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Geological and Operational Summary 
Navarin Basin COST No. 1 Well 

Bering Sea, A1 aska 

Ronal d F. Turner, Ed i to r  

INTRODUCTION 

T i t l e  30, Code o f  Federal Regulations (CFR), paragraph 251.14 
s t i  pul  ates t h a t  geol ogical data and processed geol ogical  
information obtained from Deep Strat igraphic  Test we1 1 s d r i l l  ed 
on the Outer Continental She1 f (OCS) be made ava i l  able f o r  publ i c  
inspect ion 60 calendar days a f t e r  the issuance o f  the f i r s t  
Federal lease w i th in  50 naut ical  mi les o f  the wel l  s i t e  o r  10 
years a f t e r  the completion o f  the wel l  i f  no leases are issued. 
Tracts w i th in  t h i s  distance o f  the Navarin Basin Deep Strat igraphic 
Test we1 1 (designated the  ARC0 Navarin Basin COST No. 1 We1 1 by 
the operator) were of fered f o r  lease i n  Sale 83 on A p r i l  17, 1984. 
Four hundred and twenty-f ive bids on 186 blocks were received. 
The h igh b ids to ta led  $631,228,331. One hundred and eighty bids 
were accepted and s i x  high b ids were re jected ( f i g .  1). The e f f e c t i v e  
issuance date o f  the leases i s  June 1, 1984. 

The we1 1 was completed on October 22, 1983, i n  Block 801, 
1 ocated approximately 457 mi les southwest o f  Nome, A1 aska ( f i gs .  2 
and 3). The we1 1 data l i s t e d  i n  appendix 2 are avai lab le f o r  
publ i c  inspection a t  Mineral s Management Service, F i e l d  Operations, 
located a t  800 "A" Street, Anchorage, Alaska 99501. 

Unless otherwise noted, a l l  depths are measured from the 
Kel l y  Bushing, which was 85 f e e t  above mean sea 1 eve1 . For the 
most part ,  measurements are given i n  U.S. Customary Uni ts  except 
where s c i e n t i f i c  convention d ic tates metr ic  usage. A conversion 
char t  i s  provided. The in terpretat ions contained herein are 
ch ie f l y  the work o f  Mineral s Management Service (MMS) personnel, 
although substantial contr ibut ions were made by geoscience 
consul ti ng companies. 

EQUIVALENT MEASUREMENT UNITS 

1 inch = 2.54 centimeters 1 pound = 0.45 ki logram 
1 f o o t  = 0.3048 meter 1 pound/gal 1 on = 119 -83 k i  1 ograms/ 
1 s ta tu te  m i le  = 1.61 ki lometers cubic meter 
1 naut ical  m i l e  = 1.85 ki lometers = 1 pound/square inch = 0.07 kilogram/ 

1.15 statute mi les = 6,080 fee t  square centimeter 
1 knot = 1 naut ical  mile/hour 1 gal lon = 3.78 l i t e r s  (cubic 
Temperature i n  degrees Fahrenheit decimeters) 

less 32, div ided by 1.8 = 1 barre l  = 42 U.S. gal lons = 
degrees Cel s i  us 0.16 cubic meter 
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OPERATIONAL SUMMARY 
by 

Col leen M. McCarthy 

The Navarin Basin COST No. 1 well was d r i l l e d  by the 
SEDCO 708, a col umn-stabil ized semisubmersi bl e dr i  11 i ng unit .  
The  SEDCO 708, owned by SEDCO Maritime, Inc., was inspected 
by Minerals Management Service representatives in  October 
1981, and the predr i l l  inspection was conducted on May 13, 
1983. 

The SEDCO 708 i s  regis tered a s  an A . l  ( E l  ( M )  Self-  
Propel1 ed Col umn-Stabil ized Mobil e Drill ing Uni t. I t  has been 
designed t o  withstand 110-foot waves and 100-knot winds in  
600 f e e t  of water. The rated d r i l l i n g  depth i s  25,000 f e e t  
w i t h  a 1500-foot water depth. The American Bureau of Shipping 
approved extreme operating temperature i s  -22' F. 

Nome, A1 aska, which is approximately 457 miles northeast  
of the we1 1 site, was u t i l  ized a s  the shore base fo r  a i r  
support operations. Because the distance between the r i g  
and the shore base was so great ,  a Boeing Chinook 234 hel icopter ,  
modified t o  carry ex t ra  fue l ,  was used t o  t ransport  personnel, 
groceries,  and lightweight equipment. The Chinook was c e r t i f i e d  
f o r  instrument f l i g h t  and designed t o  carry 17 passengers on 
the  3-hour t r i p .  Personnel, equipment, and supplies were 
transported between Nome and Anchorage by chartered and 
comnercial a i r  ca r r i e r s .  

Two seagoing supply vessels were used t o  t ransport  
d r i l l i n g  materials and supplies,  including fue l ,  t o  the r ig .  
They operated out  of dock fac i l  i t i e s  a t  Dutch Harbor and 
Kenai. A l a rge  seagoing barge was a l s o  used t o  t ranspor t  
some material s from Kenai and was anchored a t  Dutch Harbor. 

The location of the No. 1 well was l a t  60'1 1'24.054" N., 
long 176'15'58.979" W., or  UTM coordinates (zone 1) X = 
540,685.6 meters and Y = 6,672,592.9 meters. The we1 1 was 
located i n  Block 801 ( f i g .  3 )  i n  a water depth of 432 fee t .  
A1 1 depths were measured from the Kel ly  Bushing ( K B )  , which  
was 85 f e e t  above the water l i n e  and 517 f e e t  above the mud 
1 ine. 

The  SEDCO 708 arrived on location a t  2130 hours Alaska 
Standard Time (A.S.T.), May 21, 1983, and the well was spudded 
on May 26, 1983. On October 3, 1983, the 130th r i g  day, the 
to t a l  depth of 16,400 f e e t  was reached. The we1 1 was plugged 
and abandoned on October 22, 1983, and the r i g  was released 
and undertow by 2055 hours A.S.T., October 14, 1983. 



BLOCK 801 

GEODETIC POSITION UNIVERSAL TRANSVERSE MERCATOR 
COORDINATES, ZONE I 

LAT, 60° I 1 '  24,054r1N. y=6,672,592.9 m e t e r s  
LONG, 176' 15l58.979" W. x-540,685.6 m e t e r s  

FIGURE 3. FINAL LOCATION PLAT SHOWING THE POSITION 
OF THE NAVARIN BASIN COST NO. I WELL IN 
OCS PROTRACTION DIAGRAM "NP 1-8." 



At lan t i c  R ich f ie ld  acted as the operator f o r  the fol lowing 
18 petroleum companies which shared expenses f o r  the well:  

American Petrof ina Company o f  Texas 
Amoco Production Company 
Chevron, U.S.A., Inc. 
C i t i e s  Service Company 
Conoco, Inc. 
E l f  Aquitaine, Inc. 
Exxon Company, U.S.A. 
Getty O i l  Company 
Gul f O i  1 Corporation 
Marathon O i l  Company 
Mobil Exploration and Producing Service, Inc. 
Murphy O i  1 Corporation 
Pennzoi 1 Company 
Phi l  1 i p s  Petroleum Company 
Shell O i l  Company 
Sohi o A1 aska Petroleum Company 
Texaco, Inc. 
Union O i l  Company o f  Ca l i fo rn ia  

Regulations and OCS Orders required the operator t o  
provide the Minerals Management Service w i th  a l l  we1 1 logs, 
samples, core slabs, and operational and technical reports, 
including analyzed geological information, a t  the same time 
as industry part ic ipants.  

DRILLING PROGRAM 

The No. 1 we1 1 was d r i l l e d  w i th  less than 1 degree 
deviat ion from ver t i ca l  down t o  11,411 feet; below t h i s  depth 
the angle gradually increased t o  a bottom hole deviat ion o f  
8.5 degrees. A t o t a l  o f  45 d r i l l  b i t s  were used. A 26-inch 
b i t  was used t o  d r i l l  the f i r s t  642 feet; then the hole was 
opened wi th a 36-inch hole-opener assembly. A 12 114-inch 
p i l o t  hole was d r i l l e d  t o  1,536 fee t  and widened wi th  a 26-inch 
hole-opener assembly. The wel l  was d r i l l e d  w i th  12 114-inch 
b i t s  t o  5,048 fee t  and opened wi th  a 17 112-inch assembly. 
The hole was then deepened wi th  12 114-inch b i t s  t o  12,880 fee t  
and w i th  8 112-inch b i t s  t o  t o t a l  depth. 

The da i ly  d r i l l i n g  progress i s  shown i n  f igure  4. 
D r i l l i n g  rates ranged from 2 t o  563 feetihour, beginning a t  
an average o f  125 feetlhour, and gradually decreasing t o  50 
feet lhour through 9,000 feet. From t h i s  depth, the d r i l l i n g  
ra te  decreased t o  an average o f  5 feet lhour a t  t o t a l  depth. 

The casing and abandonment programs are shown i n  f igure  5. 
The 30-inch casing was set a t  614 fee t  w i th  675 sacks o f  
cement; the 20-inch casing was set a t  1,508 fee t  w i th  1,650 
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FIGURE 4. GRAPH SHOWING D A I L Y  DRILL ING PROGRESS FOR T H E  
NAVARIN B A S I N  C O S T  N O *  I W E L L *  
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Kel ly  B u s h i q  
W a t e r  L i n e  85 '  
Mud L i n e  432' 

A l l  car in@ cut 

a t  452' 

€ 2  SV re ta iner  set 

a t  740' with cement 

above 630'- 740' 

EZSV retainor sot al 
4,490' with cement 

4,440'- 4,490' 

, 30* Casing at 614' 

_ 20" Casing a t  1,508' 

Perf orations 4,520'- 4,524' 

13~/8 * casing at 5,016' 

500' cement in flem-13%" I I 
annulus 

EZSV retainer set at 6,255' 

with cement above 
6,145'- 6,255' 

Perforat ions 6,278'-6,298' 

EZSV retainer set a t  6,324' Test l n te rva i  

230' cement in 95/8m opm 

hole annulus Perf orations 6,336'-6,340' 

EZSV retainer u t  a t  6,830' 

w i t  b cement obove 

6,780'-6,830' Perf orat  ions 6,840'-6,848' 

160' cement i n  95/8m open 
hole annulus Estimated cement top 

EZSV retainer set at 12,726' 
wi th cement above 

12,616'- 12,726' 9%. Caslng at 12,834' 

FIGURE 5. SCHEMATIC DIAGRAM SHOWING CASING STRINGS, PLUGGING AND 
ABANDONMENT PROGRAM, NAVARIN BASIN COST NO. I WELL. 



sacks o f  cement; the 13 3/8-inch casing was se t  a t  5,016 fee t  
w i th  1,454 sacks o f  cement; and the 9 5/8-inch casing was se t  
a t  12,834 fee t  w i th  1,200 sacks o f  cement. Class G cement 
was used f o r  a1 1 casing. 

The abandonment o f  the we1 1 was begun w i th  the se t t i ng  
o f  an EZSV ( s l i d i n g  valve) re ta iner  a t  12,726 fee t  and the  
emplacing o f  cement above the re ta iner  from 12,616 t o  12,726 
feet. The 9 5/8-inch casing was then perforated from 6,840 
t o  6,848 fee t  wi th  four  shots per foot, and an EZSV re ta iner  
was set  a t  6,830 feet.  Cement was squeezed t o  f i l l  
approximately 160 feet o f  the 9 5/8-inch and open hole annulus, 
w i th  50 fee t  o f  cement f i l l  l e f t  above the reta iner .  The 9 
5/8-inch casing was perforated w i th  four  shots per f o o t  from 
6,336 t o  6,340 feet; another EZSV re ta iner  was se t  a t  6,324 
feet; 230 fee t  o f  cement were squeezed i n t o  the 9 5/8-inch 
and open hole annulus. The t e s t  i n te rva l  from 6,278 t o  
6,298 fee t  was perforated, and an EZSV re ta iner  was set  a t  
6,255 fee t  w i th  110 fee t  o f  cement placed above it. 
Perforat ions were then made i n  the 9 5/8-inch casing from 
4,520 t o  4,524 fee t  w i th  four shots per foot, and an EZSV 
re ta ine r  was set  a t  4,490 feet. Cement was squeezed t o  f i l l  
approximately 500 fee t  o f  the 9 5/8-inch and 13 3/8-inch 
annulus, w i th  50 fee t  o f  cement f i l l  l e f t  above the retainer.  
A surface plug, consis t ing o f  a 9 5/8-inch EZSV reta iner ,  
was set 740 feet, and a balanced 110-foot plug o f  cement was 
placed i n  the hole above the reta iner .  A1 1 casing s t r i ngs  
were cu t  a t  452 fee t  and recovered. 

Fishing problems were encountered throughout the d r i l l i n g  
o f  t h i s  well.  A t  a d r i l l e d  depth o f  13,906 feet, the d r i l l  
pipe became stuck, and a f t e r  several days o f  unsuccessful 
f i sh ing  operations, the decision was made t o  plug the hole, 
k ick  off, and d r i l l  a new hole. Cementing d i f f i c u l t i e s  and 
severe doglegs were encountered, and a f t e r  several more days 
o f  plugging attempts, the well was kicked o f f  below the 
9 5/8-inch casing shoe. The e n t i r e  operation took a t o t a l  o f  
25 d r i l l i n g  days. A t  16,272 feet, a b i t  cone and button 
inser ts  were l o s t  i n  the hole. M i l l i n g  operations took 3 
days and d r i l l  i n g  was resumed a t  16,313 feet. 

DRILLING MUD 

Selected d r i l l  i ng  mud propert ies taken from the mud l o g  
are shown i n  f igure  6. Seawater was used t o  d r i l l  the f i r s t  
1,536 feet, a t  which depth i t  was replaced w i th  a sal twater 
and freshwater gel mud weighing 8.8 pounds per gal 1 on ( ppg) 
w i th  a v iscos i ty  o f  50 seconds. From 11,055 fee t  t o  t o t a l  
depth, a 1 i gnosul fonate d r i  11 ing  mud was used. 
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FIGURE 6. CHANGES IN DRILLING MUD PROPERTIES WITH DEPTH, 
NAVARIN BASIN COST NO. I WELL. 



Af te r  the i n i t i a l  recorded mud weight o f  8.8 ppg, the 
weight was increased gradually t o  14.1 ppg a t  t o t a l  depth. 
The v iscosi ty  o f  the mud ranged from 27 seconds a t  7,000 fee t  
t o  60 seconds a t  15,200 feet; v iscos i ty  was 51 seconds a t  
t o t a l  depth. The pH o f  the mud was 12 a t  the beginning o f  
the well and 11 a t  t o t a l  depth, a value o f  11 being the norm 
throughout most o f  the d r i l l i n g  operation. Chloride 
concentrations began w i th  a value o f  12,000 ppm, increasing t o  
13,000 ppm where seawater was used heavi ly i n  the mud, 
decreasing t o  a range o f  900 t o  1,500 ppm from 5,000 fee t  t o  
t o t a l  depth. The percent o f  c a l c i t e  found i n  the mud ranged 
from 0 t o  20 percent throughout most of the well,  but  reached 
a high o f  42 percent a t  9,900 feet. Mud-logging services 
were provided by Exploration Logging (USA), Inc., from 1,500 fee t  
t o  t o t a l  depth. 

SAMPLES AND TESTS . 

  rill cu t t ings  were co l lected a t  various i n te rva l s  f o r  
l i t h o l o g i c  descr ipt ion and were analyzed f o r  mineral composition 
and paleontological content. The information derived from 
these samples i s  discussed fu r ther  i n  the appl icable geological 
chapters o f  t h i s  report. 

Twenty conventional cores were obtained and analyzed. 
Coring data are given i n  tab le  1. 

Table 1. Conventional cores 

Core No. 1 nterval  ( feet )  Recovered ( feet )  



Four s e r i e s  of sidewall cores were taken. A t  5,048 
f e e t ,  180 cores were attempted and 133 recovered. A t  11,060 
f e e t ,  305 cores were attempted and 269 recovered, w i t h  13 
misf i res ,  two empty bul le t s ,  and 21 bu l l e t s  l e f t  i n  the hole. 
A t  12,880 f e e t ,  69 cores were attempted and 61 recovered, 
w i t h  8 bullets l e f t  i n  the hole. The l a s t  s e r i e s  of sidewall 
cores was r u n  a t  16,400 fee t :  281 cores were attempted and 
158 recovered, w i t h  78 misf i res  and 45 empty o r  broken bullets. 

The types of logs (Schlunberger nomenclature) and the 
in te rva ls  logged are  a s  foTlows: 

5,032 t o  1,497 f e e t  

Dual Laterol og/Mi cro-Spherical l y  Focused Log 
Borehol e Compensated Sonic Log 
Compensated Neutron/Fomation Density Log 
Natural Gamna Ray Spectrometry Tool 
Long-Spaced Sonic Log 
Sonic Waveforms--8 foot  
H i  gh Resol u t i  on D i  pmeter Tool 
Repeat Formation Tester 
Si dewall Sampl er Tool 

11.046 t o  5.004 f e e t  . 

Dual Induction Laterol oglspherical l y  Focused Log 
Borehol e Compensated Sonic Log 
Compensated Neutron/Fomation Density Log 
Natural Gama Ray Spectrometry Tool 
Long-Spaced Sonic Log 
Sonic Waveforms--8 foot  
Proximi ty-Micro1 og 
High Resolution D i  pmeter Tool 
Repeat Formation Tester 
Repeat Formation Tester Quick1 ook 
Si dewall Sampler Tool 

12,834 t o  5,004 f e e t  

Dual Induction Laterol og/Spheri cal l y  Focused Log 
Borehol e Compensated Sonic Log 
Compensated Neutron/Formation Density Log 
Natural Gamna Ray Spectrometry Tool 
Long-Spaced Sonic Log 
Sonic Waveforms--8 foot  
Proximi ty-Micro1 og 
High Resolution D i  pmeter Tool 
P ro f i l e  Caliper 
Repeat Formation Tester 
Repeat Formation Tester Quicklook 
Si dewall Sampl e r  Tool 



15,341 t o  12,815 f e e t  

Dual Induct ion Laterol  oglspherical l y  Focused Log 
Borehole Compensated Sonic Log 
Compensated NeutronIFormation Density Log 
Natural Gamma Ray Spectrometry Tool 
Long-Spaced Sonic Log 
Sonic Waveforms--8 f o o t  
Proximi ty-Mi c r o l  og 
High Resolution D i  pmeter Tool 
Repeat Formation Tester 
Si dewall Sampl e r  Tool 

16,385 t o  12,815 f e e t  

Dual Induct ion Laterol  og/Spherical l y  Focused Log 
Borehol e Compensated Sonic Log 
Compensated NeutronIFormation Density Log 
Natural Gamna Ray Spectrometry Tool 
Long-Spaced Sonic Log 
Sonic Waveforms--8 f o o t  
Proximi ty-Mi c r o l  og 
High Resolution D i  pmeter Tool 
Repeat Formation Tester 
S i  dewall Sampler Tool 
High Resolution Thermometer 
Cement BondIYariabl e Densi t y  Log 

Three d r i l l  stem tes ts  were performed i n  the i n te rva l  
from 6,278 t o  6,298 feet, which was perforated w i t h  four  shots 
per f o o t  and 90-degree phasing. Formation f l u i d  samples and 
pressure bui 1 dup data were recovered f o r  water r e s i  s t i v i  t y  
calculat ions. 

WEATHER 

Weather condi t ions were monitored from l a t e  May through 
l a t e  October. During t h i s  period, maximum wind speeds o f  46 
knots and maximum wave heights o f  38 f e e t  were recorded. The 
lowest temperature recorded was 34O F and the highest, 50° F. 



SHALLOW GEOLOGY AND GEOHAZARDS 
by 

David A. S te f fy  

Shall ow geologic character is t ics and potent ia l  geohazards 
a t  the d r i l l  s i t e  were i d e n t i f i e d  i n  a survey conducted by 
Nekton, Inc., i n  1980. This site-clearance survey, p a r t  o f  
the Application f o r  Permit t o  D r i l l  (APD), included a 
geotechnical study o f  the upper 5 f e e t  of sediment and a 
high-resol u t i on  seismic re f l ec t i on  survey o f  the sea f l o o r  
and i t s  near-surface features. The regional descr ipt ion o f  
the Navarin Basin and the Navarin o i l  and gas lease planning 
area i s  a synopsis o f  the work done by the  U.S. Geological 
Survey, as sumnarized by Carlson and Karl  (1981) and Karl  
and Carlson (1984). The sumnary i s  based on a composite o f  
Government and univers i ty  data. These data consisted o f  
shal l  ow geotechnical sampl i ng and anal og h i  gh-resol u t i  on and 
mu1 tichannel seismic re f l ec t i on  surveys. The locat ion o f  the 
major physiographic and geologic features discussed i n  the 
fol lowing t e x t  i s  shown i n  f igure  40 (Seismic Stratigraphy 
chapter). 

PHYS IDGRAPHY 

The Navarin Basin sale planning area contains fou r  
physiographic features: continental shel f , continental 
slope, cont i  nental ri se, and submari ne canyons. The 1 argest 
province, the shelf, covers most o f  the basin. Water depths 
range from less  than 320 fee t  t o  500 f e e t  a t  the shel f  break. 
This broad, f l a t  surface has a very gentle slope o f  0.02" t o  
the southwest. About 35 miles t o  the east, the shel f  r i s e s  
t o  form St .  Matthew Island. 

The shel f grades i n t o  the cont i  nental slope, which 
l i e s  i n  water depths o f  500 t o  9,200 feet. This province 
trends northwestward and slopes t o  the southwest. The 
continental slope ranges from 11 t o  30 mi les i n  width, and 
gradients range from 3" t o  8". The slope bathymetry i s  
i r r e g u l a r  because o f  s l  ump blocks and channel s. 

Three large submarine canyons cu t  the shel f  and slope. 
From south t o  north, they are the Zemchug, the Pervenets, and 
the Navarinsky Canyons. A l l  three canyons begin as erosional 
channels i n  water depths o f  less than 500 f e e t  and widen i n t o  
vast canyons w i th  large subsea fans. The toes o f  the fans 
extend i n t o  water depths greater than 9,800 feet. Dredge 
sampling indicates t h a t  the channels have eroded through the 
Cenozoic f i l l  o f  the Navarin basin and i n t o  the Mesozoic 
basement rock. Navari nsky, the longest canyon (211 mi les) , 
has a r e l i e f  o f  2,300 fee t  and a width o f  62 mi les a t  the 
she l f  break. I t s  two main channels have thalweg gradients 



o f  0.33" and 0.50". Pervenets, the shortest canyon 
(78 mi les),  has a r e l i e f  o f  2,600 fee t  and a width of 
19 mi les a t  the shel f  break. I t s  two main channels have a 
thalweg gradient o f  0.30" and 0.33". The Zemchug Canyon i s  
150 mi les long and 62 mi les wide a t  the she l f  break. I t s  
r e l i e f  i s  8,500 feet, and thalweg gradients range from 1.2" 
t o  2.2". 

The continental r i s e  comprises the remaining p a r t  o f  the 
planning area. It l i e s  i n  water depths greater than 9,200 
feet. The r i s e  contains both submarine-canyon mouths and 
the toe deposits of subsea fans. Slopes range from 0.5" t o  
1.8", w i th  a generally southwestward gradient. 

SHALLOW GEOLOGY 

The Navarin Basin i s  located on a broad, f l a t ,  stable 
continental shel f. During Pleistocene g lac ia t ions  (and 
associated low stands o f  sea leve l  ) , par ts  o f  the shel f were 
exposed t o  subaerial erosion. Sediment eroded from the 
exposed shel f  and sediment car r ied  by the ancestral Anadyr 
and Yukon Rivers were deposited across the basin and onto 
the continental slope and r i se .  Sea leve l  low stands were 
also periods o f  ac t ive  slumping alon the slope. An i r r e g u l a r  
shel f  edge and i r regu la r  bathymetry 7 f i g .  47, Seismic 
Stratigraphy chapter) ind ica te  t h i s  degradation. The 
in te rg lac ia l  periods and t h e i r  associated high stands o f  
sea l eve l  were i n te rva l s  o f  1 i t t l e  o r  no sediment accumulation 
on the shelf .  

Quaternary sedimentation rates vary over the shelf ,  
s l  ope, and r i se. She1 f rates range from 3 .3 i nches/1,000 . 
years north o f  the shel f break, t o  8.3 i nches/1,000 years a t  
the head o f  the submarine canyons, w i th  a shel f average o f  5.6 
i nches/l,000 years. Slope rates range from 2.0 inches/1,000 
years a t  the upper slope, t o  5.9 inches/1,000 years on the 
lower slope. This range r e f l e c t s  the e f fec ts  o f  mass movement 
carry ing la rge  amounts o f  sediment down gradient. Rise 
sedimentation rates range from 2.8 t o  8.3 inches/1,000 years, 
w i t h  an average o f  5.9 inches/1,000 years. Areas o f  high 
sediment accumulation are characterized by t u r b i d i t e  fan 
deposits i nterbedded w i th  hemi pel agic muds. 

The Holocene sedimentation ra te  on the shel f  has been low, 
wi th  an average accumulation o f  less  than 3 feet. The lack 
o f  an immediate sediment source and the presence o f  weak 
bottom currents unable t o  car ry  much sediment load have 
resul ted i n  sediment-starved depositional environments on the 
outer and middle shel f. Storm currents and tide-induced 
bottom currents dominate. These currents rework ex i s t i ng  
deposits but b r ing  1 i t t l e  o r  no new sediment i n t o  the basin. 
Bottom sampling indicates r e l i c t  Pleistocene coarse-grained 
sand deposits along the she l f  break and a t  the heads o f  



submarine canyons. Si 1 t s  and sandy si l ts  typify the rest of 
the she l f ;  muds and coarse-grained tu rb id i t e s  dominate the slope 
and rise. 

Drop cores were col lected a t  the we1 1 site. The upper 
60 inches of sediment consisted of s o f t  marine c lay  and 
clayey silt.  T h i s  represents the th in  veneer of unconsolidated 
Holocene mud t h a t  covers the inner and middl e she1 f of the 
region. 

An isopach map of a probable Quaternary r e f l ec to r  by 
Carlson and o thers  (1983) shows t h a t  this i s  a s t ruc tu ra l ly  
control led depositional environment. In the Pinnacle Island 
subbasi n, a northwest-trending trough of Quaternary sediment 
pa ra l l e l s  and i s  s l i gh t ly  o f f s e t  t o  the northeast  from a 
s imi la r  trough of Ter t iary rock. Structural  control of 
Quaternary sedimentation is a l so  seen i n  the Navarinsky 
subbasi n. High-resol ution seismic data  have detected faul ts  
t h a t  o f f s e t  Quaternary re f lec t ions  and para l le l  basement- 
control 1 ed f aul ts. These i sopach t rends and faul t of f  sets 
indicate  an act ively subsiding basin. 

GEOHAZARD S 

Sea-floor i n s t a b i l i t y ,  gas-charged sediments, and possible 
overpressuring a r e  major geologic hazards i n  the Navarin Basin 
planning area. Limited pub1 i c  data have prohibited the lease- 
block-specific iden t i f ica t ion  of geohazards. The avai lab1 e 
data did iden t i fy  the types and general cha rac t e r i s t i c s  of 
po ten t ia l ly  hazardous conditions. 

Sea-floor ins tab i l  i ty hazards which may a f f e c t  bottom- 
founded s t ruc tures  include fau l t ing ,  seismicity,  s l i d e s ,  
and erosion. Apparently, both detached growth and basement- 
control 1 ed f au l t i ng  a r e  presently ac t ive  i n  the Navarin 
Basin. High-resolution seismic data reveal the f a u l t  o f f s e t  
of sediment a s  young a s  Pleistocene near the well s i te  and 
throughout the margins of the individual subbasins. Faul t  
o f f se t s  of Pliocene re f lec t ions  near the well s i te  were no 
more than 10 feet .  Offsets of unspecified shallow re f lec t ions  
ranging from 33 t o  67 f e e t  were reported by Carlson and Karl 
(1981). Because few earthquakes have been observed in  the 
planning area,  most of the recent  subsidence i s  probably i n  
response t o  sediment compaction due t o  dewatering o r  grain 
reor ientat ion.  k y e r s  (1976) l i s t s  only seven reported 
earthquakes of unspecified magnitude i n  the area s ince 1786. 

Submarine s l i d e s  a r e  a common hazard on the continental  
slope and in  the dissect ing submarine canyons. The USGS 
reconnaissance surveys have iden t i f i ed  sl ides occurring i n  
water depths of 500 t o  more than 3,900 f ee t ,  w i t h  one 
s l i d e  covering an area of over 480 square miles and composite 
s l i d e s  a f fec t ing  the upper 640 t o  960 f e e t  of sediment. 



USGS g r a v i t y  co res  of  the upper 16 f e e t  of  s l i d e  mater ia l  
reveal  a mixture o f  pebbly mud t o  very s o f t  mud. Sl i d e s  
were recognized a s  slumps, d e b r i s  flows, and mud flows 
(Nardin and o t h e r s ,  1979) on the b a s i s  o f  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 .  Rapidly deposi ted,  unconsolidated, 
cohes ionless ,  f ine-grained material  on the s lope  o r  s h e l f  
break is prone t o  s l i d i n g .  S l i d i n g  may have been i n i t i a t e d  
either by cycl ic wave 1 oadi ng induced by storms during 1 ow 
s tands  of  sea l eve l  o r  by earthquakes. Lease blocks t h a t  
e x h i b i t  the c h a r a c t e r i s t i c s  o f  a c t i v e  o r  po ten t i a l  submarine 
s l i d e s  were i d e n t i f i e d  in  the Notice of S a l e  f o r  the Navarin 
Sa le  83 ( f i g .  7) .  The iden t i fy ing  c h a r a c t e r i s t i c s  inc lude  
p r o c l i v i t i e s  g r e a t e r  than 2 degrees,  f a u l t  sca rps ,  d i s rup ted  
r e f l e c t i o n  sequences, hummocky bathymetry, and detached 
slump blocks. The l e a s e  blocks were c l a s s i f i e d  on the b a s i s  
of  d i r e c t  seismic evidence and inference .  Where a hazard 
was i n f e r r e d ,  the inference  was j u s t i f i e d  by the b lock ' s  
bathymetric loca t ion  and i ts  proximity t o  blocks w i t h  d i r e c t  
se ismic  evidence of  s l i d e s .  Relict and recen t  movements 
could no t  be d i s t ingu i shed  by seismic c r i t e r i a .  

Active eros ion and r e d i s t r i b u t i o n  of sediment could 
p resen t  hazards by reducing the suppor t  of  bottom-founded 
s t r u c t u r e s .  Such processes a r e  expressed a s  sediment waves 
and sea - f loor  depressions.  USGS surveys have i d e n t i f i e d  
r e l i c t  l a r g e  sediment waves formed a t  the heads of  the three 
submarine canyons during 1 ow s t ands  of  sea  1 eve1 . A t  the 
Navarinsky Canyon, t h e  waveforms cover an a rea  of  230 t o  270 
square  miles between the 700- and 1,475-foot i sobaths .  In 
some a r e a s  these sediment waves a r e  covered by a t h i n  veneer 
of r e c e n t  sedimentation. Sea-floor depressions were surveyed 
on the down-slope s i d e s  of sediment waves. These depressions 
of  unknown o r i g i n  l i e  p a r a l l e l  t o  the bathymetric contours. 
The depressions a r e  about 165 f e e t  wide and 16 t o  33 f e e t  
deep, and a r e  l o c a t e d  330 t o  6,500 f e e t  apa r t .  Bottom c u r r e n t s  
generated by su r face  waves have been proposed a s  a mechanism 
f o r  f i ne-grai ned sediment t r a n s p o r t a t i o n ,  a1 though 1 imi t e d  
i n v e s t i g a t i o n  has been conducted. 

Gas-charged sediments a r e  ubiquitous i n  the Navari n 
Basin. Shallow occurrences of  gas-charged sediment can 
cause an inc rease  i n  pore pressure  and a decrease i n  s h e a r  
s t r e n g t h  which may resul  t i n  uns table  foundation condi t ions .  
These occurrences a r e  i d e n t i f i e d  on analog h igh-resolut ion  
seismic data  a s  anomalous acous t i c  events  recognized by 
pol a r i  t y  r eve r sa l  , amp1 i tude i ncrease , r e f1  ec t o r  "wipe o u t  , " 
and r e f l e c t o r  "pull down." Hydrocarbon gas was p resen t  i n  
a l l  USGS g r a v i t y  cores .  No s i g n i f i c a n t  shws of thermogenic 
gas were i d e n t i f i e d  (Vogel and Kvenvol den, 1981). Shal l  ow 
gas was a l s o  encountered a t  the well s i t e  ( s e e  Organic 
Geochemistry chapter ) .  Most of t h e  shallow gas is probably 
b iogenic ,  a1 though some thermogenic gas is poss ib le .  There 
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is no obvious l i thologic zone i n  which shallow gas accumulates. 
Anomalous seismic events t h a t  might be gas associated are  
found i n  the upper f ive  l i thologic Zones, A-1, A-2, B, C-1, 
and C-2 ( see We1 1 Log Interpretation chapter),  of a1 1 three 
subbasins. Gas accunulations may be present i n  the form of 
a solid-phase mixture of water and gas i n  the continental 
slope and r i s e  areas. This phenomenon is  well documented i n  
the Bering Sea (Kvenvolden and McMenamin, 1980; Marl ow and 
others, 1981 ; Hammond and Gai ther ,  1983). The gas hydrate 

. i s  ident i f iab le  because the acoustic impedance contrast  
produces a seismic reflection. Because the hydrate is 
temperature-pressure dependent, the  ref lect ion mimics the  
sea f loor  and appears t o  be a time-transgressive ref lect ion 
i n  areas of s t ructural  re1 i e f .  

Unpredicted abnonnal hydrostatic pressure can be hazardous 
during dr i l l ing .  There is  evidence from the  Navarin Basin 
COST No. 1 well and from seismic ref lect ion surveys for  the 
presence of abnormal pressures i n  t h e  Navarin Basin. The 
Abnormal Pressure chapter of this report discusses well log 
evidence for  anomalous pressure i n  the well. In t h e  Oligocene 
section, between 9,000 and 10,000 f e e t ,  hydrostatic pressure 
begins t o  deviate from the expected pressure gradient fo r  
the Bering Sea region. The deviation apparently continues 
down in to  the  Cretaceous section. Abnormal pressures a re  
a1 so indicated i n  the Navarinsky subbasin by the presence of 
shal e diapi rs ( f i g  . 45, Sei smi c Stratigraphy chapter). These 
diapirs  a re  probably derived from Paleogene clays buried i n  
a rapidly subsiding basin. The basinward divergence of 
continuous , coherent reflections,  and thei r subsequent 
disappearance i n  the center of the basin, imply continuous, 
rapid deposition ( f ig .  41, Seismic Stratigraphy chapter). 
Rapi d deposition i ncreases the  1 i kel i hood of overpressured 
shales by increasing the pressure on a porous medium having 
res t r ic ted  flow (Gretener, 1981 1. We1 1 data indicate t h a t  
l i thologic  Zones E,  F, and perhaps pa r t  of D-2 are  w i t h i n  
the o i l  window. Zones E and F contain appropriate types and 
amounts of kerogen fo r  hydrocarbon generation. The time- 
equivalent sections of Zones E and F thicken considerably 
i n  the center of the northern subbasin. Thus ,  the source 
beds fo r  the shale diapirs  may be prone t o  hydrocarbon 
generation. Hedberg (1976) postulated t h a t  shales which produce 
gas under restr ic ted-f l  ow conditions enhance t h e i r  diapi r i c  
capabil i t ies .  Therefore, a t  l e a s t  i n  the Navarinsky subbasin, 
overpressured shales a re  l ike ly  and could pose a hazard t o  
d r i  1 1 i ng operations. 



PALEONTOLOGY AND BIOSTRATIGRAPHY 
by 

Ronald F. Turner 

Paleoecologic and bfost rat igraphic  determinations i n  the 
Navarin Basin COST No. 1 well are based on de ta i led  analyses 
of microfoss i l  assemblages containing Foraminifera, ostracodes, 
s i l  i c o f l  age1 1 ates and ebr i  dians, df atoms, calcareous 
nannopl ankton, Radi 01 ar ia,  and marine and t e r r e s t r i  a1 
palynomorphs. Rotary d r i l l  b i t  cu t t ings  were processed and 
examined a t  30-foot in te rva ls  from the f f  r s t  sample a t  1,536 
f e e t  t o  the t o t a l  depth o f  16,400 feet. Data from conventional 
and sidewall cores were also examined and u t i l i z e d .  I n  
addit ion, sl ides, processed samples, and reports prepared f o r  
the par t i c ipants  by consultants (Biostrat igraphics,  1983; 
ERT b ios t ra t ,  1983) were examined, interpreted, and 
integrated i n t o  t h i s  report. Differences between consultant 
reports, p r i nc ipa l l y  the loca t ion  o f  b ios t ra t ig raph ic  tops, 
appear t o  be as much the r e s u l t  o f  philosophical df fferences 
concerning the taxonomy and b iost rat igraphic  s ign i f icance o f  
cer ta in  mfcrofossf ls as o f  var ia t ions due t o  d i f f e r e n t  sample 
content o r  preparation techniques. The Minerals Management 
Service b iost rat igraphic  fn te rpre ta t ion  a lso incorporated 
analyses o f  megafossils recovered from conventional cores 
(3 .  G. Marks, 1983; E. G. Kauffinan, w r i t t en  commun., 1983), 
ostracode studies (El i zabeth Brouwers, wrf t t e n  commun. , 1984) , 
and iden t i  f i c a t f  ons o f  the ra re  p l  anktonf c Foramf nf fera f n 
the we1 1 (Gerta Kel l e r ,  w r i t t en  commun. , 1984). Foraminifera1 
analysis and the synthesis o f  other data were done by the 
author. S i  1 iceous m i  c ro foss i l  analysis was done by 
Donald L. Olson. 

St rata are discussed i n  the order i n  which they were 
penetrated. The integrated bfost rat igraphic  u n i t s  delineated 
were derived from various m i  cropal eontol ogical  subdi scf p l  ines 
t h a t  do no t  agree i n  every bfost rat igraphic  par t i cu la r .  
Figure 8 i s  a s i l iceous microfossf l  zonation char t  f o r  the 
Neogene o f  the we1 1. Ff gure 9 sumnarizes the MMS 
b ios t ra t ig raph ic  and paleobathymetric fnterpretat ion. Figure 
10 i s  a comparison o f  the MMS fn te rpre ta t ion  w i th  those o f  the 
two consul tants. Sample depths may disagree s l  i ght ly  w i th  
measured depths. Fossi l  occurrences are l i s t e d  as highest 
and lowest rather  than the po ten t i a l l y  confusing f i r s t  and 
l as t .  Data obtained from conventional cores are given somewhat 
more weight than those from cutt ings. Sidewall core data 
were no t  as re1 i abl e as usual because there was some t roub l  e 
wf t h  uphole contamination from c i r c u l a t i n g  d r i l l  i n g  mud. 
The varf ous 1 i tho1 ogf c zones and sef smic sequences re fe r red  
t o  i n  the t e x t  are discussed a t  length i n  the appl f cab1 e 
chapters o f  t h i s  report. Regional cor re la t ion  i s  discussed 
a t  the conclusfon o f  t h i s  chapter. 



Deoth Time-Rock Zone Boundary Species 
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Paleoenvironmental determinations are based on both 
microfossi  1 and macrofossi 1 suites. Pal eocl imatol og ica l  
in te rpre ta t ions  are based on spore and po l len  assemblages 
and, t o  a lesser extent, on diatoms, s i l  i c o f l  agel 1 ates, 
Foraminifera, ostracodes, and moll uscs. F l  uv ia l  , 1 acustrine, 
and pal udal envi romnents are c l  assi f i e d  as cont inental  o r  
nonmari ne. . Transi ti onal env i romnents i ncl ude marshes, 
brackish estuaries, and hypersal i ne and hyposal i ne 1 agoons. 
For sediments deposited i n  marine environments, the 
pal eoenvi ronment i s expressed i n terms o f  bathymetry ( f i g . 
9) and i s  div ided i n t o  inner n e r i t i c  (0 t o  60 feet ) ,  middle 
n e r i t i c  (60 t o  300 feet) ,  outer n e r i t i c  (300 t o  600 feet), 
upper bathyal (600 t o  1,500 feet ) ,  and middle bathyal (1,500 
t o  3,000 feet ) .  Paleobathymetric determinations are pr imar i l y  
based on forami n f  era1 c r i t e r i a  , but  d i  no f l  agel 1 ates and 
other marine organisms such as bryozoans , moll  uscs, brachiopods , 
echinoids, ophiuroids, and c i r r ipeds  were taken i n t o  account. 
L i  tho1 ogical and sedimentological c r i t e r i a  were a1 so u t i l  ized. 

PLIOCENE 

The P l  i ocene section o f  the we1 1 ( 1,536 t o  3,180 f e e t  ) 
was subdivided i n t o  ear ly  and l a t e  ages pr imar i l y  on the 
basis o f  diatom and s i l  i c o f l  agel l a t e  d is t r ibu t ions .  A1 though 
the s i l iceous microf loras were both abundant and diverse, the 
zonal subdivisions are somewhat tenuous. Even a f t e r  fac to rs  such 
as reworking and up- and downhol e contamination are taken i n t o  
account, s i l iceous microfoss i l  assemblages from the wel l  are 
s t i  11 charaeteri zed by unusual s t ra t ig raph ic  ranges and 
associations. Zonal eguivalences were d i f f i c u l t  t o  establ i sh 
because " f lagship taxa were frequently e i t he r  absent o r  out 
o f  place. That d i f f e r e n t  taxonomic and zonal systems were 
u t i l i z e d  by the three s i l iceous microfoss i l  invest igators 
only compounded the problem. A provis ional zonation was 
erected nevertheless. 

The l a t e  Pliocene (1.536 t o  1.920 fee t )  contains the 
middle and lower pa r t  of t he  ~ e n t i c u l o ~ s i  s seminae var. 
f o s s i l  i s  Zone and the e n t i r e  't lenticulo s i s  senrinae var. 
toss i  112 - D e n t i c ~ l o ~ s f  s kamtsc li-+ a t i c a  o n e . ~ o r m e r  zone i s 
characterized by the highest occurrences o f  Ste hanopyxis 

Khizosol en'ia curv i rost rus i nermfs, and Amn 
9--r h o r r i  dus, Thalassiosi r a  zabel i nae, Cosci nodi scus pustu atus, 

odochium rectangulare; 
the l a t t e r  zone (1,710 t o  m e e t )  i s  somewhat more 
problematical , and i s  defined here by the highest occurrence o f  
~ h a l  assi osi  r a - a n t i  ua and the 1 owest occurrence o f  Denti cul  opsi s -8- seminae var. foss i  i s .  



The l a t e  Pliocene s i l iceous mic ro f lo ra  contains a t  l e a s t  
70 species, many o f  which have long o r  uncertain s t ra t ig raph ic  
ranges. Genera present include Actinocyclus, Ammodochium, 
Arachnoi d i  scus, Aul ocodi scus, Bacter i  osi  ra, B i  ddul phi  a, 
Coscinodiscus, Chaetoceros, Cladogramma, Cosmiodiscus, 
Delphineis, Denticulopsis, D i  s te  hanus, Ebriopsis, Grammatophora, 
Goniothecium, Hyalodiscus, + e osira, Navicul a, Nftzschia, 
Porosi ra, Pseudopodosi ra, Pseudo y x i  l-oneis, Rhizosolenia, 

e hanopyxis, Thalassionema, a assiosira, Thalassiothrix, 
+xis. 

& 

The ear ly  Pliocene (1,920 t o  3,180 fee t )  i s  subdivided 
i n t o  Subzones b and c o f  the Denticulopsis kamtschatica Zone. 
Subzone c (1,920 t o  2,550 feet )  i s  defined by the highest 
s t rat igraphic  occurrence o f  Thalassiosira nat iva and the 
presence o f  comnon Denticulopsis k a m t s c h a t m d  Ebrio s i s  
antiqua. The top o f  Subzone b r 2 3 0  t o  3,180 f e e t  -+-- i s  

by the highest occurrences o f  Cosmiodiscus i ns ign i s  
and Cosci nodi scus temperei ; the base i s  defined by the 1 owest 
o c c u ~ 1 a ~ ~ i 0 ~ i r a  oes t rup i i  and the top o f  the 
subjacent z o n e 7  - 

The generic composition o f  the diverse ear ly  Pliocene 
microf lora i s  s imi la r  t o  t h a t  o f  the over ly ing l a t e  Pliocene. 
Addit ional genera i n c l  ude Actinoptychus, cocconei s , Cymatosira, 
Dictyocha, Dip1 onei s, Endictya, Mesocena, Rhabdonema, Rouxia, 
and Stephanogonia. 

The moderately diverse, though qu i te  sparse, ostracode 
assemb1,age present from 1,536 t o  3,180 f e e t  indicates a 
Pliocene age f o r  the in te rva l  (El izabeth Brouwers, w r i t t en  
commun.. 1984). The l a t e  Pliocene (1  -536 t o  1.920 fee t )  
contains specimens o f  ~ o r m a n i c ~ t h e r e  ieioderma; ~ u c ~ t h e r i d e a  
bradyi , Acanthocythereis dunelmensis, ?Rabi 1 imis  sp. B, 
m i m i s "  SD. A. and Robertsonites tuberculata. The ear ly  
Pliocene ostracode fauna i s  s imi lar ,  bu t  a lso contains a 

- 
s ing le specimen o f  Austral imoosella sp. a t  2,070 feet. 
Several o f  these taxa were previously recorded i n  the Pliocene 
section o f  the Norton Sound COST No. 1 and No. 2 we1 1s (Turner, 
1983a and 1983b). 

The Pliocene foraminifera1 faunas are typ ica l  o f  high- 
l a t i t u d e  cold-water shel f  environments. There are no t r u l y  
age-diagnostic species i n  the assembl age. The l a t e  P l  iocene 

Cassidul ina 1 aticainerata, Cassidul ina t e r e t i  s, Cassidul'ina 
norcrossi , Noni one1 1 a m i  oceni ca, G l  andul i na sp. , Polymorp' i na 
~ q u e l o c u l  ina akneriana, and t p i  stominel 1 a- - 



bradyi . Moll uscan shel 1 shards, barnacl e p l  ates, f i sh teeth 
m n e s ,  echi noid and ophi u ro i  d p l  ates, and bryozoan 
fragments are conanon. 

The ear ly  P l  iocene forami n i  f e ra l  fauna i s  essent ia l l y  the 
same as t h a t  o f  the l a t e  Pliocene, w i th  the add i t ion  o f  
T r i f a r i n a  angulosa, Marginulina c f .  M. adunca, Melonis c f .  - M. 
bar1 eeanum7KiGXs c f  . M. o m i  1 i o i ~ e s X ~ v ~  - 
juncea. 6 i n ; s h e l l e d  te7ebJ-i opods and ra re  
v i  ncul a r i i  form bryozoan zoaria are a1 so present. 

The palynol ogical  assemblages present from 1,536 t o  3,180 
f e e t  i ndicate a P l  iocene aae f o r  the i nterval  . The 001 1 en 
and spore assemblage i s  ch i racter ized by A1 n i  o l l e n i t e s  spp 
Tsugaepol 1 eni tes spp., U l m i  pol  1 eni  tes sp. -T'+l- , aryapo en1 tes 
sp., Pterocaryapol 1 eni  tes sp., Piceapol 1 eni  tes spp., 
Betul-1 en1 t e w i  qui d a m  1 e n  tes sp., 
Juglanspollenites sp., n v a c e a e ,  Ericaceae, Onagraceae, 
Composi tae, Quercus sp. , P i  nus spp., Pedi astrurn sp . 
( f resh-water=, J u s s m p . ,  D i e r v i l  1 a echi nata, 
Chenopodi um 1 e p t o p h y l l u m , l  t o i  dospora spp . , 
Lycopodi umspori tes sp., Sphagnumspori tes sp . , 

s spp., Stere is  o r i t e s  spp., Epilobium 
a t h i d i  f__,e_ es - minor. 

The d i  no f l  agel 1 ate assembl age contains Tectatodi n i  urn 
e l  1 i tum, Spi n i  f e r i  tes spp., Cymatiosphaera sp., Opercul odi  n i  urn 

p . ,  Kallosphaeridium sp., Lejeunia spp., Lejeunia fa l lax ,  
Nematosphaeropsi s 1 abyr i  nthea, and I m  agi  d i  n i  urn p a c m .  + 'Reworked Cretaceous dinocysts are a so presen 

Judy Lentin, o f  ERT b ios t ra t ,  recognized two unpublished 
palynol ogical zones i n the P l  iocene section, the spore-pol 1 en 
Laevigatospori tes Zone o f  Norr i  s ( i n  preparation) and the 
d i  not 1 agel 1 a te  Impa i d i  n i  urn paci f i cum Zone o f  Buja k ( i n 
press). The former % was eveToped by u t i  1 i z i  ng we1 1 data from the 
Beaufort-Mackenzie Basin, the l a t t e r  from core hole data from 
Leg 19 o f  the Deep Sea D r i l l i n g  Pro jec t  (DSDP) i n  the Bering 
Sea. When published and integrated w i th  diatom and 
foraminifera1 data, these new zones may prove t o  be qu i te  
useful i n  high l a t i t u d e  biostratigraphy. 

Envi ronment 

The P l  i ocene section re f1  ects shel f deposi ti on i n 
r e l a t i v e l y  co ld  water. The l a t e  Pliocene environment ranged 
from co ld  temperate t o  subfr ig id.  The ea r l y  Pliocene was 
predominantly co ld  temperate. Water depths i n  the 1 ate 
P l  iocene were middle n e r i t i c .  The ea r l y  P I  iocene sect ion was 
deposited i n  outer n e r i t i c  depths. 



MIOCENE 

The in te rva l  from 3,180 t o  5,704 feet  i s  Miocene i n  age. 
This section i s  subdivided i n t o  several b iost rat igraphic  
zones, f o r  the most p a r t  on the basis o f  diatom and palynomorph 
d is t r ibut ions.  I n  addi t ion t o  the b ios t ra t ig raph ic  problems 
discussed i n  the Pliocene section, the zonation o f  the Miocene 
i s  fu r ther  complicated by barren in terva ls .  Seismic horizon A 
i s  unconformable on the f lanks o f  the basin; a t  the well s i t e  
t h i s  r e f l e c t o r  corresponds t o  1 i t ho log i c  Zone A-2 and a 
pal eontol ogical l y  barren i n te rva l  beginning a t  3,716 feet. 
Seismic horizon A may correspond i n  p a r t  t o  the NH6 h iatus 
o f  Barron and Ke l l e r  (1982). There are s i g n i f i c a n t  di f ferences 
o f  opinion between the various consultants and between the 
various subdiscipl ines concerning the pos i t ion  o f  the Miocene- 
Oligocene boundary. 

The in te rva l  from 3,180 t o  4,710 f e e t  i s  l a t e  Miocene i n  
age and i s  subdivided i n t o  the Denticulopsis kamtschatica 
Zone, Subzone a (3,180 t o  3,670 teet ) ,  and the Denticulopsis 
hus ted t i i  Zone (3,670 t o  4,710 feet ) .  The top 
Denticulopsis kamtschatica Zone, Subzone a, i s  defined by the 
highest occurrences o f  Goniothecium tenue and Rouxia 
ca l  i forn ica;  the base i s  detined by t h e o p  o ~ u b j a c e n t  
zone. There are approximately 170 s i l i ceous  microfoss i l  
species i n  t h i s  in terva l .  Addit ional genera not  present i n  
the over ly ing Pliocene section include Asteromphalus, Dicladia, 
Dictyocha, Hemiaul us, Isthmia, Lithodesmium, Muel l e r i e l l  a, 
Rocel 1 a, Synedra, and Tetracycl us. 

The top o f  the Denticulopsis hus ted t i i  Zone i s  here 
defined by the highest occurrence o f  Thal assionema h i  rosakiensi s 
and the lowest occurrence o f  Denticulopsis kamtschatica. The 
base o f  the zone i s  placed a t  4,710 fee t  on the basis o f  the  
lowest occurrences o f  Coscinodiscus a f f .  C. endoi and 
Denticul opsis a f f .  D. hus ted t i i  . fhe s i l T c e ~ i c r o f l o r a  i n  
t h i s  in te rva l  i s  reTat iveIy diverse and abundant bu t  very 
poorly preserved. The zone o f  mineralogical phase change 
from opal-A t o  opal-CT appears t o  begin a t  approximately 
3,565 feet; the change from opal-CT t o  quartz appears t o  
begin below 4,440 feet. These changes were qua l i t a t i ve l y  
observable op t ica l l y ,  although exhaustive X-ray d i f f r a c t i o n  
analysis (AGAT, 1983; James Hein, ora l  commun., 1984; Maurice 
Lynch, w r i t t en  commun., 1984) f a i l e d  t o  disclose unequivocal 
evidence f o r  the presence o r  locat ion o f  these diagenetic 
boundaries. D e f i n i t i v e  peaks are no t  generally d iscern ib le 
on X-ray d i  ffractograms when opal ine  s i  1 i c a  i s present i n  
amounts o f  5 percent o r  less. However, some sidewall and 
conventional cores below 3,600 fee t  contained sediments 
composed o f  more than 50 percent diatoms. This i s  discussed 
further i n  the chapter on the bottom-simul a t i ng  r e f l e c t o r  
(BSR) . 



The in te rva l  from 4,710 t o  5,704 f e e t  probably represents 
the middle and ear ly  Miocene. Most o f  the microfoss i ls  are 
too poorly preserved t o  be useful f o r  'detai led zonal 
b i  ostratigraphy . The middle t o  ear ly  Miocene age determi nat ion 
i s  supported' by the presence o f  ~ t i c t o d i  scus a f f  . S. k i  ttonianus. 
Dean M i l  ow, o f  BioStratigraphics, noted t h a t  i n  t h rs  - interval , 
populations o f  
t o  o r  more abun 
intermedia. 
o f  Neogene populations, whereas populations dominated by 
Ste hano y x i s  t u r r i s  var. intermedia are r e s t r i c t e d  t o  the * 

The ostracode fauna i s  sparse and poorly preserved. 
Many o f  the species also occur i n  the P l  iocene section. New 
taxa ind ica t ive  o f  a Miocene age include "Costa" sp., 
"Legumi nocytherei s" sp., and E l  ofsonel 1 a a m .  - conci nna. 

Palynological evidence a1 so supports a Miocene age f o r  
the i n te rva l  from 3,180 t o  5,704 feet, a1 though i n  the Miocene 
sect ion the palynological consultants 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  the  placement o f  
s t ra t ig raph ic  tops. This in te rpre t ive  divergence continued 
u n t i l  Eocene s t ra ta  were encountered and described. Species o f  
Tsugaepollenites occur as high as 3,090 f e e t  (ear ly  P l  iocene) 
b u t  became ~ r o a r e s s i v e l v  more abundant downhole. The hiahest 
occurrence o f  i ~ u ~ a e ~ o l i  eni  tes a1 exandriana (3,420 fee t ) -  
marks the top o t  the unpubl i shed Miocene Tsugaepol l e n i  tes 
Zone o f  Norr is  ( i n  ~ r e ~ a r a t i o n )  . I n  the Navarin Basin COST 
No. 1 we1 1, t h i s  poi l e n  zone appears t o  more o r  less  coincide 
w i th  the unpublished d ino f lage l la te  S i n i f e r i t e s  ovatus Zone +-- o f  Bujak ( i n  press). D i  no f l  age1 la tes  ecame more-ant 
and s t ra t i g raph ica l l y  useful below 3,800 feet. Taxa present 
i ncl ude Spi n i  f e r i  tes ovatus, Spi n i f e r i  tes spp. , Cannosphaeropsis 
spp., H y s t r i c h o s p h a e r m s p .  A ( W i l l  iams, 19751, 
Tuberculodinium vancampoae, Tuberculodinium rossignoliae, 
tordosphaerldium g rac i l i s ,  Pentadinium lattcinctum, Achomosphaera 
alcicornu, Paralecaniel l  a i ndentata, Operculodi nium centrocarpum, 
Nematosphaeropsis balcombiana, 01 igosphaeridium sp., Lejeunia 

i a globosa. 

Calcareous nanno~lankton were o f  l i m i t e d  value i n  the well. 
A s ing le  specimen o f  cYcl icargol  i thus f l  oridanus was recovered 
from cut t ings  cmposi ted over the i n te rva l  5,520 t o  5,610 feet. 
It indicated an age range o f  middle Eocene t o  ear ly  middle 
Miocene. The upper pa r t  o f  the range i s  consistent w i th  the 
evidence from other f o s s i l  groups. 

The foraminifera1 faunas support a Miocene age f o r  the 
i n te rva l  3,180 t o  5,704 feet. Foraminifera are ra re  above 
3,400 feet. The most s ign i  f i can t  forami n i  f e r a l  markers are 
the highest occurrences o f  Porosorotal ia c l a r k i  a t  3,450 f e e t  



and Ammonia j a  onica varianta (= Rota l ia  beccar i i )  a t  5,280 feet. 
O t h e m n c t i  -eT ve aunal e l  emen tsT iXTpK i  die1 1 a oregonensi s, 
El  ph id i  e l  1 a problematica, El p h i d i e l l  a m. E. discoidal  i s ,  
E lph id ie l l a  c f .  E. okhotica, E lph id ie l l a  cf: E hannai, 
Cribroelphidium zf. C. crassum, t l phidium c l a v a m  hidium 
b a r t l e t t i  , H a p l o p h r a @ o m u l l  issata, Haplophragmo ?g- es 
deformes, Uvi er ina juncea, Uvigerina c f .  U. hootsi, Bol iv ina 
advena, S i  +na omo p . , Cassi dul f i a  ca lT f  o?n7c;i;l Cassi dulfna 
Taticamerata, - ass1 u l  ina norcrossi , and Sph aeroidi  na bul l o 1  des 
va r iab i l i s .  

The fauna i s  s im i l a r  t o  t h a t  described from the Norton Sound 
COST No. 1 and No. 2 wells, bu t  may represent a somewhat deeper 
water deposi ti onal env i rorment. The Navari n Basin Miocene 
foraminifera1 fauna does not  appear t o  have as close a f f i n i t i e s  
w i th  the Sakhal i n  Is1  and and Kamchatka Peni nsul a assemblages as 
d i d  those from the Norton Basin wells. Con f l i c t  between the 
published and unpublished b iost rat igraphic  ranges o f  high- 
1 a t i  tude Foraminifera i s  a problem t h a t  i s  compounded by the . 
la rge  amount o f  taxonomic synonomy i n  the American, Russian, 
and Japanese northern Pac i f i c  1 i terature. 

Molluscan f o s s i l s  recovered from core 4 (5,572 t o  5,580 fee t )  
ind icate a Miocene age. Bivalve taxa i den t i f i ed  were Macoma?, 
Tel l ina?, and a card i id .  

Environment 

The upper p a r t  o f  the Miocene section was deposited i n  outer 
ne r i  t i c  depths; be1 ow 3,450 f e e t  the pal eoenvironment was middle 
ner i  t i c .  The c l  imate was probably temperate t o  co ld  temperate. 

OLIGOCENE 

01 igocene s t ra ta  (5,704 t o  12,280 fee t )  represent the  
th ickes t  sedimentary section i n  the No. 1 wel l .  The top o f  the 
Oligocene i s  placed a t  the highest occurrence o f  diatom 
popul a t ions composed e n t i r e l y  o f  poorly preserved Stephanopyxi s 
t u r r i s  var. intermedia. A1 though t h i s  evidence alone does no t  
warrant a f i r m  age assignment, taken i n  conjunction w i th  the 
palynol ogical assembl age a t  5,790 feet, i t  i s  qu i te  defensible. 
The base o f  the Oligocene (12,280 fee t )  i s  placed a t  a 
1 i t ho log i c  boundary (Zone F) t h a t  marks an apparently 
unconformable contact w i th  Eocene strata.  

The section i s  paleontological l y  subdivided i n t o  l a t e  
01 igocene (5,704 t o  11,100 fee t )  and ear ly  01 igocene ( 11,100 
t o  12,280 fee t ) .  The boundary between 1 i t h o l o g i c  Zones D-2 
and E (10,800 feet ) ,  as we1 1 as the unconformi t y  on the basin 
f lanks t h a t  correlates w i th  the r e f l e c t o r  a t  11,100 feet, 



may both be re la ted  t o  a mid-Oligocene drop i n  sea level 
caused by a global cool i ng event 28 t o  32 m i  11 ion years  ago 
(Keigwin and Keller, 1984). T h i s  event is characterized by 
cooler oceanic water and is thought t o  be associated w i t h  an 
accumulation of continental i ce  in the Antarctic (Matthews 
and Poore, 1980; Kerr , 1984). The ear ly  01 igocene pal eontologic 
top (11,100 f e e t )  is cor re la t ive  w i t h  the top of seismic 
sequence IV (seismic horizon C ) ,  which onlaps and truncates 
older  s t r a t a  and basement h i g h s .  Seismic sequence IV grades 
in to  apparent proximal turbidites on the southwestern flanks 
of the Pinnacle Island subbasin. Lithologic Zone E i s  w i t h i n  
the lower pa r t  of the Globorotal i a  opima Zone (P21 Zone, 
Subzone a )  of Bolli (1951) and Blow-9), a s  defined by 
Kell er (1983). The ear ly  01 igocene age assignment is based 
primarily on planktonic foraminifera1 data. 

The abundant and diverse 1 a t e  01 i qocene d i  nofl aqel 1 a t e  
assernbl age is characterized by pal eocy;todini um ben jamin i  i , 
Paralecaniella indentata, Diphyes spp., Lejeunia t a l l ax ,  
Lejeunia hyal ina, Lingulodinlumugiatum, Evi  ttos-ul a 

aratabul a t a ,  0 ercul odi nium centrocarpum, Hystrichokolpoma 
h t - a 1  iense, 
~ematosphaeropsis balcombiana, 
Tuberculodinium vancam oae, Tuberculodinium rossignoliae,  
hembrani larnecfa -7% ursu a ,  o l ~ s ~ o l  i gera e-, senonensis, SpiniferStes spp., DSjtatodini urn c r a  erum, 
P h t h a n e r o p e r m n u m ,  and Cordosphaeri d i  um mu1 t i  s p i  nosum. 

