  t e s  on 
t he  southwestern f l anks  o f  t h e  Pinnacle I s l a n d  subbasin. L i t h o l o g i c  
zone E i s  w i t h i n  t he  lower  pa r t  o f  t h e  G loboro ta l ia  opima Zone 



(P21 Zone, Subzone a )  o f  B o l l i  (1957) and Blow (1969), as def ined 
by Kel l e r  (1983). The e a r l y  Oligocene age assignment i s  based 
p r i m a r i l y  on p lank ton ic  fo ramin i fe ra1  data. 

The abundant and d iverse l a t e  01 igocene d i n o f l  age1 l a t e  assemblage 
i s  character ized by Pal eocystodi  n i  um benjami n i  i , Para1 ecaniel  1 a 
indentata,  Diphyes spp., Lejeunia f a l l a x ,  Lejeunia hyal ina, 
L i nau lod in i  um uuaiatum. E v i t t o s ~ h a e r u l a  ~ a r a t a b u l  ata. O ~ e r c u l  odinium 
centrocarpum, hy; t r i f ioko l  poma k igaudi  ae: Apteodi n i  ur;l abs t ra l  iense, 
Achomosphaera spp., Nernatosphaeropsis balcombiana, Ro t tnes t ia  
borussica, Tubercul od i  n i  um vancampoae, Tubercul od in i  um ross ignol  iae, 
Membrani 1 arnecia ursula,  Pulysphder id iun~ p a s t i e l  s i  i , Areul i yerd 
senonensis, S i n i f e r i t e s  spp., D is ta tod in ium craterum, - Phthaneroperi i n i um amoenum, and Cordosphaeridium multispinosum. 

There are ecotyp ic  v a r i  ants o f  species o f  Pal eocystodi n i  um 
t h a t  resemble Paleocvstodi n i  um beniami n i  i . If t h e  soecimens 
present i n  samples from t h e  ~avari;; we l l  represent s;ch forms, t he  
degree o f  c e r t a i n t y  about t he  p rec ise  l o c a t i o n  o f  t h e  01 i gocene- 
Miocene boundary i s 1 essened considerably.  

The range o f  Tuberculodinlum vancampoae i n  Alaska has a1 so 
been questioned. One school o f  thought considers i t  t o  be a 
Miocene marker; another considers i t  t o  be more t y p i c a l  o f  t h e  
Oligocene. Wi l l iams and Bujak (1377) show i t  ranging from t h e  
"middle" 01 igocene t o  t h e  Ple is tocene on t h e  Labrador s h e l f  o f  
eastern Canada. Harland (1978) shows i t  ranging from the  e a r l y  
Miocene i n t o  t h e  Holocene on t h e  northwestern European she l f .  
Wall and Dale (1971) have placed Holocene cysts  assignable t o  
Tuberculodinium vancam oae i n  t h e  modern genus Pyrophacus, and 
Len t in  and N i l  l i d  l i s t  Tuberculodinium vancam oae as a 

d n d  No. 2 Pleistocene species. I n  t h e  S t .  George Basln CO 
we1 1 s, ~ u b e r c u l  odinium vancampoae was-present i n  s t r a t a  dated as 
Oligocene on t h e  bas is  o f  calcareous nannoplankton. I n  t h e  Norton 
Sound COST Nu. 1 drld Nu. 2 we1 15, t h i s  species was a cairlllon elel lent 
o f  t he  Miocene marine m ic ro f  lo ra .  Recent discussions w i t h  
approximately 20 pa lynos t ra t  igraphers from a1 1 par ts  o f  t h e  globe 
suggest t h a t  al though t h i s  taxon may a c t u a l l y  range back i n t o  t h e  
l a t e  Eocene, i t  i s  genera l l y  abundant on l y  i n  t h e  Miocene. 

The spore and p o l l e n  assemblage i s  s i m i l a r  t o  t h e  ove r l y i ng  
Miocene Tsugaepoll en i  tes  assemblage. 

Foramin i fera a re  re1 a t i  ve l y  abundant, d iverse, and we1 1 preserved 
i n  t h e  Ul igocene sect ion. With t he  except ion o f  t he  d e f i n i t i v e  
e a r l y  Oligocene p lank ton ic  assemblage, however, most o f  t h e  species 
present are not  s t r i c t l y  age d i  agnostic. Although benth ic  Foramini fera 
were impor tant  f o r  pal  eoenvi ronmental determinat ions , the re  a re  some 
ambigui t ies i nvo lv i  ng t h e  paleobathymetric s i gn i f i cance  o f  Ammonia 
and Cyclammina. The l a t e  01 i gocene sec t ion  (5,704 t o  11 ,lo- 
conta i  ns both n e r i t i c  and bathyal  assemblages. Ammonia japonica 



( =  Rota1 i a beccar i  i and several  ecotyp i  c v a r i e t i e s )  , general l y  
considered a s h a l l  ow-water speci es, i s  present i n  both environments. 
Th is  suggests e i t h e r  a wider bathymetr ic range than commonly assumed 
o r  a deposi t ional  environment character ized by downs1 ope mixing. 
The l a t t e r  case i s  t he  most l i k e l y ,  although t h e  r e l a t i v e l y  cons is tent  
presence o f  t h e  species i n  deeper water deposi ts i n  o ther  Ber ing 
Sea we l l s  suggests t h a t  i t  may no t  have always been r e s t r i c t e d  t o  
i nne r  n e r i t i c  and t r a n s i t i o n a l  environments. Ammonia japonica and 
A m n i a  japonica var ian ta  were both recorded f r w n  near t he  tup u f  
t h e  sec t ion  considered t o  be 01 igocene i n  both Norton Sound COST 
we1 1s ; they  were a1 so present i n  t h e  01 igocene o f  both S t .  George 
Basin COST w c l l s  (Turner and others, 1984). I n  t h e  S t .  George 
Basin COST No. 1 we l l ,  t h e  sec t ion  was unequivocal ly  dated as 
01 igocene on t he  basis o f  calcareous nannoplankton. I n  t h e  Navarin 
Basin we l l ,  t h e  h ighest  occurrence o f  Ammonia japonica var ian ta  i s  
e a r l y  Miocene. I n  most o f  t h e  Ber ing Sea we l l s  i t  has usua l l y  been 
encountered somewhat be1 ow t h e  h i  ghest occurrence o f  Porosorotal  i a 
c l  a r k i  . 

Although Cyclamrnina i s  a dominantly bathyal  genus i n  modern 
and anc ient  seas, Robinson (1970) showed t h a t  i n  t he  Gu l f  of 
Mexico i t  commonly ranged up i n t o  s h e l f  depths as r ecen t l y  as 1 a te  
Miocene. I n  t h e  Norton Sound COST No. 2 we l l ,  C c l a m i n a  c f .  C. + a c i f i c a  was present i n  s h e l f  sediments. The h i g  e s t  occurrence 
{f t h e  genus i n  t h e  Navarin Razin COST No. 1 w e l l  (5,400 feet ,  
middle and e a r l y  Miocene) was i n  sediments deposi ted i n  l ess  than 
bat hyal depths. 

Other foramin i  f e r a l  species present i n  t h e  1 a t e  01 i gocene 
inc lude  E l  p h i d i e l  l a  oregonensis, E l  p h i d i e l l a  c f .  E. katangl  iens is ,  
E l  p h i d i e l  l a  spp., E l  phidium spp., A m n i a  spp., ~ o r o s o r o t a l  i a  
c l a r k i ,  Porosoro ta l ia  c f .  P. tuniiensis, Psamosphaera carnata, 
Cassidul  i n a  c f .  C. l aev iga ta ,  Hapl ophragmoides t r u l l  i sa ta ,  
Hapl ophragmoides-trans1 uscens , Cycl ammi na c f .  C. cancel 1 ata, 
Cycl ammi na a onica C c l  ammi na spp., Budashevaell a spp., Me1 oni  s - 

*? h r l  eeanum, Gyro id i  n a o r b i c u l  a r ~  s pompi l io ides,  Me on is  c 
p l  anata, Gyroidina so ldan i i ,  Anomal i n a  g l  abrata, Cassidul i noides - 
bradyi  , Sphaeroidi na b u l l  o ides va r i ab i  1 i s ,  Bathysi  phon spp., 
M a r t i n o t t i e l l a  p a l l i d a ,  S i l i cos ig rno i l i na  sp., -- Pul len ia  sp., 
Pseudogl andul i na , Eponides spp., and Sigmomorphina schencki. 
The presence o f  Globi  e r i n a  c f .  G. c iperoensis  a t  8,100 f e e 7  T-e7 suqqests t h a t  a t  east t he  ower-part o f  t h i s  sec t ion  i s  w i t h i n  
t h 6 - p ~ ~  p lank ton ic  zone. 

The e a r l y  Oligocene sec t ion  (11,100 t o  12,280 f c c t )  contains, 
i n  add i t i on  t o  most o f  t h e  above species, F issur ina  sp., m o  
sp., G r o i d i n a  sp., O r i do rsa l i s  sp., and Cornus i r a  c f .  C. 

b e  most d i s t i n c t i v e  faunal -+- e ements are age-diagnostic 
species such as G l  obi  ge r i  na 1 i naperta, G l  ob i  ger ina 

angiporides, G l  ob ige r i  na c f .  G. o f f i c i n a l  i s ,  Glob iger ina c f .  G. 
seni 1 i s  , G l  ob i  ge r i  na praebul 1% des, and Catapsydrax pera that-are 



present f rom 11,110 t o  11,850 fee t .  Th is  i n t e r v a l  i s  e a r l y  01 igocene 
(P21 Zone, Subzone a) i n  age (Gerta Kel l e r ,  w r i t t e n  commun., 1984). 
A reworked specimen o f  t he  middle Eocene species Globorotal  i a  ' 
bul  l b r o o k i  was a1 so present a t  11,120 feet.  

Ostracodes are r a r e  bu t  i n t e r e s t i n g  i n  t he  l a t e  Oligocene 
sect ion. With the  except ion of "Hemicythere" sp., t he  few specimens 
recovered above 9,090 f ~ e t  are s i m i l a r  t o  those i n  t he  over ly ing  
Miocene. Be1 ow 9,090 feet, several add i t iona l  genera w i t h  Paleogene 
a f f i n i t i e s  are present, i nc l ud ing  K r i t h e  sp., ?Pectocythere sp., 
"Leguminocythereis" sp., " ~ o b e r t s o n i  t ~ " '  sp., and Wichrnanel l a  sp. 
O f  these, t h e  1 a t t e r  genus i s  o f  p a r t i c u l a r  i n t e r e s t .  - Wichmanell a 
has here to fo re  been found i n  t h e  Cretaceous o f  eastern ~ o u t 3  America 
and t he  Neogene o f  Japan. I t  probably migrated v i a  s t r a i t s  
b i s e c t i n g  t he  isthmus o f  Panama i n t o  t he  Pac i f i c ,  then nor th  and 
west, appearing f i r s t  i n  t h e  Alaskan Paleogene, then  i n  t he  Japanese 
Neogene (E l i zabe th  Brouwers, w r i t t e n  commun., 1984). 

The e a r l y  01 i gocene ostracode fauna inc ludes Wichmanel l a  sp., 
Xestol eber is  sp., K r i t h e  sp., Eucytherura sp., ?Buntonia -- sp., 
?Spi n i  l e b e r i s  sp., and "Pataqonacvthere" sp. 

Calcareous nannoplankton are r a r e  and nondi agnost i c  i n  t he  
01 igocene sect ion. A s i n g l e  specimen o f  t he  very  l ong  ranging 
species Braarudosphaera b l  ge l  owl was recovered from samp l es 
composited over t he  i n t e r v a l  6,240 t o  6,330 fee t .  

I so l a ted  molluscan specimens were recovered from cores 9, 10, 
and 11 i n  t h e  l a t e  Oligocene sect ion. The best age determinat ion 
was "post-Eocene." Taxa present inc lude  t he  b iva lves  Macoma? sp. 
and Lucinoma a c u t i l i n e a t a ,  and an u n i d e n t i f i e d  gastropod. Rare 
molluscan and arthropod f o s s i l s  were recovered from core 13 i n  t h e  
e a r l y  01 i gocene sect ion. Poss ib le  so l  en id  and t e l l  i n i d  b i  val ves, 
Ostrea? sp., t h e  gastropod "Buccinum?" sp., and a crab claw were 
i d e n t i f i e d  between 11,lUl and 11,711 feet .  On t h e  bas is  o f  t h i s  
macrofossi l  data, Marks (1983) considered t he  deposi t ional  
environment t o  have been ou te r  n e r i t i c  t o  bathyal  i n  a temperate 
o r  warm sea w i t h  r a t h e r  low bottom temper-dlures. This i nte rp re ta t l on  
f i t s  t h a t  der ived f rom mic ro foss i l s .  

Envi ronment 

The upper p a r t  o f  t h e  Oligocene sec t ion  (5,704 t o  6,300 f e e t )  
was deposi ted i n  a middle n e r i t i c  environment, poss ib ly  shallower. 
There i s some ca l  careous nannoplankton evidence t h a t  suggests 
reduced s a l i n i t y  o r  a f reshwater in f luence  i n  t h i s  i n t e r v a l ,  
From 6,300 t o  7,500 f e e t  t h e  deposi t ional  environment was probably 
ou te r  n e r i t i c .  The base o f  seismic sequence I 1  (seismic hor izon 
B, a t  approximately 7,400 f e e t )  marks a regress ive event t h a t  may 
represent t h e  t h i r d -o rde r  sea l eve l  drop T02.2 o f  Va i l  and others 
(1977). The basal p a r t  o f  seismic sequence I1 represents t h e  



f i r s t  marine t ransgress ion t o  extend s u b s t a n t i a l l y  beyond t h e  
s t r u c t u r a l l y  def ined margins o f  t h e  basin. The i n t e r v a l  from 
7,500 t o  9,100 f e e t  was deposi ted i n  upper bathyal  depths. The 
i n t e r v a l  from 9,100 t o  12,280 f e e t  was probably deposited, f o r  t h e  
most par t ,  i n  middle bathyal  depths. Paleonto log ica l  evidence f o r  
t h e  mid-Oligocene sea l eve l  drop (T02.1 o f  Va i l  and others, 1977) 
i s  subt le.  There i s  a r a t h e r  sharp reduc t ion  i n  faunal d i v e r s i t y  
between 11,100 and 11,300 f e e t  t h a t  co inc ides w i t h  t he  t o p  o f  t h e  
i n t e r v a l  con ta in ing  e a r l y  Oligocene p lank ton ic  Foraminifera. Th is  
d i v e r s i t y  decrease may mark t he  eus ta t i c  event more p rec i se l y  than 
e i t h e r  t h e  l i t h o l o g i c  boundary between zones D-2 and E o r  t h e  t o p  
o f  seismic sequence I V  (seismic hurizur~ C) .  Giver1 Lhe different 
parameters being def ined and d i f f e rences  i n  reso lu t ion ,  a1 1 o f  
these "boundariesM may r e f l e c t  t he  same s u i t e  o f  r e l a t e d  events. 

The o v e r a l l  01 i gocene pal  eocl  imate was probably temperate t o  
warm temperate. 

EOCENE 

A ~ u ~ - t o o t - t h l c k  Eocene sec t i on  i s  present f rom 12,280 t o  
12,780 f ee t .  The upper contact  appears t o  be unconformable on t h e  
basis o f  a combination o f  we l l  log,  l i t h o l o g i c a l  , and geochemical 
c r i t e r i a ,  bu t  t he re  i s  no geophysical evidence f o r  an unconformity. 
The 1 ower unconformable contact  i s  def ined by s t r ong  seismic 
evidence as we l l  as t h e  above c r i t e r i a .  L i t h o l o g i c  zone F appears 
t o  represent t he  e n t i r e  Eocene sec t ion  present i n  t h e  we l l .  There 
i s  no compel1 i ng geochemical evidence f o r  l a rge  amounts o f  missing 
sec t ion  a t  e i t h e r  unconformi ty. There i s  some disagreement between 
forami n i  f e r a l  and pal  ynol  og i  ca l  ages. The Forami n i  f e r a  present 
tend t o  suggest a l a t e  Eocene age; t h e  d i n o f l a g e l l a t e s  i n d i c a t e  a 
s l i g h t l y  e a r l i e r  age. I f  t h e  f o ram in i f e ra l  age i s  co r rec t ,  t h e  
Eocene-01 i gocene unconformi t y  coul d be e i t h e r  mi nor o r  nonexistent. 
The pal eobathymetry Ler~ds Lo suggest continuous depos i t ion  across 
t he  epoch boundary. The i n t e r v a l  i s  assigned a l a t e  t o  l a t e  middle 
Eocene age. 

The marine palynomorph assemblage i s  character ized by 
Areosphaeridium d ik tyoplokus,  Apectodinium homomorphum, 
Opercul odi  n i  um centrocarpum, M i  c rhys t r i d i um sp., Para1 ecaniel  1 a 
i ndentata, Lejeunia hyal  i na , and 1mpl etosphaeridi- 
The over lapping ranges o f  Areosphaeridium d ik tyoplokus and 
Apectodinium homomorphum (as shown by W i l l  iams and Bujak, 1977) 
support a l a t e  middle tocene age. 

The f o ram in i f e ra l  fauna i s  s i m i l a r  t o  t h a t  seen i n  t h e  
over1 y i  ng 01 i gocene. The fauna i ncl  udes G l  obobul i m i  na i 1 p i  n i  ca, 
Bul imina c f .  B. 1 i r a t a ,  Bul imina c f .  - B. pupoides, Pu l l en ia  eocenica, 
S i  gmomorphina-undulata, Eponides spp., C i  b i c i des  sp., N u t t a l l  i t e s  
sp., Gyroidina sp., Melonis pompil io ides,  Bathysiphon spp., 



Rhabdammi na sp., Ma r t i  n o t t i  e l  1 a p a l  i day Arnrnobacul i t e s  sp., 
Trochammina sp., Haplophragmoides spp., Cyclammi na spp., E l  p h i d i e l l  a 
c f .  E. c a l i f o r n i c a ,  Porosoro ta l ia  tumiensis, Ammonia japonica, 
Pyrgo sp., and Globocassidul i na globosa. 

No molluscs, ostracodes, s i l i c e o u s  m ic ro foss i l s ,  o r  calcareous 
nannoplankton were i d e n t i f i e d  i n  t h e  Eocene sect ion.  

Envi ronrnent 

The depos i t i ona l  environment was upper bathya l  f rom 12,280 
t o  12,450 f e e t  and ou te r  n e r i t i c  f rom 12,450 t o  12,780 fee t .  The 
pa leoc l imate was probably temperate o r  warmer. 

CRETACEOUS 

The i n t e r v a l  from 12,780 t o  16,400 f e e t  i s  Late Cretaceous i n  
age on t h e  bas is  o f  both  marine and nonmarine f o s s i l s .  The rocks 
beneath t h e  angular  unconformity (seismic hor i zon  D) t h a t  def ines 
t h e  t o p  o f  t h e  sec t ion  a re  nonmarine from 12,780 t o  15,300 f e e t  
(combined 1 i t h o l o g i c  zone 6/H) and marine f rom 15,300 t o  16,400 
f e e t  ( l i t h o l o g i c  zone I ) .  The con tac t  between t h e  marine and 
nonmarine sect ions appears t o  be unconformable on t h e  bas is  o f  
pa leonto l  og ica l  , 1 i tho1 og i ca l  , and we1 1 l o g  c r i t e r i a .  Diabase 
s i  11 s rad iomet r i ca l  l y  dated (K-Ar) as e a r l y  Miocene by  Tel edyne 
Isotopes (1983) a re  i n t e r c a l a t e d  w i t h  t h e  coal  and s i l t s t o n e  beds 
o f  t h e  nonmari ne sect ion.  

The nonmari ne sec t i on  (12,780 t o  15,300 f ee t )  i s  Maas t r i ch t ian  
i n  age on t h e  bas is  of t h e  po l  l e n  Aqu i l  apo l l  en i t es  para1 l e l  us and 
Manicorpus c f .  - M. t rapezi forme. 

The marine sec t i on  (15,300 t o  16,400 f e e t )  i s  probably 
Maas t r i ch t ian  o r  Campanian ( o r  o l d e r )  I n  age. Foramin i fera  present 
i nc l ude  Praebul imina kickapooensis , Praebul im i  na venusae, Praebul i m i  na 
carseyae, Gavel i ne l  1 a whi t e i  , Gyroi d i  no i  des n i  t i  dus , Gyroi d i  no i  des 

oudko f f i ,  Haplophragmoides excavatus, Haplophragmoides incognatus, 
i o d o s a r i  a sp., Dental i n a  spp., P u l l  en i  a cretacea, Saccammi na sp., -- 
S i l  i cos igmo i l  i na  c a l  i f o r n i c a ,  Saracenaria c f .  S. t r i a n g u l  a r i s ,  
and Osangularia cord ier iana.  The fo ramin i  f e r a i  fauna i s  s i m i l a r  
t o  t h e  ?Campanian t o  Maas t r i ch t i an  assembl aqe i d e n t i f i e d  f rom t h e  
Lower Cook i n l e t  COST No. 1 w e l l  ( W i l l s  and-others, 1978). 

A s i n g l e  specimen o f  t h e  calcareous nannoplankton Zygodi scus 
c f .  Z. acanthus i s  present i n  samples composited over t h e  i n t e r v a l  
from-15,300 t o  15,390 feet. Th is  species i nd i ca tes  a Late Cretaceous 
(Maas t r i ch t ian  o r  Campanian) age. 

Rare, poo r l y  preserved pseudoaulophacid Rad io l a r i a  were recovered 
from core 19 (15,500 f ee t ) .  These specimens suggest a Cretaceous age. 



Rare Inoceramus prisms, both i n  s i t u  and reworked, were present 
throughout t h e  Cretaceous sect ion. I n  add i t ion ,  a s i n g l e  valve from 
an inoceramid b i va l ve  was recovered from core 20 (16,316 f ee t ) .  The 
specimen was i d e n t i f i e d  by E. G. Kauffman ( w r i t t e n  commun., 1983) 
as a species o f  Platyceramus, a genus t h a t  ranges from the  Coniacian 
t o  t h e  Campanian. The specimen compared most c l o s e l y  w i t h  Coniacian 
t o  Santonian species. It i s  poss ib le  t h a t  t h e  s t r a t a  a t  t h e  bottom 
o f  t h e  we1 1 could be t h a t  old.  Palynomorphs from t h e  marine sec t ion  
below t h e  unconformity a t  15,300 f e e t  have been therma l l y  degraded 
and y i e l d  no d e f i n i t i v e  age o lde r  than  ?Campanian t o  Maast r icht ian.  
There are nearby dredge sample data t h a t  i n d i c a t e  t h e  presence o f  
01 der Cretaceous rocks i n  t h e  immediate area. Paleomagnetic data, 
however, tend t o  support an age o f  no o l de r  than Campanian a t  t o t a l  
depth. 

Envi ronment 

The nonmarine sec t ion  (12,780 t o  15,300 f e e t )  probably 
represents a f l  u v i a l  -pal  udal f l o o d p l a i  n system. The mari ne sec t i on  
(15,300 t o  16,400 f e e t )  was deposi ted i n  i n n e r  n e r i t i c  t o  upper 
bathyal  depths. Both faunal and geochemical evidence (kerogen 
p r o f i l e )  suggests several  t ransgress ive-regress ive cyc les i n  t h e  
Late Cretaceous marine sect ion. The paleoenvironment o f  t h e  i n t e r v a l  
from 15,300 t o  15,400 f e e t  was upper bathyal .  From 15,400 t o  15,840 
t e e t  t h e  envlronment was dominant ly ou te r  n e r i t i c ,  perhaps occas ional ly  
shallower, w i t h  a considerable amount o f  ter r igenous organic input .  
From 15,840 t o  15,960 f e e t  t h e  environment was probably i nne r  n e r i t i c .  
From 15,960 t o  16,400 f ee t  t he  paleobathymetry was probably ou te r  
n e r i t i c .  

The Late Cretaceous pa l  eocl  imate was probably warm temperate, 
poss ib ly  subt rop ica l .  

COKKELATION 

The Navarin Basin COST No. 1 we l l  can be co r re l a ted  w i t h  t h e  
o t h e r  Bering Sea deep s t r a t i g r a p h i c  t e s t  we l l s  i n  a very general 
way. The Neogene sect ion,  i n  p a r t i c u l a r ,  i s  s i m i l a r  t o  t h a t  seen 
i n  t h e  two Norton Sound and two S t .  George Basin COST wel ls .  I n  a l l  
o f  these, t h e  Neogene h ios t ra t i g raphy  was based on zones p r i m a r i l y  
def ined by s i l  i ceous mic ro foss i  1 s. Foramin i fera were o f  more use 
f o r  paleoenvi ronmental determi nat ions,  a1 though t h e r e  were some 
age-diagnostic species present i n  t h e  e a r l y  Miocene sections. 
Ostracodes proved t o  be s u r p r i s i  ng ly  usefu l  f o r  both paleoecol ogy 
and b ios t ra t ig raphy .  Neogene pa lyno log ica l  zonations are s t i l l  i n  
t he  developmental stage i n  t he  Ber ing Sea area, and calcareous 
nannoplankton have proven t o  be o f  very l i m i t e d  u t i l i t y  i n  t h i s  
sect ion. Nevertheless , t h e  Neogene sect ions o f  these f i v e  deep 
s t r a t i g r a p h i c  t e s t  we l l s  can be co r re l a ted  w i t h  some degree o f  
confidence. 



Paleogene c o r r e l a t i o n s  are f a r  more d i f f i c u l t  t o  estab l ish.  
I n  p a r t i c u l a r ,  the re  i s  disagreement among indus t ry ,  academic, and 
government b i os t ra t i g raphe rs  as t o  the  nature and ex ten t  o f  Oligocene 
s t r a t a  i n  the  Ber ing Sea area. Much o f  the confusion stems from 
c o r r e l a t i o n  w i t h  Russian onshore sect ions on t he  Kamchatka Peninsula 
and Sakhal i  n I s l a n d  t h a t  were i n i t i a l l y  descr ibed as Miocene bu t  
are now considered t o  be. i n  pa r t ,  01 igocene (Gladenkov. 19801. 
The ages o f  Paleogene foramin i fera1 and palynol  og ica l  assemblages 
a re  o f t e n  the  sub jec t  o f  dispute.  S i l i ceous  m i c r o f o s s i l s  are 
d i f f i c u l t  t o  work w i t h  i n  the  01 der sect ions because they have 
general l y  been di  ageneti c a l  l y  rep1 aced by p y r i t e .  Calcareous 
nannoplankton and p lank ton ic  Foramin i fera y i e l d  the  bes t  in format ion,  
b u t  ne i t he r  group i s  cons i s ten t l y  present. 

The 01 igocene forami n i  fe ra l  assembl age o f  the  Navari n Basi n 
COST No. 1 we l l  i s  somewhat s i m i l a r  t o  assemblages described from 
the Norton Sound and St. George Basin deep s t r a t i g r a p h i c  t e s t  
we1 1 s, from the  Kamchatka Peni nsul a and Sakhal i n  Is1 and, and from 
the  Poul Creek Formation (o f f sho re )  i n  the  Gu l f  o f  Alaska. There 
a re  s i g n i f i c a n t  di f ferences, however, such as the  absence o f  the  
d ive rse  shallow-water assemblages seen i n  the Norton Sound COST 
No. 1 we l l  (which were q u i t e  s i m i l a r  t o  Sakhal in I s l and  assemblages), 
and t he  absence o f  the  Caucasina assemblages seen i n  Eocene and 
Oligocene s t r a t a  i n  o ther  Ber ing Sea wells and I n  the  Eocene o f  
t he  Kamchatka and 11 p i  nsky Peni nsul  as. Some o f  the c o r r e l a t i o n  
problems are f ac i es  re la ted ;  o thers  are a t t r i b u t a b l e  t o  the  present 
imper fect  knowledge o f  species ranges. 

Palynolog ica l  zonations a re  p a r t i c u l a r l y  tenuous i n  the  l a t e  
01 igocene because many key d i n o f l  agel l a t e  species range i n t o  t h e  
e a r l y  Miocene. It i s  a1 so l i k e l y  t h a t  t he  i n f l uence  o f  f ac i es  on 
marine pa l yno f l o ra l  assemblages i s  as s i g n i f i c a n t  as i t  i s  on 
forami n i  f e r a l  assemblages. 01 igocene ranges f o r  some d i  nof 1 agel 1 a te  
specles seen i n  tne  Navarin and Norton we l l s  have been conf i rmed 
by calcareous nannoplankton data from the  St. George Basin wel ls .  

The Eoccnc sect ion o f  t h e  Navar in  well may be i n  p a r t  
c o r r e l a t i v e  w i t h  the  Eocene sec t ion  i n  t he  S t .  George Basin COST 
No. 1 we l l ,  though there  a re  few s i m i l a r i t i e s  between the  faunas 
o r  f l o r a s .  The poss ib ly  equ iva len t  Eocene sect ions i n  t he  St. 
George Basin No. 2 and Norton Sound No. 1 we l l s  were dominantly 
nonmarine o r  contained no age-diagnostic m i c ro foss i l s .  The Eocene 
sec t ion  i n  the Norton Sound No. 2 we l l  was deposited i n  t r a n s i t i o n a l  
t o  con t inen ta l  environments and y i e l  ded no marine palynomorphs. 

The Navari n Basin Eocene forami n i  f e r a l  fauna conta ins some 
species found i n  Russia (Globobul irni na i l p i  nica, Ammonia japonlca, 
Porosorotal  i a  tumi ensi  s)  and o thers  c h a ~ 6 i f ~ t i ~ e p - w a t e r  
deposi ts  a r o u n m - n o r t h  P a c i f i c  r i m .  The presence o f  
G l  obocassidul i na g l  obosa i nd i ca tes  a somewhat younger age f o r  t h e  --- 
s e c t i o n 7 r a t e E o c e n P ) a n  do d i  n o f l  agel 1 a t e ~  (1  a te  middle Eocene). 



The Neogene and upper Paleogene sedimentary sec t ion  i n  t h e  
Navarin Basin COST No. 1 we l l  can be considered a deeper water 
analog o f  t h e  bas in  f i l l  descr ibed i n  t h e  Khatyrka Basin and t he  
southeastern pa r t  o f  t h e  Anadyr Basin (McLean, 1979a; G l  adenkov, 
1980; Marl ow and others, Tectonic Evol u t ion ,  1983). Dredge sample 
and seismic r e f l e c t i o n  data suggest t h a t  t he re  i s  more Eocene (and 
probable Paleocene) sec t ion  i n  t h e  deeper pa r t s  o f  t h e  subbasins 
than  was encountered i n  t h e  Navarin wel l .  Dredge sample L5-78-(22-4) 
( t a b l e  I ) ,  f o r  instance, contained a d i  no f lage l  1 a t e  assemblage o f  
Paleocene (Dani an) age (Jones and others, 1981 ; Rosemary Jacobson, 
w r i t t e n  comrnun., 1984). 

There a re  no c o r r e l a t i v e  Late Cretaceous s t r a t a  i n  t h e  S t .  
George Basin o r  Norton Sound COST wel ls.  Po l len  from the  nonmarine 
Maas t r i ch t ian  sec t ion  o f  t he  Navarin we l l  (12,780 t o  15,300 f e e t )  
are s i m i l a r  t o  those descr ibed by Jones and others  (1981) f rom 
sample L5-78- (27-1) dredged f rom t h e  nearby Be r i  ng Sea c o n t i  nental  
margin, although t he  dredge sample was f a r  more marine i n  aspect 
and contained a Late Cretaceous d i  no f lage l  1 a te  assemblage. A 
r e i  nvest i gat i o n  o f  t h i  s dredge sample y i e l  ded a s i g n i f i c a n t  recyc led 
asserr~bl dye o f  A1 b i  an t o  Santoni an age d i  n o f l  age1 1 ates (Rosemary 
Jacobson, w r i t t e n  c m u n . ,  1984). Th is  recyc led component was 
a l so  present i n  t h e  nonmari ne Maas t r i ch t ian  sec t i on  o f  t he  we1 1. 
There i s  l i t t l e  doubt t h a t  t h e  rocks dredged from the  con t inen ta l  
margin represent a marine f a c i e s  o f  t h e  Maas t r i ch t ian  s t r a t a  
penetrated by t h e  we1 1. 

Dredge sample L5-78-(27-2), f rom t h e  same general l o c a t i o n  as 
L5-78- (27-1 ) , contained vol c a n i c l a s t i c  sandstone and t u f f .  Rosemary 
Jacobson ( w r i t t e n  comrnun . , 1984) i dent i f i ed a poo r l y  preserved 
("corroded and m l  nera l  -scarredm) assemblage o f  mari ne and nonmari ne 
palynomorphs o f  ?Cenomanian t o  Turonian age mixed w i t h  recyc led 
Alb ian elements. Thin lenses o f  very s i m i l a r  t u f f  are present i n  
core 20 associated w i t h  a Platyceramus s h e l l  dated as poss ib le  
Campanian t o  Coniaci an. Th is  " co r re l a t i on "  i s  f a r  more tenuous 
than t h a t  w i t h  sample L5-78- (27-1 ). Nevertheless, these data do 
lend  %upport  t o  t he  concept o f  a sect ion o f  Late Cretaceous rocks 
below the  unconformity a t  15,300 f e e t  t h a t  i s  o l de r  than Maastr icht ian. 
The fo ramin i fe ra1  assemblages from 15,300 t o  16,400 f e e t  are s i m i l a r  
t o  those descr ibed from t h e  ?Campanian t o  Maas t r i ch t ian  sec t ion  o f  
t h e  Lower Cook I n l e t  COST No. 1 we l l  ( W i l l s  and others, 1978). 

The La te  Cretaceous sec t i on  contains faunal and f l o r a l  elements 
fuurrd i n  mar ine and nonmarine rocks o f  t he  Impenyeyen s u i t e  o f  t he  
Koryak Highlands o f  eastern S ibe r i a  (Dundo, 1974; Korotkevich, 1974) 
and i n  Late Cretaceous we l l s  and outcrops from south cen t ra l  and 
western A1 aska- Pal eomagnetic data from conventional cores (Van 
A ls t ine ,  1983) suggest t h a t  although t he  Cenozoic sec t i on  was 
deposited w i t h i n  5" o f  t he  present we1 1 s i t e ,  t he  Late Cretaceous 
sec t ion  may have been deposited as much as 50" south o f  t h e  present 
locat ion.  The p o l a r i t y  data a lso  suggest t h a t  t h e  Late Cretaceous 



section was deposited during t h e  Maastr icht ian and Campanian. The 
presence o f  recycled carboniferous spores i n  Mesozoic we1 1  samples 
can be most e a s i l y  explained by t ransport  i n t o  t h e  basin from 
eroding Paleozoic rocks i n  eastern S i b e r i a  o r  Alaska ( f i g .  3 ) .  



L i t h o s t r a t i g r a p h y  

The o f f shore  l i t h o s t r a t  ig raphy o f  t h e  Navar in Basin i s  based 
c h i e f l y  on w e l l  l o g  and l i t h o l o g i c  data f rom t h e  Navar in Basin COST 
we1 1 and t h e  i n t e g r a t i o n  o f  these data w i t h  common-depth-point (CDP) 
seismic r e f l e c t i o n  data. Turner and o thers  (1984) prov ide t h e  most 
extensive pub l i shed  s t r a t i g r a p h i c  summary o f  t h e  No. 1 w e l l ,  and 
much o f  the  f o l l o w i n g  d iscuss ion  i s  based on t h e i r  repor t .  

Thc ARC0 Navarin Basin COST No, 1 Well was d r i l l e d  t o  a depth 
o f  16,400 f e e t  and penetrated approximately 12,800 f e e t  o f  Neogene 
and Paleogene c l a s t i c  sediments, and over 3,000 f e e t  o f  Cretaceous 
c l a s t i c  sediments i n t e r c a l a t e d  w i t h  Miocene diabase and b a s a l t  s i l l s .  
The Tert iary-Cretaceous boundary i s  represented by a  diachronous 
angular unconf ormi t y  t h a t  a1 so marks acoust ic  basement i n t h e  Navari n  
Basin. 

S t r a t a  i n  t h e  COST w e l l  a re  d i v i ded  i n t o  11 in formal  
li t h o s t r a t i g r a p h i c  zones based on l i t h o l o g i c ,  pet rophys ica l  , and 
d i  agenetic c h a r a c t e r i s t i c s  determined from c l  e c t r i c  logs,  
convent ional  and s  idewa l l  cores, and r o t a r y - d r i l l  - b i t  c u t t i n g s  
( 1  1  ) The 1 i t h o l o g i c  zones a re  composed o f  g e n e t i c a l l y  
r e l a t e d  f a c i e s ,  but several  nf t h e  zones a re  f u r t h e r  subdiv ided 
where s i g n i f i c a n t  l i t h o l o g i c  o r  d iagenet ic  f a c i e s  d i f f e rences  e x i s t  
w i t h i n  them. L i t h o l o g i c  zones i n  t h e  f o l l o w i n g  discussions a re  
descr ibed by  age and o rder  o f  pene t ra t ion  i n  t h e  COST we l l .  Most 
depths r e f e r r e d  t o  i n  t h i s  sec t i on  were measured from t h e  COST 
we l l  k e l l y  bushing, which was 85 f e e t  above sea l e v e l .  

PLIO-PLE ISTOCENE 

The Pl io-Ple istocene scc t ion  o f  t h e  COST we1 1  (measured from 
t h e  f i r s t  sample) i s  over 1,640 f ee t  t h i c k  and comprises a l l  bu t  t h e  
bottom 385 f e e t  o f  1  i t h o l o g i c  zone A - 1  ( p l  . 1 ). Sediments f rom 
t h i s  sec t i on  o f  t h e  we l l  cons i s t  o f  poor l y  sorted, s i l t y ,  sandy 
mudstone and diatomaceous ooze deposi ted i n  a  mid-shel f  environment. 
Primary sedimentary s t r uc tu res  were destroyed by extens ive 
b io tu rba t ion .  Concentrat ions o f  granule-sized rock and she1 1 
fragments are associated w i t h  scour surfaces. Coarser grained 



mater ia l  may represent basal l a g  deposi ts  on eros ional  surfaces 
created.  by storm-generated currents .  The framework gra ins a re  
mai n l y  vo lcanic  1 i t h i c  fragments, angular quartz, and feldspars.  
Diatom and c l a y  ma t r i x  content ranges from 50 t o  80 percent. Most 
of the  diatom fragments a re  broken and angular. L i t h i c  components 
are dominantly b a s a l t i c  and in termediate vo lcanic  fragments, w i t h  
secondary amounts o f  g l  auconi t e ,  metamorphic rock fragments, mica, 
cher t ,  and c lay.  Accessory minera ls  i n c l ~ ~ d e  hornblende, epidote, 
apa t i t e ,  and pyroxene. Di  agenet i  c processes i nc l  uded compaction, 
weak a l t e r a t i o n  and d i s s o l u t i o n  o f  li t h i c  fragments, and development 
o f  auth igenic  p y r i t e ,  c l i  n o p t i l o l i t e ,  and c h l o r i t e .  Po ros i t y  and 
permeabl l i  ty  have no t  been s i g n i f i c a n t l y  a l t e red  by diagenesis a t  
these s h a l l  ow depths. 

MIOCENE 

The Miocene sec t ion  o f  t h e  COST we l l  i s  about 2,520 f e e t  t h i c k  
and comprises t he  lower 385 f e e t  o f  zone A-1, a1 1 o f  zones A-2, 
B, and C-1, and t h e  upper 340 f e e t  of zone C-2 (p l .  1 ) .  The 
uppermost Miocene sec t ion  occurs w i t h i n  l i t h o l o g i c  zone A-1, which 
i s  l i t h o l  og ica l  l y  i d e n t i c a l  t o  t h e  Pl io-Ple is tocene sect ion. Zone 
A-2 (295 f e e t  t h i c k )  i s  character ized by increased diagenesis and 
cementation o f  zone A - 1  sediments. Below zone A-2, t he  opal ine 
s i l i c a  t h a t  o r - i y i r i d l l y  made up t h e  abundant diatom f r a c t i o n  o f  t h e  
sediment has been l a r g e l y  a l t e r e d  t o  c l i n o p t i l o l i t e .  Opal-CT 
( c r i s t o b a l  i t e - t r i d y m i t e )  was no t  i d e n t i f i e d  by scanning e l ec t ron  
microscopy, bu t  was i d e n t i f i e d  i n  t r a c e  amounts by o p t i c a l  and 
X-ray d i f f r a c t i o n  analys is .  The s i l  i c a  phases o f  a l t e r e d  diatoms 
have been progress ive ly  replaced by frarnboidal p y r i t e  i n  zone A-2. 
Very few diatoms composed of s i l i c a  have been found below 3,900 fee t .  

Sediments o f  l i t h o l o g i c  zone B (1,150 f e e t  t h i c k )  cons is t  o f  
b io turbated,  muddy, very f i n e  and f ine-gra ined sandstone interbedded 
w i t h  sandy mudstone. The depos i t iona l  environment was probably 
middle n e r i t i c .  The sand g ra ins  are poo r l y  t o  we l l  sor ted and 
l o c a l  l y  cemented w i t h  ca l  c i t e .  The on ly  primary sedimentary 
s t r uc tu r cs  preserved are a few wavy, discont inuous laminat ions. 
The i s o l a t e d  l i t h i c  granules and pebbles present were probably 
t ranspor ted and deposited by storm a c t i v i t y .  Whole and broken 
gastropod and b i va l ve  s h e l l s  are a l so  present. The framework 
gra ins a re  monocrystal 1 i ne and po l yc r ys ta l  1 i ne quartz,  p l  ag ioc l  ase 
and potassium fe ldspar ,  and abundant l i t h i c  c l a s t s  t h a t  inc lude  
volcanic,  metamorphic, and sedimentary rock fragments, hornblende. 
cher t ,  mica, c l a y  c l as t s ,  g l  auconi t e ,  and molluscan she1 1 fragments. 
The amount o f  d e t r i t a l  ma t r i x  ranges from r a r e  i n  t h e  we l l - so r ted  
sandstones t o  abundant i n  t h e  muddy sandstones. Authigenic minerals 
inc lude  p y r i t e ,  s i d e r i t e ,  s rnect i t ic  c lay,  c l i n o p t i l o l i t e ,  ana lc i te ,  
and c a l c i t e  cement. 



L i t h o l o g i c  zone C - 1  cons is ts  o f  350 f e e t  o f  thin-bedded, f i n e -  
and very f ine -g ra ined  muddy sandstone and s i l t s t o n e  interbedded 
w i t h  mudstone and claystone. The sandstone i s  poor ly  sorted, 
commonly b io turbated,  and l o c a l l y  cemented by c a l c i t e .  L i  t h i c  
pebbles and broken and i n t a c t  t h i n  molluscan shel 1s a re  present. 
The sediments i n  t h i s  zone were probably deposited i n  a middle 
n e r i t i c  environment. We1 1 1 ogs i n d i c a t e  t h a t  most o f  t he  sandstones 
are l e s s  than 10 feet t h i c k .  The framework grains inc lude  cher t .  
monocrystal 1 i ne and po l yc r ys ta l  1 i ne quar tz  (22 t o  30 percent ) ,  
l i t h i c  fragments (32 t o  44 percent) ,  and fe ldspar  ( 3 1  t o  38 percent). 
P lag ioc lase i s  t h e  predominant fe ldspar .  Most o f  t h e  l i t h i c  
fragments a re  vo lcanic  i n  o r i g i n ,  but some are sedimentary (probably 
second-cycle v o l c a n i c l a s t i c )  and metamorphic. Gl auconite i s  common. 
M i  nor cons t i tuen ts  i nc l ude  cher t ,  hornblende, pyroxene, f o s s i l  
fragments, epidote,  z i rcon,  garnet, and r a r e  tourmaline. Diagenet ic 
a l t e r a t i o n s  inc lude  cmpac t ion ,  a l t e r a t i o n  o f  some feldspar,  
a1 t e r a t i o n  o f  vo lcanic  rock fragments, and p r e c i p i t a t i o n  o f  
c l i n o p t i l o l i t e  and auth igenic  p y r i t e .  The a l t e r a t i o n  o f  framework 
gra ins and t he  p r e c i p i t a t i o n  o f  au th i  geni c zeol i t e s  have genera l l y  
degraded t he  reservo i  r qua1 i ty. 

The Miocene p a r t  o f  zone C-2 i s  1 i t h o l o g i c a l  l y  s i m i l a r  t o  t h e  
01 i gocene sect ion, which i s described be1 ow. 

OLIGOCENE 

The Oligocene sec t i on  i s  6,580 f ee t  t h i c k  i n  t he  COST we l l  and 
represents a l a r g e l y  regress ive  marine sequence comprising l i t h o l o g i c  
zones D-1, D-2, E,  and most o f  C-2. Seismic hor izon B, which i s  a t  
o r  near t he  boundary between l i t h o l o g i c  zones C-2 and D-1 (p l .  I ) ,  
i s  an unconformable surface a long t h e  s h e l f  break. It probably 
r e f l e c t s  a sea l e v e l  drop and a deposi t ional  h i a tus  a t  t h e  COST we l l ,  
and i t  separates t he  bathyal  mudstones and s i l t s t o n e s  o f  zones 
D-1 and D-2 from t h e  s h e l f  sandstones o f  zone C-2. Wave-base eros ion 
o f  o l d e r  T e r t i a r y  and Mesozoic s t r a t a  along bas in  margins and l o c a l  
highs dur ing  t h i s  regress ive event may have provided much o f  t he  
c l a s t l c s  f o r  the  sand sequelices currsti  t u t i n g  zones C-2 and C-1.  
Erosional  t r unca t i on  o f  subbasin highs t o  a common base l e v e l  al lowed 
t he  extension o f  a common marine deposi t ional  system across a l l  t h ree  
subbasins f o r  t h e  f i r s t  t ime  du r i ng  t he  l a t e  Oligocene. 

The marine-she1 f deposi ts  o f  l i t h o l o g i c  zone C-2 represent t h i s  
basin-wide deposi t ional  system. A t  t h e  we l l ,  zone C-2 i s  1,770 f e e t  
t h i c k  and cons is ts  o f  f i n e -  t o  very f ine-grained, r e l a t i v e l y  c lean t o  
muddy sandstone and s i l t s t o n e  interbedded w i t h  mudstone and claystone. 
The sandstones are poor ly  t o  we1 1 sorted. The sediments are l o c a l l y  
cemented by c a l c i t e .  There a re  some wavy ln terbeds and laminat ions 
o f  sandstone and claystone. B io tu rba t i on  has resu l t ed  i n  hor i zon ta l  
and ob l ique burrows. L i t h i c  pebbles and broken and i n t a c t  molluscan 
shel 1s a re  present. M i c r o f o s s i l  assemblages i n d i c a t e  middle 



(poss ib ly  i nne r )  n e r i t i c  t o  ou te r  n e r i t i c  paleobathymetries. The 
framework gra ins are subrounded and subangular quartz,  fe ldspar ,  
and l i t h i c  fragments. The average abundances o f  framework 
cons t i tuen ts  are 37 percent quartz,  22 percent fe ldspar  (predominantly 
p lag ioc lase) ,  and 38 percent 1 i t h i c  fragments. The 1 i t h i c  fragments 
are about 62 percent volcanic,  20 percent metamorphic, and 18 percent 
sedimentary (probably volcanic1 a s t i c ) .  Glauconi t e  i s  common. 
Accessory minerals i nc l ude  micas, c lay ,  chert ,  chl  o r i  t e ,  hornblende. 
pyroxene, epidote, z i rcon ,  garnet, and r a r e  tourmal i ne. Fossi 1 
fragments and organic mat ter  are a lso  present. Authigenic minerals 
inc lude  smectite, mixed-layer i l l i t e  and smectite, c a l c i t e ,  s i d e r i t e ,  
p y r i t e ,  z e o l l  tes ,  gypsum, chl o r i  te ,  quartz,  and feldspar.  

Zone C-2 sediments occur i n  coarsening- and c l ean i  ng-upward 
beddi ng sequences which probably represent i nd iv idua l  shoa l i  ng 
events. These r e p e t i t i v e l y  stacked beddi ng sequences c o l l  e c t i  ve ly  
form a regress ive  megasequence which appears t o  coarsen and shoal 
upward. Higher i n  t h e  zone, t h e  mudstone i n t e r v a l s  t h a t  separate 
d i sc re te  coarsening-upward sand sequences are th inner .  Near t h e  t op  
o f  t he  sequence, t h e  sandstones a re  amalgamated i n  u n i t s  up t o  100 
f e e t  t h i c k .  It i s  uncer ta in  whether t he  progradat ional  f ac i es  
observed a t  t h e  COST we1 1 are  common elsewhere i n  t h e  basin, bu t  
the  cons is ten t  character of seismic sequence I I (which conta ins 
l i t h o l o g i c  zone C-2) suggests they may be extensive. 

S l a t t  (1984) postu la tes t h a t  t he  format ion o f  s h e l f a l  sand- 
r i d g e  deposi ts i s  l a r g e l y  c o n t r o l l e d  by t h e  development o f  
topographic h ighs o r  banks, which when coup1 ed w i t h  f l u c t u a t i o n s  
i n  water depth, prov ide f o r  t h e  source, development, and b u r i a l  
o f  t he  r idges.  Assumi ng t h i s  model i s  app l i cab le  i n  t h e  Navarin 
Basin, i t  suggests t h a t  shel f sands observed i n  t he  COST we1 1 
(which i s  loca ted  on a paleotopographic bench) may grade i n t o  
deeper water 1 i t h o f a c i e s  toward subbasi n depocenters. 

L i t h o l o g i c  zones D - 1  and D-Z are  3,670 f e e t  t h i c k  a t  t h e  COST 
we l l  and a re  character ized by sandy mudstone, f i ne -g ra ined  muddy 
sandstone, and c laystone w i t h  r a r e  lenses o f  s i l t s t o n e  and sandy 
carbonate. Is01 atcd coarse-sand-to-pebble-sired vo lcanic  rock 
fragments a re  present. Whole and broken mol l  uscan shel 1s and 
mic ro foss i  1 s a re  common. The on l y  pr imary sedimentary s t r uc tu res  
seen i n  t h e  cores a r e  wavy laminat ions. Sand- and s i l t - s i z e d  
p a r t i c l e s  inc lude  cher t ,  po ly -  and monocrystal 1 i n e  quartz, l i t h i c  
fragments (predominantly volcanic,  w i t h  secondary metamorphic), and 
f e l  dspar (p r imar i  l y  p l  ag ioc l  ase). Accessory mineral  s inc lude  
micas, c lay ,  cher t ,  c h l o r i t e ,  and hornblende. Authi  genic minerals 
inc lude  smect i te,  mixed-layer c lays,  c a l c i t e ,  s i d e r i t e ,  p y r i t e ,  
zeo l i t es ,  gypsum, c h l o r i t e ,  quar tz ,  and feldspar.  

Zone D-2 d i f f e r s  f rom zone D-1 i n  con ta in ing  more c lay.  I n  zone 
D-2 t he  smect i te  c lays  which predominated i n  zone D-1 have been 
d iagenet i ca l  l y  a1 t e red  t o  ill i t e ,  mixed-1 ayer ill ite-srnect i te,  and 



c h l o r i t e .  The c l a y  diagenesis i s  associated w i t h  overpressuring, 
which occurs i n  and below t h i s  zone. 

M i c ro foss i l  assemblages i ndicate depos i t ion  i n  middle bathyal  
(zone D-2) and upper bathyal  (zone D-1)  depths. These zones r e f l e c t  
progressive i n f i l l i n g  o f  t h e  s t r u c t u r a l  subbasins. Seismic evidence 
suggests t h a t  these basinal  mudstones may grade i n t o  t u r b i d i t e s  and 
submarine fans a1 ong basement highs. 

L i t h o l o g i c  zone E ( ea r l y  01 igocene) i s  separated from 
zone D-2 by seismic hor izon C, which represents an eros ional  event 
a long t h e  s h e l f  break and a probable deposi t ional  h i a tus  a t  t h e  
COST we l l .  Zone E cons is ts  o f  1,480 f e e t  o f  poor ly  sor ted gray 
c l  aystone, mudstone, and sandy mudstone w i t h  abundant d e t r i  t a l  
c l a y  matr ix .  The sediments e x h i b i t  wavy lamina t ion  and have been 
moderately burrowed. Cal c i t e  concret ions are present. The 
sediments i n  t h i s  zone a re  s l i g h t l y  f i n e r  grained than those o f  
t h e  two zones above. S i l t - s i z e d  monocrysta l l ine quartz,  p lagioclase, 
micas, chert ,  and vo lcanic  rock fragments are a l l  present as 
framework c l as t s .  Other minera ls  present i n  small amounts a re  
pyroxene, g l  auconi t e ,  hornbl  ende , gypsum, and c l  ays . C l  ays 
c o n s t i t u t e  about 40 t o  70 percent o f  the  ruck and inc lude  c h l o r i t e ,  
k a o l i n i t e ,  i l l i t e ,  and mixed-layer i l l i t e  and smectite. Organic 
mater i  a1 and molluscan she1 1 fragments are a l so  present. Authigenic 
minera ls  inc lude  cher t ,  s i d e r i t e ,  c a l c i t e ,  laurnonti te ,  leonhard i te ,  
m i  xed-layer c lay,  p y r i t e ,  zeo l i t es ,  quartz, potassium fe ldspar ,  
and anker i te .  The provenance was c h i e f l y  vo lcanic  w i t h  a minor 
metamorphic i nput . 

Zone E sediments, which con ta in  a middle bathyal  m i c ro foss i l  
asserrbl age, record depos i t ion  i n  a deep-water s t r u c t u r a l  basin. 
Seismic data suggest t h a t  these sediments, l i k e  those o f  zones 0-1 
and D-2, may grade l a t e r a l l y  i n t o  coarser grained t u r b i d i t e  deposi ts 
a1 ong 1 ocal basement highs. Sediments from zone E and t he  under ly ing  
zone F are be l ieved  t o  be t h e  source f o r  t he  shale d i a p i r s  i n  t he  
Navari nsky subbasi n. (Fur ther  i nformat i o n  i s  given i n  t h e  Seismic 
S t ra t ig raphy  chapter.) 

EOCENE 

The Eocene sec t ion  ( l i  tho1 og ic  zone F) i s  composed o f  500 f e e t  
o f  re1 a t i  ve l y  organic-r ich,  dark-gray calcareous c l  aystone and sandy 
mudstone. A t  t h e  COST we1 1, zone F unconformably ove r l i es  acoust ic  
basement. There 1s some evldence from a combination o f  w e l l  log,  
l i t h o l  og ica l  , geochemical , and paleonto log ica l  c r i t e r i a  t h a t  t he  
upper contact o f  zone F w i t h  zqne E may be unconformable. However, 
cons i d e r i  ng t he  bathyal water depths extant  dur ing  deposi t ion and 
t h e  lack  o f  evidence f o r  l a rge  amounts o f  missing sect ion,  i t  seems 
1 i k e l y  t h a t  t he  contact represents a deposi t ional  h i a tus  a t  most. 



The mic ro foss i l  assemblage i n  zone F i nd i ca tes  a r e l a t i v e l y  
sudden deepeni ng o f  t he  deposi t ional  environment from ou te r  n e r i  t i  c 
a t  t he  base t o  middle bathyal  a t  t h e  top. Th is  sequence records 
s i g n i f i c a n t  basin subsidence du r i ng  t he  i n i t i a l  r i f t i n g  t h a t  formed 
t h e  Navarin Basin. The organic f ac i es  o f  t h i s  u n i t  may r k f l e c t  an 
anoxic marine deposi t ional  environment, which may i n d i c a t e  a 
r e s t r i c t e d  o r  s i l l e d  bas in  (Demaison and Moore, 1980). 

Zone F, l i k e  zones 0-1, 0-2, and E, grades l a t e r a l l y  i n t o  what  
may be t u r b i d i  t e  deposi ts along l o c a l  basement highs. Add i t iona l  
evidence f o r  t h i s  i s  suggested by dredge samples o f  brecc ia ted 
mudstone and conglomerate equiva lent  i n  age t o  zone F (Marl ow and 
others, Descr ip t ion  o f  Sampl es, 1983). 

MESOZOIC 

The Mesozoic sec t ion  i n  t he  COST wel l  cons is ts  o f  2,520 f e e t  
o f  Late Cretaceous (Maas t r i ch t i  an) nonmari ne coal  -bear i  ng sediments 
in t ruded  by Miocene diabase and basa l t  s i l l s  ( l i t h o l o g i c  zone G/H), 
and 1,100 feet o f  Campanian o r  o l d e r  marine shale ( l i t h o l o q i c  zone I ) .  
Eocene (zone F )  sediments unconformably over1 i e t h e  Mesozoic sect ion. 

L i t h o l o g i c  zone G/H conta ins s i l t s t o n e ,  very  f i n e  grained 
sdllds Lone, raudstone, c laystone, dl  abase, basa l t ,  and coal .  
Deposi t ional  environments probably inc luded stream and d i s t r i b u t a r y  
channels and poss ib ly  t i d a l l y  in f luenced  d e l t a i c  d i s t r i b u t a r y  
systems. Core 16 from t h i s  zone may have been deposi ted i n  an 
i n t e r t i d a l  zone. No marine m ic ro foss i l  s were recovered, however. 
Sedimentary fea tu res  inc lude  f l a s e r  s t ruc tu res  and wavy and l e n t i c u l a r  
i nterbeds o f  sandstone and mudstone. Truncated r i p p l e  s e t s  and 
herringbone crossbedding are present w i t h i n  some sandstone un i ts .  
Minor soft-sediment deformation, a t t r i b u t a b l e  t o  t h e  slumping of 
semiconsol i dated sediments on unstabl  e surfaces, i s a1 so present. 

The framework g ra i  ns i n  zone G/H i nc l  ude abundant monocrystal 1 i ne 
and po lyc rys ta l  l i n e  quartz,  cher t ,  p lag ioc lase feldspar, volcanic 
and rare metamorphic rock fragments, mica,  and hornblende. Many 
rock fragments were a l t e r e d  i n  t he  source area. Authigenic minerals 
inc lude  minor amounts o f  p y r i t e ,  c l i n o p t i l o l i t e ,  s i d e r i t e ,  l o c a l l y  
abundant c a l c i t e ,  k a o l i  n i t e ,  c h l o r i t e ,  mixed-layer ill i t e  and 
smectite, and t races o f  cher t .  Densely packed k a o l i n i t e  and c h l o r i t e  
are present'as a l t e r a t i o n  products o f  unstable grains and as pore- 
f i l l i n g  c l a  s. The mixed- layer i l l i t e  and smect i te  i s  an a l t e r a t i o n  Y product o f  a b i l e  grains as wel l  as a regenerated d e t r i t a l  c lay.  

L i t h o l o g i c  zone I i s  composed o f  claystone, s i l t s t o n e ,  mudstone, 
and t u f f .  Deposi t ion was i n  a marine environment. B io tu rba t i on  
t races,  r a r e  l e a f  f o s s i l s ,  Inoceramus prisms, discont inuous wavy 
laminat ions, and i s o l a t e d  t u f f  l ayers  a re  present i n  cores 19 and 
20. Core 19 (15,500 t o  15,509 f e e t )  has been t e n t a t i v e l y  i n te rp re ted  



as a p rode l t a  mud depos i t .  Core 20 (16,313 t o  16,343 f e e t )  was deposi ted 
i n  a  marine s h e l f  environment. 

Rocks i n  zone I are  composed o f  70 t o  80 percent c l a y  minerals.  
Clays i nc l ude  c h l o r i t e  (about 40 percent ) ,  i 11 i t e  and mixed-1 ayer 
i l l i t e  and smect i te  (about 50 percent) ,  and k a o l i n i t e  (about 10 
percent) .  Noncl ay components i nc l ude  vo lcan ic  rock fragments, 
quartz,  p l ag i oc l  ase and potassium fe ldspar ,  p y r i t e ,  s i d e r i t e ,  c a l c i t e ,  
c l  inopyroxene, c l i n o p t i l o l i  t e ,  heu landi te ,  hornblende, and mica. 
Quar tz  i s  t h e  dominant noncl ay minera l .  Auth igenic  minera ls  inc lude  
p y r i t e ,  c a l c i t e ,  and mixed-layer il l i t e  and smect i te.  C a l c i t e  has 
replaced both d e t r l t a l  s i l t  g ra lns  and c l a y  matr lx .  Small p y r i t e  
f r a rho ids  associated w i t h  organic  fragments de f i ne  weak laminat ions.  
Thin, i s o l a t e d  l aye rs  o f  t u f f  near t h e  bottom o f  t h i s  zone i n d i c a t e  
l o c a l  vo lcan ic  a c t i v i t y .  

SUMMARY 

A t  t h e  COST we l l ,  Eocene rocks record a  marine t ransgress ion 
and r a p i d  increase i n  water depth du r i ng  t he  i n i t i a l  stages o f  bas in  
subs idence. By t h e  e a r l y  01 i gocene, middle bathyal  water depths 
had been at ta ined.  Throughout most o f  t he  Oligocene, mud and s i l t  
sedimentat ion i n f i l l e d  t h e  t h r e e  subbasins. A t  t h e  w e l l  s i t e ,  t h i s  
i s  recorded by a l a r g e l y  sha le  o r  mudstone regress ive sequence. 

A sea l e v e l  drop d u r i n g  t h e  l a t e  Oligocene exposed l o c a l  
subbasin highs t o  wave-base e ros ion  and reduced them t o  a  common 
base l e v e l .  Loca l l y  sourced s h e l f  sands were then deposited, 
probably throughout much o f  t h e  basin,  by an area-wide s h e l f  
depos i t i ona l  system which pe rs i s t ed  i n t o  t h e  l a t e  Miocene. A t  t h e  
COST we l l ,  t h i s  i s  r e f l e c t e d  by  a  predominant ly sandstone sequence. 
The lower h a l f  o f  t h i s  sandstone sec t ion  i s  a  genera l l y  regress ive 
sequence, and t h e  upper h a l f  i s  a  l a r g e l y  t ransgress ive  sequence. 
The regress ive  sequence conta ins t h e  t h i c k e s t  and c leanest  p o t e n t i a l  
r e s e r v o i r  sands observed i n  t h e  COST we l l .  

A l a t e  Miocene angular unconformity i s  present i n  t he  northwest 
area o f  t h e  basin, bu t  a t  t h e  COST we l l  i t  probably represents a  
depos i t i ona l  h i a t u s  a t  most. It separates t h e  s h e l f  sandstone 
sequence from t h e  f i n e r  gra ined mud and s i l t  s h e l f  sedimentation 
which pe rs i s t ed  t o  t h e  Pleistocene. 

The source t e r rane  f o r  t h e  Navar in Basin was c h i e f l y  vo lcan ic  t o  
vo l can i c l as t i c .  A secondary, bu t  steady, i npu t  t rom a metamorphic 
quartz-mica s c h i s t  t e r r ane  pe rs i s t ed  throughout t h e  sedimentary 
h i s t o r y  o f  t h e  bas in  as seen i n  t h e  COST we l l .  Consequently, 
sandstones observed i n  t h e  we l l ,  even those below t h e  basal 
unconformity, a re  quartz-poor, m ine ra l og i ca l l y  immature l i t h i c  and 
fe ldspa th ic  va r i e t i es .  The immature T e r t i a r y  sandstones a re  t y p i c a l  
o f  t h e  P a c i f i c  margin. D e t r i t a l  mineralogy i s  l a r g e l y  c o n t r o l l e d  



by the  t e c t o n i c  s e t t i n g  d isp layed a1 ong converging p l a t e  boundaries. 
This set t ' i  ng i s  marked by vo lcanic  arcs, by deep oceanic trenchs, and 
by marine shelves, slopes, and deep basins i n  t h e  arc-trench gap 
(Dickinson, 1970). Volcanic and p lu ton i c  rocks from the  arc  a re  
in termediate i n  composit ion ( r i c h  i n  p lag ioc lase  and maf ic minerals 
and poor i n  quar tz) .  Older sediments i n  t h i s  s e t t i n g  tend  t o  be 
deformed and metamorphosed. 

Thus sands from these sources tend t o  be r l c h  i n  fe ldspar ,  
maf ic  minerals,  and metasedimentary, vo lcanic ,  and py roc las t i c  rock 
fragments (Hayes, 1984). The sho r t  d i  stances between t h e  1 ocal l y  
sourced, coarser grained sediments and t h e  deposit ion s i t e s  have 
not  s i g n i f i c a n t l y  reduced the  percentage o f  mechanically unstab le  
grains i n  t h e  Navarin Basin. As a r e s u l t ,  sandstones i n  t h e  we l l  
are very suscep t ib le  t o  r a p i d  d iagenet i c  a l t e ra t i on .  Sediments 
below the  Cretaceous-Tert iary unconformity have reached an advanced 
stage o f  d i  ageneti c and t e x t u r a l  m a t u r i t y  and probably represent 
economic basement i n  t he  basin. 



Seismic  S t r a t i g r a p h y  

Geologic s i g n i f i c a n c e  was assigned t o  i n d i v i d u a l  r e f l e c t i o n s  
and seismic sequences seen on common-depth-point (CDP) seismic 
r e f l e c t i o n  survey l i n e s  t h a t  p r o f i l e  t h e  Navarin Basin COST No. 1 
we l l  s i t e .  These sequences were then ext rapolated i n t o  t h e  bas in  
t o  es tab l i sh  a reg ional  geologic set t ing.  St ructure-contour  maps 
o f  f ou r  major seismic sequence boundaries were const ructed t o  
dep ic t  t he  con f i gu ra t i on  o f  t h e  basin, t o  represent t he  growth o f  
t h e  bas in  through t ime, and t o  l oca te  po ten t i a l  hydrocarbon source 
beds and r e s e r v o i r  rocks. Dredge sample data f rom the  nearby 
con t inen ta l  s lope and 1 i tho log i c ,  pet rophys ica l  , geochemical, and 
pa leonto log ica l  data from t h e  COST we1 1 were i n teg ra ted  w i t h  t he  
se l  smlc data t o  b e t t e r  e l  uc i dd le  Lhe geologic h i s t o r y  o f  
t he  basin. A l l  depths discussed i n  t h i s  sec t ion  a re  measured from 
sea l e v e l .  To ad jus t  COST we l l  depths, sub t rac t  85 f e e t  f o r  t h e  
e l eva t i on  o f  t h e  k e l l y  bushing. 

DATA BASE 

Cor re l a t i on  o f  we l l  in format ion t o  the  CDP seismic r e f l e c t i o n  
survey l i n e s  was made i n  p a r t  by us ing a syn the t i c  seismogram. The 
seismogram was generated from t h e  Long-Spaced Sonic (LSS) l o g  o f  t he  
COST No. 1 we l l  and then co r re l a ted  t o  t h e  1978 Western Geophysical 
(WG) seismic 1 i n e  NB-11, which p r o f i l e s  t h e  we1 l 1 ocat ion. Geological 
c o r r e l a t i o n s  were e x t r a p o l a t e d  f r o m  t h e  we l l  i n t o  t h e  b a s i n  by t y i n g  
t he  1978, 1980, and 1981 WG reg ional  CDP surveys ( f i g .  6 )  and t h e  1977 
and 1980 USGS reconnaissance surveys o f  t he  Navarin and adjacent 
Anadyr Basins. The t h r e e  WG seismic surveys co l l ec ted  over 13,000 
mi les  o f  h igh-qua l i t y ,  gridded, CDP data. I n  compliance w i t h  t he  
r e s t r i c t i o n s  placed on t h e  use o f  WG data, t h e  MMS i n t e r p r e t a t i o n  
o f  two reg ional  hor izons i s  presented on page-size maps. Th is  
permits t h e  dep i c t i on  o f  a  s t ructure-contour  map o f  hor izons C and 
D ( f i g s .  13 and 15), an isopach map o f  t h e  sec t ion  between C and D 
( f i g .  14),  a  map o f  major geologic features o f  t h e  Mesozoic basement 
(hor izon D; f i g .  16), and a map o f  thermal r r ra tur i ty  f o r  horizons C 
and D ( f i g s .  23 and 24). The s t ructure-contour  maps o f  hor izons A 
and B ( f i g s .  11 and 12) are based on our i n t e r p r e t a t i o n  o f  USGS 
data. F igures 10 and 8 are l i n e  i n t e r p r e t a t i o n s  o f  Petty-Ray 



EXPLANATION 
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FIGURE 6. Se ismic  r e f l e c t i o n  d a t a  coverage by the 1978 .  1980.  and 
1 9 8 1  Western Geophysical Co. surveys. 



Geophysical (Geosource, Inc.)  l i n e s  PR 7411 and PR 7415; f i g u r e  9 
i s  a  seismic p r o f i l e  o f  l i n e  PR 710a. Selected dredge samples from 
t h e  1977, 1978, 1980, and 1981 USGS surveys o f  t h e  con t inen ta l  
s lope were a l s o  used. Publ ished analyses o f  these samples and 
analyses made by MMS personnel and consu l t i ng  geosc ien t i s t s  were 
i ncorporated. 

SEISMIC SEQUENCE ANALYSIS 

Seismic sequence ana l ys i s  o f  t h e  CDP seismic r e f l e c t i o n  data 
revea ls  a t  l e a s t  f i v e  reg iona l  depos i t i ona l  sequences (I through V ) .  
The upper f o u r  T e r t i a r y  sequences are composed o f  g e n e t i c a l l y  r e l a t e d  
fac ies o r  depos i t i ona l  systems bounded by unconformi t ies  o r  by t h e i r  
c o r r e l a t i v e  con fo rm i t i es  (hor izons A through D). Sequence V ,  t h e  
acous t i c  basement, i s  a  s t r u c t u r a l l y  complex se r i es  o f  Mesozoic rocks. 
F igure  7 d isp lays  these sequences ( f rom a CDP seismic p r o f i l e  o f  t h e  
COST we1 1 ) adjacent t o  t i m e - s t r a t i g r a p h i c  d i v i s i o n s  and 1 i t h o l o g i c  
zones. Two 1 oca l  unconformi t i  es were i d e n t i f i e d  w i t h i n  seismic 
sequences I and I V .  Because o f  t h e i r  r e s t r i c t e d  occurrence, t h e  
1  oca l  unconformi t i  es a re  cons idered fea tu res  w i t h i n  a  reg iona l  
sequence t h a t  s i g n i f y  a  t ec tonos t ra t i g raph i c  change i n  t h e  l o c a l  
depos i t i ona l  system. Because these l o c a l  unconformi t i  es were no t  
mapped o r  c o r r e l a t e d  t o  t h e  COST w e l l ,  much o f  t h e i r  geologic 
s i g n i f i c a n c e  can o n l y  be i nf-erred. 

Sei smic Sequence I (Pl  i o-Ple i  stocene t o  1  a t e  Miocene) 

Seismic sequence I comprises t h e  P l  i o - P l e i  stocene sect i o n  and 
p a r t  o f  t h e  l a t e  Miocene sec t i on  ( f i g .  7).  The sequence i s  
character ized by a zone o f  f l a t - l y i  ng, para1 1 e l ,  continuous r e f l e c t i o n s  
t h a t  a re  present throughout t h e  bas in  ( f i g .  8). These r e f l e c t i o n s  
e x h i b i t  sub t l e  divergences toward subbasin centers and onlap t h e  
con t i nen ta l  sides. Sequence I i s  bounded by t h e  sea bottom and 
hor izon A ( l a t e  Miocene). Hor izon A occurs a t  1.28 seconds ( o r  
about 3,560 f e e t  below sea l e v e l  ) a t  t h e  COST we1 1 s i t e .  

Hor izon A i s  def ined by a continuous, larye-ampl i tude, 
p o s i t i v e  r e f l e c t i o n  t h a t  becomes d iscont inuous and v a r i a b l e  i n  
ampl i tude as t h e  r e f l e c t o r  becomes shal lower toward t h e  basin 
f lanks.  A t  t h e  we l l ,  t h e  r e f l e c t i o n s  above and below hor i zon  A are  
concordant, and t h e y  remain concordant throughout much o f  t h e  
basin. I n  t h e  northwest area o f  t h e  bas in  ( f i g .  34, p o i n t  B), 
however, hor izon A becomes an angular  unconformi t y  between over1 y i  ng 
concordant r e f 1  ec t ions  and t h e  under l y ing  t runca ted  r e f l e c t i o n s  o f  
seismic sequence I 1  ( f i g .  9) .  Th is  e ros iona l  t r u n c a t i o n  was 
caused i n  p a r t  by t h e  i n t r u s i o n  o f  shale d i a p i r s  and t h e  associated 
u p l i f t  and e ros ion  o f  sequence 11. 

Seismic Slttratighaphy, 4 7 



FIGURE Z Seismic sequences and horizons, time-stratigraphic column, 
lithologic column, and a Western Geophysical Co. seismic reflection 
profi le of the Navarin Basin COST No. 1 well. (Basin flank unconformities 
are indicated b y  question marks). 



Horizon A coinc ides w i t h  both t he  boundary between l i t h o l o g i c  
zones A - 1  and A-2 and a poss ib le  l a t e  Miocene unconformity. A t  t h e  
we1 1, hor i zon  A probably r e s u l t s  f rom cons t ruc t i ve  i n te r f e rence  
between a chronostrat  i g raph i c  sur face and a d i  agenetic boundary 
( the  bottom-simulat i ng r e f l  ec to r ,  o r  BSR) . The absence o f  a  1  i tho1 og ic  
break o r  any o f  t h e  we l l  l o g  cha rac te r i s t i c s  normal ly i n d i c a t i v e  of 
a  d i  sconformity suggests t h a t ,  a t  t h e  we1 1, t h e  r e f l  ec t i on  represents 
d dtfposiLiurla1 h i a t u s  a t  most. 

D i f f r a c t i o n s  are common i n  sequence I between 0.4 and 1.0 second 
( o r  about 950 t o  2,700 f e e t  below sea l e v e l ) .  These d i f f r a c t i o n s  
a re  more prevalent  i n  t h e  two southern subbasins. Probable sources 
f o r  t h e  d i f f r a c t  ions are segments a1 ong t he  c o n t i  nuous r e f l e c t  ions 
w i t h  increased amplitude. Re f l ec t i ons  t h a t  l i e  between t h e  
d i f f r a c t i o n s  and above hor izon A a re  d isrupted o r  disappear. Thin 
(usual l y  1 ess than 10 f e e t ) ,  h i g h l y  indurated 1 enses o f  secondary 
carbonate minerals i n  t h e  mudstone probably caused t he  d i f f r a c t i o n s .  

A l o c a l  angular unconformity was i d e n t i f i e d  a t  t h e  Pervenets 
Ridge area o f  t he  con t inen ta l  s h e l f  break (approximately 80 mi les  
southwest o f  t h c  COST No. 1 w c l l  s i t e ,  f i g .  34, p o i n t  A ) .  
Figure  10 i s  a  l i n e  i n t e r p r e t a t i o n  o f  a CDP seismic l i n e  t h a t  
p r o f i l e s  t h e  Pervenets Ridge and shows t h a t  t h e  unconformity i s  
t h e  base o f  a  prograding wedge o f  Miocene and Pl iocene sediment. 
The areal  extent  o f  t h e  unconformity was not  mapped nor  was i t  
t i e d  t o  t h e  wel l .  The downlapping sigmoidal r e f l e c t i o n s  may be 
i n d i c a t i v e  o f  a  progradi  ng she1 f environment . These r e f  1  e c t i  ons 
are t raced  updip i n t o  t h e  p a r a l l e l ,  coherent r e f l e c t i o n s  which 
t y p i f y  sequence I .  This  progradat ion may i n d i c a t e  a change i n  t he  
r a t e  o f  sea l eve l  r i s e  o r  o f  bas in  subsidence (Brown and F isher ,  
1980). 