The range of Tuberculodinium vancam oae i n  Alaska has 
recently been questioned. There e s one school of thought 
t h a t  considers i t  t o  be a Miocene marker, another t h a t  considers 
i t  t o  be more typical of t he  01 igocene. Will iams and Bujak 
(1977) show i t  ranging from the "middle" 01 igocene t o  the 
Pleistocene on the Labrador shelf  of eastern Canada. Harland 
(1978) shows i t  ranging from the ear ly  Miocene in to  the 
Holocene on the northwestern European shelf .  Wall and Dale 
( 1971 ) have placed Holocene cys ts  assignable t o  Tubercul odini um 
vancampoae i n  the modern genus Pyrophacus, and Lentin and 
Wil 1 iams (1977) 1 is t  Tuberculod'inium vancompoae a s  a Pleistocene 
species. In the St .  George Basin COST No. 1 and No. 2 wells,  
Tuberculodinium vancampoae was present i n  s t r a t a  dated a s  
Oliqocene on the  basis  of calcareous nanno~lankton. In the  
 ort ton Sound COST No. 1 and No. 2 we1 1 s, this species was a 
common element of the Miocene marine microflora. 

The spore and pollen assemblage is s imilar  t o  the overlying 
Miocene Tsugaepol 1 eni t e s  assemblage. 

Foraminifera a re  re1 at ively abundant, diverse,  and we1 1 
preserved i n  t h e  01 igocene section. With the exception of the  
de f in i t i ve  ear ly  Oligocene planktonic assemblage, however, 
most of the species present a r e  not s t r i c t l y  age diagnostic. 



Although benthic Foraminifera were important f o r  
pal eoenvi ronmental determi nations, there are some ambiguities 
invol  ving the pal eobathymetric s igni f icance o f  Amnonia and 
Cyclamnina. The l a t e  01 igocene (5,704 t o  11 , l O l J ' T S V  contains 
both n e r i t i c  and bathval assemblaaes. Ammonia j a ~ o n i c a  
(= ~ o t a l  i a beccari i  &d several e ; o t y p i v b r r e ; t a ~ n e r a l  ly 
con- a shal low-water s~ec ies .  i s    resent i n  both 
environments. This suggestsm e i  the; a wider bathymetric 
range than commonly assumed o r  a depositional environment 
characterized by downslope mixing. The l a t t e r  case i s  the 
most 1 i kely , a1 though the re1 a t i ve l y  consistent presence o f  
the species i n  deeper water deposits i n  other Bering Sea 
we1 1 s suggests tha t  it may not have always been res t r i c ted  
t o  inner ner i  t i c  and transitl 'onal environments. Ammonia 
j a  onica and Amnonia japonica varianta were both m d  
h r  t h e m  t h e  section considered t o  be 01 igocene 
i n  both Norton Sound COST we1 l s ,  and were a1 so present i n  the 
01 i gocene o f  both S t .  George Basin COST we1 1 s. I n  the 
S t .  George Basin No. 1 well,  the section was unequivocally 
dated as 01 igocene on the basis o f  calcareous nannopl ankton. 
I n  the Navarin Basin well, the highest occurrence o f  Ammonia 
j a  onica varianta i s  ear ly  Miocene. I n  most o f  the BGTEj3ea -b- we s i t  has usuallv been encountered somewhat below the 
highest occurrence o f  Porosorotal i a c l  a rk i  . 

Although Cyclammina i s  a dominantly bathyal genus i n  
modern and ancient seas, Robinson (1970) showed t h a t  i n  the 
Gulf  o f  Mexico i t  c m o n l y  ranged up i n t o  she l f  depths as 
recent ly as l a t e  Miocene. I n  the Norton Sound COST No. 2 
we1 1, Gclamnina c f .  C. aci  f i c a  was present i n  she1 f sediments. 
The highest occurrencz o kli- e genus i n  the  Navarin Basin 
COST No. 1 wel l  (5,400 feet, ear ly Miocene) i s  i n  sediments 
deposited i n  less than bathyal depths. 

Other foramini f e ra l  species present i n  the 1 ate 01 igocene 
include E l  h i d i e l l a  ore onensis, E l  h i d i e l l a  c f .  E. katangliensis, 
E l  h i d i e  a spp., h+ p 1 ium spp., hp. , ~ ~ r o s o r o t a l  l a  
~ o o s o r o t a ~ .  t u m i e ~ s ? n n n o s p h a e r a  carnata, 
Cassidul i n a m e v i g a r a ,  Haplophragmoides t r u l l  isata, 
Raplophragmoi des-trZi3 uscens , Cycl ammi na c f  . C . cancel 1 ata , 
Cycl amina japonica , Cycl amnina spp . , BudashevXel'l a spp., 
Meloni s p o m m s  , Me1 onis c f  . M. bar1 eeanum, Gyroi d i  na 
m a r i  s p l  anata, GjGXiTEa solJan1 i , Anomal i na g l  abrata, 
Cassi dul i noi-ei , Sphaeroi d i  na b u l l  o i  des var iabi  1 i s ,  
Bathysiphon spp.,inottiella p a l l  ida, SiTcosigmoi l  ina 
sp., Pu1 len ia  sp., Pseudoglandul i-ata, 
and S i  gmomorphi na schenck i . T h e e m f  
G. c'iperoensis a t  8,100 fee t  suggests t h a t  a t  l e a s t  the lower - 
p a r t  o f  t h i s  section i s  w i th in  the P22 planktonic zone. 



The ear ly  Oligocene section (11,100 t o  12,280 feet )  
contains, i n  addit ion t o  most o f  the above species, Fissur ina 
sp., Pyrgo sp., G ro id ina  sp., Or idorsal is  sp., and Cornuspira 

+-rti- c f .  C--byramensis. e most d i s t i n c t i v e  faunal elements are 
age-Tiagnostic planktonic species such as G l  obi  ge r i  na 1 i naperta, 
Globi e r i  na an iporides, Globi ger i  na c f  . G. o f f i c i n a l  i s ,  h i S, G l  obi ger i  na p7aebull o i  des, and 
Cata sydrax pera-that are present from 11,110 t o  11,850 feet.  
h a m  ear ly  Oligocene (P21 Zone, Subzone a) i n  age 
(Gerta Ke l l  er, w r i t t en  commun., 1984). A reworked specimen o f  
the middle Eocene species G l  oborotal i a  b u l l  brooki  was a1 so 
present a t  11,120 feet. 

Ostracodes are ra re  but  i n te res t i ng  i n  the l a t e  Oligocene' 
section. With the exception o f  *HemicythereW sp., the few 
specimens recovered above 9,090 f e e t  are s im i l a r  t o  those i n  
the over ly ing Miocene. Be1 ow 9,090 feet, several addi t ional  
genera w i th  Pal eogene a f f  i n i  t i e s  are present, i ncl  udi  ng K r i  the 
sp., ?Pectocythere sp. , 'Legumi nocytherei s" sp . , "Robertsoni tes"  
sp., and Wichmanella sp. O f  these, the l a t t e r  genus i s  o f  
pa r t i cu la r  in te res t .  Wichinanella has heretofore been found 
i n  the Cretaceous o f  eastern South America and the Neogene 
o f  Japan. It probably migrated v i a  s t r a i t s  b isec t ing  the 
isthmus o f  Panama i n t o  the Paci f ic,  then nor th and west, 
appearing f i r s t  i n  the Alaskan Paleogene, then i n  the Japanese 
Neogene (El izabeth Brouwers, w r i t t e n  commun., 1984). 

The ear ly  01 igocene ostracode fauna i ncl  udes W i  chinanell a 
sp., Xestol eberi s sp., K r i  the sp., Eucytherura sp., ?Buntonia 
sp . , ?Spi n i  leber fs  sp. , m a t a g o n a c y t h e r e " p .  

Calcareous nannoplankton are ra re  and nondiagnostic i n  
the 01 igocene section. A s ing le specimen o f  the long-ranging 
(Late Cretaceous to ear ly  middle Miocene) species Braarudosphaera 
bigelowi was recovered from samples cornposited over the i n t e r v a l  
6,240 t o  6,330. 

Iso la ted  molluscan specimens were recovered from cores 
9, 10, and 11 i n  the l a t e  01 igocene section. The best age 
determination was "post-Eocene" . Taxa present include the 
bivalves Macoma? sp: and Luci  nma acut i  i ineata, and an 
unident i  f m s t r o p o d .  Rare moll uscan and arthropod foss i  1 s 
were recoverea f rom' core 13 i n  the ear ly  01 i gocene- section. 
Possi b l  e sol enid and t e l l  i n i  d b i  val ves, Ostrea? sp., the 
gastropod "Buccinum?" sp., and a crab claw were i d e n t i f i e d  
between 11,701 and 11,711 feet. On the basis o f  t h i s  
macrofossil data, Marks (1983) considered the  deposit ional 
environment to have been outer n e r i t i c  to bathyal i n  a 
temperate o r  w a n  sea w i th  rather  low bottom temperatures. 
This in te rpre ta t ion  f i t s  t h a t  derived from microfoss i l  s. 



Environment 

The upper p a r t  o f  the  01 igocene sect ion (5,704 t o  
6,300 feet )  was deposited i n  a middle ne r i  t i c  envi romnent, 
possibly sha l l  ower. There i s  some cal  careous nannopl ankton 
evidence t h a t  suggests reduced s a l i n i t y  o r  a fresh-water 
inf luence i n  t h i s  in te rva l .  From 6,300 t o  7,500 fee t  the 
deposi t iona l  environment was probably outer ner i  t i c .  The 
base o f  seismic sequence I1 (seismic horizon B, a t  approximately 
7,400 feet )  marks a regressive event t h a t  may represent the 
t h i r d  order sea leve l  drop TM1.1 o f  Va i l  and others (1977). 
The basal p a r t  o f  seismic sequence I1 represents the f i r s t  
marine transgression t o  extend substant ia l ly  beyond the 
s t ruc tu ra l l y  defined margins o f  the basin. The in te rva l  from 
7,500 t o  9,100 f e e t  was deposited i n  upper bathyal depths. 
The in te rva l  from 9,100 t o  12,280 f e e t  was probably deposited, 
f o r  the most part, i n  middle bathyal depths. Paleontological 
evidence f o r  the mid-Oligocene sea leve l  drop (T02.2 o f  Va i l  
and others, 1977) i s  subtle. There i s  a rather  sharp reduct ion 
i n  faunal d i ve rs i t y  between 11,100 and 11,300 f e e t  t h a t  
coincides w i th  the top o f  the i n te rva l  containing ear ly  
01 igocene planktonic Foraminifera. Thi s d i ve rs i t y  decrease 
may mark the eustat ic  event more precisely than e i the r  the 
l i t h o l o g i c  boundary between Zones 0-2 and E o r  the top o f  
seismic sequence I V  (seismic horizon C ) .  Given the d i f f e r e n t  
parameters being def i  ned and differences i n  resol ution, a1 1 
o f  these "boundaries" may re f1  ec t  the same s u i t e  o f  re1 ated events. 

The overa l l  Oligocene paleoclimate was probably temperate 
t o  warm temperate. 

EOCENE 

A 500-foot-thick Eocene section i s  present from 12,280 
t o  12,780 feet. The upper contact appears t o  be unconformable 
on the basis o f  a combination o f  well  log, 1 i t ho log i ca l  , 
geochemical, and pal eontological c r i t e r i a ,  bu t  there i s  no 
geophysical evidence f o r  an unconfonni t y  . The 1 ower 
unconformable contact i s  defined by strong seismic evidence 
as wel l  as the above c r i t e r i a .  L i tho log ic  Zone F appears t o  
represent the e n t i r e  Eocene sect ion present i n  the well.  
There i s  no compel1 i n g  geochemical evidence f o r  1 arge amounts 
o f  missing sect 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 palynol ogical  ages. 
The Foraminifera present tend t o  suggest a l a t e  Eocene age; 
the d i  nofl age1 1 ates i ndicate a s l  i g h t l y  ear l  i e r  age. The in te rva l  
i s  assigned a l a t e  t o  l a t e  middle Eocene age. 

The marine palynomorph assemblage i s characterized by 
Areosphaeri d i  um d i  ktyopl  okus, Apectodi n i  um homomor hum, + Dpercul odi nium centrocarpum, Micrhyst r i  dium sp., ara ecani e l  1 a 



indentata, Lejeunia hyal ina, and Impletosphaeridium i nsol itum. 
The over1 a p m g m r e o s p h a e r i  d i  um d i  k tyop l  okus and 
Apectodinium homomor hum (as shown by Will iams and Bujak, 

/ I  1 support -7-ed a ate m i  d l e  Eocene age. 

The foraminifera1 fauna i s  s im i l a r  t o  t h a t  seen i n  the 
over ly ing 01 igocene. The fauna i ncl  udes G l  obobul i m i  na 

Globocassi d u l i  na globosa. 

No molluscs, ostracodes, s i l i ceous  microfossi ls,  o r  
ca l  careous nannopl ankton were i denti  f i ed i n the Eocene section. 

Environment 

The depositional environment was upper bathyal from 
12,280 to 12,450 feet; outer n e r i t i c  from 12,450 t o  12,780 feet. 

The pal eocl imate was probably temperate o r  warmer. 

CRETACEOUS 

The in te rva l  from 12,780 t o  16,400 f e e t  i s  Late Cretaceous 
i n  age on the basis o f  both marine and nonmarine foss i l s .  
The rocks beneath the angular unconformity (seismic horizon D) 
t h a t  defines the top o f  the sect ion are nonmarine from 12,780 
t o  15,300 f e e t  (combined l i t h o l o g i c  Zone G/H) and marine 
from 15,300 t o  16,400 f e e t  ( l i t h o l o g i c  Zone I ) .  The contact 
between the marine and nonmarine sections appears t o  be 
unconformabl e on the basis o f  paleontological , 1 i tho1 ogical  , 
and we1 1 1 og c r i t e r i a .  D i  abase s i  11 s rad i  m e t r i c a l  l y  dated 
(K-Ar) as ear ly  Miocene by Teledyne Isotopes (1983) are 
in te rca la ted  w i th  the coal and s i l t s t o n e  beds o f  the nomnarine 
sec ti on. 

The nonmarine section i s  Maastrichtian i n  age on the 
basi s o f  the pol 1 en Aqui 1 apol l e n i  t es  para1 1 e l  us and Mani corpus 
c f .  - M. trapeziforme. 

The marine section (15,300 t o  16,400 fee t )  i s  probably 
Maastr icht i  an o r  Campani an i n  age. Foraminifera present 
include Praebul imina kickapooensi s, Praebul imina venusae, 
Praebul i m i  na carseyae, Gavel i nel 1 a whi t e i  , Gyroi d i  noi des 
n i  ti dus, ~ y r o m s  goudkoff i , m h r a g m o i d e s  excavatus, 



Hap1 ophragmoi des i ncognatus, Nodosaria sp . , Dental i na spp., 
P u l l  eni a cretacea , Saccamml'na sp. , S i  1 i cosi gmoi 1 i na cal  i f  orn i  ca, 
-ria cf. S. t r iangu lar is ,  and Osangularia cordieriana. 
The foramini feral-fauna i s  s im i l a r  t o  the ?Campanian t o  
Maastrichtian assemblage i d e n t i f i e d  from the Lower Cook 
I n l e t  COST No. 1 well (W i l l s  and others, 1978). 

A s ing le  specimen o f  the calcareous nannoplankton 
Zygodiscus c f .  2 .  acanthus i s  present i n  samples composi t ed  
over the i n t e r v a  from 15,300 t o  15,390 feet. This species 
indicates a Late Cretaceous age (Maastrichtian o r  Campanian). 

Rare, poorly preserved pseudoaul ophacid Radio1 a r i a  were 
recovered from core 19 (15,500 feet ) .  These specimens suggest 
a Cretaceous age. 

Rare Inoceramus prisms, both i n  s i  t u  and reworked, 'were 
present throughout the Cretaceous section. I n  addi t ion, a 
s ing le valve from an inoceramid b iva lve was recovered from 
core 20 (16.316 feet) .  The s~ecimen was i d e n t i f i e d  b.y E. G. 
Kauffman (wr i t t en  commun., 19j33) as a species o f  ~laGceramus, 
a genus t h a t  ranges from the Coniacian t o  the  Campanian. The 
specimen compared most c losely w i th  Coniacian t o  Santonian 
species. It i s  possible t h a t  the s t ra ta  a t  the bottom o f  
the well could be tha t  old. Palynomorphs from the marine 
section below the unconformity a t  15,300 f e e t  have been 
thermally degraded and y i e l d  no d e f i n i t i v e  age 01 der than 
?Campanian t o  Maastrichtian. There are nearby dredge sample 
data t h a t  ind icate the presence o f  01 der Cretaceous rocks i n  
the immediate area (see cor re la t ion  section). Paleomagnetic 
data, however, tend t o  support an age o f  no o lder  than 
Campanian a t  t o t a l  depth. 

Envirorment 

The nonmarine sect ion (12,780 t o  15,300 fee t )  probably 
represents a f l  uv ia l  -pal udal f loodpl a i  n system. The marine 
section (15,300 t o  16,400 fee t )  was deposited i n  inner 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 transgressive-regressive 
cycles i n  the Late Cretaceous marine section. The paleoenviroment 
o f  the i n te rva l  from 15,300 t o  15,400 fee t  was upper bathyal . 
From 15,400 t o  15,840 fee t  the environment was dominantly 
outer ner i  t i c ,  perhaps occasional l y  shal l  ower, w i th  a 
consi derabl e amount o f  t e r r i  genous organic i nput . From 15,840 
t o  15,960 f e e t  the environment was probably inner n e r i t i c .  
From 15,690 t o  16,400 fee t  the paleobathymetry was probably 
outer ner i  t i c .  

The Late Cretaceous paleoclimate was probably warm 
temperate, possi b l y  subtropical . 



CORRELATION 

The Navarin Basin COST No. 1 well can be correlated 
w i t h  the other Bering Sea deep stratigraphic t e s t  wells i n  a 
very general way. The Neogene section, i n  particular, i s  
similar to that  seen i n  the Norton Sound and S t .  George 
Basin wells. In a l l  of these, the Neogene biostratigraphy 
was based on zones primarily defined by siliceous microfossils. 
Foramini fera were of more use for pal eoenvi ronmental 
determinations, although there were some age-diagnostic 
species present i n  the early Miocene sections. Ostracodes 
proved to be surprisingly useful for  both paleoecology and 
biostratigraphy . Neogene palynol ogical zonations are sti 11 
i n  ttie developmental stage i n  the Bering Sea area, and ' 

calcareous nannoplankton have proven t o  be of very limited 
u t i l  i ty i n  this section. Nevertheless, the Neogene sections 
of these five deep stratigraphic t e s t  wells can be correlated 
w i t h  some degree of confidence. 

Pal eogene correlations are fa r  more diff icul t to establ i sh. 
In particular, there i s  disagreement among industry, academic, 
and government biostratigraphers as to  the nature and extent 
of Oligocene s t ra ta  i n  the Bering Sea area. Much of the 
confusion stems from correlation w i t h  Russian onshore sections 
on the Kamchatka Peninsula and Sakhal i n  Is1 and that  were 
in i t i a l ly  described as Miocene b u t  are now considered to  be, 
i n part, 01 i gocene ( G l  adenkov, 1980). The ages of Pal eogene 
forami n i  feral and palynol ogical assembl ages are often the 
subject of dispute. Siliceous microfossil s are d i f f icu l t  to  
work w i t h  i n  the older sections because they have generally 
been d i  agenetical ly  rep1 aced by pyri t e e  Calcareous 
nannoplankton and planktonic foraminifera yield the best 
information, b u t  neither group i s consistently present. 

The 01 igocene forarnini feral assembl age of the Navari n 
Basin COST No. 1 well is somewhat similar to assemblages 
described from the Norton Sound and S t .  George Basin deep 
stratigraphic t e s t  wells, from the Kamchatka Peninsula and 
Sakhal i n  Island, and from the Poul Creek Formation (offshore) 
i n  the Gulf of Alaska. There are significant differences, 
however, such as the absence of the diverse shallow water 
assemblages seen in the Norton Sound COST No. 1 we1 1 (which 
were quite similar to Sakhal i n  Island assemblages), and the 
absence of the Caucasina assemblages seen i n  Eocene and 
Oligocene s t ra ta  i n  other Bering Sea wells and i n  the Eocene 
of the Kamchatka and Ilpinsky peninsulas. Some of the 
correl a t i  on probl ems are facies re1 ated, others are 
attributable to  the present imperfect knowledge of species 
ranges. 



Palynol ogical zonations are pa r t i cu l  a r l y  tenuous i n the 
l a t e  Oligocene because many key d inof lagel la te species range 
i n t o  the ear ly  Miocene. It i s  also l i k e l y  t h a t  the inf luence 
o f  facies on marine palynof lora l  assemblages i s  as s i g n i f i c a n t  
as i t  i s  on foraminifera1 assemblages. 01 igocene ranges f o r  
some d ino f lage l la te  species seen i n  the Navarin and Norton 
we1 1 s have been conf i rmed by cal careous nannopl ankton data 
from the St .  George Basin wel l  s. 

The Eocene section o f  the Navarin we1 1 may be i n  p a r t  
cor re la t i ve  w i th  the  Eocene section i n  the  St .  George Basin 
COST No. 1 we1 1 , though i t  appears t o  be somewhat 01 der; 
there are few s i m i l a r i t i e s  between the faunas o r  f loras. The 
possibly equivalent Eocene sections i n  the S t .  George Basin 
No. 2 and Norton Sound No. 1 well s were dominantly noninarine 
o r  contained no age-diagnostic microfoss i l  s. The Eocene 
section i n  the Norton Sound No. 2 wel l  was deposited i n  
t rans i  ti onal t o  cont i  nental environments and y i  e l  ded no marine 
palynomorphs. 

The Navari n Basin Eocene forami n i  f e r a l  fauna contains 
some species found i n  Russia (Globobulimina il inica,  Ammonia 
japonica, Porosorotal i a  tumiensi s l  and others - 5 7  c arac ter i  s t i c  
o f  deep-water deposits around the north Pac i f i c  rim. The 
presence o f  G l  obocassidul i na 1 obosa indicates a somewhat 

( 1 ate m i  ddl e Eocene) . +T- younger age f o r  the section ( a t e  ocene) than do d inof lagel la tes 

The Cenozoic sedimentary section i n  the Navarin Basin 
COST No. 1 wel l  can be considered a deeper water analog o f  
the basin f i l l  described i n  the Opukh-Pekul nei Trough, the 
Khatyrka Basin, and the southeastern p a r t  o f  t he  Anadyr Basin 
(*Lean, 1979a; G l  adenkov, 1980; Marl ow and others, 1983a1, 
a1 though there may be a th icker  and more complete Cenozoic 
section present i n  the Navarin Basin. Dredge sample and 
seismic r e f l e c t i o n  data suggest t h a t  there i s  more Eocene 
(and probable Paleocene) section i n  the deeper par ts  o f  the 
basin than was encountered i n  the Navarin Basin COST No. 1 
we1 1. Dredge sample L5-78-22-4, f o r  i nstance, contained a 
d i  nofl agel 1 ate assembl age o f  Pal eocene (Dani an) age (Jones 
and others, 1981; Rosemary Jacobson, w r i t t e n  commun., 1984). 

There are no co r re la t i ve  Late Cretaceous s t ra ta  i n  the  
S t .  George Basin o r  Norton Sound COST wells. Pol len from 
the  nonmarine Maastrichtian section o f  the Navarin wel l  
(12,780 t o  15,300 fee t )  are s imi la r  t o  those described by 
Jones and others (1981) from sample L5-78-27-1 dredged from 
the nearby Bering Sea continental margin, a1 though the dredge 
sample was f a r  more marine i n  aspect and contained a Late 
Cretaceous d ino f l  agel 1 ate assembl age. A r e i  nvest igat i  on o f  
t h i  s dredge sample y ie lded a s ign i  f i c a n t  recycl ed assembl age 
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o f  Albian t o  Santonian age d inof lagel la tes (Rosemary Jacobson, 
wr i t t en  commun., 1984). This recycled component was also 
present i n  the nonmarine Maastrichtian section o f  the we1 1. 
There i s  l i t t l e  doubt t h a t  the rocks dredged from the 
continental margin represent a marine facies o f  the Maastrichtian 
s t ra ta  penetrated by the well.  

Dredge sampl e L5-78-27-2, from the same general 1 ocat i  on 
as L5-78-27-1, contained vol canicl  as t i c  sandstone and t u f f .  
Rosemary Jacobson (wr i t t en  commun., 1984) i d e n t i f i e d  a poorly 
preserved ( "corroded and mineral -scarredn ) assembl age o f  
marine and nonmari ne palynomorphs o f  ?Cenomanian t o  Turoni an 
age mixed w i th  recycled Albian elements. Thin lenses o f  
very s imi lar  t u f f  are present i n  core 20 associated w i th  a 
Platyceramus shel l  dated as possible Campanian t o  Coniacian. 
This "correlat ion" i s  f a r  more tenuous than tha t  w i th  sample 
L5-78-27-1. Nevertheless, these data do lend support t o  the 
concept o f  a section o f  Late Cretaceous rocks below the 
unconformity a t  15,300 fee t  tha t  i s  older than Maastrichtian. 
The foramini fera l  assemblages from 15,300 t o  16,400 fee t  are 
s imi la r  t o  those described from the ?Campanian t o  Maastrichtian 
section o f  the Lower Cook I n l e t  COST No. 1 wel l  ( W i l l s  and 
others, 1978). 

The Late Cretaceous section i s  somewhat s imi la r  t o  
equivalent marine and nonmarine rocks o f  the Impenyeyen s u i t e  
o f  the Koryak Highlands o f  eastern Siber ia (Dundo, 1974; 
Korotkevich , 1974). Any such correlat ions, however, rmst 
await f a r  more well data from the Navarin Basin and an 
unraveling o f  the movement h i s to r ies  o f  the several Mesozoic 
tectonostrat i  graphic terranes ( Stone and others, 1982) t h a t  
are juxtaposed i n  t h i s  area. Palemagnetic data from 
conventional cores (Van A1 stine, 1983) suggest t h a t  a1 though 
the Cenozoic section was deposited w i th in  5O o f  the present we1 1 
s i te ,  the Late Cretaceous section may have been deposited as 
much as 50° south of the present locat ion. The p o l a r i t y  data 
also suggest tha t  the Late Cretaceous section was deposited 
during the Maastrichtian and Canpanian. The presence o f  recycled 
carboniferous spores i n  Mesozoic wel l  samples can be most 
eas i ly  explained by transport  i n t o  the basin from eroding 
Paleozoic rocks i n  eastern Siber ia or  Alaska, a1 though t h i s  
might suggest f a r  less movement than the palemagnetic data 
from the we1 1 . 
NOTE: We received Bujak, J. P., 1984, "Cenozoic d ino f lage l la te  
cysts and acr i tarchs from the Bering Sea and northern North 
P ~ c i  f i c ,  DSDP Leg 19, " Micropaleontology , vol . 30, no. 2, pp. 
180-212, pls. 1-4,too l a t e  f o r  inc lus ion i n  t h i s  report, 
although cer ta in  aspects o f  h i s  zonation were incorporated i n  
Judy Lent i  n' s (ERT b i  os t ra t  , 1983) in terpretat ion.  



LITHOLOGY 
by 

Maurice B. Lynch 

The f o l  1 owing 1 i tho l  ogic descr ipt ions o f  rocks recovered 
from the Navarin Basin COST No. 1 we1 1 are based on an 
examination o f  20 conventional cores, a de ta i led  study o f  
chips and t h i n  sections from cores 1 through 20, and an 
examination o f  washed and unwashed ro ta ry  d r i l l  b i t  cu t t ings  
taken a t  30-foot i n te rva l s  from the f i r s t  sample a t  1,536 
fee t  t o  the t o t a l  depth o f  16,400 feet. A de ta i led  1 i thologic  
repor t  was prepared by AGAT Consultants o f  Denver, Colorado 
(1983). The AGAT repor t  described 345 core plugs taken from 
the 20 conventional cores, together w i th  191 sidewall cores 
and 4 junk basket sampl es. Geol ogical analyses i ncl  uded 
deta i led core descriptions (501.2 t o t a l  feet ) ,  X-ray 
d i f f r a c t i o n  (343 samples), petrography (344 t h i n  sections), 
scanni ng e l  ectron microscopy and energy-di spersive spectrometry 
(342 samples) , and e lect ron microprobe analysis (3 samples) . 
Measured poros i ty  and permeabil i t y  val ues were determined by 
Core Laboratories, Inc. (1983), o f  Anchorage. V i  sib1 e poros i t ies  
were estimated by AGAT geologists. Y i  t r i n i  t e  re f1  ectance 
and t o t a l  organic carbon content f igures were derived by 
Robertson Research (U.S.) o f  Houston, Texas (Dow and Coleman, 
1983). A 1 i tho l  ogy 1 og prepared by ARCO we1 1 s i t e  geologists 
during d r i l l i n g  was also u t i l i zed .  

Depths are measured i n  f e e t  from the Ke l l y  Bushing. The 
ARCO mud 1 ogger on the r i g  began col  1 e c t i  ng cu t t ings  a t  1,536 
feet. The f i r s t  sidewall core was taken a t  2,500 f e e t  and 
the f i r s t  conventional core was s ta r ted  a t  3,627 feet. 

AGAT Consultants div ided the subsurface section i n t o  
nine zones, designated A through I, on the basis o f  1 i thology, 
deposit ional environment, diagenetic a1 terat ion, and we1 1 
l og  character is t ics .  With minor modif ications, these d iv is ions  
are u t i l i z e d  i n  t h i s  report. 

A nunber o f  f igures and tables have been included t o  
i 11 us t ra te  the 1 i tho l  ogy . Conventional cores are described 
i n  f igures 11 through 30. Table 2 l i s t s  each sample analyzed, 
i t s  depth, type, 1 i t h o l  ogy , measured poros i ty  , estimated 
v i s i b l e  porosity, and measured permeabil i ty. Tables 3 and 4 
show percentages of several minerals present i n  the 20 
conventional cores. Figure 31 i s  a summary char t  o f  the 
X-ray d i f f r a c t i o n  data from conventional and s i  dewall cores. 
Figures 32 and 33 are ternary diagrams showing the range o f  
quartz, fe l  dspar, and 1 i t h i c  composition i n  conventional and 
sidewall core samples from the various 1 i tho l  ogic zones. 
Figures-34 and 35 are ternary diagrams showing the range o f  
volcanic, metamorphic, and sedimentary rock fragments i n  the 



l i t h i c  f ract ions o f  samples from conventional and sidewall 
core samples. Tables 5 and 6 are summaries of petrographic 
data and reservoi r  character ist ics.  

The sedimentary section penetrated by the  Navarin wel l  
i s  dominantly marine: the upper 12,780 and lower 1,100 f e e t  
o f  section were deposited i n  marine environments. Sediments 
between 12,780 and 15,300 f e e t  were deposited i n  f l u v i a l ,  
f loodplain, and de l ta ic  environments. I n  the i n te rva l  
between 12,800 and 15,048 feet, Late Cretaceous age sediments 
are intruded by numerous basa l t i c  and diabasic s i l l s .  The 
s i l l  s were radiometrical l y  dated by Tel edyne Isotopes 
Laboratory o f  Westwood, New Jersey, using potassium-argon 
(K-Ar) age determination methods. Samples from three depths 
were analyzed. A junk basket sample taken between 12,835 
and 13,500 f e e t  was determined t o  be 18 + 0.9 m i l l i o n  years 
old. Asample fromabout 1 3 , 8 8 0 f e e t w a y d a t e d a t 2 0 . 9 +  
3.6 m i l  1 ion years. The t h i r d  sample, taken from conventjonal 
core 18 a t  14,599 feet, was found t o  be 21.7 + 4.2 m i l l  i on  
years 01 d. Igneous s i l l  emplacement probably-occurred dur ing 
ear ly  Miocene o r  1 a te  01 i gocene time. 

ZONE A-1 (1,536 t o  3,565 feet) 

PLIOCENE AND MIOCENE 

This in te rva l  consists o f  poor ly sorted, s i l t y ,  sandy 
mudstone and diatomaceous ooze deposited i n  a mid-shelf 
environment. Primary sedimentary structures were destroyed 
by extensive bioturbat ion. Concentrations o f  granule-sized 
rock and she1 1 fragments are associated w i th  scour surfaces. 
Coarser grained material may represent basal l a g  deposits on 
erosional surfaces created by storm-generated currents. The 
framework grains are mainly volcanic l i t h i c  fragments, angular 
quartz, and feldspars. Diatom and c lay matr ix  content ranges 
from 50 t o  80 percent. Most o f  the diatom fragments are 
broken and angular. L i t h i c  components are dominated by 
basal t i c  and intermediate volcanic fragments, g l  auconi te, 
metamorphic rock fragments, mica, chert, and clay. Accessory 
mineral s include hornblende, epidote, apat i te,  and pyroxene. 
Diagenetic changes included compaction, weak a l t e r a t i o n  and 
d isso lu t ion  o f  l i t h i c  fragments, and the development o f  
authigenic pyr i te ,  c l  i n o p t i l o l  i t e  o r  heulandi te, and ch lo r i te .  

Porosity and permeabil i ty have no t  been s i g n i f i c a n t l y  
a1 tered by d i  agenesi s a t  these sha l l  ow depths. A1 though 
measured poros i t ies  are very high i n  t h i s  zone (35 t o  
50 percent), estimated v i s i b l e  poros i t ies  are very low 
because o f  poor so r t i ng  and an abundance o f  very f i n e  grained 
matr ix  material. Near the bottom o f  t h i s  zone, the s i l i c a  
minerals o f  the diatoms are progressively replaced by 
framboidal p y r i  te. 



ZONE A-2 (3,565 t o  3,860 fee t )  

MIOCENE 

There i s  1 i ttl e 1 i thologic d i  f ference between Zones A-1 
and A-2. Diatomaceous sediments i n  t h i s  i n te rva l  have been 
subjected t o  diagenesis tha t  changed the dominant s i l i c a  
phase (opal-A) t o  c l i n o p t i l o l  i t e  and clay. The sediments i n  
Zone A-2 are overpressured and more compact, hard, b r i t t l e ,  
and dense than s im i l a r  sediments i n  Zone A-1  (see We1 1 Log 
In te rpre ta t ion  and Bottom-Simul a t i  ng Ref1 ector chapters) . 

ZONE B (3,860 t o  5,010 feet )  

MIOCENE 

Zone B consists o f  bioturbated, muddy, very f i n e  and 
f ine-grained sandstone interbedded w i th  sandy mudstone. The 
depositional environment was probably middle ner i  ti c. The 
grains are poorly t o  we1 1 -sorted and 1 ocal l y  cemented w i th  
ca l c i t e .  The only primary sedimentary structures s t i l l  
v i s i b l e  are a few wavy, discontinuous laminations. The 
i sol ated 1 i t h i c  granul es and pebbl es present were probably 
transported and deposited by storm a c t i v i t y .  Whole and 
broken gastropod and b iva lve she l ls  are present. Below 
3,850 f e e t  opaline s i l i c a  tha t  o r i g i n a l l y  made up the diatoms 
has apparently been d i  agenetical l y  a1 tered t o  c l  i nopt i  l o1  i t e  
o r  heulandi te. Opal -CT (cr is tobal  i te-tr idymi te )  was not  
i d e n t i f i e d  by scanning e lect ron microscopy but has been 
i d e n t i f i e d  i n  t race amounts by X-ray d i f f r a c t i o n  analysis. 

The framework grains are monocrystall ine and po lyc rys ta l l i ne  
quartz, p l  agiocl  ase and potassiun feldspar, and abundant, var ied 
l i t h i c  fragments t h a t  include volcanic, metamorphic, and 
sedimentary rock fragments, hornblende, chert, mica, c lay  c l  asts, 
g l  auconi te, and mol luscan she1 1 fragments. 

D e t r i t a l  matr ix  i s  ra re  i n  the wel l -sorted sandstones and 
abundant i n  muddy sandstones. Authigenic minerals present 
include framboidal pyr i te ,  s ider i te ,  smect i t ic clay, 
c l i n o p t i l o l i t e  o r  heulandite, analci te,  and c a l c i t e  cement. 
The measured poros i ty  i s  high (25 t o  35 percent), bu t  most o f  
t h i s  i s  i n te rc rys ta l  1 i ne  microporosi t y  i n  the in tergranular  
matr ix  o f  d e t r i t a l  and authigenic c lays and cements. The 
o r ig ina l  poros i ty  and permeabil i t y  were probably good i n  the  
wel l -sorted sandstones, bu t  smectite and z e o l i t e  p rec ip i t a t i on  
reduced both considerably. Secondary poros i ty  generated 
by the  d issolut ion o f  framework grains d i d  no t  increase the 
overa l l  porosi ty s ign i  f i c a n t l y  . The hydrocarbon reservoi  r 
poten t ia l  f o r  t h i s  zone i s  low. 



ZONE C-1 (5,010 t o  5,360 f e e t )  

MIOCENE 

T h i s  interval consis ts  of thin-bedded f i n e  and very 
f ine  grained muddy sandstone and s i l t s t o n e  interbedded w i t h  
wdstone and claystone. The sandstone is poorly sorted,  
bioturbated, and local l y  cemented by c a l c i t e .  Bioturbati on 
has resul ted  in mottl ing of sand and clay . L i  t h i c  pebbles 
and broken and in t ac t ,  t h i n  moll uscan. shel 1 s a r e  present. 
The sediments i n  this zone were probably deposited i n  a 
middl e t o  outer  neri t i c  environment. We1 1 1 ogs indicate  
t h a t  most of the sandstones a re  10 f e e t  thick o r  less. 

The framework grain s i z e  ranges from s i l t  t o  f i n e  sand. 
The grains include chert ,  monocrystal 1 ine and polycrystall  ine 
quartz (22 t o  30 percent),  1 i t h i c  fragments (32 t o  44 percent),  
and fel  dspar (31 t o  38 percent).  P l  agiocl ase  i s the 
predominant feldspar.  Most of the 1 ithic fragments appear ' 

t o  be volcanic i n  origin,  b u t  some a re  sedimentary, plutonic, 
and metamorphic. Glauconite is common. Minor const i tuents  
include chert ,  hornblende, pyroxene, foss i  1 fragments, epidote, 
t i  rcon, garnet, and r a re  tourmal ine. Diagenetic a1 t e r a t ions  
incl ude compaction, a1 te ra t ion  of some fe l  dspar, a1 te ra t ion  
of volcanic rock fragments, and precipi ta t ion of c l  inopt i lol  i te  
and authigenic pyrite.  Reservoir potential  is  n i l  i n  the 
claystone and poor i n  the sandstone. Measured porosity (28 
t o  32 percent) i n  the sandstone is high, b u t  permeability is 
low because of the abundance of d e t r i t a l  and authigenic 
c l  ay . Measured penneabi 1 i ty i n  analyzed sandstone samples 
ranges from 2 t o  23 mil l idarcies .  Alteration of framework 
grains and precipi ta t ion  of authigenic zeol i tes have a1 so 
degraded reservoir  qua1 i ty  . 

ZONE C-2 (5,360 t o  7,130 f e e t )  

MIOCENE TO OLIGOCENE 

T h i s  interval consis ts  of f ine  and very f i n e  grained, 
r e l a t ive ly  clean t o  muddy sandstone and s i l t s t o n e  interbedded 
w i t h  mudstone and claystone. .The  sandstone is poorly t o  
well sorted. The sediments a re  bioturbated and loca l ly  
cemented by ca l c i t e .  There a re  some wavy interbeds and 
1 aminations of sandstone and c l  aystone. Bioturbation has 
resul ted i n  horizontal and oblique burrows. Lithic pebbles 
and broken and in t ac t ,  t h i n  molluscan shel 1 s  a r e  present. 
The sediments i n  t h i s  zone were probably deposited in  a 
middle t o  outer  n e r i t i c  environment. Well logs ind ica te  
t h a t  some of the sandstones a r e  up t o  100 f e e t  thick. 



The framework grain s i ze  ranges from si 1 t t o  f i n e  sand. 
The grains include che r t ,  monocrystal 1 i ne and polycrystall  ine 
quartz (20 t o  70 percent),  1 i t h i c  fragments ( 4  t o  60 percent),  
and feldspar (10 t o  26 percent). Plagioclase is the 
predominant feldspar. Most of the l i thic fragments appear 
t o  be volcanic i n  o r ig in ,  b u t  some a r e  metamorphic. Glauconite 
is  comnon. Minor const i tuents  include chert ,  hornblende, 
pyroxene, foss i l  fragments, epidote, zircon, garnet, and 
r a r e  tourmaline. Diagenetic a l t e r a t ions  include compaction, 
a1 te ra t ion  of some feldspar,  a1 t e r a t ion  of volcanic rock 
fragments, and precipi ta t ion of c l  inopt i lol  i t e  and authigenic 
pyrite.  Reservoir potential  is n i l  i n  the claystone and poor 
t o  good i n  the sandstone. Measured porosity (28 t o  33 percent) 
i n  the sandstone is h i g h ,  but permeability is low because of the 
presence of de t r i  t a l  c l  ay . Measured permeabi 1 i ty  i n  analyzed 
sandstone samples ranges from 5 t o  233 mil l idarcies .  
Alteration of framework grains and precipi ta t ion of authigenic 
zeol i tes have a1 so degraded reservoi r qua1 i t y  . 

Although most of these sandstones a r e  only poor to f a i r  
reservoir rocks, a few would make good reservoir  rock and a r e  
the best seen i n  the well. In a high energy depositional 
s e t t i ng ,  perhaps c loser  t o  the source, equivalent s t r a t a  
might have b e t t e r  reservoir charac te r i s t ics .  

ZONE D-i (7,130 t o  9,450 f e e t )  

OLIGOCENE 

T h i s  in terval  is characterized by sandy mudstone, f ine-  
grained muddy sandstone, and claystone w i t h  r a r e  lenses of 
sil ts tone and sandy carbonate. Isolated coarse-sand-sized 
t o  pebbl e-sized volcanic rock fragments a re  present. The 
sediments have been bioturbated. Whole and broken molluscan 
shel 1 s and microfossil s a r e  present. The only primary 
sedimentary s t ruc tures  seen i n  the cores a r e  wavy laminations. 
T h i s  in terval  was probably deposited i n  marine outer  shel f 
and upper slope environments. 

The framework grains a re  subrounded and subangular quartz, 
feldspar,  and l i t h i c  fragments. The average abundances of 
framework const i tuents  a r e  47 percent quartz, 19 percent 
feldspar,  and 34 percent 1 i t h i c  fragments. The 1 i t h i c  fragments 
a r e  about 53 percent volcanic, 30 percent metamorphic, and 
15 percent sedimentary. Accessory minerals include glauconite, 
micas, cl ay , cher t ,  ch lo r i t e ,  and hornblende. Fossil fragments 
and organic matter a r e  a1 so present. Authigenic minerals 
include smecti t e ,  mixed-layer i l l  i te  and smecti t e ,  ca l c i t e ,  
s i d e r i t e ,  pyri te ,  zeo l i t e s ,  gypsum, ch lo r i t e ,  quartz, and 
f el dspar . 



The reservoir potential of this zone is very poor. 
Because of poor sorting, extremely fine grain size, and 
precipitation of many authigenic minerals, porosity- and 
permeability values are very low. 

ZONE 0-2 (9,450 to 10,800 feet )  

OLIGOCENE 

There is 1 i ttl e 1 i tho1 ogic difference between Zones 0-1 
and 0-2. The unectite clays which predominate i n  Zone 0-1 
have been di agenetical ly a1 tered to  i 1 1 i t e ,  mi xed-1 ayer i 1 1 i te- 
sntectite and chlori te ( f ig .  31). Associated w i t h  the clay 
diagenesis is overpressuring which occurs i n  and below t h i s  
zone (see Abnormal Formation Pressure chapter). 

ZONE E (10,800 to 12,280 feet )  

OLIGOCENE 

T h i s  zone consists of poorly sorted gray cl aystone, 
mudstone, and sandy mudstone w i t h  abundant det r i ta l  clay 
matrix. The sediments exhibit wavy lamination and have been 
moderately burrowed. Calcite concretions are present. The 
rocks i n  this zone are sl ightly finer grained than those of 
Zones D-1 and 0-2. The section was probably deposited i n  a bathyal 
environment. 

The framework grains are subangular and subrounded. 
Sil t-sized mnocrystall ine quartz, plagioclase, micas, chert,  
and volcanic rock fragments are a l l  present as framework 
clasts .  Other minerals present i n  small amounts are pyroxene, 
gl auconi t e ,  hornblende, gypsun, and clays. Clays constitute 
about 40 t o  70 percent of the rock and include chlorite, 
kaolinite, i l l i t e ,  and mixed-layer i l l i t e  and smectite. 
Organic material and molluscan she1 1 fragments are present. 
Authigenic minerals include chert, s ider i te ,  ca lc i te ,  
1 aumonti t e ,  1 eonhardi t e ,  mixed-1 ayer cl  ay , pyrite, zeol i t e s  , 
quartz, potassiun fel dspar, and ankerite. The provenance 
was probably a mixed volcanic and metamorphic terrane. 

The reservoir potential of th is  interval is very poor. 
The rocks are characterized by very low mesoporosities and 
permeabilities. This is a function of small grain size, poor 
sorting, abundant cl ay matrix, and the precipitation of 
authi genic minerals. 



ZONE F (12,280 to  12,780 feet )  

EOCENE 

T h i s  section consists of dark-gray calcareous claystone 
and sandy mudstone. No primary sedimentary structures are 
apparent. The environment of deposition was probably outer 
shelf to  upper slope. Framework grains range i n  size from 
clay to  coarse sand. The grains are composed of quartz, 
fel dspar, volcanic and a1 tered rock fragments, hornblende, 
chert, mica, gl auconi t e ,  and carbonaceous shal e fragments. 
Intergranul ar  authigenic constituents include pyrite, 
s ideri te,  calci te,  chert, chlorite, kaol in i te ,  i l l  i t e ,  and 
smecti te. Some of the plagioclase has been replaced by 
calci te,  and some has been a1 tered to  clay. Porosity and 
permeabil i ty are very poor in the claystone because of the 
extremely fine grain size. Effective porosity and 
permeabil i ty in the sandy mudstone are negl igible because of 
poor depositional sorting, fine grain size, and precipitated 
calci te tha t  has f i l l ed  much of the space between grains. 
The dark-col ored carbonaceous cl aystone in thi  s interval 
has the best hydrocarbon source rock potential encountered 
in the well. 

ZONE G/H (12,780 to 15,300 feet)  

LATE CRETACEOUS 

An angular unconformi ty i s  present a t  approximately 
12,780 feet.  Below this depth, rocks d i p  25 t o  30 degrees 
and have been intruded by diabase and basalt s i l l s .  The 
intrusives are hard, dark greenish gray (5 G 411 on the 
Geological Society of America color chart) with i ntergranul a r  
and intersertal textures. Interstices between plagioclase 
crystals are f i l l  ed with cl  inopyroxene or a1 teration products 
such as clay, calci te,  and minor quartz. Small amounts of 
pyrite, s ideri te,  chlorite, 1 eucoxene, anatase, hornblende, 
and potassium feldspar are also present, as well as trace 
amounts of cl i nopti lo1 i t e  and 1 aumonti t e  or 1 eonhardi te. 
Diabase and basalt s i l l s  were intruded into the sediments 
a f te r  burial. Distinguishing igneous from sedimentary rock by 
using only wireline logs is di f f icul t  in this section because 
bulk density values are lower than i s  typical of diabase and 
basal t. Thi s may be a result  of weathering effects  beneath 
the unconformi ty  . 

This interval contains si l ts tone,  very fine grained 
sandstone, mudstone, cl aystone, and coal . Depositional 
environments probably included stream and distributary channels 
and possibly t idally influenced deltaic distributary systems. 
Core 16 (13,141 to 13,158 feet; f ig.  26) may have been 



deposited i n  an i n t e r t i d a l  zone. No marine microfossi  1 s 
were recovered. Sedimentary features include f l a s e r  s t ruc tu re  
and wavy and l e n t i c u l a r  interbeds o f  sandstone and mudstone. 
Truncated r i p p l e  sets and herringbone crossbedding are present 
w i t h i n  sandstone uni ts .  M i  nor soft-sediment deformation, 
a t t r i bu tab le  t o  the  s l  umpi ng o f  semiconsol idated sediments 
on unstable surfaces, i s  a lso present. From bottom t o  top, 
core 17 (13,876 t o  13,904 feet;  f i g .  27) consis ts  o f  about 
12 f e e t  o f  crossbedded, mediun-grained sandstone; 2 f e e t  o f  
1 ight-gray c l  aystone; approximately 2 f e e t  o f  coal ; and 
11 f e e t  o f  greenish-gray, a l t e red  diabase. The sedimentary 
p a r t  o f  the  core probably represents abandoned stream o r  
d i s t r i bu ta ry  channel deposits. 

Core 18 (14,575 t o  14,607 feet; f i g .  28) contains two 
diabase s i l l s  3.5 f e e t  and 11.5 f e e t  th ick,  w i th  tops a t  
14,590.5 and 14,595.5 feet, respect ively . The remaining 
17 f e e t  o f  core consists o f  f i n e l y  1 aminated mudstone, 
s i l t s tone,  claystone, and sandstone t h a t  contain carbonized 
p l a n t  fragments. Sediments were probably deposited i n  an 
i nte rd i  s t r ibu ta ry  pond o r  bay t h a t  was gradually i n f i l l  ed 
and invaded by plants. A sandstone bed near the  top may be an 
ancient d i s t r i bu ta ry  channel deposit. The 1 en t icu l  a r  bedding 
and r i p p l e  laminations i n  t h i s  sandstone bed may be due 
t o  reworking by t i d a l  currents near a de l ta  f ront .  

The framework grains i ncl  ude abundant monocrystal 1 i ne 
and polycrysta l  1 i ne quartz, chert, p l  ag i  ocl  ase f e l  dspar, 
volcanic and ra re  metamorphic rock fragments, mica, and 
hornblende. Many rock fragments were a l t e red  i n  the source 
area. Authigenic mineral s i ncl ude m i  nor amounts o f  py r i t e ,  
c l i n o p t i l o l i t e ,  s ider i te ,  l o c a l l y  abundant ca l c i t e ,  kao l i n i t e ,  
ch lo r i t e ,  mixed-layer i l l i t e  and smectite, and traces o f  chert. 
Densely packed kaol i n i  t e  and chl  o r i  t e  are present as a1 t e r a t i  on 
products o f  unstable grains and as p o r e - f i l l  i n g  clays. The 
mixed-layer ill i t e  and smecti t e  i s  an a1 t e r a t i o n  product o f  
1 a b i l  e grains as wel l  as a regenerated d e t r i  t a l  clay. E f fec t i ve  
mesoporosi t y  i n  the s i  1 tstone i s  negl i g i  b l  e because o f  f i n e  
g ra in  s ize and poor deposit ional sort ing. Total poros i ty  i n  
some o f  the sandstone i s  moderate (10 t o  15 percent), bu t  
mesoporosity i s  1 ow because o f  poor sort ing, and has been 
f u r t h e r  reduced by pore-f i  11 i n g  c a l c i t e  cement and duc t i  1 e 
deformation o f  a1 tered framework grains dur i  ng compaction. 
A1 t e r a t i o n  o f  grains t o  kaol i n i  te, ch l  o r i  te, and mixed-layer 
ill i t e  and smecti t e  produced i nte rc rys ta l l  i ne microporosi t y  , 
bu t  decreased e f fec t i ve  mesoporosity and permeabil i ty. The 
hydrocarbon reservo i r  po ten t ia l  o f  t h i s  zone i s  very low. 



ZONE I (15,300 to  16,400 feet )  

LATE CRETACEOUS 

T h i s  interval is composed of cl aystone, s i l  tstone, tu f f ,  
and mudstone. Deposition was i n  a marine environment. 
Bioturbation, rare leaf fossi ls ,  Inoceramus fragments, 
discontinuous wavy laminations, and is01 ated tuff 1 ayers are 
present i n  cores 19 and 20. Core 19 (15,500 to  15,509 feet; 
fig. 29) has been tentatively interpreted as a prodel t a  mud 
deposit. Core 20 (16,313 to  16,343 feet;  f ig.  30) was deposited 
in a marine shelf environment. 

Rocks i n  t h i s  zone are composed of 70 to  80 percent 
clay minerals. Chlorite accounts for about 40 percent of 
the clay present. I l l  i t e  and mixed-layer i l l  i t e  and smectite 
together compose about 50 percent of the clay. The remaining 
clay fraction is kaolinite. The nonclay part of the rock 
i s  made up of volcanic rock fragments, quartz, plagioclase 
and potassium feldspar, pyrite, s ideri te,  calci te,  cl inopyroxene, 
cl i nopti lo1 i t e ,  heul andi t e ,  hornblende, and mica. Quartz is 
the dominant nonclay mineral. Organic material is  common. 

Authigenic minerals incl ude pyrite, ca lc i te ,  and mixed- 
layer i l l  i t e  and smectite. Calcite has replaced both detr i tal  
s i l t  grains and clay matrix and has thereby reduced porosity 
and permeabil i ty locally. Small pyrite framboids associated 
with organic fragments define weak laminations. Thin isolated 
layers of tuff near the bottom of this zone indicate local 
volcanic activi ty . The hydrocarbon reservoir potenti a1 of 
th i s  interval i s  negl i g i  bl e. 
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Core 1 consis ts  of light-gray (N71, 
poorly sorted, fine- to'very fine- 
gral ned, b l  otutbated, gl auconi t i c ,  
dl  auwnaceous, muddy sandstone. The 
frameuork c l a s t s  (gra ins)  a r e  mainly 
quartz, feldspar.  and l l t ! i c  fragments. 
Most of the  feldsoar is pl agioclase. 
Quartz makes up 35 to 50 percent of 
t h e  core,  plagioclase fel  d s ~ a r  8 to 
14 percent, and pyr i t e  10 t o  14 oercent; 
there a r e  l e s se r  amounts of potassium 
fe l  &par, s i d e r i t e .  c a l c i t e ,  hornblende. 
ch lo r i t e .  kaol ln l te ,  aixed-layer i l  l l t e -  
smectl te c lay,  and mica. The l i t h i c  
fragments at-% almost en t i r e ly  of 
volcanic or ig in  and. a re  in  various 
s tages  of a1 teratlon.  Pebble-sized 
c l a s t s  occur throughout the core. 
The prim y sedimentary s t ructures  
have been &stroyed by extensive 
blotutbatlon. A few Forwini  f e ra  
a r e  wesent .  Sme s i l iceous  diatoms 
have been replaced by framboidal - pyrite.  The deposltlonal envlronnent 
was mfddle ne r i t l c .  

AGE: l a t e  nlocene 

FIGURE I I. DESCRIPTION OF CONVENTIONAL CORE I, 
NAVARIN BASIN COST NO. I WELL 
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Care 2 i s  1 ight-gray (N71 to medium- 
gray (HS),  f i n e  and very f inegraintd,  
b i  oturbated sandstone and sf 1 tstone . 
The lawcr 9 feet  I s  coarser grained 
than the top. The c e n t  i s  ca lc i te  
and clay. f f lnenls present are 
quartz (26 to 42 percent), plagioclase 
fe l  &par (9 to 39 percent). potassium 
fe l  &par ( 0  to 6 percent), pyr i te  
( 2  t o 8  percent), s ider i te ( 2  to 3 
percent), wi th m nor aaaunts o f  
dca, hornblende, analcite, 
c l l noo t i l o l l t e ,  and ankerlte. Clays 
constitute 5 t o  38 percent of the 
core. The m s t  abundant clays are 
sAleCtite and mixed-layer illite 
srsectl te. rhny sf 1 lceous spicules 
and a few dlatolPs a n  present. 
Foramfni f e n  and fragments o f  mot 1 urcs 
are also present. The depositional . 
emrironslcnt uas middle nerl t ic .  

AGE: 1 ate HI ocene 

FIGURE 12. DESCRIPTION OF CONVENTIONAL CORE 2, 
NAVARIN BASIN COST NO. I WELL 



Core3 i s  poorly sorted, f ine- and 
very f i  ne-grai ned sandstone containing 
some s i l t  and clay. The colors are 
medl ra  l i g h t  gray (N61, medium gray (N51, 
and dark gray (331. Bioturbat ion i s  
evident and molluscan snal l  fragnents are 
present. L i  t 9 l c  fragments include 
volcanic, m t m r p h l c ,  and se4imntary 
rocks, most i n  various stages of 
alterat ion. There are large volcanic 
c las ts  a t  5,105.8, 5.109.8, and 
5,110.3 feet. The rock consists o f  
38 to 51 percent subangular quartz 
grains. 14 t o  28 oetcent plagioclase 
fe l  &par, and 14 t o  24 percent clay. 
There are mlnor amounts o f  potassium 
f e l  dspar, mica, pyr i te,  hornblende, 
g l  auconi te, pytoxern, and s ider i  te. 
3 i  agenetic clay, zeolites, and 
p y r i t e  have reduced porosity and ' 

permcabi 1 i ty. The dcposl t ional  
nnvi mmnt  middle ner i t i c .  

AGE: r i d d l e  to early rfflocene 

FIGURE 13. DESCRIPTION OF CONVENTIONAL CORE 3, 
NAVARIN BASIN COST NO. I WELL  



Core 4 i s  coqloset o f  -11-sorted, 
fine-grained, hard, dark-gray (N3) 
to ligkt-gray (37) sandstone. The 
rock 1s 25 to 30 percent quartz, 10 
to 18 percent plagioclase feldspar, 
less than 10 percent clay, and up to  
50 percent calc i te cement. There 
a m  Wnor mounts of hornblende, 
pyrfte, ankcrite, dca,  and s ider i te 
present. There are rare m l l u x a n  
she1 1 f r a p n t s .  Y i  sib1 l oorosi ty 
and pemab i l  i ty  arc both mar zero. 
The Qpasi tlonal emimrracnt a s  
middle neri t lc. 

a: middle to early r n ~ c w t  

FIGURE 14. DESCRIPTION OF CONVENTIONAL CORE 4, 
NAVARIN BASIN COST NO. I WELL 

Corc 5 f s  fine and vety f inegrained 
sandstone, extelnively bioturbatcd, 
ui th horizontal , wavy interbeds of 
c l  aystom a t  irregular 1 nt twals.  
lRe colors are w d l  um l i g h t  gray 
(N61, 1 ight  brown (5 YR 5/61. and 
brcunish gray (5 YR 6/11. The 
f ra r#rk  i s  composed of angular 
qwttt and feldspar graim, and 
rolcanlc, n t a a r p h i c ,  and sedinantary 
l i t h i c  fragmnts. Host d the feldspar 
f s p1 rgioclase. huthigenic clay 
mkes up about 10 percent of the . 
rack. Other rfnerals present are 
pyrite, mica, hornblende, siderite, 
and calcite. Matuns replaced by 
f r i d o i d a l  py r i t e  are local ly  abundant. 
Cat cartous c o m r t t i  ons. Forani n i  fera, 
m l l u r a n  shell fragments, and ca lc i te  
c m t  are also present. The 
&post tional em1 m m n t  was middle 
to outer neri t ic. 

A6E: l a te  Oligocene 

FIGURE 15. DESCRIPTION OF CONVENTIONAL CORE 5. 
NAVARIN BASIN COST NO. I WELL 



Core 6 i s  c m o s e d  o f  medlvm-gray 
(N5) claystone. About 70 percent 
o f  the rcck i s  c lay (mostly w c t l t e )  
and about 20 percent i s  quartz. w i t h  
minor amounts o f  potass~ua, f e l d s ~ a r .  
mica, s ider i te,  ankefite. and ca lc i te .  
D i  sconti nuous 1 aminattons and f a i n t  
burrows can be seen, Molluscan ske l l  
fragmnts. Foraminl fera, and p y r i  t i zed  
dt atoms are present. The deposl t ional  
envl rotmen: wds cuter ner i  t i c .  

AGE: l a t e  01 igocene 

FIGURE 16. DESCRIPTION OF CONVENTIONAL CORE 6, 
NAVARIN BASIN COST NO- I WELL 

Core 7 consists of medlum-light- 
gray (MI. well-sorted, very f l ne  
grained sandstone, s l l tstone. claystone, 
and mudstone. There are wavy. 
dl sconti nuous horizontal Wdi ng 
planes, w i t h  Foraminlfcra and molluscan 
she1 1s para1 l e l -  to the b d d f  ng. 
There are some ma1 1 str ingers o f  ffne- 
g ra lmd  sandstone. The framework 
gral ns are quartz, fel  &par, and 
l f  th fc  fragments of volcanic, 
artamorphic, and sedinrnta y or ig in .  
Nlnerals present include q u a m  (U 
to 25 percent), plagioclase f e l  &oar 
( 4  to 16 percent), py r i t e  ( 5  t o  8 
percent), and minor amounts o f  mica. 
sfder l te,  and calci te.  Smectlte i s  
the mast abundant clay. Py r i t i zed  
d a m s  are rare to cannon. The 
depositional envi ronncnt wbs upper 
bathyal . 
AGE: l a t e  Ollgocene 

FIGURE 17. DESCRIPTION OF CONVENTIONAL CORE 7, 
NAVARIN BASIN COST NO. I WELL 

Lithology, 53 



Core 8 consists of  siltstone, claystone, 
and mu&mne. ncdira gray (NS) i n  color, 
w i t h  mfnor aaounts of  ffne- and very 
ffne-grained sand. The sand appears 
to be concentrated i n  burrows. There 
are wavy, dt sconti nuous 1 a d  nations. 
i4tneral s present include quartz, 
plagioclase feldspar, pyrite, mica, 
sfdrrite, glauconite, smectite, 
dr lor l ta, and calc i te as cement and 
f n nodules. . Unabradtd volcanic 
clasts and fossi l  m t e r l a l  suggest 
a 1 ow energy, upper bathyal depositional 
em1 mrrmnt. 