A t  t he  we l l ,  seismic sequence I brackets l i t h o l o g i c  zone A - 1  
and t h e  unsarnpled mater i  a1 above 1,500 fee t .  L i t h o l o g i c  zone A - 1  
i s  composed o f  diatomaceous mudstone and d ia tomi te .  It i s  d i s t i n c t  
from zone A-2, which has undergone d i  agenesis and cementation. 
Dredge samples f rom the  Navarin con t inen ta l  slope i n d i c a t e  t h a t  t h e  
t ime -s t ra t i g raph i c  equiva lents  o f  l i t h o l o g i c  zone A - 1  are e a r l y  t o  
l a t e  Pl iocene diatomaceous mudstone and vo lcanic  sandstone, and 
l a t e  Miocene diatomaceous mudstone and diatomaceous limestone. The 
unsampled sec t ion  above 1,500 f e e t  conta ins Pl io-Ple is tocene and 
Holocene mater i  a1 . Dredge hauls  f rom the  lower p a r t  o f  t he  Navarin 
con t inen ta l  slope c o l l e c t e d  sandy and muddy 1 imestone (probably 
concret ionary) ,  congl omeratic sandstone, and muds o f  Pleistocene 
and Holocene age. The s i m i l a r i t i e s  between we l l  and dredge samples 
i n d i c a t e  r e l a t i v e l y  uniform, reg iona l  deposi t ion. 

A s t ructure-contour  map o f  hor i zon  A ( f i g .  11) was made w i t h  
ava i l ab le  Government CDP seismic r e f l e c t i o n  data. Because o f  t he  
pauc i ty  o f  data, on ly  a  general sur face t r end  i s  depicted. The 
sedimentary accumulation represented by seismic sequence I appears 
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t o  have been uni form i n  t h a t  the e f f e c t s  o f  subsidence and deposi t ion 
i n  t he  Navarinsky and Pervenets subbasins a re  n o t  d i s t i n c t .  The 
average th ickness i s  3,000 f e e t  throughout the  Navarin Basin, w i t h  
a maximum thickness o f  more than 5,000 f e e t  i n  t he  cen te r  of  the  
Pinnacle I s1  and subbasin. A1 though Mesozoic basement highs along 
the  con t inen ta l  s h e l f  break apparent ly remained as p o s i t i v e  t ec ton i c  
fea tu res  throughout most o f  T e r t i a r y  t ime, sequence I extends beyond 
the margins o f  these s t r u c t u r a l  l y  con t ro l  1 ed subbasi ns - Thi s 
probably i nd i ca tes  reg ional  subsidence i n  response t o  c r u s t a l  
cool  i ng d u r i  ng Neogene t ime. 

Seismic Sequence I 1  ( l a t e  Miocene t o  l a t e  01 igocene) 

Seismic sequence I 1  comprises p a r t  o f  t he  Miocene and p a r t  o f  
t he  l a t e  Oligocene sect ions. The sequence i s  bounded by hor izons A 
and B ( f i g .  7).  At t he  we l l ,  hor izon A occurs a t  1.28 seconds ( o r  
about 3,560 f e e t  below sea l e v e l ) ,  and hor izon B occurs a t  2.20 
seconds ( o r  about 7,400 f e e t  be1 ow sea l e v e l  1. 

Throughout most o f  the  Navarin Basin, hor i zon  B i s  a continuous, 
1 arge-amp1 i tune r e f l  e c t i o n  t h a t  separates t h e  concordant. para l  1 e l  . 
continuous, large-amp1 i tude r e f l e c t i o n s  o f  seismic sequence I 1  from 
the  concordant, para l  1 e l  , discont inuous, v a r i  abl  e-amp1 i tude r e f l  ec t ions  
o f  seismic sequence 111. Along the  s h e l f  break, hor i zon  B represents 
a l a t e  01 igocene lower ing o f  sea l e v e l  (perhaps t h e  T02.2 e u s t a t i c  
event o f  Va i l  and others,  1977) t h a t  subjected o l de r  T e r t i a r y  s t r a t a  
and Mesozoic basement rock t o  wave-base erosion; i n  t he  subbasins, 
however, i t  represents a deposi t ional  h i a t u s  a t  most. Horizon B 
separates t he  middle and ou te r  n e r i  t i c  deposi ts  o f  sequence I 1  from 
the upper and middle bathyal  mudstones and s i l t s t o n e s  o f  sequence 111. 

The s t r a t a l  surfaces o f  sequence I 1  onlap t he  Mesozoic 
basement r idges  o f  the  Navarin Basin ( f i g .  10).  I n  t he  nor thern 
Navarinsky subbasin these s t r a t a l  surfaces were up1 i f t e d  and i n t r uded  
by shale d i a p i r s  ( f i g .  9) .  The u p l i f t e d  s t r a t a  were a l so  t runcated 
by t he  l a t e  Miocene unconformity (hor i zon  A). Where sequence I I i s  
n o t  a f f e c t e d  by postdeposi t i o n a l  tectonism, i t s  s t r a t a l  surfaces 
e x h i b i t  a sub t l e  divergence toward t ne  subbasl n centers,  which 
suggests r e l a t i v e l y  un in te r rup ted  sedimentation and bas in  f i l l i n g .  

A t  t he  COST we1 1, seismic sequence I I conta ins l i t h o l o g i c  
zones A-2, B, C-1, and C-2, and the  upper p o r t i o n  o f  zone D-1. 
Zone A-2 represents a t h i n  t r a n s i t i o n a l  l a y e r  charac te r i zed  by 
increased diagenesi s and cementation o f  zone A - 1  type sediments. 
Zones By C-1, and C-2 a re  muddy sandstones t h a t  represent  r e l a t i v e l y  
continuous depos i t ion  from 1 a te  01 i gocene t o  1 a te  M i  ocene time. 
Dredge samples from t h e  Navarin con t inen ta l  s lope i n d i c a t e  t h a t  t he  
t ime -s t ra t i g raph i c  equiva lents  o f  1 i tho1 ogic zones B, C-1,  and C-2 
are middle Miocene diatomaceous, tu f faceous mudstones, c layey 
l imestones, and diatomaceous sandstones as we l l  as e a r l y  Miocene 
sandstones, calcareous diatomi tes,  and t u f  faceous mudstones. 



CDP seismic r e f 1  e c t i  on data i nd ica te  1  a t e r a l  l y  continuous 
beddi ng and v e r t i c a l l y  c o n t i  nuous depos i t i on  w i t h i n  seismic sequence 
11. Sequence I 1  sedimentary depos i ts  were t h e  f i r s t  t o  extend beyond 
t h e  s t r u c t u r a l l y  c o n t r o l l e d  l i m i t s  o f  a l l  o f  t h e  subbasins and 
probably j o i ned  t h e  d i s t i n c t  marine depos i t i ona l  systems o f  t h e  t h ree  
subbasi ns i n  an area-wide marine env i  ronrnent. 

A st ructure-contour  map o f  h o r i ~ o n  B d isp lays  these t rends 
( f i g .  12). The f i g u r e  a lso  shows t h e  e ros iona l  t r unca t i on  o f  Mesozoic 
basement highs by hor izon B t o  a  common base l eve l .  The geometry of 
hor izon R i n d i c a t e s  most ly  reg iona l  subsidence i n  response t o  
c r u s t a l  coo l ing.  The Pinnac le  I s l a n d  and Pervenets subbasins, 
however, were s i t e s  o f  l o c a l  sediment accumulation i n  t h e  e a r l y  
Oligocene. The Pinnacle I s l a n d  subbasin deepens t o  more than  
11,500 fee t ,  and t h e  Pervenets subbasin deepens t o  s l i g h t l y  more 
than 8,000 f ee t .  Sequence I 1  represents t h e  t r a n s i t i o n  f rom l o c a l  
accumulation i n  subbasi ns con t ro l  1  ed by t e c t o n i c  movement t o  uni form 
depos i t i on  i n  and between subbasins c o n t r o l l e d  by reg iona l  subsidence. 

Seismic Sequence I I I ( l a t e  01 i gocene) 

Seismic sequence I 1 1  comprises most o f  t h e  l a t e  Oligocene 
sect ion.  The sequence i s  bounded by  hor izons B and C ( f i g .  7).  
A t  t h e  we l l ,  ho r i zon  B occurs a t  2.20 seconds ( o r  about 7,400 f e e t  
below sea l e v e l  ) , and hor izon C occurs a t  2.94 seconds ( o r  about 
11,000 f e e t  be1 ow sea l e v e l  ). 

A t  t h e  w e l l  and on most o f  t h e  bas in  f lanks,  ho r i zon  C i s  an 
i n d i s t i n c t ,  d i  scont i  nuous, var iab le-ampl i  tude r e f l e c t i o n .  I n  t h e  
deeper p a r t  o f  t h e  subbasins, however, ho r i zon  C i s  a  d i s t i n c t  
seismic sequence boundary recognized as a continuous , 1 arge-amp1 1 tude 
r e f l e c t i o n .  Along t h e  s h e l f  break, hor izon C represents a  regress ive 
event t h a t  t runca ted  01 der T e r t i a r y  and Mesozoic rocks ( f i g .  10). 
I n  t h e  cen te r  o f  t h e  suhhasins and a t  t h e  COST we l l ,  i t  represents,  
a t  most, a depos i t i ona l  h ia tus .  

Sequence I I I i s  a zone o f  d iscont inuous, para1 1 e l ,  va r i ab l e -  
amplitude r e f l e c t i o n s  ( a t  t h e  we l l  and i n  t h e  sha l lower  pa r t s  of 
t h e  bas in)  t h a t  become l a r g e r  i n  ampl i tude and more continuous 
i n  t h e  deeper pa r t s  of t h e  basin. The s t r a t a l  surfaces o f  sequence 
111 are  concordant w i t h  ho r i zon  C except along t h e  Navari n  Bas in  
f l anks ,  where t hey  on lap o l d e r  rocks.  These surfaces may represent 
f l a n k  depos i ts  der i ved  f rom Mesozoic basement h ighs a long t h e  
con t i nen ta l  s h e l f  break t h a t  were even tua l l y  t runca ted  by t h e  
regress ive  hor izon B event ( f i g .  10). I n  add i t i on ,  they  were 
u p l i f t e d  and i n t r uded  by  l a t e  Miocene shale  d i a p i r s  i n  t he  nor thern  
Navarinsky subbasin. The s t r a t a l  surfaces o f  sequence I I1  exhi  b i t  
an obvious divergence toward t h e  subbasi n  centers,  i n d i c a t i n g  
rap id ,  constant sedimentation. 

A t  t h e  COST we l l ,  seismic sequence 111 i s  co r re l a ted  t o  
l i t h o l o g i c  zones D - 1  and D-2 ( l a t e  Oligocene). Zone D-1 i s  composed 



FIGURE 11. S t ruc ture -contour  map of  horizon A ( l a t e  M iocene) .  B a s e d  on 
a v a i l a b l e  U.S. G e o l o g i c a l  Survey  se ismic  r e f l e c t i o n  d a t a .  



o f  ou te r  n e r i t i c  t o  middle bathyal  mudstones and s i l t s t ones .  Zone D-2 
conta i  ns middle bathyal mudstone w i t h  sandstone i nter lami  nat ions. 
Dredge samples from t h e  Navarin con t inen ta l  slope i n d i c a t e  t h a t  t h e  
t ime -s t ra t i g raph i c  equiva lents  o f  t h e  l a t e  Oligocene l i t h o l o g i c  zones 
are tu f faceous sandstones and mudstones. 

CDP seismic r e f l e c t i o n  data i n d i c a t e  t h a t  t he  deposi t ion o f  most 
o f  sequence I 1  I was 1 a te ra l  l y  and v e r t i c a l  l y  cont inuor~s-  However, 
t h e  sequence grades i n t o  what appear t o  be proximal t u r b i d i t e  deposi ts 
f l a n k i n g  1 ocal basement highs along t h e  con t inen ta l  s h e l f  break. 
This i n t e r p r e t a t i o n  i s  based on t h ree  observations: (1) the  on la  p ing  
o f  sequence 111 s t r a r a l  surfaces over l oca l  s t r u c t u r a l  highs; (2y 
t he  presence o f  coarse-grained mater ia l  i n  dredge samples o f  rocks 
t h a t  are t ime  equiva lent  t o  sequence 111 ; and (3) t h e  f a c t  t h a t  
e a r l y  Oligocene (sequence IV)  and Mesozoic basement rocks were 
exposed t o  wave-base eros ion i n  t h e  l a t e  Oligocene, which could have 
provided a l o c a l  sediment source adjacent t o  deepwater basins. 

F igure  13 i s  a s t ructure-contour  map o f  hor izon C. The post -  
eros ional  re1  i e f  o f  t h e  hor izon represents t he  syndeposi t iona l  
con t ro l  o f  t h a t  s t r u c t u r e  on 01 i gocene s t ra t igraphy.  The P i  nnacl e 
I s l a n d  subbasin ( f i g .  16) i s  an asymmetric graben formed by a 
ser ies  o f  northwest- t rending normal f a u l t s .  The subbasin conta ins 
more than 22,000 f e e t  of pos t -ear l y  01 i gocene sediment. Ne i ther  
hor i zon  A (1dLe Miocene), hor i zon  B ( l a t e  Oligocene), nor  hor izon C 
("midu-01 igocene) exhi  b i t  unconformable re l a t i onsh ips  throughout 
t h e  Pinnacle I s l a n d  subbasin. These horizons, however, may represent 
per iods o f  nondeposi t ion i n  t h e  subbasin and are c o r r e l a t i v e  t o  
unconformable surfaces outs ide t h e  subbasin. Th is  suggests t h a t  
i n  t he  subbasin, t h e r e  may have been nea r l y  continuous deposi t ion 
s ince  t h e  e a r l y  01 i gocene. S i m i l a r  r e l a t i onsh ips  between these 
hor izons and s t r u c t u r e  are recognized i n  t h e  Pervenets and Navari nsky 
subbasins. Near ly  continuous depos i t ion  s ince t h e  e a r l y  Oligocene 
has f i l l e d  t h e  Pervenets subbasin w i t h  more than 19,000 f e e t  of 
sediment and t he  Navarinsky subbasln w i t h  more than 29,000 f e e t  
o f  sediment. 

Seismic Sequence I V  
( e a r l y  01 igocene, Eocene, and poss ib le  Paleocene) 

A t  t h e  we1 1 , seismic sequence I V  comprises t h e  e a r l y  01 i gocene 
and Eocene sections. I n  t h e  deeper par ts  o f  t he  basin, i t  may a lso  
inc lude  some Paleocene sect ion. It i s  bounded by hor izons C and D 
( f i g .  7). A t  t h e  we l l ,  hor izon C occurs a t  2.94 seconds ( o r  about 
ll,UUU f e e t  below sea l e v e l  ), and hor izon  D occurs a t  3.30 seconds 
( o r  about 12,700 f ee t  below sea l e v e l  ). 

Throughout the  b a s i  n, hor i zon  D represents a d l  s t 1  nc t  angular 
unconformity between sequences I V  and V. Horizon D i s  t h e  contact  
where t h e  discontinuous, var iab le-ampl i tude r e f l e c t i o n s  o f  sequence 
I V  over l  i e  and over l  ap t h e  d i  scordant , dipping, large-amp1 i tude 
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r e f l e c t i o n s  and d i f f r a c t i o n s  t h a t  charac te r i ze  t h e  acoust ic  basement, 
sequence- V. The s t r a t a l  surfaces o f  sequence I V  d iverge as they  
deepen i n t o  t he  centers o f  t h e  subbasins, i n d i c a t i n g  continuous 
sedimentat i o n  d u r i  ng s t r u c t u r a l  subsidence. 

A t  t he  we l l ,  sequence I V  co r re l a tes  t o  l i t h o l o g i c  zones E and F. 
There i s  some we l l  log,  geochemical, and pa leonto log ica l  evidence f o r  
an unconformity between zones E and F, al though t h e  geochemical data 
i n d i c a t e  t h a t  t he re  i s  l i t t l e  miss ing sec t ion  a t  t h e  we l l  s i t e .  
Zone E cons is ts  o f  e a r l y  01 i gocene middle bathyal  mudstones con ta in ing  
c a l c i t e  concret ions. Dredge samples from the  Navarin con t inen ta l  
s lope i n d i c a t e  t h a t  t h e  t l m e - s t r a t i  graphic equi val  ents o f  zone E 
a r e  mudstones con ta in i  ng l imestone nodules. Zone F cons is ts  o f  
l a t e  middle t o  l a t e  Eocene, upper bathyal t o  ou te r  n e r i t i c ,  calcareous 
and sandy mudstones. Dredge sample equiva lents  o f  zone F are 
middle t o  l a t e  Eocene mudstone and vo lcanic  sandstone (Marlow and 
others, Descr ip t ion  o f  Samples, 1983). Basal t  co l  l ec ted  on t he  
Navarin s lope was dated as e a r l y  Eocene by rad iomet r i c  (K-Ar) 
met hods. 

Although no Paleocene rocks were i d e n t i f i e d  i n  t h e  Navarin 
COST we1 1 , they  might be present e l  sewhere i n the  basin. Dredge 
samples from t h e  nearby c o n t i  nental  slope conta i  ned probable Pal eocene 
vo lcanic  sandstone and l imestone, and Paleocene t o  Eocene brecc ia ted 
mudstone and conglomerate. The pronounced bdsinward th icken ing  o f  
seismic sequence I V  may be i n d i r e c t  evidence f o r  Eocene and Paleocene 
rocks i n  t h e  center  o f  t h e  subbasins. An isopach map o f  sequence 
I V  ( f i g .  14) i nd i ca tes  as much as 20,000 f e e t  o f  sediment present 
i n  t h e  Pinnacle I s l a n d  subbasin. The f a c t  t h a t  sequence I V  s t r a t a l  
surfaces onlap hor i zon  D i n  areas which a re  s t r a t i g r a p h i c a l l y  down- 
sec t ion  f rom t h e  we l l  suggests t h a t  t h e  depos i t ion  commenced before 
zone F deposi t ion (middle t o  l a t e  Eocene) and t h a t  e a r l y  Eocene t o  
Paleocene rocks are probably present i n  t he  deeper pa r t s  o f  t h e  
basin as we l l  as along t he  s h e l f  break. 

Although CDP seismic r e f l e c t i o n  data suggest v e r t i c a l l y  
continuous deposi t ion o f  sequence I V ,  t he  bedding i s  l a t e r a l l y  
discontinuous. Along t h e  con t inen ta l  s h e l f  break, sequence I V ,  
l i k e  sequence 111, grades i n t o  what are i n f e r r e d  t o  be proximal 
t u r b i d i t e  deposi ts  f l ank ing  1 ocal basement highs. 

Sequence I V  i s  be l ieved  t o  be t he  source f o r  t he  shale d i  ap i r s  
i n  t h e  nor thern Navari nsky subbasin. The ove ra l l  1  a te ra l  c o n t i n u i t y  
o f  seismic sequence I V  outward f rom t h e  we l l  i nd ica tes  t h a t  t h e  
sequence i s  made up o f  f i ne -g ra ined  mater ia l  throughout t h e  subbasin. 
These f i  ne-grai ned mater ia ls  are be l ieved  t o  be overpressured i n  
t h e  we l l  (Sherwood, 1984). L i t h o l o g i c  zone F, i n  sequence I V ,  l i e s  
w i t h i n  t he  o i l  window and conta ins kerogen s u i t a b l e  f o r  wet-gas 
generation. Hedberg (1976) suggested t h a t  methane format ion i n  
o rgan i c - r i  ch shales might enhance t h e i r  i nstabi  1  i t y .  The presence 
o f  an unsampled gas plume over t h e  f l a n k  o f  a  shale d i a p i r  i n  t h e  
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Navarinsky subbasin (Carlson and Marlow, 1984) may corroborate 
Hedberg ' s  content ion. The d iverg ing  s t r a t a l  surfaces o f  sequence 
I V  i n d i c a t e  continuous, r a p i d  sedimentation. Rapid sedimentation 
increases the  l i k e l i h o o d  o f  maturat ion o f  t rapped organic mat te r  
by enhancing anoxic cond i t ions  near the  sea f l o o r  and by l a t e r  
decreasing geothermal heat l o s s  a t  depth (Anstey , 1977). Diap i  r 
movement occurred as recen t l y  as l a t e  Miocene, p i e r c i n g  and 
d i s r u p t i n g  the  s t r a t a l  surfaces o f  sequences I I and I 1  I .  
Eventual ly ,  the  d i a p i r s  were t runcated by an eros ional  surface, 
hor i zon  A. Emplacement o f  t he  d i a p i r s  seems t o  have been c o n t r o l l e d  
by the  s t r u c t u r a l  re1 i e f  of the  basement rock, sequence V. A f r ee -  
a i r  g r a v i t y  p r o f i l e  o f  the  d i a p i r  area ( f i g .  9) r e f l e c t s  the  gradual 
deepening o f  the basement rock toward the  center  o f  the subbasin. 
Uneven sediment load ing  appears t o  have fo rced  t he  d i a p i r  t o  r i s e  
near the  nor thern  f l ank  o f  the subbasin near the  Anadyr Ridge. 

An Eocene(?) unconformity was i d e n t i f i e d  near the  s h e l f  break 
a t  the Pervenets Ridge ( f i g .  34, p o i n t  A) .  Th is  unconformi t y  was 
n o t  mapped o r  t i e d  t o  the we l l .  A t e n t a t i v e  Eocene date has been 
assigned t o  the unconformity, a1 though a Paleocene age may be j u s t  
as reasonable. The angular unconformi ty  apparent ly  t runcated t he  
basement rock h igh  a long the s h e l f  break and i n  t u r n  was t runcated 
by "midw-Oligocene (hor i zon  C) and l a t e  Oligocene (hor izon B )  eros ional  
events. This unconformity marks a s i g n i f i c a n t  tec tonos t ra t ig raph ic  
change i n  the  outer -shel f  geologic s e t t i n g  i n  pre-hor izon C t ime and 
the re juvenat ion  o f  a Mesozoic basement high. I f  t h i s  h i gh  was 
exposed t o  wave-base erosion, then t he  provenance f o r  t he  s t r a t a l  
surfaces on1 appi ng the  unconformi ty coul d inc lude  bo th  Mesozoic and 
sequence I V  T e r t i a r y  rocks. Reworking o f  these sediments could 
generate clean, coarse-grai  ned mater i  a1 o f  reservo i  r qua1 i t y  . The 
presence of coarse-grained sedimentary deposi ts i s  suggested by the  
occurrence o f  the  incoherent, d i  scont i  nuous r e f l  e c t i  ons commonly 
associated w i t h  coarser grained sediments. 

A s t ructure-contour  map o f  hor i zon  D ( f i g .  15) dep ic ts  Mesozoic 
basement highs separat ing th ree  s t r u c t u r a l  l y  d i  s t i n c t  subbasins. A1 1 
th ree  subbasins deepen t o  g rea te r  than 32,000 f e e t  below sea l eve l .  
The Pinnacle I s1  and and Pervenets subbasi ns are e l  ongated depressions 
t h a t  para1 1 e l  the  northwest- t rending Navarin con t inen ta l  she1 f break. 
The more c i r c u l a r  Navarinsky subbasin i s  bordered by t he  Anadyr 
Ridge on the west and l i e s  f a r t hes t  from the present s h e l f  break. 

Seismic Sequence V ( e a r l y  T e r t i a r y  and Mesozoic) 

Seismic sequence V encompasses poss ib le  e a r l y  T e r t i a r y  bas in  f i l l  
and the  acoust ic  basement composed of Mesozoic rocks. A t  t he  COST we l l ,  
the top o f  sequence V occurs a t  3.30 seconds (about 12,700 f e e t  below sea 
l e v e l  ). The Mesozoic component o f  sequence V i s  recognized by i t s  va r iab le -  
amp1 i tude, d iscordant  r e f l  ec t ions,  d i f f r a c t i o n s ,  and incoherent noise 
( f i g .  7).  The poss ib le  e a r l y  T e r t i a r y  bas in  f i l l  occurs as layered  
deposi ts  i n  small, i sol ated, s t r u c t u r a l  l y  con t ro l  1 ed depocenters, and 
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FIGURE 14. l s o p a c h  m a p  o f  se ismic  sequence  I V ,  b e t w e e n  hor i zon  D 
( L a t e  C r e t a c e o u s - e a r l y  T e r t i a r y )  a n d  h o r i z o n  C  ( 'midg-Ol igocene) .  
B a s e d  on  t h e  1 9 7 8 ,  1 9 8 0 ,  a n d  1081 s e i s m i c  r e f l e c t i o n  s u r v e y s  o f  
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was apparent ly sourced from l oca l  basement paleohighs. The f i l l  l i e s  
unconformably on t he  Mesozoic basement and i s  o f f s e t  by basement- 
con t ro l l ed  f au l t s .  The f i l  I ,  not  encountered a t  t he  COST wel l ,  i s  
recognized by i t s  concordant, para1 l e l  r e f l e c t  ions w i th  amp1 i tudes 
t h a t  increase updip. The r e f l e c t i o n s  show a downlap re l a t i onsh ip  t o  
t he  under ly i  ng Mesozoic rock. 

Throughout t he  Navari n Basin, an erosional  surface separates 
sei smi c sequence V from the  over l y ing  Te r t i a r y  section. Horizon 
D represents t he  area-wide degradation o f  the  Ber ing Sea she l f  
before the  formation o f  t he  Navarin subbasins. Subsequent 
erosional  events, such as those represented by horizons B and C, 
eroded 1 ocal basement highs t h a t  f l ank  t he  i nd i v i dua l  subbasi ns. 

I n  t-he COST we1 1  , seqtlence V i s  r e p r ~ s ~ n t e d  by l i t h o l o g i c  
zones G/H and I .  L i t ho log i c  zone G/H cons is ts  o f  Maast r icht ian 
mudstone, sandstone, and coal deposited i n  a nonmari ne environment. 
L i t ho l og i c  zone I i s  probably Campanian o r  o l de r  mudstone deposited 
a t  i nner  n e r i t i c  t o  upper bathyal depths. The lower par t  o f  t h i s  
zone contains t h i n  vo l can i c - t u f f  layers.  Dredge samples from the  
Navarin cont inenta l  slope t h a t  are V i m - s t r a t i  graphic equivalents 
t o  sequence V a re  1 i s t e d  i n  t a b l e  1. 

Table 1. L i tho logy  and age o f  dredge samples. 

Sample No. L i  tho1 ogy Age 

Jones and others 
S t e f f y  (1984b) (1981) 

L5-78-(27-1) Sandy Late Cretaceous Late Cretaceous 
s i l t s t o n e  (Maast r icht ian and (Campani an o r  

reworked A1 b i  an) Maast r icht ian)  

L5-78- (27-2) Sandstone Late Cretaceous Not evaluated 
(Cenomanian t o  
Turoni an) 

L5-78- (5-5) Volcanic Late t o  Middle Late Jurass ic  
sandstone Jurassic (Kimmeridgi an) 

(Cal l  ov i  an?) 

L5-78- (22-4) S i  l t s t o n e  Paleocene Late Cretaceous 
(probable Danian) (Campanian o r  

Maast r icht ian)  

The loca t ions  o f  the  sampling s i t e s  are p l o t t e d  on f i g u r e  34, 
except f o r  sample L5-78-(5-5), which l i e s  southeast o f  t he  map area 
a t  l a t  56O51.1' N. and l ong  173O32.7' W. Paleontological  s i m i l a r i t i e s  
between t he  Maast r icht ian rocks found i n  t he  we1 1 and the  dredge 
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samples i n d i c a t e  t he  presence of Late Cretaceous marine and nonmarine 
deposi t ional  environments throughout t h e  Navari n  con t inen ta l  shel f .  
The presence o f  Maas t r i ch t ian  coal  beds unconformably ove r l y i ng  
probable Campanian upper bathyal  rocks suggests t h a t  t h e  geologic 
h i s t o r y  of t h e  Late Cretaceous i s  r e l a t i v e l y  complex. McLean (1979a) 
and V a l l i e r  and others (1980) i nd i ca ted  t h a t  t he  Naknek Formation 
(Late Jurass ic  t o  Ea r l y  Cretaceous) extends from t h e  Alaska Peninsula 
t o  t h e  P r i  b i l o f  Is lands. Sample L5-78-(5-5) i s  a  Middle t o  Late 
Jurassic vo lcanic  sandstone dredged f r o m  the  Zemchug Canyon o f  t h e  
Navari n  con t inen ta l  sl ope. This suggests t h a t  t h e  Naknek Formation 
( o r  a  t i m e - s t r a t i  graphic equ iva len t )  extends i n t o  t h e  Navari n  she1 f 
and supports t he  content i o n  o f  Marlow and others (Tectonic Evolut ion, 
1983) t h a t  t h e  Mesozoic basement rock i n  t h e  Navarin Basin and t h e  
outer  Ber ing ian s h e l f  i s  a  s ing le ,  continuous terrane. 



S t r u c t u r a l  G e o l o g y  

A s t ruc tu re -con tour  map of t h e  Late Cretaceous-early T e r t i  ary  
unconformity i n  t h e  Navarin Bas in ' revea ls  t he  axes o f  t h ree  en 
echelon subbasi ns t h a t  t r end  general l y  northwestward and para1 l e l  
t h e  con t inen ta l  she1 f break ( f ig .  16). These depocenters ( i  nformal l y  
named the  Navari nsky, Pervenets, and Pinnacle I s l a n d  subbasi ns) 
may con ta in  as much as 36,000 f e e t  o f  T e r t i a r y  sediments. The 
s t r u c t u r a l  framework, depicted by seismic hor izon D, i s  a r e s u l t  o f  
both compressional and tens ional  stresses imposed on t he  Ber ing ian 
margin by i n t e r p l a t e  mot ion. ' The Navari n forearc  basin resu l t ed  
from the  Late Cretaceous-early T e r t i a r y  c o l l  apse o f  t h e  Ber i  ngian 
margin d u r i  ng ob l ique subduction o r  t ransform motion between t he  
Kula p l a t e  and t he  North American p l a t e  (Schol l  and others,  1975; 
Marlow and others, 1976; Marlow and others, 1981; Marlow and 
others,  Tectonic Evolut ion,  1983; Whi tney  and Wall ace, 1984). 

The Pinnacle I s l a n d  subbasin, t h e  southernmost depocenter, 
i s  45 mi les  wide and over 170 mi les  long. It i s  an asymmetrical 
graben f i l l e d  w i t h  as much as 36,000 f e e t  o f  T e r t i a r y  sediments. 
The 16,000-foot s t r u c t u r e  contour o f  hor izon D dep ic ts  t h e  l i m i t s  
o f  t he  s t r u c t u r a l l y  def ined subbasin. Above a depth o f  16,000 
f ee t ,  t h e  T e r t i a r y  sedimentary f i l l  extends beyond t he  basement 
topography. The ax is  o f  t h e  Pinnacle I s l and  subbasin fo l lows a 
long, dominantly nor thwes te r l y  t r e n d  t h a t  i s  o f f s e t  by shor t ,  
more n o r t h e r l y  doglegs. A l i n e a r  zone con ta in ing  detached and 
basement-control led syn the t i c  normal f a u l t s  and t h e i r  n n t i t h e t i c -  
f a u l t  complements f l anks  t h e  subbasin t o  t he  northeast.  Th is  
dominantly T e r t i a r y  f a u l t  zone i s  over 70 mi les  long  and up t o  5 
m i les  wide. Although it e x h i b i t s  no shear component, i t s  magnitude, 
o r i en ta t i on ,  and l o c a t i o n  suggest t h a t  i t  may i n  p a r t  be an o l de r  
shear zone. Such a shear zone (produced by a converging, r i g h t -  
l a t e r a l  couple) should be present a t  an ob l i que l y  subducting p l a t e  
boundary (Hardi ng, 1973). An analog t o  t he  Be r i  ngi an margin 
shearing couple i s  t h e  W h i t t i e r  f a u l t  sec t ion  o f  t h e  Los Angeles 
Basin (Lowel 1, 1984). I n  t h i s  analog basin,  t he  basin ax is  formed 
p a r a l l e l  t o  t h e  shearing couple, and t h e  a n t i c l i n a l  axes are a t  
angles o f  up t o  45' t o  t he  bas in  axis. S i m i l a r  r e l a t i onsh ips  are 
apparent between t h e  Pinnacle I s l and  subbasin, t h e  f l a n k i n g  f a u l t  
zone, and surroundi ng an t i c l i nes .  



The Pervenets subbasin, a symmetrical graben 75 mi les long  
and 15 mi les  wide, l i e s  between t h e  Pinnacle I s l a n d  and t h e  
Navarinsky subbasins ( f ig .  16). The subbasi n contains over 34,000 
f e e t  o f  T e r t i a r y  sediment. The 26,000-foot s t r uc tu re  contour of 
hor izon D def ines t h e  l i m i t s  o f  t h e  s t r u c t u r a l l y  c o n t r o l l e d  subbasin 
( f i g .  15). Above 26,000 f ee t ,  t he  T e r t i a r y  f i l l  extends beyond t he  
basement topography, l i n k i n g  t h e  Pervenets and t h e  Navarinsky 
st~bbasi  ns. A t  a depth o f  26,000 f e e t  , t h e  subbasin ax is  i s  
discont inuous and e x h i b i t s  t h e  same dogleg t r end  as t h e  Pinnacle 
I s l a n d  subbasi n. Thi s con f igura t ion  apparent ly  r e f l e c t s  
compressional and tens ional  s t resses imposed by t h e  ob l i que l y  
subduct i  ng Kula p la te .  

The Navari nsky subbasi n, t h e  northernmost o f  t h e  t h ree  subbasi ns, 
i s  f lanked by t h e  Pervenets subbasin t o  t he  south, t he  Anadyr Ridge 
t o  t h e  west, and t h e  Okhotsk-Chukotsk vo lcanic  b e l t  t o  t h e  nor th  and 
east ( f i g .  3). The Navarinsky subbasin i s  l e s s  elongated than t h e  
o ther  two subbasins, w i t h  dimensions o f  70 by 50 mi les  on hor izon D 
( f i g .  15). Th is  deepest subbasin i s  a graben f i l l e d  w i t h  a t  l eas t  
36,000 f e e t  o f  T e r t i a r y  sediment. The 26,000-foot s t r u c t u r e  contour 
defines t h e  l i m i t s  o f  t h e  s t r u c t u r a l l y  c o n t r o l l e d  subbasin. Above 
26,000 f ee t ,  t h e  Navari nsky and Pervenets subbasins can no longer  
be s t r u c t u r a l l y  d i f f e r e n t i a t e d .  

Basement-rock r idges  separate t h e  t h ree  Navarin subbasins. 
Many o f  these features i n i t i a l l y  formed as compressional fo lds 
associated w i t h  basement shear du r i ng  t he  e a r l y  stages o f  bas in  
evol u t ion .  These fea tu res  remai ned p o s i t i v e  t e c t o n i c  elements 
u n t i l  t he  l a t e  Oligocene (hor izon B). The basement r idges  near 
t h e  s h e l f  break f l ank  t h e  Pinnacle I s l a n d  subbasin and have 
apparent ly  undergone nea r l y  continuous growth s ince t h e  e a r l y  
Ter t ia ry .  Th is  continuous growth i s  i n f e r r e d  from the  sedimentary 
drape geometry and t he  inc reas ing  an t i c1  i n a l  widths i n  younger 
s t r a t a  l y i n g  above t h e  r idges. 

F igure 10 i s  a l i n e  i n t e r p r e t a t i o n  o f  a Petty-Ray seismic 
r e f l e c t i o n  p r o f i l e  of t h e  s h e l f  break a t  po in t  A ( f i g .  34). This 
i n t e r p r - e l d t i o n  dep ic ts  t h e  t y p i c a l  she1 f-break s e t t i n g  o f  a f a u l t -  
bounded basement r idge.  Many o f  these basement-control led growth 
f a u l t s  p a r a l l e l  t h e  s h e l f  break and of fset  s t r a t a  as young as 1 a te  
Miocene. The basement r i d g e  remained a p o s i t i v e  t e c t o n i c  fea tu re  
f rom the  e a r l y  T e r t i a r y  t o  t h e  l a t e  Oligocene. Unconformit ies i n  
t h e  Eocene(?), "midM-01 igocene (hor izon C) , and 1 a te  01 i gocene 
(hor izon B )  apparent ly  breached t h ~  r idge.  If t h e  r i d g e  was exposed 
t o  wave-base eros ion du r i ng  these events, i t  may have been t h e  
source f o r  t he  onlapping, poss ib le  t u r b i d i t e ,  deposi ts seen on 
several  seismi c p ro f  i 1 es. The l a t e  01 i gocene unconformi ty was 
fo l lowed by a t ransgress ion which a1 lowed marine deposi t ion beyond 
t h e  s t r u c t u r a l  1 y con t ro l  1 ed subbasi ns , thus u n i f y i n g  t h e  several 
Navarin deposi t ional  systems. Hor izon B a l so  beveled t he  basement 
r idges  t o  a common l e v e l ,  now a t  a depth of about 1.7 seconds, o r  
about 5,100 f e e t  be1 ow sea l eve l .  



FIGURE 16. Major geologic features o f  the Mesozoic basement rock 

represented by horizon D (Late  Cretaceous- early Tertiary). Based  
on the 1978, 1980, and 1981 seismic ref lect ion surveys of Western 
Geophysical  Co. 
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The basement r i dge  separat ing t h e  Pinnacle I s l a n d  and Pervenets 
subbasins i s  a  deep, d issected f ea tu re  which t rends northwestward. 
The r i d g e  i s  f lanked on t h e  southwest by a  p rev ious ly  descr ibed 
major f a u l t  zone. The nor thern f lank of t he  r i dge  i s  less  f a u l t e d  
and e x h i b i t s  a  gradual northwest d i p  beneath t h e  Pervenets subbasin. 
This r i dge  a lso e x h i b i t s  n e a r l y  continuous growth i n t o  t h e  l a t e  
Miocene. Horizon B  ( l a t e  Oligocene) and hor izon A  ( l a t e  Miocene) 
appear t o  be conformable over t h i s  basement feature,  but are 
unconformable elsewhere i n  t h e  basin. With t he  except ion o f  t he  
extreme northwest end o f  t he  r idge,  where hor izon C was t runcated 
by hor izon B  ( f i g .  13), ne i t he r  t h e  r i dge  nor t h e  ove r l y i ng  s t r a t a  
served as a  source f o r  l o c a l  sediments. 

The basement r i d g e  separat ing t h e  Pervenets and Navarinsky 
subbasi ns i s  a  deep, d issected f ea tu re  which t rends northwestward. 
The t o p  o f  t he  r i dge  ranges from 8,000 t o  10,000 f e e t  below sea leve l .  
A saddle a t  a  depth o f  26,000 f e e t  j o i n s  t h e  two subbasins. The 
saddle separates two large,  f a u l t e d  an t i c1  ines w i t h  dimensions o f  
40 by 12 mi les  and 15 by 4 mi les.  Growth of these a n t i c l i n e s  
continued from t h e  e a r l y  T e r t i a r y  i n t o  t h e  l a t e  Miocene (hor izon 
A, f i g .  11). 

The on1 appi ng re1 a t i onsh i  p  between pre-hor izon C s t r a t a l  surfaces 
(sequence IV)  and t h e  f a u l t e d  a n t i c l i n e s  i nd i ca tes  t h a t  t h e  basement 
rock (sequence V )  may have been the source Of some Navarin Basin 
sediments. The t r unca t i on  of hor izon C by hor izon B  near t h e  tops of 
these f a u l t e d  a n t i c l i n e s  i nd i ca tes  renewed exposure o f  t he  basement 
rock t o  eros ion ( f i g .  13). Subsequent deposi t ion o f  sequences I and 
I I covered the  r idge. Deposi t  i on cont i nued throughout t he  remai n i  ng 
T e r t i a r y  and i n t o  t h e  Quaternary. An t i c1  i nal  growth and associated 
f a u l t i n g  a lso  continued a t  l e a s t  through t h e  l a t e  Miocene (hor izon A) .  

Both detached growth f a u l t i  ng and basement-control l e d  f a u l t i n g  
appear t o  be a c t i v e  i n  t h e  Navarin Basin. High-resolut ion seismic 
data reveal f a u l t  o f f s e t s  o f  Sediment as young as Pleistocene near 
t h e  COST No. 1 w e l l  s i t e  and along t h e  edges of t h e  i n d i v i d u a l  
subbasins, which suggests a  bas in  a c t i v e l y  subs id ing i n  response 
t o  sedimentary 1 oadi ng and c r u s t a l  cool  i ng. 



G e o l o g i c  H i s t o r y  

The Navarin forearc  basin formed i n  t h e  Late Cretaceous-early 
T e r t i a r y  as a response t o  ob l ique subduction o r  t ransform motion 
between t h e  Kula and t h e  North American p la tes  (Schol l  and others, 
1975; Marlow and others,  1976; Cooper and others,  1976). The 
i n i t i  a1 opening o f  t h e  Navarin Basin apparent ly was a response t o  
pu l l - apa r t  t ec ton i cs  imposed on t h e  Ber ing ian s h e l f  by t h i s  
i n t e r p l a t e  motion. A major shear couple developed from t h i s  motion, 
causing t h e  sudden subsidence o f  t h e  th ree  fault-bounded subbasins. 
The shear couple i s  evidenced by a f a u l t  zone loca ted  between t he  
Pinnacle I s l and  and Pervenets subbasins, which a l so  d isp lay  
d i s j o i n t e d  subbasin axes and compressional f o l d i n g  o f  t h e  Mesozoic 
basement rock ( f i g .  16). The Kula p l a t e  moved northwestward past 
t h e  Ber i  ngi an s h e l f  and underthrust t h e  Koryak-Kamchatka coast, 
thus forming a magmatic a rc  ( t h e  Okhotsk-Chukotsk vo lcanic  b e l t ,  
f i g .  3)  para1 l e l  t o  t he  subduct ion zone (Meyerhoff, 1980) and t he  
Anadyr Basin (Marl ow and others,  Tectonic Evolut ion, 1983). The 
arc  extends from eastern S ibe r i a  t o  western Alaska, p a r a l l e l i n g  t he  
Ber ingian margin. Exposures o f  volcanic-arc mater ia l  a re  found on 
western St. Lawrence I s l and  and on S t .  Matthew, P r i b i l o f ,  and Nunivak 
Is lands. Arc-type mater ia l  s  dredged f rom t h e  Navarin ou te r  s h e l f  
and upper slope have whole-rock K - A r  dates o f  l a t e  Paleocene o r  
e a r l y  Eocene. Marlow and Cooper (1984) propose t h a t  t h e  perp lex ing 
occurrence o f  arc  l i t h o l  ogi es on t he  Ber i  ngian margin may represent 
mater ia l  e i t h e r  r a f t e d  by t h e  Kula p l a t e  f rom t h e  t i p  o f  t h e  Alaska 
Peninsula o r  emplaced v i a  a  " leaky" t ransform margin. 

South o f  t he  vo lcanic  b e l t  i n  eastern S iber ia ,  t h e  Koryak 
Range was formed by t he  obduct ion o f  al lochthonous b locks o f  melange 
and o l i s tos t rome sequences. Orogenic movement o f  t he  range continued 
i n t o  t h e  Paleocene, as evidenced by t he  fo lded Paleocene marine rocks 
found along the southern edge o f  t h e  range (Aleksandrov and others,  
1976; McLean, 1979a; Marlow and others, 1981). There a re  a t  l e a s t  
6,000 f e e t  o f  Paleocene marine rocks composed o f  a r g i l  1  i t e ,  s i  1  tstone, 
s p i l i t e ,  sandy claystone, shale,  andesi te ,  and cher ty  vo l can i c l as t i c s  
present i n  t h e  Koryak Range (Pichugina and others, 1974). Dredge 
samples from t h e  Navari n  con t inen ta l  slope a1 so con ta in  e a r l y  Eocene 
and Paleocene vo lcanic  sandstone, 1  imestone, conglomerate, and 
brecc ia ted mudstone (Marlow and others, Descr ip t ion  o f  Sampl es, 1983). 



These marine Paleocene and e a r l y  Eocene rocks, though n o t  present  i n  
t he  COST wel l ,  a re  considered t o  be present w i t h i n  seismic sequence 
I V  (bounded on the  bottom by hor izon D, f i g .  15).  The areawide 
eros ional  degradat ion represented by the  hor i zon  D unconformity 
apparent ly occurred a f t e r  e a r l y  T e r t i a r y  deposi ti on commenced i n  
t h e  Navarin Basin. 

The Late Cretaceous-early T e r t i a r y  e ros ion  o f  the  Navarin s h e l f  
i s  represented by a t ime-transgressive unconformity (hor i zon  D). 
Th is  breakup unconformity occurred i n  the  pe r i od  between the  
amalgamation o f  Mcsozoic a l l  ochthonous basement c l  cmcnts w i t h  t he  
Ber ing Sea con t inen ta l  she1 f and p o s t r i  f t  c o l l  apse and subsequent 
T e r t i a r y  deposi t ion. Pal eomagnetic, geologic,  and pa leon to log ic  
data suggest t h a t  a Mesozoic basement rock terrane, which encompasses 
the  fo rearc  bas in  province, was r a f t e d  northward and docked against  
the  Bering sea margin (McGeary and Ben-Avraham, 1981; Stone and 
others,  1982; K e l l e r  and others ,  1984). Paleomagnetic data from 
the Navarin COST we l l  suggest t h a t  al though the  Cenozoic sec t ion  
was deposi ted w i t h i n  5' o f  t he  present we1 1 s i t e ,  t h e  Late Cretaceous 
sec t i on  may have been deposi ted as much as 50" south o f  the  present 
l oca t i on .  The amalgamation o f  t he  Mesozoic basement rock te r rane  
occurred before the format ion o f  the A leu t i an  Arc i n  the  l a t e  Eocene 
( Whi tney and Wall ace, 1984). A1 t e r n a t i v e l y  , an ex i  s t i n g  A1 e u t i  an 
Arc suhduction zone complex could have migrated northward w i t h  the 
Mesozoic basement rock te r rane  and docked aga ins t  t h e  Ber ing ian 
margin by t he  l a t e  Eocene. I n  e i t h e r  case, i n i t i a t i o n  of subduction 
along t h e  A leu t ian  Arc a t  i t s  present p o s i t i o n  i s o l a t e d  t he  Kul a 
p l a te ,  which now f l o o r s  t he  A leu t ian  Basin (Scho l l  and others,  
1975; Cooper and others ,  1976). The Kula p l a t e  apparent ly  cont inued 
moving northwestward a f t e r  i t s  i s o l a t i o n  i n  the  l a t e  Eocene. 
Blanton (1977) postu la tes t h a t  t h i s  mot ion was a f u n c t i o n  o f  t he  
subducting Kul a p l a t e ' s  momentum and i t s  dens i t y  con t ras t  w i t h  the  
asthenosphere. This i n t e r p l a t e  mot ion and t he  r e s u l t i n g  s t resses 
caused t he  r a p i d  s t r u c t u r a l  downdropping o f  the  subbasins- Th is  
"event" may be marked by the  abrupt  change from an ou te r  n e r i t i c  
t o  an upper bathyal  environment i nd i ca ted  by changes i n  the  l a t e  
Eocene foramin i  f e r a l  faunas seen i n  t he  COST we1 1 . This 
pal  eobathymetric s h i f t  may be c o r r e l a t i v e  w i t h  t he  42-mil 1 ion-year 
event pos tu la ted  by Whi tney and Wallace (1984). By t h e  l a t e  
Oligocene, t he  Kula p l a t e  had reached a s t a t e  o f  s t a t i c  equ i l i b r ium.  
Synki nematic deposi ti on cont inued i n t o  t he  1 a t e  01 igocene. Normal 
f a u l t i n g  o f f s e t t i n g  the T e r t i a r y  f i l l  occurred along planes of 
weakness es tab l i shed  by the  shear couple (such as t he  f a u l t  zone 
1 ocated between the Pinnacle I s 1  and and Pervenets subbasi ns) . 

Paleocene and e a r l y  Eocene synkinernatic marine depos i t ion  took 
p l  ace i n  s t r u c t u r a l  l y  con t ro l 1  ed subbasi ns separated by growi ng 
basement r idges.  An isopach map o f  seismic sequence I V  suggests 
t h a t  t he re  may be several thousand f e e t  o f  sediment present  t h a t  
was der ived from adjacent basement highs dur ing hor i zon  D eros ional  
episodes ( f i g .  15).  The d iverg ing  r e f 1  ec t ions  o f  sequence I V  suggest 



constant  c l  a s t i c  depos i t ion  i n  r a p i d l y  subsiding subbasi ns. These 
s t r a t a  were i sol a ted from chronos t ra t ig raph ic  equiva l  ents i n  eastern 
S ibe r i a  by t he  o f fshore  Anadyr Ridge. 

Data from t h e  COST we l l  show t h a t  Cenozoic sedimentat ion 
w i t h i n  the th ree  subbasi ns consi  s ted o f  predominantly mari ne mudstone 
and s i l  tstone. Anoxic cond i t ions  preserved the abundant kerngen 
found i n  the  organic- r ich,  ou te r  n e r i  t i c  and upper bathyal  mudstones 
o f  zones E and F ( e a r l y  01 igocene and 1 a t e  t o  1  a t e  m i  ddl e  Eocene). 
These p o t e n t i a l  source rocks a re  d i s t r i b u t e d  throughout t he  Navarin 
Basln and may be several thousand f e e t  t h i c k  i n  the  subbasin centers. 
Local unconformi t i e s ,  such as the  unmapped Eocene( ? )  events a1 ong 
the  s h e l f  break, may have suppl ied some coarser gra ined sediment 
t o  the basement-high f l a n k  deposi ts  adjacent t o  these deepwater 
subbasins. A reg ional  regress ive event (hor i zon  C) i n  the  middle 
Oligocene exposed o lde r  T e r t i a r y  and Mesozoic basement highs t o  
wave-base erosion, which may have generated add i t i ona l  aprons o f  
coarser gra ined d e t r i t u s  along the  subbasin f lanks .  I n  both 
instances, the  coarse-grai  ned mater ia l  may have formed proximal 
t u r b i d i  t e  deposi ts  i n  the upper and middle bathyal  environment o f  
the  adjacent subbasins. These t u r b i d i t e  deposi ts  may be rese rvo i r s  
i n  hydrodynamic con tac t  w i t h  Eocene source rock. 

A t  t he  COST wel l  s i t e ,  the  environment "shoaled" from mlddle 
bathyal  t o  middle n e r i t i c  water depths dur ing 01 igocene time. 
Mudstone dominates t he  e a r l y  and l a t e  01 igocene sec t ion  beneath t h e  
diachronous hor izon 0 .  The arc-type mater i  a1 o f  the  Okhotsk-Chukotsk 
vo lcanic  be1 t and t he  metamorphic rock o f  the  miogeocl ina l  be1 t 
were the  probable source ter ranes f o r  most o f  the Oligocene sect ion. 

A sea l e v e l  drop dur ing t he  1 a t e  01 igocene (hor i zon  B) exposed 
l o c a l  subbasin highs t o  wave-base eros ion and reduced them t o  a 
common base l e v e l .  Loca l l y  sourced s h e l f  sands were then deposited, 
probably throughout much o f  t he  basin, by an areawide s h e l f  
deposi t ional  system which pe rs i s ted  i n t o  t h e  l a t e  Miocene. A t  t h e  
COST we1 1 , t h i s  depos i t ion  i s  r e f 1  ected by a predominantly sandstone 
sequencc. The lower ha1 f o f  t h i s  sandstone sec t ion  i s  a genera l l y  
regress ive sequence; the upper ha1 f i s  l a r g e l y  t ransgressive. The 
regress ive sequence conta ins t he  t h i c k e s t  and c leanest  p o t e n t i a l  
r e s e r v o i r  sands, which are considered t o  represent o f f shore  bar  deposits. 
These s h e l f  sands may grade i n t o  deeper water l i t h o f a c i e s  i n  the  
subbasin centers.  

The cessa t ion  o f  i n t e r p l a t e  mot ion i n i t i a t e d  a reg ional  
subsidence con t ro l  l e d  p r i m a r i l y  by c r u s t a l  coo l ing.  This subsidence 
was subsequent t o  the reg ional  degradat ion o f  hor izon B. Erosional  
t r unca t i on  o f  subbasin highs t o  a common base l e v e l  al lowed an 
areawide un i  f i c a t i o n  o f  the  t h ree  subbasi n  deposi t ional  systems. 

A t  t he  COST we1 1 , e a r l y  Miocene basal t i c  s i l l  s i n t r uded  t he  
nonmari ne, Late Cretaceous sect ion. This igneous a c t i v i t y  may 
be a t t r i b u t a b l e  t o  c rus ta l  t h i n n i n g  and deepening. 



A l a t e  Miocene angular unconformity (hor izon A )  i s  present 
i n  t he  northwest area o f  t he  basin. S t r a t a l  surfaces o l de r  than 
hor izon  A were u p l i f t e d  by shale d i a p i r i s m  and t runcated by t he  
e ros iona l  surface represented by hor izon A.  A t  t he  COST we1 1 , 
hor izon  A may represent a  depos i t iona l  h ia tus.  S i m i l a r i t i e s  
between COST we1 1 li tho1 ogi es and dredge samples i n d i c a t e  r e l a t i v e l y  
uniform, reg ional  depos i t ion  s ince  hor i zon  A time. A progradi  ng 
wedge o f  Miocene-Pliocene sediment along t h e  Pervenets Ridge, 
however, i nd i ca tes  a change i n  t h e  r a t e  o f  sea 1 eve1 r i s e  o r  o f  
basin subsidence s ince hor izon A time. 

Both detached growth f a u l t i n g  and basement-control 1  ed f a u l t i n g  
o f f s e t  s t r a t a  as young as Ple is tocene throughout t h e  margins o f  t he  
i n d i v i d u a l  subbasi ns. Many o f  these f a u l t s  are associated w i t h  
basement r idges  t h a t  have d isp layed cont inual  growth s ince t he  
e a r l y  Ter t ia ry .  



II. Petroleum Geology 



E x p l o r a t i o n  H is tory  

The e a r l i e s t  petroleum exp lo ra t i on  i n  s h e l f  basins o f  t he  
western Ber ing Sea was i n i t i a t e d  by t h e  Soviet  Union i n  1959 i n  
the  onshore por t ions  o f  t he  Anadyr and Khatyrka Basins (McLean, 
1979a). The Navarin Basin 1 i e s  south and west o f  these two basins 
( f i g .  3). The Anadyr and Navarin are both forearc basins f lanked 
by t h e  Okhotsk-Chukotsk vo lcanic  arc. Although t h e  basins are 
separate and s t r u c t u r a l l y  d i s t i n c t ,  t he  seismic v e l o c i t y  p r o f i l e  of 
each bas in  suggests t h a t  t h e i r  deposi t ional  h i s t o r i e s  were s i m i l a r  
(Marlow and others, 1981). Because t he  t h ree  basins a re  geographical ly 
c lose and geological  l y  s im i  1 ar ,  petroleum exp lo ra t i on  data from the  
Anadyr and Khatyrka Basins a re  useful i n  eva lua t ing  t h e  hydrocarbon 
po ten t i a l  o f  tire Ndvdrin Basin. 

Between 1963 and 1978 t h e  Soviet  Union d r i l l e d  over 30 onshore 
exp lo ra to ry  and s t r a t i g r a p h i c  t e s t  wel ls ,  most o f  them i n  t he  l a r g e r  
Anadyr Basin. Exp lo ra to ry  r e s u l t s  were discouraging, and both 
r e s e r v o i r  rock  d i s t r i b u t i o n  and t i m i n g  o f  t r a p  format ion appeared t o  
be major problems. Gas shows were repor ted i n  Miocene sandstones, 
and o i l  and gas shows were repor ted  i n  Eocene and Oligocene s t ra ta .  
One we1 1 produced excel l e n t  i n i t i a l  gas shows from a t  l e a s t  10 middle 
t o  upper Miocene sandstones w i t h  an aggregate th ickness o f  260 fee t .  
These sandstones had p o r o s i t i e s  over ZU percent and permeab i l i t i es  
from 92 t o  560 m i l  1 ida rc ies .  However, r ese rvo i r  pressures dec l ined 
r a p i d l y  w i t h  f u r t h e r  t es t i ng ,  which suggests t h a t  t h e  sandstones 
were small-volume, l e n t i c u l a r  bodies (McLean, 1979a). AlLhuuyh t he  
most prospect ive r e s e r v o i r  rocks were encountered i n  Cretaceous and 
upper t o  middle Miocene sandstones, t he  interbedded source shales 
contained most ly  gas-prone humic organic matter. The more o i  1 - 
prone Eocene, Oligocene, and lower  Miocene sect ions contained on l y  
t i g h t  sandstones (McLean, 1979a). 

Exp lo ra to ry  d r i  11 i ng s i  nce 1978 has y i e l  ded more encouraging 
resu l t s .  I n  1981 an o i l  d iscovery was reported. Th is  discovery, 
al though not  a commercial f i n d ,  s t imu la ted  f u r t h e r  d r i l l i n g .  To 
date, cmirrrercial accumulations o f  both o i l  and gas condensate have 
been repor ted from t h e  Anadyr lowlands o f  t h e  Anadyr Basin (O i l  and 
Gas Journal ,  1984). Spec i f i c  data on rese rvo i r  hor izons o r  f l o w  
vo l  umes were not  disclosed. 



P r i v a t e  i ndus t r y  has conducted seismic surveys i n  t he  Navarin 
Basin s ince 1971. From 1971 through 1984 i ndus t r y  c o l l e c t e d  a t o t a l  
of 90,653 t r a c k l i  ne m i les  o f  deep-penetration, mult ichannel  seismic 
r e f l e c t i o n  data. I n  addi t ion,  a t o t a l  o f  9,942 t r a c k l i n e  m i les  of 
single-channel , h igh- reso lu t  i on  seismic r e f l e c t i o n  data have been 
co l  l e c ted  by i ndus t r y  s ince 1982. There was a no t i ceab le  increase 
i n  seismic a c t i v i t y  lead ing  up t o  Sale 83, t h e  f i r s t  o i l  -and-gas 
lease sa le  i n  t h e  Navarin Basin. The r a p i d  increasc i n  seismic 
exp lo ra t ion  a c t i v i t y  between 1976 and 1983 r e f l e c t e d  t h e  petroleum 
i ndus t r y ' s  need f o r  adequate coverage over prospect ive areas i n  t he  
basin. 

Government and academic seismic surveys o f  t he  Navarin Basin 
have been conducted s ince t h e  mid-1960's. These reg iona l  framework 
surveys were most ly  uncoordinated reconnaissance-mapping e f f o r t s .  
The exact amount o f  data c o l  l e c ted  i s  unknown, but  i s  much less 
than t h a t  obtained by p r i v a t e  indus t ry .  

Dredge and g r a v i t y  core sampling along t he  Ber ing Sea 
con t inen ta l  slope west and southeast of t h e  Navarin Basin ( f rom 1977 
t o  1983) provided t he  o n l y  l i t h o l o g i c  da ta  before t he  d r i l l i n g  o f  
t h e  Navarin COST we1 1 i n  1983. Geological i n fo rmat ion  f rom t h e  
we1 1 , released by MMS s h o r t l y  a f t e r  Sale 83, represents t h e  f i  r s t  
nonpropr ie tary  subsurface data ava i l ab l e  from t h e  Navar in Basin 
(Turner and others, 1984). 

Jus t  before Sale 83, Car lson and Marlow (1984) repor ted a 
probable plume of gas escaping from t h e  sea f l o o r  i n  t he  nor thern 
Navari nsky subbasi n. The p l  ume was detected on h i  gh-resol u t i o n  
r e f l e c t i o n  records and i s  apparent ly  escaping f rom t h e  c res t  o f  an 
eroded shale d i  ap i  r. Numerous s h a l l  ow s c i  smic anomal i es i n  t h e  
nor thern h a l f  o f  t he  bas in  had p rev ious ly  been a t t r i b u t e d  t o  gas- 
charged sediment (Carl son and others, 1982), and l i g h t  a7 kanes and 
a1 kenes had been detected i n  sediment samples (Vogel and Kvenvol den, 
1981 ; Go1 an-Bac and Kvenvol den, 1984a, 1984b). However, t h e  pl ume, 
i f  composed o f  thermogenic gas, i s  t h e  f i r s t  evidence i n  t he  basin 
o f  hydrocarbons l eak i ng  from an an t i c1  i nal  s t r uc tu re  (Carl son and 
Marlow, 1984). 

Sale 83 was he ld  by t h e  MMS i n  A p r i l  1984. A t o t a l  o f  5,036 
lease b locks cover ing about 28 m i l l i o n  acres were of fered. Despite 
t h e  remoteness o f  t h e  area and t h e  water depths, 186 blocks cover ing 
about 1 m i l l i o n  acres rece ived $1.148 b i l l i o n  i n  t o t a l  b ids.  High 
b i ds  t o t a l e d  o v e r  $631 m i l l  i o n -  The h i g h e s t  b i d  was over $39 m i l  I i o n  
f o r  a b lock  on a l a rge  s t r u c t u r e  i n  t he  cen t ra l  p a r t  o f  t he  basin 
(approxi  mately 25 mi 1 es northwest o f  t h e  COST we1 1 ) . The f i r s t  
exp lo ra to ry  d r i l l i n g  i s  expected t o  take place i n  1985. 



G e o t h e r m a l  G r a d i e n t  

The geothermal g rad ien t  measured i n  t h e  COST we l l  has been 
used as an approximat i  on f o r  c a l c u l a t i o n s  and i n t e r p r e t a t i o n s  
throughout t h e  basin. Because t h i s  grad ient  i s  so important i n  
understanding t h e  petroleum p o t e n t i a l  o f  t h e  basin, t h e  d e r i v a t i o n  
i s  given i n  i t s  e n t i r e t y .  The geothermal grad ient  g r e a t l y  con t ro l s  
organic  maturat ion and several  temperature-dependent d i  agenet i c 
processes and genet ica l  1 y r e l a t e d  geophysical phenomena such as 
t h e  a l t e r a t i o n  o f  b iogenic  s i l i c a  and s m e c t i t i c  c l a y  ( f i g .  17). 
For i nstance, t he rma l l y  a c t i v a t e d  smecti t e  dehydrat ion i s  a c r i t i c a l  
f a c t o r  i n  t h e  t i m i n g  and a v a i l a b i l i t y  o f  water as a veh i c l e  f o r  
hydrocarbon migrat ion.  Smecti t e  d i  agenesi s i s  a1 so a c r i t i c a l  
f ac to r  i n  t h e  occurrence o t  abnormal fo rmat ion  pressure, which 
probably p lays a fundamental r o l e  i n  both t he  development o f  some 
p o t e n t i a l  t r a p s  and t h e  p reserva t ion  o r  enhancement o f  r e s e r v o i r  
q u a l i t y  w i t h  depth (Bruce, 1984; Surdam and others, 1984). The 
r e l a t i v e l y  shal low zone o f  b iogenic  s i l i c a  diagenesis may ac t  as a 
l o c a l  o r  reg iona l  sea l i ng  horizon. 

The thermal grad ient  f o r  t h e  Navari n Basin COST No. 1 we1 1 was 
determined by u s i  ng t h e  High Resol u t  i on Thermometer (HRT) 1 og, 
bottom ho le  temperatures (BHT) f rom t h e  logg ing  runs, and fo rmat ion  
f l u i d  temperatures f rom t h e  d r i l l  stem t e s t  (DST) and from t h e  Repeat 
Formation Tester (RFT) 1 og. True fo rmat i  on temperatures were 
est imated f rom each l ogg ing  run by  ex t r apo la t i ng  BHT measurements 
obtained f rom successive log  s u i t e s  t o  a sLdL i c  furlrldL iurl Lel~~ptlr-dLure. 

The a n a l y t i c a l  ex t r apo la t i on  technique cons is ts  o f  a l i n e a r  
regress ion app l ied  t o  t h e  s u i t e  o f  BHT measurements versus t h e  
1 ogar i  thm o f  t h e  expression: 

where f o r  each measurement, d t  = t ime  a f t e r  c i r c u l a t i o n  stopped 
(hours) and t = c i r c u l a t i n g  t ime (hours). The ex t r apo la t i on  o f  t h e  
obtained l i n e  t o  t h e  temperature reached when 

should de f ine  t r u e  s t a t i c  format ion temperature ( f i g .  18). 
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This  technique i s  based on t h e  observat ion t h a t  temperature 
r i s e  a f t e r  c i r c u l a t i o n  has stopped i s  s i m i l a r  t o  s t a t i c  pressure 
bu i ldup  and thus may be analyzed i n  a s i m i l a r  manner ( F e r t l  and 
Wichmann, 1977). I n  p rac t i ce ,  t h i s  technique y i e l d s  accurate 
est imates o f  t r u e  s t a t i c  format ion temperature except when 
c i r c u l a t i o n  t imes a re  i n  excess o f  24 hours. 

A f t e r  s t a t i c  RHT was c a l c t ~ l a t ~ d  from each logg ing  run, a p l o t  
o f  temperature versus depth was const ructed by us ing  a l l  ava i l ab l e  
temperature data ( f i g .  19). A f t e r  comparing t h e  var ious data and 
n o t i  ng t h e  c h a r a c t e r i s t i c s  of heat t r a n s f e r  between d r i l l  i ng f l u i d s  
and format ion l i t h o l o g y  and f l u i d s ,  i t  was determined t h a t  t h e  t r u e  
thermal grad ient  was best approximated by t h e  s t a t i c  BHT and DST 
data. 

The thermal grad ient  obtained from t h e  HRT l o g  i s  anomalously 
high. Th is  l o g  was run through t h e  cased sec t ion  o f  t h e  ho le  ( f rom 
t h e  sea f l o o r  t o  12,834 f ee t )  a f t e r  t o t a l  depth had been reached. 
D r i l l i n g  mud heated by  t h e  h i ghe r  temperatures a t  t h e  bottom o f  t h e  
ho le  was c i r c u l a t e d  past  t h e  we l l  cas ing s t r i n g  f o r  63 days before 
reaching t o t a l  depth. Th is  heat was r e a d i l y  conducted f rom t h e  mud 
through t h e  casing and heated t h e  upper borehole above t r u e  format ion 
temperature. Theo re t i ca l l y ,  t h i s  e f f e c t  should increase uphole and 
probably accounts f o r  t h e  progress ive divergence upward o f  t h e  HRT 
thermal grad lent  f rom t h e  est imated t r u e  geothermal gradi ent  i n 
f i g u r e  19. 

The RFT temperature data were a l so  found t o  be genera l l y  
unsa t i s f ac to r y  f o r  c a l c u l a t i n g  t h e  t r u e  geothermal gradient.  This 
i s  probably a f u n c t i o n  o f  t h e  smal l  amount o f  fo rmat ion  f l u i d  sampled 
i n  an RFT t e s t  and t h e  r e s u l t i n g  s u s c e p t i b i l i t y  o f  t h i s  t e s t  t o  near- 
borehol e thermal modi f icat ion.  RFT data were apparent ly  a f f ec ted  
by a process s i m i l a r  t o  t h e  one t h a t  affected t h e  HRT data; t h a t  i s ,  
t h e  heat t r a n s f e r  i n  t h e  upper sec t ions  o f  t h e  borehole was from t h e  
mud t o  t h e  format ion (warming t h e  formation), bu t  t h e  heat t r a n s f e r  
i n  t h e  lower sect ions o f  t h e  borehole was from t h e  format ion t o  t h e  
mud ( c h i l  li ng t h e  formation). This process of thermal mod i f i ca t i on  
liiay account fo r  t h e  s l i g h t  p o s i t i v e  uphole diver-gerrce o f  Lhe RFT 
temperatures i n  l ogg ing  run  1 f rom t h e  ca lcu la ted  t r u e  geothermal 
g rad ien t  . 

Thermal mod i f i ca t i on  a l s o  probably accounts f o r  t h e  low RFT 
temperatures obtained i n  runs 2 and 3. These low temperatures were 
obtained f rom r e l a t i v e l y  deeper sect ions o f  t h e  we l l  a t  t h e  t ime 
1 oggi ng runs 2 and 3 were recorded and a re  due t o  t h e  r e l a t i v e l y  
cool  c i r c u l a t i n g  mud c h i l  1 i ng t h e  format ion adjacent t o  t he  borehol e. 
RFT temperatures i n  t h e  extens i  ve ly  sampl ed sandy i n t e r v a l  from 
5,000 t o  7,000 f e e t  approxi  mate t h e  f 1 owl i ne mud temperatures 
recorded du r i ng  d r i l l i n g .  This suggests thermal e q u i l i b r a t i o n  
( coo l i ng )  o f  t h e  fo rmat ion  w i t h  t h e  w e l l  bore through contact  w i t h  
t h e  r e l a t i v e l y  cool c i r c u l a t i  ng mud. RFT temperatures i n  t h i s  sandy 



T equals circulating time in hours and 

dT equals elapsed time after circulation stopped. 
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i n t e r v a l  a re  f a r t h e r  displaced from the  ca lcu la ted  yeult~er-11m1 
gradient than those measured i n  t h e  under ly ing mudstone i n t e r v a l  
(7,000 t o  10,300 f ee t ) .  This i s  probably due t o  t he  i nhe ren t l y  
greater thermal  conduct i v i t i c s  o f  t h e  sandstones. 

The s i ng le  DST temperature was assumed t o  represent i n  s i t u  
formatinn temperature because t h e  DST ext racted a l a rge  volume (55 
ba r re l s )  of format ion f l u i d  and thus sampled f l u i d  a s u f f i c i e n t  
d istance from the  borehole. The DST temperature f a l l s  very c lose 
t o  t h e  geothermal grad ient  ca lcu la ted  from t h e  BHT data. 

L inear  regression ( l e a s t  squares) was appl ied t o  t he  s t a t i c  
BHT and DST data t o  determine t he  average geothermal gradient shown 
i n  f i g u r e  19. Th is  y ie lded  a gradient o f  1.78 O F  per 100 fee t  from 
t o t a l  depth (16,400 f e e t )  t o  about 3,800 fee t .  Above 3,800 fee t ,  
t h e  gradient i s  h igher  and i s  est imated t o  be 2.5 O F  per 100 feet ,  
on t h e  bas is  o f  an assumed sea- f loor  temperature o f  40 O F .  This 
h igher  gradient i s  a t t r i b u t e d  t o  t h e  change i n  l i t h o l o g y  and degree 
o f  compaction a t  3,800 f e e t  . The unconsol idated, undercompacted 
diatomaceous sediments above 3,800 f ee t  appear t o  be overpressured 
(Sherwood, 1984) and have an excessively h igh f l u i d  content. 
Because o f  t he  overpressur ing and because water has a lower thermal 
conduc t i v i t y  than sediment, t h i s  i n t e r v a l  has a lower average 
thermal conducLi v i Ly than t h e  more compacted rocks be1 ow 3,800 
feet .  Th is  e f f e c t  has apparent ly  produced t he  c h a r a c t e r i s t i c  
h igher  geothermal gradient observed i n  t h e  we1 1. 



O r g a n i c  G e o c h e m i s t r y ,  S o u r c e  R a c k s ,  

a n d  T h e r m a l  M a t u r i t y  

Geochemical sampling programs have been conducted i n  t h e  
Navarin Basin s ince about 1977. Most o f  these s tud ies  were 
performed by t h e  petroleum i ndus t r y  and a re  p ropr ie ta ry .  Since 
1980 t he  USGS has exh ib i t ed  a mounting i n t e r e s t  i n  t h e  occurrence 
o f  hydrocarbon gases i n  t h e  Ber ing Sea s h e l f  province (Car l  son and 
others, 1985; Carl  son and Marl ow, 1984; Go1 an-Bac and Kvenvolden, 
1984a, 1984b; Vogel and Kvenvol den, 1981 ; Kvenvol den and Redden, 
1980). De ta i led  subsurface organic-geochemical analyses. thermal 
matur i  ty, source rock po ten t i  a1 , and temperature observat ions 
became a v a i l a b l e  w i t h  t h e  d r i l l  i n g  o f  t h e  f i r s t  Navarin Basin COST 
we l l  i n  1983 (Turner and others,  1984). 

SOURCE ROCK POTENTIAL 

The COST we1 1 penetrated t h ree  i n t e r v a l s  w i t h  source rock 
po ten t i a l :  t he  Late Cretaceous i n t e r v a l ,  t h e  Eocene-early Oligocene 
i n t e r v a l  . and t h e  l a t e  01 igocene i n t e r v a l  - Geochemical data  from 
the  we l l  showing organic r ichness and source p o t e n t i a l  are presented 
i n  p l a t e  2 and f i g u r e s  20 and 21. 

La te  Cretaceous I n t e r v a l  

The deepest po ten t i  a1 source rock i n t e r v a l  occurs between 
15,300 and 16,400 f e e t  I n  t he  COST we l l  (lithologic zone I ,  p l .  1). 
It i s  a Late Cretaceous sequence o f  c laystone, s i l t s t o n e ,  mudstone, 
and t u f f  deposi ted i n  i n n e r  n e r i t i c  t o  upper bathyal  marine 
environments. The t o t a l  organic carbon content (TOC) i s  low, 
genera l l y  around 0.5 percent. A few c u t t i n g s  samples y i e l ded  
h igher  TOC values, but  these appear t o  be due t o  coal  contamination 
f rom ove r l y i ng  horizons. Cores 19 and 20 were cu t  f rom t h i s  i n t e r v a l  
Core 19 conta ins modest amounts o f  CIS+ hydrocarbons and p l o t s  
between t h e  gray shales and carbonates on f i g u r e  21. It i s  a 
c l a s t i c  sediment con ta in ing  l a r g e l y  v i t r i n i t i c  kerogen ( p l  . 2). It 
i s  very mature. Random v i t r i n i t e  r e f l ec tance  (Ro) i s  i n  excess o f  
1.3 percent. 

Th is  i n t e r v a l  i s  no t  a 1 i k e l y  source rock a t  t h e  COST we1 1. 
The deposi t ion o f  a more hydrogen-rich kerogen p lus a f o r t u i t o u s  



f ac i es  change t h a t  preserved more organic carbon would be necessary 
f o r  these rocks t o  c o n s t i t u t e  source mate r ia l  a t  t h i s  loca t ion .  
Although t h i s  hor izon does occur w i t h i n  the wet-gas generat ive zone 
i n  the COST we l l ,  t he  m ig ra t ion  o f  hydrocarbons t o  a coo le r  environment 
would probably be necessary t o  ensure t h e i  r p reserva t ion  e l  sewhere 
i n  the basin. 

Eocene-Early 01 igocene I n t e r v a l  

The most favorab le  1 i t h o l  ogy w i t h  source rock po ten t i  a1 occurs 
between approximately 11,700 and 12,780 f e e t  ( 1  i tho log i c  zone F and 
the  lower p a r t  o f  zone E l .  These e a r l y  01 igocene t o  Eocene rocks 
cons i s t  o f  gray c laystone and o rgan ic - r i ch  c laystone w i t h  l o c a l  
1 imestone lenses and c a l c i t e - f i l  l e d  f rac tu res .  The sequence was 
deposited i n  outer  n e r i  t i c  t o  middle bathyal  environments. The base 
o f  t h i s  sec t ion  i s  marked by an angular unconformity which separates 
i t  from coal -bearing, nonmari ne sediments o f  C re ta~eous  age. The 
poss ib le  unconfomi  t y  a t  the  top  o f  t he  Eocene l i t h o l o g y  i s  marked 
by a decrease i n  the  wetness o f  the l i g h t  hydrocarbons, a decrease 
i n  the content  o f  C15+ hydrocarbons and bitumen, and a b r i e f  increase 
i n  t he  v i t r i n i t e  content  o f  c u t t i n g s  samples. There i s  no apparent 
change i n  TOC o r  i n  t he  response o f  p y r o l y s i s  analyses o f  kerogen. 
Toth l  organic carbon content  i n  t h i s  sec t ion  i s  genera l l y  between 
1.0 and 2.0 percent  from a mix tu re  o f  types I1 and 111 kerogen. 
The sum o f  amorphous p l us  e x i n i  t i c  kerogens i s  genera l l y  g rea te r  
than 65 percent ( p l  . 2) .  