A6E: l a t e  Oligocene 

FIGURE 18. DESCRIPTION OF CONVENTIONAL CORE 8, 
NAVARlN BASIN COST NO. I WELL  



Core 9 contaf ns we1 1 to moderately 
sorted adstone and sfltstone, with 
lenses of f ine  and very fine sandstone, 
and contf nuous and dl sconti nuous 
horizontal clay 1 a d  nations. Sane 
sand lenses may be burrous f i l l e d  
with very f ine sand. The color i s  
ntdlm gray (NS). Chlorite. rmcctite. 
f l l i . te, and kaol inf te clays make up 
about 24 t o  53 percent o f  the core; 
the rwafnder f s quartz, plagioclase 
feldspar, potassium fel &par, pyrlte. 
siderite, anlterite, calcite, hornblende, 
mlca, and d n o r  glauconlte. Hfnor 
amounts of coaly organic m t te r ,  
F o r m  n i  fera, and ml lustan she1 1 
fragments are present. Calcite 
concretions and ca lc i te  c e n t  a r e  
presem. The depositional envi m m n t  
w s  middle bathyal. 

AGE: l a t e  Oligacene 

FIGURE 19. DESCRIPTION OF CONVENTIONAL CORE 9, 
NAVARIN B A S I N  C O S T  NO. I W E L L  



Core 10 1 s c-ed o f  poorly 
sorted mdstone. si l tstone, and 
c l  aystone, with wavy, dl sconti nuous, 
vev f i ne  sandstone laminations. 
The compacted lanlnat ions drape over 
and araund pebble-sired volcanic 
rock fragments and brown ca l c i t e  
concretions. The colors are medium 
l i g h t  gray IN61 and mtdira gray ( N 5 ) .  
The )'bck IS cmposed of 51 to 61 
percent c lay ( satcti te, ch lo r l  te.  
kaol ini te.  and I l l i k ) .  1 to 34 
percent quartz, 6 to 33 percent 
plagloclase feldspar, 2 to 7 percent 
authigcnic pyr i te ,  and up to 33 percent 
cal ci k, ul th m i  nor mounts of 
potassitm feldspar, stderi te.  mica. 
and homblendr. Glauconite 1s rare. 
Forad n l  fera, mot l u x a n  she1 1 s, 
py r i t l r ed  diatoras, and b i t s  of coaly . 
plant materlal are present. Fa in t  
e l l i p t i c a l  ktrrom are present fra 
9,656 to 9,659 feet. There are saaw 
micmfaul ts  a t  9,662 feet. This 
section was deposited under anaerobic 
conditions I n  a middle bathyal 
end  roratnt. 

: 1 a te  01 I gocene 

FIGURE 20. DESCRIPTION OF CONVENTIONAL CORE 10, 
NAVARIN BASIN COST NO. I WELL 



Core 11 consists of mudstone. 
claystone. and si l ts tone,  with lenticular 
to thin wavy beds of fine- and very 
fine-grained sandstone. The color i s  
lacdim gray (NS) and mdlua l igh t  gray 
(MI. The core I s  37 to 64 percent 
clay (mlxed-1 ayer I1 11 te-sncctl tc. 
chlorite,  I l l l t e ,  and kaolinlte);  
the rssaindar 1s 8 to 32 percent 
quartz, 5 to 25 percent plagloclase 
feldspar, and 5 to 28 percent pyrite. 
There a re  minor wountr of potassim 
feldspar, s ideri te ,  c a l d t e ,  d c a ,  
glhuconi te, and hornblende. Thirty 
percent at the c o n  i s  colaposed af 
1lMlc fragments (about half volcanic 
and half metanrorphic). Calcite 
comrttions and volcanic pebbles arc 
present. Cmpactfon and diagenuls  
have greatly reduced porosity and 
permeability. The deposlSiona1 . 
envi m m t  a s  middle bathyal . 
AGE: l a t e  01 lgocem 

. FIGURE 2 7. DESCRIPTION OF CONVENTIONAL CORE II, 
NAVARIN BASIN COST NO. I WELL 

Lithology, 57  



Core 12 I s  capored of -dim-gray 
(ns) and ~ ~ l l g h t - g r a y  (N61 
c l  aystone, w l  th wavy, dl sconti nuars 
laminations of s l l t y  clay and volcanic 
clasts.  The rock I s  up to 68 percent 
clay (chlorite,  i llite, kaolinite, and 
n i l ab l aye r  i l l i t t -= t i te l ;  the 
reminder is 11 to 21 petcent 
qua-, 4 to 5 percent pl agioclase 
fel &par, ui tfr mal l  anounts of 
pyrlte, potassirp fel &par, aica, 
s ideri te ,  hornblende, and c a l d t e  
ccslnt. Yew c a n e  sand gralns, 
cal dte concretions. and claystone 
c las t s  are  present. Molluscan shell 
fragfmnts, F o r d  ni h r a ,  pyrl t i red  
d i a t c a ,  and f i sh  scales are a l so  
present. Effective poroifty and 
penmabi l i t y  are vevy poor because 
of th. poor sorting and fine grained 
texture. The deposttlonal envirorncnt 
was middle bathyal. 

AQ: early Oligocene 

FIGURE 22. DESCRIPTION OF CONVENTIONAL CORE 12, 
NAVARIN BASIN COST NO. I WELL 



Core 13 i s  ccmposed of nedluncgray 
(HS) claystone, with  d n o r  m u n t s  
of silt and pebbles. S l igh t ly  wavy 
beddl ng 1 al nat i  ons and moderate 
burrowing a r e  present. A la rge  
a l t e red  volcantc rock fragawnt is 
present a t  11,726.5 fee t .  The c o n  
i s  55 to 68 percent c lay  ( ch lo r f t e ,  
kaoli n i t c ,  smtct i te ,  and dxed- layer  
il lit-rrncctlte) ; the t snalnder  
cons i s t s  of 20 t o  30 percent quartz, 
4 to 5 percent pyr i te ,  5 to 7 percent 
plagioclase fel  &par, and mi  nor 
amounts of potassium fe ldspar ,  s i d e r l t e ,  
mica, c a l c i t e ,  and hornblende. 
Foraminifera, f i s h  sca les ,  molluscan 
she1 1 fragments, coaly p lan t  ~ t e r f a l  , 
and pyr i t ized diatoms a r e  present. 
fhe  depositional m v i m m n t  was upper 
bathyal . 
A6E: ea r ly  01 igocene 

FIGURE 23. DESCRIPTION OF CONVENTIONAL CORE IS, 
NAVARIN BASIN COST NO. I WELL 

Lithology, 5 9  



Core 14 I s  dusky-ye1 1 dsh-brown 
( 10VR 2/21. hoaogeneous. s l i g h t l y  
f f s s l l e  claystone. with the exception 
of about 2 feet of llght-gray (N7) 
I l l a s tone  (12.710 to 12.712 fee t ) .  
There a r e  nrrncrous ver t lcal  -to-horizontal . 
I rregul a r  and contorted, cal cf te-f i 11 ed 
f ractures  in the claystone. The 
f ractures  and s l l  ckensl ties 1 ndi c a t e  
several episodes of f ractur ing and 
c a l c f t e  preclpltatfon. Most of 
the  core ( a c l u d l n g  the  limestone) 
is about 15 percent clay (mixed-layer 
11 l f t e - samff te ,  f h l o r l t e ,  kaolfnfte,  
and f l l f t e ) ;  the remainder consfs ts  of 
0 to 19 percent quartz, 0 to 9 percent 
pyr f t e ,  and minor a w n -  of plagloclase 
fe l  &par, s lde r l t e ,  c a l c i t e ,  and. 
potass l la  fe l  &par. There a r e  some 
r a r e  fragments of coal a t  12,713 
feet. Rare pyr l t lzed splcules a r e  . 
present. Effective pomslty and 
p c m a b l l i t y  a r e  extrencly low. but 
the  organic content I s  the highest 
encountered In  narlnt. sediments In  
the.*ll. The Qposltlonal em1 m m n t  
was outer neritic. 

AGE: l a t e  to l a t e  lrfddle Eocene 

FIGURE 24. DESCRIPTION OF CONVENTIONAL CORE 14, 
NAVARIN BASIN COST NO. I WELL 



Core 15 i s  composed of very fine 
grained sandstone, s i  ltstone. mudstone. 
and coaly. laminated claystone. The 
colors are  medlrn l lgh t  gray [MI, 
mdlu~~ gray (NSI, and black [ N l ) .  
The rodt I s  made up of 56 t o  81 
percent clay, 14 to 28 percent 
quartz, 3 to 9 percent plagioclase 
fel &par, and dnor a u n t s  of potassium 
fel &par. pyrite. siderite. mlca, and 
hornblende, with local concentratlorn 
of up to 8 percent calci te .  There I s  
abundant carbonacears material i n  the 
sedirrnts and calcl tic. m t t l e d  
toot zones. The lower 5 fee t  I s  
laafmted sandstone with carbonaceous 
and claystone partings. The core I s  
fractured throughout. The depositional 
ern1 rorrment was fluvial to pa lu9 l .  

AGE: Late Cretaceous (tlaastrl chtian) 

FIGURE 25. DESCRIPTION OF CONVENTIONAL CORE 15, 
NAVARIN BASIN COST NO. I WELL 



Core 16 consis ts  of muds to~e  and 
r lppl  e-1 aminated sandstone. The 
mdstone is wvy  and lenticular and 
contains f l a s e r  structures.  The 
c o l o n  range f r a  black (Nl) to 
mdra gray (NS) . S l x t y s n e  t o  69 
percent of the core I s  clay. rmstly 
c h l o r l t e  and mixed-layer llllte- 
srrctlte. Other lrrf nera ls  present a r e  
plagioclasa fe ldspar  (21 t o  25 percent) .  
quartz ( 5  to 8 percent) ,  and ma1 1 
amounts of p o t a s s l m  fe ldspar ,  pyrl te.  
and mica. The bedding di 0s 25 t o  30 
degrees. The deposittonal envimnmcnt 
ws nomarlne. 

AGE: . Late Cretaceous (Naast r lcht lan)  

FIGURE 26. DESCRIPTION OF CONVENTIONAL CORE 16, 
NAVARIN BASIN COST NO. I WELL 



Core 17 I s  c m ~ s e d  of diabase, coal ,  
claystone,  and sandstone. 7he colors ,  
I n  the  same order, a r e  greenish-gray 
(58 7/1), black ( N l ) ,  dark gray (U), 
and medium l i g h t  gray (N6). The 
diabase aopears tn be an igneous 
s i l l  with a fine-grained ch i l l ed  
margin. F r a c U n s  i n  me coal a r e  
f i l l e d  with c a l c i t e ,  py r i t e ,  and 
chalcopyrite t h a t  may be r e l a t ed  to 
hydrothema1 f l u i d s  f r c r  t h e  dl abase. 
The claystone beneath the  coal may 
be an abandoned sp-eam or  df s t r ibu ta ry  
channel depot1 t, The sandstone a t  
UN base of the core i s  a medlum- 
grained, mderate ly  sorted 1 i t h a n n l t e .  
The fra~work c l a s t s  a n  .aalnly 
volcanic fragments, quartz,  and 
plagioclase feldspar. There a r e  
sore coal and clay c l a s t  i m l u s i s n s ,  
The dcposltional e m i m m n t  was 
nomarlne. 

AGE: Late Cretaceous (Maastrichtlan) 

FIGURE 2 7. DESCRIPTION OF CONVENTIONAL CORE 17, 
NAVARIN BASIN COST NO. I WELL 



Core 18 contains mudstom, sandstone. 
s i l ts tone,  coal , c l  aystone, and 
dl abase. The c o l o n  a n  v a q i n g  
shades o f  gray, black, and 1 i g h t  
011 ve gray. The laudstones arc 
bfoturbated and in terva ls  contain 
s i l t  laminae, carbonized p l an t  fragments. 
small burrows, para l le l  wavy laminations, 
and r ipp le  marks. The sandstones 
contain di sconti rmous c l  ay 1 mi nae, 
clay clasts,  and pebbles. The s i l t s t one  
has dl sconti nuous, wavy, and para1 l e l  
c lay lamlnae. The coal has slfcken- 
sided surfaces. The claystone has 
varves tha t  uerc dlsrupteb by the 
igneous intrusions. Clays are the 
most abundant minerals i n  the sediments, 
followed by quartz. plagioclase . 
f e l  &par, potassium feldspar, pyr i te ,  
ca lc i te ,  hornblende, s ider i te ,  mica, . 
and c l i n o p t i l o l i t e .  The igneous 
in t rus ives arc cmosed  o f  plagioclase 
f e l  &par, clinopyroxene, and a1 te ra t ion  
oroducts. The in t rus ives have c h i l l e d  
margins next to the sediments, and 
there a n  baked zones i n  the sediments. 
The nonnari ne depositional onvi rotwents 
included marsh, de l ta  front, abandoned 
di s t r i b u t a q  channel , and pond deoosi ts. 

AGE: Late Cretaceous (F(aastri cht ian) 

FIGURE 28. DESCRIPTION OF CONVENTIONAL CORE 18, 
NAVARIN BASIN COST NO. I W E L L  



Core 19 1s carposed of  dark-gray (N3) 
claystone. It I s  poorly sorted. 
bioturbated. spanely fossiliferous. 
fa int ly  1 ami natcd, and contains 
scattered plant debris. the rock 
contains 21 t o  73 percent clay (mostly 
chlorite). quartz, plagf oclase feldspar, 
and very srpll smuts of potassium 
fel  &par, siderite, pyrite. hornblende. 
clinapyroxene. and d c r .  The source 
terrane was volcanic. the depositional 
end ronrrnt war outer m r f t l c .  

AGE: Late Cretaceous (?Carrp.nian or older) 

FIGURE 29. DESCRlPTlON OF CONVENTIONAL CORE 19, 
NAVARIN BASIN COST NO. I WELL 



.---------. 
X X X X X  X X X X  --------- .. ................. 

Core 20 consists o f  ~ & t o n e ,  claystone, 
and mddy siltstone, 4 t h  ash and 
crystal tuff layers 112 to 3 Inches 
thick. The color ranges fra near 
black I n  sarr af the $1 l ts tone to 
near M i t e  I n  sow of the tuff layers. 
The pyroclastic layers f i ne  upwrd 
( fra mdi -sand-sized p lag loc lau  
crystal tuff to f i ne  altered ash). 
The mudston and si l ts tone are highly 
I ndutattd and contain clay, quartz, 
p lag loc lau  fa1 Qplr, potassium 
feldspar, pydte, dca, siderite, and 
calcite. Vertical f tw tu res  have 
been f i l l e d  4th ca lc i te  and zeolites. 
Py t i t l c  and carbonacews 4sos are 
camon I n  the bloturbated nudstone. 
Imceraaus fragarnts are present. - 
The &positional envlronaent uas outer 
ned  t ic .  

FIGURE 30. DESCRIPTION OF CONVENTIONAL CORE 20, 
NAVARIN BASIN COST NO. I WELL 



BULK ROCK 

Average % of Total Rock 

CLAY FRACTION 

FIGURE 31. SUMMARY CHART OF X-RAY DIFFRACTION DATA. 
(From AGAT Consultants, Inc.1 

LCthology, 6 7  
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SANDSTONE CLASSIFICATION 
.(Attar Folk, 1974) 

QUARTZ ARENITE 

2, SUBARKOSE 

3. SUBLITHARENITE 

4. ARKOSE 

6. LITHIC ARKOSE 

6. FELDSPATHIC LITHARENITE 

LITHARENITE 

and 0-2 

QUARTZ 

FELDSPARS 

LlTHlCS 

FlOURE 32. TERNARY DIAGRAMS SHOWING THE RANGE OF QUARTZ, FELDSPAR, AND LlTHlC VALUES FOUND 
IN CONVENTIONAL AND SIDEWALL CORE SAMPLES FROM ZONES A- I TO 0-2 IN THE NAVARIN 
BASIN COST NO. I WELL. (From AGAT Consutants, Inc.1 



SANDSTONE CLASSIFICATION 
(Af ter  Folk, 1 9 7 4 )  

2. SUBARKOSE 

3. SUBLITHARENITE 

4 .  ARKOSE 

6. LlTHlC ARKOSE 

e. FELDSPATHIC LlTHARENlTE 

7 -  LITHARENITE 

Q QUARTZ 

F FELDSPARS 

L LlTHlCS 

INSUFFICIENT DATA FOR ZONE F 

$ e 
'D FIGURE 33. TERNARY DIAGRAMS SHOWING THE RANGE OF QUARTZ, FELDSPAR, AND LlTHlC VALUES FOUND IN 7 
OI 

CONVENTIONAL AND SIDEWALL CORE SAMPLES FROM ZONES E, G, H, AND I IN THE NAVARIN BASIN 
9 COST NO. I WELL. (From AGAT Consultants, Inc.) 



M M 

V VOLCANIC 

M METAMORPHIC 

S SEDIMENTARY 

ZONES C-1 and C-2 

S v 
FIGURE 34. TERNARY DIAGRAMS SHOWING THE RANGE OF VOLCANIC. METAMORPHIC. AND SEDIMENTARY VALUES 

FOUND IN CONVENTIONAL AND SIDEWALL CORE SAMPLES FROM ZONES A- I TO 0-2  IN THE NAVARIN 
BASIN COST NO. I WELL. (From AGAT Consultants, Inc.1 



V VOLCANIC 

M METAMORPHIC 

S SEDIMENTARY 

INSUFFICIENT DATA FOR ZONES F AND I 

FIGURE 36. TERNARY DIAGRAMS SHOWING THE RANGE OF VOLCANIC. METAMORPHIC. AND SEDIMENTARY 
VALUES FOUND IN CONVENTIONAL AND SIDEWALL CORE SAMPLES FROM ZONES E. G. AND 
H IN THE NAVARIN BASIN COST NO. I WELL. (From *GAT Consultants. lnc3 



Tab1 e 2. L i  t ho l  ogy , measured poros i ty  , estimated v i  s i  b l  e poros i ty  , and measured 
penneabi 1 i ty o f  sampl es from s i  dewall and conventional cores. L i  tho l  ogy and 
estimated v i  s i  b l  e poros i t ies  were determined from t h i n  sections by geol og i  s t s  
a t  AGAT Consultants i n  Denver. Measured poros i ty  and permeabil i ty were derived 
by Core Laboratories i n  Anchorage. SWC -- sidewall core. Conv - - conventional 
center l ine core. 

Estimated 
Measured V i  s i  b l  e Measured 

Sample Depth Sample Porosity Porosi ty Permeabi 1 i ty 
(Feet) . Type L i  tho1 ogy (Percent) (Percent) (Mi l  1 i d a r c i  es) 

2,500 SWC S i  1 t y  - 2 .O 
diatomaceous ooze 

2,904 SWC Sandy 38.6 3.2 16 .O 
diatomaceous ooze 

3,030 SWC Sandy - 2 .O 
diatomaceous mudstone 

3,300 SWC S i  1 ty 35.1 4 -4 21 .O 
diatomaceous ooze 

3,454 SWC Sandy - 2.8 
diatomaceous ooze 

3,590 SWC Sandy - - 
diatomaceous ooze 

3,633.6 Conv Diatomaceous 48.8 8 .O 
sandy mudstone 

3,651.7 Conv Diatomaceous 50.7 4.4 
sandy mudstone 

3,671 SWC Sandy - 5.6 
diatomaceous ooze 

3,774 SWC Sandy - 2.8 
diatomaceous ooze 

3,836 SWC Sandy - 7.6 
diatomaceous ooze 

3,980 SWC Very f i n e  sandstone 34.6 13.1 73 .O 

4,012 SWC Very f i n e  sandstone - 11.3 - 
4,087 SWC h d d y  - 10.3 

very f i n e  sandstone 



Table 2 (cont.) 

Estimated 
Measured V i  s i  b l  e Measured 

Sample Depth Sample Porosi ty Porosi ty Permeabi 1 i t y  
(Feet ) TY pe L i  tho1 ogy (Percent) (Percent) (Mi 11 idarc ies)  

SWC 

SWC 

Muddy 
very f i n e  sandstone 

C a l c i t i c  , muddy 
very f i n e  sandstone 

Calcareous 
very f i n e  sandstone 

Muddy 
very f i n e  sandstone 

Conv 

Conv 

Sandy mudstone 

Muddy very f ine-  
f i ne sandstone 

SWC Muddy 
very f i n e  sandstone 

Muddy 
very f i n e  sandstone 

Muddy 
very f i n e  sandstone 

Conv 

Calcareous 
very f i n e  sandstone 

Conv 

SWC 

SWC 

Very f i n e  sandstone 

Fine sandstone 

Muddy 
very f ine. sandstone 

SWC Muddy 
very f i n e  sandstone 

SWC 

SWC 

SWC 

F i  ne sandstone 

F i  ne sandstone 

C a l c i t i c  
f i n e  sandstone 



Table 2 (cont.) 

Estimated 
Measured V is i  b l  e Measured 

Sampl e Depth Sampl e Porosity Porosity Permeabil i t y  
(Feet) TY pe L i tho1 ogy (Percent) (Percent) ( M i l l  idarc ies)  

4,746 SWC Fine sandstone 28.8 13.6 325.0 

SWC 

SWC 

SWC 

F i  ne sandstone 

Very f i n e  sandstone 

Muddy 
very f i n e  sandstone 

SWC Muddy 
very f i n e  sandstone 

SWC Muddy 
very f i n e  sandstone 

SWC 

Conv 

Conv 

Sandy c l  aystone 

F i  ne sands tone 

Muddy 
very f i n e  sandstone 

Conv Muddy 
very f i n e  sandstone 

Very f i n e  sandstone 

Mudstone 

SWC 

SWC 

SWC 

SWC 

SWC 

Mudstone 

C1 aystone 

h d d ~  
very f i n e  sandstone 

SWC 

SWC 

Very f i n e  sandstone 

S l  i gh tl y muddy 
very f i ne  sandstone 

SWC 

Conv 

Very f i n e  sandstone 

Calcareous 
very f i n e  sandstone 



Table 2 (cont.) 

Estimated 
Measured V i s i b l e  

Sample Depth Sample Poros i ty  Poros i ty  
(Feet) TY pe L i  tho1 ogy (Percent) (Percent) 

Measured 
Permeabil i ty  

( M i l l i d a r c i e s )  

Conv Calcareous 
very f i n e  sandstone 

Conv Cal careous 
very f i n e  sandstone 

Very f i n e  sandstone Conv 

Conv Muddy 
very f i n e  sandstone 

Muddy 
very f i n e  sandstone 

SWC 

SWC 

Very f i n e  sandstone 

Muddy 
very f i n e  sandstone 

SWC 

SWC 

SWC 

SWC 

Very f i n e  sandstone 

Very f i n e  sandstone 

Muddy f i n e  sandstone 

Muddy 
very f i n e  sandstone 

SWC 

SWC 

SWC 

SWC 

SWC 

SWC 

SWC 

Conv 

Co nv 

Very f i n e  sandstone 

Muddy f i n e  sandstone 

Very f i n e  sandstone 

Mudstone 

F i  ne sandstone 

Very f i n e  sandstone 

Very f i n e  sandstone 

F i  ne sandstone 

Fine sandstone 



Table 2 (cont.) 

Estimated 
Measured V i  si bl e Measured 

Sampl e Depth Sample Porosity Porosity Permeabi 1 i t y  
(Feet) Type L i  tho1 ogy (Percent) (Percent) (Mil 1 i darcies)  

6,376.2 Conv Fine sandstone 34 .O 18.4 117.0 

6,378.9 Conv Muddy 33.3 9.6 30.0 
very f i n e  sandstone 

6,385 SWC Very f i n e  sandstone 28.9 9.6 19 .O 

6,385.4 Conv Very f i n e  sandstone 32.1 13.6 6 -16 

6,387.4 Conv Very f i n e  sandstone 29.7 8 -8 2 -42 

6,392.3 Conv Very f i n e  sandstone 32-5 9.6 3.74 

6,443 SWC Muddy 27.8 5.6 13 .O 
very f i n e  sandstone 

6,494 SWC Sandy micr i te  - - - 
6,534 SWC Very f i n e  sandstone - 12.4 - 
6,538 SWC Muddy 31 .O 14.0 19 .O 

very f i n e  sandstone 

SWC 

SWC 

Mudstone 

Muddy 
very f i n e  sandstone 

SWC Muddy 
very f i n e  sandstone 

SWC Muddy 
very f i n e  sandstone 

SWC Calcareous 
very f i n e  sandstone 

SWC 

SWC 

Conv 

SWC 

Sandy mudstone 

Mudstone 

C1 aystone 

C1 aystone 



Table 2 (cont.) 

Estimated 
Measured V i s i b l e  Measured 

Sample Depth Sample Porosi ty Porosi ty Permeabil i t y  
(Feet) TY pe L i tho logy (Percent) (Percent) (Mi l  l i d a r c i e s )  

7,366 SWC Mudstone 22.5 2 -0 0.81 

7,375 SWC Sandy mudstone - - - 
7,466 SWC Mudstone - - - 
7,530 SWC C l  aystone - - - 
7,540 SWC Muddy - - - 

very f i n e  sandstone 

7,600.4 Conv Foss i l  i fe rous  muddy 21.5 4.4 
very f i n e  sandstone 

7,602.3 Conv Sandy mudstone 21.6 1.6 0.21 

7,604.8 Conv C1 aystone 21.1 - 0.46 

7,607.6 Conv Mudstone 23.1 0 

7,608.9 Conv S l  i g h t l y  19.6 4.0 
f o s s i l i f e m u s  mudstone 

7,611.2 Conv C1 aystone 21.6 - 
7,614.4 Conv C l  aystone 19.3 0 

7,616.3 Conv S l  i g h t l y  20.5 0 
f o s s i l  i femus mudstone 

7,619.8 Conv Sl i g h t l y  21.6 - 
f o s s i l  i f e rous  claystone 

7,625.3 Conv Mudstone 21.4 1.2 

7,626 .O Conv Sandy mudstone 21.8 4.4 

7,648 SWC Sandy mudstone - - 
7,714 SWC C l  aystone 19.6 1 .O 

7,827 SWC Sandy mudstone - - 
7,988 SWC Sandy mudstone - - 



Table 2 (cont.) 
Estimated 

Measured V is ib le  Measured 
Sample Depth Sample Porosity Porosity Permeabi 1 i t y  

8,024 SWC C a l c i t i c  22.1 0 
sandy mudstone 

8,136 SWC S i  1 t y  mudstone - - 
8,220 SWC P y r i t i c  mudstone - - 

SWC 

SWC 

SWC 

SWC 

P y r i t i c  mudstone 

P y r i t i c  mudstone 

Sandy mudstone 

Pyr i  t i c  
sandy mudstone 

SWC Muddy 
very f i n e  sandstone 

SWC 

Conv 

Muddy f i n e  sandstone 

C a l c i t i c  
sandy mudstone 

Co nv 

Conv 

Conv 

Conv 

SWC 

S i  1 tstone 

S i  1 tstone 

S i  1 tstone 

Sandy mudstone 

Muddy 
very f i n e  sandstone 

8,740 SWC Muddy - - 
very f i n e  sandstone 

8,760 SWC Muddy - - 
very f i n e  sandstone 

8,856 SWC Very f i n e  sandstone 24.3 9.6 

8,874 SWC Muddy 22.0 0.4 
very f i n e  sandstone 



Table 2 (cont.) 

Estimated 
Measured V i  s i  b l  e Measured 

Sampl e Depth Sample Porosity Porosity Permeabi 1 i t y  
(Feet) Type L i  tho1 ogy (Percent) (Percent) (Mi l  1 i darci es) 

8,934 SWC Muddy - - 
very f i n e  sandstone 

8,963 SWC Muddy 24.2 2.0 6 -48 
very f i n e  sandstone 

9,105 SWC Ca lc i t i c ,  muddy - - 
very f i n e  sandstone 

9,185 SWC Muddy - - 
very f i n e  sandstone 

9,204 SWC Cal c i  t i c ,  muddy 20.9 4.4 
very f i n e  sandstone 

. 9,253 SWC Muddy - - 
very f i n e  sandstone 

9,280 SWC Mudstone - - 
SWC Muddy 

very f i n e  sandstone 

SWC 

Conv 

Conv 

Conv 

Conv 

S i  1 t y  carbonate 

C l  aystone 

Mudstone/si 1 tstone 

Very f i n e  
sandstone/mudstone 

Conv Very f i n e  
sandstone/mudstone 

Conv 

Conv 

Mudstone 

Very f i n e  
sandstone/mudstone 

Conv Very f i n e  
sandstone/mudstone 



Table 2 (cont.) 

Estimated 
Measured V is ib le  Measured 

Sample Depth Sample Porosi t y  Porosity Permeab i 1 i t y  
( Feet Type L i  tho1 ogy (Percent) (Percent) ( M i l l  idarc ies)  

Conv 

Conv 

Mudstone 

Very f i n e  
sandy mudstone 

Conv 

Conv 

Mudstone 

Muds tone/ 
very f i n e  sandstone 

Conv 

Conv 

Mudstone 

Muds tone/ 
very f i n e  sandstone 

Conv 

SWC 

SWC 

SWC 

Sandy mudstone 

Sandy mudstone 

Mudstone 

S l i gh t l y  s i l t y  
foss i l i fe rous  carbonate 

SWC 

SWC 

Conv 

Conv 

Conv 

Muds tone 

Mudstone 

Sandy mudstone 

Sandy mudstone 

Quartz andesi t e  
S i  1 tstone 

Conv Mudstone 

Conv S l  i ght ly  fossi  1 i ferous 
1 ime nudstone 

Conv Sandy mudstone 

Andesi te/basal t ?  
Mudstone 

Conv 



Table 2 (cont.) 

Estimated 
Measured V is ib le  Measured 

Sampl e Depth Sampl e Porosi t y  Porosity Permeabil i ty 
( feet )  TY pe L i tho1 ogy (Percent) (Percent) (M i l l i da rc ies )  

9,681.6 Conv Mudstone 14 .O 0 0 -02 

9,683.7 Conv Mudstone 14.5 0 0.08 

Conv 

Conv 

Conv 

Conv 

Conv 

SWC 

SWC 

SWC 

suc 

suc 

Conv 

Conv 

Conv 

Mudstone 

L i t h i c  l a p i l l  i t u f f  

Andesi t e  

Andes i t e  

Mudstone 

Mudstone 

Mudstone 

Sandy mudstone 

Sandy carbonate 

Mudstone 

C l  aystone 

Mudstone 

Mudstone/cl aystone 
Ca lc i te  concretion 

Conv 

Conv 

Sandy mudstone 

Mudstone/ 
very f i n e  sandstone 

Sandy mudstone 
Volcanic pebbl e 
Pl  utonic pebble 

Conv 

Mudstone 
Volcanic pebble 

Conv 

Conv Mudstone 
Pl u toni  c pebble 



Table 2 (cont.) 

Estimated 
Measured V is ib le  Measured 

Sampl e Depth Sample Porosity Porosity Permeabil i ty 
(Feet) TY pe L i t h o l o g y 0 0 1 1  idarc ies)  

Mudstone/ 
very f i n e  sandstone 

Conv 

Muds tone/ 
very f i n e  sandstone 
Calc i te  concretion 

Conv 

SWC 

SWC 

SWC 

SWC 

SWC 

SWC 

SWC 

Sandy mudstone 

C l  aystone 

Sandy mudstone 

S i  1 t y  cl aystone 

Muds tone 

Sandy mudstone 

S i  1 ty c l  aystone 

10,540 SWC 

10,603 SWC 

10,717 SWC 

10,796 SWC 

10,906' SWC 

10,984.5 Co nv 

10,984.9 Conv 

Mudstone 

S i  1 ty c l  aystone 

C l  aystone 

Mudstone 

C l  aystone 

C l  ays tone 

Volcanic rock 
fragment/cl aystone 

Muds tone 10,990 SWC 

11,000.7 Conv C l  ays tone 15 .8 0 0.02 

11,012.4 Co nv C l  aystone 15 .2 0 0.02 

11,014.9 Conv Ca lc i te  concretion - - - 
11,232 SWC C l  aystone - - - 



Table 2 (cont.) 

Estimated 
Measured V i  s i  b l  e Measured 

Sample Oepth Sample Porosity Porosity Permeability 
(Feet) TY pe L i  tho1 ogy (Percent (Percent) (Mi l  1 idarc ies)  

SWC 

SWC 

Conv 

C l  aystone 

Sandy mudstone 

Muddy 
very f i n e  sandstone 

C1 aystone Conv 

Conv 

Co nv 

Conv 

C1 aystone 

C1 aystone 

C a l c i t i c  volcanic 
rock fragment 

Co nv 

SWC 

SWC 

SWC 

SWC 

SWC 

SWC 

SWC 

SWC 

Co nv 

Co nv 

Conv 

SWC 

Co nv 

Conv 

C1 aystone 

C l  ay stone 

C1 aystone 

C1 aystone 

Sandy c l  aystone 

C l  aystone 

Sandy mudstone 

C1 ay s t o  ne 

C1 aystone 

Limestone 

Limes tone 

C1 aystone 

C1 aystone 

C1 aystone 

C1 aystone 



Table 2 (cont.) 

Estimated 
Measured V i s i b l e  Measured 

Sample Depth Sample Porosi ty Porosi ty Permeabi 1 i t y  
(Feet) TY e L i tho1 ogy (Percent) (Percent) ( M i l l  i da rc ies )  

12,737.8 Conv C l  ays tone 12.9 0 - 
12,756 SWC P y r i t i c  26.1 0 

muddy medium sandstone 

12,783 SWC Carbonaceous mudstone - - - 
12,792 SWC Muds tone 19.4 0 21.0 

12,805 SWC Basal t  - - - 
12,830 SWC C a l c i t i c  mudstone 20.2 0 41.0 

12,851 .O Conv Si  1 t y  mudstone/ - - 
very f i n e  sandstone 

12,856.1 Conv Sandy mudstone - - - 
12,860.6 Conv Muddy 13.2 0 

very f i n e  sandstone 

12,865.1 Conv Calcareous - - 
muddy s i l  tstone 

12,865.7 Conv Muddy s i  1 tstone 12.6 0.4 0.05 

12,874.1 Conv Muddy s i l  tstone - - - 
12,876.4 Conv Muddy 14.1 3.2 0.26 

very f i n e  sandstone 

12,878.7 Conv Carbonaceous muddy 11.8 0.4 54.0 
very f i n e  sandstone 

12,879.5 Conv Muddy 13.4 4.4 0.08 
very f i n e  sandstone 

12,886 SWC Basal t  - - - 
12,982 SWC Calc i te  - - - 
13,014 SWC Diabase 20.9 0 1.83 

13,088 SWC Basalt - - - 



Table 2 (cont. 

Estimated 
Measured V i s ib le  Measured 

Sample Depth Sample Porosi ty Porosi ty Permeabil i ty 
( f ee t  TY pe L i  tho1 ogy (Percent) (Percent) (M i l l i da rc ies )  

Conv Laminated 
carbonaceous mudstone 

Conv Laminated carbonaceous 
sandy mudstone 

Conv Laminated 
carbonaceous mudstone 

Conv Laminated 
carbonaceous muddy 

very f i n e  sandstone 

Conv Laminated muddy 
ve ry f i ne sands tone 

Conv Lami nated carbonaceous 
sandy mudstone. 

SWC 

SWC 

SWC 

SWC 

SWC 

SWC 

SWC 

Basalt 

Basalt 

Di abase 

Diabase 

Diabase 

Diabase 

Diabase 

13,544 SWC Di abase 23.5 0 88 .O 

13,548 SWC Basalt 17.6 0 13.0 

13,602 SWC Basalt - - - 
13,634 SWC Basalt - - - 
13,670 SWC Diabase - - - 
13,710 SWC Diabase - - - 



Table 2 (cont.) 

Estimated 
Measured V i s i b l e  Measured 
Poros i ty  Poros i ty  Permeabi 1 i t y  

L i  tho1 o 1 
Sample Depth Sample 

( Feet) T v ~ e  

SWC 

SWC 

SWC 

SWC 

Conv 

Conv 

Conv 

Conv 

Conv 

Di  abase 

C l  aystone 

D i  abase 

Di  abase 

A1 te red  d i  abase 

A1 te red  diabase 

A1 te red  d i  a base 

A1 te red  diabase 

C l  aystone 

Conv 

Conv 

Conv 

Conv 

Conv 

swc 

Medium sandstone 

Medi m sandstone 

Medium sandstone 

Medi un sandstone 

Medium sandstone 

C a l c i t i c  
coarse sandstone 

SWC C a l c i t i c  
medium sandstone 

SWC 

SWC 

swc 

Medi un sandstone 

Di  abase 

C a l c i t i c  
medium sandstone 

SWC 

SWC 

Medium sandstone - - 
Basal t - - 



Table 2 (cont.) 

Estimated 
Measured V i  s i  b l  e Measured 

Sampl e Depth Sample Porosity Porosity Permeabil i t y  
( Feet) TY pe L i  tho1 ogy (Percent) (Percent) (Mi l  1 idarc ies)  

14,288 SWC Medi urn sandstone - - - 
14,326 SWC D i  abase - - - 
14,413 SWC C1 ayey - - 

medium sandstone 

14,480 SWC C l  ayey - - - 
medi urn sandstone 

14,501 SWC C l  ayey 19 .O 0 111.0 
medium sandstone 

14,546 SWC C1 ay ey - - 
f i n e  sandstone 

14,575.4 Conv Mudstone 12.2 0 0.07 

14,577.6 Conv Mudstone 12.1 0 0.05 

14,578 SWC C1 aystone - - - 
Conv 

Conv 

Conv 

Conv 

Conv 

Conv 

Conv 

Co nv 

Conv 

Conv 

Conv 

Laminated 13.4 
sandy mudstone 

Muddy f i n e  sandstone 13.2 

Muddy f i n e  sandstone 11.5 

Sandy mudstone 11.3 

C a l c i t i c  f i ne sandstone 8.9 

C l  aystone/diabase 5.5 

Diabase 7.8 

D i  abase 4.0 

Cherty c l  aystone 4.9 

D i  abase 7.4 

D i  abase 8 .O 



Table 2 (cont.) 

Estimated 
Measured V i  s i  b l  e Measured 

Sampl e Depth Sample Porosi ty Porosi ty Permeabi 1 i t y  
(Feet) TY pe L i  tho1 ogy (Percent) (Percent) (M i l  1 idarc ies )  

14,601.3 Conv D i  abase 7 .1 0 0.02 

14,622 SWC D i  abase - - - 
14,630 SWC D i  abase - - - 
14,637 SWC Diabase - - - 

SWC 

-SWC 

SWC 

SWC 

SWC 

SWC 

SWC 

SWC 

SWC 

SWC 

D i  abase 

D i  abase 

D i  abase 

Di abase 

Di abase 

Di abase 

D i  abase 

D i  abase 

D i  abase 

C l  ayey 
medi um sandstone 

SWC Fel dspathi c 
medi urn sandstone 

SWC 

SWC 

SWC 

Medium sandstone 

Diabase 

C l  ayey f e l  dspathi c 
f i ne sandstone 

SWC C l  ayey 
f i ne sandstone 

Mudstone/ 
ca l  c i  t i c  s i l  ts tone 



Table 2 (cont.) 

Estimated 
Measured V i  sib1 e Measured 

Sample Depth Sample Porosi ty Porosi ty Permeabil i ty 
(Feet) TY pe L i tho logy (Percent) (Percent) ( M i l l  idarc ies)  

Co nv Mudstone 7.8 

Conv Muds tone 7.8 

Conv Sandy mudstone 7.8 

SWC Si  1 ty c l  aystone - 
SWC Si1 t y  c l  aystone - 
SWC Si 1 t y  c l  aystone - 
SWC S i l  t y  c l  aystone - 
SWC Si 1 t y  c l  aystone - 

Conv Muds tone 3.3 

Conv Crystal l i t h i c  t u f f /  3.8 
c a l c i t i c .  claystone 

Conv Crystal 1 i t h i c  t u f f  2.4 

Conv Crystal t u f f  - 
Conv Laumont i t e l l  eonhardi t e  - 

f r a c t u r e - f i l  1 i n g  

Conv Tu f f  9.8 

Conv Muds tone 3.7 

Junk basket Basalt 
A 1 

12,834-13,590 Junk basket Basal t 
A2 

12,834-13,590 Junk basket Basal t 
A3 

12,834-13,590 Junk basket Basal t 
A4 



Table 3. X-ray d i f f r a c t i o n  data from conventional cores, ranges of values f o r  whole 
rock, Navari n Basi n COST No. 1 we1 1 . From AGAT Consul tants , Inc. 

Depth Who1 e Rock (Percent) 
Core No. ( feet) Q t z  Plag K-Spar S id  Pyr Cal Hbl Cl ino Anlc L/L I l l -m ica  Other C l  ay 

1 3,627-3,657 35/50 8/14 113 415 10114 111 112 010 010 011 111 - 010 22/26 
2 4,184-4,210 26/42 9/39 016 213 218 0133 018 017 012 010 112 Ank 011 5/38 
3 5,100-5,121 38/51 14/28 314 111 516 010 113 213 010 010 111 - 010 14/24 
4 5,572-5,580 25/30 10118 012 011 011 40152 113 010 010 010 011 Ank 011 719 
5 6,370-6,393.3 49/59 12/27 4/13 015 011 016 011 010 010 010 112 - 010 8/17 
6 7,160-7,164.2 -118 -13 -11 -11 -15 -11 -10 -10 -10 -10 -11 Ank -11 -171 
7 7,600-7,626.3 18/25 4/16 112 011 518 011 011 011 010 011 111 Ank 011 53/68 
8 8,639.3-8,649.8 23/29 8/11 112 tr/l 316 011 011 010 010 010 213 - 010 51/57 
9 9,400-9,430.4 25/51 7/17 0/4 011 4/10 017 011 011 010 010 113 Ank 011 24/53 
10 9,656-9,686.2 1/34 6/33 013 0/2 217 0133 011 011 010 010 <1/2 Hem 0/<1 51/61 
11 9,948-9,987 8/32 5/25 013 tr/l 5/28 019 0/<1 011 010 011 011 - 010 37/64 
12 10,979-11,016 11/21 415 0/<1 011 215 <I180 0/<1 010 010 010 112 Ank 011 1/68 
13 11,707-11,737 20130 517 <1/1 <1/<1 415 011 <1/<1 010 010 010 111 - 010 55/68 
14 12,709-12,748 0119 012 0/<1 0/<1 019 <1/100 0/<1 010 010 010 0/<1 - 010 0176 
15 12,850-12,880 14/28 319 0/<1 <1/1 012 018 0/<1 011 011 010 111 - 010 56/81 
16 13,141-13,158 518 21/26 113 010 011 010 0/<1 010 010 010 011 - 010 61/69 
17s 13,876-13,904 18/28 2/14 0 1 4  4 1 1  011 1/14 0 1 4  010 0/<1 010 0/<1 Heul 0/<1 54/77 
171 13,876-13,904 6/12 2/19 0/<1 013 116 8/30 0/<1 010 0/<1 010 0/<1 Heul 011 55/60 
18s 14,575-14,607 13/28 4/27 015 012 012 0117 011 012 010 012 <1/2 Hem 0/<1 41/78 
181 14,575-14,607 013 31/69 114 011 012 0119 012 012 010 012 012 Hem 0/<1 19/59 
19 15,500-15,509 9/15 9/29 0/<1 111 213 1/37 0/<1 0/<1 010 010 011 - 010 21/73 
20s 16,313-16,343 20122 12/12 617 111 215 010 111 010 010 010 111 Fa 010 54/56 
201 16,313-16,343 4/21 11/28 5/23 013 011 0111 010 010 010 0/100 011 Fa 0114 24/55 

Abbreviations: Qtz, quartz; P l  ag, p l  agioclase feldspar; K-spar, potassi m feldspar; Sid, s ider i te ;  Pyr, pyr i te ;  
'Cal, ca lc i te ;  Hbl, hornblende; C l  ino, c l i n o p t i l o l  l t e ;  Anlc, analcite; L/L, 1aumontite/leonhardite; Ill, i l l i t e ;  
Ank, ankeri te; Hem, hematite; heul , heulandi te; Fa, f luorapat i  te; S, sedimentary; I, igneous; tr, trace 
(detectable but not measurabl e l .  



Table 4.  X-ray d i f f r a c t i o n  data from conventional cores, ranges o f  values f o r  
the f r ac t i on  f i n e r  than 5 microns. From AGAT Consultants, Inc. 

Depth Less than 5 Micron Grain-Size Fract ion (Percent) 
Core No. (Feet) Chl Kaol I11  ML Smec C-S 

Abbreviations: Chl , ch lo r i t e ;  Kaol , kaol i n i  te; I 1  1, ill i te; ML, mixed-1 ayer 
c lays (commonly i l l i t e  and smectite); Smec, smectite; C-S, mixed-layer c h l o r i t e  
and smectl te;  C-V, mixed-1 ayer c h l o r i t e  and vermicul i te; S, sedimentary; 
I, igneous; tr, trace (detectable bu t  no t  measurable). 



Table 5. Summary o f  petrographic data. Modif ied from AGAT Consultants, Inc. 

Average V/M/S and 
Zone Depth Number o f  Average Q/F/L of Major L i t h i c  

Zone ( f e e t )  Sampl es Major L i tho log ies  Framework F rac t ion  Components 

A-1 1,536-3,860 
and 
A- 2 

Sandy diatomaceous mudstone 
and diatomaceous ooze 

7512312 
V- RF 

M-Mica; RF 
S-chert ( s i l i c i f i e d  volcanic)  ; 

R.F. 

Poorly t o  we1 1 sorted, very 
f i  ne sandstone, muddy sandstone, 
and c a l c i t i c  sandstone 

68/16/16 
Components as above 

C- 1 5,010-7,130 
and 
C-2 

Poorly t o  we1 1 sorted, very f i n e  
t o  f i ne sandstone, muddy sandstone 
and c a l c i t i c  sandstone; mudstone 

62120118 
Components as above 

D-1 7,130-10,800 
and 
D-2 

Mudstone, sandy mudstone, and 
c l  aystone; s i  1 tstone 

53/30/15 
Components as above 

C l  ays tone 63/23/13 
Components as above 

C l  aystone 

Poorly sorted, muddy, very f i n e  
sandstone; s i  1 tstone, mudstone 

62/24/14 
Components as above 

Moderately sorted f i n e  t o  coarse 
sandstone; mudstone; c l  aystone; 
coal 

5111 1/38 
Components as above 

Mudstone; sandy mudstone 

Abbreviations: Q, quartz; F, fe l  dspar; L, 1 i t h i c  fragments; V, volcanic; M, metamorphic; S, sedimentary; RF, rock 
fragments 



Tab1 e 6. Summary o f  reservo i r  charac te r i s t i cs .  Modi f ied  from AGAT Consultants, Inc. 

V i s i b l e  Total  Pore Measured Measured 
Number o f  Poros i ty  F i l l e r s  Porosi ty*  Permeabi 1 i ty*  Reservoi r Major Mechanism o f  

( f e e t  Zone De!th Samples ( percent) ( percent) (percent) (mD) Po ten t i  a1 Poros i t y  Reduction 

A-1 1,536-3,860 11 2.0-8.0 56.0-84.4 48.8-50.7 3.88-6.15 Very poor t o  Abundant d e t r i t a l  ma t r i x  
and poor 
A-2 

B 3,860-5,010 2 5 1.2-19.1 18.4-65.2 7.7-35.5 0.02-118.0 Nonreservoi r Abundant d e t r i  t a l  mat r ix ;  
t o  good 1 ocal c a l c i t e  cement 

C - 1  5,010-7,130 51 0-22.0 6.8-85.2 6.0-34.0 0.02-117.0 Nonreservoi r D e t r i  t a l  mat r ix ;  1 ocal  
and t o  good c a l c i t e  cement; authigenic 
C-2 c l a y  and zeo l i t es  

D - 1  7,130-10,800 103 0-9.6 25.2-95.0 8.8-23.1 0.01-25 Nonreservoi r Abundant d e t r i  t a l  matr ix ;  
and t o  very poor auth igen ic  c h e r t  and l o c a l  
D- 2 c a l c i t e  cement 

E 10,800-12,280 22 0-0.4 56.4-95.0 11.4-16.9 0.02-0.33 Nonreservoi r Abundant d e t r i  t a l  ma t r i  x; 
t o  extremely authigenic che r t  and l o c a l  
poor c a l c i t e  

F 12,280-12,780 11 0 78 .O-96 -8 2.2-12 .9 0 .02 Nonreservoi r Abundant d e t r i  t a l  ma t r i  x; 
auth igen ic  che r t  and l o c a l  
c a l c i t e  

G 12s780-13s000 12 0-4.4 38.8-82.8 11.8-14.1 0.03-1 -97 Nonreservoi r Abundant d e t r i  t a l  c l ay  ; 
t o  very poor pseudomatri x; au th i  genic 

cher t ,  c lay ,  and l o c a l  
c a l c i t e  

H 13,000-15,300 38 0-1.6 13.6-100.0 4.0-17.4 0.01-0.19 Nonreservoi r Abundant d e t r i  t a l  c l a y  ; 
pseudomatri x; au th i  genic 
c lay ,  cher t ,  and c a l c i t e  

& I 15,300-16,400 11 0 63.2-96.4 2.4-9 .8 0.02-0.29 Nonreservoi r Abundant d e t r i  t a l  c l ay  ; 
authigenic che r t  and 1 ocal 

e c a l c i t e  
'D * Values are from conventional cores only. F 



VELOCITY ANALYSIS I N  
RELATION TO TIME-DEPTH CONVERSION 

by 
David A. S te f fy  

Veloci ty character is t ics  o f  the Navarin Basin COST No. 1 
wel l  were i d e n t i f i e d  and analyzed t o  obtain the proper 
time-depth conversion f o r  seismic r e f l e c t i o n  data and t o  a i d  
i n  the evaluation o f  mappable seismic sequences. The analysis 
was performed using Long-Spaced Sonic (LSS) we1 1 logs and 
stacking ve loc i ty  spectra displays generated froin nearby 
seismic r e f l e c t i o n  data. The resu l t s  o f  the ve loc i ty  analysis 
were integrated throughout the COST wel l  repor t  i n  sections 
deal i ng w i th  sei smic strat igraphy , pal eontol ogy , and 1 i tho1 ogy . 
A1 1 depths given i n  t h i s  chapter are measured from sea 1 eve1 . 
Well l o g  and other subsurface depths which were measured from 
the Ke l l y  Bushing can be adjusted t o  sea l eve l  by subtract ing 
85 feet. 

WELL SITE VELOCITY 

Proper conversion o f  two-way t rave l  time t o  depth 
depends on accurate vel oc i  t y  information. Vel oc i  t i e s  
derived from seismic spectra displays are inf luenced by 
geol ogic and nongeol ogic i n f  1 uences . Geol ogic i n f  1 uences 
are the heterogeneous nature o f  the geologic medium and 
the 1 ocal s t ructura l  se t t i ng  ( dip) . Nongeol ogi c i n f  1 uences 
include qua1 i t y  o f  seismic data, accuracy o f  subject ive 
s tack i  ng-vel oc i  t y  picks, inherent inaccuracy o f  assumptions 
i n  the  Dix equation, and instrument configuration. Well 
s i t e  ve loc i ty  data provide an object ive check f o r  r o o t  mean 
square (RMS) ve loc i t i es  derived from sei  smic r e f 1  e c t i  on 
techniques. 

RMS vel oc i  t y  , average vel oc i  t y  , i nterval  vel oc i  t y  , and a 
time-depth curve were calculated by using the LSS l o g  ( 2  inch) 
from the we1 1. These ve loc i t i es  and a time-depth curve were 
also calculated from seismic r e f l e c t i o n  data from nearby 
1 ines using the Dix equations (Dix, 1955). Both d i r e c t  and 
i n d i r e c t  quant i ta t ive compari sons were made between simi 1 a r  
vel oci  t y  functions. The i n d i r e c t  comparisons i ncl uded 
ca lcu la t ing  subsurface heterogeneity and vel oci  t y  ani  sotropy 
factors. 

Figure 36 d i  spl ays the time-depth curves ca lcu l  ated from 
integrated LSS 1 og and sei  smic re f1  ect ion data. The curves 
ind ica te  t h a t  a steeper ve loc i ty  gradient i s  calculated from 
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FIGURE 36. COMPARISON BETWEEN TIME-DEPTH CURVES 
GENERATED FROM AN INTEGRATED LONG-SPACED 
SONIC (LSS) LOG AND FROM SEISMIC REFLECTION 
DATA. 



LSS l o g  data. From sea bottom t o  11,050 feet, the curves 
diverge t o  a maximum cumulative di f ference o f  120 mill iseconds. 
From 11,050 t o  14,950 f e e t  (base o f  usable seismic r e f l e c t i o n  
data), the curves gradual l y  converge. The 120-mi 1 1 i second 
di f ference between the two methods represents a 4 percent e r ro r  
wi th  respect t o  the  LSS l o g  curve. RMS and in te rva l  ve loc i t i es  
were evaluated t o  determine the source o f  t h i s  deviation. 

The maximum coherency stacki  ng (MCS) vel  oc i  t i e s  as 
defined by A1 -Chalabi (1979) were picked from 22 ve loc i t y  
spectra d i  splays a1 ong a 1978 Western Geophysical Company 
(WGC) l i n e  t h a t  p r o f i l e s  w i th in  10 mi les o f  the wel l  s i te .  
These MCS ve loc i t ies  were picked a t  mappabl e sei  smic sequence 
boundaries, major in te rna l  re f1  ectors, and major ve loc i ty  
changes. For each display, a 1 inear i n te rpo la t i on  was made 
every 10 m i l  1 i seconds between the picked MCS ve loc i t ies .  An 
average in terpolated value was then calcu lated f o r  a1 1 22 
displays. Because o f  dispute over i t s  propr ie tary term, 
the check-shot survey was not  released. Instead, the 
integrated sonic l o g  was used. Well l o g  RMS ve loc i t i es  
( f i g .  37) were calculated from the integrated sonic data by 
using Dix '  s equation. 

The wel l  l o g  RMS ve loc i t i es  are comparable t o  stacking 
ve loc i t i es  from the WGC l i ne .  Overall, the ve loc i t i es  
calculated by these two methods are i n  agreement. However, 
from sea leve l  t o  3,800 f e e t  and from 4,800 t o  14,950 f e e t  
(base o f  usable stacking data), wel l  l o g  RMS ve loc i t i es  are 
greater than in terpolated stacki  ng vel oc i  ti es ( f i g . 37) . The 
upper divergence reaches a maximum o f  200 feet/second a t  
1,850 feet. The lower divergence i s  cumulative t o  a maximum 
o f  240 feet/second a t  7,000 feet. Thereafter, the di f ference 
i s  constant t o  the acoustic basement a t  12,850 feet.  Below 
the acoustic basement, the di f ference diminishes w i th  depth. 
The ve loc i ty  differences represent a 4 percent e r ro r  w i th  
respect t o  the wel l  l o g  RMS ve loc i t ies .  The diverging trends 
could r e f l e c t  e i t he r  geological var ia t ions a t  the wel l  s i t e  
o r  minor inaccuracies i n  the assumptions t h a t  equate stacking 
ve loc i t i es  t o  t r u e  RMS values. 

Many o f  the geometric and nongeometric differences 
between stacking vel oc i  t i e s  and check-shot ve loc i t i es  
discussed by Anstey (1977) are relevant. These survey 
differences may have generated the ve loc i t y  d i  screpanci es 
described ear l ie r .  The integrated sonic l o g  measures an 
essent ia l ly  shor t  v e r t i c a l  path a t  the we1 1 w i th  1 i t t l e  
absorption, scattering, spherical divergence, o r  d ip  and 
re f rac t i on  ef fects .  On the other hand, stacking ve loc i ty  i s  
a funct ion o f  a long two-dimensional raypath t h a t  i s  
i n f l  uenced by 1 atera l  var ia t ions i n ve loc i t y  , refract ion,  
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FIGURE 3 7. COMPARISON BETWEEN RMS VELOCITIES CALCULATED 
FROM AN INTEGRATED LONG-SPACED SONIC (LSS) LOG 
AND FROM SEISMIC REFLECTION DATA. 



and the loss  o f  higher frequencies. The ve loc i ty  discrepancies 
found a t  the well s i te ,  however, e x h i b i t  trends t h a t  are 
discontinuous w i th  depth, implying more than one cause f o r  
error.  

I n  order t o  delineate the buildup o f  e r ro r  i n  the stacking 
ve loc i t ies,  a quant i ta t i ve  evaluation was made o f  the  RMS, 
average, and i n te rva l  ve loc i t ies.  MCS ve loc i t i es  approximate 
seismic re f1  ec t ion  RMS ve loc i t ies  i n  an isot ropic ,  one-1 ayered 
case. The approximation becomes less  re1 i a b l e  i n  complex 
geologic sett ings. A1 -Chalabi (1974) proposed a heterogeneity 
fac to r  t h a t  r e f l e c t s  the two-dimensional va r ia t i on  o f  veloci ty.  
This fac tor  re la tes  the RMS ve loc i t y  (VRIJIS) t o  the average 
ve loc i t y  (VA), which i s  calculated from RMS ve loc i ty  by using the  
Dix  equation (Dix, 1955). The heterogeneity factor,  g, i s  
defined as: 

I n  a homogeneous earth g w i l l  equal zero, otherwise i t  
has a pos i t i ve  value and i s  independent o f  the order o f  
layering. Figure 38 i s  a p l o t  o f  g versus RMS veloci ty.  
Heterogeneity increases nearly 1 i nearly w i th  i ncreasi ng 
RMS veloci ty,  t h a t  i s ,  w i th  increasing depth. A t  an RMS 
ve loc i t y  o f  8,700 feet/second (o r  a depth o f  14,950 feet ) ,  the 
heterogeneity fac to r  reaches a maximum o f  0.098. The 
discrepancy between stacki  ng ve loc i ty  and sei  smi c-ref1 ection- 
derived RMS ve loc i ty  i s  d i r e c t l y  proport ional t o  t h i s  
heterogeneity fac to r  ( Al-Chal abi , 1974). 

To explain the heterogenetic nature o f  the rock, Banik 
(1983) modeled a s imi la r  heterogeneous medium (shale) as an 
anisotropic medium. I n  the  Navarin basin, however, t h i s  
anisotropy model must be treated as quasi-anisotropy because o f  
the s t r a t i f i c a t i o n  o f  the basin f i l l  which causes re f rac t i on  a t  
1 ayer i n t e r f  aces. Bani k ' s model assumes t h a t  a semici r cu l  a r  
wavef ron t  t ravel  i ng through an ani  sotropi  c medi un i s d i  s to r ted  
t o  an e l l i p t i c a l  wavefront. The amount o f  anisotropy i s  
d i r e c t l y  proport ional t o  the r a t i o  between the ve loc i ty  para1 1 e l  
t o  bedding and the ve loc i ty  normal t o  bedding. This r a t i o  
also defines the axes o f  the e l  1 i p t i c a l  wavefront. Levi n 
(19781, Banik (19831, and Byun (1983) estimated the hor izontal  
ax is  from the i n te rva l  ve loc i t i es  derived from sei  smic r e f l e c t i o n  
data (VH), and the ve r t i ca l  ax is  from the in te rva l  ve loc i t i es  
derived from the sonic logs (V 1. The ve loc i ty  anisotropy, 
A, o f  a l i t h o l o g i c  u n i t  i s  def Y ned as: 

By use o f  t h i s  model an anisotropic fac tor  was calcu lated 
f o r  nine (A through F) o f  the eleven 1 i thologic zones discussed 
i n  the Well Log In te rpre ta t ion  chapter. These nine sedimentary 
zones compose the Cenozoic basi n f i 11, most o f  which i s 
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FIGURE 38. HETEROGENEITY FACTOR VERSUS RMS VELOCITY. 
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thin-bedded mudstone and muddy sandstone. Because the two 
deepest 1 i thologic zones (G/H and I ; Late Cretaceous) 1 i e 
below the Cenozoic f i l l  and a re  s t ruc tu ra l ly  more complex, 
the simple anisotropy model used f o r  the Cenozoic is not  
adequate f o r  t h i s  pa r t  of the s t ra t ig raphic  section.  
Figure 39 displays the 1 i thologic  zones, the interval  
ve loc i t ies  calculated from both seismic r e f l ec t ion  and sonic 
log data,  and the calculated anisotropy f ac to r  expressed a s  
a percentage. The anisotropy f ac to r  is plot ted a t  the midpoint 
of the corresponding 1 i tho1 ogic uni t .  Throughout the Cenozoic 
section the anisotropy is near zero o r  sl ight ly  negative. A 
negative anisotropy indicates  an apparent higher ver t ica l  
interval vel oci ty  than horizontal interval veloci ty  . 

A1 -Chal abi  (1979) s t a t e s  t h a t  the horizontal veloci ty  may 
be up t o  1 .4 times greater  than the ver t ica l  vel oci  t y  in f l  a t -  
ly ing s t r a t a .  Banik (1983) found t h a t  f la t - ly ing  sha le  beds 
in  the North Sea have a 5 t o  40 percent higher horizontal 
than ver t ical  velocity. In both instances,  a pos i t ive  anisotropic  
f ac to r  would be calculated. The Cenozoic s t r a t a  in  the 
Navarin well, on the other hand, exh ib i t  an apparent higher 
ver t ical  vel oci t y  ( negative anisotropy fac tor ) .  T h i s  concl usion 
is consis tent  w i t h  the observed difference between well log  RMS 
ve loc i t i e s  and stacking ve loc i t ies ,  and indicates  Ulat the 
anisotropic  model does not explain the veloci ty  discrepancies 
i l l u s t r a t e d  in f igures  37 and 38. The 4 percent discrepancy 
between well log and seismic re f lec t ion  ve loc i t i e s  cannot be 
resolved without fur ther  invest igat ion of the e f f e c t  of 
nongeologic influences, such a s  the fundamental assumptions 
of the Dix equations used t o  estimate VA o r  the g rea t  
di f ferences  i n  raypaths between LSS log and seismic r e f l ec t ion  
techniques. 



FIGURE 40. LOCATION MAP OF THE NAVARIN BASIN,COST NO. I WELL. SEISMIC DATA COVERAGE. 
DREDGE SAMPLES, AND FEATURES OF GEOLOGIC IN1 EREST. MODIFIED FROM CARLSON 
AND Of  HERS < 1 983). 