Core 14 (12,715 t o  12,743 f e e t )  has organic carbon contents 
t h a t  range from 1.31 t o  1.89 percent. Hydrogen ind ices  from t h i s  
core a re  between 286 and 362 mi l l i g rams  o f  hydrocarbons per gram o f  
organic carbon, which when p l o t t e d  on a mod i f ied  Van Krevelen 
diagram i n  the  con tex t  o f  t he  r e s t  o f  the  geochemistry, i n d i c a t e  a 
type 11 kerogen ( f i g ,  201. The amount o f  C15+ ex t rac tab le  hydrocarbons 
from t h i s  core sample approaches t h e  amount observed i n  known 
rese rvo i r  rocks ( f i g .  211, which combined w i t h  t he  low oxygen 
i nd i ces  might  i n d i c a t e  contamination. 

Th is  e a r l y  01 igocene t o  Eocene l i t h o l o g y  i n  the  COST w e l l  fa1 1s 
w i t h i n  the catagenet ic  zone, as def ined by Hunt (1979) and T i sso t  
and We1 t e  ( 1984 ) , where mic rob i  a1 a c t i v i t y  ceases and increased 
temperatures promote the  thermal l y  d r i ven  reac t ions  respons ib le  f o r  
the  format ion o f  petroleum. Random v i  tri n i  t e  r e f 1  ectance (Ro) 
reaches 0.6 percent a t  approximately 9,400 f e e t  and 1.3 percent by 
about 15,000 f ee t .  Abnormal 1 y h i gh  pore pressures occur between 
9,430 and 15,300 feet ,  which cou ld  f a c i l i t a t e  the l i b e r a t i o n  o f  
hydrocarbons from these sediments. 

Late 01 i gocene I n t e r v a l  

The t h i r d  zone which cou ld  con ta in  source rocks extends from 
about 7,400 t o  11,700 f e e t  ( 1  i t h o l  og ic  zones D-1 , D-2, and t he  
upper p a r t  o f  E ) .  These sediments a re  composed l a r g e l y  o f  sandy 
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FIGURE 2a Modified Van Krevelen diagram from conventional cores, COST No. 1 well. 



mudstone, f i  ne-grained muddy sandstone, and c l  aystone, w i  t h  r a r e  
lenses o f  s i l t s t o n e  and sandy carbonate. The sec t ion  was deposi ted 
i n  environments t h a t  ranged from ou te r  n e r i t i c  t o  middle bathyal .  
The t o t a l  organic carbon content  i s  re1 a t i v e l y  low, ranging from 
l e s s  than 0.5 t o  j u s t  under 1.0 percent. Re la t i ve  amounts o f  
sapropel i c  kerogen exceed 65 percent i n  i sol ated instances. The 
hydrogen index peaks j u s t  above 200 m i l l i g rams  o f  hydrocarbons per  
gram o f  TOC i n  a s i m i l a r l y  sporadic manner ( p l  . 2). On t he  mod i f ied  
Van Krevelen diagram ( f i g .  201, data from t h i s  i n t e r v a l  appear t o  
be d i s t r i b u t e d  between type I1 and type I 1 1  kerogen. A1 1 o f  t h i s  
suggests an in te rn ing1  i n g  of kerogen from both marine and t e r r e s t r i a l  
sources. Except f o r  t he  bottom o f  t he  i n t e r v a l ,  these sediments 
a re  immature, en te r i ng  the  catagenet ic stage a t  about 9,400 f ee t .  
A1 though the  source p o t e n t i a l  o f  t h i  s 1 i t h o l  og ic  sequence i s 1 i m i  t e d  
a t  t h i s  l oca t i on ,  i t  i s  o rgan i ca l l y  r i c h  enough and s u f f i c i e n t l y  
mature t o  produce hydrocarbons w i t h  on ly  a modest f ac i es  change and 
s l  i g h t l y  g rea te r  depths o f  b u r i  a1 . This  1 i t h o l  ogy may, therefore,  
c o n s t i t u t e  source rock elsewhere i n  t h e  Navarin Basin. 

I n  summary, the  most promising source rocks seen i n  the COST 
wel l  occur between seismic hor izons B and D, a t  approximately 7,400 
and 12,700 fee t ,  r espec t i ve l y  ( l i t h o l o g i c  zones D-1, D-2, E, and F).  
The r i c h e s t  organic  mater ia l  i s immediately above t he  Cretaceous- 
T e r t i a r y  unconformity w i t h i n  1 i tholugic  zone F and the  lower 80 
f e e t  o f  1 i t h o l  og ic  zone E. 

The COST we l l  i s  s i t u a t e d  on t he  eastern edge o f  t he  Navarin 
Basin, and se i  smical l y  recognized 1 i t h o l  og ic  sequences th icken  i n  
near ly  every d i r e c t i o n  away from the we l l .  It i s  poss ib le ,  therefore,  
t h a t  the t o t a l  th ickness o f  p o t e n t i a l  source beds a1 so increases 
away from the  we l l .  Although the e f f e c t s  o f  fac ies changes are as 
y e t  unknown, i t  i s  poss ib le  t o  est imate t he  e f f e c t  t he  geometry o f  
the sedimentary bas in  may have upon the  r e l a t i v e  l e v e l  o f  m a t u r i t y  
o f  a given 1 i tho locy  if c e r t a i n  assumptions a re  made. 

THERMAL MATURITY 

Various models have been developed t o  p r e d i c t  t h e  re1 a t i v e  1 eve1 
o f  thermal ma tu r i t y  o f  organic  mater ia l  w i t h i n  bu r i ed  sediments i n  
response t o  t he  thermal gradient.  Lopat i  n (1971 ) suggested a method 
f o r  apply ing the  Arrhenius equat ion t o  ca l cu la te  a c o e f f i c i e n t  he 
c a l l e d  the time-temperature index (TTI) ,  which serves as a measure 
o f  thermal matur i t y ,  corresponding t o  random v i  t r i n i  t e  r e f 1  ectance 
(Ro) o r  Stapl i n ' s  thermal a1 t e r a t i o n  index (TAI). This model has 
r e c e n t l y  been success fu l l y  used by a number of authors  because o f  
i t s  fl ex i  b i l  i ty i n  s i t u a t i o n s  where bo th  the  quan t i t y  and qua1 i t y  
o f  a v a i l a b l e  data a re  n o t  completely adequate ( Z i e g l a r  and Spotts, 
1978; Macmillan, 1980; Magoon and Claypool, 1983; I s s l e r ,  1984). 
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I t  can be demonstrated f rom t h e  Arrhenius equat ion  t h a t  t h e  r a t e  
o f  a chemical r e a c t i o n  doubles f o r  every 10 "C i nc rease i n  temperature 
i f  t h e  a c t i v a t i o n  energy and t h e  temperature o f  t h e  r e a c t i o n  a re  
r e l a t i v e l y  low (T i sso t  and Welte, 1984). Upon b u r i  a1 , sediments 
become p rog ress i ve l y  h o t t e r ,  and one can, t he re fo re ,  c a l c u l a t e  an 
i n t e r v a l  m a t u r i t y  by  m u l t i p l y i n g  t h e  t i m e  of residence A T  i n  a 
tern e r a t u r e  i n t e r v a l  o f  10 "C by a f a c t o r  of Zn, which changes t o  P 2n+ , 2ni*.. .2nmax every 10 "C. Lopat in  a r b i t r a r i l y  assigned a 
value o f  0 t o  n f o r  t h e  temperature i n t e r v a l  f rom 100 t o  110 "C. 
The t o t a l  sum o f  t h e  i n t e r v a l  m a t u r i t i e s  i s  termed t h e  t ime-temperature 
index, o r  TTI. 

T i s s o t  and Welte (1984) f e e l  t h a t  t h i s  model does no t  adequately 
take  i n t o  account t h e  consequences o f  t h e  h ighe r  temperatures and 
grea te r  a c t i v a t i o n  energies t h a t  a re  be1 ieved t o  be i nvo lved  a f t e r  
t h e  peak o f  o i l  generat ion has been reached, where thermal c rack ing  
becomes t h e  predominant reac t i on .  However, unce r ta i  n t  i es i n f r o n t i e r  
areas rega rd i  ng temperature gradients,  t h e  absolute ages o f  sediments, 
t h e  composi t ion o f  organic ma te r ia l ,  t h e  t i m i n g  and amount o f  
t e c t o n i c  a c t i v i t y ,  and t h e  p o s s i b i l i t y  t h a t  temperature grad ients  
have changed through t i m e  probab ly  represent  much more fo rmidab le  
problems than chemical k i n e t i c s .  Frequent ly ,  f o r  example, t h e r e  i s  
no adequate d r i l l  i n g  h i s t o r y  f rom which a c o r r e c t i o n  can be computed 
f o r  raw temperature data taken f rom a d r i l l  hole, and o f t e n  o n l y  a 
s i n g l e  bot tom ho le  observat ion  i s  avai 1 able, n e c e s s i t a t i n g  a rough 
es t imate  o f  t h e  sur face temperature and t h e  consequent temperature 
y rad i  ent . 

Desp i te  these d i f f i c u l t i e s ,  Waples (1980) c o r r e l a t e d  TTI values 
w i t h  Ro values us ing  several  r e a c t i o n  r a t e s  f o r  402 samples f rom 31 
we1 1s worldwide. He concluded t h a t  t h e  2n f a c t o r  o r i g i n a l l y  proposed 
by Lopat i  n was s a t i s f a c t o r y .  I s s l e r  (1984) c o r r e l a t e d  T T I  values 
and Ro measurements f rom o f f s h o r e  eastern  Canada and compared them 
w i t h  Waples' values. These TTI values and Ro measurements f e l l  
w i t h i n  t h e  s t a t i s t i c a l  v a r i a t i o n  o f  Waples' data. The TTI and 
analogous Ro values f rom t h e  Navar in Basin a l s o  f a l l  w i t h i n  these 
l i m i t s .  

To apply t h e  Lopa t in  model, i t  i s  necessary t o  recons t ruc t  t h e  
depos i t iona l  and t e c t o n i c  h i s t o r y  f o r  t h e  sediments be ing studied. 
Th is  has been done f o r  seismic hor izons A, B, C, and D, p lus  a 
hypo the t i ca l  Cretaceous ho r i zon  K, a t  t h e  COST we1 1 ( p l  . 3). 
These hor izons were se lec ted because they  represent  t h e  boundaries 
o f  seismic sequences t h a t  a re  reg iona l  l y  t raceab le .  Hor izon K, 
w i t h i n  t h e  Mesozoic "basement ," has been inc luded i n  o rde r  t o  
p r o j e c t  TTI  values t o  g rea te r  depths and t o  f a c i l i t a t e  an est imate 
o f  t h e  maximum amount o f  e ros ion  a t  t h e  Cretaceous-Tert iary 



unconformi ty  t h a t  w i  11 s a t i s f y  the  thermal cons t ra i n t s  imposed by 
t he  model. Approximate ages ( i n  m i l l  i ons  o f  years before present)  
and depths f o r  the seismic hor izons a re  g iven i n  t a b l e  2. 

Table 2. Depths and absolute ages o f  seismic hor izons i n  t he  
Navarin Basin COST No. 1 we l l  used i n  Lopa t in  computation. 

Horl  zon Depth Age 
( f e e t )  (m..~. 

Wapl es (1  984) considers the  g rea tes t  source o f  e r r o r  i n  t ime- 
temperature model i ng t o  be poor temperature data. Because d r i  11 i ng 
f l u i d s  a1 t e r  the ambient rock temperature, a c o r r e c t i o n  must be made 
f o r  observed temperature measurements. Rottom ho le  temperatures 
taken a t  the end o f  each d r i l l  i n g  run were cor rec ted  us ing a method 
by F e r t l  and Wichmann (1977) which y i e l d e d  a temperature g rad ien t  o f  
1.78 OF per  100 f e e t  (0.989 O C  per  100 f e e t )  below 3,800 fee t .  This 
g rad ien t  agrees favorably  w i t h  a d r i l l  stem t e s t ,  several observat ions 
from the  repeat  format ion t es te r ,  and temperature est imates from 
probable s i l  i c a  phase changes. Above 3,800 fee t ,  t he  temperature 
g rad ien t  i s  c u r v i l i n e a r  and i n d i v i d u a l  measurements a re  e r r a t i c ,  
probably due t o  inhomogeneit ies i n  the  uncompacted sediments. A 
reasonable est imate o f  average sediment temperature near the sea 
f l o o r  i s  40 OF. However, conjectures concerning t he  temperatures 
a t  l e s s  than 3,800 f e e t  a re  r a t h e r  academic, because these 
temperatures are no greater  than about 50 OC, w i t h  t he  r e s u l t  
t h a t  2n i s  less than 0.03. a value which y i e l d s  TTI values l e s s  
than 0.05 i n  the COST we l l .  For t he  Lopat in  model used t o  est imate 
l e v e l s  o f  thermal ma tu r i t y  i n  t h e  Navarin Basin, i t  i s  assumed t h a t  
the temperature g rad ien t  i s  constant throughout t he  bas in  and t h a t  
i t  has n o t  changed apprec iab ly  f o r  t he  l a s t  70 m i l l i o n  years. This 
assumption produces TTI values t h a t  agree favorably  w i t h  Ro values 
worldwide (Maples, 1980) and w i t h  observat ions from the  COST we1 1 
( f i g .  22). 

The main zone o f  o i l  generation, a1 so termed the  o i l  generat ion 
window, has been i d e n t i f i e d  by var ious authors us ing random v i  t r i n i  t e  
r e f l ec tance  (Ro) ( t a b l e  3) .  

Table 3. R, values f o r  the o i l  generat ion zone. 

Author Ro Range 

Dow, 1977 0.6 t o  1.35% 
Hunt, 1979 0.6 t o  1.35% 
T i sso t  and Welte, 1984 0.5 t o  0.7% < Ro < ca. 1.3% 



FIGURE 2 2  Correlation of Ro and present-day TTI values for 

COST No. 1 well. 



Although t h e  l i m i t s  f o r  t h e  o i l  generat ion zone vary s l i g h t l y ,  
t he re  i s  good general agreement t h a t  t h e  lower th resho ld  i s  about 
0.5 t o  0.6 percent, o r  perhaps s l i g h t l y  lower i f  c e r t a i n  l e s s  common 
kerogens a re  present (Snowdon and Powell, 1982). The upper l i m i t  
o f  t he  o i l  generat ion window i s  genera l l y  considered t o  be about 
1.3 o r  1.35 percent. 

From an Ro o f  about 1.3 t u  2.0 percent, lhe generally recognized 
upper l i m i t  o f  t h e  catagenet ic  zone, l i q u i d  hydrocarbons d e t e r i o r a t e  t o  
gaseous hydrocarbons a t  a s i g n i f i c a n t  ra te .  Wet gas occurs i n  t h i s  
range i f  the unaltered kerogens originally possessed sufficient 
hydrogen. 

When Ro values exceed 2.0 percent,  on ly  d r y  gas can be an t i c ipa ted .  
It has not  been p r e c i s e l y  es tab l i shed  t o  what depths d r y  gas can occur, 
bu t  t he  amount o f  methane and o ther  l i g h t  hydrocarbons present i n  
f ine-gra ined source rocks decreases t o  low values i n  deep, high- 
temperature (>ZOO "C) sediments. No economic accumulation of 
gas has been found a t  depths g rea te r  than about 27,000 f e e t  (Hunt, 
1984). 

Lopat i  n (1971 ) o r i  g i  nal  l y  proposed t h a t  s p e c i f i c  TTI values 
correspond t o  t h e  var ious stages i n  t h e  process of  hydrocarbon 
generation. W a p l ~ s  (1980, 1984) mod i f ied  these th resho ld  values. 
Table 4 i s  a compi la t ion o f  some o f  Waples' (1984) computations from 
worldwide geologic recons t ruc t ions  p l us  several TTI values f rom t h e  
Navari n Basin. 

Although t he re  a re  minor discrepancies between t h e  data sets, 
they  do not  appear t o  be ser ious, given the  normal v a r i a t i o n  i n  such 
co r re l  a t ions.  Waples (1980) suggested that th i s  scatter was due t o  
e r r o r  i n  Ro measurements and i n  t h e  geologic models used t o  compute 
TTI values, as we l l  as t o  unce r ta i n t i es  about t h e  t r u e  th resho ld  f o r  
oil generation. 

Seismic data were used t o  cons t ruc t  deposi t ional  - t ec ton i c  models 
f o r  nea r l y  100 s i t e s  across t h e  Navarin Basin. Lopat in 's  TTI values 
were then computed by us ing  t h e  temperature grad ient  observed i n  t h e  
COST we l l .  The r e l a t i o n s h i p s  l i s t e d  i n  t a b l e  4 were used t o  i n t e r p r e t  
t h e  TTI values. Because t h e  most favorable p o t e n t i a l  source rock 
encountered occurs between seismic hor izons C and D, t he  r e l a t i v e  
l e v e l s  o f  ma tu r i t y  were contoured on these hor izons and t he  catagenet ic 
zone was mapped on each o f  them. It should be understood t h a t  
these seismic "horizons" are actually complex surfaces, generally 
concave upward, not para1 l e l  t o  t h e  surface, and probably not  
s t r i c t l y  synchronous i n  t ime, al though t h a t  assumption i s  i m p l i c i t  
for th i s  model.  The r e s u l t s  a re  p l o t t e d  on f i g u r e s  23 and 24. 
F igure 25 shows t h e  r e l a t i o n s h i p  o f  t he  seismic hor izons t o  t h e  
pred ic ted catagenet i c  zone i n  cross section. 
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Table 4. Relat ionship o f  TTI values t o  hydrocarbon generation. 
Adapted from Wapl es ( 1984). 

TT I Ro ( % )  Ro ( % )  Stages o f  Hydrocarbon 
Navari n Basin Generation 

Wapl es, 1984 COST We1 1 

Condensate From 
Resi n i  t e  

From Sulphur-Rich Kerogen 

34 0.9 oJ: Peak 

--170 ............................. 1.3 ----- ....................... 
Late 

--I 80 -------- 1-35  ................................................. 
Wet Gas 

-900* 2.0 2 .OX 
Dry Gas 

*Extrapolated values. 

I t  i s  impor tant  t o  recognize t h a t  these maps and diagrams 
cannot be taken completely 1 i t e r a l  l y .  Tectonic a c t i v i t y  coul  d 
i ntroduce unce r ta i n t i es  i n  some instances. Faul ten rocks t h a t  have 
dropped r e l a t i v e  t o  the surface o f  the  ea r th  have probably adjusted 
t o  the  increased temperature o f  t h e i r  new environments, b u t  b locks 
t h a t  have moved upward almost c e r t a i n l y  have ca l cu la ted  TTI values t h a t  
a re  too  low t o  be represen ta t i ve  o f  the  t r u e  thermal matur i t -y o f  the  
sediments. For t h i s  reason the  cross sect ions were drawn para1 l e l  t o  
reg ional  s t r uc tu re  on the  downthrown s ide  o f  f a u l t e d  blocks. This 
deficiency does n o t  seriously reduce the a p p l i c a b i l i t y  o f  t he  model 
a t  t he  sca le  o f  these i l l u s t r a t i o n s .  I f  the  parameters used t o  
cons t ruc t  t he  model were reasonably accurate, most e r ro r ,  when i t  
occurs, w i l l  simply l ead  t o  an eva lua t ion  o f  thermal ma tu r i t y  t h a t  
i s  s l i g h t l y  low. A f u r t h e r  cons idera t ion  i s  t h a t  seismic hor izons 
A, 0 ,  and poss ib ly  C represent unconformable surfaces r e f l e c t i n g  
both reg iona l  and 1 ocal t ec ton i  sm and perhaps some worl dwide eus ta t i  c 
events. There i s another possi  b l  e unconformi ty between the  Eocene 
and the 01 igocene a t  t he  we l l  and several  unmapped unconformi t i e s  



COST NO. I A' 

TTI VALUES Ro  VALUES 
(CALCULATED) (COST NO. I WELL) INTERPRETATION SYMBOLS 

TTI < 4 Ro < 0.6% IMMATURE 0 
4 s T T I < 1 7 0  0 .6%SRg<1.3% OIL fpJ 

I 7 0 S T T I  < 9 0 0  1.3%SRO<2.0% WET GAS 

9 0 0  S TTI 2.0% 5 R,, DRY GAS n 

F I G U R E  25. Cross  s e c t i o n s  d e p i c t i n g  t h e  r e l a t i o n s h i p  of  t h e  s e i s m i c  
hor i zons  t o  t h e r m a l  m a t u r i t y  p r e d i c t e d  b y  a p r e l i m i n a r y  L o p a t i n  
model .  L o c a t i o n s  o f  t h e  c r o s s  s e c t i o n s  a r e  shown on F igures  23  a n d  24. 



w i t h i n  t h e  Eocene elsewhere i n  t h e  basin. For  s i m p l i c i t y ' s  sake, 
as we l l  as f o r  l a ck  o f  data, these added complexi t ies were not taken 
i n t o  cons iderat ion dur ing  t he  cons t ruc t ion  o f  t h e  model. Pre l iminary  
ca l cu l a t i ons  w i th  hypothet ica l  nondeposi t i o n a l  periods o r  periods o f  
minor u p l i f t  suggest t h a t  a t  t h e  depths a t  which these seismic 
horizons were bur ied du r i ng  t he  events, the  con t r i bu t i on  t o  o r  
change i n  t he  TTI values would be n e g l i g i b l e  a t  t h e  COST we1 1. 

The maps i n d i c a t e  t h a t  s i g n i f i c a n t  volumes o f  po ten t i a l  source 
rock occur w i t h i n  t h e  cu r ren t  o i l  generat ion window. Rocks w i t h i n  
t he  dry-gas zone were a t  one t ime  w i t h i n  t he  o i l  generat ion window, 
and i f  these rocks generated o i l  which escaped from deep, ho t  areas 
as t he  basin subsided, some of i t  may a lso  have been preserved. To 
date, no exp lo ra to ry  d r i l l i n g  has occurred i n  t h e  Navarin Basin, bu t  
several 1 i nes o f  evidence imply  t h a t  hydrocarbons have been generated. 
Th is  evidence f a l l s  i n t o  t h ree  general categor ies:  data from t h e  COST 
we1 1 , surface samples , and seismic evidence. 

EVIDENCE SUGGESTING THE GENERATION OF PETROLEUM 

increases f rom near 0 a t  6,000 f ee t  t o  91 pr&-cent a t  gboutTl 1,910 
fee t ,  and remains h i gh  down t o  t h e  Cretaceous-Tert iary unconformi t y  
a t  12,780 f ee t  (p l .  3). Between 12,440 and 12,780 fee t ,  solvent 
cu ts  described on t h e  mud l o g  exh ib i t ed  " d u l l  brown t o  go ld  
f l ~ ~ o r ~ s c e n c ~  w i t h  slow t o  moderate, d u l l  t o  z t rong ye l low c l~ ts . "  
I n  conventional core 14 (12,715 t o  12,743 f e e t ) ,  t h e  C15+ 
bitumen content i s  abnormally h igh,  i n  excess o f  200 mi l l i g rams 
per gram o f  organic carbon ( f i g .  21 and p l  . 3),  a value h i gh  enough 
t o  have been caused by  nonindigenous hydrocarbons (T isso t  and Welte, 
1984). The Cis+ hydrocarbon content o f  t h i s  core ( f i g .  21) i s  near l y  
as h i gh  as t h a t  observed i n  hydrocarbon reservo i rs  (Hunt, 1979). 

The USGS conducted th ree  c ru ises  t o  study t h e  Navarin Basin from 
1980 t o  1981 (Carlson and others,  1985). Grav i t y  cores were taken 
a t  141 s i t e s  f rom a l l  regions o f  t he  basin, bu t  most emphasis was 
placed upon t h e  she l f ,  where water depths are l ess  than about 500 
feet .  The authors o f  t h i s  study used t he  r a t i o s  o f  methane t o  
ethane p lus  propane (C1/C2+C3) and o f  ethane t o  ethene (C2/C2=), as 
described by Bernard and others  (1977), t o  d isc r im ina te  between t h e  
probable sources o f  t h e  gas mixture,  t h a t  i s ,  a thermogenic versus 
a biogenic o r i g i n .  No carbon isotope r a t i o s  were measured because 
of t h e  volume o f  gas needed f o r  t h i s  k ind  o f  ana lys is  and because 
o f  poss ib le  i s o t o p i c  f r a c t i o n a t i o n  i n near-surface sediments (Ke i th  
Kvenvol den, o ra l  c m u n . ,  1985). Seventeen o f  t h e  g r a v i t y  cores had 
hydrocarbon gas compositions t h a t  suggest t he  presence o f  therrnogenic 
gas, although t h i s  i n t e r p r e t a t i o n  i s ,  i n  t h e  words o f  Kvenvolden, 
"somewhat equivocal ." These cores were obtained 1 a rge ly  from slope 
sediments h e r e  water depths a re  greater  than 500 feet. The approximate 



surface l oca t i ons  o f  these anomalous samples are given on f i gu res  
23 and 24, although bo th  diagrams dep ic t  subsurface features. 

Seismic anomalies i n  t h i s  study d i d  no t  c o r r e l a t e  we l l  w i t h  
hydrocarbon anomalies from core samples . Thi s d i  screpancy was 
a t t r i b u t e d  t o  t h e  shal low penet ra t ion  o f  t h e  g r a v i t y  co re r  and 
poss ib ly  t o  t h e  e r r a t i c  nature o f  t h e  gas d i s t r i b u t i o n  i n  t h e  
sediments. The most s i g n i f i c a n t  seismic anomaly was repor ted as a 
gas plume loca ted  a t  l a t  61'37' N. and l ong  177O10' W. (Carlson and 
Marl ow, 1984). This anomaly was i d e n t i f i e d  on h i  gh-resol u t i o n  
r e f l e c t i o n  records a f t e r  t h e  l a s t  USCS c ru ise  and was not  sampled 
f o r  chemical analysis.  The l o c a t i o n  o f  t he  gas plume i s  a l so  shown 
on f i g u r e s  23 and 24. 

Favorable po ten t i a l  source mater i  a1 i n  t h e  1,000-foot i n t e r v a l  
above t h e  Cretaceous-Terti  a ry  unconformi ty i n  t he  COST we1 1, evidence 
o f  thermogenic hydrocarbons w i t h i n  t h e  COST we l l  and i n  sediments 
f l a n k i  ng t h e  basin, and t h e o r e t i c a l l y  l a rge  volumes o f  therma l l y  
mature sediment, which were sampled i n the  COST we1 1 , a1 1 suggest 
t h a t  s i g n i f i c a n t  amounts o f  o i l  and gas cou ld  have been generated 
i r ~  ttre Navar- in Basin. Th is  conclusion i s  based on a s i n g l e  l o c a t i o n  
from which d e t a i l e d  subsurface data were obtained. Add i t iona l  
sampling and, u l t ima te l y ,  exp lo ra t i on  o f  s p e c i f i c  t a rge t s  by t h e  
petroleum indust ry  i s  necessary before  t h e  t r u e  hydrocarbon potent ia l  
o f  t he  Navarin Basin w i l l  be known. 



R e s e r v o i r  R o c k s  

RESERVO Il? STRATIGRAPHY 

Sandstones i n  l i t h o l o g i c  zones C - 1  and C-2 ( e a r l y  t o  middle 
Miocene t o  1  a t e  01 i gocene) represent t he  on ly  s i g n i f i c a n t  po ten t i  a1 
rese rvo i r s  encountered i n  t h e  Navarin COST we1 1. These marine 
sandstones occur i n  a  v e r t i c a l  , l a r g e l y  regress ive megasequence 
( 1  1  ) A t o t a l  aggregate sand count o f  1,425 f e e t  i s  present i n  
a s t r a t i g r a p h i c  i n t e r v a l  2,120 f e e t  t h i c k .  The r~eL sand (here 
def ined as t h e  sum o f  i n t e r v a l s  w i t h  Spontaneous Po ten t i a l  (SP) l o g  
curve de f l ec t i ons  o f  a t  l e a s t  10 m i l l i v o l t s )  t o t a l s  1,070 fee t ,  o r  
about h a l f  o f  t h e  s t r a t i g r a p h i c  i n t e r v a l .  The sandstones discussed 
are def ined by  both we l l  l o g  and observed l i t h o l o g i c  c r i t e r i a .  
F igure 27 i l l u s t r a t e s  t h e  e l e c t r i c  l o g  f ac i es  r e f e r r e d  t o  i n  t h e  
t e x t  . 

The C - 1  and C-2 sandstones, as we l l  as most o f  t h e  other  
sandstones i n  t h e  we l l ,  c h i e f l y  f a l l  w i t h i n  t he  f e l dspa th i c  
1  i t h a r e n i t e  category o f  Fo l k ' s  (1974) c l a s s l f i c a t i o n  ( f i g .  26). 
The framework c l a s t s  a re  predominantly l i t h i c  gra ins and fe ldspars 
( ch ie7 l y  p lag ioc lase) ,  w i t h  quar tz  g ra i  ns general l y  amounting t o  
less  than 40 percent. The source tc r ranes  were vo lcanic  o r  
volcanic1 a s t i c ,  w i t h  some mi nor  i n p u t  from a  low-grade quartz-mica- 
sch i s t  metamorphic t e r rane  ( f i g .  26). The primary provenance seems 
t o  have been remarkably cons is ten t  throughout t h e  sedimentary h i s t o r y  
seen i n  t h e  COST we1 1. 

The sandstone megasequence i s  character ized on t h e  SP and 
r e s i s t i v i t y  l ogs  by t h ree  d i f f e r e n t  l o g  fac ies.  I n  t h e  lower par t  
o f  zone C-2, t h e  logs  show a  se r i es  o f  r e l a t i v e l y  smooth, funnel -  
shaped curves t h a t  i ndi  cate coarseni ng-upward sandstone sequences 
( f i g .  27, p a r t  A ) .  I n  t h e  upper p a r t  o f  zone C-2, the l u y s  shuw a  
mix  o f  funnel  shapes (coarsening upward), b e l l  shapes ( f i n i n g  
upward), and b l  ocky shapes ( v e r t i c a l  1 y homogeneous g ra i  n  s i z e  
d i s t r i b u t i o n )  ( f i g .  27, part B ) .  Here t h e  sandstones make up a 
stacked sequence o f  beds which a re  amalgamated o r  separated by 
t h i n  mudstone interbeds. Over ly ing  these two l o g  f ac i es  i s  t h e  
thin-bedded, stacked sandstone f a c i e s  o f  zone C-1 ( f i g .  27, p a r t  C) .  
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environments inferred from litho- and biofacies in cores and drill cuttings, 
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I n  zone C-2, co re  5 sampled 23 f e e t  o f  t h e  lower p a r t  o f  one 
o f  t h e  coarsening-upward sandstone sequences from t h e  funnel-shaped 
l o g  fac ies .  The sandstone was ex tens ive ly  b io turbated,  g l aucon i t i c ,  
and conta ined small amounts o f  broken, th in-she1 l e d  molluscs and 
vo lcan ic  pebbles. The burrows a re  ho r i zon ta l  t o  ob l ique,  and some 
o f  t h e  smal ler  ho r i zon ta l  burrows resemble t races asc r ibab le  t o  t h e  
ichnogenus Terebel l ina.  Th is  i n t e r v a l  contained an ou te r  n e r i t i c  
~ ~ r i c r o f o s s i l  assemblage. The core  was sediment01 ogi  ca l  l y  character ized 
by  wavy t o  ho r i zon ta l  l y  i n t e r l  aminated and interbedded very f i n e  
grained sandstone and c laystone t h a t  graded upward i n t o  very f i n e  
grained sandstone. Sidewal l  core and c u t t i n g s  data suggezt t h a t  
core 5 i s  represen ta t i ve  of much o f  zone C-2. 

Coarsening-upward sand sequences character ized by smooth funnel  
shapes are t y p i c a l  o f  several d i f f e r e n t  depos i t iona l  environments: 
wave-dominated d e l t a  f r o n t  sands, prograding shoreface sands, b a r r i e r  
bars, o f f shore  submarine bars, and perhaps others (Schol l e  and 
Spearing, 1982; Harms and others ,  1975). A1 though t h e  sedimentary 
fea tu res  descr ibed i n  co re  5 bear s i m i l a r i t i e s  t o  both shore l ine  
and o f f sho re  bar  deposi ts,  t h e  coarsening-upward sequences a re  here 
i n t e r p r e t e d  as  of fshore  submarine bars, based on c r i t e r i a  used by 
Spearing (1976) and Brenner and Davies (1974) i n  i d e n t i f y i n g  t h e  
Shannon and Sussex sandstones (Late Cretaceous, Powder R i ve r  Basin, 
Wyoming) as o f f shore  bars. 

The coarsening-upward sands a re  i nterbedded w i t h  1 i ght-  t o  
medium-gray b i  o turbated shales con ta i  n i  ng marine micro- and 
macrofaunas and f l o r a s .  No f l  u v i a l  fea tu res  o r  dark-colored 
p rode l ta  o r  1 agoonal shales and s i  l t s t ones  i n d i c a t i v e  o f  shore l ine  
f a c i e s  a re  present.  Glauconi te,  which i s  common throughout t h e  
sdndstone megasequence, i s  not  normal ly  present i n  shore l ine  se t t ings .  
S i m i l a r l y ,  t h e  abundant so f t  l i t h i c  gra ins and suspension-deposited 
c l a y  and c l a y  laminae present are no t  t y p i c a l  o f  most shoreface 
environments. These stacked, r e p e t i t i v e ,  coarseni  ng-upward sand 
sequences probably represent o f f shore  submari ne bars formed d u r i  ng 
shoal ing cyc les  by a combination o f  storm-generated waves and 
currents ,  t i d e s ,  and oceanic cur rents .  Storm a c t i o n  was probably 
t h e  dominant depos i t i ona l  mechanism as evidenced by t h e  pebbles 
and broken s h e l l s  seen i n  cores and cu t t ings .  

The upper l o g  f a c i e s  o f  l i t h o l o g i c  zone C-2 apparent ly  represents 
more than one depos i t i ona l  environment. Core 4 sampled t h e  upper 
p a r t  o f  a funnel-shaped sand ( f i g .  27, p a r t  B ) ,  which was composed o f  
we1 1 -sorted, f i  ne-grained, sparsc ly  burrowed sandstone and contained 
broken and whole, randomly o r i en ted  mol lusc shel 1s. No sedimentary 
s t r uc tu res  were apparent i n  t h e  core, perhaps owing t o  both t he  
mechanical f ragmentat ion of t h e  f r i a b l e  p o r t i o n  o f  t h e  sandstone 
d u r i  ng c o r i  ng and t h e  pervas ive masking e f f e c t s  o f  c a l c i t e  cementation. 
D r i l l  c u t t i n g s  and s idewal l  cores taken from zone C-2 contained 
g lauconi te ,  shel 1 fragments, f i n e -  t o  very f i  ne-grai ned sandstone 
and muddy sandstone, and 1 i g h t -  t o  medium-gray mudstone. M i c r o f o s s i l  



assemblages i nd i ca te  depos i t i on  i n  a middle n e r i t i c  environment, 
o r  poss ib ly  shal lower,  as the re  i s  some very tenuous m ic ro foss i l  
evidence suggesting b rack ish  cond i t i ons  and a minor f reshwater 
i n f l  uence. (Fur ther  i n f o n a t i o n  i s given i n  t he  B ios t ra t ig raphy  
chapter. ) 

The l ack  o f  core data on sedimentary s t ruc tu res  i n  t h e  
d i f f e r e n t  types o f  sand beds i n  t h i s  f ac i es  makes i n t e r p r e t a t i o n  
d i f f i c u l t .  The m ic ro foss i l  evidence, h igh  sand/shale r a t i o ,  and 
complex mix o f  beddi ng sequences suggest r e l a t i v e l y  shal low-water, 
h i  gh-energy deposi t ion.  01 ocky and be1 1-shaped 1 og s ignatures tend 
t o  suggest f l u v i a l  channeling processes, but  evidence o f  emergence, 
such as coal  o r  coa ly  d e t r i t u s ,  f reshwater f o s s i l s ,  and associated 
f ine -g ra ined  f l u v i a l  levee and overbank fac ies,  i s  lacking. The h igh 
r e s i s t i v i t y  spikes apparent on t h e  l ogs  ( f l g .  27, p a r t  B) are  t l g h t  , 
ca l  cite-cemented zones, not  coal  beds. These channel -1 i ke l ~ o g  
f ac i es  pat terns probably r e f l e c t  marine processes such as storm surge 
and/or t i d a l  channeling, w i t h  associated t i d a l  de l t as  and washover 
fans. It i s  poss ib le  t h a t  t h e  coarseni ng-upward sandstones i n  t h i s  
fac ies may no t  cons is t  exc l us i ve l y  o f  submarine bars bu t  may con ta in  
b a r r i e r  bar sands. This appears un l i ke l y ,  however, cons ider ing t h e  
abundance o f  s o f t  l i t h i c  c las ts ,  which are commonly destroyed i n  
h i  gh-energy s u r f  zones. 