SEISMIC STRATIGRAPHY 
by 

David A. S te f f y  

Geologic s igni f icance was assigned t o  ind iv idua l  
re f l ec t i ons  and seismic sequences seen on common-depth-point 
(CDP) seismic r e f l e c t i o n  survey 1 ines t h a t  p r o f i l e  the  Navarin 
Basin COST No. 1 we1 1 s i te .  These geologic charac ter is t i cs  
were then extrapolated from the we1 1 t o  establ ish a regional, 
basin-wide geologic sett ing. Structure-contour maps o f  three 
major seismic sequence boundaries were made t o  depic t  the 
conf igurat ion o f  the Navarin Basin, t o  represent the growth 
o f  the basin through time, and t o  locate po ten t ia l  hydrocarbon 
source beds and reservoi r  rocks. In tegra t ing  t h i s  analysis 
w i th  information from dredge samples from the nearby cont inental  
s l  ope and comparing t h i  s t o  publ i shed Navari n Basi n-Bering 
Sea evol ut ionary model s a1 1 ows a more compl e te  geologic 
h is to ry  o f  the area t o  be developed. 

The Navarin Basin i s  composed o f  three s t r u c t u r a l l y  
d i s t i n c t  subbasins t h a t  are here in formal ly  named the 
Navari nsky , Pervenets , and P i  nnacl e Is1 and subbasi ns ( f i g  . 40). 
A l l  depths discussed i n  t h i s  chapter are measured from sea 
leve l  unless otherwise noted. The Ke l l y  Bushing was 85 f e e t  
above sea level ,  and water depth was 432 feet. 

DATA BASE 

Correlat ion o f  wel l  information t o  the CDP seismic 
re f1  ect ion survey l i n e s  was made i n  p a r t  by using a synthet ic 
seismogram. The seismogram was generated from the Long-Spaced 
Sonic l o g  (LSS) o f  the  No. 1 we1 1 and then corre lated t o  
the 1978 Western Geophysical (WG) seismic l i n e  NB-11, which 
p r o f i  1 es the we1 1 1 ocation. Geological corre lat ions were 
extrapolated from the we1 1 i n t o  the basin by t y i n g  the WG 
l i n e  t o  the 1977 and 1980 U.S. Geological Survey (USGS) 
regional CDP surveys o f  the Navarin and adjacent Anadyr 
Basins. The 1976 and 1982 USGS CDP surveys o f  the area were 
no t  incorporated because: a1 though publ i c data, they s t i  1 1 have 
not  been released by the  USGS. I n  addi t ion t o  WG NB-11, 
Western Geophysical gave the author permi ssion t o  re1 ease 
p a r t  o f  the 1978 l i n e  NB-43 t h a t  p r o f i l e s  the cont inental-  
she1 f-break area (area A, f i g .  40). Petty-Ray Geophysical, 
Inc. (PR) , granted permission t o  release par ts  of four CDP 
1 i nes (7410a, 7411, 7415, and 7418), as we1 1 as t h e i r  
accompanyi ng magnetic and grav i ty  p r o f i  1 es, co l  1 ected by a 

-1974 regional CDP survey o f  the Navarin Basin. PR 7410a and 
7411 p r o f i l e  the shel f  break and a d i a p i r  f i e l d ,  respect ively 
(areas B and C, f ig .  40). PR 7415 and 7418 p r o f i l e  the wel l  
s i t e  ( f i gs .  41 and 42). Selected dredge samples from the 
1977, 1978, 1980, and 1981 USGS surveys o f  the continental 
slope were a1 so used. Pub1 ished analyses o f  these samples 
and analyses made by M S  personnel and consult ing geoscientists 
were incorporated. 



SEISMIC REFLECTION CORRELATION 

A synthetic seismogram was produced by use o f  a LSS 
l o g  o f  the No. 1 well.  The sonic l o g  was v i sua l l y  averaged 
whi le being stream-digit ized and was measured t o  the nearest 
foo t  i n  depth and t o  the nearest microseconds/foot i n  t r a n s i t  
time. This resul ted i n  1 og samples being taken a t  i r r e g u l a r  
in terva ls .  However, the sampling was frequent enough t o  
prevent a l i as ing  i n  the seismogram. The d i g i t i z e d  data were 
then entered i n t o  a computer program tha t  produced a synthet ic 
seismogram without mu1 t i p les .  Constant density i s  assumed; 
therefore, density was not incorporated i n t o  the ca lcu la t ion  
of the r e f l e c t i o n  coef f i c ien ts .  This assumption apparently 
does not adversely a f fec t  the v a l i d i t y  o f  synthet ic seismograms 
from simple geologic se t t ings  (Sheri f f ,  1978). The computer 
program also assumes tha t  the s t ra ta  are hor izontal  and 
have a constant e l a s t i c  modulus. The inc ident  waves are 
assumed t o  be normal t o  the r e f l e c t i n g  surface and have planar 
wavefronts. The calculated re f l ec t i on  coe f f i c i en ts  were 
then convolved w i th  a standard Ricker wavelet having a 
frequency range o f  8 t o  55 Hertz. This convolution resu l t s  
i n  a seismogram tha t  i s  displayed w i th  both normal and reverse 
pol a r i  t y  . 

Figure 43 displays the LSS logs, the calculated re f l ec t i on  
coeff icients, the resu l t i ng  synthet ic seismograms, and WG 
CDP seismic l i n e  NB-11. To i l l u s t r a t e  the correlat ion, 
f igure 44 displays the seismic 1 ine, a geologic column (see 
Well Lo In te rpre ta t ion  chapter), and a t ime-strat igraphic 
column 9 see Paleontology and B ios t ra t  igraphy chapter). A 
comparison o f  the seismogram having normal p o l a r i t y  w i th  the 
seismic r e f l e c t i o n  p r o f i  1 e reveals a moderately good 
cor re la t ion  o f  re f lect ions.  Between 0.6 and 1.0 seconds, 
several continuous re f l ec t i ons  appear on the CDP p ro f i  1 e 
tha t  do not  appear on the synthetic seismogram. These 
continuous r e f l  ections are probably sea-fl oor mu1 t i p 1  es o r  
interbed mul t ip les which the seismogram d i d  not  generate. 
The in te rna l  re f lec t ions  o f  seismic sequence I I and i t s  
bounding r e f l  ections (horizons A and B) cor re la te  we1 1 w i th  
the synthet ic seismogram. The large impedance contrasts and 
resu l t i ng  re f lec t ions  o f  the ind iv idual  sandy layers i n  
sequence I 1  are d iscern ib le events recognized on the 
seismogram. The cor re la t ion  between the seismogram and the 
seismic p r o f i l e  i s  generally poorer from horizon B down t o  
the base o f  the Ter t ia ry  f i l l  (horizon D l .  Seismic sequences 
I1  I and I V  i n  t h i s  section are dominately mudstones. On CDP 
seismic p ro f i les ,  re f l ec t i ons  from a th ick  sequence of mudstone 
are discontinuous and var iab le i n  amplitude. Their generation 
could be due t o  construct ive interference and subt le acoustic 
changes tha t  would no t  be recognized by t h i s  simple synthet ic 
seismogram program. The Late Cretaceous section below horizon 
D produces unmappabl e, discontinuous , 1 arge-amp1 i tude 
re f l ec t i ons  tha t  are somewhat co r re la t i ve  w i th  the synthet ic 
sei smogram. 
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FIGURE 4 4 .  S E I S M I C  S E Q U E N C E S  AND HORIZONS, T IME-STRAT IGRAPHIC  
COLUMN, L ITHOLOGIC  COLUMN, AND S E I S M I C  R E F L E C T I O N  
PROFILE OF T H E  NAVARIN B A S I N  COST NO. I W E L L .  ( B A S I N  
F L A N K  U N C O N F O R M I T I E S  A R E  I N D I C A T E D  BY Q U E S T I O N  M A R K S ) .  



SEISMIC SEQUENCE ANALYSIS 

Seismic sequence analys is  o f  t h e  CDP seismic r e f l e c t i o n  
data reveal s a t  1 east  f i v e  regional  depos i t iona l  sequences 
( I  through V). The upper f o u r  T e r t i a r y  sequences are composed 
o f  genet ical  l y  re1 a ted f a c i  es o r  deposi ti onal systems bounded 
by unconformi t i e s  o r  by t h e i r  co r re l  a t i v e  conformi t i e s  (hor izons 
A through D) . Sequence V, t he  acoust ic basement, i s a 
s t r uc tu ra l  l y  complex se r ies  of marine and nonmari ne Mesozoic 
rocks. F igure 44 d isp lays these sequences on a CDP seismic 
p r o f i l e  o f  t h e  No. 1 we l l  adjacent t o  t ime-s t ra t ig raph ic  
d i v i s i o n s  and l i t h o l o g i c  zones. Other depos i t iona l  sequences 
were i d e n t i f i e d  l o c a l  l y ,  b u t  1 i m i  t e d  nonpropr ietary seismic 
coverage prevented the  mapping o f  t h e i r  l a t e r a l  ex ten t  o r  
the  determinat ion o f  t h e i r  s t r a t i g r a p h i c  s ign i f i cance .  

Seismic Sequence I 

Sequence I i s  character ized by a zone of f l a t - l y i n g ,  
p a r a l l e l ,  continuous r e f l e c t i o n s  t h a t  are  found throughout t he  
bas in  ( f i g .  44). These r e f l  ec t ions e x h i b i t  sub t l e  divergences 
toward subbasin centers and onlap the  con t inen ta l  sides. 
Sequence I i s  bounded by t he  sea bottom and hor i zon  A. 
Horizon A occurs a t  1.28 seconds ( o r  about 3,560 f e e t  below 
sea 1 eve1 ) a t  t h e  No. 1 we1 1 s i t e .  Th is  hor izon i s  def ined 
by a continuous, 1 arge-amp1 i tude, p o s i t i v e  ,ref1 e c t i o n  t h a t  
becomes discontinuous and var iab le  i n  ampli tude as t he  
r e f l e c t o r  becomes shal lower toward t h e  bas in  f lanks.  A t  t he  
we1 1, t h e  r e f l  ec t ions above and be1 ow hor izon A a re  concordant, 
and they remain concordant throughout much o f  t he  basin. 
I n  t he  northwest area o f  the  basin, however, ho r i zon  A becomes 
an angular unconformity between the  ove r l y i ng  concordant 
r e f l e c t i o n s  and t he  under ly ing t runcated r e f l e c t i o n s  o f  
seismic sequence I 1  ( f i g .  45). This eros iona l  t r unca t i on  i s  
caused by t he  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 erosion o f  sequence I 1  s t ra ta .  

Horizon A coincides w i t h  t he  boundary between 1 i tho1 og i  c 
Zones A-1  and A-2 and w i t h  a poss ib le  l a t e  Miocene unconformity. 
A t  t h e  we1 1, ho r i zon  A probably regul  t s  from cons t ruc t i ve  
i n t e r f e rence  between a chronost ra t igraph ic  surface and a 
diagenet ic boundary. The absence of a l i t h o l o g i c  break o r  
any o f  the  we l l  l o g  cha rac te r i s t i c s  normally i n d i c a t i v e  o f  a 
d i  sconformi ty suggests t h a t  a t  t he  we1 1 t he  r e f l  e c t i o n  represents, 
a t  most, a deposi t ional  h iatus.  

D i f f r a c t i o n s  are  common i n  sequence I between 0.4 t o  1.0 
seconds ( 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 preva lent  i n  the  southern two subbasins 
than i n  t he  northernmost subbasin. Probable sources f o r  these 
d i f f r a c t i o n s  are  segments along the  continuous r e f l e c t i o n s  



t ha t  have increased i n  amplitude. T h i n  (usually 
l e s s  than 10 f e e t ) ,  highly indurated lenses of secondary 
carbonate minerals i n  the mudstone probably caused the 
diffract ions.  Ref1 ections tha t  1 i e  between the d i f f rac t ions  
and above horizon A a re  disrupted o r  disappear. 

Seismic sequence I brackets l i thologic  Zone A-1 and the  
unsampled material above 1,500 fee t .  Lithologic Zone A-1 is  
composed of diatomaceous mudstone and diatomite. I t  i s  d i s t i n c t  
from Zone A-2, which has undergone diagenesis and cementation. 
Dredge sampl e s  from the  Navari n continental s l  ope indicate 
t h a t  the time-stratigraphic equivalents of 1 i tho1 ogic Zone 
A-1 are early t o  l a t e  Pliocene diatomaceous mudstone and 
volcanic sandstone, and l a t e  Miocene diatomaceous mudstone 
and diatomaceous limestone. The unsampled section above 
1,500 f e e t  contains Plio-Pleistocene and Holocene material. 
Dredge hauls from the lower par t  of the  Navarin continental 
slope coll ected sandy and muddy 1 imestone, conglomeratic 
sandstone, and muds of Pleistocene and Holocene age. The 
s imi la r i t i e s  between well and dredge samples indicate  
re1 a t i  vely uniform, regional deposition. 

A structure-contour map of horizon A ( f i g .  46) was made 
w i t h  avai 1 abl e Government and i ndustry CDP sei  smic ref l  ection 
data. Because of the paucity of data, only a general surface 
trend i s  depicted. The sedimentary accumulation represented 
by seismic sequence I appears t o  have been uniform i n  t h a t  . 
the e f fec t s  of subsidence and deposition i n  t h e  Navarinsky 
and Pervenets subbasins are  not d i s t inc t .  The average thickness 
i s  3,200 f e e t  (1 kilometer) throughout the  Navarin Basin, w i t h  
a maximum thickness of more than 4,900 f e e t  (1.5 kilometers) 
i n  the center of the  Pinnacle Island subbasi n. A1 though Mesozoic 
basement highs a1 ong the continental shel f break apparently 
remained as  positive tectonic features  throughout most of 
Tertiary time, sequence I extends beyond these s t ruc tura l ly  
controlled subbasins. T h i s  probably indicates  a regional 
subsidence in response t o  crustal  cooling during Neogene time. 

Seismic Sequence I1 

Sequence I1 i s  bounded by horizons A and B ( f i g .  44). A t  
the  we1 1 ,  horizon A occurs a t  1.28 seconds (or  about 3,560 
f e e t  below sea level)  and horizon B occurs a t  2.20 seconds 
( o r  about 7,400 f e e t  be1 ow sea 1 eve1 1. The charac ter i s t ics  of, 
horizon A a re  described above. A t  the well, and throughout 
most of the  Navarin Basin, horizon B i s  a continuous, large- 
ampl i tude ref l  ection tha t  separates the concordant, paral 1 e l ,  
continuous, 1 arge-amp1 i tude ref l  ec t i  ons of sei  smic sequence 
I I from the concordant, paral 1 e l ,  d i  sconti nuous, variable- 
ampl i tude ref l  ec t i  ons of sei  smi c sequence I I I .  A1 ong the shel f 
break, horizon B represents a l a t e  Oligocene lowering of sea 
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FIGURE 46. STRUCTURE-CONTOUR MAP OF A LATE MIOCENE UNCONFORMITY (HORIZON A) IN 
THE NAVARIN BASIN. 



1 eve1 ( a  regressi ve event) t h a t  subjected 01 der Tert iary s t r a t a  
and Mesozoic basement rock t o  wave-base erosion; b u t  in  the 
subbasi ns, i t  represents, a t  most, a depositional hiatus.  

Stratal  surfaces of sequence I1 onlap the Mesozoic basement 
ridges of the Navari n Basin ( f ig .  47). In the northern Navarinsky 
subbasin these s t r a t a l  surfaces were upl if ted and intruded by 
shale diapirs  ( f i g .  45). The upl if ted s t r a t a l  surfaces were 
a1 so truncated by the l a t e  Miocene unconformi ty , horizon A. 
Where sequence I I i s not affected by postdeposi t ional tectonism, 
i t s  s t r a t a l  surfaces exhibi t  a subt le  divergence toward the 
subbasin centers,  which suggests uninterrupted' sedimentation. 

A t  the No. 1 we1 1 ,  seismic sequence I I i s  correlated t o  
l i thologic  Zones A-2, B ,  C-1, and C-2. Zone A-2 represents 
a thin t ransi t ional  1 ayer of increasing diagenesi s and cementation 
of Zone A - 1  type rock. Zones B, C-1 ,  and C-2 are  muddy sandstones 
t h a t  represent continuous deposition from l a t e  Oligocene t o  l a t e  
Miocene time. Horizon B separates the inner to  middle shelf 
deposits of sequence I1 from the upper bathyal mudstones and 
s i l t s tones  of sequence 111. Dredge samples from the Navarin 
continental slope indicate  t h a t  the t ime-strat i  graphic equivalents 
of the undifferentiated 1 i thologic Zones B ,  C-1, and C-2 a re  
middle Miocene diatomaceous, tuffaceous mudstones, clayey 
limestones, and diatomaceous sandstone; early Miocene calcareous 
diatomites, sandstones, and tuffaceous mudstones; and l a t e  
Oligocene tuffaceous sandstones and mudstones. 

CDP sei  smic ref1 ec t i  on data indicate  1 a tera l  ly  continuous 
bedding and ver t ica l ly  continuous deposition w i t h i n  seismic 
sequence 11. Sequence I1  sedimentary deposits were the  
f i r s t  t o  extend beyond the s t ruc tura l ly  controlled l imi t s  of 
a l l  of the subbasins, and probably linked the marine 
depositional environments of the area. A structure-contour 
map of horizon B d i  splays the general trends ( f i  g. 48). 
The f igure a1 so shows the erosional truncation of Mesozoic 
basement highs by horizon B t o  a common base level .  The 
geometry of horizon B as  deep as  the 2.0-kilometer (6,560-foot) 

, 

s t ruc ture  contour indicates regional subsidence i n  response 
t o  crustal  cooling. The Pinnacle Island and Pervenets 
subbasins were the s i t e s  of local sediment accumulation. 
The Pinnacle Island subbasin deepens t o  more than 11,500 f e e t  
(3.5 k i  1 ometers) , and the  Pervenets subbasi n deepens 
t o  s l igh t ly  more than 8,000 f e e t  (2.5 kilometers). Sequence 
I I i s  t ransi t ional  from local accumulation i n  subbasi ns 
control 1 ed by tectonic movement t o  regional subsidence and 
u n i  form deposition between subbasi ns. 



Seismic Sequence I 1 1  

Sequence I I I i s  bounded by hor izons B and C ( f i g .  44). 
A t  t he  wel l ,  hor izon B occurs a t  2.20 seconds ( o r  about 7,400 
f e e t  below sea l e v e l  1,  and hor i zon  C occurs a t  2.94 seconds 
( o r  about 11,000 f e e t  below sea l e v e l ) .  The cha rac te r i s t i c s  
o f  hor izon B are described above. A t  the we l l  and on most 
o f  t h e  basin f lanks,  hor izon C i s  an i n d i s t i n c t ,  discontinuous, 
var iable-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, hor izon C i s  a d i s t i n c t  seismic sequence 
boundary recognized as a continuous, large-amp1 i tude re f l ec t i on .  
Along the  s h e l f  break, hor izon C represents a regress ive 
event t h a t  t runcated o l de r  T e r t i a r y  and Mesozoic rocks.' I n  
the  center o f  t he  subbasins and a t  the  No. 1 we l l ,  i t  represents 
a t  most a depos i t iona l  h ia tus .  Sequence I 1  I i s  a zone o f  
discontinuous , para1 1 e l  , va r i ab l  e-amp1 i tude r e f 1  ec t ions  a t  the 
we1 1 (and i n  the  shal lower pa r t s  o f  t he  bas in)  t h a t  become 
l a r g e r  i n  amplitude and more continuous i n  t he  deeper pa r t s  
o f  t h e  basin. The s t r a t a l  surfaces o f  sequence I 1 1  are 
concordant w i t h  hor izon C except along t h e  Navarin Basin 
f l anks  where they onlap o lder  rocks. These surfaces may 
represent f l  ank deposits der ived from Mesozoic basement 
h ighs along t he  con t inen ta l  s h e l f  break t h a t  were eventua l ly  
t runcated by the regress ive hor izon B event ( f i g .  47). I n  
add i t ion,  they were up1 i f t e d  and in t ruded  by t he  l a t e  Miocene 
sha le  d i a p i r s  i n  the  northern Navarinsky subbasin. The 
s t r a t a l  surfaces e x h i b i t  an obvious divergence toward t h e  
subbasin centers, i n d i c a t i n g  rapid,  constant  sedimentation. 
No s t r u c t u r a l  o r  isopach map o f  sequence I 1 1  was generated, 
b u t  the  sediment accumulation i s  probably greater  than 10,000 
fee t .  

A t  the No. 1 we1 1, seismic sequence I I I i s  co r re l a ted  
t o  t he  l a t e  01 igocene 1 i tho log i c  Zones D-1 and D-2. Zone D-1 
i s  composed o f  outer  n e r i t i c  t o  upper bathyal mudstones and 
s i  1 tstones. Zone D-2 con ta i  ns middle bathyal mudstones w i t h  
sandstone in ter laminat ions.  Dredge samples from 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 ig raph ic  
equ iva lents  o f  the 1 a te  01 igocene 1 i tho1 og ic  zones are 
tuffaceous 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  the  depos i t ion o f  
sequence I 1 1  was l a t e r a l l y  and v e r t i c a l l y  continuous. However, 
the'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  anki ng 1 ocal basement h ighs a1 ong the  con t inen ta l  
s h e l f  break ( f i g .  47). This in ference i s  based on three 
observations: ( 1 )  t he  on1 appi ng of sequence I I I s t r a t a l  
surfaces over l o c a l  s t r u c t u r a l  highs; ( 2 )  t h e  presence o f  
coarse-grained mate r ia l  i n  dredge samples o f  rocks t h a t  a re  
t ime equiva lent  t o  sequence I I I ; and ( 3 )  t he  exposure o f  
e a r l y  Oligocene sequence I V  and Mesozoic basement rocks t o  
wave-base erosion i n  t he  l a t e  Oligocene, which cou ld  have 
provided a l o c a l  sediment source adjacent t o  deep-water 
basins. 



Seismic Sequence IV 

Sequence IV i s  bounded by horizons C and D ( f i g .  4 4 ) .  
A t  the No. 1 well, horizon C occurs a t  2.94 seconds (or  about 
11,000 feet  below sea level) ,  and horizon D occurs a t  3.30 
seconds (or  about 12,700 feet  be1 ow sea 1 eve1 ) . The 
characteristics of horizon C are described above. Throughout 
the basin, horizon D represents a dist inct  angul a r  unconformi ty 
between sequences IV and V. Horizon D i s  the contact where 
the discontinuous, vari abl e-amp1 i tude refl ections of sequence 
IV overlie and onlap the discordant, dipping, large-amplitude 
refl ections and di ffractions that  characterize the acoustic 
basement, sequence V . '  The s t ra ta l  surfaces of sequence IV 
diverge as they deepen in the centers of the subbasins, indicating 
continuous sedimentation during structural subsidence. 

A t  the well, sequence IV correlates to lithologic Zones E 
and F. There i s  some well log, geochemical, and paleontological 
evidence for an unconformity between Zones E and F ,  although 
the geochemical data indicate that there i s  l i t t l e  missing 
section a t  the well s i t e .  Zone E consists of early Oligocene, 
middle bathyal mudstones containing calc i te  concretions. Zone F 
consists of l a t e  to l a t e  middle Eocene, upper bathyal to outer 
ner i t i c ,  calcareous and sandy mudstones. Dredge samples from 
the Navarin continental slope indicate that the time- 
stratigraphic equivalents of Zone E are mudstones containing 
limestone nodules. The equivalents of Zone F are mudstone and 
volcanic sandstone. Dredge samples from the nearby continental 
slope contain early Eocene and Paleocene rocks that .are  missing 
from the Tertiary section a t  the we1 1 s i t e .  These samples 
consist of probable Paleocene volcanic sandstone and limestone; 
Paleocene to Eocene brecciated mudstone and conglomerate; and 
early Eocene basal t. A1 though no direct evidence i s  avai 1 abl e ,  
t h i s  section i s  assumed to be part of sequence IV; therefore, 
i t  i s  bounded a t  the bottom by horizon D. The extent and 
thickness of these early Paleogene rocks are unknown. 

CDP seismic reflection data indicate lateral ly discontinuous 
bedding b u t  vertically continuous deposition of sequence IV. 
A1 ong the continental she1 f break, sequence IV, 1 i ke sequence 
111, grades into what are inferred to be proximal turbidite 
deposits flanking local basement highs ( f ig.  47). 

Sequence IV i s  believed to be the source for the shale 
diapirs in the northern Navarinsky subbasin. The lateral 
continuity .of seismic sequence IV outward from the we1 1 
indicates that  the sequence i s  made up of fine-grained material 
throughout the subbasin. These fine-grained materials are 
be1 ieved to be overpressured in the well (see Abnormal 
Formation Pressure chapter). Li tho1 ogi c Zone F ,  in sequence I V ,  
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l i e s  w i t h i n  the o i l  window and contains kerogen su i  tab1 e f o r  
wet-gas generation. Hedberg (1974) suggested t h a t  methane 
format ion i n  organic- r ich shales might enhance t h e i r  i n s t a b i l i t y .  
The presence o f  an unsampled gas plume over t he  f lank  o f  a 
shale d i a p i r  i n  the Navarinsky subbasin (Carlson and Marlow, 
1984) may corroborate Hedberg' s content ion.  The d ive rg ing  
s t r a t a l  surfaces o f  sequence I V  i nd i ca te  continuous, r a p i d  
sedimentation. Rapid sedimentation increases the  1 i k e l  i hood o f  
maturat ion of trapped organic matter  by enhancing anoxic 
condi t ions near the sea f l o o r  and l a t e r  decreasing geothermal 
heat l oss  a t  depth (Anstey, 1977). D iap i r  movement occurred 
as recen t l y  as l a t e  Miocene, p i e r c i ng  and d i s rup t i ng  the 
s t r a t a l  surfaces o f  sequences I 1  and 111. Eventual ly the  
d i a p i r s  were t runcated by an erosional  surface, hor izon A. 
Emplacement o f  the  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 ruc tu ra l  r e l i e f  o f  the  basement rock, sequence V I .  A . 
f r e e - a i r  g rav i t y  p r o f i l e  o f  the d i a p i r  area ( f i g .  45) r e f l e c t s  
the  gradual deepening o f  the  basement rock toward the  center  
o f  t he  subbasin. Uneven sediment load ing appears t o  have 
forced the d i a p i r  t o  r i s e  near the northern f l ank  o f  t he  
subbasi n near the Anadyr R i  dge. 

A structure-contour map o f  hor izon D ( f i g .  49) depic ts  
Mesozoic basement h i  ghs separat i  ng three s t ruc tu ra l  l y  d i  s t i  n c t  
subbasins. A l l  three subbasins deepen t o  greater than 26,000 
f e e t  be1 ow sea 1 eve1 . The Pinnacl e I s1  and and Pervenets 
subbasi ns are e l  ongated depressions t h a t  para1 1 e l  the northwest- 
t r end i  ng Navari n cont inenta l  shel f break. The more c i  r c u l a r  
Navarinsky subbasin i s  bordered by the Anadyr Ridge on the 
west and l i e s  f a r t h e s t  from the present she l f  break. 

Seismic Sequence V 

Sequence V (acoust ic basement) i s  recognized by i t s  
variable-amp1 i tude, d iscordant r e f l ec t i ons ,  d i f f r a c t i o n s ,  and 
incoherent noise ( f i g .  44). A t  t he  No. 1 we1 1, the top  o f  
sequence V occurs q t  3.30 seconds (about 12,700 f e e t  below 
sea l e v e l  1. Throughout t he  Navarin Basin, there  i s  an 
erosional  surface separating the  Mesozoic sequence V from 
the  ove r l y i  ng T e r t i  ary section. Hor i  t o n  D represents t he  
area-wide degradation o f  the Bering Sea outer  cont inenta l  
shel f before the  formation o f  t he  Navarin subbasins. 
Subsequent erosional  events, such as those represented by 
horizons B and C, eroded the l o c a l  basement highs t h a t  f l ank  
the i nd i v i dua l  subbasins. 

Sequence V contains 1 i t h o l o g i c  Zones G/H and I a t  the 
No. 1 we1 1. L i  t h o l  ogi  c Zone G/H consi s t s  o f  Maastr i  c h t i  an 
mudstone, sandstone, and coal deposited i n  a nonmarine 
environment. L i  t h o l  og ic  Zone I i s  probably Campanian o r  



I 
I r I 

EXPLANATION 
A/ 1 

I . " . 2 0 0 m - - -  ISOBATH IN METERS I 

FIGURE 49. STRUCTURE-CONTOUR MAP OF AN EOCENE-CRETACEOUS UNCONFORMITY 
(HORIZON D) IN THE NAVARIN BASIN. 



o lde r  mudstone deposited i n  inner  n e r i  t i c  t o  upper bathyal  
environments. . The lower p a r t  o f  t he  zone contains t h i n  vo lcan ic  
t u f f  1 ayers . Dredge sampl es from . the  Navari n c o n t i  nental  s l  ope 
t h a t  are t ime-s t ra t ig raph ic  equivalents t o  sequence V a re  l i s t e d  
i n  t a b l e  7. 

Table 7. L i tho logy  and age o f  dredge samples 

Age 
USGS 

S.ampleNo. L i t ho logy  Th is  Report (Jones & others, 1981) 

15-78- (27-1 sandy Late Cretaceous . Late  Cretaceous 
s i  1 ts tone (Maast r ich t ian and ( Campanian o r  

reworked A1 b ian)  Maast r ich t ian)  

L5-78- (27-2) sandstone Late Cretaceous no t  eval uated 
( Cenomani an t o  

Turoni an), 

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

(Cal lov ian?)  

L5-78- (22-4) s i  1 ts tone Paleocene Late  Cretaceous 
(probable Danian) (Campanian o r  

Maast r ich t ian)  

The l oca t i ons  o f  t he  sampling s i t e s  a re  p l o t t e d  on 
f i g u r e  40, except f o r  sample 5-5, which l i e s  eas t  o f  t he  map 
area a t  l a t  56'51.1 ' N. and long 173'32.7' W. B i os t ra t i g raph i c  
s i m i l a r i t i e s  between the  Maast r ich t ian rocks found a t  t he  we l l  
s i t e  and t he  dredge samples i n d i c a t e  a continuous Late  Cretaceous 
deposi t ional  environment throughout t he  Navarin con t inen ta l  
shel f (see Paleontology and B ios t ra t ig raphy  chapter) .  McLean 
(1979a) and Val1 i e r  and others (1980) i nd i ca ted  t h a t  t h e  Late 
Jurass ic  (Kirnmeri dgi an) Naknek Formation extends from the  
A1 aska Peninsula t o  the  P r i b i l  o f  I s 1  ands. Sample L-5-78-(5-5) 
i s  a Late t o  Middle Jurass ic  vo lcan ic  sandstone dredged from the  
Zemchug Canyon o f  t he  Navarin con t inen ta l  slope. Th is  suggests 
t h a t  t he  Naknek Formation ( o r  a t ime-s t ra t ig raph ic  equ iva lent )  
extends i n t o  t he  Navarin she l f .  Th is  supports the  content ion o f  
Marlow and others  (1983a) t h a t  t he  basement rock i n  t h e  Navarin 
she l f  i s  an extension o f  the  Alaskan Mesozoic te r rane  and 
suggests t h a t  t he  ou te r  Ber ingian shel f i s  a sing1 e, continuous 
terrane. Th is  ter rane i s  bordered by t he  Anadyr Ridge ( f i g .  40) 
t o  t he  northwest and t h e  Okhotsk-Chukotsk vo lcan ic  b e l t  t o  t he  
north. The acoust ic basement r i s e s  t o  form St. Matthew Island, 
which 1 i e s  approximately 115 mi les  eas t  o f  t h e  No. 1 we1 1 s i t e .  
Pat ton and others (1975) found t h a t  Late  Cretaceous age (65 t o  
77 m i  11 i o n  years), h i  gh-a1 umi na basal t t o  rhyo l  i t e  cover most 
o f  t he  is land.  These rocks are  p a r t  o f  t h e  Okhotsk-Chukotsk 
vol  cani c be1 t. 



Figure 49 i s  a  structure-contour map o f  the  top  o f  the  
acoust ic basement (hor izon D). The map dep ic ts  th ree  en 
echelon subbasins p a r a l l e l  t o  the con t inen ta l  s h e l f  break, 
each having more than 26,000 f e e t  o f  l ayered  Te r t i a r y  f i l l .  
The evo lu t ionary  model proposed by Marlow and others  (1983a) 
ind ica tes  t h a t  t h i s  s t r u c t u r a l  con f i gu ra t i on  i s  the  r e s u l t  o f  
Late  Cretaceous t o  ear l y  T e r t i a r y  obl ique subduction o r  
s t r i k e - s l  i p  motion between the  Kula and North American P la tes.  
This model postulates t h a t  the  basin formed i n  a  forearc  
se t t i ng .  The Kula P la te  progressed northward past  t h e  
Ber ingian cont inenta l  shel f and eventua l ly  under thrust  S iber ia .  
As t he  Kula P la te  was subducted beneath Siber ia,  a  melange 
sequence was obducted, forming p a r t  o f  t he  .Koryak Range. 
Marl ow and others  (1983a) be1 ieve t h a t  t h i  s  melange sequence 
extends o f fshore t o  form the Anadyr Ridge ( f i g .  40). The 
Ber ingian she l f  p l a t e  motion may have formed t h e  Okhotsk- 
Chukotsk volcanic be1 t, which 1  i e s  nor th  o f  the  Navarin 
Basin and para1 1  e l  t o  t he  shel f break. This be1 t extends 
from eastern S ibe r i a  t o  a t  l e a s t  S t .  Matthew Is land.  When 
the subduction zone s h i f t e d  t o  i t s  present p o s i t i o n  along 
the  A leu t ian  Arc i n  the l a t e  Eocene (Whitney and Wallace, 
19841, t he  Kul a  P la te  was i so la ted .  This i s o l a t i o n  rendered 
the  Kula P la te  passive by the l a t e  01 igocene ( ? I ,  which 
re laxed the  shear s t ress  along t he  Ber ingian margin. The 
shear-stress-associated tectonism was eventua l ly  replaced by 
reg iona l  co l lapse i n  response t o  c r u s t a l  cool i ng, a1 1  owing a  
more uniform basin-wide sediment deposit ion. Basement- 
con t ro l l ed  normal f a u l t s  i n  t h e  Navarin Basin o f f s e t  s t r a t a  
as young as Pleistocene (Car l  son and others, 19831, i n d i c a t i n g  
t h a t  the  continued subsidence was caused by sediment load ing.  
F igure 47 shows t h a t  s t ruc tu res  w i t h i n  these Mesozoic rocks 
formed before erosional  t runca t ion  by hor i zon  D. 

SUMMARY 

The Navarin Basin cons is ts  o f  three en echelon subbasins 
f i l l e d  w i t h  more than 26,000 f e e t  o f  layered T e r t i a r y  
sedimentary rock. The subbasins formed as a  r e s u l t  o f  
extensional deformation associated w i t h  s t r i k e - s l  i p  motion 
between t h e  Kula and t h e  North American P la tes i n  Late  
Cretaceous t o  ea r l y  T e r t i a r y  time. By the l a t e  Eocene, 
movement o f  the  Kula P la te  was i s o l a t e d  by subduction a t  t h e  
A leu t ian  Arc. Subbasin subsidence i n  response t o  s t r u c t u r a l  
downdropping probably remained a c t i v e  u n t i l  t he  l a t e  Oligocene. 
Regional subsidence i n  response t o  c r u s t a l  coo l i ng  eventua l ly  
l e d  t o  sedimentation beyond the  s t r u c t u r a l l y  def ined subbasins. 
Beginning i n  the l a t e  Eocene, the three subbasins were f i l l e d  
w i t h  marine mudstones. Sea l e v e l  1  oweri ngs i n  the  "middle" 
and 1 a te  01 igocene, however, exposed 01 der T e r t i a r y  and 
Mesozoic basement highs t o  wave-base erosion, which r e s u l t e d  



i n  the  deposit ion o f  coarser  grained mate r ia l  a long the  
subbasi n fl anks. Paleocene and e a r l y  to. mi ddl e Eocene marine 
mudstones and sandstones w i t h  good source and r e s e r v o i r  . 

p o t e n t i a l  may be present  i n  the  deeper p a r t s  o f  the  subbasins. 



BOTTOM-SIMULATING REFLECTOR 
by 

Ronald F. Turner 
Davi d A. S te f  fy 

Gary C. Ma r t i n  
Tabe 0. F l e t t  

Anomalous seismic r e f l  ec t ions t h a t  mimic sea- f l  oor 
topography and e x h i b i t  a d iscordant r e l a t i o n s h i p  w i t h  coherent 
r e f l e c t i o n s  from chronost ra t igraph ic  surfaces have been termed 
bottom-simul a t i n g  r e f l e c t o r s  o r  BSRs (Schol l  and Creager, 1973; 
Hein a,nd others, 1978; Hammond and Gaither, 1983). The 
t ime-transgressive cha rac te r i s t i c s  o f  these r e f l e c t i o n s  a re  
most apparent on seismic p r o f i l e s  t h a t  d i sp lay  d ipp ing beds. 
BSRs are genera l ly  a t t r i b u t e d  t o  t he  presence o f  gas hydrates 
( s o l i d  i c e - l i k e  water-methane c l a th ra tes  t h a t  may con ta in  o ther  
hydrocarbons) o r  bu r i ed  diagenet ic surfaces (St01 1 and others,  
1971; Schol l  and Creager, 1973; Hein and others, 1978; 
Kvenvol den and McMenami n , 1980 ; Marl ow and others,  1981). 
The presence o f  a BSR i n  the Ber ing Sea r e l a t e d  t o  a poss ib le  
s i l i ceous  diagenet ic f r o n t  has been t he  sub jec t  o f  numerous 
s tud ies (Schol l  and Creager, 1973; Ful lam and others, 1973; 
Hein and others,  1978; Marlow and others ,  1981; Hammond and 
Ga i the r  , 1983) . 

On the Ber ing Sea she l f ,  a BSR i s  o f t e n  apparent on 
seismic sect ions between 1.0 and 2.0 seconds two-way t ime 
(Hammond and Gaither, 1983). F igure  50 i s  a Western Geophysical 
Company comnon-depth-point (CDP) seismic r e f l e c t i o n  sect ion 
loca ted  a t  p o i n t  A on f i g u r e  40 (Seismic S t ra t ig raphy  chapter) .  
The 1 i n e  i s  loca ted  near the  con t inen ta l  she1 f break 
approximately 80 mi les  southwest o f  the Navarin Basin COST 
No. 1 wel l  i n  average water depths o f  460 fee t .  The sec t ion  
d isp lays Te r t i a r y  r e f l e c t i o n s  d ipp ing  away from an acoust ic 
basement high. An obvious BSR a t  1.3 seconds two-way t ime 
( o r  3,855 f e e t  below sea l e v e l )  i s  present as a l a r g e  amplitude, 
discontinuous, d iscordant r e f l e c t i o n .  Construct ive in te r fe rence  
between the BSR and dipping T e r t i a r y  r e f l e c t o r s  caused some 
of t he  BSR segments t o  d isp lay  apparent d i p  ( l e f t  o f  p o i n t  
B, f i g .  50). This in te r fe rence  a lso  caused a coherency l oss  
i n  the  under ly ing r e f l e c t i o n s  a t  p o i n t  A and a decrease i n  
amplitude a t  p o i n t  B ( f i g .  50). 

Hammond and Gai ther (1983) observed t h a t  a BSR i s  genera l ly  
associated w i t h  a p o s i t i v e  i n f l e c t i o n  p o i n t  ( v e l o c i t y  increase) 
on s tack ing v e l o c i t y  spectra d isp l  ays, a character  which 
al lows i t  t o  be d iscr iminated from sea- f loor  mu l t ip les .  
Stacking v e l o c i t i e s  were p icked f o r  three prominent r e f l  ec t ions 
t h a t  def ine seismic sequences X and Y ( f i g .  50). I n t e r v a l  
v e l o c i t i e s  f o r  these sequences were then ca l  cu l  a ted from 
these RMS v e l o c i t i e s  by us ing t h e  D ix  equation (Dix ,  1955). 



Sequence Y, which l i e s  below the  BSR, shows a gradual downdip 
o r  bas i  nward i ncrease i n i nterva l  v e l o c i t y  re1 ated t o  increased 
compaction o f  the  sediments, whereas sequence X, which i s  c u t  
by t he  BSR, shows a sharp increase (8  percent o r  more) i n  
i n t e r v a l  ve l oc i t i es .  

F igure  41 shows a Petty-Ray Geophysical Company seismic 
l i n e  t h a t  p r o f i l e d  t h e  Navarin Basin COST No. 1 we l l  s i t e .  
The s i t e  i s  character ized by a f l a t  sea f l o o r  and f l a t - l y i n g ,  
para1 1 e l  , continuous Cenozoic r e f l  ectors.  There i s  no d i s t i n c t  
BSR on the  seismic r e f l e c t i o n  p r o f i l e  because there  are  no 
d i pp i  ng re f l ec to r s .  Any r e f l  ec to r  generated by the  phys ica l  
p roper t ies  t h a t  cause BSRs would be f l a t  l y i n g  and 
und is t ingu i  shable a t  the  we1 1. However, a t  1.27 seconds 
two-way t ime (3,560 f e e t  below sea l e v e l )  t he re  i s  a l a r g e  
amp1 i tude, pos i t i ve ,  continuous r e f l e c t i o n  (seismic hor izon 
A) which may be i n  p a r t  due t o  an impedance con t ras t  caused 
by diagenet ic changes i n  t he  sediment. This r e f l e c t o r  i s  a t  
the  appropr ia te  depth t o  c o r r e l a t e  w i t h  t he  BSR i d e n t i f i e d  
southwest o f  t he  we l l  s i t e .  Because o f  i t s  discontinuous 
nature, t he  BSR cannot be t raced 1 a t e r a l  l y  i n t o  the we1 1. 
A1 though se i  smic hor i zon  A and the  BSR apparent ly co inc ide 
a t  t he  we1 1 , they do n o t  co inc ide e l  sewhere i n  the  basin. 
The CDP p r o f i l e  through t h e  Navarin we1 1 places t h i s  r e f l e c t o r  
(hor izon A and t he  poss ib ly  co inc iden t  BSR, herea f te r  termed 
the  "BSR") approximately 75 f e e t  lower than a narrow i n t e r v a l  
character ized by abrupt ly  changing physical  p roper t ies  
i d e n t i f i e d  on we l l  logs. This apparent d i s p a r i t y  i s  w i t h i n  
the  v e r t i c a l  r eso lu t i on  o f  the  dominant frequency o f  t he  CDP 
data a t  t h i s  depth. A ca lcu la ted  r e f l e c t i o n  c o e f f i c i e n t  o f  
0.20 f o r  t h i s  r e f l e c t o r  i s  low when compared t o  the var ious 
s i  1 i ceous d i  agenetic boundaries analyzed by P i  s c i o t t o  (19811, 
bu t  i s  r e l a t i v e l y  h igh w i t h  respect  t o  c o e f f i c i e n t s  f o r  
o ther  r e f l e c t o r s  ca lcu la ted  from the sonic l o g  f o r  t he  syn the t i c  
seismogram ( see Seismic St ra t igraphy chapter).  

Seismic hor i zon  A (and t he  "BSR") co inc ides w i t h  t he  t o p  
o f  a pa leonto log ica l  l y  barren zone i n  the  we l l  apparently 
caused by the  d i s s o l u t i o n  o f  most s i l i ceous  and calcareous 
m ic ro foss i l  s. Th is  i n t e r v a l  corresponds i n  t ime t o  the  l a t e  
Miocene NH6 h i a t u s  o f  Barron and K e l l  e r  (1982). Sei smic 
hor izon A t races  i n t o  an angular unconformity on t he  basin 
f lanks.  

Although r e l a t i v e l y  l a r g e  amounts o f  CH4 a re  present 
from the  surface t o  about 6,000 fee t ,  gas hydrates do n o t  
appear t o  be responsible f o r  the  "BSR" i n  t he  we l l  o r  the  BSR 
shown i n  f i g u r e  50 because the  pressure and temperature are  
too h igh  a t  these depths. An RFT t e s t  (Repeat Formation 
Tester)  was performed a t  4,016 f e e t  (measured depth) which 
y i e l ded  a format ion f l u i d  pressure o f  1,762 pounds per square 



FIGURE 50 .  SEISMIC REFLECTION PROFILE OF A BSR AND ITS INFLUENCE ON THE INTERVAL 
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inch ( p s i )  a t  130" F. The pressure and temperature a t  3,700 
fee t  were calculated by assuming a pressure gradient of 0.448 
psi per foot and a thermal gradient of 1.78" F per 100 fee t .  
Pressure and temperature conditions a t  3,700 f e e t  (124" F and 
1,620 psi calculated; 123" F measured from an incomplete RFT 
a t  3,680 f e e t )  a re  not within the s t a b i l i t y  f i e l d  for  methane 
hydrate, water, and gas (Kvenvol den and McMenamin, 1980). 
Temperatures below about 63" F would be required t o  produce 
these phases a t  the f lu id  pressure observed in the well. 
The presence of C02, HzS, C2H6, and C3H8 would a l l  produce 
a s h i f t  in the phase boundary t o  higher temperatures; the 
presence of NaCl would reduce the temperature of the phase 
change. C2H6 and C3H8 a re  present in only minute amounts. 
H2S was not present. There were no analyses fo r  C02 o r  NaC1. 

The BSR ident i f ied  in the basin and the corre la t ive  
horizon in the well appear t o  represent a diagenetic surface 
related t o  the dissolution of diatoms (composed of opal-A 
s i l i c a )  . Diatoms cons t i tu te  from 50 t o  80 percent of the 
sediment recovered from s i  dewall and conventional cores down 
t o  a depth of about 3,700 fee t .  Because the diagenetic 
dissolution of biogenic opal -A i s  temperature control led, 
Scholl and Creager (19731, Full am and others  (19731, and 
Hein and others (1978), suggested t h a t  the ubiquitous, time- 
transgressive BSR in the Bering Sea represented an isothermal 
surface related both to  the depth of burial of diatomaceous 
sediments and t o  local geothermal gradients. In the Bering 
Sea area, a burial depth of a t  l e a s t  1,640 f e e t  and a 
temperature range of 95" t o  125" F a re  required t o  i n i t i a t e  
large scale ,  re la t ive ly  rapid conversion of opal-A t o  opal-CT 
(Hein and others ,  1978). Both of these conditions are  met 
in the Navarin Basin COST No. 1 we1 1 in the interval betl~een 
3,565 and 3,860 fee t .  Similar depth-temperature re la t ions  
were observed for  diagenesis in the Miocene Monterey Formation 
of Cal i forni a (Murata and others ,  1977). 

With increasing burial depth and temperature, the normal 
sequence of diatomite diagenesis i s  from opal-A t o  opal-CT 
(an opal phase with charac ter i s t ics  of a1 pha-tridymi t e  and 
a1 pha-cristobal i t e )  and eventual ly t o  quartz. The 
transformation of opal-A t o  opal-CT has been the subject of 
many studies,  notably those of Murata and others  (19771, 
Hein and others (1978), Hein and Scholl (19781, and Isaacs 
and others  (1983). This "normal " s i l  ica diagenetic sequence 
appears to  be present a t  the appropriate depths in the Navarin 
well. Microscopic observations of diatoms by Donald L.  Olson - 
qua1 i ta t ive ly  documented these transformations ( see Paleontology 
and Biostratigraphy chapter).  However, these visual observations 
were not supported by i n i t i a l  X-ray analyses (AGAT, 1983). 
Further X-ray analysis by MMS and USGS personnel determined 
tha t  in some samples opal-CT was present in amounts of f ive  
percent o r  l e s s  (Hein, oral commun., 1984;- Lynch, written 
commun., 1984). No diagenetic quartz was ident if ied.  



Thus, a1 though the BSR i n  the Bering Sea i s  c lear ly 
associated w i t h  the dissolution of diatoms, the "BSR" i n  the 
Navarin well does not mark a diagenetic surface separating 
abundant opal-A from abundant opal-CT. An analysis of scanning 
electron microscopy and X-ray d i f f rac t ion  data suggests t h a t  
most of the unstable biogenic opaline s i l i c a  was used i n  the  
formation of s i l  ica-rich zeol i tes  (AGAT,  1983) o r  clays 
(Hei n ,  oral  commun., 1984). Hei n and others  (1978) observed 
t h a t  cl  inopti lol  i t e  and opal-CT both form i n  conjunction 
w i t h  the diagenesis of diatoms and t h a t  areas of abundant 
cl  i nopti lo1 i t e  coincide precisely w i t h  areas of opal -CT 
formation. I i  jima (1980) and I i  jima and Utada (1983) noted 
t h a t  the opal-CT Zone was equivalent t o  Zone I1 (c l inopt i lo l  i t e  
and/or mordeni t e ,  and 1 ow cristobal i t e )  of the zeol i te-buri a1 
metamorphism zonation, and tha t  under s imilar  conditions 
opal-CT formed i n  biogenic s i l iceous rocks while c l i n o p t i l o l i t e  
formed i n  s i l i c i c  volcaniclastic rocks. Although the 
association of c l i n o p t i l o l i t e  w i t h  the breakdown of 
vol canicl a s t i c  material has been documented by Deffeyes 
(19591, Mason and Sand (1960), and Murata and Whi t e l  ey (19731, 
Von Rad and Rosch (1972) reported the formation of 
c l i n o p t i l o l i t e  i n  biogenic rocks t h a t  contained no 
vol canic las t ics .  

The sediments i n  l i thologic  Zone A - 1  (1,536 t o  3,565 fee t )  
contain both abundant diatoms and volcaniclast ic  material. The 
f a c t  t h a t  t race  amounts of opal-CT and abundant c l i n o p t i l o l i t e  
occur together i n  1 i tho1 ogic Zone A-2 (be1 ow the  zone of 
abundant opal-A diatoms) suggests t h a t  much of the s i l i c a  
l iberated by the dissolution of diatoms went in to  the  formation. 
of c l inop t i lo l i t e .  Only a small f ract ion of the diatoms 
remaining i n  Zone A-2 a l te red  t o  opal-CT. The diagenetic 
a1 te ra t ion  of clay mineral s and vol canicl a s t i c  debris in these 
diatomaceous sediments proba.bly provided the aluminum and 
potassium cations necessary t o  form cl i nopti lo1 i t e ,  a1 though 
some of the a1 uminum may have come from the dissolution of 
diatom f rus tu les  (Van Bennekom and Van Der Gaast, 1976; Hein 
and others,  1978). I t  i s  also possible t h a t  some of the  
diatoms a1 tered t o  smecti t i c  clay (Badaut and Ri sacher, 1982). 

The interval from 1,536 t o  3,860 f e e t  consis ts  of poorly 
consol i dated and poorly sorted s i  1 t y  , sandy, diatomaceous 
mudstone and diatomite ( see  Lithology and We1 1 Log 
Interpretation chapters).  The 1 i th i c  components incl ude 
basal t i c  and intermediate volcanic fragments, clay , mica, 
glauconite, and chert .  Lithologic Zone A-2 (3,565 t o  
3,860 f e e t )  represents the t ransi t ional  d i  agenetic zone i n 
the well and i s  almost cer tainly responsible f o r  the BSR. 
Changes i n  diatomaceous sediments t h a t  accompany the  
transformation of opal-A include marked increases in 
cementation, b u l k  density , hardness, cohesion, and b r i t t l eness  , 
and a marked decrease i n  porosity (Isaacs and other, 1983). 



These are the same changes recorded by wireline log responses 
through 1 ithol ogic Zone A-2. Figure 51 shows the decrease i n  
interval t r a n s i t  time over the diagenetic zone, and f igure 52 
shows the porosity reduction and increase i n b u l k  density 
(see Well Log Interpretation chapter). Isaacs and others 
(1983) suggested tha t  most porosity reduction i n  diatomaceous 
sediments i s  due t o  compaction dur ing  the opal-A t o  opal-CT 
transformation, probably because of a los s  i n  framework 
strength under load d u r i n g  sol ution-precipi ta t ion.  Porosity 
1 oss apparently occurs rapidly i n i ndi v i  dual beds, w i t h  
those containing the grea tes t  number of diatoms undergoing 
the greatest  porosity reduction. The physical changes associated 
w i t h  biogenic s i l i c a  diagenesis occur abruptly over a small 
s t rat igraphic interval i n  homogeneous sediments, o r  across a 
broader t ransi t ional  zone in interbedded heterogeneous sediments 
( Isaacs and others,  1983). The 1 a t t e r  condition best describes 
1 i thologic Zone A-2 in the Navari n we1 1. 

Secondary carbonates a re  qui te  common through t h i s  
interval i n  carbonate-cemented "hard streaks" and account 
for  some of the physical changes seen on the logs. X-ray 
diffract ion studies of highly indur,ated, gl auconi t i c ,  
diatomaceous mudstones from Zone A-2 ident i f ied  high-magnesium 
ca lc i t e ,  protodol omi t e ,  and rhodochrosi t e  (Hei n ,  oral commun., 
1984; Lynch, written commun., 1984). Barite and volcanic ash 
were a1 so present. The genesis of secondary carbonate minerals 
i n  diatomaceous and ash-rich Bering Sea sediments i s  discussed 
i n  detail  by Hein and others (1979). 

- A number of s t r ik ing  physical changes occur i n  or  near 
l i thologic Zone A-2, seismic horizon A,  and the "BSR" i n  the 
well. Some of these may be fortui tous,  such a s  the association 
of the t rans i t ion  zone with seismic horizon A (which corre la tes  
w i t h  an angular unconfomi t y  on the basin flanks) . Other 
changes are  obviously related, among them the dissolution of 
opal-A, the anomalous paucity of opal-CT, the  presence of 
abundant cl  i nopti lo1 i t e  and smecti t i c  c lays,  the precipi tat ion 
of secondary carbonate mineral s, increases i n  b u l k  density, 
decreases i n  porosity and interval t r a n s i t  time, and the 
presence of an abnormally pressured zone above 3,860 f e e t  
( see  Abnormal Formation Pressure chapter). A1 1 of these are  
related t o  the diagenesis of opal-A and a l l  of these contributed 
t o  the physical character of the "BSR" interval i n  the well 
and probably t o  the character of the actual BSR i n  the basin. 

The wholesale dissolution of opal-A and concomitant 
collapse of the sediment framework generates ionical ly act ive,  
abnormally pressured pore waters t h a t  precipi tate  d i f ferent  
mineral su i t e s  depending on the 1 ocal m i  neral ogi cal composition 
of the sediment. Thus, a1 though the nearby BSR ident if ied 
i n  the Navarin Basin may represent an opal-A t o  opal-CT 
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t r a n s i t i o n ,  i t  i s  more l i k e l y  t h a t  i t  represents some other  
type o f  1  i t h o l  ogy-control l e d  change, probably the  opal -A t o  
c l  i nopt i  l o 1  i t e  and c l ay  t r a n s i t i o n  i d e n t i f i e d  i n  1  i t h o l  ogic 
Zone A-2 ( t h e  "BSR") i n  t h e  Navari n  Basin COST No. 1 we1 1. 

Aside from i t s  s c i e n t i f i c  i n t e res t ,  the d iagenet ica l  l y  
a1 t e red  p a r t  of  t he  Miocene d ia tomi te  sequence i n  t h e  Navarin 
Basin ( t h e  BSR and "BSR") i s  important  f o r  a t  l e a s t  three 
reasons: ( 1 )  i t  may se i  smical l y  i d e n t i f y  the base o f  a  
po ten t i  a1 l y  hazardous, abnormal l y  pressured zone; (2) the  
t i g h t  d iagenet ic  zone cou ld  a c t  as a  seal i n  a  s t r u c t u r a l  o r  
hydrodynamic t rap;  ( 3 )  i t  could e a s i l y  lead  t o  a number o f  
seismic i n t e r p r e t a t i o n  problems, such as be i  ng m i  staken f o r  
a  " b r i g h t  spot", " f l a t  spot", o r  seismic sequence boundary. 



WELL LOG INTERPRETATION 
by 

Gary C. Ma r t i n  

INTRODUCTION 

A s u i t e  o f  w i r e l i n e  we l l  l ogs  ( l i s t e d  below) r un  i n  the 
Navari n  Jasi n  COST No. 1 we1 1  by Schl urnberger L td .  were i n te rp re ted  
t o  provide data on l i t h o l o g y  and rese rvo i r  cha rac te r i s t i c s  o f  
the s t r a t a  penetrated. The petrophysical  in format ion from 
the w i  re1 i ne 1  ogs was supplemented by s i  dewall and conventional 
core data, descr ip t ions o f  rock c u t t i n g s  and hydrocarbon 
shows from l i t h o l o g y  and formation eva lua t ion  (mud) logs, and 
the petrographic r epo r t  by AGAT Consul tants ,  Inc .  (1983). 

Depth ( f e e t )  below 
K e l l y  Bushing 

Dual Latero log w i t h  Microspherical l y  
Focused Log (DLL-MSFL) ....................... 1,497 - 

Dual Induct ion Later01 og w i t h  Spher i ca l l y  
Focused Log (DIL-SFL)------------------------- 5,004 - 

Compensated Formation Density Log (FDC) -------- 1,497 - 
Compensated Neutron - Formation 

Densi ty Log (CNL-FDC)------------------------- 1,497 - 
Borehole Compensated Sonic Log (BHC)------------ 1,497 - 
Long-Spaced Sonic (LSS)------------------------- 1,497 - 
Natural Gamma Ray Spectroscopy Tool (NGT )------- 1,497 - 
High Resolut ion Dipmeter Tool (HDT) and 

Arrow p l o t  from CLUSTER program -------------- 1,497 - 
The wel l  can be d iv ided  i n t o  two major zones separated 

by an angular unconformity a t  12,780 fee t .  The upper zone 
cons is ts  o f  T e r t i a r y  marine c l as t i c s ,  and the  lower zone 
(12,780 t o  16,400 f e e t )  cons is ts  o f  Late Cretaceous nonmarine 
t o  marine c l a s t i c s  and younger igneous in t rus ives .  These two 
zones were f u r t h e r  subdivided on the  bas is  o f  l i t h o l o g y  and 
log- charac te r i s t i cs .  

Po ten t ia l  reservo i rs  occur almost exc lus ive ly  i n  the 
upper zone i n  T e r t i a r y  sandstones i n  the  i n t e r v a l  from 3,855 
t o  7,130 feet .  Much o f  t h i s  sandstone i s  shaley and contains 
abundant d e t r i t a l  and authigenic c l a y  and c l a y - r i c h  l i t h i c  
gra ins  which degrade rese rvo i r  q u a l i t y .  However, some of the  
sandstone has s i g n i f i c a n t  r ese rvo i r  p o t e n t i a l .  Well l o g  
eva luat ion (based on a  c o r r e l a t i o n  o f  wire1 i n e  l o g  data 
w i t h  core and petrographic data)  ind ica tes  t h a t  these T e r t i a r y  
sandstones probably include about 200 feet  ( aggregate) of  

Log l n t ~ p k W o n ,  739 



re la t ive ly  good reservoir rock w i t h  poros i t ies  of 15 t o  20 
percent and permeabilities of greater  than 70 mil l idarcies .  
Late Cretaceous sandstones be1 ow .the major unconformi ty a t  
12,780 f e e t  have l o s t  almost a l l  reservoir potential because 
of a complex h i  story of b u r i  a1 , compaction, and diagenesi s. 

BOREHOLE CONDITION AND LOG QUALITY 

Log qua1 i t y  i s  good throughout most of the hole w i t h  a 
few exceptions. The ca l iper  curve recorded w i t h  the BHC, 
FDC,. and CNL-FDC logs jammed on the bottom of the hole a t  the 
s t a r t  of logging r u n  1 and i s  invalid from 1,497 t o  5,042 
fee t .  The ca l iper  curve recorded w i t h  the FDC and CNL-FDC 
logs during r u n  4 (12,815 t o  15,318 f e e t )  i s  a l so  inval id 
because the ca l iper  was bent i n  the hole. The SP curve 
recorded w i t h  the BHC log had a bad ground and i s  invalid 
f o r  r u n  3 from 5,004 t o  12,834 fee t .  

Washouts and very i r regular  hole s i zes  occurred from 
7,360 t o  about 8,800 f e e t ,  and were par t icu lar ly  severe from 
7,650 t o  8,150 fee t .  These washouts probably caused much of 
the e r r a t i c  response of the density and neutron curves of the 
FDC and CNL-FDC 1 ogs i n  t h i s  interval . 

The r e s i s t i v i t y  curves of the DIL tool between 12,800 and 
15,300 f e e t  a l so  record a few zones of e r r a t i c  tool response. 
These a r e  probably due t o  the h i g h  r e s i s t i v i t y  cont ras t s  
between the complex 1 i tho1 ogies i n  this interval . 

Sandstone ident i f ica t ion  on the logs from the f i r s t  r u n  
i s  d i f f icu l  t. The gamma-ray curve throughout the Tertiary 
section displays l i t t l e  o r  no deflection from a shale base l ine.  
T h i s  i s  due t o  the high content of d e t r i t a l  mud, c lay matrix, 
glauconite, feldspar,  and l i t h i c  grains i n  the sandstones. As 
a r e su l t ,  the gamma-ray curve i s  essent ia l ly  useless i n  
identifying sandstones i n  this section. The r e s i s t i v i t y  of 
the mud f i l t r a t e  i n  the f i r s t  1 og r u n  was low because of the 
sal twater-base mud and showed 1 i t t l  e cont ras t  w i t h  the 
formation water r e s i s t iv i ty .  In combination w i t h  the high 
mud content of the sands, this resulted in very l i t t l e  SP 
deflection across sandstone intervals .  These same fac tors  
a l so  depressed the r e s i s t i v i t y  curve responses. The net 
resul t was 1 i t t l  e difference i n  1 og response between sandstone 
and f i n e r  grained 1 i thologies.  Below the f i r s t  log r u n  
(5,004 f e e t ) ,  mud f i l t r a t e  r e s i s t i v i t i e s  were higher because 
of the lower sal i n i ty  of the mud base, and SP curve deflections 
a re  adequate t o  define permeable sandstones. 