Core 3, f rom t h e  thin-bedded sandstone f ac i es  o f  zone C - 1  
( f i g .  27, pa r t  C) ,  cons is ts  o f  mott led, ex tens ive ly  bioturbated, 
poor l y  t o  wel l -sor ted,  f i n e -  t o  very f ine-gra ined sandstone. 
Broken and whole, randomly o r ien ted  mollusc fragments and several 
l a rge  vo lcan ic  pebbles are a1 so present. Wavy, continuous and 
d i  scont i  nuous laminae are present where not  obscured 'by b i  o turbat  ion. 
D r i l l  cu t t ings  and s idewal l  cores are s i m i l a r  t o  those i n  zone C-3- 
Mic ro foss i l  evidence ind ica tes  t h a t  depos i t ion took place i n  middle 
n e r i t i c  water depths. Zone C - 1  i s  represented by a se r ra te  l o g  
pa t t e rn  ( f i g .  27, p a r t  C) t h a t  represents t h i n  in terbeds o f  sandstone, 
s i l t s t one ,  and mudstone t h a t  were probably deposited i n  an 
environment character ized by va r i ab l e  energy. Th is  l o g  pa t te rn  
suggests a l a r g e l y  t ransgress ive s h e l f  sequence deposited i n  a 
s e t t i  ng t h a t  was t r a n s i t i o n a l  be tween  the high-energy environments 
o f  t h e  upper p a r t  o f  zone C-2 and t h e  deeper water s h e l f  environments 
o f  zones A and B. These sands may r e f l e c t  storm deposi ts t h a t  were 
cx tens ive ly  reworked by marine organisms dur ing  quiet-water periods. 

The C-2 sandstone package may be a large-sca le  analog o f  t h e  
P l  i o -P le i  stocene progradat ional  she1 f -s lope  sequence described by 
Hans  and others (1982) from the  Makran Coast, western Pakistan. 
Sand i n  t h i s  area was moved o f f shore  across a s h e l f  i n  prograding 
sequences which were never suhaeri a1 l y  exposed. The Makran f a c i  es 
cyc les are commonly stacked I n  t h l c k ,  r e p e t i t i v e  sequences, 
represent i  ng a 1 ong-term regress ion where inner -she l f  f a c i  es 
gradual ly  advanced over b e l t s  p rev ious ly  occupied by middle- and 
outer -she l f  f a c i  es. These large-sca le  progradat ional  megasequences 
range from 3,000 t o  9,000 f e e t  i n  th ickness and i n  many instances 
represent 20 t o  60 i ndi v idua l  shoal i ng cycles. 



Overa l l ,  t h e  model o f  Harms and others  (1982) compares we l l  
w i t h  t h e  pa t t e rn  observed i n  t h e  Miocene t o  Oligocene sand sequence 
i n  t h e  Navarin Basin COST we1 1. The Navari n  megasequence conta ins 
over 20 shoal cyc les composing a  regress ive sequence about 1,000 
f e e t  t h i c k  t h a t  appears t o  have never been subae r i a l l y  exposed. 
The sparse core data from t h e  COST we1 1  make comparisons w i t h  
d e t a i l e d  descr ip t ions  o f  sedimentary s t r uc tu res  from t h e  var ious 
f ac i es  o f  t he  Makran deposi ts r a t h e r  d i f f i c u l t .  Many o f  the 
s t ruc tu res  observed i n  t h e  Makran sequences (and i n  t h e  Shannon and 
Sussex sandstones), such as trough and hummocky c r o s s - s t r a t i f  i c a t i o n  
and coquina storm l a g  deposi ts,  were no t  sampled by cores i n  t h e  
Navari n COST we1 1  . However, shel 1  s  and shel 1  fragments were present 
i n  a l l  o f  the  cores, and i t  i s  poss ib le  t h a t  some o f  t he  h i g h l y  
cemented calcareous zones d isp layed as spikes o r  "hard s t reaks"  on 
t h e  r e s i s t i v i t y  1  ogs may represent a1 t e r e d  coqui na deposi ts.  Some 
c u t t i  ngs samples a1 so appeared t o  represent coqui no id  1  ayers. 
Although t he re  i s  no apparent c r o s s - s t r a t i f i c a t i o n  i n  t h e  cores, 
d i p  pa t te rns  d isp layed on ar rowplots  from dipmeter logs e x h i b i t  t he  
"blue pa t te rns"  (d ips  inc reas ing  i n  magnitude upward w i t h i n  bedding 
u n i t s )  t y p i c a l  o f  cu r ren t  cross-beddi ng (Schl umberger, 1981, p. 31 ). 

I n  t h e  absence o f  three-dimensional con t ro l ,  sand body geometry 
and dimensions must be i n f e r r e d  from analogous deposi t ional  systems 
where such con t ro l  i s  ava i lab le .  I n  t h e  Makran area, t h e  P l i o -  
P le is tocene sands t h i n  and "shale ou t "  over distances o f  b t o  12 mi les  
(Harms and others, 1982). I nves t i ga t i ons  o f  s h e l f  sand-ridge deposi ts  
from t h e  Cretaceous Western I n t e r i o r  Seaway by var ious i nves t i ga to r s  
( S l a t t ,  1984, among o thers )  i n d i c a t e  t h a t  these bars are e l l i p t i c a l  
t o  l i n e a r  i n  p lan view and para1 l e l  o r  subpara l le l  t o  paleoshorelines. 
Bar dimensions vary  f rom l e s s  than 1  m i l e  t o  50 mi les  i n  width and 
from 3 t o  72 mi les  i n  l eng th -  Assuming t h a t  these represent 
reasonable analogs t o  t h e  Navarin o f f shore  bar  sands, they  a l so  
suggest a  range o f  r e s e r v o i r  dimensions f o r  the  basin. 

RESERVOIR HABITAT AND PETROPHYSICS 

The best r e s e r v o i r  po ten t f a l  tends t o  be I n  t he  upper par ts  o f  
t h e  Miocene-late 01 i gocene shel f sand-ridge bodies. An ana lys is  
o f  t h e  w i r e l i n e  l o g  s u i t e  f rom t h e  Navarin COST we1 1  (Mart in,  1984) 
shows t h a t  t h e  p o t e n t i a l  ne t  r e s e r v o i r  sand i n  a  given sandstone 
var ies  i n  th ickness from 10 feet i n  some o f  t he  t h i nne r  bar sands 
t o  as much as 100 f e e t  i n  t h e  stacked m u l t i p l e  bar-channel sands 
(upper 1 og fac ies,  zone C-7). 

The t o t a l  p o r o s i t i e s  i n  net  sand i n t e r v a l s  i n  t h e  Navarin COST 
we1 1  (determined from convent ional  core measurements and dens i ty  
l o g  ca l cu la t i ons )  ranged from about 25 t o  35 percent. Permeabil i t i e s ,  
however, were much lower than an t i c i pa ted  f o r  t h i s  po ros i t y  range. 
Pemeabi l  i ty  measurements taken from conventional cores were genera l l y  
less  than 10 m i l l i d a r c i e s ,  w i t h  a  few measurements i n  t h e  20- t o  
120-mil 1  i da rcy  range ( f i g .  28). These anomalously 1  ow permeabil i t i e s  
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are t h e  r e s u l t  o f  a  combination o f  fac to rs ,  i nc l ud ing  g r a i n  s ize,  
c l a y  content,  and d i  agenesis. 

Only one o f  t he  f o u r  cores (core 4 )  t h a t  sampled t h e  Miocene 
t o  Oligocene sandstones i n  t h e  COST we l l  was taken i n  t h e  upper 
p a r t  o f  a  coarsening-upward ba r  sequence, t h e  type o f  l i t h o l o g y  
w i t h  t he  best reservo i  r po ten t i  a1 . Unfor tunate ly ,  t he  fri able 
sandstone recovered was badly  broken dur ing  cor ing,  and t he  on l y  
measurements obtained were from a t i g h t  , h i g h l y  cemented calcareous 
zone. As a consequence, t h e  convent ional  core measurements from 
the  COST we1 1 are not  e n t i r e l y  represen ta t i ve  o f  t y p i c a l  r ese rvo i r  
zones i n  t h e  we l l  o r  elsewhere i n  t h e  basin. The very  r i n e  t o  
f i n e  g ra in  s i ze  o f  these sandstones i s  i n  pa r t  responsib le  f o r  t h e i r  
low permeab i l i t i es ;  however, t h e  most important f a c t o r  i s  t h e  
h i gh  content o f  d u c t i l e ,  c l a y - r i  ch, 1 i t h i c  framework grains and 
t h e  h i gh  surface area o f  i n t e rg ranu la r  smec t i t i c  c lays. 

E f f e c t i v e  po ros i t i es  (est imated by petrographic ana lys is  o f  
core samples and ca lcu la ted  from neutron-densi t y  l o g  crosspl  o t s )  
range from 5 t o  20 percent (Mart in,  1984). This po ros i t y  range i s  
more i n  l i n e  w i t h  observed pe rmeab i l i t i e s  and suggests t h a t  much 
o f  t h e  t o t a l  po ros l t y  1s I n  t h e  form o f  shale mlcroporos l ty  w i t h i n  
1  i t h i c  g ra i  ns and i n  i ntergranul  a r  c l  ays. 

Sidewall cores takcn i n  l i t h o l o g i c  zone C-2 sampled more o f  
t he  b e t t e r  po ten t i  a1 r e s e r v o i r  zones than d i d  conventional cores. 
Unfor tunate ly ,  t he  sidewal 1 -cor i  ng process tends t o  f r a c t u r e  and 
d i  s rup t  rock f a b r i c s  and thereby c rea te  measurable po ros i t y  and 
permeab i l i t y  beyond t h a t  a c t u a l l y  present i n  t he  undisturbed rock. 
Because o f  t h i s ,  s idewal l -core po ros i t y  and permeab i l i t y  data are 
o f t e n  d i  scounted, These we1 1 -documented de le te r ious  e f f e c t s  a re  
most d i s r u p t i v e  i n  o lder ,  more b r i t t l e  rocks. I n  younger, l ess  
consol idated sediments (such as t h e  Cenozoic sandstones i n  t h e  
Navarin COST we1 1 ), t h e  d i s r u p t i v e  e f f e c t s  are f a r  l e s s  pronounced, 
and s idewal l  core permeab i l i t y  measurements are o f t en  found t o  be 
on ly  s l  i g h t l y  h igher  than those from conventional cores (Helander, 
1983, p. 18). This appears t o  be t he  case i n  zone C-2. The po ros i t y  
and permeab i l i t y  measurements obtained from both s idewal l  and 
conventional cores f rom t h e  same i n t e r v a l  (core 5 )  a re  i n  reasonably 
c lose  agreement (Lynch, 1984, t a b l e  2, p. 76). The more numerous, 
and probably va l  i d ,  s idewal l  co re  measurements (Lynch, 1984, t a b l e  
2, p. 74-76) i n d i c a t e  t h a t  pe rmeab i l i t i e s  i n  t h e  b e t t e r  po ten t i a l  
r e s e r v o i r  sands i n  t h e  w e l l  probably f a l l  w i t h i n  t h e  upper grouping 
o f  po in t s  p l o t t e d  i n  f i g u r e  28. On t h i s  basis,  permeab i l i t i es  i n  
Navarln Basln sandstones present a t  depths o f  5,000 t o  7,000 f ee t  
should range from 20 t o  150 m i l  1  idarc ies,  which would p lace many 
o f  them i n  t h e  fa i r - to -good  r e s e r v o i r  category. Crossplots o f  
neutron-densi ty po ros i t y  i n  zone C-2 i n d i c a t e  t h a t  t he re  i s  probably 
about 200 aggregate f e e t  o f  good r e s e r v o i r  and 375 aggregate f e e t  
o f  f a i r  r e s e r v o i r  present i n  t h e  we1 1 (Martin, 1984). 
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Elsewhere i n  t h e  Navarin Basin where sands 1 i k e  these, w i t h  
h i g h  v o l c a n i c l a s t i c  contents, occur a t  inc reas ing  b u r i a l  depths, a  
r a p i d  1  oss o f  reservo i  r qual i ty  can be expected. Minera log ica l  l y  
unstable sandstones reach a stage o f  t e x t u r a l  matur i ty ,  where 
pr imary po ros i t y  i s  a t  an i r reduc i  b l  e  1  ow 1 eve1 , a t  s h a l l  ower 
b u r i a l  depths than do more quartzose sandstones ( f i g .  29 and Schmidt, 
1984). F igure 30 i s  a  p l o t  o f  t o t a l  po ros i t y  from core measurements 
versus depth i n  t h e  COST we l l .  Despi te a  r e l a t i v e l y  wide sca t t e r  
o f  p l o t t e d  po in ts ,  t h e  general t r e n d  o f  po ros i t y  reduct ion w i t h  
depth i s  apparent. Most o f  t h e  po ros i t y  l o s s  i s  probably due t o  
compaction and chemical a l t e r a t i o n  o f  t he  d u c t i l e  and m i  n e r a l o g i c a l l y  
unstable v o l c a n i c l a s t i c  gralns. 

A comparison o f  t h e  r e l a t i o n s h i p  between t o t a l  and e f f e c t i v e  
po ros i t y  ( f i g .  28) and t o t a l  po ros i t y  versus depth ( f i g .  30) al lows 
t he  p r e d i c t i o n  o f  a  l i m i t i n g  depth f o r  t h e  occurrence o f  r ese rvo i r  
q u a l i t y  sandstone. It i s  evident f rom t h e  t o t a l  and e f f e c t i v e  
po ros i t y  curves o f  f i g u r e  28 t h a t  about 15 t o  20 percentage po in t s  
o f  t h e  t o t a l  po ros i t y  represent shale o r  c l a y  microporosi ty.  
This suggests t h a t  a t  depths where t o t a l  po ros i t y  f a l l s  much below 
20 percent, e f f e c t i v e  po ros i t y  and permeab i l i t y  would be very  low. 
F igure 30 i nd i ca tes  t h a t  t h i s  cond i t i on  probably occurs below 
9,000 f e e t  i n  t he  Navarin Basin. This pred ic ted l i m i t i n g  depth 
f o r  t h e  preservat ion o f  r e s e r v o i r  q u a l i t y  i s  t e n t a t i v e l y  borne out  
by petrographic ana lys is  o f  t h i n  sect ions from cores. The l o w e s ~  
occurrence o f  pr imary mesoporosi t y  (pr imary e f f e c t i  ve po ros i t y  ) i n 
t h e  Navarin Basin COST we l l  i s  a t  9,333 f e e t  (AGAT, 1983, D-423-1). 

Reservo i r  qual i ty  sandstone might occur a t  b u r i  a1 depths 
greater  than  9,000 t o  10,000 f e e t  elsewhere i n  t he  basin i f  one o r  
more o f  t h e  f o l l o w i n g  cond i t ions  are met: ( 1 )  composi t ional ly  
mature quartzose sandstones are present; (2 )  abnormal format ion 
pressures are present and s u f f i c i e n t  t o  preserve poros i t y ;  and (3 )  
permeabi 1  i ty  was s i g n i f i c a n t l y  enhanced by t he  development o f  
secondary poros i ty .  

O f  these condi t ions,  t h e  l a t t e r  two (abnormal pressure and 
secondary porosi t y )  a re  most 1  i k e l y  t o  p lay major r o l e s  i n  r ese rvo i r  
development i n  t h e  Navarin Basin. The apparent u b i q u i t y  o f  vo lcanic  
and v o l c a n i c l a s t i c  source ter ranes i n  t h e  Navarin Basin suggests 
t h a t  quartzose sandstones are probably r a r e  i n  t h e  basin. I f  b a r r i e r  
bar  and/or shoreface deposi ts  are preserved along t he  bas in  margins, 
however, quartzose sandstones may we l l  be present, as these h igh-  
energy p a r a l i c  environments tend t o  chemica l ly  and p h y s i c a l l y  winnow 
out  s o f t  and/or minera log ica l  l y  unstab le  grains.  There i s  a1 so a 
f a i r  p o s s i b i l i t y  t h a t  quartzose sediment was c a r r i e d  i n t o  t h e  basin 
from eroding Mesozoic i gneous, metamorphic, and sedimentary rocks i n  
t h e  Koryak Highlands o f  eastern Siber ia .  These Illore mineral og icd l  l y  
mature sandstones would no t  be sub jec t  t o  t he  same depth and 
d i  agenet i c  cons t ra i  n t s  as t h e  more common vol  can i c l  as t  i c  sandstones. 



The deeper preservat ion o f  r ese rvo i r  qua1 i t y  sandstone because 
o f  overpressuri ng i s  a lso  possible. I n  the  Navarin COST wel l ,  
sediments are s i g n i f i c a n t l y  overpressured below about 9,400 f e e t  
( f i g .  17 and Sherwood, 1984). T e r t i a r y  sandstone present i n  t h i s  
geopressured sect ion would probably r e t a i  n  Some o r i  g l  nal  reservo l  r 
q u a l i t y .  The occurrence o f  shale d i ap i r s  i n  the  Navarinsky subbasin 
suggests t h a t  abnormal format ion pressure may be ub iqu i tous through- 
out t h e  basin. 

The development o f  s i g n i f i c a n t  secondary po ros i t y  i s  q u i t e  
poss ib le  because o f  t h e  minera log ica l  character o f  t he  sandstones i n  
t h e  basin. D i sso lu t i on  o f  unstable, v o l c a n i c l a s t i c  g ra ins  i s  common 
i n  the  COST we1 1 sediments, p a r t i c u l a r l y  i n  zones t h a t  e x h i b i t  good 
depos i t iona l  sor t ing.  I n  core 5, f o r  instance, d i sso lu t i on  has 
s i g n i f i c a n t l y  enhanced both po ros i t y  and permeabi 1  i ty. Sandstones 
o f  t he  S t e r l i n g  Formation i n  t h e  Cook I n l e t  Basin (which have a 
s im i  l a r  vol cano-pl u t on i c  provenance) commonly d isp lay  secondary 
p o r o s i t i e s  as h igh  as 30 t o  40 percent (Hayes and others, 1976, 
p. 515) and permeab i l i t i es  t h a t  may exceed 10,000 m i l l i d a r c i e s  
(Alaska Geological Society, 1975, p .  29). Although t he  diagenesis o f  
vol  c a n i c l a s t i c  sandstone o f t en  r e s u l t s  i n  r ese rvo i r  d ~ g r a d a t i n n  due 
t o  zeol i t i z a t i o n ,  t h e  S t e r l i n g  Formation i l l u s t r a t e s  t h e  po ten t i a l  
f o r  r ese rvo i r  enhancement by  d iagenet ic  processes i n  volcanogenic 
sandstones. 

It i s  l i k e l y  t h a t  t h e  development o f  secondary po ros i t y  may 
be genet ical  l y  r e l a t e d  t o  geopressure phenomena. The upper 1  evels 
o f  geopressured zones are known t o  be favorab le  l oca t i ons  f o r  
secondary porosi ty enhancement (Schmidt, 1984, p. 9). The r a p i d  
r i s e  i n  f l u i d  pressure near t h e  t op  o f  geopressured zones i s  thought 
t o  cause s h i f t s  i n  equ i l i b r i um  boundaries between hydrous and 
anhydrous mineral phases, which apparent ly f ac i  1  i t a t e s  d i  ssol  u t  i o n  
(Boles, 1984, p. 17-22). I n  add i t i on ,  h igh f l u i d  pressures keep 
l i t h o s t a t i c  pressure from compacting and crushing grains,  which a ids 
i n  t he  development o f  l a rge  secondary pores. 

A model proposed by Surdam and others (1984) r e l a t i n g  organic 
and inorganic  dl agenesl s t o  t h e  devel opment o f  secondary po ros i t y  
suggests another r e l a t i o n s h i p  between secondary po ros i t y  and 
geopressure. Duri ng the  progressi  ve thermal maturat ion o f  kerogen 
w i t h  b u r i  a1 , decarboxylat i o n  and organic-acid generat ion culminate 
j u s t  before t h e  main phase o f  l i q u i d  hydrocarbon generation. The 
peak o f  h i g h l y  so lub le  organic-ac id  generat ion a lso  coincides i n  
time, temperature, and space w i t h  s m e c t i t e / i l l  i t e  d i  agenesis. The 
diagenesis o f  smecti t e / i l l  i t e  generates excess pore water by t he  
expuls ion o f  i nterlayer-bound water, which r e s u l t s  i n  abnormal pore- 
f l u i d  pressures (McClure, 1977, p. 1-7). 

The above condi t ions are i dea l  f o r  t he  d i sso lu t i on  o f  
a luminos i l  i c a t e  minerals ( c h i e f l y  c lays and fe ldspar )  i n  Navari n  
Basin volcanogenic sandstones. B e t t e r  ye t ,  t h i  s  d i sso lu t i on  occurs 
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j u s t  before t h e  generat i o n  o f  hydrocarbons. The optimum 
d i  agenet i c a l  l y  dr iven reservo i  r enhancement system woul d place 
o rgan ic - r i ch  source rocks adjacent t o  "pre- reservo i r "  sandstones 
w i t h  enough primary po ros i t y  and permeabi l i ty  t o  a l low t he  i n i t i a l  
t ransmission o f  h i g h l y  r eac t i ve  f l u i ds .  Unfortunately,  t h e  best . 
potent i  a1 r ese rvo i r  and source rocks i n  the  COST we1 1 are  
s t r a t i g raph i ca l  l y  separated by as much as 4,000 f e e t  o f  shale. I n  
order t o  b r i n g  these sandstones i n t o  hydrau l i c  contact  w i t h  source 
rocks, m ig ra t ion  a1 ong f a u l t s  o r  across f a u l t  planes o r  unconformi t i e s  
i s  probably necessary. I f  t h e  mig ra t ion  path i s  long, t h e  h i g h l y  
r eac t i ve  organic acids w i l l  probably be consumed w i t h i n  t he  m ig ra t ion  
condui t  before reachi  ng po ten t i  a1 r ese rvo i r  rocks (Surdam and others, 
1984, p. 146). 

POSSIBLE TURBIDITE DEPOSITS AND FRACTURED RESERVOIRS 

Although no po ten t i a l  r ese rvo i r  sandstones were encountered 
I n  t h e  COST we l l  i n  t he  Eocene and e a r l y  Oligocene deep-water shale 
sequences ( l i t h o l o g i c  zones E and F )  t h a t  conta in  the o rgan ic - r i ch  
source rocks, coarser grained f ac i es  may be present elsewhere i n  
the  basin. Several l i n e s  o f  evidence suggest t u r b i d i t e s  may have 
been deposited along t he  f lanks  o f  basement highs dur ing  t h i s  t ime: 
(1) seismic r e f l e c t o r s  on1 ap l o c a l  s t r u c t u r a l  h ighs near t h e  cont inenta l  
she1 f break; (2)  coarse-grai ned mater ia ls ,  i n c l ud ing  conglomerates. were 
dredged from equiva lent  rocks on t he  con t inen ta l  slope; and (3) e a r l y  
Oligocene t o  Mesozoic basement rocks were exposed t o  erosion i n  t he  
l a t e  01 igocene and suppl ied l o c a l  sediment sources adjacent t o  deep 
water. (Fur ther  in fo rmat ion  i s  given i n  t he  Seismic S t ra t ig raphy  
chapter. ) 

The d iagenet ic  model proposed by Surdam and others (1984) 
suggests t h a t  where these t u r b i d i t e s  i nterbed and i n t e r f i  nger w i th  
o rgan ic - r i ch  source rocks, t he  po ten t i a l  f o r  secondary enhancement 
o f  porosi  ty and accumulation o f  1  i q u i d  hydrocarbons should be 
high. S im i l a r  prospect ive f ac i es  assoc ia t ions could conceivably 
occur h igher  i n  t he  s t r a t i g r a p h i c  sec t ion  w i t h i n  the  l a t e  01 igocene 
t o  Miocene rocks. I f  deeper water f ac i es  were developed l a t e r a l l y  
t o  sandstone s h e l f  deposits i n  more d i s t a l  locat ions,  perhaps near 
subbasin depocenters where subsidence was greater,  f ine-gra ined 
o rgan ic - r i ch  rocks may be interbedded o r  i n t e r f i  ngered w i t h  po ten t ia l  
r ese rvo i r  sandstones. 

Fractured rese rvo i r s  s i m i l a r  t o  t h e  Monterey Shale type o f  t he  
Santa Maria area, Ca l i f o rn i a ,  cou ld  conceivably occur i n  t h e  Navarin 
Basin i n  t he  d i agene t i ca l l y  a l t e r e d  p a r t  o f  t he  Miocene d ia tomi te  
sequence. The Monterey Shale and t h e  Miocene rocks o f  t h e  Navarin 
Basin are genet ica l  l y  and d iagenet ica l  l y  s im i l  a r  i n  t h a t  they are 
both b r i t t l e ,  s i l i ceous ,  f i  ne-grained rocks whose character derives 
i n  l a rge  p a r t  from the  d i s s o l u t i o n  and redepos i t ion o f  s i l i c a  f rom 
i n  s i t u  diatom f rus tu les .  



Reservoirs i n  t h e  Monterey Shale occur i n  brecc ias i n  do lomi t ized 
sect ions o f  s i l i c e o u s  shales. The f r a c t u r i n g  i s  not  d i r e c t l y  due 
t o  f o l d i n g  o r  f a u l t i n g  (Redwine, 1981 ), a l though f r a c t u r e  development 
i s  most abundant i n  areas o f  s t r i k e - s l i p  f a u l t i n g .  Roehl (1981) 
and Redwine (1981 ) proposed t h a t  t h e  brecc ias o r i g i na ted  from 
tec ton i ca l  l y  i n i t i a t e d  compressive s t ress  which induced d i la tancy,  
f l u i d  expulsion, na tu ra l  hyd rau l i c  f r ac tu r i ng ,  and do1 omi t i z a t i  on. 
The Monterey Shale i s  an o rgan ic - r i ch  source rock, and t he  d i la tancy  
mechanism was s u f f  icier11 l u  d l  1 ow expuls ion and n i g r a t  i o n  o f  indigenous 
hydrocarbons. The excess pore pressures be l ieved  t o  have been 
associated w i t h  t h i s  mechanism enhanced hydrau l i c  f r a c t u r i n g  and 
f l u i d  f low. 

The d iagene t i ca l l y  a l t e r e d  sec t ion  o f  t h e  Miocene d ia tom i te - r i ch  
rocks i n  t h e  Navarin Basin a1 so cou ld  have been subject  t o  a s i m i l a r  
f r a c t u r i n g  process. The Navarin Basin has undergone analogous 
t e c t o n i c  s t ress ,  and excess pore pressures were observed i n  t he  
Miocene i n  t h e  COST we1 1 (Sherwood, 1984). The Navari n/Monterey 
analogy breaks down w i t h  respect t o  source rock po ten t i a l .  The 
Miocene s i l i c e o u s  rocks o f  t he  Navarin Basin are therma l l y  immature 
and genera l l y  o rgan i ca l l y  poor ( l ess  than 0.5 percent organic 
carbon). Hydrocarbon accumulation would t he re fo re  requ i re  m ig ra t ion  
from deeper i n  t he  basin a long f a u l t s  o r  unconformit ies. 



S e a l s  a n d  M i g r a t i o n  

SEALS 

Many basins con ta in  reg ional  sea l i ng  horizons, and where these 
seals o v e r l i  e  mature source rocks and reservo i rs ,  they a re  major 
f a c t o r s  i n  c o n t r o l l i n g  t he  emplacement and entrapment o f  l a r g e  
hydrocarbon accumulations (Murr i  s, 1980; Downey, 1984). Important 
p roper t ies  o f  seals inc lude  l i t h o l o g y ,  d u c t i l i t y ,  th ickness, l a t e r a l  
extent,  and u n i f o r m i t y  o f  i n t e r n a l  c a p i l l a r y  proper t ies .  L i t ho logy  
i s  genera l l y  t he  most impor tant  determinant of a  good seal. Fine- 
grained, d u c t i l e  mudstones, c laystones, and shales o f  01 igocene and 
Eocene age ( l i t h o l o g i c  zones D-1 , 0-2, Ey  and F )  probably represent 
t h e  th ickes t  and most r-ey iur~dl ly  extensive seals I n  t h e  Navarin 
Basin. 

Another po ten t i a l  reg iona l  seal i n  t h e  Navari n  Basin i s  the  
r e l a t i v e l y  t h i  n  zone o f  d ia tomi te  d i  agenesis i n  which biogenic 
opal-A has been a l t e r e d  t o  opal-CT, o ther  forms o f  quartz, and 
s i l i c a t e  minera ls  (Turner and others, Navarin COST No. 1, 1984, 
p. 129-138). The areal  ex ten t  o f  t h i s  "d iagenet ic  f r o n t "  can o f t e n  
be de l im i t ed  by mapping an associated bottom-simulat i  ng seismic 
r e f l e c t o r  (BSR) which i s  reg ional  l y  apparent on seismic p r o f i l e s  
from the  Ber ing  sea s h e l t  (Hein and others, 1978; Hammond and 
Gaither,  1983; Turner and others,  Navarin COST No. 1, 1984). Th is  
seal genera l l y  occurs a t  depths o f  4,000 feet  o r  l ess  i n  diatomaceous 
marine rocks o f  Miocene age. 

Because t h i  s  d i  ageneti c  process i s  temperature dependent (Hei n  
and others, 1978; Isaacs and others, 1983), i t  occurs a t  a  r e l a t i v e l y  
constant b u r i a l  depth and i s  d iscordant  w i t h  dipping, fo lded,  o r  
f a u l t e d  s t ra ta .  The e f fec t i veness  o f  t h i s  type o f  seal, however, 
depends on minera log ica l  and mechanical d i  aqenesi s  a1 t e r i  ng and 
p luggi  ng pore spaces across v a r i  ab le  l i t h o l  ogies. I n  general, 
d iagenet ic  seals do not  form continuous, un i form sea l i ng  surfaces 
f o r  e n t i r e  comwrc i  a1 hydrocarbon accumulations (Downey, 1984, 
p. 1762). 

On a l e s s  than reg iona l  scale, t h e  rnudstones i n  t h e  lower p a r t  
o f  l i t h o l o g i c  zone C-2 ( f i g .  27, p a r t  A )  are of s u f f i c i e n t  th ickness 



t o  suggest t h a t  they may be l a t e r a l l y  extensive enough t o  serve as 
seals. Untor tunate ly ,  h igher  i n  the  sect ion seen i n  t h e  we l l  
( t he  upper pa r t  of zone C-2 and zone C-1 ; f i g .  27, pa r ts  B and C ) ,  
s i m i l a r  c laystone and mudstone interbeds are t h i n  o r  missing. 

Other po ten t i a l  sea l ing  surfaces i n  the  Navari n Basin inc lude 
unconformi ti es, f a u l t  planes, l a t e r a l  f a c i  es changes, gas hydrate 
zones, and hydrodynamic boundaries. A1 1 o f  these may a c t  as seals 
when they juxtapose sediments o f  vary ing permeabi l i t i e s  and f l u i d  
pressures. O f  these types, unconformit ies may be o f  e i t h e r  l o c a l  
o r  reg iona l  s ign i f icance.  

Fau l t  planes can be p a r t i c u l a r l y  e f f e c t i v e  seals when they are 
associated w i t h  geopressured zones. Where geopressured impermeable 
sediments are juxtaposed w i t h  normal ly pressured permeable sandstones, 
such as along t he  f a u l t e d  sheaths surrounding t h e  shale d i a p i r s  i n  
t h e  Navarinsky subbasin, seal effectiveness may be considerably 
enhanced. I n  addi t ion,  f a u l t  plane seals are o f ten  enhanced by  c lay  
smears t h a t  form a1 ong f a u l t s  t h a t  i n t e r s e c t  t h i c k ,  undercompacted 
c l  aystones and mudstones i nterbedded w i t h  r ese rvo i r  sands (Downey, 
1984, p. 1757). 

La te ra l  f ac i es  changes t h a t  could form s t r a t i g r a p h i c  t r aps  can 
reasonably be expected t o  e x i s t  i n  t h e  Navarin Basin. The r a t e  o f  
chdnye fro111 rese rvo i r  t o  seal i s  t he  most important f a c t o r  I n  t h e  
format ion o f  s t r a t i g r a p h i c  t raps  created by updip fac ies  changes 
(Downey, 1984, p. 1757). I f  t h e  f ac i es  change i s  t o o  gradual, most 
o f  t he  hydrocarbons w i l l  be t rapped i n  low-qua1 i t y  "waste zones" 
which cannot be economical l y  produced (Schowal t e r  and Hess , 1982). 

I n  t h e  Navarin Basin, both t h e  postu la ted t u r b i d i t e s  ( ea r l y  
01 i gocene, Eocene, and poss ib le  Paleocene) and t he  o f f shore  bar 
sands ( l a t e  01 igocene) represent po ten t i  a1 s t r a t i g raph i c  traps. 
Submari ne-fan channel and d i s t r i b u t a r y  sands probably e x h i b i t  abrupt 
l a t e r a l  contacts  between rese rvo i r  sands and s e a l i  ng in terchannel  
muds and s i l t s  (Bouma, 1984), and o f f shore  sandbar deposi ts commonly 
are excel l e n t  s t r a t i  graphic t raps  and pro1 i f  i c  hydrocarbon producers 
i n  t h e  Cretaceous Western I n t e r i o r  Seaway o f  North America (S la t t ,  
1984). 

Gas hydrate zones, which appear t o  be ub iqu i tous i n  shallow 
sediments i n  t h e  Navarin Basin (Car l  son and others, 1985), could 
conceivably form shal low seals. These zones are pressure and 
temperature dependent and genera l l y  occur a t  b u r i a l  depths o f  l ess  
than 900 feet .  Hydrocarbon gas migrat  i ng updi p could p r e c i p i t a t e  
pore-f  il li ng gas hydrates ( i ce -1  i ke mixtures o f  water and gas), 
thus t rapp ing  gas and o i l  downdip (Marlow and others, 1981, p. 42; 
Downey, 1984, p. 1763). 
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MIGRATION 

Major d i r ec t i ons  o f  f l u i d  movement i n  t h e  Navarin Basin are 
con t ro l  l e d  by l i t ho l ogy ,  d i  agenesis, and subsurface geometry. 
Where interbedded sandstone and shale sequences a re  present, as 
w i t h i n  t h e  l a t e  Oligocene t o  Miocene sect ion,  f l u i d  f l ow w i l l  be 
main ly  toward t he  bas in  edges p a r a l l e l  t o  s t ra ta .  Below t h i s ,  i n  
t h e  t h i c k  early Oligocene arid Eocene shale sect lon,  t h e  maln f l ow  
d i r e c t i o n  i s  probably v e r t i c a l ,  

The dominant r ou te  f o r  upward mig ra t ion  o f  f l u i d s  i n  t h i c k  
overpressured shale  sect ions i s  thought t o  be through pressure- 
generated mic ro f rac tu res  (Bruce, 1984; Pa l c i  auskas and Domenico, 
1980; Powley, 1983). As sealed rock bodies are subjected t o  
progressive b u r i a l  and temperature increase, they undergo ep isod ic  
pressure cyc les  cons i s t i ng  o f  a bu i ldup  t o  l i t h o s t a t i c  f r ac tu re -  
pressure, fo l lowed by t he  f r a c t u r i n g  o f  t he  seal and t h e  vent ing 
o f  f l u i d s  u n t l l  t h e  l i t h o s t a t i c  f rac tu re -hea l i  ng pressure i s  reached 
and pressure bu i ldup i s  resumed (Powley, 1983). Th is  na tu ra l  
hyd ro f r ac tu r i  ng process may be t h e  p r i n c i p a l  means o f  primary 
hydrocarbon mig ra t ion  f rom Eocene source rocks i n  t h e  Navarin Basin. 

The generat ion o f  excess pore water dur ing  s m e c t i t e / i l l  i t e  
d i  agenesis i s  t h e  p r i n c i p a l  cause o f  abnormal pore pressure i n  t he  
T e r t i a r y  sec t ion  o f  t h e  Gu l f  Coast (Bruce, 1984). Observations 
from t h e  Navarin COST we1 1 ( f i g .  17) i n d i c a t e  t h a t  i t  i s  probably 
t h e  p r i n c i p a l  cause i n  t h e  Navarin Basin a lso  (Sherwood, 1984). 
Because t h i s  minera log ica l  change begins t o  occur j u s t  above, and 
extends across, t h e  zone o f  peak o i l  generat ion i n  t h e  we1 1, t h i s  
d i  agenet ical  l y  d r i ven  process was probably responsible f o r  f l u sh ing  
hydrocarbons from t h e  o rgan ic - r i ch  Eocene cldystones. Excess pore 
water f rom smect i te dehydrat ion provides f o r  t h e  slow release of 
1  arge volumes o f  trapped water, which a1 1 ows hydrocarbon f 1 ushing 
t o  cont inue f o r  longer  periods and extend t o  greater depths than 
otherwise poss ib le  (Bruce, 1984). 