LOG ANALYSIS METHODS 

The matrix density values used i n  calculat ing porosity 
from the FDC bulk density curve were obtained from the grain 



density data from analyses of conventional cores. Grain 
density values were averaged from the core o r  cores taken 
w i t h i n  each s trat igraphic zone and used as  the matrix density 
val ue for  porosity analysi s. Grai n densi t i e s  from highly 
cemented calcareous zones were excluded from the averages. 
The grain density calculated from these zones i s  generally 
anomalously high because of the hi gh-densi ty cal c i  urn carbonate 
cement. Excessively high porosity values woul d be obtained 
fo r  sandstones w i t h  no calcareous cement i f  these values 
were included. These calcareous zones have 1 i t t l e  or  no 
permeability and were excluded Prom net sand porosity 
calculations.  Porosity calculated from the FDC data,  when 
averaged over the cored in terva l ,  closely matched average 
core porosity . Log-derived porosity general l y  varied by 
l e s s  than 1 percent from core porosity. 

Matrix travel times used t o  calculate  porosity from the 
BHC tool are  55.5 microseconds/foot i n  Tert iary sandstones 
and 52.5 m i  croseconds/foot i n the- more compacted and 1 i t h i  f i ed 
Late Cretaceous sandstones below 12,780 fee t .  Sonic porosi t ies  
for  Tertiary sandstones were corrected for  undercompaction 
by a compaction factor  derived from travel times i n  adjacent 
shales. 

Sonic and neutron porosi t ies ,  when averaged over cored 
i nterval s ,  a re  consistently higher than core porosity by about 
5 t o  15 porosity percentage points. This is  due t o  the high 
mud and clay content of the sandstones, t o  which these tools  
respond i n  the same manner as  t o  porosity. 

Porosity, and the log data from which i t  was derived, 
a r e  shown for  s t rat igraphic zones B ,  C-1 ,  and C-2 i n  tables  
8 ,  10 and 12. Shale volumes, net sandstone, e f fec t ive  porosity, 
and porosity-feet were evaluated from the data in these 
tables  and are shown i n  t ab les  9 ,  11, and 13. 

Net sandstone was derived primarily from the SP curve. 
Sandstone intervals  tha t  had SP deflections of a t  l e a s t  
-10 m i  1 1 i vol t s  (mv) were assumed t o  have some permeabi 1 i t y  . 
Shale or mudstone interbeds and highly cemented s treaks of 
sandstone were excluded i n  the calculation of net sandstone. 

The ef fec t ive  porosity of net sandstone was obtained by 
subtracting the porosity component of shale or  mudstone from 
the to ta l  porosity. Two di f ferent  techniques were used t o  
cal cul a t e  shal e volume ( V s h )  . 

One technique used the gamma-ray curve t o  determine Ysh. 
This procedure uses shale (GRsh) and clean sandstone (GRss) 
val ues from the curve to  determine the gamma-ray i ndex ( IGR) 
from the formula: 
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GRlog - GRss 
IGR = GRsh - GRss 

The Vsh i s  then ca lcu la ted  from the  I G R  by the f o l l ow ing  
formulas (Asquith, 1982, p. 103): 

T e r t i a r y  rocks (unconsol idated) : 

Cretaceous rocks (consol idated)  : 

Vsh = 0.33 ( 2  2IGR - 1:O) 

The problem w i t h  t h i s  technique i s  t he  d i f f i c u l t y  i n 
determining a value f o r  c lean sandstone i n  t h i s  we1 1. No 
c lean quartz sandstones a re  present i n  t h e  T e r t i a r y  sect ion.  
A r e l a t i v e l y  t h i c k  coal bed a t  15,153 f e e t  i n  the  Cretaceous 
sect ion was used f o r  t he  c lean sandstone value. However, t he  
d i f f e rence  i n  borehol e environment (ho le  size, mud weight, 
compaction, e tc . )  between t h e  T e r t i a r y  sandstones and t h e  coal 
bed probably a f f ec ted  the gamma-ray curve response. Because 
of t h i s ,  t he  c lean sandstone value i s  uncerta in,  as i s  t h e  
shale volume determined by t h i s  technique f o r  T e r t i a r y  
sandstones. 

The o ther  technique employed a neutron-density c rossp lo t  
t o  g raph i ca l l y  determine Vsh and e f f e c t i v e  p o r o s i t y  ( f i g .  53) 
(Schl umberger, 1972, p. 96; Schlumberger, 1974, p. 40-42). 
Neutron and dens i ty  p o r o s i t i e s  were determined i n  shale 
i nterva l  s w i  t h i  n the T e r t i a r y  sandstone sequence from 3,900 
t o  7,300 feet ,  and these data were then crossp lo t ted.  Clean 
sandstone and shale l i n e s  were determined, and Vsh and 
e f f ec t i ve -po ros i t y  l i n e s  were constructed w i t h i n  these base 
1 i nes. Averaged neutron and dens i ty  porosi  t i e s  from ne t  
sandstone i n t e r v a l s  were then p l o t t e d  t o  determine Vsh and 
e f f e c t i v e  po ros i t y  . Thi s technique y i e l d e d  more accurate 
po ros i t y  and Vsh f o r  t h i s  we l l  than d i d  the  gamma-ray 
technique. Vsh from the  c rossp lo t  i s  based on the  
simultaneous so lu t i on  o f  two d i f f e r e n t  l o g  curves from a 
1 arge number o f  sample points.  This i s  i n  con t ras t  t o  Vsh 
from the  gamma-ray index, which i s  der ived from a s i n g l e  1 og 
curve t h a t  i s  dependent on the  presence o f  t h i ck ,  r e l a t i v e l y  
pure 1 i tho1 ogi  c end members. 

E f f e c t i v e  po ros i t y  was ca l  cu l  a ted from the  neutron- 
dens i ty  c rossp lo t  and from sonic po ros i t y  by us ing Vsh from 
the  I G R .  The two e f f e c t i v e  po ros i t y  values ca lcu la ted  from 
two d i f f e r e n t  logs  by us ing two d i f f e r e n t  techniques were 
averaged f o r  each sandstone. 
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FIGURE 5 3 .  NEUTRON-DENSITY CROSSPLOT OF TERTIARY SANDSTONE INTERVALS, 
NAVARIN BASIN COST NO. I WELL. 





A comparison of e f f e c t i v e  porosity (ca lcu la ted  from the  
wire l ine  logs o r  modal analyses of t h i n  s ec t i ons )  and measured 
core  poros i t i es  from Ter t i a ry  sandstones shows t h a t  the  core  
po ros i t i e s  a r e  generally 20 t o  25 porosity percentage points  
higher ( f i g .  54).  Density porosi ty ,  uncorrected f o r  sha le  
content ,  more c lose ly  matches t h e  core  porosity than does t h e  
ca lcu la ted  e f f e c t i v e  porosity.  Despite t h i s  d i spa r i t y ,  t he  
e f f e c t i v e  porosity calcula ted from the  1 ogs probably more 
accurately r e f l e c t s  t r ue  e f f ec t i ve  porosity than e i t h e r  t h e  
core porosity o r  t he  c lose ly  matching uncorrected density 
porosity.  Petrographic ana lys i s  of t h i n  sec t ions  made from 
conventional cores  (AGAT,  1983) showed l a rge  amounts of t o t a l  
porosity t o  be in the form of i ne f f ec t i ve  microporosity in  
t he  in tergranular  d e t r i t a l  matrix and i n  t he  authigenic 
matrix of c lays  and cement. In tergranular  o r  dispersed c lay  
o r  sha le ,  which i s  subjected only t o  hydrosta t ic  r a the r  than 
overburden pressure,  can be expected t o  contain more bound 
water than s t ruc tu r a l  o r  laminar shales .  I f  during core  
analysis  t he  loosely bound water of the  dispersed shale  i s  
removed by t he  drying process, i t  resul t s  i n  an increased 
porosity measurement (Schl umberger, 1972, p. 91) .  This e f f e c t  
probably a f fec ted  core  measurements in  t h i s  well .  However, 
t h i s  e f f e c t  alone is probably not l a rge  enough t o  account f o r  
t he  observed core-versus-effective-porosity di f ferences .  The 
microporosity of the  in tergranular  sha le  component of the  
sands i s  apparently permeable t o  t he  he1 i urn empl oyed in  t h e  
core ana lys i s  and i s  detected as  p a r t  of t he  t o t a l  porosity 
( f i g .  54). Modal analyses of the  e f f e c t i v e  mesoporosi t i e s  
from th in  sect ions  match e f f ec t i ve  po ros i t i e s  ca lcu la ted  from 
the  neutron-density c rossp lo t  t o  w i t h i n  1 o r  2 percent when 
both a r e  averaged over the  i n t e rva l s  of conventional cores .  
Effect ive  porosity from the  neutron-density c ro s sp lo t  and 
modal ana lys i s  from th in  sec t ions  made from sidewall cores do 
not match nearly a s  well.  T h i s  i s  probably because of t h e  
d i s rup t ive  e f f e c t s  of the  percussion sidewall coring process 
on rock f ab r i c  and the  improbability of exac t ly  matching t h e  
sidewall core depths with equivalent  log depths. 

Effect ive  poros i t i es  ca lcu la ted  from t h e  sonic log do 
not  match visual es t imates  from the  conventional-core t h in  
sect ions  nearly a s  we1 1 a s  e f f e c t i v e  po ros i t i e s  from t h e  
neutron-density c rossp lo t  do. This i s  because t he  poorly 
consolidated Ter t iary  sands a r e  a poor medium f o r  t he  
transmission of acoust ic  waves and because Vsh employed in  
t he  sonic ca lcu la t ion  was determined by t h e  IGR method, which 
i s  l e s s  r e l i a b l e  than the  c rossp lo t  technique f o r  t he  reasons 
out1 ined above. 

Petrographic analysis  a1 so  revealed t h a t  a s i g n i f i c a n t  
port ion of t he  framework grains  of these  Ter t i a ry  sandstones 
a r e  i n  the  form of c lay-r ich l i t h i c  fragments. These l i t h i c  
g ra ins ,  along w i t h  t he  in te rgranula r  c lay and sha le  matrix, a r e  
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read by the  logs  a s  shale.  T h i s  accounts f o r  the  very high 
Vsh values calcula ted from the  logs .  A comparison of Vsh 
values from the  logs  and petrographic analyses of t h i n  sec t ions  
of conventional cores  3 through 5 i nd i ca t e s  t h a t  c lay-r ich 
l i t h i c  gra ins  o r  s t r uc tu r a l  sha le  accounts f o r  30 t o  70 percent 
of t h e  Vsh calcula ted from 1 ogs. T h i s  expla ins  t he  presence 
of e f f e c t i v e  porosity i n  sandstones t h a t  have apparent shale  
volumes of 50 percent o r  more. 

DESCRIPTION OF STRATIGRAPHIC ZONES 

The Navari n Basin COST No. 1 we1 I i s  divided i n t o  11 
zones ( pl . 1) based on 1 i thol ogic,  d i  agenetic,  and petrophysical 
log cha rac t e r i s t i c s .  The nomenclature and zone boundaries 
used by AGAT (1983) t o  subdivide the  well a r e  generally 
followed here t o  f a c i l  i t a t e  comparison between t h e  d i f f e r e n t  
repor ts .  

The Navarin well i s  divided i n t o  two major sec t ions  by 
an angular unconformity a t  12,780 f e e t  which separa tes  Ter t iary  
and Late Cretaceous rocks. The Ter t i a ry  rocks a r e  subdivided 
i n t o  zones labeled A through F ,  and t h e  Cretaceous rocks 
i n t o  'zones labeled G/H and I .  Some of t he  zones a r e  f u r t h e r  
subdivided where s i g n i f i c a n t  d i f fe rences  w i t h i n  them e x i s t .  - 
Detailed descr ipt ions  of each zone a r e  given below. 

Zone A-1  (1,497 t o  3,565 f e e t )  

Rotary d r i l l  b i t  cu t t i ngs  and sidewall cores from this  
in terval  cons i s t  of poorly consol idated and poorly sor ted  
diatomaceous, sandy mudstone and sandy diatomaceous ooze. 
The SP and gamma-ray curves record few def lec t ions  from 
base l i n e  responses over much of this zone and i nd i ca t e  
re1 a t i ve ly  constant  1 i thol ogy . However, from the top. of 
this in terval  t o  a depth of 1,860 f e e t  t he  gamma-ray curve 
does record several coarsening-upward sequences of bedding. 
The sequences range i n  thickness from 40 t o  60 fek t .  

The DLL curves show l i t t l e  def lec t ion  over most of 
Zone A-1. The curves record a general downward decrease i n  
r e s i s t i v i t y  because of increas ing temperature and pore 
pressure gradients  w i t h  depth. The re1 a t i ve ly  feature1 e s s  
charac te r  of t h e  DLL curves i s  due t o  t h e  r e l a t i ve ly  constant  
1 i thol ogy of the  sediments and the  1 ow r e s i  sti v i  t y  con t r a s t  
between the  saltwater-base mud and formation water. 

Comparison of t he  BHC and LSS logs  ind ica tes  t h a t  t h e  
BHC log is  inva l id  from 1,497 t o  1,800 f e e t  and from 1,900 t o  
2,165 f e e t  because of cycle  skipping. E l  sewhere i n  th is  
zone, t h e  BHC log records in terval  t r a n s i t  times which gradually 
decrease downward from about 175 microseconds/foot near 
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1,800 f e e t  t o  about 160 microsecbnds/foot a t  the base of the 
zone. The decrease i s  a t t r ibuted  t o  i ncreasi ng overburden 
pressure and compaction w i t h  depth. 

The b u l k  density recorded on the FDC log generally ranges 
from about 1.60 t o  1.80 grams per cubic centimeter (g/cm3). 
In the upper pa r t  of t h i s  zone, where the coarsening-upward 
beds occur, the b u l k  density i s  more variable, ranging from 
1.65 t o  1.95 g/cm3. The CNL-FDC 1 og records density and 
neutron porosi t ies  generally ranging from 53 t o  63 percent. 
These porosi t ies  a re  a1 so more variable i n  the upper 
coarsening-upward sequences, where they range from 45 t o  63 
percent. 

The logs throughout Zone A - 1  record local deflections or 
spikes of short  interval t r a n s i t  times, high b u l k  density, 
low porosity, and high re s i s t iv i ty .  These are interpreted t o  
be hard, highly cemented zones of carbonate cement. 

Arrow plo ts  of d i p s  from the HDT 1 og show widely scattered 
measurements of random dip direct ions and variable d i p  angles. 
Because seismic sections indicate the s t r a t a  a re  f l a t  lying 
a t  this depth, many of these d i p  measurements a re  probably 
invalid. The randomness and s c a t t e r  of the recorded dips 
are  probably due t o  borehol e rugosi ty , poor r e s i s t i v i t y  
contrasts ,  and the inherent d i f f i cu l ty  in obtaining 
measurements from the bioturbated, unconsolidated sediments. 

-No hydrocarbon shows were reported i n  t e s t s  of rock 
cut t ings samples. However, the Formation Evaluation Log 
(mud log) recorded high background methane gas contents 
ranging from about 40 t o  120 gas units.  

The abundant diatoms, shell  fragments, and relat ively 
f ine  grai ned sediments present indicate  deposition i n a mari ne 
she1 f environment. The coarseni n4-upward sequences and 
generally sandier sediments of the upper par t  of th i s  zone 
may indicate progradati onal deposition i n a sl i ghtly higher 
energy environment. 

Zone A-2 (3,565 t o  3,860 f e e t )  

Cuttings and sidewall and conventional cores indicate  
1 i t t l  e s igni f icant  difference i n  1 i tho1 ogy between this  zone 
and Zone A-1.  However, wire1 ine-1 og s h i f t s  record marked 
a1 t e r a t i  ons i n physical properties of the sediments. These 
a1 te ra t ions  are  interpreted t o  be the r e su l t  of diagenetic 
processes and related pore pressure changes from Zones A - 1  
t o  A-2. Changes in  the physical properties of diatomaceous 
sediments have been shown t o  accompany the diagenetic 
transformation of biogenic opal-A of diatom t e s t s  t o  other 
forms of s i l i c a .  These changes include marked increases in 



cementation, b u l k  density , hardness, cohesion, b r i t t l eness ,  
and a marked decrease in porosity (Isaacs and others ,  1983). 
These are the same types of physical changes indicated by 
the wireline-log responses, which increase progressively 
downward in Zone A - 2  ( see  Bottom-Simulating Reflector 
chapter). 

The increase i n  hardness and cohesion is  ref lected by 
the sonic log, which records a rapid decrease in interval 
t r a n s i t  time from 160 t o  145 microseconds/foot followed by an 
abrupt decrease t o  130 t o  135 microseconds/foot a t  the base of 
the zone. The increase i n  hardness and cohesion i s  a lso 
reflected on the dril l ing-time log which recorded harder and 
slower d r i l l ing  a t  the lower boundary of t h i s  zone. The 
increase i n  b u l k  density i s  recorded on the FDC log, which 
shows a gradual increase from 1.70 t o  1.90 g/cm3, followed 
by a sudden increase t o  2.10 g/cm3 i n  the basal 10 f e e t  of 
the zone. Density porosity recorded on the CNL-FDC log 
decreases rapidly from 60 to  45 percent, with an abrupt 
decrease t o  about 35 percent in the bottom 10 fee t  of the 
interval . 

The porosity loss  due to  the expulsion of excess pore 
f lu ids  and increased cementation i s  ref lected on the DLL 
curves, which record increasing r e s i s t i v i t y  through t h i s  
zone. This reverses the trend of decreasing r e s i s t i v i t y  downhole 
observed in the overlying Zone A - 1 .  The permeability decrease 
associated with the 1 arge porosity 1 oss resul ted i n  a sl i g h t  
positive s h i f t  of the base l ine  of the SP curve. ' A  similar 
base l i n e  s h i f t  of the gamma-ray curve toward higher 
radioactivity through Zone A-2  is probably caused by water 
loss  in mudstones and claystones and the consequent re la t ive  
increase i n  bulk clay content associated with increased 
compaction. 

No hydrocarbon shows were reported i n  t e s t s  on cut t ings 
samples, b u t  the mud log recorded high background methane gas 
content throughout the zone. 

The Dipmeter log also recorded a change. The pooled 
arrow plot  shows a s h i f t  from widely scat tered random dips 
a t  the top of the zone, to  a higher frequency of measurements 
tha t  are  more densely grouped with respect t o  d i p  angle 
(generally l e s s  than 10 degrees) and l e s s  random in direction 
as  the base of the section i s  approached. T h i s  i s  pa r t i a l ly  
the r e su l t  of the increasing consolidation and development 
of r e s i s t i v i t y  contrasts  between laminae, and f a c i l i t a t e s  
signature correlation and dip measurement by the HDT.  

Zone B (3,860 t o  5,010 f e e t )  

Conventional and sidewall cores and cut t ings indicate 
tha t  t h i s  zone consis ts  of very f ine  t o  fine-grained sandstone 
and muddy sandstone, which is poorly sorted ( t o  local ly well 
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sorted) and bioturbated.  The sandstone i s  interbedded w i t h  
s i l t s t o n e  and s i l t y  mudstone. The abundant diatoms 
c h a r a c t e r i s t i c  o f  the A Zones are r a r e  t o  absent i n  Zone B. 
The c h i e f  sandstone g ra i  n  types i ncl  ude quartz, f e l  dspar 
(mainly p lag ioc lase)  , and 1 i t h i c  fragments (mainly vo lcan ic) .  
The quartz content  i s  30 t o  40 percent. The c l a y  ma t r i x  
cons is ts  p r i m a r i l y  o f  i l l i t e  and smecti te (mainly i n  mixed- 
l a y e r  form) w i t h  minor amounts o f  c h l o r i t e .  

As discussed prev ious ly  i n  the sect ion on borehole 
cond i t i on  and l o g  qua1 i ty ,  sandstones are d i f f i c u l t  t o  
de l ineate  on logs from t h i s  zone. The SP, r e s i s t i v i t y ,  and 
gamma-ray curve responses are a l l  poor, and as a  consequence, 
the  sand/shal e  r a t i o  i s  d i f f i c u l  t t o  estimate. Conventional 
and s idewal l  cores recovered p r imar i  l y  muddy, very f i ne 
grained sandstone, bu t  the  cu t t i ngs  1  i tho1 ogy 1  og ind ica tes  
t h a t  mudstone and s i l t s t o n e  are more abundant than sandstone. 

Sandstones t h a t  had negative SP 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  (mv) were evaluated f o r  po ros i t y  and e f f e c t i v e  
po ros i t y  . Thi r teen such sandstones, ranging i n  th ickness 
from 5 t o  25 f e e t  and t o t a l i n g  193 f e e t  (aggregate), were 
i d e n t i f i e d .  . Porosi ty,  uncorrected f o r  shale content, and 
o ther  s i g n i f i c a n t  l o g  data from Zone B are shown i n  t a b l e  8. 
Densi ty po ros i t y  i n  t ab le  8 was ca lcu la ted  by us ing a  ma t r i x  
densi ty o f  2.67 g/cm3. This was der ived from the  average 
sandstone g ra i n  densi ty i n  conventional core 2  (4,184 t o  
4,210 f ee t ) .  The average core. po ros i t y  o f  34.0 percent 
(exc l  ud i  ng two measurements from t i g h t  calcareous streaks) 
compares favorably t o  the  average po ros i t y  o f  34.7 percent 
ca lcu la ted  from the dens i ty  l o g  o f  t h i s  core i nterva l  . 
Density po ros i t y  values from the  13 sandstones range from 
32 t o  41 percent. Neutron and sonic p o r o s i t i e s  are genera l ly  
5  t o  10 poros i t y  percentage po in t s  h igher  because o f  the  
h igh c l ay  content  o f  these sandstones. These po ros i t i es  
cor rected f o r  shale o r  c l a y  content  are shown i n  t a b l e  9. 

Neutron-densi t y  e f f e c t i v e  po ros i t i es  o f  these 'sandstones 
range from 3.5 t o  20 percent and have a weighted mean o f  
12.5 percent. The aggregate sand value f o r  t h i s  zone i s  
193 fee t .  Modal analyses o f  e f f e c t i v e  po ros i t y  i n  t h i n  
sect ions from the permeable p o r t i o n  o f  core 2  were compared 
w i t h  e f f e c t i v e  po ros i t y  from the  logs.  The average value o f  
8.4 percent f o r  t h i  n-sect i  on poros i t y  c l ose l y  matches t he  
8.3 percent average po ros i t y  obtained from the  neutron-density 
crosspl  o t .  

I n  these sandstones, shale volumes ca l  cu l  a ted from 1 ogs 
are high. Shale volumes vary from 32 t o  78 percent, depending 
on which method i s  used. The shale volume der ived by the  
gamma-ray technique i s  o f t e n  10 t o  20 percent lower than 
t h a t  der ived by t he  neutron-densi t y  method. Both methods 



Table 8 .  Sandstone interval  log data and porosity averages, Zone B: 3,860 t o  
5,010 f e e t  

Bulk Interval  Porosity Gamma-Ray 
Interval  Densi t v  Trans i t  Time Densi t v  Neutron Son1 c Index 
( f e e t )  ( g/cm3j (microseconds/foot) (percen t )  ( percent) ( percent)  

Tab1 e 9. Net sandstone, shale  volume, e f f ec t i ve  porosity , and porosi ty - fee t ,  
Zone B: 3,868 t o  5,010 f e e t  - 

- 
Shale Shale 

tJe t Vol ume Vol ume Effect ive  Porosity 
Sandstone Gamma-Ray Neutron- Neutron- ~ o r o s  i ty2 

Interval ~ h i c k n e s s l  Index Density Sonic Density Average x 
( f e e t )  ( f e e t )  (percent)  (percent)  (percent)  (percen t )  (percent)  Feet 

4,010-4,025 15 4 3 4 2 19 20 19.5 30 0 
4,110-4,123 13 38 54 23 17 20 22 1 
4,156-4,166 8 4 6 47 18 17.5 18 140 
4,200-4,220 20 46 58 17 13.5 15 270 
4,294-4,300 6 . 41 6 6 11 5.5 8 33 
4,433-4,438 5 54 78 10 6 8 30 
4,453-4,478 25 39 5 7 19 13.5 16 337.5 
4,550-4,560 10 65 56 12 11 11.5 110 
4,585-4,610 2 5 4 1 7 1 20 7.5 14 187.5 
4,680-4,695 15 4 9 73 13 3.5 8 52.5 
4,712-4,728 16 43 66 2 0 8.5 14 136 
4,735-4,760 2 5 32 59 27 16 21.5 400 
4,770-4,780 10 32 5 9 27 16.5 2 2 165 

1. Net sandstone i s  defined a s  sandstone w i t h  an SP def lec t ion  of a t  l e a s t  -10 mi l l i vo l t s  

2. Neutron-densi t y  porosity 



yiel  d h i g h  shale vol umes, however. Petrographic analysi s of 
t h i n  sections from core 2 indicates t h a t  the Vsh consis ts  of 
about 70 percent i ntergranul a r  shale matrix ( d i  spersed shale) 
and 30 percent clay-rich 1 i t h i c  grains (s t ruc tura l  shal e)  . 
I t  a lso indicates t h a t  the Vsh from the log crossplot 
(70 percent) i s  h i g h  re la t ive  t o  visual estimates from t h i n  
sections (50 percent). 

D i p  angles a re  generally l e s s  than 10 degrees, w i t h  a 
few dips of 20 t o  35 degrees. Because seismic sections do 
not show s igni f icant  d i p s  i n  re f lec tors  above 12,800 fee t ,  
d i p s  steeper than about 4 degrees are  interpreted as  
crossbeddi ng o r  m i  scorrel ations.  Rose diagrams of the 
d i p  direct ions are  general ly polymodal and vary considerably 
from plo t  t o  plot. The absence of consistent direction 
indicators suggests a depositional environment characterized 
by variabl e current directions.  

No hydrocarbon shows were reported i n  t e s t s  of the rock 
cuttings samples from Zone B. The high background methane 
gas contents recorded by the mud log i n  Zones A-1  and A-2 
decrease across Zone B from 100 gas u n i t s  a t  the top t o  about 
40 u n i t s  a t  the base. 

B i  oturbation and the presence of marine fossi  1 s indicate 
deposition i n  a marine shelf environment. The increase i n  
sandstone i n  t h i s  interval re la t ive  t o  t h a t  of the A Zones 
indicates higher depositional energy and suggests a mid-shelf 
environment. 

Zone C - 1  (5,010 t o  5,360 f e e t )  

T h i s  zone i s  characterized by thinly bedded sandstones 
w i t h  secondary interbeds of mudstone o r  claystone. The 
r e s i s t i v i t y  curves indicate t h a t  individual sandstone beds 
are  generally 10 f e e t  thick o r  less .  There appears t o  be a 
s igni f icant  increase i n  the sand/shale r a t i o  i n  t h i s  zone (2.3) 
re la t ive  t o  Zone B (0.8). Lithologic data from core 3, 
sidewall cores,  and cut t ings indicate t h a t  the sandstone is  
f r i ab le ,  poorly sorted, very f ine  t o  f i n e  grained, bioturbated, 
and muddy. In core 3, sandstone c l a s t s  (gra ins)  are  composed 
of about 25 percent quartz, w i t h  the remainder consisting of 
about equal parts  feldspar and l i t h i c  fragments. The 
i ntergranul a r  clay matrix consi s t s  of m i  xed-1 ayer i l l  i te-  
smecti t e ,  smecti t e ,  ch lor i te ,  and minor amounts of i l l  i te .  

The r e s i s t i v i t y  of the mud f i l t r a t e  used i n  d r i l l  i n g  
t h i s  zone (and most of the  remainder of the  we1 1 j was about 
twice tha t  used i n  d r i l l i n g  the upper 5,000 fee t .  
Consequently, SP and r e s i s t i v i t y  curve deflections through 
sandstone intervals  are  amplified because of the greater  
r e s i s t i v i t y  contrast  between the mud f i 1 t r a t e  and the formati on 



water. The r e s i s t i v i t y  of sandstone in t h i s  zone i s  generally 
1.5 t o  2.0 ohm-meters (ohm-m). SP def lec t ions  a r e  -10 t o  
-25 mv. The gamma-ray log recorded l i t t l e  o r  no con t r a s t  in 
rad ioac t iv i ty  between the  sandstones and mudstones, which 
suggests a high c lay content i n  the  sandstones. 

Sandstones w i t h  some permeability ( ind ica ted  by SP 
def lect ions  of a t  l e a s t  -10 mv) were evaluated f o r  reservoir  
potenti a1 . Aggregate sandstone determined i n  this way to t a l  s 
127 f e e t  in this zone. The data a r e  shown i n  t ab l e s  10 and 11. 

Density porosity in t a b l e  10 was calculated by using a 
matrix density of 2.67 g/cm3 derived from the average 
sandstone grain density in core  3 (5,100 t o  5,121 f e e t ) .  
The average density-log porosity matched the  average core 
porosity within 1 percentage point .  Average sandstone density 
poros i t i es ,  uncorrected for  shale  content,  vary from 30 t o  
32 percent i n  Zone C-2. Neutron-densi ty  e f f ec t i ve  po ros i t i e s  
( t a b l e  11) range from 4.5 t o  9 percent and average 6.5 percent. 
Shale volumes derived from the two d i f f e r en t  log techniques 
vary from 28 t o  71 percent, but as  in the  overlying zone, 
about 30 percent of the  Vsh cons i s t s  of c l  ay-rich 1 i t h i c  
fragments ( s t ruc tu ra l  sha le ) .  Average e f f ec t i ve  porosity 
calculated from the  neutron-densi t y  c rossp lo t  .over the  in te rva l  
of core 3 and the  e f f ec t i ve  porosity from thin  sec t ions  of 
core 3 compare well; both average 6 percent. 

No hydrocarbon shows were reported i n  t e s t s  on cu t t ings  
sampl es. 

The Dipmeter arrow p lo t  in t h i s  zone y i e l d s  r e s u l t s  
s imi la r  t o  those obtained in  Zone B, with most dips l e s s  
than 10 degrees and var iable  i n  d i rect ion.  

Marine f o s s i l s  and the extensive bioturbation of t h e  
sandstone in core 3 indicate  a marine she l f  depositional 
environment. The high sandlshale r a t i o  and thin-bedded - 

character  of the sands a re  a t t r i b u t e d  t o  low sand inf lux,  
episodic current  t ranspor t  (possible  storm cu r r en t s ) ,  and 
1 ong residence times. 

Zone C-2 (5,360 t o  7,130 f e e t )  

This in terval  i s  characterized by cycles of thick 
coarsening-upward sandstone beds. The beds range in thickness 
from 10 t o  over 100 f e e t ,  b u t  most a r e  i n  the 30- t o  70-foot 
range. The sand/shale r a t i o  is about 2.0 f o r  this zone, with 
a t o t a l  aggregate sand count of 1,180 f e e t .  Net sand (defined 
by SP def lect ions  of a t  l e a s t  -10 m i l l i v o l t s )  t o t a l s  
945 aggregate f e e t .  Lithologic data from conventional and 
sidewall cores and cu t t ings  indicate  poorly t o  well-sorted, 
bioturbated,  very f i n e  t o  fine-grained sandstone and muddy 

Log 1 n t ~ r r p h ~ o n ,  153 



Table 10. Sandstone i n t e r v a l  1 og data and p o r o s i t y  averages, Zone C - 1  : 5,010 t o  
5.360 f e e t  

Bulk I n t e r v a l  P o r o s i t y  Gamma - Ray 
I n t e r v a l  Dens i ty  T r a n s i t  Time D e n s i t y  Neutron Sonic Index 

( f e e t )  ( g/cm31 (microseconds/foot) (percent )  (percent )  (percent )  (pe rcen t )  

Table 11. Net  sandstone, sha le  volume, e f f e c t i v e  p o r o s i t y  , and po ros i  t y - f e e t ,  
Zone C-1:  5,010 t o  5,360 f e e t  

Shal e Shal e 
Net  Vol ume Vol ume E f f e c t i v e  P o r o s i t y  

Sandstone. Gamma-Ra.y Neutron- Neutron- Porosi  t y 2  - 
I n t e r v a l  ~ h i c k n e s s l  Index - Densi ty  Sonic Dens i ty  Average x 

( f e e t )  ( f e e t )  (percent )  (percent )  (percent )  (pe rcen t )  (percent )  Fee t  

1. Net sandstone i s  de f i ned  as sandstone w i t h  an SP d e f l e c t i o n  o f  a t  l e a s t  -10 m i l l i v o l t s  

2. Neutron-densi t y  p o r o s i t y  



sandstone, in terbedded w i t h  s i l t s t o n e  and s i l t y  mudstone. 
Sand g r a i  n  and i ntergranu l  a r  m a t r i x  composi t ions a re  s i m i l  a r  
t o  those o f  Zones B and C-1.  

The gamma-ray curve, as i n  t h e  o v e r l y i n g  zones, d i s p l a y s  
1  i t t l e  o r  no d e f l e c t i o n  through sandstone i n t e r v a l  s. The SP 
curve, however, e x h i b i t s  t h e  1 a rges t  d e f l  e c t i  ons observed i n  
t h e  we1 1  , general l y  -25 t o  -30 mv. A1 though t h e  magnitude o f  
these SP d e f l e c t i o n s  cannot be d i r e c t l y  r e l a t e d  t o  pe rmeab i l i t y ,  
they  do i n d i c a t e  t h a t  t h e  b e s t  p o t e n t i a l  r e s e r v o i r s  i n  t h e  
we1 1  a re  w i t h i n  , t h i s  zone. The sandstones a r e  we1 1  d e f i n e d  
by t h e  r e s i s t i v i t y  curve as w e l l ,  w i t h  r e s i s t i v i t i e s  o f  1.5 
t o  2.5 ohm-meters a g a i n s t  a  sha le  background o f  0.9 ohm-meters. 

Dens i ty  p o r o s i t  ( t a b l e  12) was c a l c u l a t e d  us ing  a  m a t r i x  3 d e n s i t y  o f  2.69 g/cm de r i ved  from t h e  average sandstone 
g r a i n  d e n s i t y  data from co re  5  (6,370 t o  6,393.3 f e e t ) .  Data 
from co re  4  ( a l s o  i n  t h i s  zone) were n o t  used because t h i s  co re  
sampl ed  a  h igh-densi  t y  c a l  c i  te-cemented i n t e r v a l  , and t h e  g r a i n  
dens i t y  va l  ues a re  n o t  rep resen ta t i ve .  Average dens i t y  
p o r o s i t y  c a l c u l a t e d  f o r  t h e  i n t e r v a l  o f  c o r e  5  was w i t h i n  1  
percentage p o i n t  o f  t h e  average core  p o r o s i t y .  Average 
sandstone p o r o s i t i e s  c a l c u l  a t e d  f rom t h e  d e n s i t y  1  og and 
uncor rec ted  f o r  sha le  c o n t e n t  ( t a b l e  12) range f rom 24.5 t o  
33.5 percent .  

Sandstone p o r o s i t i e s  c o r r e c t e d  f o r  sha le  con ten t  a r e  
shown i n  t a b l e  13. Average values f o r  neutron-densi ty 
e f f e c t i v e  p o r o s i t y  range from 0  t o  18.5 pe rcen t  and have a  
mean value o f  10.8 percent .  

E f f e c t i v e  mesoporosi t y  d e t e m i n e d  by modal a n a l y s i s  
o f  t h i n  sec t i ons  from co re  5  averages 11.7 percent .  E f f e c t i v e  
p o r o s i t y  c a l c u l a t e d  by t h e  neutron-densi ty  c rossp l  o t  method 
f o r  t h e  same i n t e r v a l  averages 11.8 percent .  The Vsh 
c a l c u l a t e d  from t h e  neut ron-dens i ty  c r o s s p l o t  a l s o  matches 
t h e  v i s u a l  es t imate  q u i t e  c l o s e l y .  Both methods 
i n d i c a t e  a  Vsh.of  41 t o  42 percent .  The pe t rog raph ic  
a n a l y s i s  i n d i c a t e s  t h e  Vsh c o n s i s t s  o f  about  30 pe rcen t  
d ispersed and 70 pe rcen t  s t r u c t u r a l  shale. T h i s  marks a  
no tab le  decrease i n  t h e  r a t i o  o f  d ispersed t o  s t r u c t u r a l  
sha le  from t h a t  i n  sandstones i n  Zones B and C-1,  and 
i n d i c a t e s  t h a t  sandstones i n  t h i s  zone a r e  c leaner  and 
b e t t e r  sor ted.  

Rese rvo i r  p o t e n t i a l  tends t o  be b e t t e r  i n  t h e  upper 
p a r t s  o f  t h e  sandstone beds i n  t h i s  zone. The SP and 
r e s i s t i v i t y  curves d i ve rge  upward and i n d i c a t e  t h a t  these 
sandstones grade upward f rom mudstone and s i l t s t o n e  near  
t h e  base t o  r e l a t i v e l y  c lean  sandstone a t  t h e  top. The 
upper con tac ts  o f  these beds w i t h  o v e r l y i n g  s t r a t a  tend  
t o  be sharp, i n  c o n t r a s t  t o  t h e  g rada t i ona l  lower  con tac ts .  

Log 7 n t e & p & c t a t i o n ,  755  



Table 12.  Sandstone i n t e r v a l  l o g  d a t a  and p o r o s i t y  averages, Zone C-2: 
5,360 t o  7,130 f e e t  

Bulk I n t e r v a l  P o r o s i t y  Gamma- Ray 
I n t e r v a l  Densi tv  T r a n s i t  Time Densi t v  Neutron Sonic Index - 

( f e e t )  ( g/cm3j (mi croseconds/foot) ( perce&) ( p e r c e n t )  ( p e r c e n t )  ( p e r c e n t )  



Table 13. Net sandstone, shale volume, e f f e c t i v e  p o r o s i t y ,  and po ros i  t y - f e e t ,  
Zone C-2: 5,360 t o  7,130 f e e t  

- 
Shal e Shale 

I n t e r v a l  
( f e e t )  

5,360-5,371 
5,382-5,410 
5,430-5,457 
5,485-5,600 
5,625-5,657 
5,664-5,695 
5,708-5,800 
5,818-5,850 
5,875-5,900 
5,942-5,970 
5,979-5,992 
6,013-6,043 
6,057-6,067 
6,080-6,145 
6,172-6,219 
6,240-6,251 
6,265-6,310 
6,344-6,400 
6,429-6,458 
6,478-6,498 
6,529-6,550 
6,582-6,602 
6,637-6,703 
6,710-6,750 
6,780-6,837 
6,879-6,900 
6,930-6,953 
7,010-7,020 

Net  Vol ume Vol urne E f f e c t i v e  P o r o s i t y  
Sandstone Gamma-Ray Neutron- Neutron- ~ o r o s i  ty2 
~ h i c k n e s s l  Index Densi ty  Sonic Dens i ty  Average x 

( f e e t )  (percent )  (percent )  (percent )  (percent )  (percent )  Feet - 

1. Net sandstone i s  def ined as sandstone w i t h  an SP d e f l e c t i o n  o f  a t  l e a s t  -10 m i l l i v o l t s  

2. Neutron-densi ty p o r o s i t y  
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Th is  type o f  v e r t i c a l  sequence suggests a progradat iona l  
c y c l e  o f  gradual l y  i ncreasi  ng depos i t i ona l  energy and 
p r o x i m i t y  t o  wave base du r ing  t h e  depos i t i on  o f  each 
sandstone bed. 

A few sandstone beds have b locky  o r  f in ing-upward 
con f igu ra t ions  on t h e  SP and r e s i s t i v i t y  curves and probably 
represent  a d i f f e r e n t  sedimentary environment from t h a t  o f  
t h e  progradi  ng sand bodies. Such p r o f  i 1 es a re  c h a r a c t e r i  s t i  c  
o f  sandstones deposi ted i n  channel s. These depos i t i ona l  
sequence pa t te rns ,  and the presence o f  b i o t u r b a t e d  sediments, 
abundant marine f o s s i l s ,  and glauconi te,  a l l  i n d i c a t e  
depos i t i on  i n  a middle she1 f s e t t i n g .  I f  these sands 
represent  the  d i s t a l  f a c i e s  members o f  a d e l t a i c  sequence, 
t h e  c l a s t i c  wedge w i t h  which they may be assoc ia ted has 
n o t  been i d e n t i f i e d  w i t h i n  the  basin. 

Most d i p s  recorded by t h e  Dipmeter arrow p l o t  a r e  10 
degrees o r  l ess .  D ip  d i r e c t i o n s  a re  q u i t e  va r iab le .  
Aggregate d i p s  and d i p s  i n  mudstone and s i l  t s t o n e  i n t e r v a l  s  
have a small p r e f e r r e d  nor theast  t o  southeast d i r e c t i o n .  
Dips w i  t h i  n sandstones are  v a r i a b l e  because o f  crossbeddi ng. 
Cons is tent  d i p  d i r e c t i o n s  over small i n t e r v a l  s  o f  i n d i v i d u a l  
beds occur i n  many o f  the  sandstones. A comparison o f  
these d i r e c t i o n s  suggests a small tendency toward a bimodal 
d i s t r i b u t i o n  w i t h  modes t o  the  northwest-west and southeast. 

The 1 i tho1 ogy 1 og noted several  i n t e r v a l  s  where sampl es 
y i e l d e d  weak hydrocarbon shows i n  f luorescence t e s t s  o f  
so l  vent  c u t s  from c u t t i n g s  samples. The f l  uorescence was 
an extremely p a l e  t o  very pa le  mi lky-whi  t e  c u t  w i t h  an 
extremely pale, ye l low-whi te  res idue cut .  Th is  type o f  
show was observed throughout  most o f  t h e  zone. No 
s i g n i f i c a n t  mud gas shows were associated w i t h  the  i n t e r v a l s  
o f  sample f luorescence, and no gas e f f e c t s  were observed on 
the CNL-FDC log ,  a l though a small increase o f  about 10 u n i t s  
i n  background mud gas was r e g i s t e r e d  f rom 5,965 f e e t  t o  t h e  
base o f  t h e  zone a t  7,130 fee t .  

ZoneD-1 (7,130 t o  9,450 f e e t )  

Zone D-1 i s  predominantly mudstone and c l  aystone. 
Conventional and s idewal l  cores and c u t t i n g s  i n d i c a t e  
moderately b i o t u r b a t e d  mudstone, sandy mudstone and 
c l  aystone, and very muddy s i l  t s t o n e  and sandstone. 
X-ray d i f f r a c t i o n  data i n d i c a t e  t h a t  t h e  c l a y  f r a c t i o n  i s  
1 a rge ly  smecti t e  w i t h  secondary amounts o f  c h l o r i t e  and 
m i  nor  kao l  i n i  t e  and i 11 i te.  

The SP and gamma-ray curves show very l i t t l e  o r  no 
d e f l e c t i o n  from t h e  shale base l i n e  i n  t h i s  i n t e r v a l .  The 
r e s i s t i v i t y  curves reco rd  small d e f l e c t i o n s  from the t o p  o f  



t h e  zone t o  about 7,850 f e e t ,  p o s s i b l y  i n d i c a t i n g  t h i n n e r  
bedding o f  d i f f e r e n t  1  i t h o l o g i e s  i n  t h e  upper t h i r d  o f  t h e  
zone. Overal l  , t h e  r e s i  s t i  v i  t y  gradual l y  increases f rom 
about 1 ohm-meter a t  t h e  top  o f  t h e  zone t o  about  2 ohm-meters 
a t  t h e  base. Th is  gradual increase i s  a  f u n c t i o n  o f  
i nc reas ing  compaction w i t h  depth and, poss ib ly ,  a  gradual 
downward increase i n  the  q u a r t z / c l  ay r a t i o  ( i nd ica ted  by 
X-ray d i f f r a c t i o n  data o f  bu l k  sediment contents  from cores 
6  through 9 )  .. An increase i n  t h e  sand/mud r a t i o  w i t h  depth 
i s  a1 so i n d i c a t e d  by t h e  s idewa l l  cores. I n  t h e  lower  t h i r d  
o f  t h e  zone, t h e  s idewal l  core  samples a r e  i d e n t i f i e d  as very 
muddy, very f i n e  gra ined sandstone. 

The BHC l o g  records a  gradual dec rease- in  average i n t e r v a l  
t r a n s i t  t ime f rom 110 t o  100 microseconds/ foot  f rom t h e  top  
o f  t h e  zone t o  9,050 f e e t .  Below t h i s  ( f rom about 9,050 t o  
9,450 f e e t ) ,  t h e  sonic curve steepens and t r a n s i t  t imes 
decrease another  10 microseconds/ foot  i n  on ly  350 t o  400 
f e e t ,  a  f i v e - f o l d  increase i n  t h e  r a t e  o f  change. The sonic 
curve i s  va r iab le ,  w i t h  l a r g e r ,  more f requen t  d e f l e c t i o n s  i n  
t h e  upper two- th i rds  o f  t h e  zone. Th is  i s  a t t r i b u t e d  t o  t h e  
t h i n ,  d i s t i n c t  bedding s t y l e  i n  t h e  upper t h i r d  o f  t h e  zone 
(a1 so i n d i c a t e d  by t h e  r e s i s t i v i t y  curves).  

The CNL-FDC l o g s  were run  18 days l a t e r  than t h e  BHC l o g  
i n  t h i s  zone.. Hole washouts and o v e r a l l  borehole s i z e  
( recorded on t h e  c a l  i per  curves) bo th  i ncreased cons iderab ly  
du r ing  t h i s  t i v e ,  and t h e  dens i t y  and neutron curves were 
adversely a f fec ted .  Washouts and h o l e  enlargements were 
p a r t i c u l a r l y  severe f rom 7,460 t o  8,160 f e e t .  Here t h e  
dens i t y  and neutron curves f l u c t u a t e  w i l d l y  and a r e  probably 
i n v a l  i d .  The h i g h  con ten t  o f  smect i te ,  an expanding c lay ,  i n  
t h e  mudstones o f  t h e  upper p a r t  o f  t he  zone was probably a  
major  f a c t o r  i n  t h e  severe washouts. Below 8,490 f e e t ,  
t he  borehole s i z e  was genera l l y  w i t h i n  1 i n c h  o f  t h e  b i t  
s ize ,  and these two l o g  curves a r e  r e l a t i v e l y  s tab le .  

I n  t h e  basal 350 f e e t  o f  t h i s  zone (9,050 t o  9,400 f e e t )  
t h e r e  i s  a  n o t i c e a b l e  increase i n  t h e  r a t e  o f  p o r o s i t y  l o s s  
w i t h  depth on t h e  CNL-FDC 1 ogs. : Th is  i s  a1 so i n d i c a t e d  by 
measured p o r o s i t i e s  from convent ional  and s idewa l l  cores, 
which show a  l o s s  o f  a t  l e a s t  5  percentage p o i n t s  across 
t h e  basal zone. Core and dens i t y  p o r o s i t i e s  above t h e  i n t e r v a l  
a r e  genera l l y  over  20 percent;  below t h e  i n t e r v a l  they are  
general l y  l e s s  than 15 percent .  Th is  h i g h l y  consol i dated 
i n t e r v a l  may be a  "caprock" a t  t h e  top  o f  t h e  major  zone o f  
abnormal pore pressure below 9,450 f e e t  (see Abnormal Fornat ion  
Pressure chapter ) .  

Marine f o s s i  1  s, moderate b i  o t u r b a t i  on, poor so r t i ng ,  
and t h e  predominant ly  qud and s i l t  p a r t i c l e  s i z e  i n d i c a t e  t h a t  
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the  deposit ional environment was probably outer  shelf  t o  upper 
slope. The upper ha1 f of the  in te rva l  may represent  a more 
d i s t a l ,  f ine-grained f ac i e s  of the  sandstones of Zone C-2. 

The Dipmeter arrow p l o t  records dips of 10 degrees o r  
1 e s s ,  probably s t ruc tura l  i n  o r ig in ,  t h a t  exh ib i t  a strong 
north t o  nor theaster ly  t rend from the top of t he  zone t o  about 
7,350 f e e t .  From 7,350 t o  about 7,800 f e e t ,  the  dip d i rec t ion  
i s  var iable ,  b u t  has a general south t o  southeaster ly  trend,  
with local  secondary t rends  t o  the  northeast .  From 7,800 t o  
9,000 f e e t ,  the  dips steepen, w i t h  a considerable number between 
10 and 35 degrees. High-angle dip measurements a r e  sca t te red  
and probably spurious. Direction i n  t h i s  in te rva l  i s  even more 
var iable ,  b u t  two s l i g h t  t rends  a r e  apparent--one t o  the  
nor theast  and one t o  t he  northwest. From 9,000 t o  9,450 
f e e t ,  dips become shallower and have s t ronger  di rect ional  
trends t o  the  nor theast  and northwest. 

The 1 i thology log records a few very poor o i l  shows 
( s imi l a r  t o  those i n  Zone C-2 from 7,500 t o  7,800 f e e t  and 
from 8,300 t o  8,500 f e e t ) .  The shows a r e  described a s  "poor 
t o  very poor, f a i n t ,  milky ye l l  ow-white f luorescence c u t s . "  

Zone D-2 (9,450 t o  10,800 f e e t )  

This zone i s  very s imi l a r  t o  Zone D - 1  and i s  d is t inguished 
mainly by t he  diagenetic a1 t e r a t i o n  of the  c lays .  The c lays  
i n  t h i s  predominantly mudstone in te rva l  a r e  mainly i 11 i t e ,  
mixed-1 ayer i l l  i te-smecti t e ,  and ch lo r i t e ,  i n  con t r a s t  t o  
mainly smecti te i n  Zone D-1 .  The r e l a t i v e  percentage of 
c h l o r i t e  and i l l  i t e  increases w i t h  depth u n t i  1 c h l o r i t e  and 
i l l  i t e  a r e  t he  dominant c lays  a t  the  base of t he  zone (AGAT, 
1983). 

Associated w i t h  the  diagenetic a1 t e r a t i o n  of smecti t e  i s  
the  conversion of in te r1  ayer bound water i n  t h e  c lay i n t o  
f r e e  pore water. Because the  pore water requi res  40 t o  50 
percent more space than the  bound water, overpressuring of 
shal e i s  frequently associated with this diagenetic change 
(McClure, 1977). A reversal  i n  t rend recorded by the  
r e s i s t i v i t y  , sonic,  and density curves suggests overpressuri  ng 
i n  t h i s  zone. From about 9,450 t o  9,600 f e e t ,  t he  logs show 
decreasing r e s i s t i v i t y ,  bulk densi ty ,  and sonic velocity.  
Throughout t he  r e s t  of the  zone, these  logs  record l i t t l e  o r  
no increase  i n  bulk density o r  sonic veloci ty .  Shale in te rva l  
t r a n s i t  time, bulk density , and porosity a r e  re1 a t i  vely 
constant a t  about 100 microseconds/foot, 2.60 t o  2.63 g/cm3, 
and 13 t o  16 percent,  respect ively .  

The SP curve t racks  the  shale  base l i n e  throughout the  
zone. The 1 ithology log ind ica tes  t he  presence of 1 imestone 



and c a l c i t e  concretions.  Most of the  local  t h i n  spikes on 
the  r e s i s t i v i t y  , sonic ,  and density curves a r e  a resul t of 
these t h i n  carbonate beds and concretions.  

The depositional environment i s  in te rpre ted  t o  be t h e  
same a s  t h a t  of D - 1  because of s imi la r  l i thology and fo s s i l  
content. Zone D-2 may have been deposited s l i g h t l y  f a r t h e r  
offshore as suggested by the  1 ower sand 'and higher carbonate 
content of the  sediments. The Dipmeter arrow p l o t  records 
dips generally of 10 degrees o r  l e s s .  The principal  dip 
direct ion i s  west with var ia t ion  from the  southwest t o  the  
northwest. 

Traces of milky-white c u t  and residue fluorescence in  
cu t t ings  samples were noted sporadical ly  throughout t h i s  zone 
on the  l i thology log. From 10,070 t o  10,080 f e e t ,  a strong 
milky f luorescent  residue cu t  was noted. 

Zone E (10,800 t o  12,280 f e e t )  

This zone i s  characterized by s l  i ghtly s i l t y  c l  aystone 
t h a t  i s  loca l ly  moderately burrowed. I t  contains marine 
microfossil s and she1 1 mater ia l .  I t  i s  dist inguished from 
the  mudstone and claystone sequences of Zones D - 1  and D-2 by 
i t s  lower sand-sil t f r ac t i on  and a small change i n  t h e  Dipmeter 
arrow p lo t .  Dip measurements a r e  more sporadic and s l i g h t l y  
more var iable  i n  angle and d i rec t ion  i n  zone E.  This may 
be due t o  the  l e s s  well s t r a t i f i e d  character  of Zone E 
sediments r e l a t i v e  t o  Zones D - 1  and D-2. 

Log responses i n  the upper half  of Zone E a r e  very s imi la r  
t o  Zone D-2. The SP curve t r acks  the  sha le  base l i n e  and the  
r e s i s t i v i t y ,  sonic, and density curves record re1 a t i ve ly  
constant shale  responses of about 2 ohm-meters, 100 microseconds/ 
foot ,  and 2.60 g/cm3, respect ively .  There i s  no gradual 
downward s h i f t  of these curves due t o  compaction, which may 
suggest the  presence of overpressured condit ions.  

In the  lower half of Zone E ,  below about 11,500 f e e t ,  two 
o r  three  re1 a t ive ly  long cycle s h i f t s  from 100 t o  300 f e e t  i n  
thickness a r e  recorded on the  logs .  The gamma-ray curve 
shows a s h i f t  w i t h  depth i n  the  shale  base l i n e  toward lower 
rad ioac t iv i ty .  The SP curve records three  long " f in ing  
upward" cycles. W i t h i n  each of these  SP cycles ,  t he  sonic 
curve exhib i t s  a gradual downward increase i n  vel oci t y  f o l l  owed 
by an abrupt s h i f t  t o  lower veloci ty  near the  base of the  
cycle. Res i s t iv i ty  i n  each cycl e increases  gradual l y  downward, 
followed by an abrupt s h i f t  t o  lower r e s i s t i v i t y  near the  
base. The density curve records sub t l e  though s imi la r  s h i f t s  
through each cycle. 
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Associated w i t h  these log s h i f t s ,  an increase in 
background gas and two gas peaks a t  or near the base of each 
of the lower two cycles were recorded on the mud 1 og. These 
log s h i f t s  do not correspond t o  ident i f iab le  1 i  thologic 
changes. Core 13 sampled the base of the highest "fining 
upward" cycle where the  SP deflection was greatest ,  and a 
sidewall core sampled the equivalent section of the lowest 
"fining upward" cyc1.e. Neither core showed any s igni f icant  
change from a claystone lithology. The apparent lack of 
l i thologic  change, the character of the log s h i f t s ,  and the 
presence of gas peaks ( cha rac te r i s t i c  of overpressured zones) 
suggest t h a t  the logs a re  responding t o  variations in  f ree  
pore water of the overpressured shale. 

The depositional environment f o r  Zone E i s i  rite-rpreted 
t o  be outer shelf t o  upper slope because of the low sand and 
s i l t  content of the claystone, moderate bioturbation, the 
type of marine fossi l  material ,  and the absence of high 
energy sedimentary s tructures .  

Zone F (12,280 t o  12,780 f e e t )  

This zone i s  characterized by dark-gray , organic rich 
claystone w i t h  local 1 imestone beds and calci  te - f i  11 ed 
fractures .  The SP curve shows l i t t l e  deflection from the  
shale base 1 ine. The r e s i s t i v i t y ,  density, and sonic curves 
record only minor deflections except across local t h i n  . 
limestone beds: The gamma-ray curve records the l a rges t  
deflections ( a s  much as  75 API uni t s )  observed w i t h i n  the 
Tertiary section. This i s  due t o  the large natural 
radioactivity contrast  between re la t ive ly  clean, clay-free 
limestones and organic-rich claystones (which are  typical ly 
more radioactive than other sediments). The Natural Gamma 
Ray Spectroscopy Tool ( N G T )  indicates higher than usual 
proportions of urani urn in the radioactive minerals i n  this  
zone. High radioactivity and urani urn enrichment a re  often 
charac ter i s t ic  of organic-rich rocks (Meyer and Nederlof , 1984). 

The Dipmeter arrow plo t  over the interval from 12,280 t o  
12,580 f e e t  records dip angles chiefly of 10 degrees o r  l e s s ,  
ranging from southeast t o  northeast. From 12,580 t o  12,780 . 

f ee t ,  the dip angles are  steeper,  ranging from 6 t o  26 degrees, 
w i t h  a more southerly direction, generally from southeast to  
south. 

Oil shows i n  solvent cuts were reported on the mud log 
from 12,440 f e e t  to  near the base of the zone. The shows 
were described as  "dull brown to gold fluorestence w i t h  slow 
t o  moderate, dull t o  strong ye1 1 ow cuts." Re1 at ively high 
background gas i s  recorded throughout the zone, w i t h  the 
highest levels  from the base of the zone t o  a strong gas 
peak a t  about 12,570 fee t .  



The o i l  and gas shows and geochemistry (see Geochemistry 
chapter )  i n d i c a t e  t h a t  t h e  c lays tones o f  t h i s  zone c o n t a i n  
the  r i c h e s t  source rocks observed i n  t h e  Navar in Basin COST 
No. 1 we l l .  The dark c o l o r  and h i g h  organ ic  c o n t e n t  o f  t h e  
c laystones suggest t h a t  t h e  sediments were depos i ted  i n  an 
anaerobic environment. The f o s s i l  m a t e r i a l  i n d i c a t e s  t h a t  t h e  
depos i t i ona l  environment was probably o u t e r  s h e l f  t o  upper 
s l  ope. 

Zone G/H (12,780 t o  15,300 f e e t )  

Th is  i n t e r v a l  i s  cha rac te r i zed  by very  f i n e  g ra ined  
sandstone, s i l t s t o n e ,  mudstone, and coal  o f  La te  Cretaceous 
age, i n t e r c a l a t e d  w i t h  Miocene d i  abase and b a s a l t  s i  11 s. 
These rocks  unconformably u n d e r l i e  t h e  Eocene rocks  o f  Zone F. 
The igneous s i l l s  range i n  th i ckness  from l e s s  than 2  f e e t  t o  
240 f e e t  and compose about 40 percent  o f  t h i s  i n t e r v a l .  I n  
t h e  sedimentary i n t e r v a l s ,  coal  beds a re  common and range i n  
th ickness from l e s s  than 1 f o o t  t o  28 f e e t .  

Th is  i n t e r v a l  was d i v i d e d  i n t o  two d i f f e r e n t  zones by 
AGAT (19831, c h i e f l y  because o f  t h e  presence o f  secondary 
p o r o s i t y  i n  Zone G. However, because t h e  logs ,  cores, and 
c u t t i n g s  i n d i c a t e  t h a t  t h e  two i n t e r v a l s  a r e  o therwise  
essent i  a1 l y  i d e n t i c a l ,  they a r e  t r e a t e d  here  as one combined 
-zone. 

The c o n t a c t  o f  t h i s  zone w i t h  Zone F i s  an angular  
unconformi ty  which separates Cretaceous and T e r t i a r y  rocks. 
The Dipmeter arrow p l o t  records  a  s h i f t  f rom d i p  measurements 
averaging 15 degrees t o  t h e  southwest i n  t h e  lower p a r t  o f  
Zone F, t o  d i p s  averaging about 30 degrees nor th-nor thwest  i n  
Zone G/H. The change occurs between 12,760 and 12,780 f e e t .  
No d ips  were recorded w i t h i n  t h i s  i n t e r v a l ,  so t h e  exact  
con tac t  cannot be determined. The c o n t a c t  i s  p laced a t  t h e  
t o p  o f  t h e  r e s i s t i v i t y  break a t  12,780 f e e t ,  which a l s o  
marks t h e  t o p  o f  t h e  f i r s t  coal  bed i n  t h e  w e l l .  

Diabase and b a s a l t  i n t e r v a l s  were i d e n t i f i e d  by t h e i r  
c h a r a c t e r i s t i c  responses on t h e  sonic,  dens i t y ,  and gammg-ray 
curves. The gamma-ray curve records b l  ocky d e f l e c t i o n s  o f  
low r a d i o a c t i v i t y ,  genera l l y  o f  about 10 API u n i t s .  I n t e r v a l  
t r a n s i t  t imes genera l l y  average about 65 microseconds/foot,  
and b u l k  dens i t y  i s  t y p i c a l l y  2.60 t o  2.80 g/cm3. The DIL  
t o o l  response i n  igneous i n t e r v a l s  was more v a r i a b l e .  
R e s i s t i v i t i e s  range from 2 t o  140 ohm-meters, b u t  more commonly 
vary from 10 t o  20 ohm-meters. The SP response tends t o  m i r r o r  
t h e  r e s i s t i v i t y  curves, w i t h  small  negat ive  SP d e f l e c t i o n s  
oppos i te  zones o f  h i g h  r e s i  s t i v i  t y  . 

Two zones o f  anomalously 1  ow bu lk  dens i t y  (1.98 t o  
2.28 g/cm3) occur i n  diabase i n t e r v a l s  from 12,980 t o  13,020 
f e e t  and from 13,435 t o  13,485 f e e t .  The i n t e r v a l  t r a n s i t  
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t ime  oppos i te  these zones does n o t  show a corresponding 
increase. Th is  may i n d i c a t e  t h e  presence o f  p o r o s i t y  ( i n  
vugs o r  f r a c t u r e s ) ,  which t h e  BHC t o o l  probably would n o t  
de tec t .  A d r i l l  i n g  break recorded i n  t h i s  i n t e r v a l  a1 so 
i n d i c a t e s  t h e  presence o f  some form o f  p o r o s i t y .  The CNL-FDC 
t o o l  records a gas anomaly i n  t h e  i n t e r v a l  f rom 12,986 t o  
13,002 f e e t .  The apparent p o r o s i t y  f o r  t h i s  gas-beari ng 
i n t e r v a l  , c a l  c u l  a ted by s u b t r a c t i  ng t h e  sonic-  p o r o s i t y  from 
t h e  dens i t y  p o r o s i t y ,  i s  25 percent .  Th is  l a r g e  computed 
va lue i s  probably much 1 arger  than t h e  ac tua l  p o r o s i t y ,  
however, because o f  t h e  gas e f f e c t  and t h e  adverse borehole 
c o n d i t i o n s  i n d i c a t e d  by t h e  d e l t a  r h o  (DRHO) curve. The 
absence o f  s i g n i f i c a n t  SP d e f l e c t i o n s  i n d i c a t e s  t h a t  t h e  
p o r o s i t y  p resent  i s  1 a rge ly  i n e f f e c t i v e .  

The numerous coal  beds a re  i d e n t i f i e d  by sharp, h i g h  
r e s i s t i v i t y  peaks on t h e  OIL curve, sharp peaks o f  l o n g  
i n t e r v a l  t r a n s i t  t ime (general l y  115 t o  150 microseconds/ foot)  
on t h e  BHC curve sharp peaks o f  low bu lk  d e n s i t y  ( g e n e r a l l y  

3 1.60 t o  2.0 g/cm ) on t h e  FDC curve, and low values on t h e  
gamma-ray curve. The SP curve does n o t  t y p i c a l l y  d i s p l a y  a 
cons i  s t e n t  response t o  coal  , a1 though t h e  1 a rges t  SP d e f l  e c t i  on 
recorded i n  the  w e l l  occurs oppos i te  t h e  28 - foo t - th i ck  coal  
bed a t  15,150 f e e t .  Th is  l a r g e  d e f l e c t i o n  (50 mv) i s  a t t r i b u t e d  
t o  permeabil i ty  a1 ong f r a c t u r e s  and c l e a t s  i n  t h e  coa l .  

The sandstones a r e  general l y  t h i n  .and t i g h t ;  deformat ion 
and d iagenesis have destroyed most o f  t h e  o r i g i n a l  p o r o s i t y .  
A few sandstones appear t o  have minor  p o r o s i t y  and pe rmeab i l i t y ,  
as i n d i c a t e d  by small SP d e f l e c t i o n s  and d r i l l  i n g  breaks on 
t h e  d r i  11 i ng-time 1 og. 

P o r o s i t y  was c a l c u l a t e d  f o r  two o f  t h e  b e s t  sandstones 
(14,168 t o  14,190 f e e t  and 14,980 t o  15,000 f e e t ) ;  Both 
e x h i b i t e d  d r i l l i n g  breaks, gas peaks, and small  SP d e f l e c t i o n s  
o f  10 t o  15 mv. The sandstone a t  14,168 f e e t  was descr ibed 
on t h e  mud l o g  as unconsol idated, f i n e  t o  coarse grained, 
w i t h  a wh i te  c l a y  ma t r i x .  The sandstone a t  14,980 f e e t  was 
descr ibed as igneous, hard, f i n e  t o  medium grained, moderately 
sor ted,  w i t h  abundant c a l c i t e  cement and poor v i s i b l e  p o r o s i t y  . 
P o r o s i t y  from t h e  sonic and densi ty '  l o g s  co r rec ted  f o r  shale 
con ten t  (as i n d i c a t e d  by t h e  gamma-ray l o g )  averaged about 
6 pe rcen t  f o r  t h e  upper sandstone and about 13.5 percent  f o r  
t h e  1 ower sandstone. 

The mud l o g  recorded numerous gas k i c k s  assoc ia ted w i t h  
t h e  coal  beds. A l l  o f  t h i s  gas was probably generated f rom 
coal .  

The presence o f  coal,  t h e  f in ing-upward sandstones observed 
i n  t h e  cores and logs,  and t h e  type o f  sedimentary s t r u c t u r e s  
observed i n  t h e  cores i n d i c a t e  t h a t  t h e  sedimentary rocks  i n  
Zone G/H were deposi ted i n  a nonmarine environment. 



Zone I (15,300 t o  16,400 f e e t )  

Thi s i n t e r v a l  consi s t s  o f  f r a c t u r e d  dark-gray s i l  t y  
c lays tone and s i l t s t o n e .  The sediments a re  b io tu rba ted  and 
con ta in  i s o l a t e d ,  t h i n  t u f f  l aye rs .  The f r a c t u r e s  are  commonly 
f i l l e d  w i t h  c a l c i t e .  The Dipmeter arrow p l o t  i n d i c a t e s  these 
rocks are  d i p p i n g  20 t o  30 degrees t o  t h e  nor th .  

The SP curve t racks  t h e  shale base l i n e  throughout  Zone I. 
The DIL curve records a gradual increase i n  average r e s i s t i v i t y  
w i t h  depth from about 3 t o  5 ohm-m a t  t h e  t o p  t o  about 20 
t o  40 ohm-m a t  t h e  base. The increase i n  average r e s i s t i v i t y  
w i t h  depth i s  r e l a t e d  t o  compaction, as i n d i c a t e d  by the  
sonic curve o f  t h e  BHC t o o l  and t h e  dens i t y  curve o f  t h e  FDC 
t o o l .  Both sonic v e l o c i t y  and bulk dens i t y  g radua l l y  increase 
w i t h  depth. Average i n t e r v a l  t r a n s i t  t ime  decreases from 
about 82 t o  66 microseconds/foot,  and average bu lk  dens i t y  
increases from about 2.60 t o  2.65 g/cm3. 

The depos i t iona l  environment f o r  t h i s  zone i s  i n t e r p r e t e d  
t o  be marine she1 f o r  s lope because o f  t h e  dominantly s i l t  t o  
c l a y  g r a i n  s i z e  and t h e  b i o t u r b a t i o n  o f  t h e  sediments. Marine 
macrofossi 1 s a re  a1 so present. 

SUMMARY OF RESERVOIR QUALITY 

The b e s t  p o t e n t i a l  r e s e r v o i r s  i n  t h e  Navar in Basin 
COST No. 1 we1 1 a re  i n  the  T e r t i a r y  (Miocene t o  01 igocene) 
sandstone sequence f rom 3,860 t o  7,130 f e e t .  The La te  Cretaceous 
sandstones below 12,800 f e e t  have l o s t  almost a l l  e f f e c t i v e  
p o r o s i t y  because o f  a compl ex h i  s t o r y  of b u r i  a1 , compaction, 
deformation, and diagenesis. 

F igu re  54 shows the  re1 a t i o n s h i p  between p o r o s i t y  and 
permeabil i ty f o r  T e r t i a r y  sandstones i n  t h i s  we1 1. The graph 
was const ruc ted by us ing data from convent ional  cores 2 through 5. 
Modal analyses o f  e f f e c t i v e  mesoporosi ty f rom t h i  n sec t ions  
and core p o r o s i t y  measurements were p l  o t t e d  aga ins t  corresponding 
permeabi 1 i ty  measurements. A1 though t h e  r e s u l  ti ng p l  o t s  a r e  
scattered, t h e r e  i s  a s i g n i f i c a n t  c o r r e l a t i o n  between p o r o s i t y  
and permeabi 1 i ty. A 1 i n e a r  regress ion ( 1 eas t  squares) o f  
e f f e c t i v e  poros i  ty versus t h e  1 ogar i  thm o f  permeabi 1 i ty  
( f i g .  54, l i n e  A) suggests t h e  f o l l o w i n g  general r e l a t i o n s h i p  
between e f f e c t i v e  po ros i t y ,  pemeabi  1 i ty, and sandstone r e s e r v o i r  
qua1 i ty: 

P o r o s i t y  Permeabi 1 i ty 
( Percent) ( M i  11 i d a r c i  es) Reservoi r Qua1 i ty 

Good 
Fai  r 
Poor 

Log I n t & t p k d a t i o n ,  165 



Because the neutron-densi t y  effective porosities cl osely 
match the thin-section effective porosities, the Tertiary 
sandstones can be evaluated for general reservoir qual ity by 
using neutron-density effective porosities and the cr i ter ia  in 
the above table. The relationship between measured core 
porosity and permeability (f ig .  54, 1 ine B )  was n o t  used 
because of  the large shale porosity component in these 
measurements and the poor re1 ationship a t '  1 ow permeabil i t ies .  
The reservoir qual i t y  of the 1 i thologic zones i s  summarized as 
f o l l  ows: 

Zone B - The reservoir quality ranges from poor t o  good, 
with roughly equal amounts of the t o t a l  193 feet of sandstone 
in each category. These sandstones are thin with generally 
high dispersed-shale contents, however. The shallow burial 
depths and low compaction account for most of the good reservoir 
characteristics. 

Zone C-1 - The reservoir quality i s  poor because the 
sandstones are thin, dirty, and tight. 

Zone C-2 - The reservoir quality ranges from good t o  poor. 
This zone contains the best potential yeservoir rocks observed 
in the well. Five sandstones, ranging from 21 t o  100 feet in 
thickness (202 feet aggregate), are rated as having good 
reservoir quality; nine sandstones, ranging from 10 t o  92 feet 
in thickness (375 feet aggregate), may be considered fa i r  
reservoirs; and fourteen sandstones, ranging in thickness from 
10 t o  66 feet (368 feet aggregate), fa1 1 into the poor category. 

1 6 6 ,  Log 7vLte~pkeAa.Xion 



ABNORMAL FORMATION PRESSURE 
by 

Kirk W .  Sherwood 

INTRODUCTION 

The possible existence of abnormal pore pressures in the 
Navarin Basin COST No. 1 well was f i r s t  suggested by operational 
problems encountered whi 1 e dri 11 i n g  the we1 1 . These probl ems 
included sloughing shale, increased background gas, high 
connectionltrip gases, and stuck pipe a t  13,906 feet.  The 
stuck pipe necessitated a sidetrack and redr i l l .  Velocity 
prof i 1 ing (acoustic 1 og analysis) documented the presence in 
the lower parts of the well of a significant velocity inversion, 
thought to be a manifestation of abnormal formation pressure. 
Because of the potential effect  of a large sequence of over- 
pressured rock on seismic interpretation throughout the basin 
and because of the potential hazards that  excess formation 
pressures present to dri l l ing operations, the Minerals Management 
Service undertook a study of the overpressuring phenomenon. 

DOCUMENTATION OF ABNORMAL PRESSURE GRADIENTS 

The preferred way to identify the interval and magnitude 
of abnormal pressure in a well i s  t o  measure formation pressures 
directly through conventional d r i l l  stem production tes t s  or 
wireline devices such as the Schlumberger Repeat Formation 
Tester ( R F T ) .  Graphical displays of such pressure data 
plotted versus burial depth ( "pressure profile plots") characterize 
abnormal pressure zones as intervals in which pressure increases 
more rapidly with burial depth than in the overlying (o r  
underlying) parts of the sedimentary section. I n  such intervals, 
the share of the weight of the overlying rock-fluid mass 
borne by the pore f luids (as opposed to the enclosing rock 
fabric) exceeds the pressure exerted only by the fluid column. 
The point of change in slope (inflection point) in the pressure 
curve represents the top of the overpressured interval and 
i s  thought to mark a seal or barrier to the normal upward 
expulsion or migration of pore fluids. A typical pressure 
profile i s  i l lustrated in figure 55. Note that  a t  leas t  two 
valid pressure measurements on opposite sides of the seal 
are needed to define the top of the overpressured zone. 



Only a l i m i t e d  number of  d i r e c t  p r e s s u r e  measurements 
a r e  a v a i l a b l e  i n  t h e  Navarin Basin COST w e l l .  A d r i l l  stem 
t e s t  (DST) was conducted through p e r f o r a t i o n s  ove r  t h e  i n t e r v a l  
from 6,278 t o  6 ,298 f e e t .  (A1 1 dep ths  r e f e r r e d  t o  i n  t h i s  
c h a p t e r  a r e  measured from t h e  Kel ly  Bushing u n l e s s  o the rwi se  
i n d i c a t e d . )  In a d d i t i o n ,  61 open-hole RFT tests were a t t empted  
ove r  t h e  i n t e r v a l  from 1,828 t o  12,809 f e e t .  Of t h e s e  61 
tes t s ,  on ly  17 ( o r  28 p e r c e n t )  were s u c c e s s f u l .  The s u c c e s s f u l  
tes ts  span t h e  i n t e r v a l  from 1 ,828  t o  10,248 f e e t .  The 
remaining 44 a t t e m p t s  f a i l e d  because o f  l o s t  s e a l  (mud t e s t )  
o r  impermeable formation.  The r e s u l t s  o f  t h e  DST and RFT 
tes ts  a r e  summarized i n  t h e  p r e s s u r e  p l o t  o f  f i g u r e  56. 
Only a s i n g l e  p r e s s u r e  measurement, an RFT t e s t  a t  10,248 
f e e t ,  was succes s fu l  l y  o b t a i  ned wi t h i  n t h e  appa ren t  
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FIGURE 55. 
SCHEMATIC DIAGRAM I L L U S T R A T I N G  T Y P I C A L  PORE PRESSURE 
PROFILE ACROSS TRANSITION FROM NORMALLY PRESSURED 
SEQUENCE INTO UNDERLYING OVERPRESSURED INTERVAL.  
I n f l e c t i o n  p o i n t  marks appa ren t  s e a l  a t  t o p  o f  ove rp re s su red  
i n t e r v a l  . 



overpressured i n t e r v a l .  Th is  t e s t  ob ta ined a  pressure  o f  
5,320 pounds pe r  square ' i nch  ( p s i )  a t  10,16-3 f e e t  subsea depth 
(SSD), y i e l d i n g  a  pressure g rad ien t  o f  0.524 p s i / f o o t  o r  
10.09 pounds per  g a l l o n  (ppg) mud equ iva lent .  Th is  pressure 
va lue c l e a r l y  dev ia tes  from t h e  "normal" g rad ien t  o f  0.452 
p s i / f o o t  (8.71 ppg) obta ined as. an a r i t h m e t i c  average o f  t h e  
16 t e s t s  i n  t h e  i n t e r v a l  from 1,828 t o  6,944 f e e t .  Th is  
g rad ien t  i s  i d e n t i c a l  t o  t h a t  found i n  t h e  Nor th  Sea (McClure, 
1977, p. AP-21, b u t  i s  somewhat l e s s  than t h e  0.468 p s i / f o o t  
g rad ien t  i n  t h e  Gu l f  o f  Mexico. The RFT t e s t  a t  10,248 f e e t  
measured a  s t a t i c  mud column pressure underbalance o f  100 p s i  
r e l a t i v e  t o  fo rmat ion  pore pressure a t  t h e  t ime o f  t h e  t e s t .  

I n  the  absence o f  d i r e c t  pressure data, w i r e l i n e  w e l l  
l o g s  which measure fo rmat ion  p r o p e r t i e s  such as r e s i s t i v i t y ,  
c o n d u c t i v i t y ,  acoust ic  t ransmiss ion  v e l o c i t y ,  and dens i t y  may 
be employed t o  o b t a i n  an es t imate  o f  fo rmat ion  pore pressure. 
Regional s tud ies  have shown t h a t  t h e  fo rmat ion  r e s i s t i v i t y  , 
sonic v e l o c i t y ,  and dens i t y  o f  sediments r i s e  p rog ress i ve l y  
and systemat ical  l y  w i  t h  b u r i a l  load. These changes i n  phys ica l  
p r o p e r t i e s  are  a t t r i b u t e d  t o  t i g h t e r  p a r t i c l e  packing, g r e a t e r  
i n t e r p a r t i c l e  bonding, and the  i n t r o d u c t i o n  o f  occ lud ing  
chemical cements. Col 1  e c t i v e l y  , these processes r e s u l  t i n  
a  decrease i n  bu lk  p o r o s i t y  and t h e  expu ls ion  o f  pore  f l u i d s .  
I n  zones o f  abnormal pore pressure, these normal processes 
a re  reversed o r  n u l l i f i e d  because o f  pore f l u i d  r e t e n t i o n ,  
r e s u l t i n g  i n  increased t o t a l  p o r o s i t i e s  and f l u i d  con ten t  and 
i n  reduced shear s t reng th  and r i g i d i t y  o f  the  rock bu lk .  

The a1 t e r a t i o n  o f  rock p r o p e r t i e s  and pore f l u i d s  w i t h i n  
overpressured zones i s  r e f l e c t e d  i n  t h e  measurements obta ined 
from w i r e l i n e  logs .  I n  l o g  p r o f i l e s  o f  rock r e s i s t i v i t y ,  
v e l o c i t y ,  and dens i ty ,  an overpressured zone i s  mani fested as 
a  reve rsa l  o r  d e v i a t i o n  from t h e  compaction t rends seen i n  
t h e  normal ly  compacted, o v e r l y i n g  sequence. Thus, w i t h i n  
zones o f  abnormal pore pressure, values f o r  dens i t y  , ve] o c i  ty , 
and r e s i s t i v i t y  a re  l e s s  than those t y p i c a l l y  found i n  "normal" 
sediments a t  t h a t  depth, and occas iona l l y  l e s s  than l i k e  
va l  ues f o r .  sediment a t  shal lower depths i n  the  same we1 1. 
R e s i s t i v i t y  values i n  overpressured zones may depar t  r a d i c a l l y  
from normal compaction trends, because i n  a d d i t i o n  t o  the  
e f f e c t  o f  h igher  pore f l u i d  content ,  t h e  r e t a i n e d  f l u i d s  i n  
overpressured zones may be more s a l i n e  than those i n  the  
ove r l y ing ,  normal l y  compacted sequence (McCl ure, 1977, p. 1-18]. 
These changes a f f e c t  a l l  l i t h o l o g i e s ,  b u t  a re  most c o n s i s t e n t  



MEASURED PORE PRESSURES 

PRESSURE (PSI) 

f i I I I 
\ 
\ 
\ 0 OPEN-HOLE REPEAT FORMATION TESTER (RFT). 

\ . DRILL STEM TEST  TAKEN THROUGH PERFORATIONS. 
9 - 
\ 

- 
\o 
\ 
\ 
\ 

- b 
\ 

- 

\ 
9 
\ 
b 

- \ 
@? 

- 

\ 
\ 

- \ 
Q 

- 
APPROXIMATE TOP OF 

% OVERPRESSURED 
INTERVAL, 

'\\ -AS IDENTIFIED ON $%..\ 
a\ '.?.. WIRELINE LOGS. - ' 

0' 
- 

*A 4 %\ 
' CP '. 
a:%\ '. 
8% 5\ -?. . 

'. 
0 o\ '.. 
" %\ ' - 

%\ 
- 

- %\ 
\ 
\ 

I 1 I \ 1 J 

FIGURE 56. PLOT OF FORMATION PORE PRESSURES VERSUS SUBSEA DEPTH FOR 

NAVARIN BASIN COST NO. I WELL. The pressure measurements 
above 8,000 f e e t  co l l ec t i ve ly  define .an average "normal " 
hydrosta t ic  gradient  of 0.452 p s i / f oo t ,  shown as  a dashed l i n e .  
Only one val id  measurement was obtained within the  zone of 
suspected abnormal pressure ,  where an RFT t e s t  a t  10,163 f e e t  
(subsea depth) y ie lded 5,320 psi on pressure buildup, o r  726 psi 
g rea te r  than t h a t  an t i c ipa t ed  (4,594 psi ) i f normal l y  pressured. 
A second measurement elsewhere within the  zone of abnormal 
pressure would be required t o  independently def ine  i t s  pore 
pressure gradient .  
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and ea s i l y  compared in shales .  A schematic i l l u s t r a t i o n  of 
the  e f f e c t  of abnormal pore pressure on sha l e  p roper t i es  a s  
measured on wire l ine  logs i s  presented i n  f igure  57. 

Empirical s t ud i e s ,  such a s  the  pioneering paper by 
Hottmann and Johnson (1965),  have shown t h a t  t he  anomaly ( o r  
amount of departure from normal values of sha le  r e s i s t i v i t y ,  
densi ty ,  o r  ve loc i ty )  can be quan t i t a t ive ly  r e l a t ed  t o  actual  
pore pressure.  The proper evaluation of formation pressures  
through ana lys i s  of log data hinges on t h r ee  fac tors :  ( 1 )  t h e  
proper i den t i f i c a t i on  of "pure" sha les  through simultaneous 
analysis  of the  SP, gamma-ray, arid CNL-FDC 1 ogs so as  t o  
e l iminate  the  component of log  response r e l a t ed  t o  compositional 
changes; ( 2 )  t he  a v a i l a b i l i t y  of s u f f i c i e n t  data from a 
column of normally pressured sediments t o  allow the  del ineat ion 
of a normal compaction trend f o r  the  local  basin; and ( 3 )  t he  
a v a i l a b i l i t y  of s u f f i c i e n t  d i r e c t  pressure measurements from 
overpressured formations t o  a1 1 ow the  es tabl  i  shment of a 
re la t ionsh ip  between t he  sha le  anomaly and sha le  pore pressure.  

Empirical curves f o r  the  second and t h i r d  f a c to r s  above 
have been generated by Hottmann and Johnson (1965, p .  720, 
f i g .  5; p. 721, f i g .  6 )  and MacGregor (1965) f o r  the  01 igocene- 
Miocene of the  Gulf Coast. Studies of wider scope (Wallace, 
1965) have generated worl d composite curves t h a t  a r e  appl icabl e 
t o  most sedimentary basins character ized by more o r  l e s s  
continuous deposition. The world composite curves a r e  valuable 
i n  f r o n t i e r  basins where data a r e  i n s u f f i c i e n t  t o  e s t ab l i sh  
local eval uation curves. Useful general curves have been 
published by Pennebaker, J r .  (1968a, 1968b; and i n  McClure, 
1977, p. IV-7, 8 ,  and Appendixes) and by Dr i l l  inFWell  Control, 
Inc., of Lafayette,  Louisiana (Stewart ,  1983, p .  40) .  

COMPOSITE BERING SHELF SHALE VELOCITY COMPACTION CURVE 

Pr io r  t o  ana lys i s  of t he  apparent overpressured in terval  
i n  the  Navarin Basin COST No. 1 well ,  an attempt was made t o  
e s t ab l i sh  a normal compaction curve f o r  t h e  basin by following 
the  guidelines of Stewart (1983). On the  Gulf Coast, the  
logarithm of sha le  veloci ty  was shown t o  vary 1 inear ly  with 
burial  depth t o  depths of a t  l e a s t  14,000 f e e t  (Hottmann 
and Johnson, 1965, p .  719, f i g .  2 ) ,  while t he  logarithm of 
sha le  r e s i s t i v i t y  was shown t o  vary nonlinearly w i t h  bur ia l  
depth (Hottmann and Johnson, 1965, f i g .  6 ) .  The sha le  ve loc i ty  
data s e t  was t h u s  se lec ted  f o r  study because i t  seemed more 
amenable t o  simple s t a t i s t i c a l  ana lys i s .  A composite Bering 
she1 f curve was obtained by crosspl  o t t i n g  acoust ic  veloci ty  
and burial depth fo r  the  following data s e t s :  
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FIGURE 57. S C H E M A T I C  D I A G R A M  I L L U S T R A T I N G  T Y P I C A L  E F F E C T  O F  A B N O R M A L  

F O R M A T I O N  P R E S S U R E S  ON S H A L E  R E S I S T I V I T Y ,  S H A L E  A C O U S T I C  
V E L O C I T Y ,  AND S H A L E  D E N S I T Y .  I f  s u f f i c i e n t  emp i r i ca l  data a re  
a v a i l a b l e ,  t h e  amount o f  departure from a  normal compaction t r e n d  
( "anomaly") can y i e l d  a  q u a n t i t a t i v e  es t imate  o f  f o rma t ion  pressure. 
Mod i f i ed  a f t e r  F e r t l  (1976, p .  226, f i g .  5.44). 



( 1 )  The interval from 1,800 to  9,430 feet  (Pliocene to 
l a t e  01 igocene age sediments) in the Navarin Basin COST 
No. 1 we1 1 . This interval appeared to be normally 
compacted, and di rect pressure measurements ( f i g .  56) 
confirmed the presence of normal pore pressures. 

( 2 )  The interval from 1,800 to 10,368 fee t  (Pliocene to  
Eocene age sediments) in the St. George Basin COST 
No. 1 we1 1 (Turner and others, 1984a). Shales within 
the Tertiary volcanic sequence be1 ow 10,380 feet  were 
not i ncl uded i n the analysis because they were considered 
to be nonrepresentative. 

(3 )  The interval from 1,980 to 12,510 feet  (Pliocene to 
Oligocene age sediments'in the S t .  George Basin COST 
No. 2 well (Turner and others, 1984b). Cretaceous 
sediments below the unconformity a t  12,540 feet  were not 
included in the analysis. 

All three data sets  were posted on semilog paper and 
analyzed to see whether sufficient  coherence existed to  
permit definition of a single "type" compaction trend for 
Bering Sea we1 1 s. This data i s  presented in plate 2. Visual 
inspection suggests fai rly close agreement among shale velocity 
data .for the three we1 1 s. Simultaneous 1 i near regression of 
a1 1 three data sets in the natural logarithm mode yields a 
l ine  defined by the function: 

LN (travel time) = 5.267 - (subsea depth (feet)/12,061 feet )  

The visual coherence of the data i s  confirmed by a correlation 
coefficient of 0.9731 for the line. 

A1 though i t  differs in deta i l ,  the shale velocity compaction 
curve i s  comparable to that  establ i shed for the Mi ocene-01 i gocene 
of the Gulf Coast by Hottmann and Johnson (1965), as i l lus t ra ted 
in figure 58. Any depth-versus-travel-time shale point which 
plots a significant distance to  the right of th i s  Bering Sea 
curve i s  considered to be overpressured. Intermediate sonic-log, 
runs which identify shale exhibiting travel times higher than 
those predicted by this  curve should be analyzed for pore 
pressure estimates, and mud weights shoul d be modified accordingly 
before the resumption of dri l l ing.  Methods of analyzing 
travel-tine anomalies to derive pressure estimates are discussed 
in a separate section below. 

The Bering she1 f shale velocity curve displayed in 
plate 2 intersects the theoretical compaction 1 imi t of 62 
microseconds/foot for pure shale a t  a subsea depth of 13,750 
feet.  Therefore, a t  depths below 13,000 feet ,  the compaction 
function probably becomes nonl i near ( in semi 1 og space) and 
asymptotically approaches the theoretical l imit  of 62 micro- 
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FIGURE 58. 
BERING SEA TERTIARY SHALE ACOUSTIC TRANSMISSION AS A 
FUNCTION OF DEPTH, L N  (AT) = 5,267-(DEPTH/ 12.06 1 FEET), 
AS OBTAINED IN PLATE 2. Ber ing  Sea cu rve  shown as s o l i d  l i n e .  
Dashed curve  i s  sha le  t ransmiss ion  versus b u r i a l  depth f o r  Miocene and 
Ol igocene shales of t h e  upper Texas and southern  Lou i s iana  G u l f  Coast 
(adapted from Hottmann and Johnson, 1965, p .  719, f i g .  2 ) .  



seconds/foot. However, no represen ta t ive  data a r e  ava i lab le  
t o  evaluate poss ible  nonl inear i ty  of the  curve a t  these  
depths. 

Shale veloci ty  data f o r  the  Navarin Basin COST No. 1  
we1 1  a r e  presented with t h e  Bering she1 f  sha l e  veloci ty  
compaction curve in f igure  59. A dramatic departure of sha le  
ve loc i t i e s  from the  normal trend i s  c l ea r ly  present below 
approximately 9,430 f e e t .  The travel-t ime anomaly increases  
downward from 9,430 t o  approximately 14,500 f e e t ,  where i t  
then begins t o  decrease. A t  t o t a l  depth (16,400 f e e t ) ,  
shale  ve loc i t i e s  have nearly returned t o  values normal f o r  
t h a t  depth. The data a l so  suggest a  zone of s l i g h t  overpressure 
from approximately 2,500 t o  3,840 f e e t .  

Shale veloci ty  data a r e  presented in a  d i f f e r e n t  format 
in  f i gu re  60 along with superimposed evaluation curves f o r  
pore f l u i d  pressure gradient  ( a f t e r  McCl ure,  1977). The 
evaluation curves may be used t o  es t imate  pore pressures 
d i r e c t l y ,  as i s  done in  a  separa te  sect ion below. This p l o t  
( f i g .  60) a l s o  suggests the  exis tence of a  very s i g n i f i c a n t  
shal e  vel oci  ty  anomaly be1 ow 9,430 f e e t .  The evaluation 
curves ind ica te  formation pressure gradients  a s  high a s  16.5 
ppg mud weight equivalent .  

SHALE RESISTIVITY 

Shale r e s i s t i v i t y  data f o r  th ree  Bering Sea wel ls  a r e  
presented i n  p l a t e  2 along w i t h  nomographic curves f o r  evaluating 
pore pressure.  Res i s t iv i ty  data exh ib i t  more s c a t t e r  than 
veloci ty  data ,  probably because of t h e i r  g r ea t e r  s e n s i t i v i t y  
t o  sub t le  var ia t ions  in  sha le  mineralogy ( p a r t i c u l a r l y  t he  
presence of i  ron-ri ch mi neral s  1  i ke chl o r i  t e  and gl auconi t e )  . 
A c lu s t e r i ng  of data points i s  c l e a r l y  present  down t o  
approximately 9,300 f e e t  SSD, w i t h  very good agreement 
between t h e  Navarin No. 1 and S t .  George No. 2 data s e t s .  
Below t h i s  depth, the  normal pos i t ive  re la t ionsh ip  between 
shale  r e s i s t i v i t y  and burial  depth i s  c l e a r l y  reversed i n  
t he  Navarin Basin COST No. 1  well.  I f  the  sha le  r e s i s t i v i t y  
curve fo r  t he  S t .  George Basin COST No. 2 well i s  condi t ional ly  
accepted as  a  normal configuration f o r  the  Bering she l f ,  then 
t he  point  of reversal  i n  t h e  Navarin data  t rend i s  a l s o  t he  
point  of departure from "normal ." Thus, the  shale  r e s i s t i v i t y  
data appear t o  confirm the  conclusion drawn from the  sha le  
veloci ty  ana lys i s  t h a t  a  major zone of abnormal pore pressure 
e x i s t s  below 9,430 f e e t  in  t h e  Navarin well .  

Depressed sha le  r e s i s t i v i t y  values i n  the  in te rva l  from 
2,500 t o  3,840 f e e t  suggest the  presence of an addi t ional  
zone of excess pore pressure. This r e s i s t i v i t y  anomaly, 
however, may be due i n  p a r t  t o  high r e s i s t i v i t i e s  i n  response 



F IGURE 59 .  
S H A L E  T R A V E L  T IME VERSUS 
DEPTH FOR NAVARIN  B A S I N  COST 
NO. I WELL.  The s o l i d  l i n e  i s  
a composi te  o f  s h a l e  da t a  
from S t .  George Basin COST 
No. 1 w e l l ,  S t .  George . 
Basi n COST No. 2 we1 1 , and 
Navarin Basin COST No. 1 
we1 1 , a s  ob t a ined  i n  the 
a n a l y s i  s p re sen t ed  i n  p l a t e  
2 .  The so l  i d  l i n e  r e p r e s e n t s  
t h e  normal r e l a t i o n s h i p  o f  
s h a l e  v e l o c i t y  t o  b u r i a l  
dep th  i n  T e r t i a r y  sediments  
of  the Bering Sea she1 f .  
Sha l e s  which p l o t  t o  t h e  
r i g h t  of  th is  cu rve  a r e  
cons ide red  t o  be undercompacted 
o r  t o  pos se s s  abnormally h igh  
pore  p r e s s u r e s .  The t o p  o f  
t h e  zone of  abnormally high 
po re  p r e s s u r e s  l i e s  a t  
approximately 9,345 f e e t  
subsea depth (9 ,430  f e e t  
measured dep th )  i n  t h e  Navari n 
Basin COST No. 1 we1 1 . 
Thi s r e v e r s a l  i n compaction 
t r e n d  cor responds  t o  simi 1 a r  
r e v e r s a l  s i n  w i  re1 i ne 1 og 
r e s i s t i v i t y  and d e n s i t y  
c u r v e s  and a c t u a l  s h a l e  
d e n s i t y  measurements ( p l a t e  2; 
f i g s .  60 ,  6 1 ) .  The dashed 
1 i ne i n  t h e  1 ower p a r t  of  t h e  ' 

graph cor responds  t o  t h e  
t h e o r e t i c a l  sha l  e compaction 
l i m i t  a t  AT = 62 microseconds/ 
f o o t .  



t o  fresh (nonsal i ne) pore fl  ui ds in the interval above 
2,500 fee t .  Examples of t h i s  commonly observed e f f e c t  a re  
i l l u s t r a t ed  by Fertl (1976, p.  220, f ig .  5.38).  

SHALE DENSITY 

Shale density data were also examined for evidence of 
trend reversal or anomalous densi t ies  in the zones of suspected 
overpressure ident if ied by the r e s i s t i v i t y  and velocity data. 
Two data s e t s  were analyzed: (1 ) shale densi t ies  obtained 
from the Schl umberger Compensated Formation Density ( F D C )  
log and (2)  density measurements obtained a t  the well s i t e  
by Exploration Logging (USA), Inc. ( E X L O G ) ,  personnel using 
the f lu id  density gradient col umn technique. We1 1 s i t e  
shale density data are recorded on the "Drill ing Data Pressure 
Log," incorporated with the Final Well Report submitted t o  
the operator ( A R C O )  by EXLOG ( 1983). Both data s e t s  are  
plotted against burial depth in f igure 61, along with evaluation 
curves for f lu id  pressure gradient ( a f t e r  McCl ure, 1977). 

Shale densi t ies  depart from a normal compaction configuration 
in the interval from 2,500 t o  3,840 fee t .  The density d e f i c i t  
suggests the presence of excess pore pressures. The evaluation 
curves suggest counterbalance mud weight gradients as high as  
13 ppg in t h i s  interval ( f i g .  61).  Densities progressively 
increase with burial depth between 3,840 and 9,430 f e e t ,  ' 

where a value of approximately 2.4 grams/cubic centimeter 
(g/cm3) i s  reached. Below 9,430 f e e t ,  instead of increasing 
with burial depth, densi t ies  remain constant a t  2.4 g/cm3 
down t o  the basal Tertiary unconformity a t  12,780 f e e t  (12,695 
f e e t  SSD). Shale density slowly increases with depth within 
the t i l t e d  Cretaceous s t r a t a ,  b u t  does n o t  return t o  a normal 
compaction gradient until  a depth of approximately 15,700 
fee t .  The evaluation curves ( a f t e r  Pennebaker, in McClure, 
1977) superimposed on figure 61 indicate the p reznce  of f lu id  
pressure gradients as high as  12.5 ppg mud weight equivalent 
in the zone below 9,430 fee t .  

In conclusion, shale density data a lso  suggest the 
presence of large sections of overpressured rock from 2,500 
t o  3,840 fee t  and from 9,430 t o  15,700 f e e t ,  confirming the 
resul t s  of shale resi  s t  ivi ty and shale vel oci ty  analyses. 

DRILLING EXPONENT 

Concurrent with the d r i l l i n g  of the  Navarin Basin COST 
No. 1 we1 1,  EXLOG continuously monitored formation pressure 
through the d r i l l i n g  exponent method. This i s  an empirical 
method of pressure detection with some theoretical basis tha t  
has proven useful in many areas. The fundamental a s s u q t i o n  



underlying the drilling exponent method (or "d" exponent 
method) i s  t h a t  the rate of penetration i s  directly dependent 
upon the differential pressure a t  the rock face being drilled. 
Differential pressure i s  here defined as the difference between 
formation pore fluid pressure and the pressure exerted a t  the 
bottom of the hole by the column of  drilling fluids in the 
well bore. An underbalanced condition (where formation pore 
pressure i s  greater) generally promotes faster and more 
efficient drilling as long as hole stabil i ty i s  maintained. 
However, an underbalanced condition poses the risk of movement 
of formation fluids into the well bore. Conversely, over- 
balanced conditions resul t in slower penetration rates, b u t  
improved hole stability and control of  formation fluids. 
Therefore, if a1 1 dri l l  ing parameters (incl uding mud weight, 
viscosity, b i t  weight, b i t  type, b i t  dullness, j e t  ports, 
rotation rate, hole size and orientation, downhole dr i l l  ing 
assembly, and 1 i  thology ) are kept constant, the penetration 
rate should significantly increase when the well bore passes 
from a normally pressured section into a section with excess 
pore pressures. The greatest difficulty in the use o f  this 
outwardly simple empirical method involves proper evaluation 
of the individual and interactive effects of  the numerous 
drilling variables on penetration rate. These variables 
change constantly because of  the very nature of  the operations. 
Thus, one must evaluate whether a sudden jump in penetration 
rate i s  due t o  overpressure, or t o  one-or several other 
factors. A n  excellent summary of the basic method i s  found 
in Jorden and Shirley (1966). Specific details of the normalized 
technique used by EXLOG are published in EXLOG manuals MS-156 
and MS-196. 

The results of the EXLOG pore pressure computations are 
summarized in figure 62. A dashed line representing the 
normal hydrostatic gradient derived from actual pressure tes t  
da ta  i s  also shown. Minor pore pressure anomalies appear t o  
be present as "bulges" in the distribution of  da ta  in the 
intervals from 2,500 t o  3,840 feet and from 6,800 t o  8,100 feet. 
These "bulges" correspond t o  anomal ies in the shale velocity 
d a t a  ( f ig .  60). However, only the upper anomaly between 
2,500 and 3,840 feet i s  supported by the shale density da ta  
( f ig .  61). In their final report, EXLOG (1983) noted t h a t  a 
normal compaction trend was observed between 1,509 and 5,300 
feet. They also identified the possible presence of excess 
pore pressures in the interval from 6,540 t o  7,520 feet on 
the basis of dri l l  ing exponent trends, t ight hole problems, 
splintery cuttings, mud p i t  gains, and increased gases associated 
with overpull on connections. Actual pressure measurements 
in the uppermost part of this interval, however, indicate 
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FIGURE 6 0 .  SHALE INTERVAL TRAVEL TIME VERSUS DEPTH FOR 
THE NAVARIN BASIN COST NO. I WELL. The compos i te  
normal c u r v e  f o r  B e r i n g  s h e l f  sha les  o f  Eocene t o  Holocene 
age ( a s  o b t a i n e d  i n  p l a t e  2)  i s  a l s o  d e p i c t e d  a l o n g  w i t h  a  
s e t  o f  c a l i b r a t i o n  cu rves  f o r  po re  p r e s s u r e  g r a d i e n t s  
th rough  t h e  zones o f  a p p a r e n t n i  anomaly and abnormal p o r e  
p r e s s u r e  f rom 2,500 t o  3,800 f e e t  and f rom 9,345 t o  16,200 
f e e t  (subsea dep th ) .  The p ressure  g r a d i e n t  c u r v e s  a r e  
those f o r m u l a t e d  by E .  S .  Pennebaker, J r . ,  and  pub l  i s h e d  
as p r e s s u r e  reader  c h a r t s  by HcClure  (1977, p. IV-7,  8, 
and appendixes) .  The d i s t r i b u t i o n  o f  s h a l e  v e l o c i t y  
d a t a  i n d i c a t e s  t h a t  mud w e i g h t  g r a d i e n t s  as h i g h  as 16.5 
pounds p e r  g a l l o n  would  be needed t o  ba lance f o r m a t i o n  
po re  p ressures  i n  some zones below 9,345 f e e t  (subsea 
dep th ) .  

0 
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FIGURE 6 1 .  PLOT OF SHALE  DENSITY VERSUS SUBSEA DEPTH FOR _ u 
w 4 NAVARIN BASIN COST NO. I WELL. Nomographic cu rves  a 
m 

f o r  apparen t  pore  p r e s s u r e  g r a d i e n t  a r e  d e p i c t e d  t h r o u g h  c 8,000 - z - " VI 
zones e x h i b i t i n g  anomalous d e n s i t i e s  due t o  o v e r p r e s s u r e d  I 
c o n d i t i o n s .  T h i s  a n a l y s i s  o f  t h e  s h a l e  d e n s i t y  da ta  + a i n d i c a t e s  t h a t  mud w e i g h t  g r a d i e n t s  as h i g h  as 13.0 pounds - . 

n p e r  g a l l o n  would  be needed t o  c o n t r o l  f o r m a t i o n  po re  
p r e s s u r e  i n  some zones below 9,345 f e e t  ( subsea  depth)  a T O P  OF VELOCITY INVERSION 
and i n  t h e  i n t e r v a l  between 2,000 and 3,800 f e e t  (subsea 10.OOO - AND ABNORMAL PORE PRE 

AT 9,345 FEET (SSO). NOTE d e p t h ) .  The p ressure  g r a d i e n t  cu rves  a r e  t h o s e  f o r m u l a t e d  2 
by E. S. Pennebaker, J r . ,  and p u b l i s h e d  as p r e s s u r e  r e a d e r  (i, CAPROCK EFFECT IMMEDIATELY 

c h a r t s  by McClure (1977, p. IV-7, 8, and append ixes ) .  - ABOVE OVERPRESSURED ZONE - 
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FIGURE 6 2 .  PORE PRESSURE ESTIMATES FROM DRILLING PARAMETERS, - 
NAVARIN BASIN COST NO. I WELL. Pore p r e s s u r e s  were 
o b t a i n e d  by E x p l o r a t i o n  Logg ing,  I n c . ,  c o n c u r r e n t  w i t h  t h e  
d r i l l i n g  o f  t h e  w e l l .  The po re  p ressure  d a t a  a r e  m o d i f i e d  14,000 - - 
a f t e r  those  p resen ted  i n  t h e  p ressure  e v a l u a t i o n  l o g  
i n c l u d e d  w i t h  t h e  f i n a l  w e l l  r e p o r t  s u b m i t t e d  by 
E x p l o r a t i o n  Logg ing,  I n c .  The t h e o r y  and methods o f  t h i s  - - 
t e c h n i q u e  f o r  p r e s s u r e  e v a l u a t i o n  a r e  p r e s e n t e d  i n  Nanuals o SHALE DENSITY, COMPENSATE 
MS-156 and MS-196, pub1 i s h e d  by E x p l o r a t i o n  Logg ing,  I n c .  FORMATION DENSITY LOG 
Small anomal ies i n  t h e  i n t e r v a l s  from 2,500 t o  3,800 f e e t  16,000 - - 
and f rom 6,800 t o  8,100 f e e t  suggest  o v e r p r e s s u r i n g ,  and A SHALE DENSITY. CUTTINGS 

a  v e r y  l a r g e  i n c r e a s e  i n  po re  p r e s s u r e  i s  i d e n t i f i e d  f o r  
- 

SAMPLES. EXLOG DRILL ING 

t h e  depth  i n t e r v a l  be low 12,000 f e e t .  The d r i l l i n g -  - D A T A  PRESSURE LOG 
parameter  method a p p a r e n t l y  f a i l e d  t o  i d e n t i f y  t h e  zone 
o f  s i g n i f i c a n t  ove rp ressure  between 9,335 and 12,000 f e e t ,  
wh ich i s  c l e a r l y  i d e n t i f i e d  on w i r e l i n e  l o g s .  
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normal pressures consis tent  with gradients measured above 
6,540 f e e t  ( f i g s .  56 and 62) .  No d i r e c t  pressure measurements 
were obtained i n  the interval  exhibi t ing the  apparent anomaly 
between 2,500 and 3,840 f e e t .  

The top of the major overpressured zone a t  9,430 f e e t  
i s  c l ea r ly  defined on wire1 ine log data.  I t  i s  not,  however, 
re f lec ted .  i n  the d r i l l i n g  parameter pore pressure analysis .  
In t h e i r  summary on formation pressures f o r  t h i s  pa r t  of 
the we1 1 , EXLOG (1 983) comments tha t :  ' . 

"between 9100 f e e t  and 10,000 f e e t ,  a s t rongly 
posi t i ve  trend devel oped, w i t h  a f l  at tened m i  ddl e 
sect ion re f lec t ing  1 i thological var ia t ions .  Pore 
pressures were estimated a t  lying between 
9.1 Ib/gal and 9.2 Ib/gal . . . From 10,000 f e e t  
t o  12,834 f e e t ,  a f l a t t ened ,  more ve r t i ca l  trend 
was calculated from the predominantly s i l t s t o n e  
1 i tho1 ogy . This t rans i  t ion trend occurred w i t h  
1 i t t l e  r i s e  i n  pore pressure t o  11,500 f e e t . "  

However, i n  their  operations summary EXLOG (1 983) 
notes t ha t :  

"the region from 12,000 f e e t  t o  12,880 f e e t  
exhibited s l  i  g h t  overpressure. Due t o  1 arge 
t r i p  gases, occasionally cu t t ing  the mud weight 
t o  9.1 Ib/gal from 10.6 Ib /ga l ,  diminishing kick 
tolerance,  and some t i g h t  hole sect ions  from 
12,600 f e e t  t o  12,880 f e e t ,  the decision was made 
t o  set  casing." 

Below the casing shoe a t  12,834 f e e t ,  where the operator 
ra ised the mud weight from 10.1 ppg t o  10.9 ppg, an 
underbalanced condition appears t o  have been manifested by 
negative dr i  11 exponent t rends  ( E X L O G ,  19831, h i g h  f l  ow check, 
connection and t r i p  gases, and unstable hole condit ions.  
These condit ions l ed  t o  a stuck and abandoned d r i l l  s tr ing,  
which necessi ta ted a sidetrack a t  13,537 f e e t .  A t  the 
s idetrack,  the operator ra ised the mud weight t o  12.1 ppg. 

As the deeper par t  of the hole was d r i l l e d ,  balanced t o  
underbalanced condit ions were suggested by increasing connection 
and t r i p  gases, background gas, and occasional t i g h t  sect ions  
of hole, a1 though mud weight was eventual ly  ra i sed  t o  g rea te r  
than 14 ppg by to ta l  depth (16,400 f e e t ) .  Most of the  gas 
associated with pipe pickup operations appears t o  have 
or iginated from coal seams ( E X L O G ,  1983) w i t h i n  the Cretaceous 
sequence be1 ow the unconformi ty  a t  12,780 f e e t .  Frequent 
flow checks on d r i l l i n g  breaks f a i l ed  t o  f ind evidence of 
f l  ow, a1 though a short-1 ived mud r e s i s t i v i t y  anomaly a t  
16,012 f e e t  suggested a br ief  sa l twater  inf lux ( E X L O G ,  



1983) against 14.1 ppg mud. No evidence of flow was detected 
elsewhere i n  the mud chloride content, which remained 
essent ial ly  constant below the 13 3/8-inch casing sea t  a t  
4,833 f e e t  (see Operational Summary chapter).  

FORMATION TEMPERATURE DATA 

No e f fo r t  was made t o  analyze flowline temperature 
data for  charac ter i s t ic  thermal signatures associated w i t h  
zones of excess pore pressure i n  the manner suggested by 
Wi 1 son and Bush ( 1973). This type of study was not done 
because of d i f f i c u l t i e s  associated with estimating the 
ef fec ts  on returning-mud temperatures of mud circulat ion a t  
varying annular veloci t ies  through a 500-foot marine r i s e r  
(McCl ure, 1977, p. I1 1-27). Temperatures obtained from 
wi re1 ine borehol e surveys (see  Geothermal Gradient chapter) 
are subject to  e r ror  because of well bore ef fec ts .  The 
measurements are a lso  too infrequent t o  allow ident i f ica t ion  
of the elevated geothermal gradients which typify zones of 
abnormal pore pressure (Nil son and Bush, 1973). 

ESTIMATED MAGNITUDE OF ABNORMAL PORE PRESSURE 

Pressure plots derived from analysis of shale r e s i s t i v i t y ,  
velocity,  and density data were prepared for  the Navarin Basin 
COST No. 1 we1 1 fol 1 owing gui del ines provided by McCl ure (1977), 
~ottmann and Johnson (19651, and Stewart ( 1983). These are 
presented as  a se r i e s  of diagrams i n  plate  3. A pressure 
plot  prepared from d r i l l  i n g  exponent data ( f i g .  62) i s  
a lso presented i n  plate  3E. Each plot  shows actual pressure 
data, hydrostatic and l i t h o s t a t i c  gradients, c i rcula t ing  
dynamic mud pressure, and pore pressure calculations.  
Reference pressure gradients a r e  posted i n  the l u ~ e r  r i g h t  
par t  of each plot.  

Shale ~ e s i i t i v i t ~  Analysis 

Estimation of pore pressures from shale r e s i s t i v i t y  
data was done following guidelines suggested by Stewart 
(1983) and the s e t  of evaluation curves shown in p la te  2. 
This eval uation method has three properties: ( 1 the 
evaluation curve is  depth fixed; (2 )  constant s a l i n i t y  
i s  assumed; and (3)  the accuracy of the method i s  generally 
0.5 ppg where data are we1 1 controlled. Shale r e s i s t i v i t y  
values are  f i r s t  posted versus depth a t  the scales shown. 
This plot  i s  then overlaid on the evaluation curves a t  a 
zero depth (subsea) match. The data s e t  i s  then " f i t "  by 
s l iding l e f t  or  r ight  so tha t  the predominant points f a l l  
t o  the r ight  of the normal compaction curve ( t h e  9 ppg 



l i n e ,  p l a t e  2) .  Pressures ( i n  mud weight  equ iva len t )  f o r  
p o i n t s  on o r  l e f t  o f  t h e  normal compaction curve can be 
read d i r e c t l y ;  those depth p o i n t s  where sha le  values f a l l  
t o  t h e  r i g h t  o f  t h e  9 ppg curve a r e  presumed t o  have a 
normal ( 9  ppg) pore pressure grad ient .  

Th is  approach t o  data f i t t i n g  has been s l i g h t l y  m o d i f i e d  
here. Avai 1 ab l  e d i  r e c t  pressure measurements were converted 
t o  equ iva len t  mud g rad ien t  and posted w i t h  t h e  s e t  o f  
eva lua t ion  curves. Shale r e s i s t i v i t y  data were then s h i f t e d  
h o r i z o n t a l l y  a long t h e  depth match t o  o b t a i n  t h e  bes t  v i s u a l  
f i t  between shale r e s i s t i v i t y  and pressure data. Such f i t t i n g  
was made d i f f i c u l t  by t h e  h i g h  s c a t t e r  e x h i b i t e d  by t h e  
r e s i s t i v i t y  data. 

Two o t h e r  a l t e r n a t i v e s  e x i s t  f o r  a data f i t . The 
f i r s t  o p t i o n  i s  t o  s l i d e  t h e  data t o  t h e  r i g h t  so t h a t  a l l  
p o i n t s  above t h e  p o i n t  o f  i n v e r s i o n  a t  9,430 f e e t  f a l l  on 
o r  t o  t h e  r i g h t  o f  t h e  9 ppg curve. Th is  would r e s u l t  i n  
t h e  computat ion o f  normal pore pressures f o r  approximately 
3,000 f e e t  o f  t h e  obv ious ly  overpressured s e c t i o n  beneath 
t h i s  i n v e r s i o n  p o i n t .  Th is  approach seems f a r  t o o  conservat ive  
and ignores  t h e  d i r e c t  pressure measurement, which y i e l d e d  
an equ iva len t  g rad ien t  o f  10.01 ppg a t  10,163 f e e t  (SSD). 
The second d a t a - f i t t i n g  o p t i o n  regards t h e  1,000 f e e t  o f  
sec t i on  immediately above t h e  i n v e r s i o n  p o i n t  as "normal." 
Shale r e s i s t i v i t y  data a re  then superimposed on t h e  e v a l u a t i o n  
curves so t h a t  t h e  i n v e r s i o n  p o i n t  matches t h e  9 -ppg curve. 
However, t h e  i n v e r s i o n  p o i n t  then appears t o  1 i e  w i t h i n  
overconsol i dated "caprock" ( see d iscuss ion be1 ow) , and use 
o f  t h e  p o i n t  as a base 1 i n e  y i e l  ds r a d i c a l  l y  h i g h  pressure 
est imates which v i o l a t e  d i r e c t  pressure data both  above and 
below t h e  i n v e r s i o n  po in t .  For  these reasons, bo th  o f  
these a l t e r n a t i v e  f i t  op t ions  were re jec ted .  The data f i t  
i l l u s t r a t e d  i n  p l a t e  2 appears t o  most c l o s e l y  honor a l l  
avai  1 ab le  data. 

A pore  pressure p l o t  prepared from t h i s  ana lys i s  o f  . 
t h e  r e s i s t i v i t y  da ta  i s  presented i n  p l a t e  3A. These 
c a l c u l a t i o n s  i d e n t i f i e d  a zone o f  abnormal pore pressure i n  
t h e  i n t e r v a l  from 2,500 t o  3,840 feet .  Because o f  data 
s c a t t e r ,  "caprock" e f f e c t s ,  and t h e  f i t t i n g  technique, 
excess pore pressure values were n o t  de r i ved  by t h i s  method 
f o r  t h e  upper 2,770 f e e t  o f  t h e  major  overpressured zone 
below 9,430 fee t .  

The conc lus ion  reached from these e f f o r t s  i s  t h a t  sha le  
r e s i s t i v i t i e s  i n  t h e  Navar in Basin COST No. 1 we l l  o f f e r  
t h e  l e a s t  s a t i s f a c t o r y  wire1 i n e  l o g  method f o r  q u a n t i f i c a t i o n  
o f  fo rmat ion  pressure. 



Shale Velocity Analysis 

Two separate approaches were used i n  the analysis  
of shale velocity data. The f i r s t  approach involved the comparison 
of actual shale velocity data t o  tha t  predicted for  a given 
burial depth by the Bering shelf "normal" compaction gradient 
on p la te  2. By this  means, a velocity anomaly was computed 
for  each depth-versus-travel-time shale point. Where a 
positive anomaly (excessively high travel time o r  low 
velocity) was ident if ied,  a pore pressure estimate was 
graphically obtained by using the  relationship between pore 
pressure and travel-time anomaly pub1 i shed for  the 01 igocene- 
Miocene of the Gulf Coast by Hottmann and Johnson (1965, 
p. 720, f i g. 5 ) .  Hottmann and Johnson' s graph is  reproduced 
i n  f igure 63. The re su l t s  of this analysis  a re  shown i n  
plate  3B along w i t h  d i rec t  pressure measurements and mud 
weight data. 

A1 though these shal e-veloci ty  pore pressures f i t  
constraining pressure data f a i  r ly  we1 1 above 7,000 f e e t  
(SSD) , unreal i s t i c a l l y  h i g h  pressures a re  derived for  a l l  
deeper points. Theoretical pore pressures fo r  the depth of 
the RFT t e s t  a t  10,163 f e e t  (SSD) exceed by 1,500 psi the 
actual pressure obtained in . the  t e s t .  Two possible explanations 
may be offered for  the excessively high pressures obtained by 
t h i s  treatment of the shale velocity data: 

(1 ) The shale velocity anomaly versus pore pressure 
graph ( f i g .  63) compiled by Hottmann and Johnson (1965) 
for  the Gulf Coast i s  not direct ly applicable t o  Bering 
she1 f sediments. Indeed, shale velocity anomal i e s  a t  
10,163 f e e t  (SSD), where an excess pore pressure 
measurement was obtained, y ie ld  a point t h a t  plots  well 
off the Hottmann and Johnson curve. A s ingle control 
point i s  not adequate t o  jus t i fy  a s h i f t  or  correction 
of the Hottmann and Johnson curve, so the construction 
of a proper curve fo r  Bering shelf sediments must,awai t 
additional data. 

( 2 )  A t  depths below 13,750 f e e t  (SSD), the Bering shelf 
curve extrapolates t o  shale travel times l e s s  than 
62 microseconds/foot, the theoretical compaction l imit .  
As discussed above, the compaction function probably 
departs from l inea r i ty  near t h i s  depth and asymptotically 
approaches the 62 microseconds/foot theoretical 1 imi t. 
Therefore, the use of the 1 inear function below 13,750 
f e e t  r e su l t s  i n  erroneously large travel-time anomalies 
and derived pore pressures. 

A separate evaluation of pore pressures from shale 
velocity data was conducted by using eval uation curves constructed 
by Pennebaker (1968a, 1968b; in McClure, 1977) for  worldwide 
eval uations of formation presGres.  The technique consi sts of 
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HOTTMANN AND JOHNSON'S CURVE FOR THE RELATIONSHIP BETWEEN 
SHALE T R A ~ E L  TIME ANOMALY AND PORE PRESSURE IN THE OLIGOCENE- 
MIOCENE OF THE GULF COAST OF LOUISIANA AND TEXAS. (HOTTMANN AND 

JOHNSON, 1965 ,  p.720,fig. 51. T h i s  curve was used t o  obtain t he  
unreal i s t i c a l  l y  high pore pressures shown i n  p l a t e  38. The s ing l e  
d i r e c t  pressure measurement avai 1 abl e f o r  the  overpressured in te rva l  
i n  the  Navarin Basin COST No. 1 well i s  posted a s  a small open square 
( t r ave l  time anomaly = 11.5; pressure gradient  = 0.524). In the  
Gul f Coast, t h i s  magni tude of travel-t ime anomaly woul d be associated 
with a pore pressure gradient of 0.700. The Hottmann and Johnson 
curve evidently m u s t  be sh i f t ed  o r  corrected t o  be appl icable  t o  
Bering Sea sediments. 
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over lay ing the curves on the shale v e l o c i t y  data and s h i f t i n g  
one o r  t he  o ther  v e r t i c a l l y  (matched along t h e  100 microseconds/ 
f o o t  l i n e )  t o  ob ta in  a s a t i s f a c t o r y  v i sua l  match between the  
8.5-ppg l i n e  and t he  normally pressured sediments i n  the  few 
thousand f e e t  above the  overpressured i n t e r v a l .  Th is  f i t  i s  
ill ust ra ted  i n f i  gure 60. Pennebaker' s emp i r i ca l  curves 
depart from l i n e a r i t y  a t  depth as the shale compaction 
1 i m i  t i s  asymptot ica l ly  approached by t h e  8.5-ppg o r  "normal " 
compaction p r o f i l e .  A t  depths below 13,750 f e e t  (SSD), t h i s  
curve i s  super ior  t o  t he  Ber ing s h e l f  curve as a base l i n e .  
A pressure p l o t  der ived from t h i s  ana lys is  of v e l o c i t y  data 
i s  presented i n  p l a t e  3C. Computed t h e o r e t i c a l  pore pressures 
agree we l l  w i t h  actual  pressure data. Comparison of the  
curve f o r  mud column pressure t o  t he  t h e o r e t i c a l  pore 
pressure data suggests t h a t  the we l l  was d r i l l e d  i n  an 
underbalanced cond i t i on  f rom 10,000 t o  12,830 f ee t ,  where 
d e t e r i o r a t i n g  ho le  cond i t i ons  necessi tated the  s e t t i n g  o f  a 
casing s t r i ng .  Th is  p l o t  suggests t h a t  an underbalance o f  
approximately 3,000 p s i  ex i s t ed  a t  the b i t  when d r i l l i n g  
was resumed a f t e r  t he  casing run. Cont inuing ho le  problems 
t h a t  l e d  t o  a stuck and abandoned d r i l l i n g  assembly and the  
subsequent s idet rack a t  13,537 f e e t  prompted successive 
increases i n  mud weight (even tua l l y  i n  excess o f  14 ppg) as 
the ho le  was d r i l l e d  t o  t o t a l  depth. A t  t o t a l  depth (16,400 
f e e t )  the  p l o t  i nd ica tes  t h a t  a maximum underbalance o f  
approximately 800 p s i  ( o r  1.5 ppg mud weight)  ex i s t ed  i n  
the  uncased p a r t  o f  the we l l  between 12,830 and 15,500 
f ee t .  An overbal anced condi ti on ex i s t ed  be1 ow 15,500 f e e t  
i n  the we l l  bore when the we l l  reached t o t a l  depth. 

O f  a l l  t he  wire1 i ne 1 og techniques, t h i s  t reatment 
( p l a t e  3C) o f  shale v e l o c i t y  data y i e l d e d  pore pressure 
est imates most cons is ten t  w i t h  the  operat iona l  data and 
independent pressure informat ion.  

Shal e Densi ty Analysi s 

Shale dens i t i es  were a lso  analyzed by us ing  the eva lua t ion  
curves publ ished by McClure (19771, which a re  i d e n t i c a l  i n  . * 

form t o  those employed i n  the  ana lys is  o f  v e l o c i t y  data. 
The dens i ty  data and t he  con f igu ra t ions  of t h e  Pennebaker 
eva luat ion curves a re  shown i n  f i g u r e  61. Pore pressure 
est imates obtained from t h i s  ana lys is  a re  shown i n  p l a t e  
3D. As found i n  the  o ther  analyses, a narrow zone o f  
excess pore pressure i s  present  i n  the  i n t e r v a l  from 2,500 
t o  3,840 fee t .  Theoret ica l  pore pressures agree we l l  w i t h  
ac tua l  pressure data i n  the  normally compacted sect ions,  
b u t  a re  too  conservat ive a t  the pressure measurement taken 
j u s t  below the  top o f  the  overpressured zone. These 
t heo re t i ca l  pore pressures suggest t h a t  the  we l l  was d r i l l e d  
i n  an underbal anced cond i t i on  (up t o  700 p s i  o r  1.3 ppg 



d i f f e r e n t i a l )  between 10,000 and 12,830 feet ,  before the  
9 5/8-inch casing run. The theore t i ca l  pore pressures 
f u r t he r  i nd i ca te  t h a t  the mud weights employed between the 
casing shoe and t o t a l  depth were ample t o  counterweight 
formation pressures i n  t h a t  i n te r va l .  Pore pressures 
obtained from analys is  o f  shale dens i t ies  are probably t o o  
conservative. The pressure re1 a t i  onshi ps i n  p l  a t e  3D are  
incons is ten t  w i t h  the  underbal anced condi t ions suggested by 
the chronic problems w i t h  pick-up gas and unstable ho le  
condi t ions encountered between 12,830 and 16,400 feet .  

A1 1 w i  re1 i ne 1 og methods o f  pore pressure est imat ion 
suggest t h a t  the zone o f  overpressure extends w i thou t  
detectable i n t e r r u p t i o n  we1 1 be1 ow the basal T e r t i a r y  
unconformity a t  12,780 feet .  Density values f o r  shale 
cu t t i ngs  r i s e  percept ib ly  be1 ow t h i s  unconformi t y  bu t  are 
s t i l l  r e l a t i v e l y  low f o r  these depths ( f i g .  61). The 
s t ra t i g raph i c  column presented i n  p l a t e  3H i nd i ca tes  t h a t  
the  major zone o f  abnormal pore pressure contains rocks o f  
Oligocene, Eocene, and Late Cretaceous age. 