Several l i n e s  o f  evidence from we1 1 logs  and cores suggest t h a t  
hydrocarbon mig ra t ion  may have occurred by upward movement through 
pressure-generated f ractures.  Core 14, from t h e  organi c - r i c h  Eocene 
claystones o f  l i t h o l o g i c  zone F, exh ib i t s  abundant ca l  c i t e - f i l  l e d  
f rac tu res  and small f a u l t s  t h a t  I n d i c a t e  several episodes o f  
f r a c t u r i n g  (AGAT, 1983, p. D-423-14). I n  t he  s t r a t a  over l y ing  
these f ractured,  o rgan ic - r i ch  rocks, t h e  SP 1  og d isp lays  several 
base l ine s h i f t s  unrc la ted  t o  l i t h o l o g i c  changes. Such s h i f t s  may 
be i nd ica t  i ve o f  hydrocarbon movement. The observed s h i f t s  cons is t  
o f  a  p o s i t i v e  SP gradient ( o r  d r i f t  t o  t he  r i g h t )  as t he  l o g  i s  
viewed from bottom t o  t o p  (p l .  1, bass) p a r t  o f  l i t h o l o g i c  zone 
E) .  Such pos i t i ve  SP gradients,  often termed " o i l  gradients," a re  
be l ieved t o  be g e n e t i c a l l y  r e l a t e d  t o  reducing cond i t i ons  caused by 
t h e  presence o f  small amounts o f  hydrocarbons (P i  rson, 1983, p. 
23). Gas peaks and h igh  background gas associated w i t h  t h e  SP 



s h i f t s  i n  t he  Navarin Basin COST No. 1  we l l  are f u r t h e r  i nd i ca t i ons  
o f  hydrocarbons. Although these l i n e s  o f  evidence appear t o  suggest 
t h a t  v e r t i c a l  m ig ra t ion  o f  hydrocarbons has occurred, they  could be 
a t t r i b u t e d  t o  other causes. The f r a c t u r i n g  observed may be t he  
r e s u l t  o f  s t r u c t u r a l  r a t h e r  than geopressure-induced stress. The SP 
basel ine s h i f t  cou ld  a lso be due t o  var ious electrochemical  factors .  
E l e c t r i c a l  i n s t a b i l i t y  between t h e  spontaneous p o t e n t i a l  t o o l  
e lectrodes and d r i l l  i ng muds o f  va ry ing  chemical compositions 
causes problems i n  determining SP grad ients  (Pirson, 1983, p, 24). 
I n  any event, i t  seems u n l i k e l y  t h a t  v e r t i c a l  movement alone could 
r e s u l t  i n  s i g n i f i c a n t  m ig ra t i on  through t h e  t h i c k  shale sequences 
present i n  t h e  Navarln Basln (over 4,000 f e e t  I n  t he  COST we l l ) .  
Other na tu ra l  conduits, such as f a u l t s  o r  unconformit ies,  are 
probably necessary f o r  s u f f i c i e n t  hydrocarbon mi g ra t  i on from Eocene 
(and o lder? )  source rocks t o  form economic accumulations i n  l a t e  
01 i gocene sands tones. 
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P l a y  C o n c e p t s  

Hydrocarbon e x p l o r a t i o n  p lays  i n  t h e  Navarin Basin are  almost 
p u r e l y  conceptual a t  t h i s  j unc tu re  due t o  t h e  dear th  o f  d e t a i l e d  
geol ogi ca l  data. However, p re l im ina ry  analyses o f  geochemical, 
p e t r o l o g i c a l  , pet rophys ica l  , and sedimentological  data f rom t h e  
Navarin Basin COST No. 1 w e l l  suggest t h a t  t h e r e  may be good 
r e s e r v o i r  and source rocks elsewhere i n  t h e  basin, as w e l l  as a  
v a r i e t y  o f  t raps .  The source rock  volume i s  l a rge  enough t o  have 
generated s i g n i f i c a n t  arnotlnts o f  hydrocarbons. \ acal . and posqihl  y 
reg iona l ,  sea l  i ng hor izons abound. Seismic mapping has de l ineated 
a  number o f  areas e x h i b i t i n g  s i g n i f i c a n t  c losure.  There a r e  s t r a t i -  
graphic and s t r u c t u r a l  p lays both  above and below t h e  reg iona l  
Cretaceous-Tert iary unconforrnity t h a t  marks acoust ic  basement. 
Most o f  t h e  prospect ive  areas a r e  q u i t e  c lose  t o  t h e  generat ive 
zone o f  t h e  basin. 

PRE-TERTIARY BASEMENT PLAYS 

Mesozoic s t r a t a  and li tho1 ogies a re  i nvo lved  i n  p o t e n t i a l  
s t r u c t u r a l  and  s t r a t i  graphic t r a p s  and rese rvo i r s .  A t  t h e  COST 
we1 1, t h e  Late  Cretaceous s e c t i o n  i s  very mature. The Maast r ich t ian  
sect  i o n  a t  t h e  we1 l i s  represented by coal-bearing, dominantly 
nonmarine l i t h o l  ogies, although some dredge sample evidence i ndicates 
a  c o r r e l a t i v e  marine f a c i e s  near t h e  s h e l f  edge. The Campanian? 
sec t i on  i s  marine, bu t  has a low t o t a l  organic carbon content. I n  
t h e  most favo rab le  s i t u a t i o n ,  such as near t h e  s h e l f  edge, t h i s  
sec t i on  might have some source p o t e n t i  a1 . 

I n  t h e  COST we l l ,  t h e  La te  Cretaceous rocks genera l ly  d isp layed 
poor r e s e r v o i r  q u a l i t i e s ,  a l though some secondary and f r a c t u r e  
p o r o s i t y  was present. No doubt t h e r e  a r e  areas cha rac te r i zed  by 
f a r  b e t t e r  devel opment o f  secondary poros i ty .  Moreover, extensive 
zones o f  good r e s e r v o i r  rock  may w e l l  be associated w i t h  t h e  
Cretaceous-Tert i  a ry  unconfonni t y .  Where such Mesozoic r e s e r v o i r s  
a r e  i n  hydrodynamic contact w i th  t h i c k  Paleogene source rock  
sequences, t h e  p o s s i b i l i t y  o f  s i g n i f i c a n t  hydrocarbon accumulations 
e x i s t s  ( f i g .  31). 



TERTIARY PLAYS 

Most o f  t he  T e r t i a r y  plays i n  t he  Navarin Basin i nvo l ve  Eocene 
and Oligocene s t r a t a  ( f i gs .  32 and 33). Regional seismic p r o f i l e s  
suggest t he  presence o f  t h i c k  accumulations o f  Eocene (and poss ib ly  
~a leocene )  sediments i n  t h e  deeper pa r t s  o f  t h e  subbasins. Th is  i s  
p a r t i c u l a r l y  s i g n i f i c a n t  because the  r e l a t i v e l y  t h i n  Eocene sec t ion  i n  
t h e  COST well ( l i t h o l o g i c  zone F )  represents t he  best p o t e n t i a l  source 
rock encountered. The presence o f  a t  l e a s t  two unconformit ies w i t h i n  
t h e  presumably middle and e a r l y  Eocene age sec t ion  bodes we l l  f o r  
the  occurrence o f  r e s e r v o i r  1  i t h o l  os i  es , favorable f a c i  es changes, 
and sea l ing  hor izons i n  t h e  deeper pa r t s  o f  t h e  basin. The ex is tence 
o f  Eocene reservo i  rs i s  somewhat more con jec tu ra l  than t he  almost 
c e r t a i n  ex is tence o f  an expanded Eocene sec t ion  w i t h  good source 
rock po ten t i  a1 . 

The best r e s e r v o i r  rocks encountered i n  t h e  COST we l l  are l a t e  
01 igocene s h e l f  sands ( l i  t h o l  og ic  zone C-2) t h a t  probably represent 
o f f shore  bar  deposits. I n  add i t ion ,  Oligocene and Eocene t u r b i d i t e  
deposi ts  may be present a1 ong subbasi n  margins. The deposi t ional  
package geometries, the  h a c i n  con f igura t ions ,  and t he  paleobathymetric 
h i s t o r y  developed a t  t he  COST we1 1 a1 1 support t h i s  content ion. Both 
t h e  l a t e  Oligocene s h e l f  sands and t h e  postu la ted o l d e r  t u r b i d i t e s  
represent ood s t r a t i g r a p h i c  o r  combination plays i n  some par ts  o f  
t h e  bas in  9 f i g s .  31 and 32); both deposi t ional  types have favorab le  
f ac i es  cha rac te r i s t i c s ,  and both pinch out over and against s t r u c t u r a l  
highs. There i s  a1 so a chance t h a t  C-1 and C-2 r e s e r v o i r  sands could 
be sealed by  a r e l a t i v e l y  shal low Miocene s i l i c a  d iagenet i c  zone of 
subregional extent  ( f i g .  32). I n  f a c t ,  i f  f rac tu red ,  t h e  d iagenet ic  
zone cou ld  a1 so serve as a reservo i r .  

Probably t h e  best i n i t i a l  hydrocarbon p lays i n  t h e  Navarin Basin 
are s t r u c t u r a l  t r aps  o r  a  combination o f  s t r u c t u r a l  and s t r a t i g r a p h i c  
t raps.  Many o f  these p lays are i n  se t t i ngs  character ized by 
synkinematic depos i t ion  ( f igs .  31, 32, and 33). These t r a p s  may occur 
against  t he  upthrown and downthrown f l anks  o f  p u l l  -apar t  s t ructures,  
i n  f a u l t - c o n t r o l  l e d  c losures over hors ts ,  and i n  r o l l - o v e r s  i n  some 
o f  t he  grabens ( f i g .  33). Other p lays inc lude drapes and plnch-outs 
over a  v a r i e t y  o f  T e r t i a r y  s t ruc tu res  and p re -Ter t i  a r y  basement highs. 

S i m i l a r  f au l t - bu t t r essed  t r aps  are associated w i t h  shale d i a p i r s  
loca ted  i n  t he  d isputed area near t h e  United States-Soviet  border. 
These d i a p i r s  s t r u c t u r a l l y  i nvo l ve  some o f  t h e  C-1 and C-2 sandstones 
and are themselves i n  p a r t  composed o f  source rocks ( f i g .  33). A 
probable gas plume (Carlson and Marlow, 1984) associated w i t h  a  d i a p i r  
may represent t he rmgen i c  gas leak ing  d i r e c t l y  i n t o  t h e  water column, 
which could be an i n d i c a t i  on o f  s i g n i f i c a n t  hydrocarbon generation. 

TIMING OF OIL GENERATION 

Because t h e  most favorab le  p o t e n t i a l  source rocks a re  bounded 
by seismic hor izons C and D (seismic sequence I V ) ,  i t  i s  possible,  by 
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FIGURE 31. Poss ib le  s t ruc tura l  a n d  s t ra t i g raph ic  t r a p  conf igura t ions  
a s s o c i a t e d  w i t h  t h e  Mesozo ic  basement  and  t h e  ove r l y ing  Te r t i a ry  
b a s i n  f i l l .  Seismic hor izons A through D are dep ic ted.  Potential t raps  
inc lude ( 1 )  t h e  C-1/C-2 o f f sho re  bar  sands (ear ly  Miocene t o  l a t e  
Ol igocene) ;  (21 det r i ta l  apron d e r i v e d  f r o m  Mesozoic high; ( 3 )  Ter t i a ry  
pinch-out  ovcr a basement  high; (41 Mesozoic and pvssib le  Paleocerie 

reservo i r  assoc ia ted  w i th  the hor izon D t runca t ion  event .  

F IGURE 32. P o s s l b l e  t r a p  c o n f i g u r a t i o n s  a s s o c i a t e d  w i t h  g r o w i n g  
b a s e m e n t  r i dge .  Seismic ho r i zons  A th rough  D are  depicted.  
Potent ia l  t raps inc lude ( I )  prox ima l  tu rb id i te  deposi ts ;  (21 C - 1 l C - 2  
o f f sho re  bar sands t rapped  against  an impermeable si l ica d iagenesis 
zone; (3) sedimentary d rape  over a growing ant ic l ine; 
(41 s t r a t i a r a ~ h i c   inch-out. 

F IGURE 33. P o s s i b l e  t r a p  c o n f i g u r a t i o n s  a s s o c i a t e d  w i t h  s h a l e  d i a p i r .  
Seismic hor izons  A and B are depicted.  Potent ia l  t raps include (1)  

the C-11C-2 o f f sho re  bar  sands t i l t e d  b y  and t rapped against a 
growing shale diapir ;  and (21 ro l l -ove rs  assoc ia ted wi th normal  faul t ing.  
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using the  Lopat in  model, t o  make estimates concerning t h e  r e l a t i v e  
t i m i n g  o f  thermal matur i t y .  A t  t h e  COST we1 1 , hor izon C entered 
t h e  o i l  generat ion window about 3.5 m.y. ago ( e a r l y  Pl iocene);  
hor izon D entered the  o i l  window about 9.3 m.y. ago ( l a t e  Miocene); 
and the  hypo the t i ca l  Late Cretaceous hor izon K ( a t  about 15,000 
f e e t )  entered t he  o i l  window approximately 21 m.y. ago ( e a r l y  
Miocene). 

By t r a c i n g  these seismic hor izons i n t o  t h e  basins, i t  i s  
poss ib le  t o  est imate when t h e  C and D hor izons would f i r s t  have 
been capable o f  generat ing o i l .  A p o i n t  i n  t h e  Pinnacle I s l and  
subbasin was se lected where t h e  D hor izon i s  estimated t o  drop 
below 30,000 fee t .  I n  t h i s  area, seismic hor izon C would probably 
have been w i t h i n  the  o i l  generat ion window from about 29 m.y. ago 
( e a r l y  1  a t e  01 i gocene) t o  about 12 m.y. ago (middle Miocene). 
Horizon D entered t he  o i l  window about 31 m.y. ( e a r l y  01 igocene) 
and passed out  o f  i t  about 27 m.y. ago ( l a t e  Oligocene). 

TIMING OF TRAP FORMATION 

The basement r idges  t h a t  border t h e  subbasins were p o s i t i v e  
t e c t o n i c  elements u n t i l  t h e  l a t e  Oligocene and could have been 
t he  sntlrce f o r  l o c a l l y  der ived sediments, i nc l ud ing  t h e  postu la ted 
Eocene and Oligocene t u r b i d i t e  deposits. Growth o f  these r idges  
through T e r t i  a r y  t ime produced a n t i c l  i nal s t ruc tu res  composed 
o f  e a r l y  Mesozoic and T e r t i a r y  s t r a ta .  Detached and basement- 
c o n t r o l l e d  growth f a u l t s  associated w i t h  these r idges  may have 
served as conduits f o r  hydrocarbon migrat ion.  However, t h e  
continuous growth o f  some o f  these f a u l t s  ( i n t o  t h e  present)  may 
have kept some otherwise prospect ive t r aps  from being sealed. 

When seismic sequence I V  source rocks entered t h e  o i l  window 
( e a r l y  Oligocene), some basement-associated t r aps  (an t i c l i nes ,  
f l a n k i n g  t u r b i d i t e  deposi ts)  were a1 ready present i n  t h e  basin. 
Traps formed by t he  basement r idges  t h a t  separate t h e  Pervenets 
f rom the  Pinnacle I s l and  and Navarinsky subbasins have been i n  t h e  
o i l  generat ion window s ince t he  e a r l y  01 igocene, whereas t h e  
basement r i d g e  along t h e  s h e l f  break may never have entered t h e  o i l  
window. A n t i c l i n a l  t raps  along t h e  southwestern f l a n k  of  t h e  
Pinnacle I s l and  subbasin a re  loca ted  w i t h i n  20 mi les  o f  t h e  probable 
hydrocarbon generat ive zone ( f i g .  24), a  reasonable d is tance f o r  
hydrocarbons t o  have mi grated s ince  t he  e a r l y  01 i gocene (Demai son, 
1984). Conti nuous growth o f  these a n t i c l  ines has provided add i t i ona l  
s t r u c t u r a l  s e t t i n g s  i n  which t he  l a t e  Oligocene t o  e a r l y  Miocene 
C-1 and C-2 o f fshore  bar sands may be hydrocarbon reservo i rs .  

I n  t h e  northwest p a r t  o f  t h e  basin, emplacement o f  shale 
d i  ap i  r s  r e s u l t e d  i n  t h e  t i  l t i  ng and subsequent t r unca t i on  o f  t he  
C-1 and C-2 sands by t h e  l a t e  Miocene. Diap i r -assoc ia ted c losures 
loca ted  w i t h i n  10 mi les  o f  t h e  probable generat ive zone have been 
present 1  ong enough t o  represent po ten t i  a1 hydrocarbon traps. 



SUMMARY 

The vol urne and d i s t r i b u t i o n  o f  p o t e n t i a l  source rock, r e s e r v o i r  
rock, seals, and t r app ing  con f i gu ra t i ons  i s  s u f f i c i e n t  t o  ensure 
f u r t h e r  exp lo ra t i on  e f f o r t s  i n  t h e  Navar in Basin. Ma tu r i t y ,  
m ig ra t ion ,  and t i m i n g  do no t  appear t o  pose s i g n i f i c a n t  problems 
a t  t h i s  juncture.  Reservo i r  q u a l i t y  may be t h e  most important 
l i m i t i n g  f a c t o r  i n  t h e  basin, bu t  t h i s  can o n l y  be asscsscd by a 
s e r i  es o f  exp lo ra to ry  we1 1  s. 



Ill. Shallow Geology, Geohazards, 

and Environmental Considerations 



Sha l low G e o l o g y  

The remoteness o f  t h e  Navarin Basin has l ong  i n h i b i t e d  t he  
i nves t i  ga t i on  o f  t he  sur face and near-surface geology . Government, 
academic, and i ndus t r y  programs t o  i d e n t i f y  geologic hazards i n  
the bas in  be fo re  Sale 83 (March 1984) were i n i t i a t e d  independently. 
As a r e s u l t  o f  these e f f o r t s ,  a basin-wide shal low geolog ic  model 
i s  c u r r e n t l y  be ing establ ished. The 1 im i  t e d  h igh- reso lu t ion  seismic 
r e f l e c t i o n  data base i s  s u f f i c i e n t  f o r  the  gross recogn i t i on  o f  
geohazard types and pa t te rns  and f o r  the lease-b lock-spec i f ic  
i d e n t i f i c a t i o n  o f  submarine s l ides .  

DATA BASE 

Shal l  ow geologic charac te r i  s t i c s  and po ten t i  a1 geohazards a t  
t he  COST we l l  d r i l l  s i t e  were i d e n t i f i e d  by Nekton, Inc.  (1980a). 
This s i  te-clearance survey, p a r t  o f  the  s t i p u l a t i o n s  i n  the  
App l i ca t i on  f o r  Permit  t o  D r i l l  (APD), inc luded a geotechnical 
study o f  t he  upper 5 f e e t  of sediment and a h igh- reso lu t ion  seismic 
r e f l e c t i o n  survey o f  the  sea f l o o r  and i t s  near-surface features. 
The reg ional  desc r i p t i on  o f  t h e  Navarin Basin o i l  and gas lease 
p lanning area i s  a synopsis o f  work done by the  USGS as summarized 
by Carlson and Kar l  (1981a) and K d r l  and Carlson (1984). The 
summary i s  based on a composite o f  government and u n i v e r s i t y  data. 
These reconnai ssance surveys i ncl  uded s h a l l  ow geotechnical sampl i ng 
and analog high-resol  u t i o n  and mu1 t ichannel  seismic r e f 1  e c t i o n  
surveys. 

PHYSIOGRAPHY 

The Navari n Basin Planning Area conta ins represen ta t i ve  
e l  ements o f  f ou r  physiographlc provlnces: con t inen ta l  shel f, 
con t inen ta l  slope, con t inen ta l  r i s e ,  and submarine canyons ( f i g .  
3 4 ) .  The l a r g e s t  province, the she l f ,  covers 66 percent  o f  the  
pl anni ng area. The 500-mi 1 e-wi de Ber i  ng Sea con t inen ta l  shel f i s 
one o f  the wor ld ' s  l a r g e s t  compared t o  a wor ld  average w id th  o f  40 
m i l es  (Shepard, 1963). She1 f water depths range from l e s s  than 
320 f e e t  t o  500 f e e t  a t  the s h e l f  break. Approximately 26 percent 



of t h e  s h e l f  area can be considered a midd le-shel f  environment 
(165 t o  320 f ee t ) ;  t h e  remaining 74 percent i s  an outer -she l f  
environment (320 t o  500 f ee t ) .  The broad, f l a t  s h e l f  has a very  
gen t le  s lope o f  0.02" t o  t h e  southwest, which i s  cons is ten t  w i t h  
a wor ld  average s lope o f  0.11" (Shepard, 1963). About 35 mi les  
east o f  t h e  p lanning area, St. Matthew I s l and  r i s e s  above t h e  
she1 f. 

The s h e l f  grades i n t o  t h e  contirrerlLd1 slope, which t rends  
r e l a t i v e l y  s t r a i g h t  t o  t h e  northwest and represents 19 percent of 
t h e  p lanning area. The Navar in con t inen ta l  s lope has a w id th  o f  11 
t o  30 mi les ,  t y p i c a l  o f  t h e  wor ld  average, and grad ients  o f  3' t o  
8", cons is ten t  w i t h  t h e  wo r l d  average of 4'17' f o r  t h e  f i r s t  6,000 
f ee t  o f  water depth (Shepard, 1963). The slope bathymetry i s  
i r r e g u l a r  because o f  slump blocks, f a u l t  scarps, submari ne canyons, 
and humrnocky mounds charac te r i zed  b y  chaot ic  i n t e r n a l  seismic 
r e f l e c t i o n s .  The s lope environment i s  depic ted i n  t h e  l i n e  
i n t e r p r e t a t i o n  o f  a seismic p r o f i l e  ( f i g .  10). Degradati onal 
processes on t h e  s lope have exposed rocks ranging i n  age from Late 
Ju rass ic  t o  Holocene. 

Three l a r g c  submarine canyons, t h e  Zemchug, Pervenets, and 
Navari nsky, cu t  t h e  s h e l f  and slope. A1 1 t h ree  canyons begin as 
eros ional  channels i n  water depths o f  l e ss  than 500 f e e t  and widen 
d i s t a l l y  i n t o  vast canyons w i t h  l a r g e  s ~ ~ h s ~ a  fans, .The toes o f  
t h e  fans extend i n t o  water depths g rea te r  than 9,800 fee t .  Dredge 
sampl i ng i ndicates t h a t  t h e  channels have eroded through t h e  Cenozoic 
fill o f  t h e  Navar in Basin and i n t o  Mesozoic basement rock (Marlow 
and others, Desc r i p t i on  o f  Samples, 1983). Navarinsky, t h e  longest  
canyon (211 mi les) ,  has a r e l i e f  o f  2,300 f e e t  and a w id th  o f  62 
m i les  a t  t h e  s h e l f  break; i t s  two main channels have thalweg 
grad ients  o f  0.33' and 0.50". Pervenets, t h e  shur tes t  canyon (78 
mi les ) ,  has a r e l i e f  o f  2,600 f e e t  and a wid th  o f  19 m i les  a t  t h e  
s h e l f  break; i t s  two main channels have thalweg g rad ien ts  o f  0.30" 
and 0-33O- The Zemchug Canyon, 150 mi les  long, has a r e l i e f  of 
8,500 f e e t  and a w id th  o f  62 m i les  a t  t h e  s h e l f  break; i t s  thalweg 
grad ients  range from 1.2" t o  2.2". 

The remaining 15 percent o f  t h e  p lanning area f a l l s  w i t h i n  a 
con t inen ta l  r i s e  environment charac te r i zed  by depths greater  than  
9,200 fee t .  The con t inen ta l  r i s e  here i s  a t r a n s i t i o n a l  zone between 
t h e  slope and t h e  A leu t i an  abyssal p l a i n .  The width  o f  t h e  r i s e  
ranges from 15  m i les  near Zemchug Canyon t o  50 mi les  a t  t h e  US-USSR 
i n t e r n a t i o n a l  border. Slopes range from 0.5" a t  t h e  canyon mouths 
t o  1.8O northwest o f  Zemchug Canyon. The r i s e  conta ins both 
submarine-canyon mouths and t h e  t o e  depos i ts  o f  subsea fans. Kar l  
and o thers  (1981) descr ibe sand lenses o f  poss ib le  t u r b i d i t e  f l ows  
f rom cores taken i n  t h e  d i ssec t i ng  canyons and t h e  adjacent r i s e .  
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FlGURE35.  L o c a t i o n  a n d  l i t h o l o g y  of  b o t t o m  s a m p l e s ,  a n d  
d i s t r i b u t i o n  o f  c o h e s i o n l e s s  s a n d  a n d  s a n d  waves. A f t e r  
C a r l s o n  a n d  K a r l  ( 1 9 8 4 ) ,  E d w a r d s  and Lee (19841, and Karl 
and others (1981). 



QUATERNARY GEOLOGY 

The Navarin Basin i s  pa r t  o f  t he  broad, f l a t  Ber ing Sea 
con t inen ta l  s h e l f  t h a t  has been r e l a t i v e l y  s tab le  through most o f  
t h e  Cenozoic. Dur i  ng Pleistocene g lac ia t i ons  (and associated 
low stands o f  sea l e v e l ) ,  pa r t s  o f  t h e  i nne r  t o  ou te r  s h e l f  were 
exposed t o  eros ion and t e r r i  genous deposi t ion. Sediments eroded 
from the  exposed s h e l f  a long w i t h  sediments c a r r i e d  by t h e  ancest ra l  
Anadyr and Yukon Rivers  were deposited across t he  basin and onto 
t h e  con t inen ta l  s lope and r i s e .  Quaternary deposi ts b lanket  much o f  
t h e  Navarin Basin, w i t h  a t  l e a s t  115 f e e t  o f  unconsol idated f i n e -  t o  
coarse-gralned sedlment cover ing some areas (Carlson and others,  
1983). The i n t e r g l a c i a l s  and t h e i r  associated high-stands o f  sea 
l e v e l  were i n t e r v a l s  o f  l i t t l e  o r  no sediment accumulation on t h e  
Ber ing  Sea she l f .  

Quaternary sedimentation ra tes  vary over t he  she1 f, slope, and 
r i s e  (Carl  son and Karl ,  1984). She l f  r a tes  range from 3.3 
inches/1,000 years nor th  o f  t h e  s h e l f  break t o  8.3 inches/1,000 
years a t  t he  head o f  t h e  submarine canyons, w i t h  a s h e l f  average 
o f  5.6 inches/1,000 years. Slope sedimentation ra tes  range from 
2.0 inches/1,000 years a t  t h e  upper s lope t o  5.9 1nches/1,000 
years on t he  lower s l  ope. This range r e f l e c t s  t h e  mass movement 
o f  l a r g e  amounts o f  sediment down gradient.  Cont inental  r i s e  
sedimentation ra tes  range from 2.8 t o  0.3 inches/1,000 years, w i t h  
an average o f  5.9 inches/1,000 years. The areas o f  h ighest  sediment 
accumulation a re  i n  t u r b i d i  t e  fan deposi ts t h a t  are interbedded 
w i t h  hemi pel  ag ic  muds. 

Bottom sampling i nd i ca tes  a zone o f  sandy mud and sand along 
t he  outer  s h e l f  edge and upper s lope ( f i g .  35). The sandiest areas 
are a t  t h e  canyon heads, where l a r g e  sediment waves may occur 
(Carl  son and Kar l ,  1981b). The 1,000-meter i sobath appears t o  
d e l i m i t  t h e  deepwater boundary o f  t h i s  sandy zone. A steepening 
o f  t h e  gradient a1 so occurs below Lhe 1,000-nleter i sobath. I n  the  
Navarinsky Canyon area t h e  change i n  grad ient  i s  f rom 0.03' t o  
0.28', and i n  t h e  Pervenets Canyon area the  change i s  from 0.23" 
t o  5.75'. There are two poss ib le  sediment sources f o r  t h e  sandy 
zone: r e1  i c t  Pleistocene, f i  ne-grai ned ter r igenous deposi ts t h a t  
have been winnowed by bottom cur ren ts  o r  recent ou te r -she l f  sand 
deposi t ion. The absence o f  a proximate sediment source coupled 
w i t h  t he  presence o f  weak bottom cur ren ts  suggests a r e l i c t  r a the r  
than recent o r i g i n  f o r  t h i s  sand. 

On t h e  middle and ou te r  she l f ,  t h e  l a rges t  po ten t i a l  sources 
o f  sediment are t h e  Yukon, Kuskokwim, and Anadyr Rivers, w i t h  
average sur face runo f f s  o f  71, 17, and 16 cubic miles, respect ive ly .  
A dominantly northward cur ren t  has been ca r r y i ng  t he  Yukon sediment 
load through t h e  Bering S t r a i t  t o  t he  southern Chukchi Sea since 
11,000 years before present (Knebel and Creager, 1973). The sediment 
loads c a r r i e d  by t he  Kuskokwim and Anadyr Rivers  could supply t he  
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Navarin she l f  area i f  t h e  bottom currents  are s t rong enough t o  
t ranspor t  sediment. Storm- o r  t i de - i  nduced bottom cur ren ts  dominate 
t h i s  p a r t  o f  t h e  she l f .  These cur ren ts  rework e x i s t i n g  depos i ts  
but  b r i n g  l i t t l e  o r  no new sediment i n t o  the  basin. The remaining 
p a r t  o f  t h e  middle and outer  s h e l f  i s  covered by Holocene muds 
t h a t  become progress ive ly  sandier toward t he  southeast corner of 
t he  planning area ( f i g .  35). Drop cores co l l ec ted  a t  t h e  COST we1 1 
s i t e  showed t h e  upper 60 inches of sediment t o  be s o f t  marine clay 
and clayey s i l t ,  p a r t  o f  t h e  t h i n  veneer o f  unconsolidated Holocene 
sediment t h a t  covers t h e  i nne r  and middle s h e l f  o f  the region. 

Muds represent t h e  dominant sediment t ype  i n  t h e  lower slope 
and r i s e .  Len t i cu la r ,  coarse-grained, t u r b i d i t e  deposi ts are present 
i n  t he  d issec t ing  channels. An i sopach map o f  a  probable Quaternary 
r e f l e c t o r  (Carlson and others, 1983) shows t h a t  t h i s  i s  a  s t r u c t u r a l l y  
con t ro l  1 ed depos i t iona l  environment. Isopach trends and f a u l t  o f f s e t s  
i ndicate an a c t i v e l y  subs id ing basin. I n  t h e  Pinnacle I s l and  subbasin, 
a  northwest- t rending t rough o f  Quaternary sediment p a r a l l e l s  and i s  
s l i g h t l y  o f f s e t  t o  t he  northeast f rom a s i m i l a r  t rough o f  T e r t i a r y  
sediment . S t ruc tu ra l  con t ro l  o f  Quaternary sedimentation i s  a1 so seen 
i n  t h e  Navari nsky subbasin. H igh-reso lu t ion seismic data show f a u l t s  
t h a t  o f f s e t  Quaternary r e f  1  e c t i  ons and para l  l e l  basement-control 1  ed 
f a u l t s .  



G e o h a z a r d s  

The presence o f  s h a l l  ow gas-charged sediments, deeper 
abnormally pressured zones, and s e a - f l o o r - i n s t a b i l i t y  f a c t o r s  
represent t h e  major po ten t i  a1 geologic hazards i n  t h e  Navar in 
Basin. A geologic process o r  c o n d i t i o n  i s  considered a p o t e n t i a l  
hazard i f  i t  threatens t h e  s t r u c t u r a l  i n t e g r i t y  o f  a d r i l l  r i g  
foundat ion o r  t h e  s a f e t y  o f  men and equipment working i n  t h e  
area. High-resol  u t i o n  seismic r e f l e c t i o n  data, geotechnical 
borehol e i nformat i  on, and sur face sample ana lys is  a1 1 owed t h e  
i d e n t i f i c a t i o n  o f  types and c h a r a c t e r i s t i c s  o f  po ten t i  a l l y  hazardous 
condi t ions.  The 1 i m i t e d  amount o f  pub1 i c  data, however, p r o h i b i t e d  
lease-b lock -spec i f i c  i d e n t i f i c a t i o n  o f  geohazard l oca t i ons  w i t h  
t h e  except lon o f  submarine s l i des .  

SEA-FLOOR I NSTARILITY 

S e a - f l o o r - i n s t a b i l i t y  hazards which may a f f e c t  bottom-founded 
s t r uc tu res  i nc l ude  f a u l t i n g ,  seisrnic i  t y ,  s l  ides,  and erosion. 
Foundation support  f a i l u r e  r e s u l t s  f rom a reduc t ion  i n  shear s t reng th  
o f  t h e  suppor t ing  subs t ra te  o r  from removal o f  t h e  surrounding 
sediment by  geologic processes. Se i sm ic i t y  and near-surface f a u l t i n g  
can cause a 1 oss o f  foundat i o n  support  by d l f f e r e n t l  a1 d l  splacement, 
earthquake-induced shaking, and subs t ra te  l i q u e f a c t i o n  induced by 
v i b ra t i on .  

Both detached growth f a u l t i n g  and basement-control 1 ed f a u l t i n g  
appear t o  be a c t i v e  i n  t h e  Navarin Basin. F igure  16 d isp lays  
numerous l a r g e  basement f a u l t s  t h a t  o f f s e t  t h e  ove r l y i ng  T e r t i a r y  
deposits. 

High-resol  u t i o n  seismic data reveal  f a u l t  o f f s e t s  o f  sediment 
as young as P le is tocene near t h e  w e l l  s i t e  and throughout t h e  
margins o f  t h e  i n d i v i d u a l  subbasins. Fau l t  o f f s e t s  o f  no more 
than 10 f e e t  were i d e n t i f i e d  near t h e  Navarin Basin COST we l l  i n  
r e f l e c t o r s  considered to be Pliocene in dge (Nekton, Inc., 1980b). 
Near-surface o f f s e t s  rang ing  from 33 t o  67 f e e t  were repor ted  by 
Carlson and Ka r l  (1981b) t o  be present i n  t h e  Navar in Basin. 



The dynamic e f f e c t s  o f  earthquakes on bottom-founded s t ruc tu res  
are estimated by  c a l c u l a t i n g  t he  i n e r t i a l  s t ress  generated by ground 
acce le ra t ion  (Sowers, 1979). Both body and s u r f  ace waves generated 
by  an earthquake can cause ground accelerat ion.  Any k i n e t i c  energy 
app l ied  t o  a s t r uc tu re  t h a t  i s  no t  absorbed by e l a s t i c  o r  p l a s t i c  
deformation o f  t h e  supers t ruc tu re  w i l l  r e s u l t  i n  damage (Leonards, 
1962). Ve r t i ca l  acce le ra t ion  imposes a v e r t i c a l  load on a s t r u c t u r e  
which may cause temporary u p l i f t ,  fo l lowed by foundat ion settlement.. 
Hor izonta l  acce le ra t ion  i s  t r ans la ted  i n t o  a shear s t ress  appl ied t o  
t he  foundat ion subs t ra te  which may cause l a t e r a l  displacement o f  the  
foundation. 

When wet, cohesionless, f i n e  sand t h a t  i s  not  a t  c r i t i c a l  
dens i t y  i s  subjected t o  v i b r a t i o n ,  a r a p i d  decrease i n  s o i l  mass 
vo l  ume may occur (Leonards, 1962). This vo l  umetr ic decrease r e s u l t s  
f rom a decrease i n  water content.  I f  water i s  not expelled, and if 
t h e  r e o r i e n t a t i n g  gra ins are supported by water and not  by gra in- to-  
g ra i n  contact ,  t he  sand mass 1 ique f ies ,  causing a 1 oss o f  shear 
strength.  Mate r ia l  suscep t ib le  t o  t h i s  type o f  f a i l u r e  has been 
i d e n t i f i e d  by Edwards and Lee (1984) a t  t he  outer  s h e l f  edge and 
upper slope o f  t he  Navarin Basin ( f i g .  35). 

The Navarin Basin Planning Area has experienced l i t t l e  recent 
seismic a c t i v i t y .  Meyers (1976) l i s t s  on l y  seven repor ted earthquakes 
of unspeci f i  ed ~nagni tude i rr Lhe drea s ince 1786. The remoteness 
o f  t he  area and t he  lack  o f  a proper seismic de tec t ion  network has 
i n h i b i t e d  an accurate assessment o f  t h e  reg ion 's  se ismic i ty .  A 
study o f  p o t e n t i a l  earthquake hazards o f  t he  Alaskan con t inen ta l  
s h e l f  (Woodward-Clyde Consultants, 1978) p red ic ts  a maximum ground 
acce le ra t ion  o f  55 cm/sec2, w i t h  a r e t u r n  per iod  o f  100 years. 

Submarine s l i d e s  a re  a common hazard on t h e  con t inen ta l  slope 
and i n the  d i  ssec t i  ng submarine canyons. USGS reconnaissance surveys 
i d e n t i f i e d  s l i d e s  i n  water depths o f  500 t o  3,900 fee t .  One s l i d e  
covered an area o f  over 480 square mi les,  and composite s l i des  
a f f ec ted  t he  upper 960 f e e t  o f  sediment. Grav i t y  cores o f  t he  
upper 16 f e e t  o f  s l  i d e  mater i  a1 recovered a mix ture of  pebbly mud 
and vcry s o f t  mud. The s l i d e s  were c l a s s i f i e d  as slumps, debr is  
f lows, o r  mud f lows on t h e  bas is  o f  t h e i r  seismic r e f l e c t i o n  
c h a r a c t e r i s t i c s  (Nardi n and others,  1979). 

Rapidly deposited, cohesionless, f i  ne-grained mater i  a1 on t h e  
Navarin outer  she1 f edge and upper slope i s  prone t o  s l i d i n g  ( f i g .  
35). Previous s l i d i n g  may have been i n i t i a t e d  e i t h e r  by c y c l i c  
wave-loading induced by storms dur ing  low stands o f  sea l e v e l  o r  
by earthquakes. Car l  son and others  (1982) and Marlow and others 
(Resource Report Suppl ement , 1983) d iscount  cyc l  i c  wave-1 oadi ng as a 
t r i g g e r i  ng rnechani sm f o r  present-day submari ne sl ides .  Navarln area 
storms commonly have winds more than 60 mi les  per  hour and may have 
winds i n  excess o f  100 mi les  per hour. Waves generated by storms of 
t h i s  magnitude range from 50 t o  65 fee t .  Repeated s t r a i n s  produced by 



earthquakes, however, can increase t h e  pore pressure and cause a 
l o s s  o f  shear s t reng th  i n  a sand mass (Sowers, 1979). The increased 
pore pressure enables t h e  mater ia l  t o  wi thstand even l a r g e r  s t r a i n s  
u n t i l  f a i l u r e  ensues. The ensuing 1 i que fac t i on  depends on t he  a b i l i t y  
o f  t he  sand mass t o  d i s s i p a t e  pore pressure, t h e  i n i t i a l  dens i t y  o f  
t h e  mater i  a1 , and t he  amount o f  app l ied  stress. 

Lease hlncks character ized by a c t i v e  o r  p o t e n t i a l  submarine 
s l i d i n g  were i d e n t i f i e d  i n  t h e  Not ice o f  Sale f o r  Sale 83 ( f i g .  36). 
The c r i t e r i a  used inc luded t h e  presence o f  f a u l t  scarps, p r o c l i v i t i e s  
greater  than 2", d i  srupted r e f l e c t i o n  sequences, hummocky bathymetry, 
and detached slump blocks. Where a p o t e n t i a l  hazard was i n fe r red ,  
t he  in fe rence  was j u s t i f i e d  by  bathyinetry and p rox im i ty  t o  b locks 
w i t h  d i r e c t  seismic evidence o f  s l ides .  R e l i c t  and recent  movements 
could no t  be d i f f e r e n t i a t e d  by seismic c r i t e r i a .  

Ac t i ve  eros ion and r e d i s t r i b u t i o n  o f  sediment could reduce t he  
support o f  bottom-founded s t ruc tu res .  Such processes are expressed 
as sediment waves and sea- f loo r  depressions. USGS surveys have 
i d e n t i f i e d  r e l i c t  l a rge  sediment waves formed a t  t h e  heads o f  t he  
t h ree  submarine canyons dur ing  1 ow stands o f  sea 1 eve1 . A t  t h e  
Navarinsky Canyon, these waveforms cover an area o f  230 t o  270 
square mi les  between t he  700- and 1,475-foot isobaths. I n  some 
areas, these sediment waves are covered by a t h i n  veneer o f  recent 
sediments. Sea-f loor depresslons para1 1 e l  t o  bathymetr ic contours 
a re  present on t h e  down-slope s ides o f  t he  sediment waves. The 
depressions are about 165 f e e t  wide and 16 t o  33 f e e t  deep and 
a re  l oca ted  330 t o  6,500 feet apart .  Sediment t ranspor t  by bottom 
cur ren ts  generated by surface waves has been proposed as a mechanism 
f o r  t h e  format ion o f  these depressions (Carlson and Kar l ,  1981b). 

GAS-CHARGED SEDIMENTS 

Gas-charged sediments a re  ub iqu i tous i n  t h e  Navarf n Bas1 n. 
Shallow occurrences o f  gas-charged sediment can cause an increase 
i n  pore pressure and a decrease i n  shear strength,  which may r e s u l t  
1 n unstab le  foundat i on  cundi l ions. Gas-charged sediments a r e  
i d e n t i f i e d  on analog h i gh - reso lu t i on  seismic r e f l e c t i o n  data as 
anomalous acoust ic  events recognized by p o l a r i t y  reversa l ,  amp1 i tude 
increase, r e f l e c t o r  "wipe out  ," and r e f l e c t o r  " p u l l  down." Biogenic 
gas was present i n  a l l  o f  t h e  USGS g r a v i t y  cores taken i n  t h e  Navarin 
Basin (Vogel and Kvenvolden, 1981). No s i g n i f i c a n t  shows o f  
thermogeni c gas were i d e n t i f i e d .  Shal l  ow gas was a1 so encountered 
i n  t h e  Navarin Basin COST No. 1 wel l .  Most o f  t h i s  shallow gas 
i s  probably biogenic, al though some f r a c t i o n  may be thermogenic. 
There i s  no obvious zone i n  which shal low gas accumulated. 
Anomalous seismic events t h a t  might be gas assocl ated are present 
i n  a1 1 th ree  subbasins i n  zones c o r r e l a t i v e  w i t h  l i t h o l o g i c  zones 
A-1, A-2, B, C-1 ,  and C-2 o f  t h e  Navarin COST we l l .  I n  t h e  
con t inen ta l  slope and r i s e  areas, gas hydrate accumulations may be 



present i n  t h e  form o f  a solid-phase mix tu re  o f  water and gas. 
This phenomenon i s  we1 1 documented i n  t he  Ber ing Sea (Kvenvolden 
and McMenamin, 1980; Marl ow and others, 1981; Hammond and Gaither,  
1983). The gas hydrate i s  i d e n t i f i a b l e  because t he  acoust ic  impedance 
con t ras t  between i t  and t he  ove r l y i ng  sediment produces a seismic 
r e f l e c t  ion. Because t h e  gas hydrate i s  temperature-pressure 
dependent, t he  r e f l e c t i o n  mimics t h e  sea f l o o r  and appears t o  be a 
t ime- t ransgress ive r e f l e c t i o n  (bottom-simulat ing r e f l e c t o r ,  or 
BSR) i n  areas o f  s t r u c t u r a l  r e l i e f .  

Unpredi c ted  abnormal po re - f l  u i d  pressure can be extremely 
hazardous i f  encountered d u r i  ng d r i l  li ng operations. If encountered 
near t h e  sur face i t  can a l so  endanger bottom-founded s t ructures.  
Evidence from t h e  Navarin Basin COST we l l  and from seismic 
r e f l e c t i o n  surveys i nd i ca tes  t h e  presence o f  abnormal p o r e - f l u i d  
pressures i n  t h e  Navarin Basin (Sherwood, 1984). I n  t he  l a t e  Miocene 
t o  e a r l y  Pl iocene sec t ion  (2,500 t o  3,840 fee t ) ,  format ion t e s t  
and wel l  1 og data i nd i ca ted  t he  presence o f  abnormally h iqh pore- 
f l u i d  pressures. Sherwood postu la ted t h a t  t h i s  overpressur ing i s  
associated w i t h  t h e  d i  agenesis o f  d ia tomi te - r i ch  sediments and t he  
r e s t r i c t e d  f l o w  o f  expel led pore f l u i d  f rom compacting shales. I n  
t h e  Oligocene sec t ion  (beluw 9,430 feet ) ,  pore - f lu ld  pressure begins 
t o  dev ia te  s i g n i f i c a n t l y  f rom t h e  expected pressure grad ient  f o r  
t h e  Be r i  ng Sea region. This second, and major , abnormal l y  pressured 
sec t ion  apparent ly  cont inues down i n t o  t h e  Cretaceous section. 
The presence o f  abnormal p o r e - f l u i d  pressures i n  t he  Navarinsky 
subbasin i s  suggested by  t h e  presence o f  shale d i a p i r s  ( f i g .  9). 
These d i  api rs are probably der ived from Paleocene and Eocene c lays  
t h a t  were bur ied  i n  a r a p i d l y  subs id ing basin. The basinward 
divergence o f  con t i  nuous, coherent seismic r e f l e c t i o n s ,  and t h e i r  
subsequent disappearance i n  t h e  cen te r  o f  t he  basin, suggest 
continuous, r a p i d  deposl t lon. Rapid deposi t ion increases the  
l i k e l i h o o d  o f  overpressured shales by inc reas ing  t h e  pressure on a 
porous medium hav i  ng r e s t r i c t e d  f l ow  (Gretener, 1981). 

Hedberg (1976) postu la ted t h a t  shales which produce gas under 
r e s t r i c t e d - f l o w  cond i t ions  enhance t h e i r  own d i a p i r i c  c a p a b i l i t i e s .  
COST we l l  data i n d i c a t e  t h a t  l i t h o l o g i c  zones E, F, and perhaps 
p a r t  o f  0-2, a r e  w i t h i n  t he  o i l  window. L i t h o l o g i c  zones E and F 
con ta in  appropr ia te  types and amounts o f  kerogen f o r  hydrocarbon 
generation. The t ime-equiva lent  sect ions o f  zones E and F th icken  
considerably i n  t h e  center  o f  t h e  nor thern subbasin. Thus, t h e  source 
beds f o r  t he  shale d i ap i  r s  may a lso be prone t o  hydrocarbon generation. 
Therefore, a t  l e a s t  i n  t h e  Navarinsky subbasin, t h e  presence o f  
overpressured s h a l e  i s 1 i k e l y  and, I f not prepared f o r ,  coul d pose 
a hazard t o  d r i l l i n g  operat ions. 
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FIGURE 36. L e a s e  b l o c k s  i d e n t i f i e d  a s  h a v i n g  a c t i v e  or  p o t e n t i a l  
s u b m a r i n e  s l i d e s .  Adapted f r o m  S t e f f y  (1984a). 



E n v i r o n m e n t a l  C o n s i d e r a t i o n s  

Very 1 i t t l e  s i  t e - spec i f i c  b i o l o g i c ,  meteor01 og ic ,  o r  
oceanographic data e x i s t  f o r  the  Navar in Basin Planning Area. 
Most o f  t h e  m t e o r o l o g i c  and oceanographic i n f o r n a t i o n  p e r t a i n i n g  
t o  t h e  area i s  summarized i n  t he  C l ima t i c  A t l a s  o f  t he  Outer ~ ~ 

c on t i nen ta l  s h e l f  Waters and Coastal ~ e ~ i o n s  o f  Alaska (Brower and 
others,  1 9 / / )  and The Alaska Marine I c e  A t l a s  ( Labe l l e  and others ,  
19831. from data c o m ~ i l e d  bv  t h e  Flational Weather Service and 
o the r - f ede ra l  agencies, a n d b y  the A r c t i c  Environmental In fo rmat ion  
and Data Center. The most complete recen t  b i o l o g i c a l  data a v a i l a b l e  
f o r  the  area come from a s i t e - s p e c i f i c  survey done f o r  ARC0 Alaska, 
Inc., by Nckton, Inc .  (1980b). The above-enumerated sources drld 
the Environmental Considerat ions chapter o f  t he  Navarin Basin COST 
we1 1 r e p o r t  ( Adams, 1984) represent  t h e  data base f o r  environmental 
cons idera t ions  i n  the  p lanning area. 

METEOROLOGY AND OCEANOGRAPHY 

Most o f  the Ber ing Sea l i e s  i n  subarc t i c  l a t i t u d e s .  Cyclonic 
atmospheric c i r c u l a t i o n  predominates, and cloudy sk ies,  moderately 
heavy p r e c i p i t a t i o n ,  and s t rony  surface winds characterize the  
marine weather. The weather i s  c o n t r o l l e d  b y  h i gh  pressures over 
the P a c i f i c  and A r c t i c  Oceans and S iber ia ,  which r e s u l t s  i n  low 
pressures i n  t h e  A leu t ian  area. Oceanic c u r r e n t  f l o w  i n  the area 
i s  no r t he r l y .  Currents range from 0.5 k n o t  i n  the south t o  1.0 
k n o t  i n  t he  nor th ,  where the  f l o w  i s  acce lerated toward t he  Ber ing 
S t r a i t .  Wave energy i n  the Ber ing Sea i s  va r iab le .  A t  t he  cen te r  
o f  the  p lanning area, wave he igh ts  g rea te r  than  5 f e e t  occur l e s s  
than 50 percent  o f  the  t ime from A p r i l  t o  J u l y  and more than 70 
percent  o f  t he  t ime from October through January (Brower and others,  
1977). Average wave he igh ts  a re  g rea te r  toward the  southwest p a r t  
o f  t he  area and smal ler  t o  t h e  nor theast .  Before t h e  Navarin COST 
we l l  was d r i l l e d ,  the  maximum recorded storrn wave he igh ts  i n  the  
p lanning area ranged from 20 f e e t  i n  June and J u l y  t o  49 f e e t  i n  
December. 

The p lanning area i s  i c e  f ree,  based on 10-year-average data, 
from mid-July t o  mid-November, a t  which t ime the  i c e  edge (genera l l y  
about 50 percent  i c e  concent ra t ion)  begins t o  encroach from the  



northeast. Annual v a r i a t i o n s  i n  these dates can amount t o  several 
weeks, however; Nat ional  Weather Serv ice ana lys is  o f  s a t e l l i t e  
photos has i nd i ca ted  t h a t  i n  1985, f o r  instance, t he  area was i c e  
f r e e  by June 19. The nor theast  corner o f  t he  p lanning area may be 
f u l l y  covered by sea i c e  from e a r l y  December t o  l a t e  June, w i t h  a 
75-percent probabi l  i t y  o f  being covered from January through mid-June 
and a v i r t u a l  c e r t a i n t y  o f  being covered from mid-February through 
May. The cen te r  o f  the p lanning area may be covered w i t h  sea i c e  
from e a r l y  January t o  mid-June, w i t h  a g rea te r  than 50-percent 
chance t h a t  i t  w i l l  be covered from e a r l y  A p r i l  t o  l a t e  May. The 
southwest corner o f  the  planning area i s  genera l l y  i c e  f ree,  w i t h  
on l y  a 10-percent chance t h a t  the  i c e  w i l l  extend beyond t h i s  
p o i n t  a t  t he  sea i c e  maximum i n  l a t e  A p r i l  . 

The most recen t  d e t a i l e d  in fo rmat ion  on meteorological  and sea 
i c e  cond i t ions  i n  the  p lanning area was gathered by Nortec, Inc.  
(19841, a t  the Navarin Basin COST No. 1 wel l ,  which was l oca ted  
120 mi les  west o f  Pinnacle Is1  and o f  the  St. Matthew and Hal 1 
Is lands. The we1 1 was begun on May 26, 1983, and completed on 
October 22, 1983. During t h i s  time, meteorologic cond i t ions  and 
wave ne lgn ts  were monltored d a l l y  a t  w e  r i g .  Tnree significant 
wind events, w i t h  1-minute average surface winds o f  34 knots 
( g a l e  fo rce)  o r  more, were recorded. These occurred from September 
12 t o  Scptcmbcr 14, and on September 23 and October 8, 1983. The 
h ighes t  gust  (47  knots) was recorded dur ing  the  f i r s t  event. The 
h ighes t  seas ( w i t h  s i g n i f i c a n t  wave he igh ts  o f  29 f e e t  and maximum 
he igh ts  o f  50 f e e t )  occurred dur ing  the October 8 event. 

The pack i c e  advance near the  COST No. 1 we l l  reached a 
maximum on March 11, 1983, w i t h  t he  i c e  edge extending t o  about 60 
m i l es  south o f  the  we l l  s i t e .  The on ly  o ther  recen t  recorded pack 
i c e  advances whi-ch have exceeded t h i s  were i n  1960 and 1978. The 
1978 advance covered about 70 percent of the  planning area. I c e  
cover-age o f  the Sale 83 area w i t h i n  the pldnning area dur ing t h i s  
advance was about 90 percent. 

BIOLOGY 

The Ber ing Sea s h e l f  edge, and t o  a l esse r  extent  the r e s t  o f  
the  p lanning area, i s  character ized by h i gh  pr imary p roduc t i v i t y .  
Th is  i s  due t o  the  upwe l l ing  o f  n u t r i e n t - r i c h  oceanic water a t  t he  
she1 f edge, which supports a complex ecosystem o f  c u l t u r a l  l y  and 
commercial ly Valuable stocks o f  f i s h ,  inver tebra tes ,  and marine 
mammals. I n  add i t ion ,  St. Matthew and Ha l l  Is lands, a wi lderness 
area approximately 30 m i l es  east  o f  t he  p lanning area, support a 
l a r g e  number o f  b i r d  species. These i s l ands  have been nominated 
as an area m e r i t i n g  special  a t t e n t i o n  i n  t he  Alaska Coastal 
Management Pl an. 

A s i t e - s p e c i f i c  marine b i o l o g i c a l  survey was designed by MMS 
i n  concer t  w i t h  o ther  Federal and S ta te  agencies t o  ob ta in  
b i o l o g i c a l  data a t  both t he  Navarin COST No. 1 we1 1 s i t e  and the  



a l t e rna te  s i t e  13 mi les  t o  t he  west. Through t h e  use o f  underwater 
video and photographic document a t  ion, p lankton tows, i nfauna l 
sampl i ng , and t r aw l  i ng , Nekton, Inc.  (1980b), determined t h e  r e l  a t i  ve 
abundance and types o f  organisms present i n  var ious hab i ta ts .  These 
surveys were cor~ducted from August 15 t o  August 17, 1900. The 
r esu l t s ,  which are probably c h a r a c t e r i s t i c  o f  t he  b i o l o g i c  makeup o f  
much o f  t he  planning area, a re  summarized below: 

1. Copepods (small crustaceans) were t h e  most abundant 
element o f  the plankton, accounting f o r  about 99 percent o f  
t h e  t o t a l  organisms . Smal l e r  amounts (approximately 1 percent) 
o f  euphausids (shrimp-1 i ke crustaceans) and chaetognaths 
(arrow worms) were a1 so present. Decapod crustaceans (crabs, 
shrimp, etc.) accounted f o r  l ess  than 1 percent o f  t he  plankton 
i n  a l l  o f  t h e  samples. No f i s h  eggs or f i s h  l a r vae  were 
found a t  e i t h e r  s i t e .  

2. Epi benth ic  inver tebra tes  were t he  numer ica l ly  dominant 
component o f  t he  t r aw l  catch a t  both s i tes .  The most 
abundant inver tebra tes  were astero ids ( s t a r f i s h )  and ophi uro ids 
( b r i t t l e  s t a r s ) .  One commercial shrimp species was taken i n  
low numbers a t  both s i tes .  

3. Video and s t i l l  photography o f  t he  seabed a t  both s i t e s  
revealed , i n decreasi ng order of abundance, ee l  pouts, 
roundf ish,  near-bottom p lankton organisms, s t a r f i s h ,  and 
sea sna i l s .  Benthic grabs a t  both s i t e s  revealed t h a t  
polychaete annel ids ( b r i s t l e  worms) were t h e  dominant animals, 
f o l l  owed by arthropods, p r i  apul i d s  (small worm1 i ke animals) , 
and echinoderms (sea u rch i  ns, etc.  ) . 
The b i o l o g i c a l  survey i nd i ca ted  t h a t  the  area contained no 

unique hab i t a t s  o r  species t h a t  would r equ i r e  r e j e c t i o n  o r  
mod i f i ca t ion  o f  the  COST wel l  d r i l  l i n g  program. No add i t i ona l  
b i  01 og ica l  resources were discovered dur ing d r i  1 1 i ng operations. 
No adverse e f f ec t s  on e x i s t i n g  b i o l og i ca l  resources were apparent 
from d r i l l i n g  a c t i v i t i e s .  

MARINE MAMMALS, ENDANGERED SPECIES, AND BIRDS 

Marine mammal and b i r d  resources o f  t h e  p lanning area inc lude  
overwinter i  ng whales and p i  nni  peds (seal s and wal rus )  , m i  gra t  i ng 
whales, and mig ra t ing  and res iden t  sea b i r ds  and other  waterfowl. 
Few endangered mama1 s frequent t he  planni  ng area. Bowhead whales 
overwinter i n  t h e  v i c i  n i  t y  of t h e  i c e  f r on t ;  be1 uga whales are 
occas ional ly  present; and sperm whales feed along t he  s h e l f  break 
along t h e  western boundary o f  t h e  area. 

The proposed d r i l l  i ng program was submitted t o  t h e  Nat ional  
Marine F isher ies  Service (NMFS) and t h e  U.S. F ish and W i l d l i f e  



Service f o r  rev iew and comment regard ing p o t e n t i a l  e f f e c t s  o f  t h e  
operat ion on l i v i n g  resources i n  t h e  area. A l e t t e r  was rece ived 
from NMFS, inc luded as an attachment t o  t h e  Environmental Assessment 
(EA) , recommendi ng s t i p u l a t i o n s  t o  be c a r r i e d  out i n  concer t  w i t h  
t h e  Alaska OCS Orders. NMFS recommended minimum approach d is tances 
f o r  a i r  and sur face support  c r a f t ,  gave gu ide l ines  f o r  r e i n i t i a t i o n  
o f  consu l ta t ion ,  and recommended cont inued whal e research. 

Eleven species o f  b i r d s  were observed a t  t h e  COST we1 1 s i t e ,  
and t e n  species a t  t h e  a l t e r n a t e  s i t e .  The most abundant b i r d  
species a t  both s i t e s  was t h e  nor thern  fu lmar.  Other species 
f r equen t l y  encountered a t  t he  COST we1 1 s i t e  inc luded t u f t e d  p u f f  i ns, 
common murres, f o r k - t a i  1 ed storm pe t re l s ,  b lack turnstones, A1 e u t i  an 
te rns ,  A r c t i c  terns,  and black- legged k i t t iwakes .  B l  ack-legged 
k i t t i w a k e s  and common murres were a l so  f requen t l y  s igh ted  a t  t he  
a l t e r n a t e  s i t e .  Both o f  these species have r e c e n t l y  rece ived 
spec ia l  a t t e n t i o n  because o f  popula t ion dec l ines r e l a t e d  t o  shortages 
o f  food, c h i e f l y  po l l ack  (Spr inger  and others, 1983; MMS con t rac t  
avian recensusi ng, i n  progress). 

FISHERIES 

The p lanni  ng area con t r i bu tes  s i g n i f i c a n t l y  t o  Ee r i  ng Sea 
f i s h e r i e s  product ion.  I n  t h e  past,  Ber ing Sea f i s h e r y  resources 
have been l a r g e l y  exp lo i t ed  by Japanese, Korean, and Soviet  f i s h i n g  
f l e e t s ;  however, w i t h  t he  advent o f  t h e  Federal 200-mile extended 
j u r i s d i c t i o n ,  these resources may be & r e  i n t e n s i v e l y  harvested 
by U.S. fishermen. Approximately 315 species o f  f i s h  are present 
i n  t h e  Ber ing Sea, o f  which 25 a re  commercial ly valuable.  Herring, 
salmon, po l l ack  (cod), ocean perch, and h a l i b u t  and var ious o ther  
f l a t f i s h  ( t u rbo t  and so le )  are t h e  most important o f  t h e  commercial 
species. Noteworthy a1 so a re  va luable  popula t ions o f  King and 
Tanner crab and western Alaska salmon. 

CULTURAL RESOURCES 

The COST we l l  and a l t e r n a t e  s i t e s  were loca ted  i n  a deepwater 
area where t h e  p r o b a b i l i t y  f o r  t h e  occurrence o f  c u l t u r a l  resources 
(campsites , b u r i  a1 s i t e s  , etc., occupied d u r i  ng P l e i  stocene 1 ow-sea- 
l e v e l  stands) was low. TV t ransec ts ,  side-scan sonar, and magnetometer 
surveys discovered no unexplained anomalies, and no c u l t u r a l  resources 
were i d ~ n t i f i e d  d ~ ~ r i n g  t h e  COST we1 1 d r i l l  i n g  n p ~ r a t i n n s .  Thp 
nor theastern qua r t e r  o f  t h e  p lanning area i s  shal lower (165 t o  600 
f e e t )  and may requi  r e  f u r t h e r  i nves t i ga t i ons  f o r  P le is tocene c u l t u r a l  
a r t i f a c t s .  



Summary a n d  Conc lus ions  

The Navari n  Basi n  P l  anni ng Area i nc l  udes s i g n i f i c a n t  acreage 
on t h e  con t inen ta l  s h e l f  as we1 1 as i n  t h e  deepwater con t inen ta l  
s lope province. At  t h i s  juncture,  t he  on ly  pa r t  o f  t h e  p lanning 
area considered t o  have economic hydrocarbon p o t e n t i a l  i s  t h e  
con t i nen ta l  s h e l f  and s h e l f  basins. The advent o f  improved deep- 
water d r i l l i n g  technology coupled w i t h  t he  c o l l e c t i o n  o f  new data 
f rom t h e  slope and r i s e  cou ld  someday a l t e r  t h i s  perception. 

Sea- f loor  i n s t a b i l i t y  (earthquake shaking, submarine s l i des ,  
gas-charged sediment) and abnormal format i on  pressures coul  d  impose 
engineer ing cons t ra i n t s  on d r i l l i n g  operations. Deep water, extreme 
weather condi t ions,  and f l o a t i n g  i c e  a re  a lso  s i g n i f i c d r ~ L  i r ~ h i b i L i r ~ g  
environmental cons idera t ions  i n  t h i s  o f f shore  f r o n t i e r  area. 

Rocks o f  Holocene t o  Ju rass ic  age a re  present under t h e  
Navar in Basin she l f .  Mesozoic s t r a t a  are exposed a t  t h e  s h e l f  
break. The acoust ic  basement appears t o  be Mesozoic i n  most areas, 
probably Late Cretaceous. Acoust ic  basement and economic basement 
may no t  be synonymous. The base o f  T e r t i a r y  f ill may be as deep as 
36,000 f e e t  i n  some o f  t h e  subbasins. 

The best source rocks I n  t h e  COST Well are  o rgan ic - r i ch  Eocene 
mudstones. Good source rock sec t ions  elsewhere i n  t h e  bas in  may 
be several  thousand f e e t  t h i c k .  Type I 1  kerogens con ta i n i ng  
1.0 t o  2.0 percent organic carbon were observed i n  t h e  Eocene 
sec t ion  o f  t h e  we1 1. Gas plumes associated w i t h  sha le  d i  api  r s  
appear t o  represent l eak i ng  therrnogenic gas. Sediments as young as 
l a t e  Oligocene and as o l d  as Late Cretaceous e x h i b i t  some source 
rock po ten t i a l .  The o i l  window seen i n  t h e  COST we1 1 extends from 
about 9,400 t o  15,000 feet.  

The best r e s e r v o i r  rocks i n  t h e  Navarin Basin COST w e l l  a re  
t h e  l a t e  Oligocene o f f shore  bar  sandstones o f  l i t h o l o g i c  zone 
C-2. Reservo i r  sands o f  somewhat l e s s e r  q u a l i t y  a re  present i n  
1  i tho1 ogi  c zone C - 1  (Miocene). Po ten t i  a1 reservo i  r s  associ aLed 
w i t h  poss ib le  Oligocene and Eocene t u r b i d i t e  depos i ts  appear t o  be 
present a long t h e  subbasin margins and as d e t r i t a l  aprons around 
basement h i  ghs. These poss ib le  t u r b i d i  t e  r ese rvo i r s  apparent ly  



i n t e r f  i nger downdi p  w i t h  thermal  l y  mature, o r g a n i c - r i c h  mudstones. 
I n  some s e t t i  ngs, t h e  Mesozoic s e c t i o n  may have good r e s e r v o i r  
c h a r a c t e r i s t i c s  due t o  t h e  development o f  secondary po ros i t y .  

There a re  a  number o f  hydrocarbon t r a p  c o n f i g u r a t i o n s  present 
i n  t h e  Navar in  Basin. Most o f  t h e  t r a p s  a r e  assoc ia ted w i t h  T e r t i a r y  
p u l l  -apar t  s t r u c t u r e s  cha rac te r i zed  by  nonnal f a u l t i  ng. Other p lays  
i n c l u d e  pinch-outs,  drape depos i t s  over basement h ighs,  and t r u n c a t i o n s  
assoc ia ted w i t h  sha le  d iap i r i sm.  There a r e  a1 so a  number o f  p o t e n t i  a1 
s t r a t i g r a p h i c  t r a p s  r e l a t e d  t o  f a c i e s  changes and d i a g e n e t i c  zones. 

The presence o f  t h e r m a l l y  mature, o r g a n i c a l l y  r i c h  source beds, 
abundant seal  i ng hor izons,  good t r a p p i n g  c o n f i g u r a t i o n s ,  and t i m i n g  
cons ide ra t i ons  a1 1  bode we1 1  f o r  petro leum e x p l o r a t i o n  and development. 
Reservo i r  qua1 i ty may prove t o  be t h e  most impor tant  1  i m i t i n g  f a c t o r  
i n  t h e  basin. 

Sumnahg and C o n & h a ,  135 
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Quaternary (sea f l o o r  t o  1,536 fee t )  
and de~;:;fi-:!ts c o n s i s t  of poor l y  so r ted  s i l t ,  CIW, sand, 

Pl iocene 11.536 t o  3.180 f e e t )  
The PI iocene i n t e r v a l  contains poor l y  sorted, s i l t y .  sandy 

mudstone and diatomaceous ooze. Primary sedimentary s t r u c t u r e s  
were destroyed by ex tens ive  b io tu rba t ion .  Concentrat ions of 
granule-sized rock and s h e l l  fragments are assoc ia ted  w i t h  scour 
surfaces. Coarser g ra ined  mate r ia l  may represen t  basal l a g  
deposits on e ros iona l  surfaces c rea ted  by storm-generated cur ren ts .  
The framework g ra ins  are mainly vo lcan ic  l i t h i c  fragments, angu la r  
quartz, and feldspars. Diatom and c l a y  m a t r i x  con ten t  ranges from 
50 t o  80 percent.  Most o f  the  diatom fragments are broken and 
angular.  The l i t h i c  components a re  dominated by b a s a l t i c  and 
in te rmed ia te  vo lcan ic  fragments, mica, p l u t o n i c  rock, cher t ,  and 
c lay .  RCCesSOrY minera ls  inc lude  hornblende, epidote, a p a t i t e  
and pyroxene. Oiagenetlc changes inc luded  weak a l t e r a t i o n  and' I ;:;s;;;-jpa(lf l i t h i c  f r a p e n t s  and development o f  au th igen ic  p y r i t e  

I Miocene I 3  1RO tn 6 7nn f a a t 1  ..- - .-,.-- -- -,.-. 
From 3 180 t o  3,860 fee t  the  sec t ion  cons is ts  o f  intetbedded, 1 moderately indura ted  sandstone and mudstone. Most o f  t h e  diatoms 

(opa l -A)  have been a l t e r e d  t o  c l i n o o t i l o l i w  and minor amounts o f  
opal-CT by t h e  depth o f  3.860 feet.  Secondary carbonates (h igh-  I magnesium c a l c i t e ,  p ro tado lon i te ,  and rhodochrosite) a re  c m o n .  

The i n t e r v a l  from 3,860 t o  5.010 fee t  i s  composed o f  f i n e -  
and very f~ne-g ra ined  sandstones interbedded w i t h  sandy mudstones. 
The sandstones are poor l y  t o  we l l  so r ted ,  and l o c a l l y  cemented 
w i t h  c a l c i t e .  I n  core 2, t h e  pr imary sedimentary s t r u c t u r e s  
n o t  destroyed by b i a t u r b a t i o n  cons is t  o f  discontinuous, wavy 
lamina t ions .  Some diatoms have been replaced by f ranbo ida l  p y r i t e .  
v i s u a l  a n a l r s i s  suggests t h a t  sane d i a t m s  &wed t o  au th igen ic  
quar tz  may be present.  P r e c i p i t a t i o n  o f  smecti te and z e o l i t e  has 
reduced p o r o s i t y  and p e m e a b i l i t y .  

pal-t ~ ~ t ; ; ' l ; ; E e n ~ : t ~ ~ e ' ~ E a ~ ~ ~ ~ ~  
mudstone. 

~- ~- 
'The sandstone i s  f i n e  t o  ve ry  f i n e  grained, poor l y  t o  * e l l  sorted. 

b io tu rba ted ,  and l o c a l l y  cemented by c a l c i t e .  Broken and i n t a c t  
mol luscan s h e l l s  and l i t h i c  pebbles are present.  Primary sedimentary 
s t ruc tu res  i n  cores inc lude  wavy t o  hor i zon ta l  i n te r lamina t ions .  

~ : ~ ~ ~ ~ ~ ~ ~ l ~ ~ n k % ~ n ~ o l ~ ~ y ~ ~ ~ ? ? ~ ~ k q ~ ~ ~ ~ ~ ~  ~ ~ ~ ~ ~ ? f ~ ~ ~ ~ t s ,  and 
feldspars. Plagioclase i s  the dominant feldspar. % s t  o f  t h e  
l i t h i c  fragnents are vo lcan ic  i n  o r i g i n .  Minor c o n s t i t u e n t s  inc lude  
Cher t  hornblende, pyroxene, epidote. z i r con ,  garnet. and r a r e  1 t0unn;line. Diagenetlc a l t e r a t i o n s  Inc lude  c n p a c t i o n ,  a l t e r a t i o n .  
and d i s s o l u t i o n  o f  feldspars and vo lcan ic  l i t h i c  fragments, and t h e  
P r e c i p i t a t i o n  of c l i n o p t i l o l i t e  and au th igen ic  p y r i t e .  ~ Ol igocene (5,704 t o  12,280 f e e t )  

The l i t h o l o g y  from 5.704 t o  7.130 f e e t  i s  s i m i l a r  to  the  ' l i t h o l o g y  o f  the  Miocene sec t ion  between 5.360 and 5.704 feet,  
and toge ther  they c o n s t i t u t e  a s ing le  l l t h o s t r a t i g r a p h i c  un i t .  

The i n t e r v a l  from 7,130 t o  10.800 fee t  i s  charac te r i zed  by 
sandy mudstone, f ine-grained muddy sandstone, and c lays tone  w i t h  
r a r e  s i l t s t o n e  lenses. I s o l a t e d  coarse-sand- t o  pebble-sized 
vo lcan ic  rack fragments are present.  The sediments have been 
b io tu rbd ted  and burrowed. Whole and broken molluscan she l l s  are 
present.  The on ly  pr imary sedimentary s t ruc tu res  seen i n  the 
Cores are wavy laminat ions. The framework c l a s t r  cons is t  of 

l l u th igen ic  m inera ls  inc lude  smecti te, n r i ~ e d - l ~ ~ e r  ' i l l i t e - s m e c t i  te. Ca lc i te ,  s i d e r i t e ,  p y r i t e ,  zeo l i tes ,  gypsum, 
1 c h l o r i t e ,  quartz, and feldspar. 

I 
The zone f r m  10.800 t o  12,280 fee t  cons is ts  o f  moderately 

burrowed, laminated claystone. C a l c i t e  concret ions a re  present. 
i S i l t - s i z e d  monocrys ta l l i ne  quartz, plagiaclase, micas, cher t .  organic 

m a t e r i a l ,  and volcanic rock fragments a re  present as framework c l a s t s .  

: gypsum. and clays. Clays, which c o n s t i t u t e  about 40 t o  70 percen t  I o f  the  rock, i nc lude  c h l o r i t e ,  k a o l i n i t e ,  i l l i t e ,  and mixed-layer 
i l l i t e - s m e c t i t e .  Puthigenic m inera ls  inc lude  c h e r t  mat r i x .  mixed- ' l a y e r  c lays ,  p y r i t e ,  c a l c i t e ,  zeo l i tes ,  quartz, potassium feldspar. I and anker i te .  The provenance was probably c h i e f l y  vo lcan ic  w i t h  a 

I m inor  metamorphic input.  

Eocene i12,280 t o  12,780 f e e t l  
The Eocene sec t ion  con ta in r  dark gray, calcareous, organic- 

r i c h  claystone. C a l c i t e - f i l l e d  f rac tu res  a re  present throughout 
the cored i n t e r v a l .  No primary sedimentary s t ruc tu res  are v i n b l e .  
The mineralogy and provenance are s l m l l a r  t o  t h a t  of t h e  Oligocene 
s e c t i o n  above from 10.800 t o  12,280 fee t ,  bu t  the Eocene rocks con ta in  
much more Organic mate r ia l .  This i n t e r v a l  con ta ins  the  bes t  p d t e n t i a l  1 hydrocarbon source rocks encountered i n  the wel l .  

I Cretaceous (12.780 t o  16.400 f e e t l  

1 from ~ ! ~ ~ ~ F i F ~ ~ ~ i o E ~ ~ ? a Z n ~ L ~ ~ E d f ~ ~ ! Z , ~ ~ l  t ~ s ~ t ~ ! ! Y ~ ~ ~ t .  
The nonnarine sec t ion  con ta ins  s i l  tstone, very f i n e  grained 
randstone. mudstone. and cl avstone in t ruded  bv Mlacene diabare and 

l b a s a l t  s i i l s  o r  dikes. 'The& s t r a t a  were dedosited as a seouence 
1 of f l u v i a l .  oa luda l ,  and poss ib ly  i n t e r t i d a l  sediments. k d i n e n t a r y  
I s t r u c t u r e s ~ i n c l u d e  f ining-upward sequences, f l a s e r  bedding, 

m i c r o f a u l t s  assoc ia ted  w l t h  the  slumping o f  remiconso l ida ted  ~ ;;t;;e;;;.p;;;;;;;!;;;;n;;;;s;o;;; ;;;;:;mwt ;;di;;;~~t;;y. 
Sandstone. Framework g ra ins  i n  t h e  sandstone and mudstone inc lude  
quar tz  (bo th  monocrystal l  i n e  and p o l y c r y s t a l l  i ne ) .  c h e r t ,  1 ~;;;;;;;a;;df;~p~~;ih~~;;c~;;;;;~;~~~ca;~;~;;;iyg~;;~ya;;e 

1 abundant. Authigenic m inera ls  inc lude  c a l c i t e ,  p y r i t e ,  kaol i n i t e ,  
, c h l o r l  te ,  s i d e r i t e ,  c l i n o p t i l o l i t e ,  cher t ,  and n ixed- layer  i l l i t e -  
smecti te. The coal occurs i n  beds up t o  20 fee t  t h i c k ,  as  t h i n  
l a y e r s  i n  the  sediments, and as fragments disseminated through 
c l a s t i c  beds. m e  i n t r u s i v e s  are hard dark-greenish-gray diabase 
charac te r i zed  by an i n t e r s e r t a l  tex tu re .  I n t e r s t i c e s  between 
p lag ioc lase  and cl inopyroxene l a t h s  a r e  f i l l e d  w i t h  a l t e r a t i o n  
products such as c lay ,  c a l c i t e ,  and minor amounts o f  quar tz .  

I 
The marine depos i t s  below 15.300 f e e t  are composed o f  c lays tone ,  

s i l t s t o n e ,  mudstone, and t u f f .  B io tu rba t ion ,  r a r e  l e a f  f o s s i l s ,  
inoceramus fragments, discontinuous Havy laminat ions, and i s o l a t e d  1 t h i n  t u f f  l a v e r s  are oresent i n  conventional cores. These s t r a t a  
were depon&d ~n marine s h e l f  and poss ib ly  p rode l ta  environments. 1 Clay ~ i n e r a l s  make up 70 t o  80 percen t  o f  the  rocks i n  the  zone. 
C h l o r l t e  i s  the most abundant c lay ,  fo l l owed by mixed-layer i l l i t e -  
smecti te, k a o l i n i t e ,  and i l l i t e .  Volcanic rock fragments, quar tz ,  
p lag ioc lase  fe ldspar ,  potassium fe ldspar ,  p y r i t e ,  s i d e r i t e .  c a l c i t e ,  
cl inopyroxene, c l i n o p t i l o l i t e ,  heulandite, hornblende, o rgan ic  
fragments, and m?ca are a lso  present.  
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