D r i  11 i ng Exponent Analysi s 

Pore pressure gradients ca lcu la ted from d r i  1 1 i ng 
response parameters by EXLOG ( f i g .  62) are portrayed as 
pressure data i n  the pressure p l o t  o f  p l a t e  3E. These 
estimates agree we1 1 w i t h  the  d i r e c t  pressure measurements 
i n  the  sha l l  ow section, bu t  are d e f i c i e n t  by approximately 
10 percent, o r  500 ps i ,  a t  the  depth o f  t he  RFT pressure 
t e s t  a t  10,163 f e e t  (SSD) . The EXLOG pore pressure analys is  
f a i l e d  t o  i d e n t i f y  the  top o f  the  overpressured zone a t  
9,430 f e e t  ( c l e a r l y  del ineated by sonic and densi ty analys is) ,  
and t h e i r  estimates appear t o  be too  conservative i n  t he  
deeper par ts  o f  the we1 1. 

POSSIBLE CAUSES OF ABNORMAL PORE PRESSURE 

The analyses presented above i d e n t i f i e d  two p r i  nc i  pa l  
zones (2,500 t o  3,840 f e e t  and 9,430 t o  15,300 f e e t )  where 
abnormally h igh pore pressures appear t~ be present. The 
actua l  cause o f  t h i s  abnormal pore pressure i s  unknown, b u t  
s u f f i c i e n t  data are avai 1 able t o  warrant some speculat ion. 

I n  h i s  studies o f  the mechanics o f  o i l  expulsion and 
migrat ion,  Burs t  (1969) i d e n t i f i e d  three separate stages o r  
pu l  ses o f  water mob i l i za t ion  and expulsion dur ing the 
progressive b u r i a l  and diagenesis o f  shales. The f i r s t  
stage o f  dewatering i s  p r ima r i l y  a k i n e t i c  process dur ing 
which pore water and excess i n t e r l a y e r  water (greater  than two 
molecular layers )  i s  expel led i n  response t o  the mechanical 
r e d i s t r i b u t i o n  o f  sol i d  p a r t i c l e s  and concomitant reduct ion 



i n  pore space. T h i s  process reduces the  to t a l  water content 
of the  sediments ( i n i t i a l l y  70 t o  80 percent) t o  approximately 
30 percent (20 t o  25 percent inter layer  water and 5 t o  10 
percent residual pore water). This i n i t i a l  pulse of f l u i d  
expulsion occurs w i t h i n  the f i r s t  few thousand f e e t  of burial 
and i s  accompanied by an increase in  bulk density i n  Gulf Coast 
sediments from 1.32 t o  1.95 g/cm3 (Burst, 1969, p. 106, 
f i g .  6 ) .  In the logged section of t h e  Navarin Basin COST 
No. 1 well from 1,500 t o  3,565 f e e t ,  shale dens i t ies  remain 
f a i r l y  constant a t  1.75 g/cm3 ( f i g .  61). From 3,565 t o  
3,840 fee t ,  shale dens i t ies  increase t o  1.95 g/cm3. Below 
3,840 fee t ,  shale dens i t ies  a re  approximately 2.1 g/cm3. 
These data a re  consis tent  w i t h  Burst's (1969) model f o r  
mechanical compaction as  a contributing source fo r  the excess 
pore f l u i d s  i n  t h i s  interval .  

However, these sediments a re  generally r ich i n  s i l iceous 
microfossils which local ly  cons t i tu te  more than 50 percent 
of the b u l k  volume of diatomaceous oozes (AGAT, 1983, D4231, 
f i g .  9) .  As discussed i n  the  Bottom-Simul a t i  ng Ref1 ec tor  
chapter, diatom t e s t s  exhib i t  progressively greater  
fragmentation, corrosion, and p i t t i ng  of ex ter ior  surfaces 
a t  depths greater  than 3,690 f e e t ,  and s i l iceous  diatoms a r e  
very sparse below 3,870 fee t .  These observations suggest 
t h a t  the opaline t e s t s  a re  undergoing solution attack w i t h  
loss  of s t ructural  in tegr i ty  and subsequent col lapse i n  
response t o  overburden pressure. T h i s  occurs a t  a depth 
which corresponds very closely t o  the base of the zone of 
abnormal pore pressure. Isaacs and others (1983) and Hein 
and others (1978) have documented s igni f icant  mineralogical 
changes i n  diatomaceous sediments which appear t o  be controlled 
primari l y  by temperature ( speci f ical  l y  the  opal -A t o  opal -CT 
transformation corresponding t o  a temperature range of 109" 
t o  122" F). The depth of wholesale diatom t e s t  destruction 
corresponds t o  a temperature of 125" F ( p l a t e  36) i n  the 
Navarin COST No. 1 we1 1 and i s  therefore consis tent  w i t h  
independent data fo r  the threshold temperature of opal-A 
i nstabi 1 i t y  . Water re1 eased by t h i  s reaction and the excess 
pore waters resul t ing from the mechanical collapse of pore 
space i n  the interyal from 3,690 t o  3,870 f e e t  may have been 
an additional source fo r  the excess pore f l u i d s  i n  the overlying 
zone of abnormal pore pressure. Conversely, the  mobilization 
of retained f lu ids  out of pores a t  3,840 f e e t  as  a consequence 
of independent processes may have led t o  s i l iceous  microfossil 
dissolution and mechanical crushing of t e s t s  i n  response t o  
a greater share of l i t h o s t a t i c  weight being sh i f ted  t o  grain 
contacts. 

The reason for  retention of these f lu ids  i n  the overlying 
zone i s  unknown. Perhaps the transformation depth (3,840 f e e t )  
represents a threshold overburden pressure required fo r  
spontaneous autofracturing and 1 a te ra l  o r  downward expul sion. 



In the Navarin we1 1 ,  shal es be1 ow 3,840 f e e t  are  we1 1 
consol idated and fo l l  ow a normal compaction profi 1 e. Thei r 
mechanical properties contrast  suf f ic ient ly  w i t h  the overlying 
abnormally pressured sequence t o  produce a seismic ref lec tor  
(seismic horizon A )  near t h e i r  mutual boundary a t  3,565 f e e t  
(p la t e  3H). This re f lec tor  can a1 so be correlated w i t h  a 
bottom-simulating ref lec tor  a t  some distance from the well. 
Seismic records show tha t  the overpressured zone above the  
ref lec tor  i s  characterized by poor ref lec tors  or  low signal 
strength w i t h i n  the zone ( f i g .  44). 

After the i n i t i a l  pulse of mechanical dewatering, pore 
water escape paths are  severely reduced and re la t ive ly  1 i t t l e  
additional pore water i s  given up w i t h  increasing burial depth. 
The second major pulse of shale dehydration i s  thermochemical ly  
controlled and i s  primarily a process of desorption of 
thermally energized water from crystal  l a t t i c e  faces in to  
i ntergranul a r  pores (Powers, 1967). T h i s  new pore water 
apparently requires 40 t o  50 percent more room than i t  did 
as  intracrystal l  ine water, which resul t s  in an excess vol urne 
of pore water. T h i s  process i s  accompanied by major changes 
i n  c rys ta l - l a t t i ce  dimensions and is par t  of the transformation 
of expandable clays, .or  smectites, i n t o  i l l i t e ,  a nonexpandable 
clay. The transformation is observed over a temperature 
range of 200° t o  300° F (Powers, 1967), w i t h  an average 
c r i t i c a l  dehydration temperature threshold of 221° F (Burst, 
1969). Burst (1969, p .  106, f i g .  6 )  indicates tha t  t h i s  
transformation is  accompanied by an increase i n  the  bulk 
density of shales from 1.96 t o  2.28 g/cm3. In the  Navarin 
we1 1, shale densi t ies  r i s e  t o  2.4 g/cm3 in the "caprock" 
a t  the top of the overpressured interval ( f i g .  61) and from 
there remain constant down t o  the unconformity a t  12,780 
feet .  Belw the unconformity, shale densi t ies  r i s e  t o  
approximately 2.5 g/cm3, then remain constant down t o  the 
apparent base of the overpressured zone a t  15,300 fee t ,  
where shale densi t ies  rapidly increase t o  the compaction 
1 imit of 2.65 g/cm3. 

Two independent observations suggest tha t  thermally 
activated stripping of inter layer  water from smecti tes during 
i l l i t i z a t i o n  may be the primary process responsible for  the 
zone of abnormal pore pressure below 9,430 fee t :  

(1 ) X-ray di f fract ion mineralogical s tudies  of shale 
sampl es  from cores conducted by AGAT, Inc . ( 19831, 
ident if ied a major change i n  bulk mineralogy tha t  roughly 
corresponds t o  the upper surface of the  abnormal pressure 
zone. In core 10, above 9,686 fee t ,  approximately 50 
percent of the clay fraction i n  shales i s  smectite. In 
core 11, be1 ow 9,948 fee t ,  only mixed-1 ayer clays are  
found, and the i l l  i te  proportion of the clay fract ion 
r i s e s  s ignif icant ly (p la t e  3F). The depth interval of 
this transformation (9,686 t o  9,948 f e e t )  corresponds 
approximately t o  the top of the overpressured zone a t  



9,430 fee t .  New pore water released by this 
transformation probably generated the excess pore f lu ids  
present i n  the overpressured section. 

(2)  Burst (1969) and Schmidt (1973, p. 330) suggest a 
temperature threshold of 221" F (on average) f o r  the 
dehydration of smecti t e s ,  a1 though Burst (1969, p. 116, 
f ig .  10) postulated a range of 198' t o  232' F. The 
geothermal prof i le  for  the  Navarin Basin COST No. 1 
we1 1 , reproduced i n  plate  36 ( see a1 so Geothermal Gradient 
chapter),  predicts the occurrence of temperatures of 
220° F a t  a subsea depth of 9,100 f e e t  (9,185 f e e t  
measured depth). Thus ,  the c r i t i c a l  thresh01 d temperature 
for  smectite i l l  i t i za t ion  appears t o  be achieved a very 
short  distance (245 f e e t )  above the top of the major zone 
of abnormal pore pressure. 

CAPROCK 

Zones of abnormal hardness or compaction, commonly 
referred t o  as  "caprock ," are often found d i rec t ly  over 
sections with abnormal pore pressures. Such zones depart 
from normal compaction gradients on conventional wireline 
log prof i les  and appear t o  be overcompacted. Caprock is  
characterized ( f i g .  57) by high r e s i s t i v i t y ,  low sonic t ravel  
times (high veloci ty) ,  and high density (Fe r t l ,  1976, p. 226, 
f ig .  5.44). Caprock zones can exceed 1,000 f e e t  i n  thickness 
( F e r t l ,  1976, p. 214, f ig .  5.32) and often cause d i f f i c u l t i e s  
i n  the selection of a "normal" compaction trend i n  an unfamiliar 
province. Caprock may exhibi t  cementation by common agents 
such as  quartz, c a l c i t e ,  s i d e r i t e ,  zeol i t e s ,  and perhaps 
sul fates .  Caprock 1 i thologies are often described as  "hard, 
1 imey 'shal e." 

In the Navarin Basin COST No. 1 well, r e s i s t i v i t y  data 
(p la t e  2) suggest the presence of a caprock i n  the interval 

- . from 8,500 t o  9,550 feet .  Above 9,200 f e e t ,  shales a re  
described a s  "clay, gray, s o f t ,  sol ub1 e ,  amorphous, s i l  ty ,  
and bentoni t i c "  (Formation Eva1 uation Log, i n  :EXLOG, 1983). 
A t  9,450 fee t ,  EXLOG describes apparent capKck as  "shale,  
1 ight  t o  medium gray, hard, sil ty ,  non- t o  sl ightly-calcareous, 
w i t h  abundant fossi l  material ." Below 9,800 f e e t ,  l u t i t e s  
are described as "clay, gray, s t icky,  p la s t i c ,  and soluble," 
properties t h a t  a re  comon i n  overpressured shales. X-ray 
diffract ion analysi s of conventional core sampl es  by AGAT 
(1983, table  1 , D-423-7 t o  D-423-11) yielded the fol 1 owing 
average total  carbonate ( ca lc i t e ,  ankeri t e ,  and s i d e r i t e )  
contents: 



Core Depth Average Carbonate 
Number I n t e r v a l  Content 

7 7,600 t o  7,626 f e e t  1 .O% 
8 8,639to8,649 f e e t  1.4% 

I n t e r v a l  Caprock 1 9 9,402 t o 9 , 4 3 0 f e e t  3.5% 
10 9,656 t o  9,686 f e e t  7.7% 
11 9,949 t o  9,984 f e e t  2.7% 

These data suggest an increase i n  the  carbonate content  
o f  shales i n  the suspected caprock zone, a1 though core 10, 
j u s t  beneath the apparent caprock, a l so  e x h i b i t s  a h i gh  
carbonate content. The analysis o f  core 10 was probably 
biased by the  i nc l us i on  o f  a few coquinoid hor izons t h a t  
were r i c h  i n  biogenic carbonate (up t o  33 percent) ,  so the  
a r i t hme t i c  average obtained from t h i s  data i s  somewhat 
misleading. 

SUMMARY 

The w i re l  i n e  l o g  and formation t e s t  data c l e a r l y  i d e n t i f y  
a major zone o f  abnormal formation pore pressure i n  the  i n t e r v a l  
below 9,430 f e e t  i n  the  Navarin Basin COST No. 1 wel l .  A 
shal low zone o f  excess pore pressure between 2,500 and 3,840 
f e e t  a1 so appears t o  be present. Only a s i ng le  d i r e c t  pressure 
measurement was obtained i n  conf i rmat ion o f  abnormal pressure - 

i n  the  lower i n t e r va l .  Estimation o f  t he  actua l  magnitude 
o f  overpressure therefore  re1 i e s  heav i l y  on the eva luat ion 
o f  w i r e l i n e  l o g  data. The i n t e r p r e t a t i o n  o f  t h i s  data i s  
somewhat subject ive,  and i n  the  absence o f  complete pressure 
t e s t  conf i rmat ion,  the  pressure est imates der ived from 
w i r e l i n e  logs must be regarded as approximations. 

O f  the various methods o f  pressure ana lys is  app l ied  
t o  the  w i r e l  i n e  l o g  data, the ana lys is  o f  shale v e l o c i t y  
data f o l l ow ing  the procedure o f  McClure (1977) appears t o  have 
y i e l  ded r e s u l t s  t h a t  most c l ose l y  conform t o  .independent 
t e s t  and operat ional  data ( f i g .  60 and p l a t e  3C). 

  he upper zone o f  ove rp r~ssu re  may be associated w i t h  
diagenesis o f  d iatomites and i n e f f i c i e n c i e s  i n  mechanical 
expuls ion o f  pore f l u i d  from compacting shales. 
Mineralogical ,  thermal, and dens i ty  data suggest t h a t  a t  
l e a s t  p a r t  o f  the excess pore f l u i d s  i n  the lower zone o f  
abnormal pore pressure a re  generated as a by-product o f  
s m e c t i t e - i l l i t e  transformations. 

Both zones o f  excess pore pressure correspond t o  
i n t e r v a l  s t h a t  e x h i b i t  poor i n t e r n a l  r e f l e c t i v i t y  on CDP 
seismic panel s ( f i g  . 44). The base o f  the  upper zone o f  
overpressure co r re la tes  w i t h  a high-amplitude p o s i t i v e  
r e f l e c t i o n  observed on seismic records. The boundaries o f  



the lower zone are not  associated w i t h  any p a r t i c u l a r  event on 
seismic records. A t  the wel l  s i t e ,  the  basal T e r t i a r y  
unconformity does not  correspond t o  any i d e n t i f i a b l e  continuous 
r e f l e c t o r ,  probably because o f  reduced acoust ic impedance 
caused by excess pore pressures both above and below the  
unconformi ty . 

Overpressured sections present po ten t i a l  hazards t o  
d r i  11 i ng operations. Careful ana lys is  o f  v e l o c i t y  data from 
seismic surveys i n  the v i c i n i t y  o f  proposed we l l s  may provide 
c lues t o  the depths a t  which overpressured zones may occur, 
and casing programs can then be designed t o  p r o t e c t  d r i l l i n g  
operations. Pore pressure estimates ca lcu la ted  from d r i l l i n g  
responses f a i l e d  t o  i d e n t i f y  the top o f  the major zone o f  
overpressure i n  t he  Navarin Basin COST No. 1 we l l ,  and 
over 2,000 f e e t  o f  overpressured sect ion was penetrated 
before the problem was detected. Any suggestion o f  an 
overbalanced cond i t ion  wh i le  d r i l l i n g ,  such as increas ing 
background o r  pickup gas (connection, f l ow check, t r i p ,  
etc.), t i g h t  o r  sloughing hole, o r  increas ing penet ra t ion 
r a t e  on a d u l l i n g  b i t ,  should prompt the  cessat ion o f  
d r i l l i n g  and the running o f  a sonic l o g  as a pressure check. 
Pressures obtained from analys is  o f  the  sonic l o g  would then 
d i c t a t e  the operational response t o  the problem. 

. The presence o f  excess pore pressures i n  the  geothermal 
environment o f  the lower zone (below 9,430 f e e t )  enhances 
the prospects f o r  hydrocarbon accumulations i n  t h e  Navarin 
Basin. The top o f  the lower overpressured i n t e r v a l  roughly 
corresponds t o  the l e v e l  o f  peak o i l  generat ion (Hunt, 1979, 
p. 146, f i g .  4-26) a t  a temperature o f  212" F (100" C). The 
a v a i l a b i l i t y  o f  excess pore waters i n  shales as an expuls ion 
vehic le  f o r  simultaneously evo lv ing hydrocarbons i s  recognized 
as a very important f ac to r  i n  the  migrat ion o f  hydrocarbons 
from t h e i r  source i n t o  po ten t i a l  t raps  (Burst, 1969; Hunt, 
1979). Exce l lent  source beds f o r  l i q u i d  hydrocarbons a re  
found near the base o f - t h e  T e r t i a r y  sequence and w i t h i n  
the zone o f  abnormally h i g h  pore pressure. Should these 
i n t e r v a l  s a1 so coincide i n  areas where fau l  t i n g  provides 
escape avenues f o r  the excess pore f l u i ds ,  p o t e n t i a l  t raps  
i n  communication w i t h  the f a u l t s  can be reasonably expected 
t o  be charged w i t h  hydrocarbons (Weber and others,  1978). 
I n  the Navarin Basin COST No. 1 we1 1, the only po ten t i a l  
reservo i r  beds are found above the  "caprock" from approximately 
5,000 t o  7,000 feet .  Fau l ts  which postdate these beds 
would provide natura l  conduits f o r  the mig ra t ion  o f  
hydrocarbons i n t o  these beds from sources a t  greater  depth. 



GEOTHERMAL GRADIENT 
by 

. Gary C. Mar t in  

The thermal gradient  f o r  the  Navari n Basi n COST No. 1 
we1 1 was determined by using the High Resolut ion Thermometer 
l o g  (HRT) , bottom hole  temperatures (BHT) from the logg ing 
runs. and formation f l u i d  temperatures from the d r i l l  stem t e s t  
(DST) and from the  Repeat Formation Tester l o g  (RFT). True 
formation temperatures were estimated from each logg ing run  
by ex t rapo la t ing  BHT measurements obtained from successive 
l o g  su i tes  t o  a s t a t i c  formation temperature. 

The ana l y t i ca l  ex t rapola t ion technique cons is ts  o f  a 
l i n e a r  regression appl ied t o  the s u i t e  o f  BHT measurements 
versus the logar i thm o f  the expression: 

where f o r  each measurement, d t  = time 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 rapo la t ion  
o f  the obtained 1 i n e  t o  the temperature reached .when 

shoul d def ine t rue,  s t a t i c  formation temperature ( f i g .  64). 

This technique i s  based on the observation 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  pract ice,  t h i s  technique y i e l  ds accurate 
estimates o f  t r ue  s t a t i c  formation temperature except when 
c i r c u l a t i o n  times are i n  excess o f  24 hours. 

A f t e r  s t a t i c  BHT was ca lcu la ted from each logg ing run, a 
p l o t  o f  temperature versus depth was constructed by us ing a l l  
ava i l  able temperature data ( f i g .  65). A f t e r  comparing the 
various data and no t i ng  the cha rac te r i s t i c s  o f  heat t r ans fe r  
between d r i l l i n g  f l u i d s  and formation l i t h o l o g y  and f l u i d s ,  
i t  was determined t h a t  the t r u e  thermal grad ient  was bes t  
approximated by the s t a t i c  BHT and DST data. 

The thermal grad ient  obtained from the  HRT l o g  i s  
anomalously high. This l o g  was run through the cased sect ion 
o f  the ho le  (from the 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 the higher 
temperatures a t  the bottom o f  the  ho le  was c i r c u l a t e d  pas t  
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Temperature 
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T equals circulating time in hours and 
dT equals elapsed time after circulation stopped. 

F IGURE 64. GRAPH SHOWING THE EXTRAPOLATION OF BOTTOM 
HOLE TEMPERATURES (BHT) TO DETERMINE STATIC BHT 
FOR LOGGING RUN 2, NAVARIN BASIN COST NO. I WELL. 



the well cas ing s t r i n g  f o r  63  days before  reaching t o t a l  
depth. T h i s  h e a t  was r e a d i l y  conducted from the mud through 
the cas ing and heated the upper  borehole above true formation 
temperature. Theore t ica l ly  , t h i s  e f f e c t  shoul d inc rease  
uphol e and probably accounts f o r  the prbgress i  ve divergence 
upward of  the HRT thermal g rad ien t  from the es t imated  true 
geothermal g rad ien t  i n  f i g u r e  65. 

The RFT temperature da ta  were a l s o  found t o  be genera l ly  
unsa t i s fac to ry  f o r  c a l c u l a t i n g  the true geothermal gradient .  
T h i s  is  probably a funct ion  of the small amount o f  formation 
f l u i d  sampled i n  an RFT test  and the r e s u l t i n g  s u s c e p t i b i l i t y  
of  this test  t o  near-borehole thermal modif ica t ion .  RFT 
da ta  were apparent ly  a f f e c t e d  by a process s i m i l a r  t o  the 
one t h a t  a f f e c t e d  the HRT da ta ;  t h a t  i s ,  the h e a t  t r a n s f e r  
i n  the upper sec t ions  of the borehole was from the mud t o  
the formation (warming the format ion) ,  but  the h e a t  t r a n s f e r  
i n  the lower s e c t i o n s  of the borehole was from the formation 
t o  the mud ( c h i l l i n g  the formation).  This process of  thermal 
modif ica t ion  may account f o r  the s l i g h t  p o s i t i v e  uphole 
divergence of the RFT temperatures i n  logging run 1 from the 
c a l c u l a t e d  true geothermal gradient .  

Thermal modi f i c a t i o n  a1 s o  probably accounts  f o r  the 
low RFT temperatures obtained i n  runs  2 and 3. These low 
temperatures were obtained from r e l a t i v e l y  deeper s e c t i o n s  of  
the well a t  the time logging runs 2 and 3 were recorded and 
a r e  due t o  the r e l a t i v e l y  cool c i r c u l a t i n g  mud chi l l  ing 
the formation ad jacen t  t o  the borehole. RFT temperatures i n  
the extens ively  sampled sandy i n t e r v a l  from 5,000 t o  7,000 
f e e t  approximate the f l  owl i ne mud temperatures recorded 
during 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 ing)  
o f  the formation w i t h  t h e  well bore through c o n t a c t  w i t h  the 
re1 a t i v e l y  cool c i r c u l a t i n g  mud. RFT temperatures i n  t h i s  
sandy in te rva l  a r e  f a r t h e r  d i  spl  aced from the c a l  cul a t e d  
geothermal g rad ien t  than those  measured i n  the underlying 
mudstone in te rva l  (7,000 t o  10,300 f e e t ) .  This  i s  probably 
due t o  the inheren t ly  greater . therma1 c o n d u c t i v i t i e s  o f  the : 
sandstones. 

The s i n g l e  DST.temperature was assumed t o  r e p r e s e n t  i n  
situ formation temperature because the DST e x t r a c t e d  a l a r g e  
volume (55 b a r r e l s )  of  formation f l u i d  and t h u s  sampled 
f l u i d  a s u f f i c i e n t  d i s t a n c e  from the  borehole. The DST 
temperature f a l l s  very c l o s e  t o  the geothermal g r a d i e n t  
c a l c u l a t e d  from the BHT data .  

Linear  regress ion  ( 1 e a s t  squares ) was appl i ed  t o  the 
s t a t i c  BHT and DST da ta  t o  determine the average geothermal 
g rad ien t  shown i n  f i g u r e  65. T h i s  y i e l d e d  a g r a d i e n t  o f  



1.78" F per 100 fee t  from t o t a l  depth (16,400 fee t )  t o  about 
3,800 feet. Above 3,800 feet,  the gradient i s  higher and i s  
estimated t o  be 2.5" F per 100 fee.t, on the basis o f  an assumed 
sea-f loor temperature o f  40" F. This higher gradient i s  
a t t r i bu ted  t o  the change i n  l i t ho logy  and degree o f  compaction 
a t  3,800 feet. The unconsolidated, undercompacted diatomaceous 
sediments above 3,800 f e e t  appear t o  be overpressured (see 
Abnormal Formation Pressure chapter) and have an excessively 
high f l u i d  content. Because o f  the overpressuring and because 
water has a lower thermal conduct iv i ty  than sediment, t h i s  
i n te rva l  has a lower average thermal conduct iv i ty  .than the 
more compacted rocks below 3,800 feet.  This e f f e c t  has 
apparently produced the charac ter is t i c  higher geothermal 
gradient observed here. 
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ORGANIC GEOCHEMISTRY 
by 

Tabe 0. F l  e t t  

INTRODUCTION 

Organic geochemical analyses, approved by A t l a n t i c  
R i c h f i e l d  Company (ARCO), were performed upon samples from 
the Navarin Basin COST No. 1 wel l  by Explorat ion Logging 
(USA), Inc. (EXLOG), and Robertson Research (US), I nc *  The 
elapsed time from the actual sampling a t  the we1 1 t o  analysis 
i n  the laboratory probably d i d  not exceed 1 week. Zephiran 
was added t o  the canned cu t t ings  samples. No evidence of 
bac te r ia l  methane was reported. The r e s u l t s  discussed i n  
t h i s  repor t  are taken from Dow and Coleman (1983) and from 
Russ (1983). A descr ipt ion o f  the fluorescence o f  d r i l l i n g  
mud and cu t t ings  as a r e s u l t  o f  u l t r a v i o l e t  i r r a d i a t i o n  and 
a summary o f  mud gas analyses are included i n  the Well Log 
In te rpre ta t ion  chapter. A l l  depths are measured from the 
Ke l l y  Bushing, which was 85 fee t  above mean sea l eve l  and 
517 fee t  above the sea f loor .  

Samples selected by ARCO and sent t o  Robertson Research 
(U.S. 1,  Inc., included canned cu t t ings  samples co l lec ted  a t  60- 
f oo t  in terva ls ,  sidewall cores taken a t  approximately 100-foot 
i n te rva l  s, and representative plugs and chips from 20 conven- 
t i ona l  cores. Headspace gas from canned cu t t ings  samples was 
analyzed f o r  1 i g h t  ( C1-Cg) hydrocarbons; the cu t t ings  were then 
washed, described, and a representative sample analyzed f o r  
t o t a l  organic carbon content (TOC). Samples w i th  approximately 
0.4 weight percent o r  more TOC were analyzed w i th  Rock-Eva1 
pyro lys i  s (hereafter re fe r red  t o  as pyro lys i  s) . S i  dewall 
cores taken a t  about 100-foot in te rva ls  plus representat ive 
plugs and chips from the 20 conventional cores were analyzed 
i n  the same manner except t ha t  l i g h t  hydrocarbon analysis was 
not  i n c l  uded. Cutt ings and sidewall core samples were selected 
a t  approximately 300-foot i n te rva l s  and from each conventional 
core for  kerogen is01 at ion, v i t r i n i  t e  re f lectance (Ro), spore 
co lo ra t ion  index (SCI), and elemental anqlysis. A few samples 
contained i n s u f f i c i e n t  kerogen f o r  elemental analysis. 
Soxhl e t  extract ion, e lu t i on  chromatography, and saturate- 
f r a c t i o n  gas chromatography were performed upon conventional 
core samples and upon selected cu t t ings  samples from 12,060 t o  
15,120 feet.  Soxhlet ex t rac t ion  w i th  d ich l  oromethane was 
performed upon weighed samples f o r  18 hours. The asphaltenes 
were separated on a si l ica-alumina chromatographic column 
w i th  hexane, and the hexane-sol ubl e f r a c t i o n  was separated 
i n t o  saturates, aromatics, and NSO (nitrogen, sul fur, and 
oxygen) compounds by successive e l  u t i  ons w i th  hexane, benzene, 
and benzene-methanol. The saturate f r a c t i o n  i n  the C15 t o  
C40 range was analyzed by using gas chromatographic techniques. 



The study performed by EXLOG included analysi s o f  cutt ings, 
conventional cores, and mud samples f o r  TOC and by pyro lys is  
t o  the t o t a l  depth o f  16,400 feet.  The resul t s  o f  these 
analyses agree favorably w i th  data obtained by Robertson 
Research. TOC values produced by EXLOG are included on p la te  4 
a t  approximately 500-foot i n te rva l  s t o  show the  reproducibi 1 i t y  
o f  the measurements and where Robertson Research data are 
unavai 1 able. Pyrolysi s data from both 1 aborator ies are 
presented i n  t h i s  repor t  f o r  separate p ro f i l es ,  bu t  s im i l a r  
data sets are no t  provided f o r  comparison because procedural 
differences may y i e l  d a d i f ference i n  separate analyses 
performed upon the same sample. The general appearance o f  
p r o f i l e s  produced by the two laborator ies i s ,  however, i n  
good agreement, and a1 1 o f  the o r i g i n a l  data are ava i l  able f o r  
examination a t  t h i s  o f f i ce .  

The hole was sidetracked a t  about 13,260 feet.  Data 
presented i n  t h i s  repor t  from depths greater than 13,900 
f e e t  are taken from the sidetracked po r t i on  o f  the hole. 
There were no serious discrepancies i n  the geochemical data 
where the two segments over1 ap ( 13,260 t o  13,900 fee t )  . 

ORGAN I C CARBON 

Total  organic carbon content (TOC) from sidewall and 
conventional cores i s  displayed on p l a t e  4 w i t h  sample 
descriptions. Si dewall and conventional core val ues are 
generally more representative o f  the  range o f  values f o r  
the various 1 i tho1 ogies than c u t t i  ngs sampl es, which are a 
blend o f  samples over an i n te rva l .  I n  t h i s  case, EXLOG 
analyses o f  cut t ings samples have been included a t  in terva ls .  
o f  about 500 f e e t  t o  demonstrate the rep roduc ib i l i t y  o f  these 
measurements. 

A minimum organic carbon content o f  0.5 percent i n  shales 
i s  generally regarded as necessary t o  generate o i l  f o r  a 
commercial accumulation (Hunt, 1979; T i  ssot and We1 te, 1978). . 
Most source rocks, according t o  Hunt, are i n  the range o f  the  
gray shales, having from 1 t o  2 percent organic carbon p lus 
several hundred pa r t s  per m i  1 1 i o n  ( ppm) hydrocarbon. 
Addit ional ly,  the amount o f  organic carbon required t o  generate 
commercial amounts o f  hydrocarbons depends upon the type o f  
organic matter from which i t was derived, because t h i s  determi nes 
the amount o f  hydrogen avai lab le t o  combine w i th  the  carbon. 

Geochemical analyses t o  a depth o f  approximately 
2,000 f e e t  i n  t h i s  we1 1 are o f  dubious value because o f  cement 
contamination. From about 2,000 t o  7,600 feet,  TOC values 
tend t o  be less  than 0.5 percent and somewhat e r r a t i c .  From 
about 7,600 t o  11,700 feet, TOC values range between 0.5 
and 1.0 percent and the values e x h i b i t  l ess  v a r i a b i l i t y  . 



Samples analyzed between 2,000 and 11,700 f ee t  were derived 
largely from gray-brown s i l t s tone and fine- t o  medium-grained 
sandstone. 

From 11,700 fee t  t o  the major unconformity a t  12,780 
feet ,  maximum TOC ranges generally between 1.0 and 2.0 percent, 
with the values st i l l  exhi b i t i n g  a relatively low degree of 
vari abil i ty . Samples i n  t h i s  interval were drawn general ly 
from gray to  dark-gray mudstone and shale. Conventional 
core 14 (12,715 t o  12,743 fee t )  produced TOC values from 
1.31 t o  1.89 percent. 

Between 12,780 and 15,200 feet ,  the organic carbon 
content of samples is extremely erra t ic .  Measurements as  
low as 0.06 percent from a sidewall core (13,510 feet )  and 
as h i g h  a s  32.67 percent from conventional core 17 (13,889 
feet )  were recorded. These samples were taken from sandstones 
(some volcanic) , si 1 tstones , shal es, and coal s. The greater 
variety of lithologies probably accounts for  the higher 
scatter  of the data. Both EXLOG and Robertson Research 
washed coal from some of thei r  samples i n  an effor t  t o  obtain 
geochemical data from shale. Unless other samples were 
unavai 1 able, analyses of these washed samples were not included 
i n  the well profiles i n  t h i s  report. Where washed sample 
analyses are given, such as i n  some of the pyrolysis data or 
perhaps.a few of the canned cuttings samples, they are clearly 
indicated. 

If coal i s  known to  be present, one can anticipate the 
nature of analyses that  are likely t o  occur and make certain 
inferences about the petroleun potential of the rock tha t  the 
samples represent. If a sample has been treated i n  some way 
before analysis, however, one cannot be absolutely certain 
that  a l l  of the coal has been removed or that  other materials 
have not been removed which should properly have been included 
i n  the analysis. Vitrini t e  i s  the most common maceral observed 
i n  coal, and i t  i s  found i n  80 t o  90 percent of a1 1 we1 1 
cuttings ( H u n t ,  1979). When v i t r i n i t e  i s  washed from a 
sample, i t  i s  impossible to  determine whether i t  was 
autochthonous v i  t r i  ni t e  derived from indigenous coal , 
a1 lochthonous v i t r i n i  t e  derived from cl as t i c  coal fragments, 
or v i  trini t e  from a kerogen contained i n  a shale. 

From 15,200 t o  16,400 fee t  (TD) ,  TOC values from 
sidewall and conventional cores are about 0.5 percent and 
exhibit a relatively low range of values. TOC analyses of 
cuttings i n  th i s  interval are h i g h  and e r ra t ic ,  probably the 
result  of caving and mixing.  The sampled 1 i thology that  
yielded these analyses appears to  have been composed mostly 
of hard, gray-brown si l ts tone,  mudstone, and shale, w i t h  traces 
t o  minor amounts of coal. 



If one considers organic carbon content alone, good 
potent ia l  source material ex is ts  between about 11,700 and 
15,200 feet. However, below the unconformity a t  12,780 feet,  
most o f  the high organic content seems t o  be derived from 
coal. 

DESCRIPTION OF KEROGEN 

Kerogen was examined i n  ref lected and transmit ted l i g h t  
by Robertson Research. Results o f  the re f1  ected-1 i g h t  
petrography, the hydrogen index from pyro lys is  performed by 
EXLOG, and the H/C r a t i o  from elemental analysis performed by 
Robertson Research are presented i n  f i gu re  66. 

Three petrographic classes o f  kerogen p lus amorphous 
material, a subgroup w i th in  the e x i n i  t e  o r  1 i p t i n i  t e  category, 
are reported i n  t h i s  study. They are: 

1. Amorphous (a1 gal o r  structure1 ess, col  l o i d a l  matter)  
2. Ex in i  t e  (herbaceous, 1 i p i d - r i c h  re1 i c s )  
3. V i t r i n i t e  (woody and humic components) 
4. I n e r t i n i  t e  (hard, carbon-rich, nonreactive, b r i t t l e  
par t i c les) .  

There i s  good overa l l  agreement between the re f l ec ted - l i gh t  
and transmi tted-1 i ght microscopy, a1 though some a1 1 owances 
must be made f o r  inherent di f ferences i n  the natures o f  the 
two techniques. The maceral i d e n t i f i c a t i o n  i n  t ransmit ted 
l i g h t  i s  not presented i n  t h i s  report, bu t  i t  i s  avai lab le 
f o r  examination a t  t h i s  o f f i c e  i f  the  information i s  required. 

A comparison o f  visual percentage estimates o f  kerogen 
types w i th  chemical data on a l a rge  number o f  samples has 
shown t h a t  kerogens w i th  less  than about 35 v isual  percent 
of amorphous material plus e x i n i t e  tend t o  be gas prone, 
whereas o i l  sources usually contain over 65 percent of . these 
maceral types (Dow and O'Connor, 1982). 

From 1,680 t o  7,000 feet, the s m  o f  amorphous mater ial  
p lus ex in i t e  ranges from about 20 t o  65 percent o f  a l l  kerogens. 
The humic kerogen groups, v i  tri n i  t e  and i n e r t i  n i  te, cons t i tu te  
about 60 t o  65 percent o f  the t o t a l  kerogens. The hydrogen 
indices from pyro lys is  are low, generally less  than 100 
mi l l igrams o f  hydrocarbons per gram o f  organic carbon, and 
these values are re f lec ted  i n  the H/C r a t i o s  computed from 
elemental analyses, which tend t o  be less  than 1.0. I n  immature 
sediments, H/C r a t i o s  from hunic kerogens are normally not 
greater than about 1.0 (Hunt, 1979). 
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I n  the i n te rva l  from about 7,000 fee t  t o  the unconformity 
a t  12,780 feet, average values f o r  sapropelic kerogen and 
hydrogen content are s i g n i f i c a n t l y  higher, and both e x h i b i t  a 
dramatic decrease a t  12,780 feet.  The hydrogen index seems 
t o  e x h i b i t  a c loser correspondence t o  the kerogen content 
than does the H/C r a t i o  from elemental analysis. However, 
the H/C r a t i o s  are generally s l i g h t l y  higher w i t h i n  t h i s  
l i t h o l o g i c  sequence than they are i n  superjacent sediments. 
This suggests t h a t  when the kerogen was o r i g i n a l l y  deposited, 
i t must have had a more sapropelic character than subsequently 
deposited organic material. The chemical react ions t h a t  
c o l l  ec t i ve l y  cons t i tu te  the process termed 'maturation" 
would have s i g n i f i c a n t l y  reduced the H/C r a t i o  o f  a kerogen 
bur ied i n  Eocene time. The apparent f a i l u r e  o f  these values t o  
decrease, indeed the modest increase i n  the H/C r a t i o  which 
has occurred, agrees favorably w i th  the r e f 1  ected-1 i g h t  
microscopy and implies a change w i th  depth from a humic t o  a 
sapropel i c  kerogen (Dow and 0 'Connor, 1982). 

The most favorable p a r t  o f  the i n te rva l  occurs between 
about11,700 and 12,780 feet. Values f o r  amorphous mater ial  
p lus e x i n i t e  are frequently i n  excess o f  65 percent, and the 
hydrogen i ndices range around 200 m i l  1 igrams o f  hydrocarbons 
per gram o f  organic carbon. Conventional core 14 (12,715 t o  
12,743 fee t )  contains kerogen consis t ing o f  75 t o  85 percent 
sapropelic material, w i th  hydrogen indices between 286 and 
362 mi l l igrams of hydrocarbons per gram o f  organic carbon, 
and w i th  elemental H/C values from 0.72 t o  1.15. The random 
v i t r i n i t e  ref lectance leve l  a t  t h i s  depth i s  approximately 
0.9 percent. Seismic evidence suggests t h a t  time-equivalent 
l i t h o l o g i e s  may be found t o  greater depth and may have 
developed t o  greater thickness t o  the northwest o f  t h i s  wel l  
s i t e  and i n  other par ts  o f  the Navari n Basin. 

Below 12,780 f e e t  i n  the we1 1, kerogen generally contains 
i n  excess o f  50 percent v i t r i n i t e .  The hydrogen indices and 
H/C values drop abruptly a t  t h i s  depth, the hydrogen indices 
remaining generally 1 ess than 100 m i l  1 igrams o f  hydrocarbons 
per gram o f  organic carbon and the H/C r a t i o s  remaining below 
0.8 w i th  only a few exceptions. Coal i s  conspicuous i n  
samples t o  about 15,200 feet, and most wel l  logs, p a r t i c u l a r l y  
the neutron density and sonic logs, ind icate the presence o f  
coal beds. Thicknesses o f  coal beds displayed on these logs 
range from 2 feet, the l i m i t  o f  de tec tab i l i t y ,  t o  about 28 
f e e t  near the bottom o f  the in te rva l .  From about 15,200 t o  
16,400 f e e t  (TD), coal i s  no longer present i n  sidewall o r  
conventional cores, bu t  it i s  present i n  cu t t ings  samples. 
Anomalous TOC values from cut t ings  samples a1 so r e f l e c t  t h i s  
condit ion. It i s  reasonable t o  assume t h a t  coal from over ly ing 
s t r a t a  has contaminated cut t ings i n  the lower p a r t  o f  the 
we1 1 . However, very t h i n  coal 1 aminae coul d a1 so account f o r  
these observations. 



The hydrogen and oxygen indices from pyrolysis performed 
by EXLOG on conventional core  samples a r e  plot ted on a modified 
Van Krevel en diagram ( f i g .  67). EXLOG hydrogen indices a r e  
sl ight ly  higher than s imi l a r  Robertson Research data ,  b u t  the 
general trends of the plot ted data a r e  very similar.  Pyrolysis 
data f o r  samples from cores  1 through 1 3  generally f a l l  along 
a type I11 maturation curve. The hydrogen indices derived 
from these cores appear t o  increase s l i g h t l y  a s  the r e l a t i v e  
level of thermal maturity implied by both Ro and the oxygen 
indices increases,  Core 4 excepted. Core 14 produced 
three out of four hydrogen indices i n  excess of 300 milligrams 
hydrocarbons per gram of organic carbon. Robertson Research 
indicated only one value out  of four i n  excess of 300 f o r  the 
same conventional core. These values suggest a type I o r ,  
more probably, a type 11 kerogen on the basis  of microscopy 
and pal eontol o w .  Be1 ow 12,780 f e e t  the hydrogen indices  
drop rapidly and c l u s t e r  near the or ig in  of the modified Van 
Krevelen diagram. Some of these samples a r e  overmature w i t h  
R, values a s  high a s  4.2 percent (core  17, 13,889 f e e t ) .  
Other sediments, such as  core 3 (5,117 f e e t ) ,  w i t h  only 0.45 
percent TOC and very l i t t l e  hydrogen and oxygen, were probably 
organical ly  1 ean when they were original  l y  deposited. 

THERMAL MATURATION 

The level of thermal maturation reached by carbon-beari ng 
sediments can be evaluated i n  a var ie ty  of  ways. In f igure  68, 
we1 1 profi 1 es of the random vi trini t e  ref1 ectance ( R o )  , 
spore col orat ion index (SC I ) , kerogen f 1 uorescence i ntensi ty  , 
carbon preference index (CPI), and T2-max from the second 
pyrolysis response a r e  d i  spl ayed. 

Robertson Research reported t h a t  the  only s ign i f i can t  
problems w i t h  the Ro data were the presence of high rank, 
recycled organic matter i n  some sha l l  ow sampl es ,  occasional 
oxidized v i t r i n i  te, sol i d  bitumen, pseudovi trini te, and 
contamination due t o  caving in some of the cu t t ings  samples. 
I t  is  s igni f icant ,  however, t h a t  the mean number of ref lectance 
observations averaged t o  produce each point  on the p r o f i l e  down I 

t o  the unconformity a t  12,780 f e e t  is  only 8.5. In many 
instances only two o r  three values a r e  ident i f ied  a s  the 
mode, and the maximum nunber of observations used t o  compute 
the mean vi trini te ref lectance f o r  this interval  never exceeds 
20. The number of Ro measurements ava i lab le  beneath the 
unconformity a t  12,780 f e e t  is frequently more adequate because 
of the presence of coal.  The Ro values pro jec t  a r e l a t ive ly  
continuous curve from the surface t o  the bottom of the well ,  
implying t h a t  the unconformity a t  12,780 f e e t  does not represent 
su f f i c i en t  erosion t o  have caused a maturity anomaly. Alter- 
natively,  an inadequate population of ref lectance measurements 
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may have masked an anomaly, or  perhaps the coal measures 
just beneath the unconformi ty  actual ly represent Paleocene 
deposition. The generally good agreement of the Ro profi le  
w i t h  the other measures of thermal maturity suggests t ha t  
the Ro profile is valid. The lack of paleontologic evidence 
fo r  Paleocene deposition a t  the well s i t e  (and good evidence 
for  Maastrichtian deposition) leads t o  the conclusion tha t  a 
minimum amount of erosion a t  the we1 1 s i t e  may be the most 
satisfactory explanation for  the absence of an Ro anomaly. 

Ro values reach 0.6 percent, the generally recognized 
threshold for  commercial oi l  generation ( H u n t ,  19791, a t  
about 10,000 feet.  A t  an Ro of about 1.35 percent, 1 iquid 
hydrocarbons deteriorate t o  gaseous hydrocarbons a t  a significant 
rate. This threshold occurs sl ightly below 15,000 f ee t  i n  
t h i s  we1 1 . Except for  a 1 i m i  ted stratigraphic range 
i n  which anomalously high levels of thermal maturity were 
attained, wet gas would probably be generated t o  the bottom 
of t h i s  well, given the presence of adequate amounts of 
sapropelic kerogen. 

Anomalously high Ro values, up to  4.0 percent, are  
present between 13,000 and 14,000 fee t  and also a t  14,577 and 
14,764 feet. Ro profiles o f  t h i s  nature are  characterist ic  
of contact metamorphism i n  sediments adjacent t o  igneous - 

intrusives (Dm, 1977). According t o  Robertson Research, 
sediments a t  these-depths exhibi t  natural coking. Sampl es  
sent fo r  geochemical analyses were described by Robertson 
Research as  volcanic, b u t  more detailed petrography by AGAT 
( 1983) indicated tha t  they contai n diabase (see L i  tho1 ogy 
chapter). Potassium-argon analyses, performed by Teledyne 
Isotopes, yielded radiometric ages of about twenty million 
years for  the several diabase samples, which appear t o  
represent Miocene sil ls tha t  were intruded in to  Late 
Cretaceous sediments. 

Robertson Research also studied spore and pollen sl ide 
preparations i n  transmitted 1 ight. A value ranging from 1 
to  10 on the spore coloration index (SCI) was assigned on 
the basis of the color of the sampl e. These colors, which 
range from "straw t o  pale ye1 low" for  SCI=l, to  "glassy 
bl ack/graphi ti  zed" fo r  SCI=10, ref lec t  the degree of thermal 
maturity reached by the sediment sample. The technique i s  
an adaptation of Stapl i n'  s thermal a1 teration index ( Stapl i n ,  
1969) . 

Robertson Research reports tha t  the abundance of ter res t r ia l  
kerogen produced very good SCI data. Most samples yielded 
strong, unimodal SCI populations which resulted i n  a well 
profile very similar to  that  derived from the  Ro measurements. 
These data also showed the apparent lack of missing section 
a t  12,780 feet ,  the contact metamorphism tha t  occurs i n  
sediments below approximately 13,000 feet ,  and the general 
development of thermal maturity w i t h  depth. 



The SCI  reached 3.5 by about 6,500 feet,  which i s  the 
threshold f o r  peak o i l  generation (Dow and Coleman, 1983). 
This value seems a b i t  high when compared w i th  Ro data. These 
s l  i ght ly  higher val ues may be due t o  the presence o f  recycled 
sediments, o r  they may be a funct ion o f  the sub jec t i v i t y  o f  co lo r  
perception by the observer. A t  10,000 feet, the S C I  value 
increased t o  only 4.0. Below 13,000 feet,  igneous a c t i v i t y  
drove the  S C I  values up from 7 t o  10. Where igneous a c t i v i t y  
was not  present below 13,000 feet, the S C I  values are a b i t  
e r ra t i c .  They exceed 7.0 i n  apparently unmetamorphosed 
sediments from 14,500 t o  15,000 feet. For the purpose o f  
evaluating thermal maturity, an S C I  value o f  7.0 i s  roughly 
equivalent t o  an Ro o f  1.35 percent (Dow and Coleman, 1983). 
These S C I  values also imply, therefore, t h a t  a t  depths greater 
than 15,000 feet, wet gas i s  more l i k e l y  t o  be generated 
than 1 i q u i d  petroleum. 

Coal petrographers have observed tha t  bitumens, petroleum- 
l i k e  substances, form from l i p t i n i t e s  and v i t r i n i t e s .  This 
f i r s t  coal i f  i c a t i o n  jump ( o r  "b i  tuminization" ) corresponds 
w i th  the most pro1 i f i c  phase o f  crude o i l  formation i n  petroleum 
source rocks, t h a t  i s  from 0.5 percent t o  about 1.3 percent 
(Stach and others, 1982 "9 . Radke and others (1980) documented 
a ser ies o f  dramatic changes i n  rank trends a t  about 0.9 
percent Ro. They suggested tha t  the coimcidence o f  changes 
i n  l i p t i n i t e  and v i t r i n i t e  fluorescence w i th  changes i n  the 

- yiel-d _and composition o f  sol  ubl e organic matter, a t  near-equal 
stages o f  thermal maturity, imp1 i e s  a common cause. They 
in terpreted t h i s  comnon cause t o  be the s h i f t  from 
predominantly generating t o  predominantly degrading chemical 
reactions, such as the dealkylat ion of aromatics and the 
cracking o f  a1 kanes. According t o  t h i s  study, v i t r i n i  t e  
fluorescence tends t o  increase t o  a maximum a t  an Ro o f  about 
1.0 percent, a f t e r  which i t  decreases rad ica l  l y  . 

Q u a l i t a t i v e  descript ions o f  kerogen background fluorescence 
observed by Robertson Research ind ica te  t h a t  u l t r a v i o l e t  
fluorescence increased gradually and remained very.high from 
7,620 t o  14,242 feet, a f t e r  which i t  decreased very rapid ly .  
Almost no fluorescence was observed between 13,000 and 14,000 
feet, bu t  most Ro values i n  t h i s  i n te rva l  are wel l  above 1.0 
percent. Temperatures tha t  were high enough t o  coke sediments 
could be expected t o  v o l a t i l i z e  the aromatic compounds t h a t  
are generally be1 ieved t o  be associated w i th  the u l t r a v i o l e t  
fluorescence o f  hydrocarbons. 

Radke and others (1980) observed t h a t  i n  coals the odd- 
even predominance o f  n-alkanes from C15+ bitumen extracts,  
as expressed by the carbon preference index (CPI 25-31), 
exh ib i ts  a gradient change between Ro values o f  0.9 and 
1.0 percent. The C P I  becomes asymptotic t o  about 1.0 o r  1.1 
w i t h i n  t h i s  range o f  thermal development. Robertson Research, 



usi  ng soxhl e t  ext ract ion and gas chromatography t o  i s o l a t e  
and quant i ta t i ve ly  measure the n-alkanes, cornputed a s im i l a r  
r a t i o  using the o r i g ina l  Bray and Evans (1961) formula 
( CP I  24-34) 

C P I  values computed by Robertson Research from con- 
ventional core samples appear t o  become asymptotic a t  about 
13,000 feet. CPI  values from cu t t ings  appear t o  be s l i g h t l y  
e r ra t i c ,  perhaps because o f  uncertainty as t o  the exact 
depth from which the samples were cut. This corresponds w i th  
an Ro value o f  0.9 percent a t  13,000 feet.  

Barker (19741, C l  aypool and Reed (1976), and Espi t a l  i e  
and others (1977) have suggested t h a t  T2-max, the temperature 
a t  which maximun evolut ion o f  thermal hydrocarbons occurs 
during pyrolysis,  can be used t o  characterize the degree o f  
thermal maturation o f  kerogen. However, these measurements 
are i n f l  uenced by the ind iv idual  t es t i ng  1 aboratory ' s 
instrumentation and technique, the r a t e  o f  heating, the  
type o f  kerogen, the presence o f  recycled o r  oxidized organic 
matter, downhol e contami n a t i  on, and the  presence o f  sol i d  
bitumen ( T i  ssot and We1 te, 1978; Dow and Col man, 1983). 

Pyrolysis was performed upon samples by both EXLOG and 
and Robertson Research. The resu l t s  o f  the two sets o f  
analyses were qu i te  s imi lar .  The T2-max p r o f i l e  - i n  f i g u r e  

- - 
68 was constructed from EXLOG data. 

Pyrolysis i s  frequently performed i n  such a manner t h a t  
amorphous and 1 i p t i n i  t i c  organic mater ial  w i  11 y i e l  d T2-max 
values between 435O and 470" C when the  kerogen i s  a t  i t s  
most favorable leve l  o f  matur i ty  f o r  the formation o f  crude 
o i l .  EXLOG i d e n t i f i e d  the i n te rva l  between 12,540 and 14,940 
f e e t  as the o i l  generation window (Russ, 19831, which impl ies 
t h a t  t h e i r  equipment and procedures were also ca l ib ra ted  f o r  
these threshold levels.  Despite the f a c t  t h a t  most o f  these 
analyses were performed on cu t t ings  samples, the va r ia t i on  
i n  the measurements i s  low, and- the data y i e l d  a continuous 
p r o f i l e  down t o  the major unconformity a t  12,780 feet.  A t  
greater depths, reworked sediments, coal fragments, and 
sediments exposed t o  igneous a c t i v i t y  combine t o  produce a 
very discontinuous curve, w i th  one measurement as high as 
536O C. I n  both the  EXLOG and Robertson Research data from 
below 13,000 feet, conventional core and sidewall core 
analyses tend t o  produce somewhat higher T2-max values 
than cutt ings. This suggests t h a t  the cu t t ings  may contain 
uphole contaminants. It i s  reasonable t o  conclude from 
these data t h a t  hydrocarbon gas i s  more l i k e l y  t o  form than 
l i q u i d  petroleum a t  depths greater than 15,000 feet.  



There i s  good agreement between the ind icators o f  thermal 
matur i ty  t h a t  s u f f i c i e n t  matur i ty  f o r  peak o i l  generation 
occurs between approximately 10,000 and 15,000 feet, and 
t h a t  wet gas would be preserved t o  a t  l e a s t  16,400 feet  
(TD) . The continuous nature of the p r o f i l e s  across the 
unconformity a t  12,780 f e e t  and the pro jec t ion  o f  the Ro 
data t o  a value of about 0.2 percent a t  the surface suggest 
t h a t  deposit ion has been re1 a t i v e l y  continuous and t h a t  
large amounts o f  sect ion have not  been l o s t  a t  unconformities. 
A l l  o f  the data, w i th  the exception o f  the C P I  p r o f i l e ,  
ind icate a zone o f  high thermal matur i ty  between 13,000 and 
14,000 feet,  and l o c a l l y  between 14,500 and 15,000 feet. 
These zones are o f  metamorphic grade and probably r e f l e c t  
the contact metamorphism o f  sediments by igneous intrusions. 

HYDROCARBON SOURCE POTENTIAL 

Plate 4 displays geochemical data and selected p ro f i l es ,  
i ncl udi  ng sampl e descript ions, TOC ( from sidewall cores, 
conventional cores, and cu t t ings  a t  about 500-foot in te rva ls ) ,  
the genetic potent ia l  ( Sl+S2) and transformation r a t i o  
( Sl/Sl+S2) from pyrolysis,  C15+ b i  t m e n  and hydrocarbon 
ex t rac t  from conventional cores and cutt ings, and the vol m e  
and wetness r a t i o . o f  headspace gas from canned cu t t ings  
samples. Wetness ( i n  percent) i s  defined i n  t h i s  repor t  as: 

- - - - 

Appendix 1 contains a summary o f  abbreviations excerpted 
from Mi tche l l  and Maher (1957) t h a t  are used i n  the sample 
descriptions. 

The t o t a l  organic carbon content o f  these sediments has 
been examined, and the i n te rva l  between 11,700 and 12,780 f e e t  
has been i d e n t i f i e d  as the most promising sect ion o f  po ten t ia l  
source rock' .Higher organic carbon contents are present a t  
greater depth, bu t  these tend t o  be associated wi th  coal- 

: bearing sediments having kerogen d i s t r i bu t i ons  and hydrogen , 
leve l s  charac ter is t i c  o f  a terrigenous or ig in .  

Rock-Eva1 pyro lys is  i s  performed by heat ing whole rock 
samples a t  a predetermined r a t e  i n  an i n e r t  atmosphere. Free 
o r  adsorbed hydrocarbons present i n  the rock are v o l a t i l i z e d  
f i r s t  a t  a moderate temperature. As the temperature increases, 
pyro lys is  o f  kerogen generates hydrocarbons and hydrocarbon- 
1 i ke compounds. F inal  l y  , oxygen-beari ng vol a t i  1 es such as 
carbon dioxide and water are evolved. Relat ive amounts o f  
the evol ved hydrocarbons are measured by a f l  ame ion iza t ion  
detector and quant i t ies o f  oxygen-beari ng compounds by a 
thermal conduct iv i ty  detector. These measurements are usual ly 
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reported i n  wei ght-to-weight r a t i o s  o f  evolved gas t o  rock 
sample and are abbreviated by the symbols S1, S2, and S3, 
respectively. The temperature T2-max i n  degrees centigrade, 
already referred t o  i n  the maturation sect ion o f  t h i s  chapter, 
i s  the temperature a t  which the maximum evolut ion o f  py ro l y t i c  
hydrocarbons ( the  S2 peak) occurs. The hydrogen and oxygen 
indices p lo t ted  on the modif ied Van Krevelen diagram ( f ig .  67) 
are defined as the quotients Sz/TOC and S3/TOC, 
respectively, and are reported i n  m i l l  igrams o f  gas per  
gram o f  organic carbon. 

Studies by Claypool and Reed (1976) ind ica te  t h a t  the S 1  
peak i s  d i r e c t l y  proport ional t o  the concentration o f  
extractable C15+ hydrocarbons and the S2 peak i s  approximately 
proport ional  t o  the organic carbon content o f  the rock. The 

i s  termed the genetic po ten t ia l  by T issot  and 
Welte sum 19 8) because i t  accounts f o r  both type and abundance 
o f  organic matter. They suggest the fo l lowing threshold values 
f o r  evaluating the o i l  and gas potent ia l  o f  source rock. 

Table 14. Suggested thresh01 d values f o r  genetic po ten t ia l  
(Sl+S2) from pyro lys is  (from T i  ssot and We1 te, 1978). 

Genetic Potenti a1 Hydrocarbon 
(S1 + S2 i n  ppm) Source Rock Potent i  a1 

Less than 2000 No o i l .  Some gas. 
2000 t o  6000 Moderate source rock. 
Greater than 6000 Good source rock. 

The genetic potent ia l  p r o f i l e  f o r  t h i s  we1 1, presented on 
p l a t e  4, was constructed from Robertson Research data. The 
EXLOG observations are no t  included -but y ie lded a very s i m i l a r  
p r o f i l e .  Values i n  excess o f  2,000 par ts  per m i l l i o n  (ppm) 
occur from about 11,700 f e e t  t o  the major unconformity a t  
12,780 feet. Values i n  excess o f  6,000 ppm are present from 
about 12,450 t o  12,780 feet. 

The transformation ra t i o ,  o r  "product iv i ty  index" ( S1/S1+S2), 
i s  usual ly regarded as an ind ica tor  o f  thermal maturity. 
However, i t  a1 so responds t o  the composition o f  the kerogen 
i f  the leve l  o f  matur i ty i s  high enough t o  generate hydrocarbons 
from favorabl e organic matter. Anomal ously high val ues can 
a1 so i ndi cate the presence o f  noni ndi genous hydrocarbons. 
I n  the Navarin we1 1, the transformation r a t i o  i s  generally 
less than 0.25 and exh ib i ts  only s l i g h t  va r ia t i on  t o  a depth 
o f  about 10,000 feet. It then increases gradually t o  the 
unconformity a t  12,780 feet ,  more o r  less  mi r ro r ing  the 



gene t i c  po ten t i a l  . This inc rease  probably r e f l e c t s  a 
combination of  the e f f e c t s  of increased thermal maturi,ty and 
more favorabl  e kerogen. Beneath the unconformi t y  , the t r ans -  
formation r a t i o  becomes e r r a t i c  and i n c r e a s e s  t o  a s  much a s  
0.803 i n  response t o  the igneous a c t i v i t y  and probably t o  
methane generated by coal .  The r e l a t i v e l y  low b u t  s l i g h t l y  
e r r a t i c  wetness r a t i o s  from the headspace gas t end  t o  suppor t  
t h i s  hypothesis .  An i n t e r e s t i n g  f e a t u r e  of t h i s  p r o f i l e  i s  
the low l e v e l  of the t ransformat ion  r a t i o  between the s u r f a c e  
and about  6,000 feet. The r e l a t i v e l y  l a r g e  amounts o f  methane 
de tec ted  i n  canned c u t t i n g s  samples and recorded on the mud 
l o g  throughout t h i s  i n t e r v a l  a r e  no t  apparent  i n  the f i n e -  
grained,  organic- r ich  materi  a1 s e l e c t e d  f o r  a n a l y s i s  by 
pyrolys is .  Presumably . t h i s  methane was contained i n  the 
diatomaceous ooze and s i l t s t o n e  and sandstone t h a t  r ep resen t  
much of  t h e  Neogene l i t h o l o g y ,  and is  of either a biogenic o r  
a noni ndi genous o r ig in .  

Various empirical thresh01 d values  have been suggested 
t o  d e f i n e  anomalous 1 eve1 s of  C15+ e x t r a c t a b l  e hydrocarbons. 
Bay1 iss and S m i t h  (1980) regard  200 t o  400 ppn on a weight-to- 
weight  b a s i s  a s  a good anomaly, and anything i n  excess of 800 
ppm t o  be an e x c e l l e n t  anomaly. Hunt (1979) cons ide r s  50  t o  
150 ppm t o  be adequate, b u t  Ph i l1  i p i  (1957) p laced the 
th resho ld  of  a good anomaly a s  high a s  500 ppn. Bayl iss  and 
S m i t h  (1980) sugges t  t h a t  1,000 t o  2,000 ppm e x t r a c t a b l e  
bitumen c o n s t i t u t e s  a good anomaly and t h a t  va lues  i n  excess 
of 4,000 ppm a r e  exce l l en t .  Conventional c o r e  11 ( a t  9,986 
feet)  y i e l d s  t h e  f irst  C 1  + e x t r a c t a b l e  hydrocarbon value  i n  5 excess  of 400 ppm, and be ow t h i s  p o i n t  there seems t o  be a 
r a t h e r  dramatic inc rease  i n  both C15+ t o t a l  e x t r a c t  and C15+ 
ex t rac tab l  e hydrocarbons. The C15+ e x t r a c t a b l  e hydrocarbons 
exceed 800 ppn a t  a depth o f  11,709 fee t  (conventional c o r e  
13). Below the major unconformity a t  12,780 feet, C15+ 
hydrocarbon and t o t a l  e x t r a c t  va lues  f a l l  t o  background 
l e v e l s  once again. Conventional c o r e  17 ( a t  13,889 feet) 
appears t o  be s l i g h t l y  anomalous .but t h i s  i s  probably due t o  
the presence of  coal .  Note the corresponding high organic  
carbon con ten t  and r e l a t i v e l y  low value  f o r  the wetness 
r a t i o  from t h i s  sample. 

The amount of C15+ hydrocarbons and C15+ bitumens i s  
f requen t ly  evaluated  r e l a t i v e  t o  the amount o f  organic  carbon 
a v a i l a b l e  t o  genera te  t h e s e  substances.  T i s s o t  and We1 t e  
(1978) warn a g a i n s t  the possi bi 1 i t y  o f  m i  g r a t e d  o r  
noni ndigenous bitumen. Such an accumulation " i s  marked by 
abnormally high bitunen t o  organic carbon r a t i o s  (above 200 
mg per  g of  o rgan ic  carbon)." A1 though the b i  t m e n  t o  o rgan ic  
carbon r a t i o  does exceed 0.2 i n  samples from conventional 
c o r e  14,  the Sl/Sl+S2 r a t i o  from pyro lys i s  does n o t  sugges t  



t h a t  the amount of  hydrocarbons which occur could no t  have 
been generated by the organic mater ia l  incorpora ted  i n  these 
sediments. 

Hunt (1979) cites a study of Mesozoic-Cenozoic rocks i n  
the western C i  scaspi  an region (Larskaya and Zhabrev , 1964) 
i n d i c a t i n g  t h a t  the "bi tunen c o e f f i c i e n t , "  the r a t i o  between 
chloroform-solubl e carbon and t o t a l  organic  carbon, i s  
re1 a t e d  t o  temperature. These i n v e s t i g a t i o n s  concluded t h a t  
where the rocks they s tud ied  contained predominantly coal  
p a r t i c l e s ,  t h e  "bitunen c o e f f i c i e n t "  was very small and 
changed very 1 i t t l  e w i t h  i ncreasi  ng temperature. Where 
amorphous mat ter  occurred, the "bitunen c o e f f i c i e n t "  was high 
and increased rapi  dly with temperature. Their  s t u d i e s  imply 
t h a t  bi t m e n  y i  el ds o f  f i ne-grai ned rocks i n sedimentary 
bas ins  a r e  r e l a t e d  t o  kerogen type. The C15+ organic  e x t r a c t  
da ta  p l o t t e d  on p l a t e  4 ,  p a r t i c u l a r l y  between about 11,700 
and 12,780 f e e t ,  appear t o  correspond very well w i t h  these 
observations.  

Hunt ( 1979) has  pl o t t e d  the Cis+ hydrocarbon e x t r a c t  versus  
TOC from various sedimentary bas ins .  His diagram i s  reproduced 
i n  a modified form i n  f i g u r e  69 w i t h  da ta  from conventional 
c o r e  samples from the Navarin we1 1 s u b s t i t u t e d  f o r  the o r i g i n a l  
da ta .  There i s  a steady inc rease  i n  the organic  carbon i n  
c o r e s  11, 12,  13, and 14 to nearly the amount observed i n  
r e s e r v o i r  rock. The amount o f  organic  carbon drops sharply 
i n  c o r e  15, and i n  subsequent cores  the TOC con ten t  i s  s i m i l a r  
t o  t h a t  observed i n  metamorphic rocks. The sample from c o r e  ' 
17 (13,889 feet) t h a t  prodyced sl i g h t l y  h igher  amounts of  
Cis+ bitumen contained 36.67 pe rcen t  organic  carbon and 
f e l l  completely o f f  t h i s  diagram i n  the d i r e c t i o n  o f  the 
f i e 1  d ind ica ted  f o r  coa l s .  

Rela t ively  l a r g e  amounts of  headspace gas a r e  p resen t  i n  
the sediments above 6,000 f e e t  i n  t h i s  we1 1 .  This gas  was 
de tec ted  i n  t h e  d r i l l i n g  rmd, a s  well a s  i n  the canned c u t t i n g s  
samples, and i s  composed almost completely o f  methane. 
Robertson Research suggests  t h a t  t h i s  gas is  of  biogenic 
o r i g i n  because of  i t s  high methane content .  No carbon i s o t o p e  
r a t i o s  a r e  present ly  avai 1 able.  

From approximately 6,000 t o  12,780 feet, t h e  amount of  
headspace gas r e l a t i v e  t o  TOC is lower. A s l i g h t  i n c r e a s e  
occurs between about 12,250 and 12,780 f e e t .  Wetness, however, 
inc reases  s t e a d i l y  from near  0 t o  9 1  percent  a t  about  11,910 
feet, and i t  remains high t o  12,780 feet. 

From the major unconformity a t  12,780 feet t o  about  
' 

14,250 feet, the gas  con ten t  of  c u t t i n g s  is  r e l a t i v e l y  high 
and the values a r e  e r r a t i c .  However, wetness i s  genera l ly  
low, f o r  the most p a r t  less than 20 percent ,  and w i t h  one 



exception, a l l  values are less  than 40 percent. From 14,250 
feet  to  the bottom of the well, both cuttings gas content 
and wetness are low. 

These data suggest that  thermogenic hydrocarbons have 
indeed been generated i n  the interval between 10,000 and 
12,780 feet ,  where an adequate level of thermal maturity 
exists  and organically rich sediments are present. The base .  
of th is  interval apparently contains the most favorable 
potential source rocks. 

SUMMARY AND CONCLUSIONS 

Geochemical data from the Navarin Basin COST No. 1 we1 1 
indicate a sequence of Neogene rocks to  a depth of about 5,700 
feet  that  contains a predominantly type I11 kerogen. The 
Paleogene sequence, from approximately 5,700 to 12,780 feet ,  
seems t o  contain progressively greater amounts of sapropelic 
kerogen with increased depth, and conventional core 14 yielded 
analyses from 12,715 to 12,742 feet  that  are characteristic 
of a type I1 kerogen. The kerogen changes abruptly a t  the 
major unconformity (12,780 f ee t )  to  a type I11 kerogen, and 
coal is common i n  samples from beneath th i s  unconformity. 
Type I11 kerogen persists to  the bottom of the well. 

Type I11 kerogen i s  the product of Demaison's (1981) 
"type C" organic facies, and type I1 kerogen i s  derived from 
what he terns a "type 9" organic facies. 

A "type C" organic facies is typically the product of a 
mildly oxic depositional environment and may include both 
marine and nonmarine sediments, slope and r i s e  deposits, and 
exinite-rich coals. Hydrocarbons formed in t h i s  type of 
environment tend to be gas prone, sometimes w i t h  condensate 
hydrocarbons. 

A "type 9" organic facies i s  the product of an anoxic 
marine environment. I t  may occur where a regional oxygen 
minimum 1 ayer intersects the continental slope and she1 f .  
I t  can a1 so occur i n  s i  1 led basins such as the Black Sea or 
where upwelling seawater is rich i n  nutrients b u t  under- 
saturated i n  oxygen. The Monterey Formation in Cal ifornia 
i s  considered to  be an example of the l a t t e r  setting. 
Transgressive marine shales and type I1 kerogen are associated 
w i t h  t h i s  facies, and they often constitute excellent oi l  
source rocks. 

The geochemical characteristics of these organic facies 
a t  an R o  of 0.5 percent are given in table 15 w i t h  similar 
analyses of samples from the Navarin well a t  a depth of 8,000 
feet ,  where Ro i s  also approximately 0.5 percent. 
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Table 15. Geochemical charac ter i s t ics  of Demai son's "type 
B and C" organic facies  and analogous values from the Navarin 
Basin COST No.1 well. 

I t  would appear t h a t  t h i s  kerogen more nearly resembles 
organic matter found in a "type C" organic facies.  B u t  
organic charac ter i s t ics  and paleobathymetry suggest t h a t -  
a t  about 8,000 f e e t  there i s  a gradational change from 
sediments w i t h  a greater t e r r e s t r i a l  influence deposited i n  
an upper bathyal environment t o  sediments w i t h  greater 
sapropelic kerogen content deposited i n  a middle bathyal 
environment. Between about 11,700 and 12,780 fee t ,  Paleogene 
sediments include a t  l e a s t  several tens of f e e t  of "type B" 
organic facies.  If  t h i s  l i thologic  sequence thickens deeper 
in  the basin, s ignif icant  amounts of oil-prone source rock 
a t  a favorable level of thermal maturity may be present. 

Type C COST No. 1 Type B 
Organic Facies We1 1 Organic Facies 

k=O .5% b = O  .5% b=O. 5% 

Sufficient  thermal maturity for  the development of crude 
o i l  ex i s t s  below 10,000 fee t ,  and degeneration of hydrocarbons 
due t o  thermal cracking probably does not occur above 15,000 ? 
f e e t  except in sediments exposed t o  igneous ac t iv i ty .  No 
s igni f icant  o i l  shows were encountered i n  t h i s  s t ra t igraphic  
test, but relat ively greater  amounts of methane did occur i n  
sediments down to  about 6,000 fee t .  This methane i s  be1 ieved 
to  be of biogenic origin. With the possible exception of t h i s  
l i g h t  gas, there is  no evidence t o  suggest t h a t  any of the 
hydrocarbons and organic extracts  analyzed were not indigenous 
t o  the 1 i tho1 ogy penetrated by t h i s  we1 1. 

H/C 

Hydrogen Index 

Oxygen Index 

1 .O 

140 t o  150 

15 

0.8 t o  1.0 

25 t o  125 

50 t o  200 

1.2 t o  1.4 

450 t o  600 

20 t o  60 



ENVIRONMENTAL CONSIDERATIONS 
BY 

A l l en  J. 'Adams 

ARC0 Exploration Company, as operator for  i t s e l f  and 
other part ic ipants,  submitted a l e t t e r  t o  the Minerals 
Management Service (MMS) ( formerly Conservation Divis ion, 
U.S. Geological Survey) dated June 18, 1981, f o r  the proposed 
d r i l l i n g  o f  a deep s t ra t ig raph ic  t e s t  wel l  i n  the  Navarin 
Basin o f  the A1 aska Outer Continental She1 f (OCS) . Documents 
submitted i n  support o f  t h i s  proposal included a D r i l l i n g  
Plan, an Environmental Report, an O i l - S p i l l  Contingency Plan 
(OSCP) , and a Coastal Zone Consistency Cer t i f i ca t i on .  S i te-  
speci f i c  b i o l  ogical  surveys and geohazards/geotechnical 
surveys a t  the primary and a l ternate s i t e s  were required t o  
invest igate and document environmental condit ions before 
approval o f  the geological and geophysical (G & G) permit  
appl icat ion f o r  the deep s t ra t ig raph ic  t e s t  well .  The primary 
and a1 ternate s i t e s  are located 120 mi les and 133 miles, 
respectively, west o f  Pinnacle Is land i n  the S t .  Matthew Hal l  
Is land group. The appl i can t  fol lowed requirements o f  30 CFR 
Part  251 i n  submitt ing the G & G Permit appl i c a t i o n  f o r  t h i s  
we1 1 . 

A deep s t ra t ig raph ic  t e s t  wel l  i s  d r i l l e d  t o  acquire 
geological and engineering- data tha t  are used t o  determine 
the potent ia l  f o r  hydrocarbon generation and re ten t ion  w i th in  
a proposed lease sale area. Deep Strat igraphic  wel ls  are 
comnonly d r i l l e d  o f f -s t ruc ture  and are not intended t o  locate 
hydrocarbon accumulations. The Navari n Basin COST No. 1 
wel l  was d r i l l e d  of f -s t ructure.  The information gathered 
from t h i s  t e s t  wel l  was used t o  evaluate the hydrocarbon 
po ten t ia l  o f  the area covered by Navarin Basin Lease Sale 
No. 83 he ld  i n  A p r i l  1984. 

As p a r t  o f  the permit appl icat ion review process, MIS 
prepared an Environmental Assessment (EA) under National 
Environmental Pol i c y  Act (NEPA) d i rect ives.  The EA serves 
as a decision-making document t o  determine i f i t h e  proposed 
act ion i s  o r  i s  not  a major Federal act ion s i g n i f i c a n t l y  
a f fec t i ng  the qua1 i t y  o f  the human environment i n  the sense 
o f  NEPA, Section 102(2)(C). The EA evaluates the proposed 
action, the af fected environment, environmental consequences, 
a1 ternat ives t o  the proposed action, unavoidable adverse 
environmental e f fects ,  and controversial  issues. 

MMS took s i  te-specif i c  geological , meteorological, 
oceanographic, b io log ica l  , and cul  t u r a l  condit ions i n t o  
consideration before approving the d r i l l i n g  plan and monitored 
these condit ions during d r i l l i n g  operations. 



GEOLOGY 

A s i  te-speci f i c  sha l l  ow d r i l l  i ng geohazards/geotechnical 
survey ( Nekton, Inc., 1980b) was conducted i n  accordance wi th  
MMS requirements. It showed the sea f l oo r  a t  the proposed 
primary and a1 ternate s i t e s  t o  be nearly f l a t  and r e l a t i v e l y  
featureless. The three geologic basins i n  the  Navarin Province 
were formed by fau l t ing,  subsidence, and i n f i l l i n g  w i th  Late 
Mesozoic through Holocene age sediments. The northern basin 
i s  the largest,  and the central  basin the ma1 l e s t .  Both the 
primary and the a l ternate d r i l l  s i t e s  are on the eastern 
f lank o f  the southern basin. The sea-f loor sediment consists 
o f  s o f t  Holocene clayey s i l t s .  Growth f a u l t s  are present 
near the f lanks o f  the basins. Several minor growth fau l  t s  
c u t  the underlying Pleistocene and Pliocene sediments a t  the 
wel l  s i tes,  bu t  do no t  displace surface sediments. Displacement 
occurs t o  w i th in  23 fee t  o f  the sea f l oo r ,  w i th  observed o f f se ts  
as great as 10 feet. Pliocene re f l ec to rs  a t  the a l ternate 
s i t e  contain evidence o f  amp1 i tude anomal ies,  o r  b r i g h t  
spots, which suggest the presence o f  gas-charged sediments. 

GEOLOGICAL CONSIDERATIONS 

The EA addressed the f o l  1 owing types o f  geological hazards: 
shal l  ow gas, fau l t ing,  seismici ty and sediment i n s t a b i l i t y ,  
volcanism, abnormal pressure, and hydrogen sul f i  de. 

The shal l  ow d r i  11 i ng hazards survey ind icated the presence. 
o f  shallow gas a t  - the  a1 ternate s i t e  only. Shallow gas, 
usual ly biogenic i n  or ig in ,  was not  ant ic ipated a t  the primary 
s i t e  and i s  not a problem a t  normal pressure. 

s Minor "activeu growth f a u l t s  occur a t  the s i tes,  bu t  d i d  
no t  cu t  the suyface. Minimal o f f s e t  between bedding and the 
gradual extension o f  t h i s  type o f  f a u l t  ind ica te  t h a t  large, 
rap id  displacement does not  occur. 

Seismicity i n  the area i s  h i s t o r i c a l l y  1 ow. Six 
earthquakes have been recorded i n  the Navarin Basin, the most 
recent i n  1974. A l l  were less  than magnitude 6.0 on the 
Richter scale. An earthquake i n  the Navarin area could 
cause l iquefact ion o r  mass movement. However, because the 
topography o f  the proposed well s i t e s  was nearly f l a t ,  mass 
movement would not  be expected. Liquefact ion might occur, 
but  the e f fec ts  would probably be l i m i t e d  t o  anchors, wellhead, 
o r  r i s e r  connections and would be minor. An earthquake o f  
s u f f i c i e n t  magnitude t o  cause l iquefact ion,  although 
unpredictabl e, was considered unl i kely  t o  occur during d r i  11 i ng 
operations. 



The Navarin Basin i s  on the f r i n g e  o f  an area t h a t  could 
be af fected by a large, explosive erupt ion i n  t he  Aleut ian 
Arc System. Such an event was un l i ke l y  t o  occur dur ing 
operations. Even i f  a major erupt ion had occurred, on ly  minor 
ash fa l l  would have occurred a t  the s i tes.  

On the basis o f  prel iminary geological and geophysical 
studies, abnormal pressure was no t  expected a t  the two po ten t ia l  
we1 1 si tes.  We1 1 locat ion, we1 1 design, and safety procedures 
were designed t o  a1 1 evi a te  po ten t ia l  adverse condit ions 
caused by abnormal pressure. The p o s s i b i l i t y  o f  encountering 
high-pressure hydrocarbons a t  depth was also considered 
un l i ke l y  because the wel l  was d r i l l e d  o f f -s t ruc tu re .  

Hydrogen s u l f i d e  (H2S) was no t  expected t o  be present. 
Had the d r i l l  r i g  monitoring system detected the  presence o f  
H2S, the  proper precautions would have been taken, i n  accordance 
w i t h  the H2S Contingency Plan. 

METEOROLOGY AND OCEANOGRAPHY 

Most o f  t he  Bering Sea 1 i e s  i n  subarctic la t i tudes ,  and 
a cyclonic atmospheric c i r c u l a t i o n  predominates. Cloudy 
skies, moderately heavy prec ip i ta t ion ,  and strong surface 
winds character ize the marine weather. The weather- is  con t ro l led  
by high pressure over the Pac i f i c  and Arc t i c  Oceans and over 
Siberia, which causes the A1 eut ian 1 ow. Oceanic cur ren t  
f low i s  norther ly,  ranging from 0.5 knot  i n  the  south t o  
1.0 knot  i n  the north, where the f low i s  accelerated toward 
the  Bering S t r a i t .  Waves greater than 5 f e e t  occur less  
than 50 percent o f  the time from June through September, 
75 percent o f  the time i n  October, and more than 75 percent 
o f  the t ime i n  November. The we1 1 l oca t i on  i s  i c e  f ree  from 
May through December, w i th  up t o  85 percent i c e  coverage 
from January through Apr i l .  

Because l i m i t e d  meteorological and oceanographic data 
were avai lable,  the operator was required t o  c o l l e c t  
meteorological, oceanographic, and performance data, pursuant 
t o  OCS Order No. 2, t o  a i d  i n  f u tu re  operations i n  the area. 
During set-up and d r i l l i n g  operations, c l ima t i c  and sea-state 
condit ions were monitored t o  ensure t h a t  they d i d  no t  exceed 
r i g  to1 erances o r  jeopardize hunan safety. Winds, barometric 
pressure, a i r  and water temperatures, waves, and currents 
were monitored and recorded. A1 1 environmental data col  1 ected 
dur ing d r i l l i n g  operations are avai lab le t o  t he  publ ic.  



BIOLOGY 

The Bering Sea she l f  edge and, t o  a lesser extent, the  
r e s t  o f  the Navari n Planning Area are characterized by high 
primary product iv i ty .  This i s  due t o  the upwell ing o f  nu t r ien t -  
r i c h  oceanic water, which supports a complex ecosystem o f  
c u l t u r a l l y  and commercially valuable stocks o f  f i sh ,  
invertebrates, and marine mammals. S t .  Matthew and Ha l l  
Islands, a wilderness area approximately 30 mi les east o f  the 
planning area boundary, support a large number o f  b i r d  species. 
These is lands have been nominated as an area mer i t ing  special 
a t ten t ion  i n  the A1 aska Coastal Management Plan. 

A s i  te-speci f i c  marine b io log ica l  survey was designed 
by MMS i n  concert w i th  other Federal and State agencies t o  
obtain b io log ica l  data a t  both the primary and a1 ternate 
proposed deep s t ra t ig raph ic  t e s t  s i tes.  Through the use o f  
underwater video and photographic documentation, plankton 
tows, infaunal sampling, and trawling, ARC0 (Nekton, 1980a) 
determined the re1 a t i v e  abundance and types o f  organi sms 
present i n  various habitats. These surveys were conducted 
from August 15 t o  August 17, 1980. The- resu l t s  are summarized 

- as fol lows: 

1. Copepods were the most abundant element o f  the 
plankton, accounting f o r  about 99 percent o f  the t o t a l  
organisms. Smal l e r  amounts (approximately 1 percent3 o f  
euphausids (shrimp-1 i ke crustaceans) and chaetognaths 
(arrow worms) were a1 so found. Decapod crustaceans 
(crabs) accounted f o r  less than 1 percent o f  a l l  samples. 
No f i s h  eggs o r  f i s h  larvae were found a t  e i t he r  s i te .  

2. Epibenthic invertebrates were the numerically dominant 
component o f  the trawl catch a t  both s i tes.  The most 
abundant invertebrates were asteroids (sea s ta rs )  and 
ophi u ro i  ds ( b r i  ttl e stars). 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  the seabed a t  both 
s i t e s  revealed, i n  decreasing order o f  abundance, eel pouts, 
roundf i  sh, near-bottom plankton organisms, sea stars, 
and sea snails. Benthic grabs a t  both s i t e s  revealed 
t h a t  polychaete annel i d s  ( b r i  s t1  ed worms) were the dominant 
phyla, f o l l  owed by arthropods, pr iapul  i d s  ( small worm1 i ke 
animals) , and echi nodens. 

The b io log ica l  survey conducted by Nekton, Inc., ind ica ted  
t h a t  the area contained no unique habi ta ts  o r  species t h a t  
woul d requi re re jec t i on  o r  modi f icat ion o f  the d r i  11 i ng program. 



It was determined t h a t  normal operations a t  e i t h e r  o f  the two 
s i t e s  woul d not adversely a f f e c t  the environment. No addi t ional  

' b i o l  ogical  resources were d i  scovered during d r i l l  i ng operations. 
No adverse impacts on ex i  s t i  ng b i o l  ogi cal  resources were 
apparent from wel l  a c t i v i t i e s .  

MARINE MAMMALS, ENDANGERED SPECIES, AND BIRDS 

Marine resources o f  the Navarin Planning Area include 
overwi n t e r i  ng whal es and p i  nni peds ( seal s and wal rus) ; m i  g r a t i  ng 
whales; and migrat ing and resident sea b i rds  and other waterfowl. 

Few endangered mammals frequent the Navarin Planning 
Area. Bowhead whales overwinter i n  the v i c i n i t y  o f  the i c e  
f ront ;  beluga whales may a1 so be present; and sperm whales 
feed along the she l f  break along the western boundary o f  the 
area. 

The proposed d r i l l i n g  program was submitted t o  the 
National Marine Fisher ies Service (NMFS) and the  U.S. Fish 
and W i l d l i f e  Service f o r  review and comment regarding po ten t ia l  
impacts o f  the operation on l i v i n g  resources i n  the  area. A 
l e t t e r  was received from NMFS, included as an attachment t o  
the EA; recommending s t ipu la t ions  t o  be ca r r i ed  ou t  i n  
concert w i th  the Alaska OCS Orders. NMFS recommended minimum 
approach distances f o r  a i r  and surface support c r a f t ,  gave 
gui  del i nes f o r  r e i n i t i a t i o n  o f  consul ta t ion,  and recommended 
continued cetacean research. 

Eleven species o f  b i rds  were observed a t  the primary 
s i te ,  and ten species a t  the a l te rna te  s i te .  The most 
abundant b i r d  species a t  both s i t e s  was the northern fulmar. 
Other species frequent ly encountered a t  the primary s i t e  
included t u f t e d  puff ins,  common murres, f o l  k - t a i  1 ed storm 
pet re l  s, black turnstones, A1 eut ian terns, Arc t i c  terns, and 
b l  ack-1 egged ki t t iwakes, and a t  the a1 ternate s i t e ,  black- 
legged k i t t iwakes  and common murres. 

FISHERIES 

The Navari n Planning Area contr ibutes s i g n i f i c a n t l y  t o  
Bering Sea f i she r ies  production. I n  the past, Bering Sea 
f i shery  resources have been la rge ly  explo i ted by Japanese, 
Korean, and Soviet f i s h i n g  f leets ,  bu t  w i th  the advent o f  the 
Federal 200-mi l e  extended ju r isd ic t ion ,  NMFS predicted t h a t  I 

these resources would be in tensive ly  harvested by U.S. 
fishermen. Approximately 315 species o f  f i s h  are present i n  
the Bering Sea, o f  which 25 are commercially valuable. Herring, 1 
salmon, cod, ha1 i but, ocean perch, and various f l a t f i s h  are 

I 
i 



the most important o f  the commercial species. 'Noteworthy also 
are the productive groundfish stocks, valuable populations o f  
k ing  and Tanner crab, and western Alaska salmon. 

CULTURAL RESOURCES 

It was determined tha t  cul  t u r a l  and archeol ogical  surveys 
would not  be required f o r  the Navarin Basin we1 1 s i t e s  because 
the s i t es  were located i n  a low p robab i l i t y  area f o r  c u l t u r a l  
resources. I f  the TV transects, side-scan sonar, o r  magnetometer 
surveys had ind icated unexplained anomalies, a review o f  the 
data would have been performed by a q u a l i f i e d  marine 
archeologist. No anomal i e s  were detected, and no cul  t u r a l  
resources were i d e n t i f i e d  during d r i l l  i n g  operations. 

DISCHARGES INTO THE MARINE ENVIRONMENT 

The appl icant disposed o f  d r i l l  cut t ings and waste 
d r i l l  i n g  mud i n t o  the ocean i n  compliance w i th  MP1S and 
Environmental Protect ion Agency (EPA) regulations. Past 
studies on the d i  sposi ti on and e f fec ts  o f  rou t ine  discharges 
from offshore o i l  and gas a c t i v i t i e s  ind icated t h a t  such 
discharges were not l i k e l y  t o  s i g n i f i c a n t l y  a f f e c t  the marine 
envi ronment. 

- - 

Bentonite was a continuous add i t i ve  t o  the d r i l l i n g  mud. 
Bar i te  was added as necessary f o r  increasing mud weight. 
Bentonite and bar i  t e  are i nsol ubl e, nontoxic, and i ne r t .  
Other addit ives were used i n  minor concentrations, and most 
were used only under speci a1 condit ions . These other addit ives 
would be e i t he r  nontoxic o r  chemical l y  neutral ized i n  the mud 
o r  upon contact w i th  seawater. No oil-based d r i l l i n g  mud 
was used. 

Some excess cement was introduced i n t o  the marine 
environment whi le cementing sha l l  ow casing s t r ings  up t o  the 
sea f loor .  

L iqu id  wastes, i ncl udi ng t reated sewage, gray water, and 
some d r i l l i n g  by-products were discharged i n  accordance w i th  
regulations set  fo r th  by the EPA. 

CONTINGENCY PLAN FOR OIL SPILLS 

Procedures f o r  preventi ng, report ing, and c l  eani ng up 
o i l  s p i l l s  were addressed i n  the OSCP, which was p a r t  o f  the 
D r i l l i n g  Plan. The OSCP l i s t e d  the equipment and mater ial  
avai lab le t o  the permittee and described the capab i l i t i es  o f  



the equipment under d i f f e r e n t  sea and weather condit ions. 
The plan a1 so included a discussion o f  l o g i s t i c a l  support and 
i d e n t i f i e d  spec i f i c  ind iv iduals  and t h e i r  respons ib i l i t i es  i n  
implementing the OSCP. Two response leve l s  were organized: 
an onsi te  o i l - s p i l l  team and an onshore support organization. 
The onsi te  o i l - s p i l l  team was structured t o  provide immediate 
containment and cleanup capabil i t y  f o r  operational s p i l l  s, 
such as may r e s u l t  from the t rans fer  o f  fue l  o i  1, and t o  i n i t i a t e  
containment actions f o r  larger,  uncontrol led s p i l l s .  The 
onshore support organization was t o  provide addit ional  
equipment and manpower t o  clean up 1 arge s p i l l  s if they occurred. 

One thousand f e e t  o f  containment boom, an o i l - s p i l l  
skimmer, sorbents, o i l  storage containers, dispersants, 
col  lectants,  and chemical appl i c a t i o n  equipment were located 
on the d r i l l i n g  vessel. Addit ional  equipment located on the 
emergency support barge offshore from St .  Matthew Is land 
included 300 f e e t  o f  containment boom, an o i l - s p i l l  skimmer, 
a diaphragm pump, and sorbents. Several o i l - s p i l l  t r a i n i n g  
d r i l l s  were conducted t o  ensure fam i l i a r i za t i on  w i th  t h i s  
equipment by each onsi te  o i l - s p i l l  team. The operation a lso  
had access t o  addit iqnal  o i l - s p i l l  response equipment located 
a t  onshore staging points. The OSCP also i d e n t i f i e d  a l l  
equipment t h a t  was avai lab le from other response organization 
sources, agreements t o  commit these resources, and requirements 
f o r  obtaining the equipment. No s p i l l s  resul ted from t h i s  . 
d r i l l i n g  operation. 

The operator d r i l l e d  the wel l  according t o  the OCS Orders- 
and u t i l i z e d  standard wel l  contro l  equipment and procedures. 
The casing and cementing programs (OCS Order No. 2) and 
subsequent abandonment requirements (OCS Order No. 3) were 
designed t o  prevent leakage o r  contamination by f l u i d s  w i t h i n  
a permeable zone. Upon completion o f  the well,  the s i t e  was 
cleared o f  a11 pipe and other material on o r  above the ocean 
f loor .  

As p a r t  o f  the EA process, the proposed deep st rat igraphic  
t e s t  wel l  program was submitted f o r  comments t o  the appropriate 

:Federal and State agencies, as wel l  as t o  other in terested 
par t ies.  Responses were included as p a r t  o f  t he  EA. On 
the basis o f  the EA, on October 26, 1981, the Deputy 
Conservation Manager, A1 aska Region, w i th  the concurrence o f  
the Conservation Manager, signed a Finding O f  No S ign i f i can t  
Impact (FONSI) on ARCO's proposed action, and determined t h a t  
an Environmental Impact Statement was not required. A no t ice  
was issued t o  t h a t  e f fec t .  The Of f ice o f  the  Deputy 
Conservation Manager ( now Regional Supervi sor, F i  e l  d Operations) 
consequently issued a l e t t e r  t o  ARC0 approving t h e i r  D r i l l  i n g  
Plan and G 8 G Permit. The State o f  Alaska found the operation 
t o  be consistent w i th  i t s  Coastal Zone Management Program on 
September 17, 1981, before MMS approved the Appl icat ion f o r  



Permit t o  D r i l l .  The EA and FONSI documents a r e  a v a i l  ab le  
f o r  review i n  the publ ic f i l e  i n  the o f f i c e  o f  t h e  Regional 
Supervisor, Fie1 d Operations, U.S. Mi neral  s Management Service, 
800 A Street ,  Anchorage, Alaska 99501. 



SUMMARY AND CONCLUSIONS 
by 

Ronald F. Turner 

The ARC0 Navarin Basin COST No. 1 We1 1 was d r i l l ed  t o  a 
measured depth of 16,400 feet .  The Kelly Bushing was 85 f e e t  
above sea level. The water depth was 432 feet .  The well 
s i te  is approximately 457 miles southwest of Nome, Alaska. 
Drill  ing commenced on May 26, 1983, and was completed on 
October 22, 1983. Four s t r ings  of casing were set during 
dr i l l ing:  30-inch casing a t  614 fee t ;  20-inch casing a t  
1,508 fee t ;  13 318-inch casing a t  5,016 fee t ,  and 9 518-inch 
casing a t  12,834 fee t .  The d r i l l i n g  f lu id  fo r  the f i r s t  
1,536 f e e t  was seawater; the d r i l l  ing mud thereafter  varied 
from 8.8 poundslgal 1 on t o  14.1 poundslgal 1 on. 

Logging runs were made from 5,032 t o  1,497 fee t ,  11,046 
t o  5,004 f e e t ,  12,834 t o  5,004 f e e t ,  15,341 t o  12,815 f e e t ,  
and 16,385 t o  12,815 feet .  The types of we1 1 logs r u n  a r e  
1 i s ted  in the Operational Summary chapter; geological analyses 
of most of the logs a re  presented in the Well Log Interpretation 
chapter. Twenty conventional cores, 668 s i  dewall cores, and 
well cut t ings collected a t  30-foot intervals  (from 1,536 t o  
16,400 f e e t )  were analyzed, variously, fo r  porosity, 

- 
p-ermeabil i t y ,  1 i tho1 09, organic geochemistry, paleontology, 
radiometric age, and paleomagnetism. 

As required by 30 CFR 251, the operator (ARC01 f i l e d  a 
Dri l l ing Plan, Environmental Report, Oil-Spill Contingency 
Plan, and Coastal Zone Consistency Cert i f icat ion.  In addition, 
the MMS (formerly USGS, Conservation Division) required a 
geohazards survey, geotechnical survey, and si te-speci f i c  
biological survey. The zooplankton, infauna, epifauna, vagile 
benthos, and pelagic fauna were collected and analyzed. 
Part icular  emphasis was placed on protecting local and 
migratory marine mamnals and avifauna. Waste discharges into 
the environment were minimal, nontoxic, and in compliance 
with Federal environmental protection regulations. 

Sea-fl oor i nstabi 1 i ty  and gas-charged sediments a r e  
major geologic hazards in the Navarin Basin planning area. 
The well was d r i l l ed  in an area not affected by these 
potential geohazards. Wireline log and formation test  data 
c lear ly  identify a potentially dangerous major zone of abnormal 
formation pore pressure from 9,430 to  15,300 fee t .  Thermally 
activated s tr ipping of inter layer  water from smectit ic clays 
during i l l  i t i za t ion  may be the primary process responsible 
fo r  the abnormal pressures in  t h i s  interval . Log analysis 
methods of assessing abnormal pressures a re  discussed a t  
some length in the  Abnormal Formation Pressure chapter. 
Caprocks associated with overpressured zones might function 



as hydrocarbon traps, and the excess pore f l u i d s  might a i d  i n  
the expul s ion and migrat ion o f  hydrocarbons. 

St rat igraphic  u n i t s  i n  the wel l  were defined on the basis 
o f  microfoss i l  content, 1 i thology and we1 1 l o g  character is t ics ,  
and absolute dat ing techniques. The wel l  penetrated Pliocene 
(1,536 t o  3,180 feet) ,  Miocene (3,180 t o  5,704 feet ) ,  Oligocene 
(5,704 t o  12,280 feet ) ,  Eocene (12,280 t o  12,780 feet ) ,  and 
Cretaceous ( 12,780 t o  16,400 fee t )  age sediments. The unsampl ed 
i n te rva l  above 1,536 fee t  probably contains Plio-Pleistocene 
and Holocene sediments. The paleontology, paleobathymetry , 
and paleoecology o f  the section penetrated by the we1 1 are 
discussed i n  the Paleontology and Biostrat igraphy chapter. 
The sedimentary section was d iv ided i n t o  11 l i t h o l o g i c  zones 
on the basis of composition, source, and physical charac te r is t i cs  
(see L i  thology and We1 1 Log In te rp re ta t i on  chapters). With 
the  exception o f  a Late Cretaceous coal-bearing section, the 
fine-grained c l a s t i c  sediments encountered were a l l  deposited 
i n  marine environments. Reservoir charac te r is t i cs  are general ly 
poor, and the best po ten t ia l  reservo i rs  are located considerably 
above the o i l  window. Porosi ty and permeabi l i ty have been 
reduced by compaction, cementation, diagenesis, and authigenesis. 

Time-depth curves generated from Long-Spaced Sonic (LSS) 
1 og data and nearby CDP stacking ve loc i t i es  d i f f e r  by no more 
than 4 percent. The steeper time-depth curve ca lcu lated 
from LSS 1 og data apparently i s  a resul  t - o f  -nongeol ogic 
inf luences such as i n v a l i d  assumptions r e l a t i n g  stacking 
ve loc i t i es  t o  V ~ S  and VA, and the inherent t rave l  path 
differences between the two methods. The e f fec t s  o f  ve loc i t y  
anisotropy commonly associated w i th  f ine-grained sediments are 
no t  present. 

F ive regional deposit ional sequences were recognized on 
CDP sections, mapped, and corre la ted t o  the wells, i n  p a r t  by 
means o f  a synthet ic seismogram generated from the Long-Spaced 
Sonic Log. The character and s ign i f icance o f  these seismic 
sequences are discussed i n  the Seismic Strat igraphy chapter. 

An average geothermal gradient o f  1.78" F per 100 f e e t  
was ca lcu lated from 3,800 t o  16,400 feet.  The anomalously 
higher gradient o f  2.5" F per 100 f e e t  above 3,800 f e e t  i s  
probably due, a t  l e a s t  i n  part ,  t o  the e f fec t s  o f  an 
overpressured zone associated w i th  the complex diagenetic 
a1 te ra t i on  o f  diatomaceous sediments. 

A bottom-simul a t i  ng r e f l e c t o r  (BSR) apparently re1 ated 
t o  biogenic s i l i c a  diagenesis i s  present i n  the basin. I n  
the we1 1 , t h i s  re f1  ector  i s  represented by 1 i thologi  c Zone 
A-2. Such seismic re f l ec t i ons  may be useful as markers o f  
p o t e n t i a l l y  dangerous abnormally pressured zones. 



Suf f i c ien t  thermal matur i ty f o r  the development o f  crude 
o i l  ex is ts  below 10,000 feet.  Degeneration o f  hydrocarbons 
due t o  thermal cracking probably does not  occur above 15,000 
fee t  except i n  sediments exposed t o  igneous a c t i v i t y .  No 
s i g n i f i c a n t  o i l s  shows were encountered i n  t h i s  s t rat igraphic  
test ,  but  r e l a t i v e l y  greater amounts o f  methane d i d  occur i n  
sediments down t o  about 6,000 feet. This methane i s  believed 
t o  be o f  biogenic or ig in .  With the possible exception o f  t h i s  
1 i ght gas, there i s  no evidence t o  suggest t h a t  any o f  the 
hydrocarbons and organic ext racts  analyzed were no t  indigenous 
t o  the l i t h o l o g i e s  sampled. Between about 11,700 and 12,780 
feet, the ear ly  Oligocene and l a t e  Eocene sect ion includes a 
"type B" (anoxic marine) organic facies. I f  t h i s  l i t h o l o g i c  
sequence thickens deeper i n  the basin, s i g n i f i c a n t  amounts 
o f  oi l -prone source rock a t  a favorable leve l  o f  thermal 
matur i ty  woul d be present. 

The Navarin Basin consists o f  three en echelon subbasins 
f i l l e d  w i th  more than 26,000 fee t  o f  layered Ter t iary  
sedimentary rock. The subbasins formed as a r e s u l t  o f  
extensional deformation associated w i th  s t r i  ke-sl i p motion 
between the Kula and the North American Plates i n  the Late 
Cretaceous t o  ear ly  Tert iary.  By the l a t e  Eocene, movement 
o f  the Kul a Plate was is01 ated by subduction a t  the present 
A1 eut ian Arc. Subbasi n subsidence i n  response t o  s t ruc tu ra l  
downdropping probably remai 'ed ac t ive  u n t i  1 the 1 ate 
01 igocene. RegTuriaT-subsidence i n  response t o  c rus ta l  cool i ng 
eventually l e d  t o  sedimentation beyond the s t ruc tu ra l l y  
defined subbasins. Beginning i n  the l a t e  Eocene, the three 
subbasins were f i l l  ed w i th  marine mudstones, s i  1 tstones, and 
minor sandstones. Sea leve l  1 owerings i n  the "middle" and l a t e  
Oligocene, however, exposed older Ter t ia ry  and Mesozoic basement 
highs t o  wave-base erosion which resul ted i n  the deposit ion 
o f  coarser gra-ined mater ial  along the subbasin flanks. 

Paleocene, Eocene, and Oligocene marine mudstones and 
sandstones w i th  good source and reservoi r  po ten t ia l  may wel l  be 
present i n  the deeper par ts  o f  the basin. 
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APPENDIX 1 

Suggested Abbreviat ions f o r  L i  tho1 ogic Descr ip t ions 
Excerpted from M i t c h e l l  and Maher, 1957 

arg 
b l  k 
b rn  
ca l  c 
carb 
C ~ Y  
c l y s t  
cmt 
dk 
f 
fos 
f rag  
fri 
f r s  
g l  au 
gn 
g r  
w 
h d 
i g 
i n t r  
1 am 
1 s 
1 s t r  
1 t 
m 
lna s 
mds t 
mica 
mts 
PY r 
q t z  
s d 
S ~ Y  
s f t  
sh 
s hy 
s 1 
s l  t s t  
s l  ty 
s s 
t r 
t u  f 
v 
v f 
vg t  

Argi  1 1 aceous 
B1 ack 
Brown 
Cal c i t e ,  calcareous 
Carbonaceous 
Clay, clayey 
C l  aystone 
Cement, cemented 
Dark 
Fine, f i n e l y  
Fossi 1, f o s s i l  i f e rous  
Fragment, fragmental 
F r i ab le  
Fresh 
G l  auconi t e  , g l  auconi ti c 
Green 
Grain , gra ined 
Gray 
Hard 
Igneous 
In t rus ion ,  i n t r u s i v e  
Lami nated 
Limestone 
Luster 
L igh t ,  1 i g h t e r  
Medium 
Massive 
Muds tone 
Mica, micaceous 
Mat r i x  
Pyr i te ,  p y r i t i z e d  
Quartz 
Sand 
Sandy ' 
S o f t  
Shale 
Shaly 
Sl.ight, s l  i g h t l y  
Si 1 ts tone 
Si 1 t y  
Sands tone 
Trace 
Tuffaceous 
Very 
Very f i n e  
Variegated 

L 
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APPENDIX 2 

We1 1 Data and Consultants Reports 
Avai lab le  f o r  Pub1 i c  Inspection, 
Navarin Basin COST No. 1 Well 

Schl umberger Offshore Services 
Anchorage, AK 

2 i n. Dual La te ro l  og/Mi cro-Spheri c a l  l y  Focused Log 
Runs 1, 2, 3, 4, 5 

5 i n .  Dual Latero l  oglMicro-Spherical l y  Focused Log 
Runs 1, 2, 3, 4, 5 

2 in .  Dual Induct ion LaterologISpher ical  l y  Focused Log L i  near 
Correl a t i  on 

Runs 1, 3, 4, 5 

2 i n .  Borehole Compensated Sonic Log 
Runs 1, '2, 3, 4, 5 

5 in .  Borehol e Compensated Sonic Log 
Runs 1, 2, 3, 4, 5 

2 in .  Compensated NeutronIFormation Densi ty Log 
Runs 1, 2, 3, 4, 5 

5 i n .  Compensated NeutronIFormation Densi ty Log 
Runs 1, 2, 3, 4, 5 

2 in .  Compensated Formation Densi ty 
Runs 1, 2, 3, 4, 5 

5 i n .  Compensated Formation Density 
Runs 1, 2, 3, 4, 5 

2 in .  Natural Gamna Ray spectrometry Tool 
Runs 1, 2, 3, 4, 5 

5 in .  Natural  Gamna Ray Spectrometry Tool 
Run 1, 3, 4, 5 

2 in .  Long-Spaced Sonic Log 
Runs 1, 2, 3, 4, 5 

5 in .  Long-Spaced Sonic Log 
Run 1, 2, 3, 4, 5 
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5 in.  Sonic Waveforms -- 8 ft. 
Runs 1, 2, 3, 4, 5 

2 in.  Proximi ty-Mi c r o l  og 
Run 3 

5 i n. Proximi ty-Micro1 og 
Runs 2, 3, 4 

High Resolution D i  pmeter Tool 
Run 1 

5 in .  St rat igraphic  High Resolution D i  pmeter Tool 
Run 5 

5 in.  St rat igraphic  High Resolution D i  pmeter Tool Cyberdi p 
Runs 5 

5 in .  Dipmeter 
Runs 2, 4, 5 

Repeat Formation Tester 
Runs 1, 2, 3 

Repeat Formation Tester Quicklook 
Runs 2, 3 

60 in. Repeat Formation Tester 
Run 3 

2 in.  High Resolution Thermometer 
Run 5 

5 in. Cement Bond/Variable Density Log 
Run 5 

2 in. P r o f i l e  Cal iper 
Run 3 

Polar P l  a t  
Run 1 

5 in .  Arrow P l o t  from Cluster Program 
Runs 1, 2, 3, 4 

Core Laboratories, Inc. 
Anaheim. CA 

Special Core Analysis Studies 
Core Analysis Pemeabil i t y  and Poros i ty  
Core Photographs 
Corre lat ion Coregraph 



PBT, Inc. 
Go1 den, CO 

Compressional and Shear Wave Ve loc i t i es  o f  Cores 

ARC0 Alaska, Inc. 
Anchorage, AK 

Core Descr ipt ions 
Core Gamna Data 
S i  dewall Sampl e  Descr ip t ions 
Ve r t i ca l  Seismic Pro f  i 1 es 
Head Space Gas Analysis 
Cal i brated Sonic Log 
Ve r t i ca l  l y  Stacked Sei smic Traces 
Dev ia t ion P l o t  o f  Travel Times 
Two-Way Travel Time Log 

ERT B i o s t r a t  
F o r t  Col l ins .  CO 

B ios t ra t ig raph ic  Weekly Reports 

Z-Axi s  Exp lora t ion Inc. 
Walnut Creek. CA 

Paleomagnetism o f  Cores, I n t e r p r e t a t i o n  and Data 

Baroi d  
Anchorage, AK 

Mud Report 

Un ive rs i t y  o f  Colorado 
Boulder, CO 

Paleontology Report Core No. 7 

Jay Marks 
Engl ewood, CO 

Pal eontol  ogy Report 

Eastman Whipstock 
Anchorage, AK 

Core Or ien ta t ion  Reports 
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Production Services 
Anchorage, AK 

D r i l l  Stem Tests 

Robertson Research (U.S.) , Inc. 
Houston, TX 

Geochemical Analysi s 
Supplemental Geochemical Analysis o f  Cutt ings and Core No. 14 

B i  o s t r a t i  graphi cs 
San Diego, CA 

Palynol ogy Report 
Radio1 a r i a  Report 
Calcareous Nannofossi 1 Report 
B i  o s t r a t i  graphic Summary 
S i l  iceous Nannofossil Report 
Forami n i  fera Report 
Charts 

D i  atoms 
Spores and Diatoms 
Foraminifera 

Hughes Tool 
Anchorage, AK 

B i t  Record 

Explorat ion Loggi ng (USA), Inc. (Ex1 og) 
Anchorage, AK 

Formation Eva1 uat ion Log 
Gemdas Logging Reports 
Geochemical F ina l  We1 1 Report 

Tel edyne Isotopes 
Westwood, MJ 

K-Ar  Age Determinations 

Christensen Diamond Products 
S a l t  Lake City,  Utah 

Coring Logs 



Bi rdwel 1 
Anchorage, AK 

Cal i brated Veloci ty  Log 

Sei smograph Service Corp . 
Tu1 sa, OK 

Sei smi c Vel oci  t y  Survey 
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Zone A-1 11,536 t o  3,565 f e e t l :  T h i s  i n t e r v a l  c o n s i s t s  
of p o o r l y  so r ted ,  s i l t y ,  sandy mudstone and diatomaceous 
ooze. P r i m r y  sed imentary  s t r u c t u r e s  were dest royed by  
e x t e n s i v e  b i o t u r b a t i o n .  Concen t ra t i ons  o f  g ranu le -s i zed  
r o c k  and  s h e l l  f ragments a r e  a s s o c i a t e d  w i t h  scour  
sur faces.  Coarser  g r a i n e d  m a t e r i a l  may r e p r e s e n t  basal  
l a g  depos i t s  on e r o s i o n a l  s u r f a c e s  c r e a t e d  by s torm-  
genera ted c u r r e n t s .  The framework g r a i n s  a r e  m a i n l y  
v o l c a n i c  l i t h i c  f ragments ,  a n g u l a r  q u a r t z ,  and fe ldspa rs .  
Diatom and c l a y  m a t r i x  c o n t e n t  ranges f rom 50 t o  80  
pe rcen t .  Most o f  t h e  d ia tom fragments a r e  broken and 
angu la r .  The l i t h i c  components a r e  dominated by b a s a l t i c  
and i n t e r m e d i a t e  v o l c a n i c  f ragments,  mica, p l u t o n i c  r o c k ,  
c h e r t ,  and c l a y .  Accessory m i n e r a l s  i n c l u d e  hornblende, 
e p i d o t e ,  a p a t i t e ,  and pyroxene. D i a g e n e t i c  changes 
i n c l u d e d  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  l i t h i c  
fragments and  t h e  devel  optrent o f  a u t h i g e n i c  p y r i t e  and 
c h l o r i t e .  P o r o s i t y  and p e r m e a b i l i t y  have n o t  been 
s i g n i f i c a n t l y  a l t e r e d  by  d iagenes is  a t  t hese  s h a l l o w  
depths. A l though measured p o r o s i t i e s  a r e  very  h i g h  i n  
t h i s  zone (35  t o  50 p e r c e n t ) ,  e s t i m a t e d  v i s i b l e  p o r o s i t i e s  
and p e r m e 8 , b i l i t i e s  a r e  v e r y  l o w  because of poor  s o r t i n g  
and an a b ~ n d a n c e  o f  ve ry  f i n e  g ra ined  m a t r i x  m a t e r i a l .  
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Zone A-2 (3,565 t o  3,860 f e e t ) :  T h i s  s e c t i o n  c o n s i s t s  o f  
i n te rbedded ,  h i g h l y  i n d u r a t e d  sandstone and mudstone. 
Most of t h e  d ia toms have been des t royed  o r  a l t e r e d  t o  
c l i n o p t i l o l i t e  and minor  opal-CT. Secondary carbonates  
(high-magnesium c a l c i t e ,  p ro todo lom i te ,  and r h o d o c h r o s i t e )  
a r e  ccanmor~. 
Zone B (3 ,860  t o  5,010 f e e t ) :  T h i s  zone i s  made up o f  
f i n e -  and very f i n e - g r a i n e d  sandstones i n t e r b e d d e d  w i t h  
sandy mudstones. The sandstones a r e  p o o r l y  t o  w e l l  
so r ted ,  b i o t u r b a t e d ,  and i n  some p laces  c e m n t e d  
w i t h  c a l c i t e .  The p r i m a r y  sedimentary s t r u c t u r e s  s t i l l  
v i s i b l e  a r e  r e p r e s e n t e d  by a  f w  wavy, d i s c o n t i n u o u s  
l a m i n a t i o n s .  The d ia toms p r e s e n t  have been d i a g e n e t i c a l 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  o r  r e p l a c e d  by f r a n b o i d a l  
p y r i t e .  V i sua l  a n a l y s i s  suggests t h a t  some a u t h i g e n i c  
q u a r t z  diatoms may be p resen t .  Measured p o r o s i t y  i s  h i g h  
b u t  most  i s  i n t e r c r y s t a l  l i n e  m i c r o p o r o s i t y .  P r e c i p i t a t i o n  
o f  s r r e c t i t e  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 .  

Zone C-1 15,010 t o  5,360 f e e t l :  T h i s  i n t e r v a l  c o n s i s t s  
of b i o t u r b a t e d ,  i n te rbedded ,  f i n e -  and ve ry  f i ne -g ra ined  
sandstone and s i l t s t o n e .  The m i n e r a l o g i c a l  compos i t i on  
i s  s i m i l a r  t o  t h a t  o f  Zones B and C-2. 

Zone C-2 (5,360 t o  7,130 f e e t ) :  T h i s  i n t e r v a l  c o n s i s t s  
of t h i c k ,  s h a l y  sandstone beds i n t e r b e d d e d  w i t h  c l a y s t o n e s  
and mudstones. The sandstone i s  p o o r l y  t o  w e l l  s o r t e d ,  
b i o t u r b a t e d ,  and l o c a l l y  c a l c a r e o u s l y  cemented. Broken 
and i n t a c t  mo l l uscan  s h e l l s  and l i t h i c  pebb les  a r e  
present .  G laucon i t e  i s  commn. The framework g r a i n s  
i n c l u d e  che r t ,  m o n o c r y s t a l l i n e  and p o l y c r y s t a l  l i n e  
q u a r t z ,  li t h i c  f ragments ,  and  f e l d s p a r s .  P l a g i o c l a s e  
i s  t h e  dominant f e l d s p a r .  Most  o f  t h e  l i t h i c  f ragments 
a r e  v o l c a n i c  i n  o r i g i n .  M ino r  c o n s t i t u e n t s  i n c l u d e  
c h e r t ,  hornblende, pyroxene, ep ido te ,  z i r c o n ,  ga rne t ,  
and r a r e  t ou rma l i ne .  D i a g e n e t i c  a l t e r a t i o n s  i n c l u d e  
compact ion,  a l t e r a t i o n  of some fe ldspa r ,  a l t e r a t i o n  o f  
v o l c a n i c  rock  f ragments ,  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 a u t h i g e n i c  p y r i t e .  R e s e r v o i r  p o t e n t i a l  
i s  n i l  i n  t h e  c l a y s t o n e s  and  poor  t o  good i n  t h e  
sandstones. 

RANDOM 
V I T R I N I T E  

R E F L E O i h N C E  
(PERCENT) 

A = CGNV. CORES PI = S'dC 
+ = C U T i I N G S  

Zones D-1 and 0-2 (7,130 t o  10,800 f e e t ) :  T h i s  i n t e r v a l  
i s  c h a r a c t e r i z e d  by sandy mudstone, f i n e - g r a i n e d  muddy 
sandstone, and c l a y s t o n e  w i t h  r a r e  s i l t s t o n e  l enses .  
I s o l a t e d  coarse-sand- t o  pebb le -s i zed  v o l c a n i c  r o c k  
f ragments a r e  p resen t .  The sediments have been b i o t u r b a t e  
and burrowed. Whole and broken mo l l uscan  s h e l l s  and 
m i c r o f o s s i l s  a r e  p r e s e n t .  The o n l y  p r i m a r y  sed imentary  
s t r u c t u r e s  seen i n  t h e  co res  a r e  wavy l a m i n a t i o n s .  The 
framework c l a s t s  a r e  subrounded and subangu lar  qua r t z ,  
f e l d s p a r ,  and l i t h i c  g r a i n s .  Other  m i n e r a l s  p r e s e n t  
i n c l u d e  g l a u c o n i t e ,  micas, c l a y s ,  c h e r t ,  and hornblende. 
Au th igen i c  m i n e r a l s  i n c l u d e  s m e c t i t e ,  m ixed - l aye r  
i l l i t e - s m e c t i t e ,  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 i t e s ,  
gypsum, c h l o r i t e ,  q u a r t z ,  and f e l d s p a r .  The r e s e r v o i r  
p o t e n t i a i  o f  these zones i s  v e r y  poor.  
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Zone E (10,800 t o  12,280 f e e t ) :  T h i s  zone c o n s i s t s  
o f  moderare ly  burrowed, l a m i n a t e d  c l a y s t o n e .  C a l c i t e  
c o n c r e t i o ~ l s  a r e  p resen t .  S i l t - s i z e d  m n o c r y s t a l l i n e  
q u a r t z ,  p )ag ioc lase ,  micas, c h e r t ,  o r g a n i c  m a t e r i a l ,  
and vo lcar l i c  r ock  fragments a r e  p resen t  as framework 
c l a s t s .  Other  m i n e r a l s  i n c l u d e  p y r i t e ,  s i d e r i t e ,  
a n k e r i t e ,  c a l c i t e ,  pyroxene, c l i n o p t i l o l i t e ,  
laumont i tc! ,  l e o n h a r d i t e ,  g l a u c o n i t e ,  hornb lende,  
gypsum, arid c l a y s .  C lays ,  which c o n s t i t u t e  abou t  40 
t o  70 pe rcen t  o f  t h e  rock ,  i n c l u d e  c h l o r i t e ,  k a o l i n i t e ,  
i l l i t e ,  and m ixed - l aye r  il l i t e - s m e c t i t e .  A u t h i g e n i c  
m i n e r a l s  i n c l u d e  c h e r t  m a t r i x ,  m ixed - l aye r  c l a y ,  
p y r i t e ,  c a l c i t e ,  z e o l i t e s ,  q u a r t z ,  po tass ium f e l d s p a r ,  
and a n k e r i t e .  The provenance was p robab l y  a  mixed 
v o l c a n i c  and metamorphic t e r r a n e .  The r e s e r v o i r  
p o t e n t i a l  o f  t h i s  i n t e r v a l  i s  v e r y  poor .  
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Zone F  (12,280 t o  12,780 f e e t ) :  T h i s  s e c t i o n  c o n s i s t s  
o f  dark  gray,  ca l ca reous ,  o r g a n i c - r i c h  c l a y s t o n e .  No 
p r imary  s t r u c t u r e s  a r e  v i s i b l e .  The m ine ra logy  and 
provenance a r e  s i m i l a r  t o  t h a t  o f  Zone E .  T h i s  
i n t e r v a l  appears t o  have t h e  b e s t  hydrocarbon source 
rock  p o t e n t i a l  encountered i n  t h e  w e l l .  
Zone G I H  112,780 t o  15,300 f e e t l :  The sediments i n  
t h i s  i n t e r v a l  c o n t a i n  s i l t s t o n e ,  ve ry  f i n e  g r a i n e d  
sandstone, mudstone, c l a y s t o n e ,  and coa l  . Numerous 
diabase atid b a s a l t  s i l l s  a r e  present .  T h i s  s e c t i o n  was 
p robab l y  depos i t ed  as a  sequence of f l o o d p l a i n ,  levee,  
overbank, and p a l u d a l  sediments.  Sedimentary s t r u c t u r e s  
i n c l u d e  f l n i ng -upward  sequences, m i c r o f a u l  t s  
a s s o c i a t e d  w i t h  t h e  s lumping o f  sem iconso l i da ted  
sediments,  r o o t - m o t t l e d  zones, and con t i nuous  t o  
d i scon t i nuous ,  wavy- and  p a r a l l e l - l a m i n a t e d  c o a l ,  
c l a y s t o n e ,  mudstone, and sandstone. Framework g r a i n s  
i n  t h e  sandstone and mudstone i n c l u d e  q u a r t z  ( b o t h  
m o n o c r y s t d l l i n e  and p o l y c r y s t a l l i n e ) ,  c h e r t ,  p l a g i o c l a s e  
f e l d s p a r ,  mica, hornb lende,  carbonaceous m a t e r i a l ,  
and v o l c a n i c  and metamorphic rock  f ragments.  Che r t  
m a t r i x  and c l a y  a r e  abundant. A u t h i g e n i c  m i n e r a l s  
i n c l u d e  c a l c i t e ,  p y r i t e ,  k a o l i n i t e ,  c h l o r i t e ,  s i d e r i t e ,  
c l i n o p t i l o l i t e ,  c h e r t ,  and m ixed - l aye r  i i l i t e - s m e c t i t e .  
Most o f  t h e  coa l  i s  hard ,  b l a c k ,  b r i t t l e ,  sh iny ,  and 
s u b j e c t  UI concho ida l  f r a c t u r e .  The c o a l  occurs  i n  
beds up t o  seve ra l  f e e t  t h i c k ,  as  t h i n  l a y e r s  i n  t h e  
sed iments ,  and as f ragments  d i ssemina ted  th rough  t h e  
elastic beds. Some o f  t h e  coa l  beds and c l a s t i c  beds 
c o n t a i n  c a l c i t e  ve ins .  O r i g i n a l  p l a n t  c e l l  s t r u c t u r e s  
a r e  v i s i b l e  i n  some o f  t h e  coa l .  The d iabase and 
b a s a l t  in1:rusives a r e  hard ,  da rk  g reen i sh  gray, w i t h  
an i n t e r s t ? r t a l  t e x t u r e  o f  p l a g i o c l a s e  and c l i nopy roxene .  
The i n t e r s t i c e s  between t h e  p l a g i o c l a s e  c r y s t a l s  a r e  
f i l l e d  w i t h  a l t e r a t i o n  p r o d u c t s  such as c l a y ,  c a l c i t e ,  
and minor  amounts o f  q u a r t z .  E f f e c t i v e  mesoporos i ty  
i n  t h e  mudstone and s i l t s t o n e  o f  t h i s  zone i s  
n e g l i g i b l e .  T o t a l  p o r o s i t y  i n  some o f  t h e  sandstone 
l a y e r s  i s  moderate,  b u t  e f f e c t i v e  mesoporos i ty  i s  ve ry  
low. The hydrocarbon r e s e r v o i r  p o t e n t i a l  o f  t h i s  zone 
i s  v e r y  low. 
Zone I (11,300 t o  16,400 f e e t ) :  T h i s  i n t e r v a l  i s  
composed of c l a y s t o n e ,  s i l t s t o n e ,  mudstone, and t u f f .  
R i o t u r b a t i o n ,  r a r e  l e a f  f o s s i l s ,  Inoceramus fragments, 
d i scon t i nuous  wavy l a m i n a t i o n s ,  and 1 so la ted ,  t h i n  
t u f f  and c r y s t a l - l i t h i c  t u f f  l a y e r s  a r e  obse rvab le  i n  
conven t i ona l  co res  19 and 20. Core 19 (15,500 t o  
15,509 f e e t 1  has been t e n t a t i v e l y  i n t e r p r e t e d  as a  
p r o d e l t a  mud depos i t .  Core 20 (16,313 t o  16,343 f e e t )  
was depos i t ed  i n  a  mar ine  s h e l f  environment.  Clay 
m i n e r a l s  (make up 70 t o  80 p e r c e n t  of t h e  r o c k s  i n  t h i s  
zone. C h l o r i t e  i s  t h e  most abundant c l a y ,  f o l l o w e d  
by  m ixed - l aye r  i l l i t e - s m e c t i t e ,  k a o l i n i t e ,  and i l l i t e .  
Vo l can i c  rock  fragments, qua r t z ,  p l a g i o c l a s e  f e l d s p a r ,  
po tass ium fe ldspa r ,  p y r i t e ,  s i d e r i t e ,  c a l c i t e ,  
c l i  nopyroxene, c l i  n o p t i l  o l i  t e ,  heu land i  t e ,  hornb lende,  
o r g a n i c  fipagments, and mica a r e  a l s o  p resen t .  The 
hydrocarbon r e s e r v o i r  p o t e n t i a l  of t h i s  i n t e r v a l  i s  
n e g l i g i b l e .  
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